ADDENDUM

Figure 4-2 : Caption read as “Surface electrostatics of (A) VcDsbA and (B) EcDsbA”

page 182: Comment: Reference 171 has been cited for “oxidized and reduced VcDsbA
assignments”

page 185, Figure 4-9. white cells represent non-selected hydrophobic cells.

page 187, Line 5. read as “Compared to 1H and 15N, 13C CSP are often.....”

Equation 4-2: Square root should be read as /4.

Figure 4-18 : Caption last line read as “Additional or larger CSP were observed in binding
site residues of VcDsbA spectra in presence of M2 as compared to shifts induced by M3.”
page 207/ Figure 4-25: Read N6 (1), 1 as la.

Table 4-5: Read 4 as | and 1 as 1a. All LE values listed are in negative.

Figure 5-10: These analogues have been introduced in subsequent sections of this chapter
and docking protocol and optimization described before these.

Figure 5-13: NMR-docking pose of A20 was superimposed on the X-ray structure of 2 and
this suggested a close agreement with X-ray structure with a RMSD of 1.79 A.

Figure 5-14: This figure is displayed here (close to analogue binding information table) for
the reader’s convenient and to consider binding mode of parent compound when discussing
the analogues.

Figure 5-16: NMR-docking pose of A28 was superimposed on the X-ray structure of 2 and
this suggested a close agreement with X-ray structure with a RMSD of 2.1 A.

page 261: Extra text removed.

page 269/270: The NMR-docked structures of compounds A28 and E8 were significantly
similar, additionally X-ray crystal structure of E8 is already provided in figure 5-22 with
NMR binding information. Therefore it’s been directed to refer to figure 5-10 to observe
docking information of compound ES8.

Figure 6-6: Yellow residues are active site Cysteine (Cys 31 and Cys 33).

page 308 : ITC data presented in Appendix 8.4.

page 318, Figure 6-13. This figure displays the comparison of NMR based binding location
and crystallographic coordinates of compounds 9 and 9b. NMR docking supported inner
orientation of 9b as observed in preliminary analysis of experimental binding.

Appendices, Figure 8-4: Chemical name of compound 10 “trifluoromethylthiophenol”



ERRATA

page VII, line 3: “DsbA wide” to “DsbA has “a” wide”

page VII, Second paragraph: “EcDsbA” to “EcDsbA”

page 3 line 6. “overcome” to “overcoming”

page 4, line 4: “E.coli” to “E. coli”

page 6, 1.2.1: “shares” to “share”, “an soluble” to “a soluble”

page 7, Last line: “E.coli” to “E. coli”

page 14, line 2: structures “has” been to “have” been

page 17, line 7: “loop” to “loops”, line 18: reoxidised “by”

page 24, line 2: “isomerise” to “isomerase”

Section 1.4.1.2, line 6: “quenching” to “quencher”

page 28, line 6. “by absence” to “by the absence”

page 59, line 16: “selectively” to “tagged selectively”

page 59: Deleted repeated lines 1-12

page 61: “labelling” to “labeling”

page 74 : Line 12: “p-hydroxybenzoic acid” to *“ p-hydroxybenzoic acid”

page 75 “5kDa Molecular weight cut-off concentrators” to Molecular weight cut-off
concentrators of five kDa

page 76.: 121 °” to “121°C”

page 82, Line 3: corrected to “The supernatant was filtered and applied to...”

Figure 2-1: B and C corrected to “SDS-PAGE .... among X1-X5 and C11-D10....... ?
Figure 2-2: Circle/Arrow inserted.

Page 89 & 90. “Alkaline phosphatase (AP) ”, “Alkaline phosphatase activity: (PhoA)”
Figure 2-7: “Inhibitor (trifluoromethylthiophenol)....”

page 104, last line: “Figure 2-9” to “Figure 2-117

page 106: “C alpha” to “CA”

Equation 2-4 . “Kd” to “KD”

Figure 2-13: “CBCA (CO)NH” to “CBCA (CO)NH spectra” and “white” to “red”
Page 123: Equation 2-6 (Please refer to Equation 2-5 on page 108)

Figure 2-15: Caption corrected to ““ needles and twinned shaped crystals and completed to
shown in panel (A) and (C)

page 137: Last paragraph “rational” to” rationale”

page S144: Equation S2 “Kd” to “KD”

Fig 4-23: “Green” corrected to “pink”.

page 211, Line 4. “(Figure 4-6 and 4-11)” to “(Figure 4-10 and 4-12)”

page 239, Line 7: “fragments 1, 3 and 4” corrected to fragments “1, 2 and 4”

page 121, Last paragraph, line 3: delete “PHENIX”.

page 200, First paragraph, line I .. M1-M2...” to “... M1-M7...”.

Page 268, paragraph one, line 2: ...“approximately 27-fold increase in binding affinity...” to
“....approximately 17-fold increase in binding affinity...”

page 301, paragraph one, line 7: ...... “showing a 64 fold increase in affinity..” corrected to
“....showing a 6.14 fold increase in affinity...”.

page 278, paragraph one, line 1: “about a 10-fold higher affinity” corrected to “about a 2-
fold higher affinity”
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Abstract

Abstract

The disulfide-dithiol oxidoreductase enzyme DsbA is an oxidative folding catalyst found
in the bacterial periplasm and is a key determinant of virulence in Gram-negative
pathogens. DsbA has wide spectrum of substrate specificity and has been demonstrated
to catalyse the formation of disulfides in numerous secreted proteins. DsbA operates at a
central point in the production of virulence-determinants because most virulence factors
are proteins that require disulfide bonds to be active. DsbA knockout mutants in E. coli,
have been shown to be impaired in a range of processes related to virulence.
Significantly, DsbA mutations in many pathogenic bacteria attenuate their virulence,
demonstrating the value of targeting DsbA to develop anti-bacterial agents to counteract
virulence. DsbA is a structurally as well as functionally well characterized protein which
has no direct homologue in eukaryotes. To date there are no known small molecule
inhibitors of this protein. Hence DsbA represents an attractive antibacterial target and is

the protein of interest for this project.

The current thesis reports the identification of scaffolds that are suitable starting points
for designing inhibitors of DsbA. These scaffolds were identified using a fragment-based
drug design (FBDD) approach. This study describes a structure assisted-FBDD process
performed to validate DsbA as an antibacterial drug target. A broad range of
complementary techniques were employed to identify inhibitors of DsbA from two
different Gram negative bacterial species; Escherichia coli and Vibrio cholerae. NMR
based screening of a fragment library was carried out in two rounds. The primary screen

employed STD (Saturation Transfer Difference) experiments to identify candidate hits

Vi



Abstract

and 'H-"’N HSQC (Heteronuclear Single Quantum Coherence) experiments were used to
confirm binding. A number of strong hits were identified and the binding locations were
identified from the HSQC data. The binding efficiency of the fragments was determined
by calculating NMR-based dissociation constants. Several of these initial binding
fragments also show inhibitory activity in a phenotype assays in E. coli. X-ray
crystallographic studies revealed that the most potent fragment hits bind in the

hydrophobic groove of EcDsbA in adjacent or overlapping positions.

Charactisation of the structures of complexes of EcDsbA with the original NMR hits was
followed by fragment elaboration through structure-guided medicinal chemistry efforts.
Preliminary structure-activity relationships (SAR) were identified for several series. This
SAR will facilitate the development of novel DsbA inhibitors that specifically target

functionally important protein surface sites.

In conclusion, this study presents the discovery of novel small molecule inhibitors
of DsbA and provides insights into the development of potential DsbA inhibitors as

antibacterial drug candidates.
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General Introduction

1. General Introduction

1.1 Gram-negative bacterial infection

Despite the discovery of antibiotics more than half a century ago microbial infection
remains a major cause of death worldwide." The rapid emergence of antimicrobial
resistance in bacteria to many current antibiotic agents is a serious threat to global public
health.? In fact, some bacterial pathogens have developed resistance to almost all
currently used antibiotics. The increase in the worldwide occurrence of resistance in
pathogenic Gram-negative bacteria is of particular importance due to lack of adequate
therapies against these organisms.3 A recent wide-ranging study found that about 51% of
hospital patients in intensive care units on a given day had some sort of bacterial or
fungal infection.! Gram-negative bacterial infections constituted 63% of these.” The
pharmaceutical industry model favors drug development for chronic needs due to
economic pressures, rather than the acute use typical of antibiotics. There is also a
disincentive to enter the field of antimicrobial drug development due to the likelihood of
rapid development of resistance, which limits the useful lifespan of any potential drug.
Therefore the likelihood for the discovery of new antibiotics acting against Gram-
negative pathogens in the near future is not good.(’ The molecular targets and
mechanisms of action of most of the currently existing antibiotics are based on the
interruption of the growth cycle by restraining the synthesis and assembly of key
components of bacterial processes such as DNA replication, cell wall and protein
synthesis.” Thus current antibiotics elicit their effects by either killing (bacteriocidal) or

preventing the growth (bacteriostatic) of bacteria. Even though these strategies are
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highly successful, they impose selection pressures on the target bacterium, which rapidly
develop resistant mutants that are able to grow in the presence of the antibiotic.” The
majority of the new Gram-negative antibacterial drugs in preclinical or clinical trials are
either derivatives of existing antibiotics which are moderately more stable to degradation
by bacterial enzymes such as beta-lactamase, or drugs which are formulated in such a
way as to attain higher local therapeutic levels to facilitate overcome resistance but only
transiently.” Antibacterial agents that act by completely novel mechanisms are in
particularly short supply. Novel strategies are therefore needed to discover and validate
new antibiotic targets as well as alternatives to conventional antibiotics to overcome

antibiotic resistance in Gram-negative bacteria.

1.2 DsbA and virulence in bacteria

Gram-negative bacteria produce and secrete a variety of proteins in order to be
biologically active as well as to cause infection and disease in the human host.* These
specific proteins are termed virulence factors, and they play an essential role at one or
more stages of the bacterial infection to facilitate host pathogen interactions. The
majorities of virulence factors are found on the surface of the bacterial cell or are
secreted into their immediate environment. In order to activate a detrimental effect on
the host and contribute to the symptoms of disease, pathogenic bacteria use a cascade of
virulence determinants such as enterotoxins, haemolysins, herotoxins, adhesions and
fimbriae.'"” These secreted toxins and enzymes such as proteases can manipulate,

damage and even kill host cells. Examples include cholera toxin from the enteric
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pathogen Vibrio cholerae’, pertussis toxin from the respiratory pathogen Bordetella

'% and heat-labile enterotoxin from enterotoxigenic Escherichia coli.'' The

pertussis,
targeting of virulence factors is controlled by a relatively small number of secretion
systems which direct functional virulence factors to their site of action at the suitable
time to cause an infection.'? For example, many Gram-negative pathogens contain the
type II secretion pathway to secrete enzymes that contribute to their ability to cause

disease i.e. elastase and lipase of P. aeruginosa during lung infection in cystic fibrosis

patients. 13

The wide diversity and differing functional mechanisms of virulence factors within the
same or between different bacteria, represents a significant challenge in developing anti-
virulence agents as anti-microbial drugs. However, most virulence factors are proteins
secreted into the harsh extracellular surroundings and thus share a requirement that they
remain stably folded in order to maintain their activity. Perhaps as a consequence, the
tertiary structure of many of these exported proteins is stabilized by the formation of
structural disulfide bonds (DSB) between participating cysteine residues within the
polypeptide chain." Without an efficient disulfide bond formation these proteins are
subject to rapid degradation and loss of activity.'™ 'S For instance the molecular
chaperone of fimbriae produced by uropathogenic E.coli (UPEC), the pertussis toxin of
Bordetella pertussis, the secretin component of the type 11 secretion system in Yersinia
pestis and a flagellar component in E. coli all contain disulfide bonds that require

oxidative folding to be functionally active and stable.'®
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Both intramolecular, and to a lesser extent intermolecular, disulfide bonds may be
formed spontaneously through the air oxidation of thiols in susceptible pairs of cysteine
residues without involvement of any enzymatic catalyst. However this is an extremely
slow process in vitro and does not necessarily occur between the correct combinations of
cysteines.'” In vivo this process occurs much more rapidly and reliably through the
catalytic intervention of a class of enzymes called oxidoreductases, particularly those of
the glutaredoxin and thioredoxin super families."® This super family includes protein
disulfide isomerase (PDI) in eukaryotes and DSB (disulfide bond formation) protein

family in prokaryotes.'**

The periplasmic formation of disulfide bonds in Gram-negative bacteria, requires the
removal of two protons and two electrons from two participating cysteine residues, and
is catalyzed by the dithiol-disulfide oxidoreductase enzyme DsbA.'™ "* ' DgbA
catalyzes this process by a disulfide exchange mechanism with a pair of cysteines within
its own structure. Therefore this enzyme is responsible for the correct oxidative folding
of many substrates and consequently the virulence of a wide range of Gram-ncgative
pathogenic bacteria. Bacteria deficient in a functional DsbA (dshA mutants) display
pleiotropic avirulent phenotypes since the oxidative folding of a large number of
disulfide-bonded proteins is impaired.” For example. dshA V. cholerae arc unable to
produce cholera toxin and the toxin-coregulated pili; dshA strains exhibit a non-motile
phenotype caused by misfolding of the P-ring protein of the flagella motor in E. coli.
Furthermore, dshbA E. coli exhibit reduced levels of P-lactamase activity and are

hypersensitive to benzylpenicillin, dithiothreitol and some divalent metal cations." ™ "
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Previous studies have suggested that DsbA acts as central regulator of virulence in many
Gram-negative bacteria and therefore represents a potential drug target for the rational
drug design of inhibitors that could counteract the virulence of these organisms and may
provide a clinical benefit as effective antibacterial drugs.'"™ ** Moreover, bacterial
virulence properties have been suggested as attractive targets for the development of
new antibacterial agems.2l Since inhibitors of virulence may not inhibit general bacterial
growth, this approach could decrease the selection pressure that drives the development
of resistance to currently available antibiotics.” To date there are no reported selective
and potent inhibitors of the DsbA enzyme, thus there exists the potential to develop
novel lead molecules against pathogenic bacteria that have been difficult to treat with

existing antibiotics.

1.2.1  Oxidative catalytic cycle of DsbA

All of members the DSB protein family shares a conserved redox active-site sequence
Cys-X-X-Cys which have some of the highest redox potential values (~-120 mV)
among all the known thiol-disulfide oxidoreductases and contributes to its oxidative
reactivity.”' In the Gram-negative bacterium E. coli, DsbA is an soluble protein of 21
kDa (EcDsbA) and is responsible for oxidative folding of substrate polypeptides within
the periplasmic space.”™ EcDsbA represents the prototype DshA enzyme as it has been
the most studied system among all DSB proteins. In the catalytic cycle of EcDsbA two

cysteine residues (Cys30 and Cys33) in the active site shuffle between their dithiol and

6
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disulfide forms.'"™ *® The two residues between the active site cysteines Pro31 and
His32 in EcDsbA along with a conserved proline residue with a cis configuration of its
amide bond (cis-Prol51) have been revealed to be important in the catalytic activity of
EcDsbA.** Previously, site-directed mutagenesis studies by Zapun A. et al, identified
the specific role of the active site Cys30 in the catalytic cycle of DsbA.® The
replacement of either one or both cysteine residues by serine was carried out and
Cys30 was shown to have an accessible thiol group, while Cys33 is shielded from the
solvent.”® Therefore through its reactive Cys30, DsbA forms a mixed disulfide bond to
a cysteine within a substrate protein. The mixed disulfide is resolved to produce an
oxidised substrate protein and release reduced (dithiol form) DsbA. Biochemical
studies have shown that the role of DsbA in vivo mainly to act as an oxidant®® however
DsbA can also act as catalyst in vitro to reduce insulin in the presence of DTT similar

to other members of the thioredoxin super family.'™ o

The oxidising properties of DsbA result in part from a strained conformation of its
disulfide bond as well as the extremely low pKa (3-3.5) of Cys30) at the active site.™
In order to complete the catalytic cycle the active site cysteine pair needs to be
reoxidised back to the disulfide form. In E. coli, the reduced DsbA selectively reacts
with the cytoplasmic membrane-bound protein DsbB and regains its  critical
intramolecular disulfide bond to return to its oxidized, active form as depicted in

Figure 1-1 below.'™ %

Apart from DsbA and DsbB, five other redox proteins — DsbC to DsbG - have been

identified in E.coli which performs various redox and isomerase roles. They are
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located either in the periplasm or embedded in the inner membrane with a functional
domain on a periplasmic loop.”b‘ 27.30 These redox proteins lack any overall homology
with DsbA but share the putative active site -Cys-X-X-Cys motif. In the protein
folding cycle there are least two functional pairs of enzymes, DsbA/DsbB and
DsbC/DsbD that results in two different pathways (Figure 1-2).%" In first redox
pathway DsbA catalyses oxidative protein folding while DsbB selectively reoxidises
DsbA. In the second pathway of isomerisation, the periplasmic DsbC protein has been
shown to act as a disulfide bond isomerase to reduce misfolded proteins.* In this
isomerisation pathway DsbC reshuffles incorrectly formed disulfide bonds in exported
proteins, whilst DsbD, an inner membrane protein, maintains DsbC in its reduced

slale.32
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Cytoplasm

Figurel-1: Schematic representation of the catalytic cycle of DsbA. Oxidised DsbA
reacts with a variety of reduced substrate proteins to generate a folded and oxidised
substrate and reduced DsbA. Reduced DsbA reacts specifically with membrane-bound
DsbB to form a mixed disulfide DsbA-DsbB complex which results in reoxidation of

DsbA and reduction of DsbB. (reproduced from reference 1b)
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Folding substrate protein
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Figure 1-2: Oxidation and isomerisation pathways in the E. coli periplasm. Reduced
proteins are oxidized by periplasmic DsbA in a rapid and unidirectional process to
catalyse their folding. DsbA is reoxidized by the inner membrane protein DsbB. Under
acrobic conditions, DsbB is reoxidized by a bound quinone, which ultimately derives
oxidative power from molecular oxygen in a cytochrome oxidase- and ubiquinone-
dependent reaction. DsbC reshuffles incorrectly formed disulfide bonds in exported
proteins and DsbD, an inner membrane protein, maintains the activity of DsbC. Green
and brown arrows shows the directions of electron flow in DsbA-DsbB and DsbC-

DsbD pathways respectively. (Reference 17)

10
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1.3 Structural studies

1.3.1 DsbA structure

Protein crystallography has provided a detailed view of the 3D structures of DsbA

enzymes available from several different Gram-negative bacteria,'” 20+ *
y g

These enzymes
often have low sequence identity, but maintain a conserved structure. These structures
share an analogous motif, known as the thioredoxin fold, which is common to many

19b. 20a. 3ta. 33 .
20a. 31a. 33 Most oxidoreductases

cukaryotic and prokaryotic oxidoreductase enzymes’
have very wide specificity and are capable of recognizing a variety of substrates. This
resemblance in structure presents a challenge for rational inhibitor design. A combination
of the broad specificity, widespread occurrence and the similarity in the structures of
oxidoreductase enzymes makes it apparcnt that inhibitors targeting surfaces contained
entircly within the thioredoxin domain might be expected to have poor sclectivity.
However, there are a number of areas in which DsbA enzymes are distinct from many
other eukaryotic and prokaryotic oxidoreductase enzymes.'"™ These significant

differences indicate that it may be possible to develop DsbA inhibitors selective for the

bacterial enzyme.
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X-ray crystallographic studies of EcDsbA identified the presence of the thioredoxin-
like domain (comprising residues 1-62 and 139-189) and notably, revealed an
additional globular domain which forms a cap over the active site as depicted in

Figure 1-3.2%

The structure of DsbA contains a unique a-helical domain (residues 63-
138) which is inserted into the thioredoxin fold.*® . The redox active site of EcDsbA
lies in a cleft at the interface of the two domains and comprises a highly conserved
primary sequence motif Cys30-Pro31-His32-Cys33 at the N-terminal end of the al
helix. In the oxidized form a disulfide bond links Cys30 and Cys33. Through the
catalytic cycle, these active site cysteine residues shuttle between their oxidised,
substrate-bound, reduced dithiol and DsbB bound forms. Additionally, DsbA contains
a number of surface features which have been implicated in functional activity and
appear to be at least partially conserved across DsbA enzymes from different
bacteria.** The four striking surface features include a peptide binding groove, a
hydrophobic pocket and a hydrophobic patch, which are all on the same face of the
protein surrounding the catalytic site.”* On the opposite face to the active site
disulfide, there is a region formed by mainly acidic residues called the acidic patch

(Figure 1-4).
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Figure 1-3: Ribbon diagram depicting the
structure of EcDsbA (PDB code 1fvk,
reference 20a). In EcDsbA thethioredoxin
(cyan) and a-helical (red) domains are
linked at two insertion points (gray).
Elements of structure are numbered
sequentially from the N-terminus. The
Cys30-Cys33 residues of the active site are

shown in (yellow) CPK representation.

Y, 180

Figure 1-4: The surface features of EcDsbA highlighting active site (yellow),
hydrophobic patch (orange), hydrophobic pocket (cyan), hydrophobic groove (violet)

and acidic patch (red) which is on the opposite side to the active site. (Reference 34)
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1.3.2 Difference among DsbA homologues

Recent structural and biochemical findings demonstrate significant differences exist
amongst DsbA homologues. Several DsbA structures has been reported from different

species of pathogenic bacteria such as Gram-negative E.coli*™, Vibrio cholerae

2
Pseudomonas aeruginosa”, Salmonella ryphi*m, Neisseria meningitides’’, Bordetella
parapertussis *°, Wolbachia pipientis” and Gram-positive Staphylococcus aureus® and
Buacillus subtilis.”' EcDsbA is the best characterized member of the DsbA family. All the
structurally characterized DsbA molecules contain both the thioredoxin domain and an
inserted helical domain along with the catalytic site (CXXC) and cis-Pro motifs. These
similarities are apparent when the tertiary structure of EcDsbA is compared with those of
two gram-negative bacteria, P. aeruginosa and V. cholera as shown in Figure 1-5. The
structure of each of these DsbA enzymes has been solved in the oxidised form as well as
the reduced form for VeDsbA and EcDsbA. Each contains a thioredoxin (TRX) domain,
an inserted helical domain. VeDsbA and PaDsbA share relatively low sequence
similarity of ~40% and 30% respectively with EcDsbA, however retain conserved
surface features around their active sites.”™ > However these structures have some
significant differences in their surface features and the most obvious region of variability
among DsbA proteins is in the loop connecting B5 and a7 (Figures 1-3 and 1-5) which
has been proposed to be involved in substrate binding and contributes to a region referred
to as the "peptide binding groove". For example in VcDsbA this groove is considerably
shorter due to a six-residue deletion, and the hydrophobic pocket is shallower as

compared to EcDsbA. In the case of PaDsbA this region is flattened and truncated. in



General Introduction

addition to having different cis-Pro loop residues, a smaller hydrophobic patch and a
more basic surface in contrast to EcDsbA. The surface electrostatics of these three DsbA
proteins (Figure 1-5) differs tremendously.m 3 Despite these differences in the structures
of the enzymes, functional studies have shown that VcDsbA and PaDsbA are able to
complement a dsbA™ strain of E. coli. (Please refer Appendices section 8.1.2 for more
details on this study) This suggests that each DsbA is able to bind to and oxidise the wide

variety of substrate proteins that are secreted to the E. coli periplasm.
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VeDsbA

Figure 1-5: A comparative structural view of three different DsbA enzymes. Ribbon
diagram of (A) VcDsbA-red (PDB code: 1BED), EcDsbA-green, (PDB code: 1FVK)
and PaDsbA-grey (PDB code: 3H93). Sulfur atoms of the catalytic cysteines of all
structures are shown as yellow spheres. (B) Surface electrostatics of above three

structures in similar order and orientation.
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1.3.3  DsbA-DsbB complex

A number of recent studies have provided insights into the interaction mechanisms
between EcDsbA and its membrane-bound partner protein EcDsbB.* It was
demonstrated that DsbB reactivates DsbA by oxidizing the Cys30 and Cys33 active-site
residues of DsbA after they become reduced upon substrate protein oxidation.** ** dsbB
mutants exhibit severe deficiencies in disulfide bond formation and accumulate reduced

DsbA in their periplasm.'”> *

DsbB (MW 20 kDa) is integrated into the cytoplasmic
membrane by its four transmembrane helices which are linked by two periplasmic loop
(P1 and P2). These loops contains a pair of cysteines, Cys41 and Cys44 in the N-terminal
loop P1 and Cys104 and Cys130 in the C-terminal loop P2 that are essential for
function.*”? In the resting state DsbB contains Cys104-Cys130 disulfide. The active site
residue Cys30 of reduced DsbA exists as a thiolate anion due to its low pKa value, which
attacks Cys104 of DsbB to form a mixed disulfide complex. This is then followed by
nucleophilic attack at Cys30 by Cys33 of DsbA to form oxidized DsbA and release
reduced DsbB. A conformational change in DsbB following reaction with DsbA results in
separation of Cys130 from the mixed disulfide and this cysteine relocation prevents
backward resolution of the complex and allows Cys130 to approach and activate the
disulfide-generating reaction center composed of Cys4l, Cys44, Argd48 (DsbB) and
ubiquinone (Figure 1-6). Cys41 and the Cys44 of DsbB is reoxidised ubiquinone or
menaquinone dependent on whether the reaction occurs under aerobic and anaerobic

conditions. The flexible and broad hydrophobic groove of DsbA allows DsbB Cys104 to

get close enough to DsbA Cys30 for the reaction to occur and the Pro100 - Phel06

17
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portion of the P2 loop of DsbB binds with Pro151, Pro163, GIn164, Thel68, Met171 and
Phel74 of this groove.42b Additionally the periplasmic loop of DsbB interacts with
Arg148-Gly149-Val150 in the cis-Pro loop of DsbA and side chain of His32 makes vdW
interactions with Alal02-Thr103 in the DsbB loop. The structural data of the DsbA—
DsbB complex revealed the mechanism by which protein disulfide bonds are generated

de novo by the cooperation of DsbB and how these bonds are transferred selectively to

DsbA.*?°

EcDsbB

Cys41-Cys44 (DsbB

Figure 1-6: X-ray crystallographic complex of membrane protein DsbB (cyan)
binding to periplasmic DsbA (grey) inside the hydrophobic groove. The active site

Cys30 of DsbA is depicted in yellow. (PDB code 2ZUP) [Reference 29]
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1.3.4 DsbA - substrate

Biochemical studies have revealed that DsbA reacts preferentially with unfolded
polypeptide substrates and that the non-covalent interactions between DsbA and peptide
substrates are reasonably weak.?** Furthermore, E. coli have express hundreds of proteins
that are predicted to enter the periplasm which contain at least one pair of cysteines and
are thus potential substrates of EcDsbA.* Thus EcDsbA is expected to have a very broad
substrate specificity.*> Comparison of the structure of EcDsbA with those of thioredoxin
bound to two different substrates led to the suggestion substrate proteins bound to DsbA
via interaction with the hydrophobic groove, which is also the site of interaction with
membrane bound protein DsbB.** To investigate the interaction of EcDsbA with its
substrates our group recently reported the structure of a covalently trapped EcDsbA-
peptide complex.19C These data suggested that instead of binding within the hydrophobic
groove, the peptide binds to EcDsbA at the interface between the o-helical and
thioredoxin domains in the proximity of the hydrophobic patch. The role of the
hydrophobic patch and the acidic patch in the catalytic activity of DsbA was previously
unclear; however these data suggest that oxidized DsbA may bind to substrates in a
different way than reduced DsbA binds DsbB in E. coli (Figure 1-6). The crystallographic
complex revealed that binding of the peptide and DsbA was stabilised by several H-bonds
and van der Waals interactions along with the covalent linkage to Cys30 of EcDsbA. The
binding Jocation of the peptide was also determined by measuring chemical shift
perturbations in 'H-">N heteronuclear single quantum correlation NMR experiments on

uniformly '*N-labeled EcDsbA in the absence and presence of the peptide (Figure 1-7).'%
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A peptide containing homoserine in place of cysteine (SigA) was used in the NMR
studies to prevent formation of a covalent complex. Analysis of those resonances that
were perturbed upon formation of the non covalent complex revealed that many of the
most significant perturbations were observed for residues that formed a continuous
surface at the interface between the a-helical and TRX domains (Figure 1-7). (Please
refer Appendices section 8.1.1 and 8.7 for more details on this study). Additionally, few
of the residues in the flexible hydrophobic groove that is the binding site for the
periplasmic loop of DsbB were observed in the NMR spectrum but not significantly
perturbed. These studies suggested that the DsbA substrate binds in a location that is
distinct from the binding site observed in the crystal structure of the DsbA-DsbB

complex. 426

20
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A)

EcDsbA-substrate induced chemical shifts

006

ACSP (ppm)

Figure 1-7: (A) Histogram analysis of chemical shift changes induced in the
HSQC spectra of EcDsbA protein upon the addition of a peptide substrate at | mM
concentration. (B) Structure of the EcDsbA - peptide complex (PDB Code 3DKS;
Chain C & E) shown as a white surface. The peptide is shown in green stick
format. Residues whose chemical shifts displayed the greatest and modest
perturbations are coloured in dark blue and light blue and those are unassigned are
coloured in pink. The perturbed residues from the non-covalent complex in solution
form an extended surface that coincides with the binding site defined in the crystal

structure.
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More recently, the crystal structure of a plant pathogen X. fastidiosa DsbA (XfDsbA) was
reported, which suggested that peptide interactions occur in the active site region and the
helical domain mainly through hydrophobic contact.*® However this complex was formed
serendipitously as peptide was not included in the crystallization condition and hence its
exact sequence was not known.*® As a result it could not be unambiguously fitted into the
extra electron density observed in the structure of the XfDsbA.*® Nonetheless these
studies suggested that the peptide bound to XfDsbA in a similar site to that described for
the P2 loop of EcDsbB interacting with EcDsbA, specifically with regard to anti-parallel
interactions with residues of the cis-Pro loop.46 Thus, the precise mechanisms of

molecular recognition of substrates by EcDsbA remain unresolved.

A common finding from the DsbA-DsbB and DsbA-peptide complexes solved to date is
that all substrate interactions involve regions surrounding the CXXC catalytic motif.*’
Thus, the active site motif not only helps control the redox potential of the enzyme, it also
contributes to interactions with redox partners.*® The cis-Pro loop near the active site is
also important for substrate binding, including the interaction with EcDsbB.**® The
hydrogen bonding pattern between bound peptides and the cis-Pro loop is similar for both
EcDsbA and XfDsbA. Together the CXXC and cis-Pro loop form the central binding site
for substrates, with the parts of the nearby groove and the surface of the helical domain

. - g o . . 49
occasionally providing additional interaction surfaces.
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1.4 Functional and biochemical characterization of DsbA

Thioredoxin (TRX) proteins such as DsbA react with a wide range of protein substrates.
TRX-containing oxidoreductase enzymes catalyse disulfide bond formation,
isomerisation and reduction, depending on the nature of the protein disulfide and the
overall thiol/disulfide redox potential. In all cases they can be regarded as catalysing
interchange reactions between thiols and protein disulfides. A wide range of assays have
been reported that characterize the catalytic properties and oxidoreductase activity of
DsbA in vitro. Additionally several phenotypic assays have been reported to estimate the
activity of DsbA within bacterial cells. A few of these assays will be described here

briefly (please refer methods chapter 2 for more details).

1.4.1  Biochemical in vitro assay

14.1.1 Insulin reduction assay

The insulin assay was developed by Holmgren to study the reaction mechanism of
thioredoxin with dithiols in insulin.”® This is a facile spectrophotometric assay which can
directly measure disulfide oxidoreductase activity.50 This assay is based on the activity of
oxidoreductase enzymes such as DsbA to catalyse the reduction by DTT of the inter-
chain disulfide bonds between the two insulin subunits. Insulin is comprised of two
peptide chains namely, the A and B chain, connected by two disulfide bonds. Upon
reduction, individual A and B chains are generated and once the free B chain reaches a

high enough concentration it precipitates out of the solution. This is the driving force of

23



General Introduction

this reaction which shifts the equilibrium towards the formation of reduced insulin and

oxidised DTT in the presence of DsbA.

DsbA
Oxidised Insulin + Reduced DTT T————> Reduced Insulin + Oxidised DTT

Precipitation of the B-chain increases turbidity in the solution, which can be quantified
spectrophotometrically. This assay is efficient and simple and can be performed as 96-

well plate format.”

1.4.1.2 Fluorescence quenching assay

A fluorescence assay has been developed for the study of the oxidative activity of protein
disulfide isomerise and DsbA, that uses a specially designed and synthesized fluorescent
peptide.’’ This assay is based on the fluorescence change in the peptide upon oxidation.
The peptide contains a natural substrate sequence with one pair of cysteine residues. This
peptide contains a fluorescent group attached at one terminus and an appropriate
fluorescence quenching attached to the other. Upon oxidation by DsbA, the quencher and
the fluorophore are brought to close proximity and the fluorescence is quenched leading
to a decrease in fluorescence intensity as shown in Figure 1-8.> This assay can be used to

measure the oxidoreductase activity of DsbA.> 3
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Figure 1-8: Schematic of oxidation of fluoro-peptide by DsbA in fluorophore-

quencher system

A limiting factor with each of these assays is that neither is strictly quantitative. In the
insulin assay, neither the time taken to generate observable precipitate, nor the rate of
insulin precipiation is directly proportional to the concentration (or activity) of DsbA. In
the peptide assay, it is under most conditions the reoxidation of DsbA to complete the
catalytic cycle that is rate-limiting. Therefore neither assay provides a robust and

straightforward measure of DsbA activity.
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1.4.2  Phenotypic assays

1.4.2.1 Bacterial motility assay

The bacterial motililty assay measures the swarming motility of E. coli. In many bacterial
pathogens including E. coli motility is crucial for virulence as it allows the infecting
population to spread within the host. This phenotype is regulated by a cell organelle
called the flagellar motor.>* The motility phenotype is modulated by the DsbA-dependant
folding of a protein subunit FlgI that forms the periplasmic (P-) ring of the flagellar motor
'-35 (Figure 1-9).
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Figure 1-9: Depiction of bacterial flagella system in a simplified format. In many gram

C Ring

negative bacteria cellular spread and survival is related to motility hence virulence. DsbA
catalyses the formation of a disulfide bond for the correct folding of the Flgl protein

(highlighted in red) which is crucial for virulence. (Adapted from references 1b and 55)
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Bacteria deficient in a functional DsbA are non-motile since the oxidative folding of
protein Flgl is impaired and without its disulfide bond, Flgl is rapidly degraded.’’

Therefore motility can be a direct measure to observe DsbA activity.

1.4.2.2 Heavy metal viability assay

The heavy metal viability assay measures the effects of enrichment of Cd** in the media
on the viability of E. coli.’® In bacterial cells, DsbA has been demonstrated to reduce
Cd** induced toxicity and oxidative stress that causes disruption in the proper folding in
many proteins.57 DsbA relieves this toxicity, to a certain extent, by forming DSB rapidly
in the proteins which reduces the exposure of the free thiol to cadmium.’® Consequently,

dsbA’ strains of bacteria are more sensitive to cadmium toxicity.

1.4.2.3 Alkaline phosphatase assay

The alkaline phosphatase (AP) assay measures the activity of DsbA indirectly by
observing its capability to oxidise the periplasmic protein AP. Native AP contains a pair
of cysteines residues which require DsbA for oxidative folding and activily.55b‘ % AP is
inactive in the cytoplasm and active only when it is exported to the periplasm, where
formation of intramolecular disulfide is catalysed by DsbA. This reaction can be

quantified and measured spectrophotometrically in presence of a substrate of AP (e.g. p-

nilro phenol).SSb‘ 59
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The phenotypic assays described above can be utilised for the quantitative study of these
DsbA dependant bacterial cell properties. Comparison of wt vs dsbA™ strains of E. coli
enable the sensitivity of the phenotype to DsbA activity to be determined. Furthermore,
measurements in the presence of potential inhibitors allow EC50 values for the inhibitors
to be determined. However each of these assays can provide insights for only one type of

phenotype affected by absence or presence of DsbA.

1.4.3  DsbA as a suitable target

Overall, a number of structural and functional characterization studies described in the
above sections 1.2 to 1.4 suggests that DsbA is a suitable target to pursue for antibacterial
research. DsbA acts as zi central regulator of bacterial virulence and the availability of
crystal structures as well as its tractability for NMR experiments and the detailed
understanding of the mechanism of action and biological activity make it a suitable target
for rational drug design. Although DsbA has been suggested to be a suitable antibacterial
target, to date there are no reported inhibitors of this enzyme. Regardless of recent
breakthroughs in the understanding of the structure and function of DsbA, the rational
design of small molecule inhibitors of DsbA remains a challenge. This may be attributed
to its wide substrate specificity and the lack of deep binding cavities on its surface which
make it a challenging target for inhibition by small molecules.'” Although protein-protein

interaction surfaces are more difficult to target, the number of successful studies of small
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molecule inhibitors that target such sites is increasing, so that this problem, though
technically demanding, may be tractable.*’

As discussed above, DsbA contains a number of surface features that are implicated in
functional activity and appear to be conserved across DsbA enzymes from different
bacteria (Figure 1- 4). Our hypothesis is that by targeting these regions, which are unique
to DsbA enzymes and necessary for enzyme activity in the catalytic cycle and substrate
oxidation, that it will be possible to generate potent and specific inhibitors of DsbA

function that could counteract the virulence of pathogenic organisms.

(A) Inhibition Approach -1 (B) Inhibition Approach -2
No DSB transfer Catalytic Cycle Interruption

Figure 1-10: (A) EcDsbA-substrate peptide complex, where the protein structure is
shown as a white surface, the active site is coloured yellow and the bound peptide as a
green carbon stick model (B) EcDsbA-EcDsbB complex where EcDsbA structure is
shown as a grey surface and the interacting loop of EcDsbB is shown as a cyan carbon
stick model. These complexes suggest two functionally important regions as target sites

to be blocked by potential inhibitor interactions with DsbA.
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Considering the experimental data described in the previous sections, there exists a
possibility of EcDsbA inhibition via two pathways (Figure 1-10). One would be to inhibit
the interaction of substrate polypeptides with DsbA, which directly stops the transfer of
the disulfide bonds. The other potential approach would be through using inhibitors that
bind to the DsbB interaction site. In this case DsbA would be active only in oxidized
form and until it was all transformed into the reduced form, at which point it would not
be re-oxidized by DsbB and hence the DSB redox cycle would not be active. Due to the
absence of small molecule inhibitors it is unclear if these represent two entirely separate
possible mechanisms. Therefore this study is aimed towards identifying inhibitors of

DsbA activity via either pathway.

1.5 Process of drug discovery

The small-molecule drug discovery process involves the identification of organic
compounds (or “hits”), and usually requires synthesis, characterization, screening, and
assays for therapeutic efficacy against a particular biological target.’’ Currently, the
research and development cost of each new molecular entity is approximately US$ 1.8
billion with a time period of 10-15 years.”> Despite advances in understanding of
biological systems and technology, drug discovery is still a lengthy, expensive and
difficult process with a low rate of new therapeutic discovery.63 Historically, most drugs
have been discovered either based on an already existing one or by random screening of
chemical collections. Some of the most common approaches to drug discovery have been

discussed below.
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1.5.1 Historical methods

1.5.1.1.  Nature as a drug source

Natural products generally represent a useful source of starting compounds especially in
therapy areas such as antimicrobials, antineoplastics, antihypertensive and anti-
inflammatory drugs.** According to a study that reported the contribution of naturally
occurring chemicals in drug development in years 1981- 2006, of the 974 new chemical
entities, 63% were natural-product derived or semi synthetic derivatives of natural
products. % Natural products as starting compounds can represent natural substrates,
cofactors or inhibitors of proteins, and in many cases they are complex compounds that
challenge current synthetic medicinal chemistry efforts. Lead discovery using natural
products involves the modification of compounds of known activity against a drug target
in a stepwise manner to improve characteristics such as affinity, potency or
bioavailability parameters like solubility or membrane permeability.** Regardless of
their implied potential, only a relatively small portion of Earth’s natural products has

been tested for bioactivity.64b
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1.5.1.2 Combinatorial chemistry

Combinatorial chemistry involves the rapid synthesis of a large number of structurally
related compounds with numerous combinations of different functionalities.**® It has been
a key technology since the 1990s enabling efficient generation of large screening
collections for the requirement of vastly enhanced high-throughput screening®
(described below). Technology advances in robotics and computational methods have
enabled pharmaceutical industries to produce over 100,000 new and unique compounds
per year with a computational enumeration of all possible structures in the form of virtual
libraries.”” Such a library can consist of thousands to millions of ‘'virtual' compounds
which can be clustered for actual synthesis, based upon various calculations and criteria
like ADME and QSAR.®” However, after two decades of combinatorial chemistry, it has
been pointed out that despite the increased efficiency in chemical synthesis, no increase

in drug candidates has been realised.”

1.5.1.3 High throughput screen (HTS)

HTS is an established method within large pharmaceutical companies for hit
identification and involves the screening of very large libraries comprised of up to a
million relatively complex drug-sized compounds (average MW = 400).”” These large
libraries are supported by combinatorial chemistry and are assayed for activity on a target
using robotics, data processing and control software, liquid handling devices, and

sensitive detectors to quickly conduct millions of biochemical, genetic or
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pharmacological tests.”' HTS based identification of “hits” is followed by activity
optimization to develop a “lead” by chemical modification and the corresponding
analysis of structure—activity relationships (SAR).”” This “hit to lead” process thus
generates a series of lead compounds that are then optimized with regard to the properties

desirable for the development of candidate compounds for clinical evaluation.

Problems with conventional methods:

Although these conventional approaches have been able to identify many high-value hits,
the limitations of screening drug-sized compounds have become apparent. These
limitations include low hit rates and frequent failure to progress into hit optimization,
which contributes to both time and expense. In addtition to the development of an
automated and robust assays70, these hits require extensive validation in a secondary
bioassay.” Larger HTS compounds can have complicated structures and conformational
restrictions often don’t allow optimal binding of the presented functional groups.”!
Molecules failing in drug discovery trials can often be the consequence of unacceptable
physicochemical properties related to lipophilicity and size.”* Broadly, a possible reason
for this lack of success has been suggested as lack of understanding of what the right
types of molecules to make actually are.” It is also associated with the percentage of

required “chemical space” to be sampled in these conventional techniques to identify a

lead.
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The concept of “chemical space” is considered to be central to the process of drug
discovery and represents the sum of physical and chemical attributes of all realistic
compounds.76 The theoretical number of possible “drug-like” compounds has been
estimated to be of the order of 10*°, 7®* while the chemical space of potential compounds
that can be synthesized (MW < 500, containing up to 30 non-hydrogen atoms) has been
estimated to be over 10%.”" Therefore, irrespective of how big the library is, the section
of chemical space that can practically be sampled is very small and even the largest HTS
libraries (~10° molecules) are only 107*% of ‘drug-like’ space.”® Notably, an
exponential decrease in chemical space is observed with a linear decrease in molecular
size. Therefore for molecule less than 160 Da, chemical space is estimated about 4.4x10’
molecules.”® Screening a library of 1000 compounds would cover 0.0023% of the
possible space, 30 orders of magnitude more than a traditional HTS screen.”” Apart from
the simple impracticality of testing every one, or even large mixtures, of drug-like
compounds for affinity with a given target, it makes logical and intuitive sense to narrow

the search by the preliminary application of various selection criteria.”®”’

The above mentioned downsides associated with conventional drug discovery methods
and the ever increasing costs necessitate alternative methods of discovering efficient
small molecule ligands for a given target. Fragment based drug design (FBDD)
approaches correspond to a basic departure from conventional methods. It has been
adopted by academia and industry in the last 10 to 15 years as an alternate method for

lead generation and has yielded many drug candidates that are currently in clinical

trials.
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1.5.2  Fragment based drug design

The basic concept in the FBDD approach is to start the hit and lead optimisation process
with small molecular “fragments” with molecular weight in the 120 — 250 Da range. In
principle, fragments can be considered to be the components of a larger molecules. The
individual fragments that represent the larger molecule each bind with an intrinsic free
energy of binding (AG').*' However, in order to bind to a protein a small molecule has to
overcome considerable translational and rotational entropy penalty and displace solvent
before establishing an interaction with target. In practice, this entropic penalty is similar
for both fragments and larger drug-like molecules. This means that if two fragments can
be linked together such that they still bind in a similar manner as they did in isolation, the
Joined fragments enjoy an entropic advantage. This results in a third term to describe
conformation strain of the ligand and target as well as loss of translational and rotational
entropy (AG*).3! Hence binding of a larger compound (AB) can be described based on

their fragments A and B as shown in Figure 1-11.
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FBDD

Fragment Library /Large molecule

A B

Fragment Hits
or Components

Detection of fragment binding

AGy

Efficient Linkage

AG°sg = AG', + AGy +4G*

Figure 1-11: Schematic of fragment based drug discovery (adapted from reference 81).
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After the molecule (or fragment) has achieved an interaction, additional functionality can
be added which may potentially provide higher affinity. This 'fragment assembly' has
been proposed as a method for probing a large percentage of the chemical space while

synthesizing a minimal number of compounds.®*

Over the last decade, FBDD has shown its value by increasing the possibility of
successful lead development against selected drug targets.””™ ®* FBDD involves the
screening of fragments83 to identify low affinity hits often with a high proportion of their
atoms expected to make favorable key interactions with surface of target.m’ Fragment-
based hits are typically weak inhibitors (10 pM - mM), and therefore need to be screened
at higher concentration using very sensitive biophysical detection techniques such as
protein crystallography and NMR as the primary screening techniques, rather than
hioassays.82 These hits can be developed into larger ligands by exploiting adjacent

interactions in the protein binding site.*

1.5.1.1 Library design and rule of three

The objective of the design of an efficient fragment library is to cover the largest
chemical space in as compact a collection as possible.” Three wide-ranging selection
criteria, or “filters,” can be utilized in the formulation of fragment libraries.® These

filters include:

1. Compounds have to meet the suitable drug like physico-chemical properties such

as solubility, size, MW, log P or shape.
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2. Compounds should not contain or result in evidently toxic or reactive templates.
3. Compounds should have features suitable for optimisation into larger, higher-
affinity molecules. This synthetic feasibility is usually based upon medicinal

chemistry expertise.

Additionally in some cases fragment library design may include a shape based strategy,

using information of known drug-like molecules,*

or may be enriched in particular
pharmacophores or virtual screening based selections according to desired target classes
such as kinases or phosphatases.®”” However in all cases, the members of a library must be
chosen to give as diverse a representation of chemical space as possible.RS Few
commercial libraries, such as the Maybridge screening collection of ~56,000 lead-like
molecules, the “Hitfinder” Collection of ~14,400 molecules and the Fragment Library of
~500 molecules, minimise the groundwork required of the medicinal chemist to
synthesise and elaborate suitable candidates for drug development of any kind. These
collections however may represent only a relatively small subset of the available
chemical space.88 Large pharmaceutical companies, who develop proprietary fragment
libraries for FBDD - oriented research, are likely to maintain collections on the scale of
10'-10* small compounds, conforming to certain selection criteria discussed above.
However such collections may still only be scratching the surface of the “fragment
universe”, which for fragments of MW < 160 Da is still estimated to be ~14 million

compounds.’’®

Broadly the FBDD library selection process can be categorized in two
groups. The first method aims to generate a focused or scaffold based library which

contains 10,000-20,000 compounds with an average MW ~ 300 Da."’” Compounds of
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this size can be detected in conventional binding or activity assays however the libraries
contain less complex molecules than those typically found in HTS screening
collections.*”” The second approach is the standard fragment approach to use a
comparatively small collection of 500-2000 compounds, with an average MW between
110 and 250 Da. Hits from these libraries exhibit a typical binding affinity of micromlar

to millimolar range, that represent potential starting poims.84

These selection criteria discussed for fragment library have evolved from the observation
of the properties of drug candidates or drug-like molecules empirically. Therefore the
concepts “drug-like”, “lead-like” and “fragment-like” generally refer to molecular size
and complexity, and suitability of a compound for its pharmacological and
pharmaceutical purpose.”® Lipinski’s ‘rule of 5° corresponds to “drug-like” chemicals,
while the more recently proposed ‘rule of 3’ has been suggested for fragments or
scaffolds suitable for FBDD.¥ The ‘rule of 5 evolved from Lipinski's empirical
observations that poor oral availability of pharmaceutical compounds correlated with a
small number of physicochemical parameters, including the molecular weight, the log of
the partition coefficient between octanol and water (CLogP) and the number of H-bond
donors and H-bond acceptors.”® Other properties which have been suggested by others to
correlate with oral availability include the polar surface area (PSA), number of rotatable
bonds (NROT) and number of fused rings.”"

The ‘rule of 3" is an adaptation of Lipinski’s guidelines to the field of FBDD, such that
possible fragment leads be likely to meet the criteria of MW < 300, number of H-bond

donors < 3, number of H-bond acceptors < 3, CLogP < 3, NROT < 3 and PSA <60.”
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1.5.2.2 Ligand efficiency

Fragments are small enough to minimize the chances of unfavourable steric or
electrostatic interactions that would prevent them from binding efficiently and are
therefore less likely to be hindered by unnecessary or redundant chemical moieties during
the course of binding.”” This can be quantified in terms of ligand efficiency (LE), which
relates the free energy of binding to the number of non-hydrogen atoms in a ligand,
calculated as the binding energy contribution per heavy atom.”® As illustrated in Figure 1-
12, smaller ligands tend to have a higher binding energy per heavy atom when comparing
to the more complex hits that are observed in a high-throughput screen.”® This plot
suggests that LE drops off very rapidly as molecular size increases until a plateau is
reached at large sizes (i.e. above 45 heavy atoms).”®® Therefore in the case of fragments

although binding affinity is low, these hits usually exhibit high ligand efficiency.**
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candidates before exceeding the limits defined by the “Lipinski rules™.

Advantages of FBDD over conventional methods

FBDD is a powerful strategy for evaluating the druggability of protein
surfaces (especially novel targets) and identifying sites that interact with
ligands.” The tendency of fragments to interact with a protein is indicative of
whether a protein can accommodate a molecule with drug-like properties.”’

Compared with HTS hits, fragments are simpler, less functionalized
compounds with correspondingly lower affinities. However, these hits

generally bind with higher LE are appropriate for optimization into clinical

» 77b, 83.97
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3. Targeted libraries based on known scaffolds may provide improved quality of
the fragment library to give a greatly enhanced diversity of screening and
higher hit rates for a given class of target.

4. FBDD has a better chance of identifying the optimal fragment as they are less
complex than larger molecules and thus the functional groups they contain are
more freely able to translate and rotate to form their optimal interactions with
the target. The use of rational design by NMR or X-ray crystallography then
allows for the evolution of fragments into lead compounds based on binding
site information.

S. The hit rate from screening fragments is typically much higher than observed
with HTS, as there is an inverse relationship between the molecular
complexity of compounds screened and the probability of a compound

possessing good complimentarity with the target protein.%a

FBDD also has some shortcomings, such as the requirement of sensitive and robust
detection techniques for low affinity binders. Additionally optimization of these hits also
requires use of sensitive biophysical methods and biochemical assay to detect scaffolds in
binding in secondary sites. Current technological advances in several useful detection
methods like NMR, SPR and X-ray crystallography can overcome this drawback.”
Secondly suitable optimization/linking of fragments can also become difficult and almost
always requires both structural and binding information to be employed. This limits the
range of suitable targets for FBDD.*® Even though FBDD has become a feasible

alternative or complimentary method it is often run in parallel with HTS.*
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1.5.2.4 Fragment elaboration

After identification, fragment hit must be evolved into a suitable lead candidate by
systematic elaboration using structural insights obtained from biophysical methods like
X-ray or NMR.” Fragment affinity for a given target as well as properties such as
pharmacokinetics and toxicity can often be modified by substitution at one or more
positions with additional functionality or interactions. When structural information is not
accessible then the screening of suitable analogues of the original fragment would be
carried out in an attempt to establish a conventional SAR to guide the medicinal
chemistry efforts.'® In most cases a prerequisite for success is that the fragment acts as
an “anchor”, which binds with high ligand efficiency without changing its binding mode
during its progression to a lead candidate.”® Methods to elaborate fragments into higher
affinity ligands can be grouped into the following, somewhat overlapping, approaches:
fragment evolution, linking, merging and optimization and some other reported

lcchniques.94b' 96a, 100

[A] Fragment Evolution: Fragment evolution is generally based on conventional hit to
lead medicinal chemistry efforts.”* '® It requires the addition of functionality that binds
to adjacent regions of the target site or improving the interactions of an existing core to
increase potency.'®' This process is directed by information about the binding mode of
the original fragment, as well as knowledge of the topology of the binding site itself

(Figures 1-13 [B] and 1-14).
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(B] Fragment Merging: Fragment merging or fusion involves the development of larger
molecules using optimal features of two small fragment binding in adjacent and
overlapping positions. An example is shown in Figure 1-13 [C] for larger hit developed

from fragment merging approach.8’

{C] Fragment Linking: Fragment linking involves the joining of two weakly binding
fragments that have been identified to bind at adjacent or proximal sites in a given target
protein surface. The linking process may be performed either in a stepwise fashion, by
addition of linkers of increasing length, or by reference to structural knowledge of the
active site in an analogous fashion to fragment evolution. Successful linking can be very
challenging, due to the fact that the linker has to be just the right length and the right
conformation to be able to link fragments so that they can reach their respective binding
sites in an optimal way®','” (Figure 1-14 and 1-13 [A)). Structural information is usually
required for this strategy to succeed since it can avoid exhaustive and very large
combinatorial and indiscriminative searching to find a suitable linking scheme for the
combination of two fragments. Theoretically, the resulting lead can exhibit improved
binding equal to the sum of the free energies of binding of the individual fragments,

assuming the energetic contribution of the linker is negligible.'o3
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(D] Fragment Optimization: Fragment optimization is somewhat similar to the
conventional hit to lead process and fragment evolution as described above. It involves
the optimisation of only a particular part of the molecule, in order to enhance the
properties other than the inherent affinity of the original fragment or to deal with some
specific issue, such as an ADME issue, oral bioavailability, cell penetration, and stability
in vivo (Figure 1-14). Overall this approach is very similar to that applied in the final
phase drug discovery process, where slight changes to a given lead series are investigated

to adjust ADME parameters and affinity. **>'%'®

Additionally there are some reports of other methods of fragment elaboration such that
self-assembly and tethering. The fragment assembly method, which is usually termed
dynamic combinatorial chemistry, involves reactions between fragments having
complementary functional groups, in the presence of the template protein target. [Figure
I-14] Effectively, the protein self-selects or even catalyses the synthesis of its own
mhibitor through the process of non-covalent binding. These can then be detected using a

biochemical assay.wO

Tethering is another fragment elaboration method which allows the identification of a
small molecule or fragment that bind to specific regions of a protein target site."”® This is
followed by fragment enhancement by combining with another molecule, moiety or
functionality to provide high-affinity drug leads (Figure 1-14). This method is unique in
using a covalent and reversible bond to stabilize the protein-ligand interaction and usually

exploits a cysteine residue at or in the proximity of the binding site.'™ In absence of a
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suitable cysteine, the residue can be included via single point mutation. The cysteine is
able to capture fragments that bind close to it, provided the fragment has the chemical
functionality to bind to a cysteine. There are a number of successful examples employing

this method in FBDD, 83 105-106

Fragment Evolution

I'-'-JIE:bJ

Fragment Self Assembly

il

Wy

Fragment Optimisation

Figure 1-14: Representation of several FBDD elaboration methodologies:

fragment evolution, self-assembly and optimization respectively.
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1.6 Project aims

The principal hypothesis of this project was that FBDD could be exploited to develop
inhibitors of DsbA activity. The accessibility of NMR spectroscopy and X-ray
crystallographic information along with an efficient protein expression system suggest
that DsbA is amenable to FBDD. This approach can identify weakly binding fragments
that bind to pockets on the DsbA surface around active site and are likely to inhibit
protein activity as discussed in previous sections. These potential fragment hits may then
be developed into the larger ligands with substantially greater affinity and increased
selectivity by using fragment elaboration techniques. Application of the fragment-based
approach to identifying potential inhibitors of the suitable targets, EcDsbA and VcDsbA,
is expected to have multiple advantages. First is the application of a rather new scheme to
a novel enzyme target, which will represent further example of the FBDD approach for
antibacterial drug discovery. The second benefit is the potential discovery of inhibitors of
an enzyme that is known to be of functional importance to several pathogenic bacterial
species; moreover targeting bacterial virulence is one approach that has yet to be fully
exploited for antibacterial drug discovery. Third, the project will contribute to the
growing body of information about the small molecule binding and selectivity of thiol-
disulfide oxidoreductase class of enzymes. In order to substantiate the validity of these

hypotheses the major project aims are listed below.

1. Identification of DsbA binding fragments using NMR based FBDD approach.

2. Validation and biophysical characterization of identified fragment hits.
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3. DsbA inhibition activity assessment for potential hits by optimizing and modifying
existing assays for small molecule testing.

4. Structural studies to characterize binding modes of DsbA ligands by X-ray
crystallography, NMR and/or molecular docking.

5. Applying fragment elaboration strategies to develop better ligands and
characterization of newer molecules to generate SAR for most promising lead

compound series.

1.7 Analytical techniques applied for FBDD

Sensitive detection of target- fragment binding (affinity range of 10uM — mM) is the key
to successful FBDD.* Binding can be assessed in a variety of different ways, using
assays that provide different levels of information. These range from (i) demonstrating a
functional effect (ICs/ECso) (ii) biophysical characterisation of direct binding (most
commonly via NMR or SPR) (iii) kinetically and/or thermodynamically characterising
the fragment-target interaction (using ITC and/or SPR) to (iv) generating structural
models of binding at atomic resolution.'”” Various techniques are possible to provide
different data to support FBDD and these include NMR spectroscopy, X-ray
crystallography, surface plasmon resonance (SPR), fluorescence spectroscopy and mass
spectrometry (MS).*® These techniques provide different levels of information and vary
from in terms of their throughput. Some approaches are low-throughput and limited to a
few test compounds per day (ITC and DSC) whilst others are medium-throughput
allowing analysis of a few dozens to hundreds of compounds per day (SPR and NMR)

whereas higher throughput approaches may accomodate a few thousands (mass
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spectrometry, TS) or more (waveguide-grating based techniques).lo7 Different approaches
provide somewhat complementary roles and allow precise pictures to be built up of both

conformational and dynamic aspects of active site interactions with fragments'®

. Several
analytical techniques commonly used in FBBD efforts are described briefly in the

sections below.

1.7.1  NMR for fragment screening and structural biology

NMR is a physical phenomenon based upon the magnetic properties of an atom's nucleus.
NMR scrutinizes a magnetic nucleus, like that of a hydrogen atom, by aligning it with a
magnetic field and perturbing this alignment using an electromagnetic field. The response
t the field is what is exploited in NMR spectroscopy. Magnetized nuclei of a molecule
such as 'H or N are affected by their surrounding nuclei, those that arc chemically
bonded (spin-spin coupling) and those that are nearby in space (dipole-dipole coupling).
Therefore in presence of a magnetic field, the specific features of a molecule can be
explored to assign resonance signals to the nuclei within the molecule and to determinc
the distances between them.'® The majority of NMR based techniques have been
developed to monitor and characterise intermolecular interactions based on these basic

principles.

Advantages: Biological NMR is a suitable technique for use in FBDD based on
following reasons: direct physical interactions between ligand and target are detected, the

protein does not need to be modified for analysis, the samples can mimic the native or
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biological environment in terms of temperature, salt concentration and pH as closely as
needed, either ligand-based or target-based NMR experiments can be used to acquire
data, and the throughput can be relatively high (up to hundreds of compounds a day). 1o
An important feature of NMR is its capability to use different parameters to detect the
association, including chemical shifts ('H, "°N or '*C), chemical-shift anisotropy ('°F),
transverse and longitudinal relaxation, cross-relaxation in the protein—fragment complex
(transferred-NOE or STD-NMR) or cross-relaxation between the fragment and protein-
bound water molecules (water-LOGSY).!"' NMR is highly sensitive to changes in the
slight effects of the local electronic environment on the resonance frequencies of nuclear
spin, as well as the ability to evaluate the structures of protein-fragment complexes that
do not give diffraction-quality crystal and are thus not amenable to X-ray
crystallography.®* '

NMR facilitates the estimation of the potency and kinetics of binding processes, and can
provide insights on competitive binding and allosteric effects. Moreover, recent
developments in immobilised-protein NMR in the past decade have made it possible to

study the interactions of ligands with membrane-bound proteins and intact viruses.'

Hence NMR s suitable for the study of a vast range of protein-ligand interactions.

Limitations: Although NMR is well suited to medium-throughput analysis, structural
analysis of protein-ligand complexes effectively remains limited to macromolecules
having MW less than ca. 35-40 kDa.''* Additionally, NMR is inherently insensitive,
which necessitates the use of relatively high sample concentrations. This can be improved

. - . .. . . . 4
by using cryogenically cooled probes, miniaturised receiver coils and samples’ ™ or by
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enhancing NMR relaxation effects using paramagnetic ions.''> Digital recording, auto
samplers, and higher magnetic fields cut down the time for data acquisition and improve
the spectral quality. As a consequence, new screening technologies involving NMR have

become indispensable for modern structure-based drug discovery.

There are a number of experimental NMR methods that can be used to detect the binding
of fragments to protein targets. These can be divided into two general approaches:

1. Ligand - detected methods which measure changes in NMR signals of the ligand upon
binding to a larger target and 2. Protein - detected methods which measure the changes in

the spectra of the protein target due to the influences of ligands 11110

Both techniques
have their intrinsic advantages for diverse applications, making them largely

complementary. These aspects of biomolecular NMR that are applied in the current study

are described briefly in the sections below.

1.7.1.1 Ligand based methods for hit identification

ligand-based methods mainly use one-dimensional (1D) NMR spectra where fast
detection of the ligand signals enables the screening of mixtures of compounds without
the need for deconvolution, so long as the signals of the ligands do not overlap. These
methods require relatively low concentrations of unlabelled protein, and are uscful for
rapid cost-effective acquisition of data while there are fewer limitations on the propertics
of the target. Usually, the target is not isotopically labeled and its molecular mass can be

practically unlimited in some techniques (e.g. saturation transfer difference (STD),
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discussed below). The target protein can even be immobilized or membrane-bound.
Additionally some simple information about the binding epitope and the interaction mode
can be obtained in some cases. As analysis occurs by 1D proton methods, interpretation
of spectra is a relatively straightforward process which is amenable to automation. Most
of the ligand-detected methods are limited to low and medium affinities because they rely
on relatively rapid exchange of the ligand between its bound and free state. Ligands that
bind too tightly are indistinguishable from the target and thus are broadened or
suppressed, which can result in false negatives. In contrast, non-specific binding can

result in the appearance of false positives.'

Saturation Transfer Difference Spectroscopy (STD) is a widely applied ligand-based
method for FBDD screening. The technique is based on “on-resonance” frequency
selective irradiation of the target protein in solution which causes selective 'H saturation
of the target protein via spin diffusion but no perturbation of small molecule resonances
(Figure 1-15).!"® Magnetization is subsequently propagated with great cfficiency
throughout the protein via intramolecular proton-proton cross-relaxation pathways,
ultimately being transferred through intermolecular cross-relaxation to any ligand
molecules binding weakly to the protein. ''® When this ligand dissociates from the target
Into solution, the magnetization change transferred in the bound state is retained in the
free ligand. Non-binding molecules are not saturated and so will not register on the 1D

spectrum (Figure 1-15).
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The difference from a reference spectrum taken without on-resonant irradiation thus
yields a spectrum containing only those ligands that have been perturbed by binding to
the target. The reference spectrum is obtained by off-resonance irradiation in a spectral
window where no target signals appear 1o (Figure 1-15). In this way binders are
distinguished from non-binders resulting in primary filtration of fragment hits for a given

target from the library sampled as mixtures of diverse compounds.
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Figure 1-15. Illustration of the STD-NMR based experiment used for FBDD.
Rectangles and other smaller shapes represent binding and non binding compounds,
respectively. During the off-resonance experiment (top panel), no magnetization is
transferred to the binding ligand from the target (shown as biggest blue shape) and
signal intensity remains unchanged (Ip). If the irradiation changed to “on-resonance
frequencies™ (middle panel), magnetization transfer occurs which lowers the signal
intensity of the ligand (Isat). The difference between the two spectra only contains the

signals of binding components (Istp). (Reproduced from reference 118)

55



General Introduction

The use of STD experiments to detect protein ligand binding offers a range of advantages:
(1) the quantity of protein and ligand needed to give significant signals is relatively small
(2) there is no upper limit for the size of the target (3) they can be easily extended to 2D or
3D spectra if required (4) ligand conformational information can also be obtained for a
given complex (5) assessment of the binding constants can also be drawn from STD
spectra.'''™ ' However there are a few limitations associated with this approach: (1) if
the target is small then saturation transfer will be poor and it is possible that no STD
signals will be obtained (2) it is not applicable to high-affinity binders (3) the STD build-
up has to compete with other relaxation mechanisms, meaning that some targets are less
amenable to STD-NMR. ¥ '?! In these situations, an effective alternative may be found in
the form of a derivative of STD, the WaterLOGSY experiment which involves the transfer

of magnetisation to the ligand from bulk water associated with the receptor active site. '™

<112 This approach has been successfully employed to elucidate binding interactions

between enzyme and cofactors and illustrating the sensitivity of the approach and its

application in combination with other binding assays.'%*

.7.1.2 Hit validation using target based methods

Protein-detected NMR screening is a more precise and sensitive method in comparison to
the ligand-based approach for the study of fragment binding to a given protein target.
Although these experiments have a lower throughput than STD NMR, they generate
fewer false positive hits and hence are more reliable. This approach was the starting point

for the original SAR by NMR studies conducted by the Fesik group in the Abbott
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Laboratories in the early 1990s.®? These methods can easily differentiate between non-
specific and specific binding events and spectral changes caused by aggregation and pH-
alterations can be excluded. Protein -detected experiments require large amounts of
protein in the range of 0.1-1 mM to accomplish an effective screening process.”™ For
fragment screening, the implementation of these experiments involves recording two-
dimensional (2D) spectra, which oftenrequire longer acquisition times (10-30 min per
sample). The greatest advantage of this approach is the possibility of extracting detailed
structural information about the ligand—target complex from the spectra. Protein-based
screening commonly takes the form of a comparison of e.g. ['H-"’N]-HSQC spectra of an
isotope-labeled protein in the absence and then the presence of a potential ligand.' " For a
protein smaller than ~30kDa, the 'H-'""’N HSQC spectrum is usually well resolved, where

cach cross peak is diagnostic of an individual amino acid residue (Figure 1-16).

Here, in contrast to ligand-detected screening methods, it is not possible to screen
mixtures of compounds without deconvolution.''® Perturbations in particular HSQC
resonances, induced by the influence of the ligand on the proteins’ spectrum, allow
identification of the binding site in combination with resonance assignment data (Figure
I-16). The ligand can be approximately located on the protein surface via ligand induced
('SP based mapping by acquiring a 'H-">’N HSQC or 'H-"*C spectra for the protein -
hgand complex.'” A binding event induces changes in the chemical shifts of both
protein and ligand while the nuclei of atoms participating directly generally show the
largest changes in resonances. These differences in chemical shift are calculated as

wcighted average changes in chemical shift '**:

57



General Introduction

Equation 1-1
Aavg = V(((ASH)” + (5ANx0.154) %)/2)
Equation 1-2
Aavg = V((BAC,)* + (8ACp) )
Where A6H, A8N, ASC, and ASCg corresponds the changes in chemical shift between apo
and ligand bound proteins for amide proton and nitrogen, C, and Cg resonances

respectively.
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Figure 1-16: Overlay view of the 'H-"N HSQC spectra of 150 um Apo EcDsbA (green
f¢sonances) in the presence of a STD hit fragment at 1 mM (purple resonances). Blue
vircles identify a set of "H-">N resonances that undergo significant shifts changes in the

presence of ligand, hence this fragment is a confirmed hit.
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An additional advantage of protein-based methods is that they enable binding constants to
be calculated by undertaking HSQC titrations justifies the added cost and effort involved
in the generation of labeled protein and the increased complexity of receptor-based
methods.® HSQC titrations can be used to measure binding affinity and stoichiometry of
the protein-ligand interaction.'** Protein-ligand binding interactions are also explored by
cvaluating relaxation times (T1 and T2) and differentiating inter and intra molecular
NOEs between a residue and a ligand. These experiments can quantify conformational
changes upon protein-ligand complex formation as occasionally the dynamics of a protein
may be changed upon binding. This analysis requires a full backbone assignment, and so
necessitates the expression and purification of '’N- and usually '*C-enriched protein. As

the targets usually have high molecular masses (>10 kDa), the signals are subject to fast
relaxation.' This restraint limits the size of targets that can be observed to MW <100
kDa, even if techniques like transverse relaxation-optimized spectroscopy (TROSY) or
cross-relaxation-induced polarization transfer (CRIPT) are included.'"” Although this
limit may be overcome with specific methyl group labeling or if the binding site can be

sclectively with labeled amino acids, in the future, interesting targets might still remain

mtractable with these techniques.

The further advantage of allowing binding constants to be calculated by 'H-"’N HSQC
Utrations justifies the added cost and effort involved in the generation of labeled protein
and the increased complexity of receptor-based methods. ** HSQC titrations can be used

0 measure binding affinity and stoichiometry of the protein-ligand interaction. 124
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1.7.1.3 Multidimensional NMR of biological macromolecules

To facilitate structural analysis of protein-ligand complexes it is a requirement that
proteins must be labeled with NMR sensitive isotopes in order to enable heteronuclear

MR spectra to be acquired.''™ '**

For the study of biological complexes, this restricts
the analysis to molecules consisting of active isotopes of the species common in organic
“Wstems (notably 'H, C, °N, '°F and *'P). The high abundance of 'H, as well as its
“ensitivity, makes it highly amenable to NMR spectroscopy, and hence 'H NMR is by far

the most widely applied technique. As "°N is present in a natural abundance of only
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0.37%, and "°C in a natural abundance of 1.11%, this imposes a requirement for efficient
methods of enriching proteins with these NMR-active nuclei before multidimensional

heteronuclear NMR is feasible.'' ™™ '%

Enrichment can provide uniform labeling of a given nuclide throughout a protein or
sclective incorporation of isotope labels for particular amino acids. With an efficient
over-expression system, '>N-labeling is comparatively cheap while in contrast;
uniformly '*C-labelling is relatively more expensive. Additionally several newer labeling
methods allow the selective assimilation of '*C-labels for example a common scheme

sclectively enriches *C in the methyl groups of isoleucine, leucine and valine.”™ ®*® Th

e
apparent signal intensity of methyl groups is higher than that of amide protons therefore
isotopic enrichment with C at specific locations forms a convenient alternative to PN-
labelling. ™ '#* Accessible methods in expression and purification of a wide range of
proteins in bacterial hosts now make production of isotopically enriched proteins a
routine exercise and so a range of multidimensional NMR techniques has been

mcorporated into the suite of methods used in FBDD.** '™ 12

1.7.1.4 Structure assignment
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NMR based solution structure determination is the only way to obtain high resolution
information on proteins that are not amenable to crystallography and is most useful for
smaller proteins. Due to their small size, DsbAs are amenable to an analysis of their
protein structure via NMR. The details of all of the multidimensional NMR experiments

utilized in this study have been described in next chapter.

The first step towards full structure determination by NMR spectroscopy involves the
assignment of resonance peaks using 2-D (HSQC) and a range of 3-D triple-resonance
spectra. Protein backbone amide assignment is usually a perquisite for FBDD programs
utilising the “SAR by NMR” approach.m“03 Using a combination of assignment data of
side chain protons and heavy atoms, tertiary structure determination can be carried out,
although the structures are often of lower resolution than those obtained using X-ray
crystallography (described below) and the process of structure determination by NMR is
more time-consuming, which makes X-ray crystallography the preferred technique for
generating  information on  protein-fragment complexes. Notwithstanding, where
crystallography is not feasible, NMR is capable of providing high-resolution details of

protein-fragment structures that can guide fragment evolution.

1.7.2 X-ray crystallography for FBDD
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X-ray crystallography is the preferred method for revealing details of the binding
of fragments to their target proteins. Even in the case of very weakly binding fragments,
there are some successful studies which demonstrate unique and specific binding of small
fragments at high concentration. 126
A range of technological advances such as new methods in molecular biology and novel
computer software for analysis of X-ray data resulted in time and resource-efficient
methods to obtain crystal structures of therapeutic target proteins. The increase in the rate
of obtaining crystal structures of protein—-ligand complexes has now allowed X-ray
crystallography to be used for lead discovery and, in particular, as the method of choice
for the structural characterisation of complexes that is required in FBDD approaches.
Moreover, recent developments in automation and informatics have led to the
development of this technique to the study of dynamic aspects of structure-based drug
discovery.]27 At the start of 2011, there were over 71000 three-dimensional protein
structures deposited in the Protein Data Bank — of which around 62,000 have been solved
by X-ray crystallography. Whilst not all represent therapeutic targets for drug design, the
PDB is rich in structures of protein-ligand complexes. These structures can provide useful
msights on binding mechanisms that can contribute to the design of novel ligands. Where
slructures are available of small fragments bound to their targets, specific binding
Interactions can be elucidated; this can lead to highly-targeted elaboration strategies,

which then can be tested and refined in an iterative process.85

A condition for this approach is producing crystals of high quality to solve the structure

of a complicated arrangement of atoms within the target protein or complex.m Typically

63



General Introduction

crystals are grown using one of the three conventional systems: sitting drop, hanging drop

. 128
or microbatch.'?

The hanging drop method is the most widely used technique to generate
crystals.'® In this crystal forming method, a drop of highly concentrated purified protein
mixed with a precipitant solution is incubated above a reservoir of the precipitant solution
(Figure 1-17). The final composition of precipitant solution is generally the outcome of
cxtremely difficult condition optimization cycles performed for the given target.'*® These
conditions vary between proteins and must be identified through extensive screening
trials depending upon the nature of the study.'® Diffusion of water from the concentrated
drop and the reservoir causes crystal formation through super saturation of the protein
within the drop (Figure 1-17). Crystals are separated and are subject to X-ray
diffraction.'”™ In an X-ray diffraction measurement, a crystal is mounted on
4 goniometer and gradually rotated while being bombarded with X-rays, producing a
diffraction pattern of regularly spaced spots known as reflections (Figure 1-17). These 2D
images taken at different rotations are converted into a 3D model of the density of
clectrons within the crystal using the mathematical method of Fourier transforms,
vombined with chemical data known for the sample. Poor resolution (fuzziness) or even
errors may result if the crystals are too small, or not uniform enough in their internal
makeup. Amplitude and phases are calculated using methods like molecular replacement

129

and single and multi-wavelength anomalous diffraction (SAD and MAD) " and are used

to build an electron density map. Protein structure can be determined from the electron

density map.
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Figure 1-17; Schematic of the main steps involved in X-ray crystallography studies for

Protein or complex structure determination.
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The crystallographic screening of fragment libraries involves determining the crystal
structure of the target protein soaked or co-crystallized with cocktails of fragments. The
crystal structure is solved for each cocktail separately and any compound that has bound
will be detected directly and can be used to drive structure-based drug design.'”® In
contrast to NMR based screening, the binding mode of the fragment is available however
this approach requires a crystal form in which the protein target has an accessible binding
site and which can endure high concentrations of fragment mixtures.*® Sometimes crystal
packing may result in non favourable binding conditions that require crystal
cngineering.129 Additionally, to screen a reasonable size fragment library more resources
are required for data collection and interpretation. Therefore most commonly, a range of
cost- and time-effective biophysical methods like NMR, SPR, high concentration
screening (HCS) assay and virtual screening are preferred as the primary screening
methods for fragment libraries.®®* % Subsequently promising hits are progressed to X-ray
crystallography and an iterative structure-based drug design can be used to develop lead

molecules.

1.7.3  Other biophysical screening methods in FBDD

In addition 1o NMR, there is a range of screening techniques that have been applied in
this initial phase of the FBDD process.ma' 139 However, it is also evident that NMR alone
vannot provide the high-content information required in an FBDD process.”" Several
vther useful biophysical techniques may be appropriate. These biophysical, label-free

detection techniques are generic, direct and informative, and there is a growing interest in
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applying these during hit qualification.'** Few of these techniques which are relevant to

this study have been discussed here briefly.

Surface plasmon resonance (SPR) has gained increased popularity in recent years for
the initial screening of fragment binding.'*® Here fragment-protein binding is observed as
a change of the refractive index of a sensor surface as a function of sample concentration.
If the protein itself is attached to the surface the measurement is direct and can provide
kinetics of binding and a Kp value. Alternatively, in a competition assay small-molecule
ligands attached to the surface enable the determination of the concentration at which a
fragment prevents protein binding to the attached ligand and can be used to determine
inhibition constants Ki.'** The major challenge in SPR concerns the reliable and robust
immobilization (target or fragment) to the sensor chip surface without influencing
binding properties. If appropriate immobilization can be achieved, SPR is a powerful

lechnique for FBDD, which has the advantage that it uses relatively small amounts of

: 3
protein, 134

Fluorescence-based thermal shift assays (also termed as thermofluor and differential
scanning fluorimetry) are becoming useful as demonstrated by several groups for focused
small molecule screeningI35 as well as hit validation after HTS."** These studics suggest
that the thermal shift (TS) method can be used for the fast, reagent friendly and cost-
effective screening and detection of small molecules with low micromolar to
submicromolar target affinities.'*” In principle this assay measures the binding through

awaociated fluorescence quantum yield enhancement of a fluorescent dye sensitive to the

67



General Introduction

chemical environment (e.g. Sypro Orange) in the presence of a melting protein and tested
compound. Melting is induced by the exposure of the target protein to heat and ligand
binding typically adds to the stabilization energy of the protein, thereby shifting the
cooperative melting transition to higher temperatures.'* Screening experiments can be
conducted in 96 or 384 well plates and several 384-well plates can be screened per day

therefore its throughput can be in the low thousands of samples per day.

The TS method is widely applicable to all sorts of soluble target proteins but it is not
universally applicable. There have been cases where it has been unsuccessful for some
proteins.'* Moreover, there are some unresolved issues associated with this screening
method, such as; no clear evidence of direct correlation between melting temperature
transition and concentration and affinity of the ligand in case of different enthalpic and
entropic components of target interaction.'”’ Furthermore, to quantify thermal shifts as a
thermodynamic read-out technique, the folding transition monitored in TS has to be
reversible and an interaction of the ligand with the unfolded state of the target protein has
to be excluded.'** '3 Therefore this method is still in early stages of development for

extensive use in FBDD.

Isothermal titration calorimetry (ITC) is another biophysical technique which can
provide Kp values and other thermodynamic parameters of ligand binding.'”™ ITC is
used to determine the directly measure of the thermodynamic parameters such as binding

affinity (K,), enthalpy changes (AH), and binding stoichiometry (n) of the interaction
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hetween two or more molecules in solution.'*® From these initial measurements Gibbs
cnergy changes (AG), and entropy changes (AS), can be determined using the
relationship:

AG =-RTInK, = AH-TAS

(Where R is the gas constant and T is the absolute temperature).

Isothermal titration calorimetry provides the very accurate and direct measurement of the
cnthalpy of any reaction under isothermal and isobaric conditions. However the quantities
of protein and ligand required for such analyses are generally excessive for use in the
screening stage, but there continue to be advances in efficiency and the method can be

useful in validation and for the selection of fragments for development.'”

1.8 Inhibition analysis

In general, the aim of this study is to identify small molecule inhibitors of DsbA to inhibit
midative folding processes in bacterial periplasm. NMR-based fragment screening in
vombination with structural techniques can identify the ligands that bind to the site of
meerest in a given target. However all of the ligands that bind are not esscntially
mhibitors of an enzyme or pathway. Inhibitory or functional activity of a ligand depends
on the binding mechanism and site of action as well as affinity. In FBDD, after
ientification and characterization of promising fragment hits it is necessary to determine

the inhibitory activity before carrying out the further elaboration process. Therefore
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functional assays that describe the effects of a fragment on the DsbA activity are a
prerequisite of current project. The inhibition measurement assays need to be
reproducible and ideally robust.

When considering relatively low affinity binders such as fragments, the assay should be
pharmacologically sensitive enough to detect the effects of fragment binding on the
activity of DsbA. Several of the in vitro and cell based phenotypic functional assays as
described in section 1.4 could be optimized and explored further to measure DsbA

mhibition to identify potential fragment hits.

1.9  Structure of thesis

F'he overall focus of this thesis is to establish inhibition of oxidatative folding in Gram-
negative bacteria by application of FBDD techniques. This has been conducted with a
range of screening approaches, structural studies and inhibition assays to identify
inhibitors of bacterial periplasmic enzyme DsbA.

Chapter 2 describes the complete experimental protocols for the following four results
chapters. Chapter 3 has been directly reproduced from a manuscript to be submitted and
ncludes results from the studies conducted. These results were obtained by a systematic
strategy for fragment library screening and characterization using biophysical techniques
and assays in order to target EcDsbA. This chapter reports the investigation of EcDsbA as
N antivirulence target by discovering its small molecule inhibitors binding to

funclionally important region of this enzyme. NMR based screening, X-ray
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crystallographic binding and phenotypic assays were described to characterized fragment
hit for several classes.

Chapter 4 presents a combination of computational and experimental approaches applied
in FBDD was used to identify and characterize fragment-based inhibitors of VcDsbA.
This chapter investigates the specifics of binding of a range of structurally diverse
tragments to VcDsbA using NMR CSP in conjunction with molecular docking and
inhibition profiles.

Chapters 5 and 6 are complete experimental chapters and reports application of NMR
hased fragment screening coupled with X-ray crystallography and structure-based design
to discover novel pum leads for the development of EcDsbA inhibitors. High resolution
and preliminary crystallographic complexes of EcDsbA-ligand were used to guide the
Iragment progression process in chapters 5 and 6 respectively.

I'he data and findings of this thesis are reviewed in Chapter 7 which addresses the
conclusions for the hypothesis and aims detailed in Chapter 1. Future directions for the
project are also presented in this chapter. Formatting has been standardized across the
entire thesis (except chapter 3) with a common reference list at the end of the thesis.
Additional experimental results not shown in Chapters 3-6 arc presented in the

Appendices.
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Chapter 2

Materials and methods
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2.1 Materials
2.1.1 Chemicals

2.1.1.1 Fragment Library

For the fragment based screening a library was purchased from Maybridge (Trevillett,
Cornwall, UK) and comprised 1132 compounds of average molecular mass 208 Da. The
library comprised of structurally diverse and low complexity pharmacophoric
compounds. Most of these fragments consist of a heterocyclic, rigid single core with 1-3
small side groups; therefore with limited torsional degrees of freedom. Chemical cores
mclude benzenes, indoles, pyrimidines, indazoles, pyridines, benzimidazoles,
henzofurans, pyrazoles, pteridines, cyclohexanes, cyclohexanes, quinolines, napthalenes,
noxazoles, oxazoles, thiazoles, piperidines, quinazolines and isoquinolines. The fragment
library was constructed using the following properties as filters: 150 < molecular mass <
250Da, -2 < CLogP <3, number of rotatable bonds < 3, number of H-bond donors < 2,
and acceptors < 4 along with high aqueous solubility.”® ' All compounds were
provided as pure solids or oils in either 10 mg or 25 mg quantities. These compounds
were dissolved in “Hg-DMSO to generate a concentrated stock solution that was stored at
+ C. Compounds were assessed for purity and solubility by recording 1D 'H NMR
‘pectra of single fragments (1 mM) in 100 mM phosphate buffer pH 7.0 in 99% ’H,0,
14 *H,-DMSO. Those that were < 90% purity, questionable identity or not soluble under
these conditions based on the chemical shifts, coupling and intensity of peaks in the NMR
‘pectra were  discarded before screening. For follow-up experiments, the desired

sompounds were purchased either from Maybridge, or where available from other
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suppliers including Apollo Scientific Ltd (UK) and Sigma-Aldrich (Castle Hill, NSW,

Australia).

2.1.1.2 Miscellaneous Chemicals

Ischerichia coli strain BL21 Codon Plus (DE3)-RIL was purchased from Stratagene
(Sydney, NSW, Australia). The following chemicals were purchased from Sigma-Aldrich
(Castle  Hill, NSW, Australia): glucose, glycine, imidazole, Isopropyl f-D-
thiogalactopyranoside (IPTG), 1-butanol (99.8% HPLC grade), dithiothreitol (DTT),
sodium dodecyl sulfate (SDS), tertramethylethylenediamine (TEMED), kanamycin B
sulfate salt,  2-(N-morpholino)ethanesulfonic ~ acid  hydrate  (MES),  N-2-
hvdroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), polymyxin B sulfate,
[risthydroxymethyl)aminomethane hydrochloride (Tris HCI), potassium phosphate
monobasic (KH,PQOy), potassium phosphate dibasic (K;HPOs), polyethylene glycol
'PEG) 8000, magnesium sulfate heptahydrate (MgSO, .7 H,0), p-nitrophenyl phosphate,
alanine, arginine, glutamine, histidine, isoleucine, leucine, lysine. proline, serinc,
threonine, valine, phenylalanine, tyrosine, p-aminobenzoic acid, p-hydroxybenzoic acid
"yptophan, asparagine, aspartic acid, glutamic acid, hypoxanthine, uracil, biotin,
nicotinamide, riboflavin and thiamine and Bovine Serum Albumin (BSA) protein. The
tollowing chemicals were purchased from Proscience (Blackburn, VIC, Australia): acetic
aid.acetic  acid (glacial), ammonium persulphate, ammonium sulfatc, 2-
mercaptoethanol, sodium chloride, and bacteriological agar. Acrylamide-Bis solution and

Bradford reagents were purchased from Bio-Rad (Regents Park, NSW, Australia).
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Ammonium chloride N (*NH4Cl) and "*C glucose were purchased from Cambridge
Isotopes Laboratories (Novachem Pty Ltd, Collingwood, VIC, Australia). Tryptone, yeast

extract and Luria-Bertani (LB) medium were purchased from Oxoid (Adelaide, SA,

Australia).

2.1.14 Columns

Columns for protein purification included a Phenyl Sepharose High Performance 16/10
(PHP) hydrophobic interaction column, ion exchange columns MonoQ 10/10 HR and
MonoQ 5/5 HR, a gel filtration column (Superdex 75 HR 10/30) and a 5 mL HisTrap
(nickel affinity column) which were purchased from GE Healthcare (Rydalmere, NSW
Australia). Protein purification was undertaken on AKTA basic and AKTA purifier
systems (GE Healthcare). 5 kDa molecular weight cut-off concentrators were purchased

from Millipore (North Ryde, NSW, Australia).

2.2 Molecular Methods

2.2.1  Transformation of E. coli

Transformations of E. coli with expression plasmids for EcDsbA and VcDsbA were
carried out chemically according to protocol adapted from Chung er al.'*" The plasmid
B0013-(5644bb) encoding DsbA from E. coli was kindly provided by our collaborators at
University of Queensland, Brisbane, Australia. The E. coli expression system for VcDsbA

Was a kind gift from Ronald Taylor (Dartmouth University, New Hampshire). Competent
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E. coli cells (50 uL) were combined with the sample of 1 puL. plasmid DNA in a 1 mL
centrifuge tube and incubated for 30 min on ice. Cells were heat shocked by placing them
in a 42°C water bath for 45 seconds then returned to ice. 950 puL of room temperature
expression/recovery media (LB) was added to the competent cells in the culture tube and
cells were grown for 1 hr with shaking at 250 rpm at 37 °C. The resulting bacterial
culture was pelleted by centrifugation (at 14000 g and 4 °C for 1 min.) The supernatant
was discarded and the pellet resuspended in 0.5 mL of fresh LB. The E. coli cells were

plated onto LB agar (100 pg/mL Kanamycin) and incubated for 16 hr at 37 °C.

2.2.2  Glycerol stocks

Glycerol stocks were prepared by resuspending E. coli overnight cultures in sterilised LB
and glycerol media in 1:1 ratio. 1 ml cultures were transferred to microtubes and stored at
-80 °C. This glycerol stock preparation protocol was adapted from Qiagen Pty Ltd

(Doncaster, VIC, Australia) instructions.

2.2.3  Buffer and media preparation

All nutrient media used in protein expression and assays were autoclaved at 121 ° for 20
min and stored at 4 °C or room temperature (RT) prior to use. Heat liable additives were
sterile-filtered prior to inoculation. Minimal media were prepared by combining a ‘1 x
salt” solution and additive solutions after autoclaving. The compositions of different

nutrient media are shown in tables 2-1, 2-2 2-3, and 2-8. All buffers were 0.22 pM
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filtered and degassed prior to use. Buffer compositions are described in the relevant

sections below.

2.2.4 SDS PAGE gel

Protein samples were routinely analysed by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) on a Protean3 Mini Gel apparatus (Biorad Reagents Park, NSW, Australia).
SDS—polyacrylamide gel electrophoresis (SDS-PAGE) separates proteins according to
MW and by their different running speed through an acrylamide polymer.]42 In this study,
a 15% polyacrylamide resolving gel was used with a sample loading volume usually 5-10
uL. Samples of soluble fractions were mixed in 1:1 ratio with Laemmli buffer (50mM
TrisHCI pH 6.8 10% glycerol 2.0% SDS and 0.01% w/v bromophenol blue). To prepare
cell pallet samples for gel, 100 uL sample of cell lysate or culture was spun down by
centrifugation at 14000 g for 10 min at 4 °C. Samples containing cell pallets were heated
0 100 °C for 10 min prior to loading in double volume of Laemmli buffer with reduced
samples also containing B-mercaptoethanol (0.05%). Loaded samples were stacked by
running at constant volts (100V or 20mA) until the sample reached the resolving gel and
strength was then increase to 280V or 90 mA. Gels were stained by a solution containing
I' g/ Coomassie blue, 100 mL/L acetic acid and 300 mL/L ethanol for 15 min. Gels were
destained in solution containing 30% methanol and 10% acetic acid to visualize the

proteins. Additionally gels were silver stained using a protocol Adapted from

Shevchenko A et al.'4

77



Chapter 2

For silver staining, gels were soaked in a fixing solution (40% methanol, 13.5% formalin)
twice for 10 min prior to washing them in water for 5 min. In next step gels were soaked
for 1 min in 0.02% Na,S,03 (Sodium Thiosulphate) twice and washed in water for 20 sec.
The gels were soaked for 10 min in 0.1% AgNO; and rinsed with water and again with
small volume of developing solutions (3% sodium carbonate, 0.05% formalin,
0.000016% Na,S,03). After that gels were soaked in fresh developing solution (fresh
formalin) until band intensities were visible (1-3 min) and 12.5 mL of 2.3 M citric acid
(or 6 g of solid citric acid) was added with continue shaking for 10-15 min. Finally gels
were washed (for 10 min) and socked in water for 30 min or longer before drying.
Molecular weights were estimated by comparison to a set of known standards (Precision

Plus Protein, Biorad) as markers from 10 kDa to 250 kDa.

2.2.5  Protein expression

2251 Expression of unlabeled EcDsbA

Unlabeled EcDsbA was expressed using the autoinduction method adapted from
Studier’s protocol.** The method involves the expression of recombinant proteins using
the T7 polymerase system without requiring inducers such as IPTG during mid-log phase
of the cultures. A buffered medium containing a mixture of carbon sources is utilized.
The composition of components and media used for autoinduction is described in table 2-
I and table 2-2. Autoinduction media was prepared using LB (Lucia broth) media, 1M

MgS0,, 20x NPS, 50x5052 and 1000x trace metals mixture with antibiotic kanamycin.
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Starter cultures were prepared by inoculation of autoclaved media with from glycerol

stocks of E.coli BO013 and grown over night at 37°C, 260 rpm. These cultures were

transferred to the large autoinduction media and shaken and incubated at 37°C, 260 rpm

until an Aggo (Absorbance at 600 nm) of saturation point was reached. Saturation point of

cell growth was found after ~ 24 hrs at OD (1:10) 1.49 for E. coli BO013 cells protein

expression culture. This culture was spun down by centrifugation at 14000 g for 30 min

at 4 °C. The pellet was resuspended in 50 mL of polymyxin sulfate B (4 mg/mL in 20mM

Tris pH 8.0), with shaking at 200 rpm for 24 hrs at 20 °C to release the periplasmic

fraction containing DsbA."*> The periplasmic fraction was clarified by centrifugation at

25000 g for 20 mins at 4°C to obtain the supernatant.

Table 2-1: Composition of the media used for the auto-induction method.

Component 1 liter Concentration
ZY ~928 ml -
1 M MgSOq4 1 ml 1 mM
50x 5052 20 ml 1x
20x NPS 50 ml 1x
kanamycin (25 mg/ml) 4 ml 100 pg/ml
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Table 2-2: Composition of media components used in auto induction method

20x NPS pH ~6.75

1000x trace metals mixture

(100 mi in ~50 mM HCI)

Component § Quantity (1 L) H,O 36 ml
Sterile Water 900 ml 0.1 M FeCl;*6H,0 50 mi
(dissolved in ~0.1 M HClI)

(NH4),S0, 66 g 1M CaCl, 2ml
KH,PO, 136 g IM MnCl,*4H,0 1 ml
Na,HPO, 142 g 1 M ZnSO4*7H,0 1 ml

50x5052 0.2 M CoCl,*6H,0O 1 ml
Glycerol 250 g 0.1 M CuCl,*2H,0 2 ml
H,O 730 ml 0.2 M NiCl,*6H;0 1 ml

Glucose ( 25¢g 0.1 M Na;Mo0O,42H,0 2 ml

a-lactose 100 g 0.1 M Na,SeO;+5H,0 2 ml

1M MgSO, (100 ml) 0.1 M H;BO; 2ml
MgSO,*TH,0 2465 ¢ Kanamycin

(25 mg/ml in water, filter sterilize)

Sterile Water |} to make 100 ml LB (in MilliQ H,0) to make 1 L)

Tryptone 10g

NaCl 5¢g

Yeast Extract 5g
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2.2.5.2 Expression of labeled EcDsbA

Expression of uniformly >N and "N °C isotope-labeled EcDsbA and VcDsbA proteins
was done according to the protocol described by Marley et al."*® An overnight streak
culture was grown from glycerol stock on LB/agar kan® plates. An isolated colony was
used to inoculate a 100 ml starter culture of LB/kan® and grown overnight at 37 °C.
These starter cultures were used for the inoculation of large cultures consist of 3L LB and
then shaken and incubated at 37°C, 260 rpm until an Agp OD of 0.6 was reached. These
cells were centrifuged at 14000 g for 30 min at 4 °C and resuspended in expression
media. Minimal media (M9 salts) was used for the labeled protein expression and
composition of this media listed in table 2-3. To achieve the °N and "’C labeling "*N-
labeled ammonium chloride and *C-labeled glucose were present as the sole nitrogen ad
carbon source, respectively. Following transfer to the labelling media the cultures were
grown at 37°C for 1 hour and induced with 1mM IPTG. The culture was grown post-
induction 5-8 hrs to allow protein expression, followed by pelleting by centrifugation at
14000 g for 30 min at 4 °C. Expressed labeled DsbA was released from the harvested

cells as described for unlabeled EcDsbA.
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Table 2-3: Composition of minimal media used for IPTG induction method

1 x M9 salt Additives Heat liable additives
( 0.22 pM filtered)
Component | Quantity | Component 1L Component Quantity
(100 ml)
KH,PO, lg FeCl3 0.2 mL D-glucose 20 mL
(10 mg/mL) (20 i/lOO mL)
K,HPO, 6.7¢g 1M MgSO4 2 mL Thiamine SmL
(2 mg/mL)
NaCl 05¢g IM CaCl, 2mL Kanamycin I mL
(100 mglﬂL)
NH4C1 lg ZnCl, 0.2 mL
(34 mg/mL)
MilliQ H,O | to 100 to 874
mL mL

2.2.6  Protein purification

Purification of labeled and unlabeled EcDsbA and VcDsbA proteins was carried out using
2 chromatographic steps on FPLC.'" Firstly, ammonium sulfate was added to the
supernatant to a final concentration of 1M. The supernatant was filtered (I hope! - put in
details here) and applied to a Phenyl Sepharose High Performance 16/10 hydrophobic
interaction'*® column which had been equilibrated in 20 mM Tris (pH 8.0), 50 mM NaCl,
I'M (NH,),S0s.

A linear gradient from 100% 1 M ammonium sulfate buffer B to 100% low salt buffer A

Was run over three column volumes to elute the protein (Figure 2-1).
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Buffer A: 20 mM Tris, S0 mM NaCl (pH 8.0)

Buffer B: 20 mM Tris, 50 mM NaCl, 1 M (NH,),SO, (pH 8.0)

Fractions were collected automatically and DsbA was located by the UV profile of the
elution and the appropriate fractions analysed by SDS-PAGE followed by silver
staining."” Fractions containing DsbA were pooled and buffer exchanged into 20 mM
Tris (pH 8.0) using HiPrep 26/10 desalting column. This PHP purified protein was
applied to MonoQ HRS5/5 cation-exchange column.”® The protein was eluted with a
gradient from 100% low salt buffer C to 100% high salt buffer D (Figure 2-2).

Buffer C: 20 mM Tris (pH 8.0).

Buffer D: 20 mM Tris + 1 M NaCl (pH 8.0)

This two-step purification protocol was sufficient to pure protein, which was estimated to
be > 95% pure from analysis by SDS-PAGE followed and silver staining (Figure 2-2).

The final yield was about 50-70 mg of protein/L of medium.

2.2.7  Oxidation, reduction & estimation of protein concentration

Purified DsbA from pooled fractions was oxidized by treatment with a solution of copper
phenanthroline (30: 9: 61 of 100 mM CuCl,: 1 M Phenanthroline: Tris 20 mM) at 4°C
for 4-5 hrs. Excess copper phenanthroline was removed by buffer exchanged using a PD-
10 (supplier) or HiPrep 26/10 desalting columns (Figure 2-3). DsbA samples were
reduced by the addition of DDT to the final concentration of 1 mM into the protein
samples which were incubated for 1hr at 4°C for complete reduction. Buffer exchange

Was performed at various stages to transfer DsbA protein sample into the appropriate
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buffer systems for different experiments including NMR, crystallography and assays. For
instance, in STD NMR experiments protein was buffer exchanged using desalting column

equilibrated with 10mM HEPES (pH 7.0), 150 mM NaCl.

The concentration of DsbA protein samples was estimated using UV-visible
spectrophotometry where the absorbance of each sample was recorded at a wavelength of
280 nm. The protein concentration was calculated using an extinction coefficient of
28545 M'cm™ and 10555 M™'cm’ for EcDsbA and VeDsbA respectively, calculated from
amino acid composition using the ExPASy site

(http://au.expasy.org/tools/protparam.html). In addition, Bradford assays were performed

using BioRad kit according to manufactures’ instructions. UV measurements were made
cither on a Cary50 spectrophotometer (Varian, Mulgrave, Vic) or a Nanoview
Spectrophotometer (GE Healthcare). Mass spectroscopy analysis results for protein
characterization have been presented in Appendices section 8.2. For 2D, 3D NMR and
crystallographic analysis, labeled and unlabeled EcDsbA was concentrated to 150 uM,
500 uM and 1200 uM respectively in the corresponding buffer systems required for each

cxperiment described in relevant section.
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Figure 2-1. (A) A representative chromatogram depicting the result of injecting unlabeled
LcDsbA over the PHP 16/10 hydrophobic interaction column. The brown and green lines
fepresent the UV g0 reading of the eluted fractions and linear buffer gradient, respectively.
(B) and (C) SDS-PAGE of selected fractions among XI1-X4 and C9-Cl1, from two
different PHP FPLC runs for '°N and unlabeled EcDsbA respectively. Red circle

"epresents 21 kDa MW standard and arrowed lanes suggestive of purified DsbA.
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(A)

Figure 2-2. (A) A representative chromatogram depicting the result of injecting PHP
purified N labeled protein over the MonoQ 5/5 cation-exchange column. The blue
and green line represents the UV g reading of the eluted fractions and linear gradient
fespectively (B) and (C) SDS-PAGE and silver stained gel for few selected fractions
dmong A3-A10 from two different MonoQ 5/5 FPLC runs for BCPN and PN
EcDsbA respectively. Red circle represents 21 kDa MW standard and arrowed lanes

“uggestive of purified DsbA.
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|30

Figure 2-3. (A) A standard chromatogram of DsbA depicting the result of injecting
MonoQ purified and oxidized "°N labeled DsbA protein over the HiPrep 26/10 desalting
column. The brown, green and cyan line represents the UVag reading of the eluted
fractions, linear gradient and conductivity respectively. (B) SDS-PAGE fractions X1 for
N EcDsbA loaded in different volumes (7 pL, 10 pL and 4 pL). Arrowed lanes

suggestive of purified DsbA whereas MW standard have been shown in the right side

lane.
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2.2.8  Protein stability analysis

A thermal shift assay was performed to find out buffer condition for which EcDsbA

exhibited the greatest thermal stability."’

This fluorescence-based assay was performed
using an Applied Biosystems Step One Plus Thermal Cycler (Melbourne, VIC,
Australia). Solutions of 5 pL. EcDsbA (30uM stock, final concentration SuM), 3 pL 100X
Sypro orange dye (final concentration 10X) and 22 pL tested buffer were added to the
wells of the 96-well plate. The total wall volume used was 30 pL. The plate was heated
from 20°C to 99°C with a heating rate of 1.0 °C/minute. The fluorescence intensity was
measured with excitation/emission = 583/610 nm. The different buffer solutions tested
were Acetate (pH=4-4.5), Citrate (pH=5.0), MES (pH=6-6.5), HEPES (pH=7.5-8.0), Tris
(pH 8.0-8.5) containing different additives (50 Mm — 150 mM NaCl, 0.5 mM arginine,
0.5 mM glutamine amino acids and combinations of additives) at varying ratio. The
transition region of the raw thermal melting curve data were fitted by non-linear least
squares regression to determine the mid-point temperature of the protein un-folding
transition (T,). After testing several buffer conditions, EcDsbA was found to be most
stable in SOmM MES (pH 6.5), 150 mM NaCl, 0.5 mM RE (Arginine, Glutamine Acid)

as shown in melting curves (Figure 2-4).
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pH=4 Acetate buffer
pH=4 5 Acetate bufter
pH=5 Otnc acd
pH=6 0 MES buffer
pH=6 5 MES bufler
pH=T7 0 Hepes Buffer
pH=T7 § Hepes buffer
pH=8 0 Hepes buffer
=8 0 Tns buffer
pH= 6.5 25mM
MES,150mM NaCl,
0.5mM RE

Figure 2-4: Protein stability buffer screening for EcDsbA using thermal shift assays.

2.3 Functional assays

2.3.1 Alkaline phosphatase activity assay

Alkaline phosphatase (AP) assay can measure the activity of DsbA in vivo by observing
its capability to oxidise bacterial periplasmic protein alkaline phosphatase. Native AP
contains a pair of cysteines residues which require DsbA for oxidative folding.” > AP is
inactive in the cytoplasm and active only when it is exported to the periplasm, where
formation of intramolecular disulfide occurs by DsbA. This reaction can be quantified
and measured spectrophotometrically in presence of a substrate of AP (e.g. p-nitro
phenol).*™ > Alkaline phosphatase activity of bacterial strains with or without DsbA can

be compared in these conditions along with compounds to be tested for inhibition of

DsbA activity.
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Alkaline Phosphatase (PhoA) activities were measured essentially according to the
protocol described by Brickman & Beckwith.'” Briefly, bacteria were grown overnight
in 20 ml minimal medium A which is a low phosphate media. (Table 2-4) The low
phosphate concentration induces the synthesis of alkaline phosphatase (PhoA) from the
chromosomal copy of the alkaline phosphatase gene (phoA).>® Cells were incubated on
ice for 20 min, pelleted by centrifugation for 10 min at 2350 g and washed twice with 20
mi 1 M Tris, pH 8.0. After the last centrifugation, cells were resuspended in 2 ml 1 M
Tris pH 8.0, and the OD600 was measured in a spectrophotometer (Cecil CE2021). The
cells were then permeabilized by adding 50 pl 0.1% (w/v) SDS and 100 pl chloroform
and mixed by vortexing. Samples were equilibrated for 5 min at 28 °C after which 500 pl
nitrophenol phosphate [0.4% (w/v) in 1 M Tris, pH 8.0] was added and the time recorded.
The reaction was allowed to proceed at 28 °C until a yellow colour developed. As soon as
the colour change was noted, the reaction was stopped by adding 1 ml 1 M KH,PO,.
Samples were vortexed before the A420 and A550 were measured and units of PhoA
activity were calculated from the absorbances. Preliminary results obtained from the
analysis of fragment inhibitory activity studies using AP assay have been shown in

Appendices section 8.3.1.
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Table 2-4: Composition of minimal media used for alkaline phosphatase activity assay

Components (for 1L) Quantity
K,HPO,4 105 g
KH,PO, 45¢g

(NH4)2804 1g
sodium citrate 1g
glucose 0.4% wiv
vitamin B1(thiamin) lugml”
MgSO, | mM
MilliQ To make 1L

Units of PhoA activity were calculated from the following formula:

1000* (A420 -1.75*A550) / (Time* OD600 of culture) * Dilution factor
Where A420 and AS550 are measured absorbances at the end of the assay, OD600 is the
OD reading of the culture. Time is the time from addition of AP substrate to making the
readings. Calculations were correlated with "dilution factor”" in cases where cells were

grown to a high OD in the overnight culture and were diluted in same buffer (1 M Tris

pH 8.0).%
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2.3.2  Insulin Reduction Assay

The insulin reduction assay was employed to measure disulfide oxidoreductase activity of
DsbA in presence of selected potential inhibitors.”® DsbA catalyses the reduction of the
disulfide bonds in insulin, which leads to the precipitation of the insulin B chain. Hence
DsbA activity can be measured turbidometrically by recording the increase in absorbance
at 650 nm. Reagents used in the present assay are listed in table 2-5. Stock solutions of 10
mM insulin were prepared by dissolving insulin in 0.1 M HCI. These stocks were then

diluted to the desired concentration in buffer containing 200 mM sodium phosphate and

1.2 mM EDTA, pH 8.

Table 2-5. Reagents used in insulin precipitation assay

Reagents Final concentration
EcDsbA 50 uM 5uM
DTT 100 mM 1 mM

Fragments (varying Concentration) | Depended on the Kp for DsbA

(100 pM — 3 mM)

Insulin 10 mM 0.5 mg/mL

This assay was carried out initially in a 1 ml cuvette to optimize concentration of each
tomponent including insulin, DTT and DsbA. After the parameters had been optimised in

4 Cuvette-based assay, it was transferred to a 96-well plate format. The assay buffer
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contained 200 mM sodium phosphate and 1.2 mM EDTA, pH 8.0. EcDsbA was added to
a final concentration of 5 uM. Fragments were added from concentrated stocks in DMSO,
such that the DMSO concentration in each well was constant. A DMSO-only control
containing no fragment was run on each plate. DTT was added to a final concentration of

| mM from a stock solution at a concentration of 100 mM.

—a— Blank —a— Blank
—&— blank+DMSO
—&— blank+DMSO —eo— DsbA
—&— DsbA + DMSO
—o— DsbA —ar— DsbA + 2mM
—o—DsbA+ 3ImM
= ONA i D3 T T T T T ik
—a&—DsbA + 2mM
15
g E
3 2
14+ o
® ®
8 (=]
o
05 |
or

Figure 2-5: UV spectrum obtained from insulin reduction assay in presence two of the

EcDsbA binding fragments D3 and C5 respectively at different concentrations 1-3 mM.

The reactions were initiated by addition of insulin from a 10 mM stock to a final
oncentration of 0.5 mg/mL. The reactions were performed at 298 K and were monitored
40650 nm on a UV plate reader (Molecular Devices Versa Max plate reader) for 90 mins.

I'he resultant data'>* were analysed using the initial slopes during precipitation, to give an
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apparent rate of precipitate formation during precipitation phase (Figure 2-5). The steeper
the slope, the faster the precipitation occurred. These initial rates were plotted against the
tested fragment concentrations to measure any inhibitory effects on the rate of
precipitation. Preliminary results obtained from the analysis of fragment inhibitory

activity studies using insulin assay have been shown in Appendices section 8.3.2.

2.3.3  Fluorescence (FRET) Peptide assay

A fluorescence resonance energy transfer (FRET) peptide based in vitro assay was
optimized by Dr Kieran Rimmer (MIPS) in order to measure DsbA inhibitory activity of
selected compounds. This assay is based on an approach described by Ruddock et al and
measures the ability of DsbA to oxidise a peptide substrate containing appropriate
fluorogenic moieties®' (Figure 2-6) that was synthesized Mr Bradley Doak (MIPS). All
the initial fluorescence measurements were performed at 298 K on a Varian Cary Eclipse
Spectrophotometer with excitation wavelength of 340 nm and emission wavelength of
620 nm. After optimization the assay was performed in 384 well Perkin Elmer white
OptiPlate-384 (Part #: 6007290) on a Perkin-Elmer Envision Plate Reader. The
composition of assay buffers has been listed in table 2-6.

Each well contained 25 pL of buffer A which contained DsbA plus DsbB, a zero DsbB
control or a zero DsbA control, respectively. Experiments were undertaken in the
presence of increasing concentrations of test fragments, added from appropriate stock

‘olutions such that the concentration of DMSO was kept constant. Control experiments
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were performed containing either DMSO only (i.e. no fragment) or no-DMSO no-
fragment on each plate.

Finally the FRET-Peptide (22.5 uL at 5uM) was added to begin the reaction. Fluorescent
readings were begun immediately following addition of the peptide. Figure 8-5 (and
Appendices section 8.3.2) shows the kinetic inhibition plot of DsbA oxidation activity
(DMSO blank) in various concentrations (0.4 mM to 20 mM) of an inhibitor in the

FRET-peptide assay.

Table 2-6. Reagents used in fluorescence peptide assay

Components Final concentration
Buffer A 1.7 uM EcDsbB (in membrane prep)
(50 mM MES, 50 mM NaCl, 0.2 % 40 nM EcDsbA

glycerol, 2 mM EDTA, pH 5.5)

Buffer B (zero DsbB control) 40 nM EcDsbA
(50 mM MES, 50 mM NaCl, 0.2 %

glycerol, 2 mM EDTA, pH 5.5)

Buffer C (zero DsbA control): 1.7 uM EcDsbB (in membrane)
(50 mM MES, 50 mM NaCl, 0.2 %

glycerol, 2 mM EDTA, pH 5.5)

Fragment solutions (in 100% DMSO) 300 pM- 20 mM or varied

FRET-Peptide 5uM
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Figure 2-6: Schematic of oxidation of fluoro-peptide by DsbA in FRET system
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Figure 2-7: Inhibitor concentration-dependant plots of DsbA oxidising activity in

FRET-peptide assay.
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2.3.4  Complementation/Motility Assay

Bacterial strains and plasmids for this cell based assay were kindly provided by Prof J. C.
Bardwell (Dept of Microbiology and Molecular Genetics, Harvard Medical School,
Boston, USA). The E. coli strains used for this study'*® are described in Table 2-7. The

protocol of this bacterial motility based DsbA complementation assay was adapted from

55b, 154

previous studies and was optimized to measure the motility inhibition activity of

potential inhibitors of DsbA. The assay was performed in M63 minimal media containing
40 pg ml™' of each essential amino acid (except cysteine and cystine) and 0.3% agar. The

pH of the media was adjusted to 7.0-7.5 and additives as listed in Table 2-8 were added.

Table 2-7: E. coli strains used for Motility assay

E. coli JCB Strains Genotype

: JCB570 Wild-type E. coli with DsbA normal function (wt)
JCB571 kan® Mutated E.coli cells with DsbA gene deactivated (dsbhA’)
| JCB571- VeDsbA kan® Mutated E. coli cells with VcDsbA function (pVcDsbA)

E. coli dsbA” mutant transformed with VcDsbA plasmid

——

JCB816 Wild-type E. coli with DsbA normal function

- JCB817 Mutated E. coli with DsbA gene deactivated (dsbA")

After being autoclaved the agar was allowed to cool to ~65 °C at which point the
dppropriate additives were added with thorough mixing. This media was poured in 12

well culture plates (Greiner Multi well Plates, Sigma) to final volume 1 ml in each well.
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Compounds to be tested were added from concentrated stocks in DMSO and mixed

thoroughly. These plates were allowed to cool at room temperature before inoculation of

E.coli strains. Negative controls (JCB817), DMSO controls and blank experiments were

performed within each experimental trial as triplicates.

For end point experiments, the compounds (or fragments) to be tested were added from to

final concentrations of 500 pM or 1 mM. The amount of DMSO was kept constant as

4uL in all experiments including end point, positive control and inhibition calculation

experiments. Serial dilutions of the original compound stock were prepared to give final

concentrations of the compounds in media ranging from 0.1 uM to 1 mM for the titration

and effective inhibition (ECsp) calculation. All assays were performed in triplicate.

JCBST0 (£ coli
i “;“fnw“: 11”') JCBSTL dsbA null) JCBS71+VeDsbA- (oVeDsbA)
o Nos LS 0 2. Non Motile Motility Zone 1.040.1cm.

Figure 2-8: Motility of E. coli wild type and mutant strains on soft agar with

Cysteine free minimal media.
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Table 2-8: Composition of minimal media used for complementation/ motility assay.

Components Composition Final Sterilisation
concentration | and storage
(viv) conditions
M63 Stock KH,PO, 159 Autoclaved
Salts K;HPO4 (45.6g) 20% Stored at 4°C
(NH4)2SO4 (10g)
MilliQ water to FeSO4 (6.25 mg)
1L
MgSO4 IM MgSO,4 (1.32g) 0.1% Autoclaved
MilliQ to 50 ml Stored at 4°C
AAA 100X Alanine, Arginine, Glutamine, 1% Autoclaved
MilliQ water Glycine, Histidine, Isoleucine, Stored at 4°C
to SO ml Leucine, Lysine, Proline, Serine,
pHto 7-7.5 Threonine, Valine
(200 mgLeach)
BAA 100X Phenylalanine, Tyrosine, p- 1% Filter sterilise
0.1MKOH to aminobenzoic acid, Stored at 4 °C
50 ml p hydroxybenzoic acid (200mg
each)
Tryptophan
(100m49
FAA 100X Asparagine, Aspartic acid, 1% Filter sterilise
MilliQ water Glutamic acid Store at 4 °C
to 50 ml (200mg each)
pHto 7-7.5
Hypo /Uracil Hypoxanthine, Uracil 1% Filter sterilise
DMSO to 50 (200mg each) Store at -20 °C
ml
Vitamins Biotin, Nicotinamide, Riboflavin, 1.67% Filter Sterilise
MilliQ water Thiamine Store at 4°C
to 50 ml (10mg each)
Agar Solution Agar 72.8% Autoclave
MilliQ water to (1.5 gm)
460 ml
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Glycerol 50ml 10 ml Glycerol 2% MilliQ water to
(20%) 50 ml
Autoclave

E. coli wild type (JCB570 and JCB816), dsbA" (JCB571 and JCB817) and VcDsbA
complemented dsbA™ (JCBS71 - pVcDsbA) mutant strains were grown individually as
streak cultures in LB plates at 37 °C overnight to obtain single colonies of each type of
strain. Triplicates of fresh single colonies were inoculated by stabbing at the centre of
cach well containing desired amount of tested compounds in MM media. Plates were
incubated for 7-10 hours at 37°C and a lawn of cells was allowed to grow before analysis
of the swarming zone of motile E. coli cells. Figure 2-8 shows an example of control
cxperiment in motility assay performed in 5 ml culture plates instead of 12 well plates for
picture clarity. The diameter of bacterial swarming around the center (inoculation point)
was measured manually. An example of the analysis of fragment inhibitory activity
sludies using motility assay has been shown in Appendices section 8.3.3.

Data analysis was performed using GraphPad Prism version 5.0.'” Swarming zone
diameters were normalized to the DMSOQ-only control and the effect of the compounds
was calculated as the percentage inhibition of motility, which were fitted against inhibitor
concentration in logarithmic scale to a sigmoidal dose (concentration) response using

Equation 2-1 given below (Figure 2-9).

Equation 2-1

Y= Bottom+ (Top-Bottom)/(1+10*((LogECso-X)))
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Where X is the logarithm of concentration, Y is response that starts at Bottom (base line

response) and goes to Top (maximum response) with a sigmoid shape (Hill slope).

1 00{

754
Motility % 2
response

L]

- - -4
Glnhibit?)r [log M]

L)

-7

Figure 2-9: Motility inhibition of pVeDsbA E.coli mutants shown as sigmoidal dose
response plot obtained from titration of a fragment hit MS identified by NMR guided

computational screening.
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2.4 NMR Methods

NMR experiments performed for this project can be divided in two parts:

1. NMR experiments for the biophysical screening of fragment library and
elaborated compounds: STD and 'H-1D followed by validating experiments 'H-
1SN HSQC/HMQC end point and 'H-"*N HSQC titrations. '

2. Protein triple resonance NMR experiments'>’ for backbone and side chain
assignment of DsbA: °C HSQC, "N CBCACONH'"®, HNCA'®, HNCACB'®,

HNCO'"®, HNCACO'®, HCCONH-TOCSY, CCONH-TOCSY and HCCH-

TOCSY'®!

2.4.1. STD NMR experiments

STD (Saturation transfer difference) NMR experiments '® for fragment library screening
were performed in standard NMR tubes with 10 uM unlabelled protein and mixtures of
up to 5 fragments with a concentration of ~300 uM for each fragment. The sample
volume was 550 pL with 10% D,0O and 90% buffer containing 10 mM HEPES pH 7.0
and 150 mM NaCl. ID NMR experiments were performed in 99.9% D,O for each
Iragment before screening. Spectra were recorded on a Bruker BioSpin 800 MHz
spectrometer (Billerica, MA, USA) using a triple-resonance 5 mm TXI cryoprobe
cquipped with single-axis gradients and an autosampler. Standard pulse sequences were
used for 1D and STD data acquisition and water suppression was achieved using the
WATERGATE scheme. STD-NMR experiments were carried out at 10°C.'®. 'H

chemical shifts were referenced to the 'H,0 signal at 4.70 ppm. The 3s irradiation period
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consisted of a train of 50 ms Gaussian pulses separated by a 1 ms delay. A 35 ms T filter
was used to suppress residual protein signals.'®* STD data sets were the average of 128
scans. NMR data were processed in TOPSPIN version 3.1 (Bruker BioSpin).'65
Automated baseline smoothing was applied using a polynomical function. Figure 2-10

illustrates an example of hit identification for a mixture of compounds using STD spectra.

A STD spectra

ANy LW -

Figure 2-10: Identification of an EcDsbA binder from STD NMR based screening by
comparing the STD spectrum (A) with the reference 1D 'H spectra for each fragment
(spectra B-F). Rectangular Box connects resonances observed in the STD spectrum

with their corresponding signals in the 1D 'H reference spectrum of the ligand.
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24.2  HSQC NMR experiments

Second round of fragment screening was performed by recording 2D 'H-"N HSQC
(Two-dimensional 'H-">N heteronuclear single-quantum correlation) experiments for
DsbA in the presence of individual fragments hits identified from STD screen. 2D 'H-"N
HMQC (Heteronuclear Multiple Quantum Coherence) experiments were also performed
for the ligand binding studies at the subsequent stages of the project. All HSQC / HMQC
spectra were recorded at 298K. Initially, end point 'H-'"N HSQC experiments were
performed in Shigemi (NMR) tubes with 1mM compound (1 mM) to be tested in 300uL
protein sample. Protein samples were prepared with 100 uM - 150 uM °N-labeled DsbA
proteins (EcDsbA or VeDsbA) in buffer containing 10 mM HEPES or S0OmM HEPES (pH
7.0) and 150mM NaCl and 1 mM EDTA with 90% H,0 and 10% D20O. Spectra were
recorded on a Varian Unity Inova 600 MHz spectrometer (Varian Inc., USA) equipped
with a single axis gradient triple resonance cryoprobe and on a Bruker BioSpin 800MHz
spectrometer as mentioned above. Typical acquisition time was 30 min and 15 min per
experiment for HSQC and HMQC respectively. Standard pulse sequences were used for
data acquisition. NMR data were processed using NMRPipe 1% and processed spectra
were analyzed initially with NMR Draw and then with Sparky 3.113 1% software. In total,
about 200 2D spectra were recorded for the secondary screen, about 125 spectra for
fragment elaboration process and another 450 spectra were recorded Kp determinations.
A simple overlay of each screening spectrum was measured without any automation at
this stage as this was found as most robust and sufficiently quick procedure for data

analysis (Figure 2-9).'%’
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Figure 2-11: Overlay view of the 'H-"*'N HSQC spectra of 150 pm Apo EcDsbA (green
resonances) in the presence of a STD hit fragment at ImM (purple resonances). Blue
circles identify some of the 'H-""N resonances that undergo significant shifts changes in

the presence of this ligand, hence this fragment is a confirmed hit.

24.3  Chemical Shift Mapping

Overall weighted average chemical shift changes (A8) in 'H-""N HSQC spectra were

calculated for assigned residues using equation 2-2 and for 3D spectra using equation 2-

123

5
~\.

Equation 2-2

V0 = \/(6Hcomplexed DsbA — 0H Apo DsbA )* + 0.154(SNcomplexed DsbA — N Apo DsbA )’
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Equation 2-3

A6 = y/( SHcomplexed DsbA —HApo DsbA ) +0.154(SNcomplexed DsbA — N Apo DsbA )* +
0.276(SCAcomplexe d DsbA — §CA Apo DsbA )

Where 8H, 8N and 3CA denote the chemical shift changes for the amide proton, nitrogen
and C* resonances respectively, between the apo and holo proteins upon addition of the
ligands. The resonance assignment process is discussed below. Residues which
underwent the largest changes in chemical shift were mapped onto the available crystal
structure of the corresponding DsbA. Significant changes were defined as shift changes
ranging larger than 0.03 ppm for a weighted shift. PyMOL molecular viewer (DeLano

Scientific LLC, USA) was used for visualization of the CSP mapped onto the DsbA

structures. -

244  Kpand LE measurements

For the calculation of binding constant by 'H-""N HSQC titration, a range of
concentrations of corresponding ligand (fragment/compound) were added sequentially to
a4 protein sample to record spectra at those varying concentrations. Upon completion of a
HSQC titration the protein sample was deemed to be saturated if at this point the amide
resonances of the 'H-""N HSQC spectra no longer shifted on addition of more ligand.

Stock concentrations of each test ligand were prepared by diluting compounds in a
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solution with appropriate amounts of DMSO and protein buffer. Protein-ligand titrations
were achieved by adding microliter amounts of each test ligand stocks to the °N labeled
DsbA protein (EcDsbA and VcDsbA) sample. The sample was mixed and allowed to
equilibrate prior to "H-"’N HSQC data collection. DMSO only control experiments were
performed prior to decide the maximum amount of DMSO to be tolerated in each sample

without causing any changes in apo DsbA 'H-""N HSQC spectra.

The binding affinity of ligands to the DsbA was determined by monitoring the chemical
shifts of "H-">N HSQC (from titration series) cross peaks as a function of ligand-to-
protein concentration ratio. The curves representing the concentration-dependent
perturbation of several different crosspeaks were fitted using the following equation 2-4

which assumes 1:1 binding stoichiometry.

Equation 2-4

AS=ASmax/2(1+[Lol/[Po]+Kd/[Py]-V 1+[Lol/[Po]+Kd/[Po]*)- 4 [Lol/[Po]

Where Kp is the dissociation constant, A3 and A8max are the observed and maximal
chemical shift change, and [Lo] and [Py] are the total ligand and protein concentrations,
respectively. Fitting was performed using the non-linear least squares fitting option in
Graphpad Prism version 5.0."> The change in free energy on binding (AG) (kJ mol™") and

ligand efficiency per heavy atom (LE) kJmol™' HAC™' were calculated using following

¢quations: '
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Equation 2-5

AG=-R x T xIn (Kp)

Where R is the gas constant (8.314 J.mol ' .K™") and T is the temperature (298 K)
Equation 2-6

LE = AG / (number of heavy atoms)

24.5 3D NMR

Standard triple resonance experimentsl57 CBCACONH", HNCA"™®, HNCACB'?”,
HNCO"™ and HNCACO'® were performed and recorded at 298K on a Varian Unity 600
MHz spectrometer. 'H-""N HSQC spectra as well as 'H- *C HSQC were also recorded
using double labeled protein samples. HCCONH-TOCSY' "' and HCCH-TOCSY

cxperiments were also conducted to identify side-chain carbon and proton shifts '

for
L.cDsbA. (Table 2-10) Sequential assignments for apo VeDsbA were previously reported
by Dr James Horne (MIPS), although these were recorded under slightly different buffer
conditions to those employed for fragment screening. ! The published assignments were
used to guide assignments in the fragment binding buffer conditions to determine the
protein ligand interactions by observing changes in 3D spectra upon ligand binding.
These experiments were performed in Shigemi (NMR) tube with BCIN- (double) labeled

and highly purified 500uM protein with 300uL sample volume, containing 10% D,0O and

Y0% buffer. Buffer 25mM MES, 0.5mM RE and 150mm Nacl (pH 5.0) and 10 mM
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HEPES with 150mM NaCl (pH 7.0) were used for EcDsbA and VcDsbA samples
respectively to retain best stability conditions for proteins. These assignments were later
transferred onto all of the multidimensional spectra recorded for protein sample in the
relevant buffers used for binding studies. Standard pulse sequences (Varian VnmrJ) were
used for data acquisition. NMR data were processed using NMRPipe '®° and processed

spectra were analyzed with Sparky 3.113 '

24.5.1 Sequential assignments

Sequential assignments for EcDsbA and VcDsbA were obtained using standard triple
resonance approaches.'”’ In general these approaches rely on acquiring a pair of
cxperiments that utilise scalar correlations between nuclei to link atoms in adjacent
residues. For example, one complementary pair of experiments are the HNCA and the
HIN(CO)CA. In the HNCA experiment, correlations are observed between the amide
proton and amide nitrogen frequencies of the same amino acid residue (denoted i), (Hi
and Ni) and the Ca carbon frequencies both the same residue (Ca;) and the preceding
residue (Cay;). The complementary experiment, the HN(CO)CA shows correlations
between H;, N; and Ca,.;. In this way, a pair of experiments allows identification of the
frequencies of nuclei in adjacent residues and enables the determination of which is the
intra-residue and which is the inter-residue signal. Various pairs of such experiments
exist (Table 2.9), which enable correlations to be established between different nuclei in

adjacent pairs of residues.
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Table 2-9: The magnetization path with names of multidimensional and triple
resonance experiments used for sequential assignments. Backbone "°C is represented
by C, and R groups by Cg. The spectra contain correlation between blue circles
nuclei. Nuclei involved in the pathway, but not detected in the spectra are circled

white. Main residue number represented by i and previous residue as i-1.

i-1 i
A A
4 A\
I 15
» 1"'(1 1Ha H- "N HSQC
I ” Correlates the chemical
— _1scd_ 3¢ ‘305—130 shifts of
'"H and "N
1 13 1 1 13 1
H—"Cs—"'H H—""C—"H
B 5 8 B 8 B
1 HNCA
| Correlates the chemical
— 15N shifts of

1 N 1 1 N 1 H, BN, “Caq; and "Ca;,
B B B B IB B

1H 1'_"1 HNCO
Correlates the chemical
—N—"c; shifts of

'H, N and C;
1 13 1 1 13 1
H—/ H o | 6] |
B B B
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HN(CO)CA
Correlates the chemical
shifts of

'H, "*N and "“Ca;.,

HN(CA)CO
Correlates the chemical
shifts of

14, 5N, ¥C; and °C;,

HNCACB

Correlates the chemical
shifts of

IH, 15N, Ca; , PCai,
BCp; and “CBi.y

CACB(CO)NH
Correlates the chemical
shifts of

'H, N, “Ca; and “Cpi.,
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These can be connected as shown in Figure 2-13 to generate sequential assignments of

the backbone atoms.

Figure 2-13: Sequential through-bond connections of oxidised EcDsbA for residues

2¢r128-Val135 in CBCA(CO)NH and HNCACB spectra. Ca and CP peaks are show in
'BCA(CO)NH in cyan. Preceding and intra residue peaks of Ca and CP are shown in
10W

and blue respectively. White lines denote sequential connectivity between the

"dividual residues.

1i12,
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The following experiments as listed in table 2-10 were acquired for EcDsbA.

Table 2-10: NMR spectra obtained for EcDsbA. Data were acquired for resonance

assignment and as a foundation for fragment-binding studies. Spectra were acquired at

600MHz, 318K.

Experiment Sweep width Number of points
IH ISN lSC IH lSN 13C
['*N,'H]-HSQC 14 32 1024 64
[*N,'H]-HSQC 16 17 1024 64
[°C,'H]-HSQC 14 64 | 1024 128
[°C,'H]-HSQC 14 140 | 1024 128
- CBCA(CO)NH_HEPES 14 20 | 64 | 1024 24 44
|
' CBCA(CO)NH_MES 16 17 64 1024 24 48
 HNCACB_HEPES 14 20 | 64 | 1024 24 64
HNCACB_MES 16 17 | 64 | 1024 24 48
HNCO 16 17 16 | 1024 32 32
HN(CA)CO 16 17 36 | 1024 24 32
HNCA_HEPES 16 17 30 | 1024 24 32
L
HCCH-TOCSY 14 20 | 32 | 1024 32 64
S
CCONH TOCSY 14 20 | 64 | 1024 32 48
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The HCCH-TOCSY'”° allows assignment of the 'H and °C resonances of the side chains
by utilizing the isotropic mixing of *C magnetization to obtain cross peaks at the
frequency of each carbon in an amino acid side chain.'’””> In H(CCO)NH -TOCSY
magnetisation is transferred from the side-chain 'H nuclei to their attached "*C nuclei and
isotropic '*C mixing. From here, magnetisation is transferred to the carbonyl carbon, on
to the amide nitrogen and finally the amide hydrogen for detection. The chemical shift is
cvolved simultaneously on all side-chain hydrogen nuclei, as well as on the amide
nitrogen and hydrogen nuclei, resulting in a three-dimensional spectrum with one

nitrogen and two hydrogen dimensions.'”

[n general, these experiments allowed the assignments of backbone (H, N, C’, C,) and Cg
resonances and these were transferred to the corresponding spectra of protein in buffer
used for fragment binding studies. Almost completely assigned 'H-""N HSQC spectra of
LcDsbA have been shown in Figure 2-14. The sequential backbone resonances for
LcDsbA and VcDsbA as in complex with a choice of ligands have been listed in

Appendix sections 8.7 and 8.8 respectively.
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Figure 2-14: (A) N'"-HSQC spectra of oxidised EcDsbA with resonance assignments of

almost complete backbone amides. (B) Inset of same spectrum illustrating labelling of N-H

fSonances.
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2.5 X-Ray Crystallography

2.5.1 Crystallization

Protein crystallization experiments were performed at the ROCX crystallography facility
under the supervision of our collaborators Dr Begofia Heras, Dr Stephen Shouldice and
Prof Jenny Martin (Institute for Molecular Bioscience, Queensland Bioscience Precinct,
University of Queensland, St Lucia, QLD 4072, Australia).

Crystals of EcDsbA were obtained using the hanging-drop vapour-diffusion method. 17
Crystallization trials were set up in VDXm 24-well hanging-drop plates with 18 mm
siliconized cover slips (Hampton Research, San Diego CA, USA). Each cover slip held
one 2 uL drop containing 1 pL protein solution and 1 pL well solution while the well
solution volume was kept 500 uL. The crystallization plates were incubated at 293 K and
nnaged using a temperature controlled RockImager (Formulatrix, Waltham, MA USA).
Single and large rectangular crystals along with a few twinned crystals of EcDsbA
appeared within two days in the conditions contained PEG of average molecular weight
8000 Da (PEG8000), Cacodylate 100 mM pH 6.1, CuCl, 1 mM, Glycerol 20%. Focused
screens were performed to find optimized concentrations for glycerol and PEG8000
within the range of 4% - 20% (v/v) glycerol and 12% - 17% (w/v) PEG8000. (Table 2-
10) The best diffracting crystals were obtained in Cacodylate 100 mM pH 6.1, CuCl; 1
mM, PEG8000 14%-15% (w/v), glycerol 4%-8% (v/v) and EcDsbA concentration of 16

mg/mL (Figure 2-15).
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Table 2-10: Focused screening crystallographic conditions to optimize PEG8000 and

Glycerol percentage for EcDsbA crystals.

1 2 3 4 5 6
A 12 % 13% 14% 15% 16% 17%
PEG 8000
4% 4% 4% 4% 4% 4%
Glycerol
B 12 % 13% 14% 15% 16% 17%
PEG 8000
Glycerol 6% 6% 6% 6% 6% 6%
C 12 % 13% 14% 15% 16% 17%
PEG 8000
%
Glycerol 8% 8% 8% 8% 8% 8%
D 12 % 13% 14% 15% 16% 17%
PEG 8000
10% 10% 10% 10% 10% 10%
Glycerol
Each wall contains Cacodylate pH 6.1 (100 ul), CuC12 1mM, H,O upto 550 pl
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Figure 2-15: Crystals of EcDsbA at varying concentrations of PEG 8000 and
Glycerol grown as (A) single and large (B) rectangular or needle shaped (C) small and
prismatic (D) or twinned shaped crystals. A typical diffraction quality crystal shaped
as prismatic or rectangular with average single crystals of dimensions approx.

0.3%0.15%0.1 mm® at PEG 8000 14%-15% (w/v) and glycerol 4%-8% (v/v) shown in

[n order to obtain EcDsbA crystals with a desired compound, apo protein crystals were
soaked into the crystallographic stabilizing solution (24% (w/v) PEG8000, Cacodylate
100 mM pH 6.1, CuCl; 1 mM and glycerol 20% (v/v)) mixed with concentrated stocks of
Individual fragments in DMSO. The final concentration of fragments in EcDsbA

stabilizing solution ranged between 3 mM -10 mM depending upon the solubility of

173

Iragment." ™ A typical soaking time was 2-4 hrs for most of the fragments, while longer
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or shorter soaks were performed in a few cases to improve the quality of data. EcDsbA
crystals were harvested from hanging drops using a 0.2-0.3 mm CrystalCap Copper
Magnetic HT Cryoloop (Hampton Research, San Diego CA, USA) prior to flash cooling
in liquid nitrogen. These crystals were maintained at 100 K throughout data collection
and the trials of crystal cooling indicated that both glycerol and PEG were necessary to

attain sufficient cryoprotection.'”

2.5.2  Data Collection and Processing

Crystals were visually inspected for quality, and their dimensions were measured using
an in-lens graticule on a stereomicroscope (NIKON, SMZ-U, USA). Images were
acquired on a Leica Z16 APO (KLIS00 LCD) stereomicroscope, using the IMS500
program (Leica Microsystems, Wetzlar, Germany). Diffraction data from the crystal
produced using the soaking experiments were collected both on the in house radiation

source at UQ-ROCX and the Australian Synchrotron.

25.2.1 In-house data collection and processing

Preliminary diffraction data from the initial soaking experiments were collected at the X-
ray diffraction and radiation source UQ-ROCX. This is an Rigaku FR-E copper rotating
anode generator operating at 45 kV, 45 mA with Osmic Confocal Vari-Max HF optics at
4 wavelength of 1.5418 A (Rigaku Americas, Houston USA). The crystal-to-detector

distance was 150 mm and images were collected over 90° (between 0° and 180°), with
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0.5° image widths (oscillation angle) per frame, to make a total of 360 data frames with
the exposure time for each frame as 1 min. Reflections were measured with a Rigaku
Saturn 944 CCD area detector (Rigaku Americas, Houston USA). A Cryo Industries
CryoCool LN, (Cryo Industries, Manchester, NH USA) was used for keeping crystals at
100 K during data collection.'” Diffraction data were processed using and CrystalClear

1.4 (Rigaku Corporation). The diffraction pattern of EcDsbA crystals is shown in Figure

2-16.

The image frames collected were indexed and integrated with Crytal Clear 1.4.1 and
scaled and merged with SCALEPACK (Otwinowski & Minor, 1997). Molecular
replacement phasing using PHENIX the MolREPL module of CCP4 and the structure of
native EcDsbA (Martin et al 1997) as starting model, was carried out to obtain an initial
model with phases.'” Data in the resolution range 15 A — 4 A were used in the
cvolutionary search procedure. Model refinement was carried out using input scripts

tmodified as required) of the CCP4 and PHENIX.

25.2.2 Synchrotron data collection and processing

Fragment soaked EcDsbA crystals, produced using the optimal soaking conditions were
transported in liquid nitrogen filled trays with cryo loops to the Australian Synchrotron
Radiation Facility at Clayton, VIC, Australia. Each crystal was placed in a special
labelled vial containing liquid nitrogen. Ten of these vials were slotted into a cartridge (or

17

“puck”) for storing the crystals within the microdiffractometer. ® Subsequently X-ray
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diffraction data were collected at the Australian Synchrotron on PX1 beamline 3BM1
(wavelength 0.953645 A) with maximum intensity of ~7.5 x 1011 photons. The image
frames collected were indexed, integrated, scaled and merged with Crystal Clear (Rigaku)

or HKL.2000.!"

2.5.2.3 Structure determination and Refinement

The structures of EcDsbA-fragment complexes were solved by molecular replacement

phasing coupled with difference Fourier methods'”

using the structure of oxidized
LcDsbA (PDB accession code 1FVK) with waters removed as the preliminary model.
The crystal structure contains two molecules of EcDsbA in the asymmetric unit
nominated DsbAas and DsbAg (corresponding to molecule A and molecule B in the

asymmetric unit of EcDsbA crystals). Initially data were refined via a rigid body

refinement in Refmac and subsequent refinement cycles were performed PHENIX

refinement.'”> 178

Modeling and viewing of the EcDsbA crystal structures was performed with WinCoot
version 0.6. '”° Co-ordinates for the ligands were built using the Molsketch portion of
PHENIX and restraints files were generated using PHENIX (conformer). 178. 180 The
process used implicit modeling and refining the structure of the protein first, followed by
the addition of water molecules, buffer or glycerol molecules and finally the fragment or
ligand into (Fo - Fc) difference maps. The criteria used for including a water molecule
were the presence of at least one possible hydrogen bond within 3.2 A and 2F,-F.

density at 1 ¢ and Fy—F. density at 3 6. The model was improved with cycles of iterative
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model refitting and building with Wincoot'”*® density modification and refinement using
the phenix.refine wizard.'” '® R-free analysis using 5-10% of reflections was used for
cross-validation. Some surface residues with weak electron density were modeled with
reduced occupancies for the side chain atoms and some residues were modeled with

alternate conformations.

- -
- -

-
-
- -~
- . 184 ~~
’ - ~
- gkt

B P Y N R

(4 Ny

,’ [ ¢% . \\

’ Vo \ \
' o \ \
'’ \ \

' ' ‘ A
' ' '\ X
[ i I ' ]
' H ' ]
' ' M .
| | ' '

) n '

' '
. ' i '
' '
“ \ ! H
\ '- ’

N \ s '

\ Y ’ ,

\ Y ’

\) S ’

\ \ 4 ’
S ’
N ’
S ’
N ~ -~ e u
.
\‘ N3 ’ e "l /I
~
\~ we ',' ’,

-~ -
- -
-~ e T T L -

-
- -
- -

S rcnccme="

Figure 2-16: Diffraction pattern image of a typical EcDsbA crystal (space group

C2) used for fragment binding studies.
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26 ITC

Calorimetric experiments were conducted to measure fragment binding affinities to
EcDsbA, using an isothermal titration microcalorimeter instrument iTC200 (MicroCal
LLC, Northampton, MA, USA). Experiments were conducted at 25 °C and all the
solutions and samples were degassed under vacuum prior to titrations. The reference cell
was filled with Milli-Q water. Purified EcDsbA protein at a concentration of 200 uM in
the buffer 10mM HEPES pH 7.5 with 0.6% (v/v) DMSO were loaded into the sample cell
(reaction cell volume ~ 200 pL). DMSO in the sample was calibrated to match the
residual DMSO after fragment dilutions. The compound to be tested at a concentration of
[-3 mM in the same buffer was then titrated into the sample cell with 20 x 2.5 pL
injections.

The heat released was measured and integrated using MicroCal Origin 7.0 software
(OriginLab Corporation, Northampton, MA, USA). The heat released upon their
mteraction was monitored over the time (as shown in Figure 2-17), where each peak
represented the associated heat change upon injecting a few microliters volume of sample
into the ITC reaction cell. Three independent trials + the standard error were used to
derive the average values of reported equilibrium thermodynamic parameters. The
association constant (K,, 1/K4), enthalpy (AH) and stoichiometry (N) were calculated
using a single-site binding model. The energies of interaction were calculated from Ka
values using the Gibbs free energy equation 2-6

(Equation 2-6)

AG =-RT (In Ka)
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where R is the gas constant 1.9872 kcal/mol, T is the temperature of the experiment in
degrees, where AG is the free energy of binding (kcal/mol) Kelvin (298 K), and Ka is the

association constant for the compound.
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Figure 2-17: ITC based affinity measurement of one weak binding and

enthalpically driven fragment hit of EcDsbA, identified from NMR based screening.
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2.7 Computational Methods

2.7.1  Library and Protein Preparation

A commercially available fragment library from Maybridge was selected for the virtual
screening purpose consisting of 500 heterocyclic compounds. A smiles to 3D coordinates
conversion was performed using CORINA.'®' 3D structures of fragments were optimized
using the OPLLASA force field to obtain lowest energy conformations and appropriate

. . . 1
protonation states were selected for computational screening. 8

Fragments were
optimized for docking using the LigPrep tool with their protonation states fixed at pH
7.0 £2.0 units and no tautomeric states were generated (Maestro software).'® The
coordinates for the VcDsbA (PDB code 1BED)™ and EcDsbA ((PDB code IFVK)™™
structures were downloaded from the Protein Data Bank and were processed with the
Protein Preparation Wizard in Maestro for subsequent grid generation and docking.'®*
Using this tool, hydrogen atoms were added to the protein and the protonation states for
histidine residues were optimized. Crystallographic waters and ions not deemed to be
important for ligand binding were deleted and the entire protein was minimized. Default
options within the Protein Preparation Wizard were used to assign bond order and
Minimization using the OPLS_2005 force field with 50 steps of steepest-descent
minimization to correct bond lengths and angles."*® Additionally some residues
containing structural errors were fixed manually.

After protein preparation, the SiteMap tool was used to explore possible binding sites on

the entire protein structure.'®’ This feature identifies top-ranked potential receptor binding
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sites those are most likely to contribute to tight protein-ligand or protein—protein
binding.'®® Default parameters were used to report a maximum of five of the best ranked
sites. Subsequently site analysis and scoring was undertaken for the NMR identified

binding region as described under the site mapping method section.

2.7.2  Grid Generation and Docking

Grid based molecular docking studies were performed using Maestro, version 8.0, and
XP Glide, version 4.5'® For the preliminary docking of the fragment library into DsbA
proteins four grids were prepared using the Receptor Grid panel. Amino acid residues
located at four top ranked largest sites were used to define a centroid of selected residues
when generating the enclosed box for the docking of ligands. Default parameters were
used for van der Waals radii scaling factor (0.8), per-atom van der Waals radius and
charge scaling values (cutoff of 0.25).'®* Distance-dependent dielectric constant was
defined as 2.0 and maximum number of steps was set to 500 during the conjugate
¢cradient minimization cycles for the energy minimization stages for selected poses.
Extra-precision (XP) mode was used for flexible docking with OPLS_2001 force field
top ranked docked pose was saved for each input ligand.'**® '® Enrichment factors'®'

were calculated at 2, 5, and 10% of the total database screened, using the following

cquation: '8¢

EF %= (Hits sampled/ N sampled) / (Hits (oat/Niotal)
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2.7.2.1 NMR based docking

NMR data was obtained from the distinct pairs of protein-fragments complexes and used
for the constraint docking of the fragments hits and the fragment library. The binding site
residues those were highly perturbed (CSP > 0.03 ppm) upon fragment binding were used
to generate parameters for NMR-based constraint docking. Constraints were added in
these perturbed regions of the protein to identify most likely binding location for

{ragment hits."'®’

These constraints were added by locating regions or ‘cells’ those were
derived based on the properties of selected residues.'®*™ '® Thus a set of hydrophobic
cells were located in the proximity of most perturbed residues. A rectangular docking
grid (or an enclosing box) was generated using the centre of the perturbed residues with
the inclusion of selected hydrophobic constraints. The grid gives a measure of the
offective size of the search space in defined binding region. The enclosing box length was
set at value of 10 A in X, Y and Z directions with 8 A ligand docking boundaries to
observe more specific binding positions of fragments according to NMR results. Other
parameters were kept similar as described for preliminary docking. Final scoring and
ranking was performed with Glide XP score. A number of generated docked solutions
were optimized to obtain the best scoring pose by the Glide selection program.””a‘ 188
Information obtained from finally selected complexes was compared with 'H-""N HSQC
data where distances of the docked ligand were measured to surrounding residues within
S A. In other words, CSP (distances to -NH of highly perturbed residues) of each ligand

Pose were estimated and were found to be in good agreement with their experimental

‘alues. A simple linear relationship was considered between the magnitude of the CSP
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and the distance from the amino acids NH atoms and the nearest ligand atom according to

the protocol described by Stark ez al.'®’

2.7.3  Surface Grid Map Generation

In the next step, the NMR-based site was mapped and analyzed using the
Hydrophobic/philic panel and Sitemap tools in Maestro. The binding site mapping
procedure operates in a method equivalent to Goodford's GRID algorithm.]89 The first
step for grid map computation was to generate a rectilinear box that contained NMR-
based identified set of amino acid residues and was defined as the binding region. This
hox was composed of grid points with a typical grid spacing of 1 A within the box.
Components of the electrostatic field in the x, y, z dimensions and van der Waals
cnergies were calculated at each of the grid points using the OPLS-AA force field for
partial charges and vdW parameters. A probe can be defined by a vdW sphere of radius
1.5 A and well depth 0.2 kcal/mol with a point dipole moment of 2.3 Debye. A putative
van der Waals energy and the magnitude and direction of the electric field were
computed for this probe centered at each grid point by considering interactions with all
defined atoms of the receptor site within a cutoff distance. Site maps depend on the
character of the nearest receptor atom and explicitly show the shape and extent of
hydrophilic and hydrophobic regions.”™® These regions are defined in a way that
considers both spatial proximity to the receptor and suitability for occupancy by solvent
Water. Finally, the hydrophilic and hydrophobic grids were read by Maestro, which

tontoured the grids at the empirically selected default isosurface values (-6 and -0.5
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kcal/mol).'®® These values have been adjusted in such a way that the hydrophilic and
hydrophobic maps should not overlay but rather should be separated by some "neither”
space.'®! Constraints based XP docked conformations of all of the 500 compounds in the
library were manually screened using the hydrophobic and hydrophilic surface maps
(grids) for the binding site. In this screening process, fragments were separated on the
basis of presence of all favourable and at least one unfavourable interactions with the

surface grids.

2.7.4  Similarity Searching

Similarity searches were performed using the computer software Instant Jchem

192

‘Chemaxon). " These searches were performed on several sets of the compounds listed

here:

1. Maybridge fragment library 1 (1132 compounds)
ii.  Chembridge Screening collection (4100 compounds)

. In house collection of compounds (> 3000) at MIPS, Monash University

Additionally, CAS (Chemical Abstracts Service) was explored using the Scifinder
software 2007 [Columbus, Ohio: American Chemical Society] to obtain scientific
nformation for numerous compounds. Babel software was used for calculating the

Tanimoto similarity score for each tested analogue against parent compounds.'”
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2.7.5  ParaSurf Surface Properties

The ParaSurf software was used to study the surface properties of fragments, with the
aim of studying the molecular similarities of the binding fragments by their surface
characteristics.'®* ParaSurf™ (Cepos InSilico Ltd., Erlangen, Germany) is a program that
generates isodensity or solvent-excluded surfaces from the results of semiempirical
molecular orbital calculations. The surface may be generated by “shrink wrap” or
“marching-cube algorithms” and the former may be fitted to a spherical harmonic
series.'” Parasurf calculates four local properties, at the points on the surface (1) the
molecular electrostatic potential (2) the local ionization energy (3) the local electron
affinity (4) the local polarizability, together with a standard set of 40 molecular
descriptors. Finally ParaFit was used to superimpose sets of compounds using each of
the properties generated by ParaSurf in turn.'®® The calculation of these descriptors was
followed by principle component analysis and cluster analysis for the selection of most

important surface descriptors and classifying the fragment library respectively.
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Inhibition of Oxidative Protein Folding in Escherichia coli
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Inhibition of Oxidative Protein Folding in Escherichia coli

Pooja Sharma, Begonia Heras, James Horne, Stephen Shouldice, David Manallack,
Jennifer L. Martin, Jamie S. Simpson and Martin J. Scanlon*

There is now overwhelming evidence that the
disulfide-dithiol oxidoreductase enzymes that catalyse
the formation of disulfide bonds in the periplasm of
many Gram negative bacteria ! are key determinants
of virulence.? In the prototypical disulfide bond (dsb)
system of E. coli K12 there are two distinct pathways.
The first is the oxidative pathway, which consists of a
soluble periplasmic protein DsbA and a membrane
bound protein DsbB. DsbA introduces disulfide bonds
into nascent polypeptide chains containing pairs of
cysteine residues as they are translocated to the
periplasm.”) In this process a disulfide bond in the
active site of DsbA is reduced. DsbA is reoxidised by
DsbB, which derives its oxidising power from bound
quinones that couple disulfide bond formation to the
clectron transport chain.! Secreted proteins of E. coli
show a strong bias for even numbers of cysteines and
most contain a single pair of cysteines.”) However, in
proteins containing more than two cysteine residues
there exists the possibility for incorrect disulfide
formation. This is compounded by the fact that DsbA
appears in most cases to introduce disulfides between
consecutive cysteine residues, which in proteins with
multiple non-consecutive disulfide bonds can lead to
misfolding.”" In such cases the isomerase pathway is
required. This second pathway consists of two soluble
proteins, DsbC and DsbG, which are maintained in the
periplasm in their active reduced state by a membrane
bound partner DsbD. Together these proteins correct
non-native disulfides.®

DsbA has broad substrate specificity and has been
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shown to catalyse the formation of disulfides in
numerous secreted proteins.” In E. coli for example
there are more than 250 proteins that are predicted to
enter the periplasm which contain at least two cysteines
and are therefore potential substrates for DsbA.”) For
this reason DsbA operates at a pivotal point in
virulence-factor production because most virulence
factors are proteins that require disulfide bonds to fold
and function. Mutants of DsbA in E. coli have been
shown to be impaired in a range of processes related to
virulence including toxin secretion,”™ motility,”
biogenesis'* and the formation of functional type III
secretion systems.”” Furthermore, without a functional
dsb system, it has been shown that E. coli become
hypersensitive  to  reducing agents (such as
dithiothreitol  (DTT)), metal
benzylpenicillin."” Significantly, DsbA mutations in
many pathogenic bacteria attenuate their virulence,

demonstrating the value of targeting DsbA to develop
(1]

pilus

divalent ions and

anti-virulence agents.
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Figure 1. a) Identification of phenoxybenzene
2 as an EcDsbA binder from STD NMR based
screening by comparing the STD spectrum (A)
with the reference 1D 'H spectra for each
fragment (spectra B-F). b) HSQC analysis of
fragment binding to EcDsbA. 'H-"’N HSQC
spectrum of EcDsbA in the absence (green)
and presence (purple) of fragment 2.
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Fragment-based screening (FBS) is a relatively new
approach for identifying ligands of protein targets. The
strategy involves identifying small, low-affinity ligands
(‘fragments’) and combining these to produce larger,
higher-affinity compounds."'") The major advantage of
FBS over more traditional high-throughput screening is
that FBS provides a more rapid and effective means of
identifying ligand ‘hits’ at a protein target. It samples
chemical space more efficiently than traditional
approaches'” and therefore requires far fewer
compounds to be tested to identify suitable hits as
starting points for development. In the current study we
have employed a library of 1132 compounds with
average M, = 208. A major challenge associated with
FBS-based approaches to drug design is that due to the
small size of the fragments, they generally bind to their
target with low affinity and therefore structural details
of their complexes are generally required to support
compound optimisation.m] In this respect, DsbA is
well suited to an FBS approach. Structural details of E.
coli DsbA (referred to herein as EcDsbA) in different
sages of its catalytic cycle!' have provided key
insights into the features that regulate the activity of
this enzyme. The structure of EcDsbA consists of a
thioredoxin (TRX) fold, which is common to many
disulfide-dithiol oxidoreductases,'™ with an inserted
helical domain that is unique to DsbA enzymes.
(Figure S2 in supporting information) The TRX
domain contains the redox-active pair of cysteines
tC30-P31-H32-C33) and a cis-proline residue (P151)
that is adjacent to the active site. The surface
surrounding the active site of EcDsbA is largely
hydrophobic and has been shown to contribute to the
hinding of unfolded polypeptides.!"® This is consistent
with kinetic studies that have demonstrated that
reduced polypeptides are better substrates of EcDsbA
than organic dithiols such as DTT and glutathione.!"”
In addition, the crystal structure of a complex between
LeDsbA and EcDsbB revealed that a groove adjacent
lo the active site of EcDsbA is the binding site for a
periplasmic loop of EcDsbB!'* and provided key

details of the mechanism of disulfide formation in E.
coll.

Fragment Screening # Results

STD screening hits 120/1132
HSQC screening (CSP > 0.03 ppm) hits 20/1132
Ligand Effeciency >1.4 ki mol” HAC™' 11/1132
Promising hits in phenotype microarray 4/1132
Hits with High Quality Crystal Complex 10/1132

Table 1. Fragment library screening to identify

EcDsbA ligands

In this study we have performed FBS on our in-house
compound library using saturation transfer difference
(STD) NMR  spectroscopy  (Figure  la).l'¥
Approximately 10% of the compounds in the library
gave a positive STD result (Table 1).

The binding of these fragments was validated by
measuring chemical shift changes of EcDsbA
resonances in 'H-'N heteronuclear single quantum
coherence (HSQC) spectra (Figure 1b). Twenty
fragments produced chemical shift perturbations (CSP)
of > 0.03 ppm in 'H-"N HSQC spectra of uniformly
N labelled EcDsbA and these were retained for
further characterisation (Table 1).

Dissociation constants (Kp) and ligand efficiencies (LE)
for these fragments were calculated by titrating EcDsbA
with increasing concentrations of each fragment (Figure
2a and Table 2). This analysis revealed that eleven
fragments bound with a LE > 1.4 kJ mol 'THAC' (Table
1), which suggests that they are amenable to being
developed into high-affinity inhibitors of EcDsbA.l'
These fragments could be classified into seven distinct
chemical classes (Table 2). Sequence-specific backbone
resonance assignments for EcDsbA were generated
using standard triple-resonance NMR methods and
these were used to identify the binding site for each of
the fragments. Each of the fragments caused significant
perturbations of residues in the hydrophobic groove of
EcDsbA, however the patterns of perturbations varied
for the each fragment listed in Table 2 (see Table S1 in
the Supporting Information).

@d@@@ﬁ*@ i

0 (@] 0
N
oo Ot 0
S

Table 2: Seven chemical classes
NMR  based fragment
screening hits of EcDsbA with

Phenylthiophene 1 P 2 Benzofuran 3 Phenol 4 .
Ko= 77 618 oM Khe"°;‘;b:::e"; ‘ ;:0:'2;'“'“ Kp= 33424 M representative structure of each
H o = .
LE=-166 % E= 151 LE=153 LE=-21 class shown with NMR based Kp,
ECey = = M . . . -
wISTETUM ECxo=20% 1 M ECp=sot2um w73t ligand efficiency (LE) units kJ mol

" HAC' and ECs, determined in
bacterial motility assay.

Chroman § Benzothiophene 6 Phenyl thiazole 7
Ko=114 £ 16 uM Ko =867 uM Ko= 378 £ 86uM
LE=-173 LE=177 LE=-14
ECsy =180 2 M ECso =128 2 2uM ECs;=3401 2 M
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To characterise their binding, fragments were soaked
into preformed crystals of EcDsbA. Complexes were
observed for four of the fragments, which produced
diffraction data in the range of 1.7 - 2.0 A resolution

(a)

o Kp= 5214 uM .
= QI64N-H
0:12 v MI153N-H
5 owoJ * T168N-H
g ’ e D167N-H
g 0.0754 | Y178N-H
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(Figure 3). EcDsbA crystallises with two monomers in
the asymmetric unit.
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Figure 2. a) "H-'">N HSQC titration curve obtained for fragment 2 for those residues that undergo
dose dependant chemical shift changes upon addition to EcDsbA. The measured CSP was
analysed as a function of fragment concentration to calculate the dissociation constant Kp b) Dose-
dependent inhibition of bacterial motility was observed and analysed to calculate ECso values for
the fragments. A representative plot for phenoxybenzene fragment 2 is shown.

In each case, the fragment was observed to bind in the
hydrophobic groove region comprising residues P163,
Q164, T168, S169, M171, F 174, F36, V39 and L40
near to H32, Q35 and cis-P151 of the active site region
of only one of the two EcDsbA molecules. Data
collection and refinement statistics for the complexes
are listed in Table S2 and electron density maps of
hinding region have been shown Figure S3 of the
supporting  information.  Phenylthiophene 1 and
phenoxybenzene 2 were observed to bind in a similar
region of the hydrophobic groove adjacent to the
CPHC motif of EcDsbA. Binding was dominated by
hydrophobic contacts with numerous vdW interactions
ientified (through analysis of the complexes using
CCP4).% In both cases the fragment was surrounded
ny H32, F36, V39 and Q164 with partial stacking of
I'174 over the phenyl ring of the fragment 1 and the
benzene ring of fragment 2, respectively. The methyl
aminomethyl  substituent was in close enough
proximity (3.8 A for 2 and 3.7 A for 1) to P151, Q164
and H32 to make vdW interactions in both cases. The
thiophene ring of fragment 1 and the phenoxy
substituent of fragment 2 mainly interact with residues
140, T168 and M171 hydrophobically. The phenyl ring
of the fragment 1 and the central benzene ring of
Iragment 2 make hydrophobic contacts with residues

F36 and P163 in additional to partial stacking with
k174,

The benzofuran fragment 3 was found to bind in a
Jlightly different location, with the aromatic core of
this fragment occupying a similar location to the
methylaminomethyl portion of phenoxybenzene 2 and
I‘hCnylthiophene 1 (Figure S4 of supporting
'nformation), surrounded by F36 and P151 (Figure 3).

A water-mediated H-bond was present between the
carboxylate of benzofuran 3 and the backbone carbonyl
oxygen of V150 of EcDsbA (3 - 2.7 A-H0-25A-
V150). vdW interactions were observed between
benzofuran 3 and the residues (R148, G149, V150)
preceding P151 in the cis-proline loop of EcDsbA. 4-
((Trifluoromethyl)thio)phenol (4) was observed to bind
at a third site, also within the hydrophobic groove but
further from the PI151 loop than the other three
Binding was stabilised by an H-bond
between the phenol OH and the backbone amide of
Q35 (1.9 A, N-H - 0). The aromatic ring of phenol 4
lies on a largely hydrophobic surface formed by the
side chains of V39, 140 and MI7I, the
trifluoromethyl group makes hydrophobic interactions
with F174.

fragments.

whilst

The binding locations observed in the crystal structures
are consistent with the patterns of CSP observed in the
'H-'"N HSQC spectra of the fragments (Figure 4).
Thus the patterns of CSP induced by phenylthiophene
1 and phenoxybenzene 2 are very similar (Figure 4 and
Table S1 in the Supporting Information), whereas
benzofuran 3 causes relatively larger perturbations in
residues in the loop connecting the TRX and helical
domains of EcDsbA, which is adjacent to the cis-
proline loop, and phenol 4 the
perturbations in the loop containing F174 that interacts
with the group. The CSP
observed in this loop upon titration with phenol 4 are
also consistent with the change in the conformation of
the residues in this region (P163-F174) that is observed

shows largest

trifluoromethyl large

in the crystal structure of the complex (see Figure S5 in
the Supporting Information).
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The ability of these fragments to inhibit the activity of
EcDsbA was tested by measuring their effects on the
motility of E. coli in soft agar. Mutants in dshA fail to

WV150 C30 -
£OH145

assemble the Flgl subunit that forms the P-ring of the
flagellar motor and are therefore non-motile in soft
agar.

(21

stick and white ribbon representation). Fragments which bind in hydrophobic groove near C30-C33
(yellow) have been shown as green stick representation. Oxygen atoms, nitrogen atoms and sulfur

atom are colored in red, blue and yellow, respectively

Fach of the fragments (1, 2, 3 and 4) was found to
nhibit E. coli motility in a dose-dependent fashion
Figure 2, Table 2). In order to determine that this
‘ect was due to inhibition of EcDsbA, a dsbA ™ strain
I'E- coli was complemented with DsbA from Vibrio
holerae (VeDsbA).

\]3”1“llgh EcDsbA and VeDsbA share low sequence
‘entity the surface features around the active site of

¢ two enzymes are largely conserved'® * and

Figure 4. EcDsbA surface
mapped with CSP (> 0.03 ppm)
induced and calculated from "H-
SN HSQC spectra, upon
protein-binding of phenyl
thiophene hit 1 (a) and
phenoxybenzene 2 (b) at 1 mM
(green stick representation).
The CSP and unassigned
residues (P151, P31 and H32)
have been colored as blue and
pink respectively.

VeDsbA can functionally complement the motility
defect in dshA E. coli (Figure 5). Nonetheless, the
residues that constitute the binding site for the
fragments in EcDsbA are not well conserved between
the two enzymes (see Figure S6 and S7 in the
supporting information). The fragments (1, 2, 3 and 4)
either do not bind or bind weakly to VeDsbA as
determined by their ability to induce CSP in the 'H
N HSQC spectrum of uniformly "N-labelled
VeDsbA. The VeDsbA non-binding fragments were
found to have no effect on the motility of dshA E. coli
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complemented with VeDsbA, suggesting that the loss
of motility is due to specific inhibition of EcDsbA
(Figure 5).

_—

EcDsbA Hit2

o888 8

E.coli Motility response %

wtE.coli dsbA- ~
E.coli

dsbA-
E.coli wtE. coli

pVcDsbA

Figure 5. Motility restoration by VcDsbA and selective inhibition of wt E.coli motility by

EcDsbA binding fragment 2.

In conclusion, through a combination of FBS and X-
ray crystallographic structure determination we have
identified a chemically diverse group of fragments that
bind in the hydrophobic groove of EcDsbA. The
fragments show dose-dependent effects on the DsbA-
dependent phenotype of motility.The structural data
indicates that the fragments occupy different regions of
the hydrophobic groove, thereby providing a structural
rational for their optimisation. Taken together the
current data indicate that EcDsbA is a suitable target
for the development of narrow spectrum anti-virulence
agents. It has been suggested that compounds with this
spectrum of activity will exert less selective pressure
lor the development of resistance than traditional
antibiotics that either kill bacteria or inhibit their
crowth and may therefore represent a future treatment
of multiply-resistant bacterial infections."*”)

Experimental Section

Ihe expression and purification of EcDsbA and
VeDsbA was  performed essentially as  described
previously. 4 Full
supporting

details are provided in the
Structural models of the
complexes of EcDsbA have been deposited with the
Protein Data Bank under the accession codes (1AAA,
IBBB. 3CCC and 4DDD, which will be updated later).

information.

Further details of the NMR binding and affinity studies,

letails  of  protein  crystallisation  and
fefinement and phenotypic analysis of the fragments

are provided in the supporting information.

structure
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Expression and purification of unlabeled and isotope-labeled EcDsbA

Expression and purification of uniformly "*N isotope-labeled and unlabeled protein
was performed according to the protocol described by Marley er al '"! and Studier ¥
respectively. The protocol for isotope-labeled protein expression is described here
briefly.

An overnight streak culture was grown from glycerol stock on LB/agar kan" plates.
An isolated colony was used to inoculate a 100 ml starter culture of LB/kan" (50 g
ml") and grown overnight at 37°C. These starter cultures were used for the
inoculation of large cultures consisting of LB (3 L) and then shaken and incubated at
37°C, 260 rpm until an Agp OD of 0.6 was reached. These cells were centrifuged at
(14000 g for 30 min at 4 °C and resuspended in minimal media (M9 salts) used for
protein expression. To achieve the "N and "C labelling, '*N-labeled ammonium
chloride and *C-labeled glucose were present as the sole nitrogen and carbon source.
Bacteria were grown at 37 °C for 1 hour and induced with 1 mM isopropyl-B-D-
thiogalactopyranoside (IPTG). The culture was then grown post-induction for 5-6 hrs
to allow protein expression, followed by pelleting by centrifugation at 14000 g for 30
min at 4 °C. Expressed EcDsbA was released from the harvested cells by periplasmic
lractionation: the cells were resuspended in 50 mL of 4 mg/mL polymyxin sulfate B
in 20 mM Tris pH 8.0 with shaking at 200 rpm for 24 hrs at 20 °C to releasc the
periplasmic fraction containing EcDsbA B! The lysate was centrifuged at 25000 g for

20 min at 4 °C and the supernatant (cell lysate) was retained.

Purification of proteins was carried out using 2 chromatographic steps on fast protein
liquid chromatography (FPLC) (Amersham Pharmacia Biotech). W Firstly,
ummonium sulfate was added to the supernatant to a final concentration of 1 M. The
supernatant was filtered and applied to a Phenyl Sepharose High Performance 16/10
hydrophobic interaction!®! column (Amersham Biosciences, Sydney, Australia) which
had been equilibrated in 20 mM Tris (pH 8.0), 50mM NaCl, 1 M (NH4),SOs. A linear
gradient from 100% buffer B (20 mM Tris (pH 8.0), 50 mM NaCl, 1 M (NH4)2504) to
100% buffer A (20 mM Tris (pH 8.0), SOmM NaCl) was used to elute the protein.

Iractions were collected automatically and DsbA was located by the UV profile of the
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clution and sodium dodecy! sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
followed by silver staining.!®! Fractions of DsbA were pooled and buffer exchanged
into 20 mM Tris (pH 8.0). This PHP purified protein was applied to MonoQ HR5/5
cation-exchange column!” (Amersham Biosciences, Sydney, Australia). The protein
was eluted with a gradient from 100% buffer C (20mM Tris (pH 8.0)) to 100% buffer
D (20mM Tris (pH 8.0) and 1 M NaCl). This two-step purification protocol was
sufficient to obtain pure protein, which was estimated to be > 95% pure from analysis
by SDS-PAGE followed and silver staining. The final yield was about 80 mg of
protein/L of medium. DsbA was oxidized by 1 mL of copper phenanthroline solution
(30:9:61 of 100 mM CuCl,: 1 M Phenanthroline: Tris 20mM), which was dialysed
away using a stirred cell apparatus (Omega 3K 150 mL). Finally, protein was buffer
cxchanged using a desalting column equilibrated with 50 mM HEPES (pH 7.0), 150
mM NaCl to get ~60 mg DsbA from 1L culture. Unlabeled and isotope-labeled
protein samples were stored at 4 °C and used for crystallography and NMR studies.
I'he concentration of DsbA protein samples was estimated from the absorbance at 280
nm, using calculated extinction coefficients of 28545 M'em™ and 10555 M 'em™ for
IcDsbA and VeDsbA."® For 2D, 3D NMR and crystallographic analysis, labeled and
unlabeled EcDsbA was concentrated to 150 uM, 500 uM and 1200 uM respectively.

Fragment library

A library comprised of 1132 fragments was purchased from Maybridge

(Irevillett, Cornwall, UK) (http://www.maybridge.com). For storage, stocks of each

lragment were prepared by diluting the individual fragments (10 mg) in *He-dimethyl
sulfoxide (DMSO, 80 pl) to give a concentration of approximately 600 mM, based on
the average molecular weight of compounds in the library (208 Da). 1D 'H NMR
spectra for each fragment (1 mM in 100 mM phosphate buffer pH 7.0, 99% D,0, 1%
:Hﬁ‘DMSO) were collected at 283 K on a Bruker-Biospin Avance 800 MHz

spectrometer fitted with a cryoprobe and sample changer. Fragments were then mixed
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in groups of up to five compounds with well resolved resonances in their 'H 1D NMR

spectra for screening purposes.

NMR Spectroscopy

Saturation Transfer Difference (STD) NMR

STD (Saturation transfer difference) NMR experiments'” for fragment library
screening were performed in standard NMR tubes with 10 uM unlabelled protein and
mixture of up to 5 fragments with an approximate concentration of 300 uM for each
fragment. The sample volume was 550 pL with 10% D,O and 90% buffer containing
10 mM HEPES pH 7.0 and 150 mM NaCl. Spectra were recorded on a Bruker
BioSpin 800 MHz spectrometer (Billerica, MA, USA). Standard pulse sequences were
used for 1D and STD data acquisition and water suppression was achieved using the
WATERGATE selection scheme. Fragment screening experiments were carried out at
10 °C. "H chemical shifts were referenced to the 'H,O signal at 4.70 ppm. LN
data sets were the average of 128 scans with a Ss saturation pulse. NMR data were

processed in TOPSPIN version 3.1 (Bruker BioSpin) (i
"N-HS QC Spectra

Second round of fragment screening was performed by recording 'H-""N HSQC
| 'wo-dimensional 'H-'""N heteronuclear single-quantum correlation) experiments for
individual fragments hits identified from the STD screen. All spectra for the screening
experiments were recorded at 298 K and end point titration experiments were
performed in Shigemi (NMR) tubes with 1 mM test compound in 300 pl. protein
sample. Protein samples were prepared with 100 uM - 150 uM PN-labeled DsbA
protein (EcDsbA or VcDsbA) in buffer containing 50 mM HEPES (pH 7.0), 150 mM
NaCl and 1 mM EDTA with 90% H,O and 10% D,0. Spectra were recorded on a
Varian Inova 600 or Bruker Avance 800, respectively, both of which were equipped
with cryogenically cooled probes. NMR data were processed using NMRPipe.!'"")
Processed spectra were analysed with NMRDraw and Sparky 3.113M1 software.
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Compounds were regarded as positive hits if significant chemical shift perturbations
were observed in the HSQC spectrum upon addition of the fragment. Overall
weighted average chemical shift changes (Ad) in 2D 'H-""N HSQC spectra were

calculated for all assigned residues using Equation S1.!'*]

Equation S1

A8 =4/(6Hcomplexed DsbA —SHApo DsbA)? +0.154(6Ncomplexed DsbA — SNApo DsbA)’

Kpand LE measurements

For the calculation of binding constant by HSQC titration, spectra were recorded at a
range of concentrations of the ligand (fragment/compound), by sequentially adding
higher concentrations of the ligand to the protein solution. A titration was considered
complete (saturated) when the amide resonances of the 'H-""N HSQC spectra no
longer shifted on addition of ligand, or the solubility limit of the fragment was
reached. Stock concentrations of each test ligand were prepared by diluting
compounds in a solution with consistent amounts of DMSO and protein buffer.
DMSO only control experiments were performed prior to decide the maximum
amount of DMSO tolerated in each sample without causing any changes in apo DsbA
HSQC spectra. Protein-ligand titrations were achieved by successively adding
microliter amounts of test ligand stock to the '°N labeled EcDsbA protein. The sample
was mixed and allowed to equilibrate prior to 'H-""N HSQC data collection. The
binding affinity of ligands to the DsbA was determined by monitoring the chemical
shifts of 'H-"*’N HSQC (from titration series) cross peaks as a function of ligand-to-
protein concentration ratio. The curves of different cross peaks were fitted using the

following Equation S2 which assumes 1:1 binding stoichiometry.

Equation S2

AS=ASmax/2(1+[Lo)/[Po]+Kd/[Po]-V 1+[Lo)/[Po]+Kd/[Po]* )- 4 [Lo}/[Po]

Where Ky, is the dissociation constant, A8 and ASmax are the observed and maximal

chemical shift changes, and [Lo] and |[Py| are the total ligand and protein
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concentrations, respectively. Fitting was performed using the non-linear least squares
fitting option in Graphpad Prism 5.0.'"" Binding free energy changes (AG) (kJ mol™)

and ligand efficiency per heavy atom (LE) unit kJ mol™' HAC™! was calculated using
Equations S3 and S4: ['*]

Equation S3

AG =- RT In (Kp)

Where R is the gas constant (8.314 ] .1mol'K™) and T is the temperature (298 K)
Equation S4

LE = AG / (number of heavy atoms)

VMR Assignments

Standard triple resonance experiments CBCACONH"®, HNCAI'” HNCACB!"Y,
HINCO!"®) and HNCACO!"! using optimized parameter sets were recorded at 298 K
on a Varian Unity 600 MHz spectrometer. 'H-">N HSQC spectra and 'H- °C HSQC
were also recorded. These experiments were performed in Shigemi (NMR) tubes with
“("*N- labeled protein (500 pM) with 300 pL sample volume, containing 10% DO
and 90% buffer (25 mM MES, 0.5 mM arginine, 0.5 mM glutamate and 150 mM
NaCl, pH 5.0). These assignments were later transferred onto all of the
multidimensional protein spectra recorded for binding studies in different buffers.
\MR data were processed using NMRPipe. Processed spectra were analysed with

NMRDraw and Sparky 3.113 software using AMD Opteron workstations running
SUSE Linux.
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X-ray Crystallography

Crystallization

Crystals of EcDsbA were obtained using the hanging-drop vapour-diffusion
method.®” Final crystallization trials were set up in VDXm 24-well hanging-drop
plates and 18 mm siliconized cover slips (both from Hampton Research, San Diego
(A, USA). Each cover slip held one 2 pL drop containing 1 pL protein solution and 1
ul. well solution while the well solution volume was kept at 500 pL. The
crystallization plates were incubated at 293 K and imaged using a temperature
controlled Rocklmager (Formulatrix, Waltham, MA USA). The best diffraction
Juality crystals were obtained in Cacodylate 100 mM pH 6.1, CuCl; 1 mM, PEG8000
14%-15% (w/v), glycerol 4%-8% (v/v) and EcDsbA at a concentration of 16 mg/mL.
\ typical diffraction quality crystal was prismatic or rectangular with average crystals
2fea. 0.3x0.15x0.1 mm’.

Soaking

In order to obtain EcDsbA crystals with a desired compound, apo protein crystals
were soaked in the crystallographic stabilizing solution mixed with concentrated
stocks of individual fragments in DMSO. The final concentration of fragments in
I'\DsbA stabilizing solution (cryoprotectant) ranged between 3 mM -10 mM
depending upon the solubility of fragment.[zol This solution comprised 24% (w/v)
PEG8000, cacodylate 100 mM pH 6.1, CuCl, 1 mM and glycerol 20% (v/v). A typical
soaking time was 2-4 hrs for most of the fragments, while longer or shorter soaks
were performed in a few cases to improve the quality of data. EcDsbA crystals were
harvested from hanging drops using a 0.2-0.3 mm CrystalCap Copper Magnetic HT
Cryoloop (Hampton Research, San Diego CA, USA) prior to flash cooling in liquid

nitrogen. These crystals were maintained at 100 K throughout data collection and the
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trials of crystal cooling indicated that both glycerol and PEG were necessary to attain

sufficient cryoprotection.?’!

Data collection

Diffraction data were collected on Rigaku FR-E copper which is a X-ray diffraction
and radiation source with rotating anode generator (45 kV, 45 mA) and Osmic
Confocal Vari-Max HF optics at a wavelength of 1.5418 A (Rigaku Americas,
Houston USA). The crystal-to-detector distance was 150 mm and images were
collected over 90° (between 0° and 180°), with 0.5° image widths (oscillation angle)
per frame, to make a total of 360 data frames with the exposure time for each frame as
I min. Reflections were measured with a Rigaku Saturn 944 CCD area detector
(Rigaku Americas, Houston USA). CryoCool LN, (Cryo Industries, Manchester, NH
UUSA) was used for keeping crystals at 100 K during data collection.”"! Diffraction
data image frames were collected, indexed and integrated with CrystalClearl.4
(Rigaku Corporation) and scaled and merged with SCALEPACK.!??) The structure of
native EcDsbA (PDB code 1FVK)™®! was used as a starting model during molecular
replacement phasing method in CCP4 to obtain an initial model with phases.m] Model
refinement was carried out using input scripts (modified as required) of the CCP4 and
Phenix.?* 21 The crystal structure contains two molecules of EcDsbA in the
asymmetric unit nominated as chain A and chain B (monomer A and monomer B
correspondingly). Modelling and viewing of the FEcDsbA crystal structures was
performed with WinCoot.™ Co-ordinates for the ligands were built with generated
restraints files using the sketcher module CCP4. The process used involved modeling
and refining the structure of the protein first, followed by the addition of water
buffer/metal molecules, and finally the fragment or ligand into (Fo - Fc) difference
maps. The criteria used for including a water molecule were the presence of at least
one possible hydrogen bond within 3.2 A and 2F,—F, density at 1 o and F,—F; density
at 3 6. The model was improved with cycles of iterative model refitting and building
with density modification and refinement using the phenix.refine wizard. R-free
analysis using 5-10% of reflections was used for cross-validation. Data validation

Parameters were calculated in Molprobity and summarized in Table S2.
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Bacterial Motility Assay

Bacterial strains and plasmids for this cell based assay were kindly provided by Prof J. C.
Bardwell (Dept of Microbiology and Molecular Genetics, Harvard Medical School,
Boston, USA). E. coli wild type, dsbA™ and VecDsbA complemented mutant strains were
orown individually as streak cultures in LB plates at 37 °C overnight to obtain single
colonies of each type of strain.”® 27 Triplicates of fresh single colonies were inoculated
by stabbing at the centre of each well. Wells contained the fragments to be tested at an
appropriate concentration in MM media in 12 well plates. This media consisted of 0.3%
agar, M63 salts with 40 pg ml' of each amino acid (except cysteine and cystine).[*”)
Plates were incubated for 7-10 hours at 37°C and a lawn of cells was allowed to grow
hefore analysis of the swarming zone of motile E. coli cells. The diameter of bacterial
swarming around the centre (inoculation point) was then measured. Data processing was
performed with Graph Pad Prism 5.0."*! Swarming zone diameters were normalized to
the DMSO-only control and the effect of the compounds was calculated as the percentage
mhibition of motility, which were fitted against inhibitor concentration in logarithmic

wcale to a sigmoidal dose (concentration) response using given below.
Y= Bottom+ (Top-Bottom)/(1+10"((LogECs0-X)))

Where X is the logarithm of concentration, Y is response that starts at Bottom (base line

response) and goes to Top (maximum response) with a sigmoid shape (Hill slope)
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May bridge Fragment Library

1132 chemically diverse fragments

Primary Screening

Saturation Transfer Difference NMR
Spectroscopy (1D) - Ligand based
method

Escherichia coli DsbA

Z

Secondary Screening

Heteronuclear-Single-Quantum
Coherence (HSQC) NMR (2D)-Protein
based method Binding Analysis
Dissociation Constants and
Ligand Efficiency

Y
Structural Characterization

X- Ray Crystallography (3D) structures of
complexes)

Inhibition Analysis
Cell based phenotypic
assay

Insights for
Structure based
design

Figure S1: An outline of fragment based screening studies performed to identify

l:cDsbA inhibitors in current manuscript.
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Figure S2: Ribbon diagram of native EcDsbA Monomer A in the asymmetric unit
(PDB code 1FVK). In the crystal complex each of the monomer A and B adopted the

characteristic secondary structure of the DsbA family!*

comprised of thioredoxin
(cyan) and a-helical (red) domains and the insertion points (gray). Elements of
secondary structure are numbered sequentially from the N-terminus. The cysteine

residues  of the active site are shown in (yellow) CPK representation.
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Table S1 — CSP (AS(NH) > 0.02 ppm) induced in "H-">’N-HSQC spectra of EcDsbA

upon the addition of fragment for each backbone amide NH.
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Figure S3: (2Fo - F¢) electron density maps for EcDsbA-fragment complexes with

l-cDsbA (contoured at o level 1.0). Protein is shown as yellow line representation,
water molecules shown as red star shaped line model, and fragments are shown as

purple sticks representation with labeled heteroatoms.
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Table S2: Data Collection and Refinement Statics

Fragment I 1 2 J 3 4
Space group C2
Cell dimensions (A) a 116.22 116.23 117.4 117.03
(a=y=90°) b 63.94 64.00 63.5 62.84
c 74.51 74.20 74.68 74.04
B 126.15 125.78 126.46 126.57
Radiation Source Rotating Anode
Wavelength ( A) 1.54
Diffraction data (for the highest resolution shell are shown within parentheses)
Resolution ( A) (52.84- (34.53- (31.77- (34.05-
1.99) 1.8) 1.96) 2.07)
Number of observed reflections 109444 110612 109534 93945
Number of unique reflections 29801 40860 31354 26300
Redundancy 3.67 3.68 3.66 3.57
(3.39) (3.43) (3.41) (3.07)
Completeness (%) 98.0 98.2 99.76 99.4
94.1) (99.8) (96.78) (95.0)
1/ o(I) 16.8 14.2 13.3 18.4
3.5 (1.33) (1.36) 8.1
Rmerge (%) 0.047 0.053 0.037 0.043
(0.261) (0.331) (0.320) (0.104)
Refinement Statistics
resolution (A) (52.84- (34.53- (31.77- (34.05 -
1.99) 1.8) 1.96) 2.07)
protein residues 376 376 376 376
solvent molecules 308 326 241 317
inhibitor 1 1 1 1
Reree (%0) 24.7 25.6 248 22.5
Reryst (%0) 19.8 20.6 19.3 17.0
root mean square deviations
bonds (A) 0.012 0.007 0.018 0.025
angles (deg) 1.277 1.104 1.613 1.925
T Ramachandran plot
?sidues in most favored regions (%) 97.85 98.39 97.58 97.85
residues in allowed regions (%) 2.15 1.59 23 1.71
T estimated coordinated error
FLuzzati mean coordinate error (A) 0.34 0.29 0.31 0.28
Wilson B factor, A* 34.42 24.74 26.00 20.64
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Figure S4: Crystallographic binding positions of fragments (a) 1 and 3 (b) 2 and 3 (c)

I'and 4 and (d) 2 and 4. All fragments are shown as green carbon stick models in
overlapping and adjacent binding sites in the hydrophobic groove on the EcDsbA

surface, which is shown as an electrostatic surface model.
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Figure S5: Overlay view showing major conformational transitions in hydrophobic
eroove, pocket and active site residues upon fragment 1, 2, 4 and 3 binding to
leDsbA (ligand not shown). Blue, cyan, yellow and green stick models represent
lcDsbA residue side chains in complex with fragments 4, 3, 2 and 1 respectively

whereas apo structure is shown as white cartoon representation.
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Figure S6: Sequence alignment of V. cholerae DsbA® and E. coli DsbA**! colored

hased on the hydrophobicity (top panel) and structural (bottom) comparison. (a)
Secondary structural units are boxed and labeled, and residues that are generally
conserved throughout the thioredoxin superfamily are shown in bold. Residues are
colored and highlighted as: hydrophobic- yellow, hydrophilic- blue and neutral-
¢reen. (b) Residues are colored based on sequence similarity where gradient of blue

refers to similarity levels as identical, strong and weak.
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Figure S7: Hydrophobic groove and active site region of VeDsbA.”!! This region
also represents the fragment-binding site located by NMR experiments for the
majority of VeDsbA small molecule binders identified in present study. Protein is
shown as ribbon diagram where thioredoxin and a-helical domains are colored as
cvan and red respectively. C30, C33 and other residues are shown as yellow and

clement colored stick models respectively.
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Chapter 4

Application of NMR and computational approaches in structure-

assisted fragment screening to identify potential inhibitors of VcDsbA
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4.1 Introduction

An EcDsbA homolog from the Gram-negative pathogen Vibrio cholerae is a periplasmic
protein known as VeDsbA.” This regulates the correct oxidative folding, maturation and
secretion of virulence determinants such as cholera toxin (CT) and toxin-coregulated pili
(TCP) in the cholera pathogen.”® '*® Research suggests that VeDsbA (MW 21.5 kDa)
cxpression is closely related to V. cholerae colonization and toxin production, and in the
absence of functional VcDsbA this pathogen is avirulent.'”” The importance of VeDsbA
function for V. cholerae colonization and toxin formation makes this enzyme a potential
target for the design of novel therapeutic agents that counteract bacterial virulence that
might thereby prevent or reduce the symptoms of cholera.”®

The current chapter concerns the application of FBDD to investigate VcDsbA as an
antibacterial target. In chapter 3, the fragment-based discovery of EcDsbA inhibitors was
presented  using experimental data obtained by NMR spectroscopy and X-ray
crystallography. Crystallographic complexes were used as a guide to design second-
ceneration ligands, some of which bound with improved potency, which will be
described in subsequent chapters 5 and 6. Hence the combination of NMR and

crystallography provided useful information for EcDsbA inhibitor design.

Acquiring structural information for protein-fragment complexes, usually via X-ray
vrystallography, is an important aspect and also a major limitation to the number and

vpes of target that are amenable to FBDD.” Unlike EcDsbA, structural data on the
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complexes of fragments bound to VcDsbA could not be obtained via X-ray
crystallography as neither soaking nor co-crystallization yielded diffraction-quality
crystals. In the absence of any experimental or crystallographic structural data it is
necessary to use alternatives such as computational methods in order to generate
structural models to describe protein-ligand interactions at the binding interface. In
addition, any available information from X-ray crystallography (such as a structure of
the apo-protein) or NMR (such as the binding site of the ligand) can be directly exploited
in computational methods to generate models of complexes that cannot be crystallized.
These computational models can be utilized for the design of improved ligands.'”®
Secondly, their higher throughput makes computational methods potentially attractive as
a way to prioritize fragments from the much larger commercially available sets both for

S . . . 198
mitial screening and subsequent structural characterization. ?

SBDD computational methods can be divided in two categories based on the type of
problem and the level of information that is desired from the calculations.'” The first
category includes de novo ligand design methods. These involve incremental and
interactive combination of small fragments that are predicted to make favourable
interactions with residues in the binding site (o design new molecules.*” The second
category includes molecular docking and scoring protoco]s.m‘ 2! These methods are
hased on structural information that has been observed in experimental structures of
protein-ligand complexes and can be used to search for new ligands.”

An approach that has been developed for determining optimal positions of small

chemical fragments and the design of elaborated compounds is based on "map-based
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computational methods".**® A drug design program GRID developed by Goodford, can

be used to determine diverse functional group binding sites in a target macromolecule.'®
In a GRID based algorithm, functional groups are represented as spherical probes and the
interaction energy of the probe with the target can be evaluated at discrete points on a
grid which can be defined as an enclosed box containing the site of interest. The
interaction energy is evaluated using a potential energy function that is the sum of

clectrostatic, vdW, and hydrogen bond contributions.'®

This approach involves
generating functionality maps that reflect particular properties of the binding site e.g.
hydrophobicity, hydrophilicity, and charge. Ligands containing functional groups that
imteract with these adjacent functionality maps or 'site points' are most likely to
contribute to tight protein-ligand binding.'®® A somewhat similar approach is the multi-
copy simultaneous search (MCSS) method, which optimizes the free energy of small
individual functional group replicas simultaneously in such a way as (o identify the
optimal positions and orientations of different functional groups (such as methanol,
methyl ammonium, acetate, propane, benzene, N-methylacetamide and water) in the
hinding site of interest.?®* Chemical fragments used for MCSS functionality maps are

typically small functionalities that span a range of different possible moieties (polar,

charged or hydrophobic) that could be used to build larger and more realistic molecules.

Many protein-ligand complexes contain certain regions of the binding surface that
contribute a major amount to the binding free energy and are often termed as "hot spots”
or druggable regions.” Biophysical screening of fragment libraries can expose these

regions and a reasonably high "hit rate” (~0.5 - 10% of the fragments with Kp < mM) is
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taken as an indication that targets have sites that are likely to bind drug-like ligands with
high affinity.'?5* '% 1% Using the FBDD approach, screening is generally followed by
analogue design or fragment enlargement on the basis of available information such as
the structure of the fragment or details of its interaction with the target protein. Fragment
libraries typically contain hundreds of compounds, accordingly, generating analogs of the
initial hits can result in there being a large number of compounds to be tested for affinity.
To make this process time and cost effective, development of a computational, rather than
experimental, protocol might be very useful in order to filter out unwanted ligands.”® The
generation of molecular interaction maps of a target site can provide valuable insights
into the nature of the binding site and key interactions associated with molecular
recognition. Functional groups in these energetically favourable positions can then be
iinked together to construct novel ligands that are complementary to the binding site of
the target. Alternatively, these positions can be used to modify known ligands to improve

their binding affinity.?%

The current chapter describes our approach to the identification and optimization of
fragments that bind to and inhibit VcDsbA. The initial binding information was derived
from ligand-based NMR experiments and computational docking data, which were
analysed with the use of protein surface grid maps. Information on binding affinity and
binding site location was obtained from protein-based NMR experiments and this was
used to guide docking and generation of structural models of the protein-ligand

complexes. Subsequently these models were used to design a series of compounds that
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were synthesized (by Mr Bradley Doak, MIPS) and found to be inhibitors of VeDsbA

which bound showing excellent ligand efficiency.

411 A comparison of the structural and functional features of VcDsbA and

EcDsbA

As described previously (chapter 1, section 1.3.1.1), the structure of VcDsbA consists of a
typical thioredoxin domain (residues 1-59 and 137-181 of the primary sequence) into
which an a-helical domain is inserted (residues 60-136) (Figure 4-1). The catalytic site
comprises the canonical CXXC-motif (Cys3gProHisCyss3), which is adjacent to a cis-Pro
iesidue (P49).%® The VeDsbA structure also contains a number of functionally important
wurface features similar to EcDsbA, including the peptide binding hydrophobic groove,
hvdrophobic pocket and hydrophobic patch (Figure 4-2) and an acidic patch on the

vpposite face to the active site disulfide.?®* 26

However, there are several differences in
wurface electrostatics compared to EcDsbA. These are more obvious in the flexible and
uncharged region of the PS/a7 loop and o7 helix that contains a high proportion of
hvdrophobic residues and has been postulated to be the substrate binding site (Figure 4-
2.7 This groove is shortened as compared to EcDsbA and the hydrophobic pocket of
L¢DsbA is shallower. Moreover VcDsbA has a much less extensive acidic patch than that
o EcDsbA.* In addition to the structure of oxidised VeDsbA, which was determined by
N-ray crystallography, the structure of reduced VeDsbA has been solved using NMR

“pectroscopy by Dr James Horne (MIPS).*® Although the structures of oxidized and

reduced VeDsbA were very similar, several clear differences were observed in the
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lynamics and interdomain motions of the different redox states of the protein.”” These
lifferences in the dynamics may be important factors in both the ability of oxidized DsbA

0 accommodate a diverse range of substrates and the more specific interaction of reduced

DsbA with DsbB in the catalytic cycle of the enzyme.”** "

Figure 4-1: Ribbon diagrams of (A1) VcDsbA and (A2) EcDsbA. Both show the
characteristic secondary structure of the DsbA family, comprised of thioredoxin (cyan)
and a-helical (red) domains and the insertion points (gray). Elements of secondary
\ructure are numbered sequentially from the N-terminus. The cysteine residues of the

ictive site are shown in (yellow) CPK representation [references 26, 20a].
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Figure 4-2: Surface electrostatics of (B1) VcDsbA and (B2) EcDsbA. Surface features

are labelled for EcDsbA [references 26, 34].

4.1.2  Previous work

4.1.2.1 NMR-based fragment screening
In order to identify fragment hits for VcDsbA NMR-based fragment screening was

conducted previously by Dr James Horne (MIPS) and Ms Yanni Chin (MIPS). The

details of this experimental screening are been presented here briefly.
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Saturation transfer difference NMR experiments were conducted as a primary screen on
a library of 500 structurally diverse fragments. This approach identified 40 fragments
from the library which were ranked initially on the basis of the strength of STD signal.
These 40 primary hits were validated by recording °N-'H HSQC experiments and only
those fragments that induced significant chemical shift perturbations in the HSQC
spectra were considered as real hits. The chemical structures of the hits are shown in
Figure 4-3 and were found to be structurally distinct from strongest hits obtained for
EcDsbA. Near complete chemical shift assignments of the 'H/'>C/'°N resonances of the
hackbone, aliphatic side chains and some aromatic side chains of oxidized and reduced
VeDsbA had been previously determined, along with other studies focused on structural

and dynamic aspects of the target."”’

These resonance assignments were used to locate
the binding site of the indentified VcDsbA fragment hits. Dissociation constants were
also determined from HSQC titrations, yielding an approximate ranking of the
lragments, with affinities ranging from 80 pM to 20 uM. Most of these fragments
showed major perturbations of the residues at the hydrophobic groove and active site
region. At saturating concentration, the greatest perturbations were induced by

henzimidazole fragment N2 and benzophenone fragment N6 with measured approximate

Ki) values of 32 uM and 20 pM, respectively.
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N4

N7

N6

Figure 4-3: NMR-based fragment screening hits for VeDsbA
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4.2 Result and Discussion

4.2.1 Comparative analysis of VcDsbA binders with EcDsbA FBS results

Despite the observation that VcDsbA and EcDsbA bound a different subset of fragments,
it was found that the binding location for the VcDsbA hits was broadly similar to that of
EcDsbA fragment hits (obtained from Chapter 3, 5, and 6 results). To confirm the
fragment-binding specificities for these two enzymes, HSQC experiments were
performed to test the ability of the VcDsbA hits to bind to EcDsbA and vice versa. Figure
1-3 (VcDsbA binders N1 - N7) and Figure 4-4 (EcDsbA binding compounds 1- 4, B1,
B6, E2, E3, C4, 10 and SE12) show the structures of these fragments tested by HSQC
cxperiments at 1 mM against EcDsbA and VcDsbA. End-point HSQC spectra were
recorded and the fragments were ranked as strong (+++), medium (++), weak (+) or non
binder (-) on the basis of a threshold applied for CSP of > 0.03 ppm. This threshold
number was set for this study according to the extent of strongest and weakest HSQC
('SP binding data for ligands identified for EcDsbA or VcDsbA. Somewhat surprisingly
most of the original VeDsbA hits were found not to bind to EcDsbA; however a subset of
the EcDsbA hits (E3, B1, B6, C4, and 10) bound to VcDsbA causing weak or moderate

shifts (Table 4-1).
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Figure 4-4: NMR based fragment screening hits of EcDsbA tested for binding to VeDsbA.
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Table 4-1: HSQC binding for selected fragments for EcDsbA and VcDsbA

Fragments CSp CSpP Fragments CSp CSp
Strength Strength Strength Strength
EcDsbA VeDsbA EcDsbA VeDsbA
+++ - N1 - ++
2 +++ - N2 - +++
+++ - N3 - ++
B1 ++ + N4 - ++
B6 +++ ++ NS - ++
C4 +++ ++ N6 - ++
El +++ - N7 - ++
E2 +++ -
E3 ++ ++
10 +++ ++
SE12 +++ -

fhese observations indicate that VcDsbA and EcDsbA have different specificities for
tragment binding. Although structures of EcDsbA in complex with fragments have been
vblained (Chapter 3), attempts to soak fragments into crystals of VeDsbA proved
unsuccessful. Therefore, an alternate approach employing in silico computational
methods, in conjunction with experimental data largely derived from NMR data, was
used in an effort to probe the structures of VeDsbA-fragment complexes. The details of

this approach are described in this chapter.
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4.2.2  Computational Screening

Computational approaches have the advantage that they are rapid, however in order to
generate useful structural insights they must provide an accurate description of the
protein-ligand complex. To assess the reliability of different computational approaches,
docking runs were undertaken where a fragment library of 500 compounds from
Maybridge was docked into VcDsbA without using any experimental binding information
using Glide (version 5.0; Schrodinger).210 Before performing docking runs, the sitemap
ol (Maestro, version 8.0; Schrodinger) was used to explore apparent binding sites on
the protein structure using the "site finding" process.'®’ This process identifies the most
likely receptor binding sites by linking together 'site points' that are most highly ranked in
icrms of their ability to contribute to tight protein-ligand or protein—protein binding.”“‘h
I'hese sites on VeDsbA correspond to (1) the hydrophobic patch, (2) the acidic patch (3)
the hydrophobic groove adjacent to active site and (4) a region near the a6 helix of
l“DsbA as shown in Figure 4-5. A threshold site score of 0.80 was set as the average
wore for the recognition of sites of interest as a ‘drug-binding site’.""" 1% The

hvdrophobic groove site scored 0.981 which was the highest score of the possible binding

sites in VeDsbA, and is consistent with the NMR data.
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Site 1
Hydrophobic patch

Site 2

Site 4 % Acidic patch

a6 helix region

Site 3
Hydrophobic groove

Figure 4-5: Clusters of docked fragments in the four largest different sites on the VeDsbA
wurface identified in the site finding process used for primary docking runs. Black arrows
and circles as solid and dashed lines indicate the location of these sites on the front and

rear face of the protein respectively.

Subsequently, all 500 compounds from the fragment library containing the seven binders
identified in the NMR screening were docked into each of these four sites separately,
using both flexible docking and the XP (extra precision) scoring options. (Notably the

LeDsbA binders those has been shown in Figure 4-4 were not part of the docked
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fragment library that used for VcDsbA screening). The docking solutions for the

fragments were ranked using Glide XP score'®> 185

to identify the top ranked fragments.
Enrichment factors for docking were calculated using equation 4-1.'8" '8¢

Equation 1

EF = (Hits sampied/ N samplea) / (Hit$ to(a/Niotal)

If the docking performed perfectly, the compounds that bound to VeDsbA would be the
highest ranked, whereas if the docking performed no better than random selection of
compounds from the library, the binders would be distributed evenly - as indicated by the

red line in Figure 4-6.

To be useful in the prediction of active compounds, a docking program must be able to
rank the known binders higher than the non-binders (or decoy) compounds. Accordingly,
we docked the fragment library containing seven VeDsbA binders (Figure 4-3) into the
crystal structure (PDB code 1BED). The experimental data provided no evidence of
hinding at any site other than the hydrophobic groove, however the docking predicted
that binding was possible for more than 80% fragments of the library in each pocket of
V¢DsbA, indicating that the docking was neither accurate nor predictive. Although the
hydrophobic groove had the highest ‘site score’ and XP docking scores were consistently
higher for the fragments docked in this pocket as compared to other sites (table 4-2), the
ranking of binders within the hydrophobic groove was inconsistent with the experimental
data. Figure 4-6 shows an enrichment plot of the active compounds recovered against the
library ranked by XP score for the hydrophobic groove as the binding site. It can be
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observed from the plot that the performance of docking was very poor in terms of
identifying binders. In addition, if ranking scores were predictive of binding to VeDsbA,
it might be expected that the seven compounds which are known to bind VeDsbA would
have higher docking scores for the binding pocket rather than the other sites for which
there is no experimental evidence of binding. We found quite similar ranges for the
binders and non binders using XP docking scores (-.0.2 to -6.0 kcal/mol) for each of the
four binding sites. The XP docking scores for all four binding sites for the seven

cxperiment binders (Figure 4-3) have been listed in table 4-2 below.

100 1 Enrichment Factor

80 -
)
€ 60 -
EH
&
< 40 A
<«
=
Z 90 -
=
G
=

O T T T T 1
0 20 40 60 80 100
Ranked Library (%)

Figure 4-6: Enrichment plot of primary Glide XP docking of fragment library into
hydrophobic groove of VeDsbA shown as blue line. Red line indicates the line of zero

enrichment.
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Table 4-2: Glide XP scores from primary docking into the: (1) Hydrophobic patch (2)

Acidic Patch (3) Groove (4) a6 helix region, listed for the NMR based binders of

VcDsbA.
Compounds
P So N1 N2 | N3 | Na | Ns | N6 | N7
(kcal/mol)
Site 1 507 | -5.12 | -4.89 | -559 | -4.01 | -425 | -4.56
Site 2 432 | 018 | 254 | -472 | -478 | -1.42 | -2.53
Site 3 6.57 | 666 | 6.13 | -5.61 | 553 | -5.66 | -6.09
Site 4 375 | 298 | 314 | 312 | -3.56 | -3.84 | 23]

One possible reason for the apparently poor results when docking fragments may be that
the ranking system used in each of the docking protocols was optimized for larger drug-
like molecules and that the parameters may therefore be less accurate when dealing with

smaller fragments.'®** 2'!

Furthermore, docking programs tend to predict polar
interactions more accurately and perform more effectively when the binding pose
contains more than a minimum number (1-2) of hydrogen bonds (“anchor points™) since

, P . g 1&84c. 185b. 211a. 212
hvdrophobic interactions are more difficult to model. ™ 4

Thus, the compounds
in the fragment library which are designed to be low molecular weight and low

. . . 213
complexity present a significant challenge to many current docking approaches. " For

these reasons, it was decided to attempt to improve the performance of the docking
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program in ranking the fragments by using binding information from the NMR

experiments described above in the previous section 4.1.2.

42.3 NMR-based docking

NMR-guided molecular docking has been demonstrated to be a useful approach to
provide structural information on protein-ligand complexes. Using data such as

intermolecular NOEs?'

or chemical shift perturbations'®’ detected in selectively labeled
proteins it is possible to generate a limited number of constraints that can be used to
vuide the docking process.”'> These approaches require less data than is necessary for a
full NMR-based structure calculation and therefore can generate details of protein ligand

125a, 187, 214

complexes relatively rapidly. Recently, a number of approaches have been

reported that successfully employ structural restraints to reject or refine the initial binding

models through further computational work,'®"-2!%- 215216

Validation of NMR-based docking was considered as a prerequisite, prior to carrying out
these studies to investigate VcDsbA-fragment complexes. In the present case we decided
o validate this method on EcDsbA fragment hits. For EcDsbA we have both high
resolution crystallographic complexes and NMR data. As a consequence NMR-based
docking was used to generate binding models of the fragments for which experimental
data (from NMR and/or X-ray crystallography) were also available. The HSQC spectrum
of EcDsbA with and without the ligand was used to map CSPs and thereby to select the

likely binding site on EcDsbA, and docking calculations were performed to obtain a set
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of structural models (Method section 2.9.2). Initially, only the confirmed binders were
docked into EcDsbA using NMR-based docking. Interestingly, the top ranked fragment
binding poses were found to be very similar to those observed in the crystallographic
complexes of the corresponding fragments with EcDsbA. Figure 4-7 illustrates the
cxamples of comparison between the NMR-based docking solutions and the
crystallographic coordinates of the EcDsbA-fragment complexes. In the case of EcDsbA
this approach was able to generate a reasonable agreement between most of the
crystallographic poses and docked solutions with RMSD values of 1.65 A - 2.3 A
nbserved for the heavy atoms of the ligands. Additionally XP scoring performed better in
this case (compare to the preliminary library docking against VeDsbA) with higher
nrichment factors upon docking of a library containing 16 EcDsbA experiment binders

‘Figure 4-8).
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Figure 4-7: Superposition of the crystallographic coordinates of fragments (grey carbon

toms) bound to EcDsbA, with the binding mode of the same fragments predicted by the

NMR-based docking calculations (green carbon atoms).
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Figure 4-8: Enrichment plot (blue line) of NMR- guided Glide XP docking of the

Iragment library into the hydrophobic groove of EcDsbA. Red line indicates the line of

/ero enrichment.
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This is a significant result as the NMR-based Glide XP docking identified higher
numbers of actives compared to that of primary docking and the docked poses conformed
to the experimental data. Therefore, these results with EcDsbA suggested that this
docking method may be able to predict the binding mode of fragments more accurately.

Consequently, NMR-based docking was used to predict VeDsbA-fragment complexes.

The hydrophobic pocket of VeDsbA is formed from residues of the thioredoxin domain
and includes Phe36, Ile39 and Ile40, cis-Prol49, Vall51, Vall59 and Tyr170.%° The
groove is composed of residues Phe36, cis-Prol49, GInl62, 1le39, Leul58,Glyl61
Val164, Leul67 and Phel71.2® NMR data was obtained from a total of seven distinct
pairs of protein-fragments complex and used for the docking simulation. The binding site
residues which were perturbed upon fragment binding were used to generate parameters
tor NMR-constrained docking. Constraints were added in those regions that showed CSP
m the HSQC data in order to identify most likely binding location for fragment hits.
These constraints were added by locating regions or ‘cells’ that were derived based on the
properties of selected residues. Thus a set of hydrophobic cells were located in the
proximity of the most perturbed residues including Phe36, I1e39, 11e40, cis-Pro149
Vall51, Vall59, Leul58, Gly161, GIn162, and Tyr170 along with the active site residues
('vs33 and Cys30 (Figure 4-9). A rectangular docking grid (Figure 4-9) was generated
uving the centre of the perturbed residues with the inclusion of selected hydrophobic

constraints.
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Figure 4-9: NMR binding data based grid generated for docking using CSPs (A(NH) >
0.03 ppm) from the majority of VeDsbA hits. Pink cells in the enclosing box (length 10 A
n X,Y and Z direction) shows the selected hydrophobic cells in close proximity of the

perturbed hydrophobic residues in HSQC.

Ihe details of generating parameters for constraint docking using residues that are highly
perturbed upon ligand binding, have been described in chapter 2 section 2.9.2.1. Briefly,
lor cach complex, docking grids were generated on the VeDsbA NMR binding region of
the corresponding fragment. Within this grid area, hydrophobic constraints were added in
those regions that showed CSP in the HSQC spectra of VeDsbA. A number of generated
docked solutions were optimized to obtain the best scoring pose by the Glide selection
program.'®* " 1nformation obtained from the selected complexes was compared with
HSQC data by measuring the distances from the docked ligand to surrounding residues.

Assuming that the size of the CSP observed is related to the proximity of the fragment to
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a given residue, the distances measured in the docking solutions were found to be in
reasonable agreement with the experimental CSP values. A simple linear relationship was
considered between the magnitude of the CSP and the distance from the amino acids NH
atoms and the nearest ligand atom according to the protocol described by Stark et al."”’
Figure 4-10 illustrates an example of an NMR-constrained docked structure of

benzimidazole fragment N2 which showed strong CSP upon binding to VcDsbA in

HSQC-based screening.

Prol49

A\
Ile39
Alal50 %

Vall48 N : \ GIn42

Vall51 W% Serl66
% Glyl61 Tyrl70
Vall59 FLys165
GInl62 Vall74

Vall64

Figure 4-10: NMR-constrained docked structure of benzimidazole fragment N2 (shown
as green carbon stick model), which showed strong CSPs upon binding to VeDsbA.
VeDsbA surface (cyan) is mapped with CSPs calculated from HSQC and 3D NMR
spectra, upon protein-binding of this fragment. Perturbed, active site and unassigned

residues have been colored as red, yellow and white respectively (PDB code 1BED).

186



Chapter 4

4.2.4 3D NMR experiments as further validation

Analysis of carbon atom chemical shifts (Ca and CB) of a protein structure can provide a
more comprehensive overview of conformational changes in the backbone due to ligand
binding. As described in method section 2.4.5, the 3D NMR experiment CBCA(CO)NH
correlates the NH group to the preceding Ca and CB chemical shifts (Figure 4-11).
Compared to 'H, "N shifts, >*C CSP are often more diagnostic for locating the binding
site as they are less affected by small changes in hydrogen bonding that can result from
small conformational changes cause by ligand binding. It was envisaged that the
fragment binding in conjunction with chemical shift perturbations of C, and Cg would

identify important residues in VeDsbA binding.

Figure 4-11: Schematic of triple resonance (3D) NMR CACB(CO)NH experiment which

correlates the chemical shifts of 'H, 5N, BCyi.; and BCﬁi.].

3D NMR CACB(CO)NH experiments were performed on a PC"*N-labeled sample of

VeDsbA in complex with two strong binding fragments, benzimidazole N2 and
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benzophenone N6, to facilitate a more detailed analysis of key interacting amino acid
residues and to validate the location of binding by carbon shifts. Weighted *Ca*N'HN
CSP induced by fragment binding for each residue were calculated using Equation 4-2
and are shown as a histogram analysis in Figure 4-12. (Appendices section 8.8 lists the

BCa'°N'HN chemical shifts of fragments N2 upon bining with VeDsbA).

Equation 4-2

AS = J(&-Icomplexed DsbA — 6HApo DsbA )* +0.154( &Ncomplexed DsbA — dNApo DsbA)* +
0.276( SCAcomplexed DsbA —§CAApo DsbA )*
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Figure 4-12: Histogram analysis from 3D NMR (CBCA(CO)NH) experiments on double
labeled sample of VeDsbA in complex with the benzimidazole fragment N2. Red circles
represent resonances closest to the docked solution of N2 as shown in figure 4-10 of its

NMR constrained docked pose.

«\hpping of carbon perturbations on the VeDsbA structure showed binding of fragments
In the hydrophobic groove region, near the active site, consistent with the results

described above. These chemical shifts localized on the VeDsbA structure further
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validated the NMR-based docked solutions for the corresponding fragments as
highlighted in Figure 4-12 and 4-10. However, some additional shifts were found in
regions other than the hydrophobic pocket and active site. These shifts may be the result
of conformation changes in VeDsbA due to the flexibility of the groove.

After generating NMR optimized parameters to dock these fragment hits to VeDsbA, the
whole fragment library was docked using average perturbations of the binders to define
the binding site with advanced docking settings, in an attempt to obtain more reliable
binding locations and energy optimized poses (Figure 4-13). The Glide XP score for
NMR-based docking was matched again with the experimental list (Table 4-3).
However, as shown in the enrichment plot in Figure 4-14 NMR guided docking

performed not much better than the standard protocol.

Figure 4-13: NMR guided docked solution of top 5% ranked fragments filtered by
XP docking mode from the fragment library as potential binders in the VcDsbA
hydrophobic groove. Protein and fragments are shown as electrostatic surface and

clement coloured stick representation respectively. 189
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Figure 4- 14: Enrichment plot (blue line) of NMR guided Glide XP docking of fragment

library into hydrophobic groove of VeDsbA. Red line indicates the line of zero

enrichment.

A possible reason for the limitations in ranking real ligands with respect to non ligands is

that scoring functions are usually estimated only with positive data, i.e, information

relating to known binders. Negative data or information relating to non ligands or

mactive molecules is rarely integrated while developing these scoring functions.”"

l'able 4-3: Glide XP score from NMR guided docking for fragments hits bound to

hydrophobic groove of VeDsbA.

Compounds N1 N2 N3 N4 NS N6 N7
Hydrophobic | -5.07 -5.12 | -4.89 | -5.59 -4.01 | -4.25 -4.56
groove binding

XP score
| (Kcal/mol)

190



Chapter 4

4.2.4 Surface grid map generation

Although NMR-based constraint docking generated the most probable binding solutions
for the identified binders, they did not appear to be capable of differentiating binders
and non-binders of VcDsbA from the library. Therefore a further screening approach
was applied in an effort to select the binders from the fragment library using the
molecular interaction features of the binding site. We carried out screening of the

docked fragment library using receptor surface grid maps to envisage preferred locations

of ligand atoms in the VcDsbA site.

The proposed fragment binding site, as determined by NMR-constrained docking, of
VeDsbA was analysed by generating surface grid maps in this region, as described in
methods (Chapter 2). These grid maps partitioned the accessible space in this site into
three hydrophobic regions with an isosurface value (the value at which the maps are
contoured) of -0.5 kcal/mol and four hydrophilic regions with an isosurface value of -6.0
kcal/mol while the remaining regions had mixed properties or neutral electrostatics
(Figure 4-15). The hydrophilic map can be further partitioned into separate hydrogen-
bond donor and acceptor maps.'*® Hydrophobic and hydrophilic regions were marked by
surface contours that enclosed the region in question. The "neither” or mixed regions, in
contrast, were implicit; these are simply regions that are accessible to the ligand but are
not marked as being either hydrophobic or hydrophilic. The extent and shape of these

217

maps depends upon the properties of the closest amino acid residues.” " If the polar

region or hydrophilic groups of a ligand interacts with the hydrophilic grid map, and the
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non-polar region or hydrophobic groups of a ligand interacts with the hydrophobic grid
map (i.e. similar interactions), these interactions are deemed as favourable interactions
for ligand occupancy and binding (Figure 4-16). Dissimilar type of interactions with the

surface grid maps are considered to be unfavourable interactions (Figure 4-16).

The NMR-derive binding location was used as the site for docking all of the 500
fragments, which subsequently were manually, scored using the hydrophobic and
hydrophilic surface grid maps. In this scoring process fragments were separated,
depending on whether they showed all favourable or at least one unfavourable

interaction with surface grids.

Figure 4-15: Surface grid maps of the NMR identified fragment binding region on the
VeDsbA structure shown as an electrostatic solid surface. Hydrophobic and hydrophilic

¢rid maps have been colored as orange and blue respectively.
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Figure 4-16: Examples of interactions of docked fragments with surface grid maps of
I DsbA fragment binding site. (A1) docked fragment N2 (real binder) and (A2) its
lavourable interaction with maps. (B1) a docked fragment (B2) which shows unfavourable

interactions with grid maps and does not bind to VeDsbA.
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4.2.7  Identification of novel VcDsbA hits

In total only fifteen fragments out of the library of five hundred fragments were found to
fit in a favourable manner (i.e. no unfavourable interations) using surface grid maps, and
these were selected for further experimental analysis to test their binding to VcDsbA.
Interestingly, all seven fragments that (Figure 4-3) were previously identified by NMR
were present in this list of computationally selected fragments. End point HSQC
experiments were performed on remaining computationally selected fragments to
evaluate their binding to VcDsbA. Seven of the eight compounds showed binding to the

protein by inducing weak to strong CSP in the HSQC spectra (Figure 4-17).
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Figure 4-17: Additional fragments selected using molecular modelling and identified as

VeDsbA binders by NMR HSQC experiments.
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In total, fourteen fragments were identified as VcDsbA binders in the experimental
validation of the grid map based screening. It was observed that each binder shows at
least one hydrophobic and one hydrophilic type of interaction in the binding pocket.
Fragments were rejected for the presence of at least one unfavourable interaction.
Experimental validation was also performed for non-binders as a negative control. Five
fragments showing predicted unfavourable binding were randomly selected as negative
controls (false binders) for the NMR-HSQC experiment. All of them were found to be as
non-binders of VecDsbA and one example is shown in Figure 4-16 (B1). In this way,
manual screening of the fragment library using surface grid maps identified binders of
VeDsbA with an accuracy of > 90 % for virtual selection. Additionally, some VcDsbA
hits that were discarded in STD experiments as false negatives (due to anti phase spectra

or competitive binding ezc.) were selected using the site map based method.

These hits consist of 6,5-fused bicyclic, 6,6 or 6,5 ring structures and a number of them
were quite similar to the strongest hits obtained from NMR screening of VcDsbA.
Additionally one new class of scaffolds with a 6,6-fused bicyclic ring structure was
identified as strong binders of VeDsbA. End point 'H-""N HSQC experiment on these
fragments confirmed their binding location in the hydrophobic groove region with a
distinct pattern of CSP maps. In accord with the NMR based original hits, chemical shift
mapping suggested that these fragments bind to the hydrophobic groove and interact with
the active site region (Figure 4-18). Kp values were also calculated by HSQC titration

that yielded an approximate ranking of the fragments, with affinities ranging from 15 uM

to 80 HM-
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Figure 4-18: (A) 'H- >N HSQC spectrum of VeDsbA (100uM) (red) overlaid with the
spectrum of VeDsbA in complex with phenylsulfonyl thiophene MS (blue) at ImM. (B)
VeDsbA surface mapped with CSPs induced, upon protein-binding of MS. Higher chemical
shift perturbations and unassigned residues have been coloured as blue and green
respectively on the white surface representation of the VeDsbA structure (PDB code

|BED).

196



Chapter 4

In most cases, the peaks showing the greatest magnitude of CSP in the groove included
GIn162, Serl163, Lys165 Ser166 and Leul67. Residues perturbed from the hydrophobic
pocket were Phe36, 1139, 1le40, Vall51, Vall59 and Tyr170. A few of the identified
fragments induced perturbations in those residues of the hydrophobic patch which
connect the thioredoxin and helical domains (Figure 4-18). These shifts might arise from
conformational changes rather than binding in ciose proximity. Please refer Appendices
section 8.8 for the HSQC chemical shifts details of strong binding fragments M2 M3 and

MS upon binding with VcDsbA).

The active site of VcDsbA lies in a cleft at the interface of the two domains and
comprises a highly conserved primary sequence motif Cys30-Pro31-His32-Cys33 at the
N-terminal end of helix al. In it's oxidized form, a disulfide bond links Cys30 and
Cys33. Interestingly, no peak was observed in the PN-HSQC spectrum for His32 either
in the presence or absence of fragments, which is consistent with this residue undergoing
conformational exchange. The flexibility of the binding site has previously been
suggested to be important in substrate recognition and catalysis in DsbA enzymes.** ***
Most of the fragments also induced weak to strong perturbations in the exposed active
site residues, Cys30 and Cys33, which is encouraging as this suggests that the fragments
may be close enough to the active site to perturb the DsbA catalytic cycle. The CSP

mapped on the VcDsbA structure clearly show that the fragments bind in close proximity

to the catalytic site in the hydrophobic groove (Figure 4-18).
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4.2.8 Inhibition analysis of VcDsbA hits

The NMR-based fragment screening and computational approaches described above have
successfully identified fragments that bind to the hydrophobic groove of VcDsbA. Since
the fragments identified appear to bind in functionally important regions of VcDsbA, this
suggested that these fragments might be inhibitors of VcDsbA activity. In an attempt to
assess inhibition, we sought an in vivo assay. Several in vivo bacterial assays have been
described previously to monitor the DsbA dependant phenotypes and study the functions
of this enzyme (Chapter 1, section 1.4). In the current study, some of these have been
modified and employed, and one such assay is described here that was used to measure
the inhibitory activity of identified VcDsbA fragment hits.

For many bacterial pathogens including E. coli and V. cholera, motility is a crucial
phenotype for virulence as it allows the infecting population to spread within the host as
well as enhance colonization of bacteria.*'’® This phenotype is regulated by a cell
organelle called the flagellar motor and the periplasmic ring of the motor is composed of
Flgl protein subunits. Importantly DsbA is essential for the correct folding and activity of
Flgl.'* Bacteria deficient in a functional DsbA display a non-motile phenotype since the
oxidative folding of the protein FlgI is impaired.” *'* We explored the motility of wild
lype E. coli as a direct measure of DsbA dependent folding to determine the motility

inhibition by using HSQC identified ligands of EcDsbA as described in Chapter 3.
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VeDsbA and EcDsbA share relatively low sequence similarity (<40%), yet show
conserved surface features around their active sites which have been proposed to form the
substrate-binding site. Several experiments have demonstrated that the functions of
EcDsbA can be complemented by VcDsbA.'* 3> * Therefore, a complementation
experiment was performed using three strains of E. coli bacteria as listed below:

-JCB570: Wild-type E. coli with DsbA normal function

-JCB571: Mutated E. coli with DsbA gene deactivated (dsbA")

-pVeDsbA: JCB571 transformed with a plasmid whichexpresses VeDsbA.

The results were evaluated by measuring the diameter of swarming or the motility zone
produced by the bacteria within the incubation period. The JCB571 (dsbA’) strain of E.
coli was unable to swarm on the soft agar plate while the JCB570 (wild-type) E. coli
strain was motile under the same conditions. The —pVeDsbA mutants successfully
restored the motility phenotype to JCB571 and it was fully comparable to the wild-type

E.coli cells (Figure 4-19).

JCBs? (E.coli Wild Type) JCBST] (dsbA null) JCB571+VeDsbA- (pVecDsbA)
Motility Zone 1.0 £0.1em. Non Motile Motility Zone 1.040.1cm.

Figure 4-19: Motility of E. coli wild type and mutant strains on soft agar with cysteine

free minimal media.
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The inhibition effect of the VeDsbA hits N1-N7 and M1-M2 (Figure 4-3 and 4-12) was
determined by undertaking the motility assay in the presence of a single concentration of
the compound (500 pM) and measuring the % inhibition of motility for the -pVcDsbA
E.coli mutants. For those compounds that displayed 100% inhibition of motility at 500
uM, an ECsy was measured as shown in Figure 4-20 for the dose response plot for
VeDsbA binder MS. Two fragments N6 and M1 showed poor solubility in minimal
media used for the motility assay and were not tested further. Several of the tested
fragments showed inhibition of swarming capability of -pVeDsbA E.coli mutants.
Fragments M2, M3, M5 and N2 showed maximum inhibition in the low uM range and
notably benzimidazole N2 and thiophene M5 were found to be the most active inhibitors
with ECsq values of 8 pM and 38 uM respectively. The summary of inhibition assay

results along with HSQC binding strength for the tested compounds is listed in Table 4-4.
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Figure 4-20: Motility inhibition of pVeDsbA E.coli mutants shown as sigmoidal dose
response plot obtained from the titration of a fragment hit MS identified by NMR
¢uided computational screening.
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Table 4-4: Chemical structures, intensity of CSP observed and % inhibition of motility of

pVcDsbA mutants at 500 uM of VcDsbA binding fragments.
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4.2.9  Application of Grid Maps

4.2.9.1 Example 1

The concordance between the computational results and the experimental data indicates
that the site model is quite reasonable; hence we sought to apply the model to the
extension of fragments into larger molecules with higher affinity. Apparently this
empirical screening strategy follows one of the basic principles of FBDD by evaluating
the druggability of protein surfaces and identifying sites that interacts with li gands, ' 1%
An example is presented here to show the further use of the site model as described above
in the case of two fragment hits identified by NMR-guided computational screening.
Dihydronapthalenone fragments M2 and M3 are two closely related fragments, where
M2 has an additional acetyl group attached to the amine. When docked poses of these
two fragments were fitted to the mapped binding site they showed similar hydrophilic
interactions. Acetamide M2 showed an extra hydrophobic interaction due to the presence
of the acetyl group as shown in Figure 4-21. Additionally the interactions within a 5 A
radius of these fragments were classified and compared with HSQC CSP (Figure 4-22).
These results were found to correlate well with their NMR data, where acetamide M2
showed additional interactions, inducing larger shifts and a number of extra perturbed

residues as compared to M3 (Figure 4-23).
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Figure 4-21. NMR-constrained docked pose of dihydronapthalenone fragments (A) M3
superimposed (B) on M2 along with interaction with (C) hydrophilic and (D)

hydrophilic and hydrophobic surface grid maps of VeDsbA binding pocket.
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Figure 4-23: Sections of the 'H-"’N HSQC spectrum of VeDsbA (100uM) (blue)
overlaid  with the spectra of VeDsbA in  complex (individually) with
dihydronapthalenone fragments M2 (green) and M3 (red) at I mM concentration.
Circled resonances show a set of additional or larger CSP in binding site residues of

VeDsbA spectra in presence of M2 as compared to shifts induced by M3.
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4.2.9.2 Example 2

Design and synthesis of analogues of amino benzophenone fragment: The concept of
ligand efficiency (LE) can be used to assess the quality of initial screening hits and also
the quality of the leads as they are optimized. LE values higher than -1.25 kJmol™' HAC™
are considered a good starting point for the hit-to-lead development process based on the
desired molecular weight and affinity of the final drug-like compounds.'*®*?* Our results
show that the benzophenone fragment N6 binds to the VeDsbA groove with a LE value of
11,72 kJmol™' HAC™', suggesting this fragment is a good starting point to develop more
potent ligands. Furthermore, analysis of the NMR-based docked solution of N6 suggested
1 potential strategy for optimization of binding to VeDsbA. Figure 4-24 illustrates two
areas in which it might be possible to improve the interaction of the benzophenone
iragment with VeDsbA. Firstly, there is a significant region of the groove around the
iragment in the direction of favourable interaction sites in the hydrophobic and
hydrophilic maps that is not occupied. It was rationalised that by functionalising the 2/, 3
and 4' positions of the phenyl ring with various groups it may be possible to more
completely fill this region and thereby increase the binding affinity. Secondly, reduction
of the ketone gives the alcohol which can potentially make a polar contact to the binding
ste. To test this hypothesis based on NMR-based docked solution and grid maps, a

Iragment growth approach was explored.
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Figure 4-24. (A) NMR constraint based docked pose of benzophenone fragment N6
(green carbon stick model) in the hydrophobic pocket of VeDsbA (electrostatic surface)
and (B) its interactions within surface grid maps. (C) NMR constraint based docked
solution of N6 bound to VeDsbA (PDB code 1BED), mapped with CSPs calculated from
HSQC and 3D NMR spectra, induced from the binding of this fragment. Chemical shifts,
ictive site, unassigned residues have been colored as blue, yellow, and pink, respectively,

and hydrogen bonds are shown as dotted black lines.
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A number of analogues of the amino benzophenone moiety were rationally designed and
modelled on the basis of their compatibility with grid maps and ease of chemical
synthesis. We introduced mainly hydrophobic groups into the newly designed analogues.
These were docked into the VeDsbA with similar settings used to dock the parent

compound and many of them showed favourable interactions for binding to VcDsbA

surface grid maps.

Consequently the synthesis of a small series of aminobenzophenone analogues was
undertaken by Mr Bradley Doak, MIPS. The chemical synthesis was started from the
initial hit 3-aminobenzophenone (N6) as well as the analoguous 2- and 4-substituted
aminobenzophenone (4, 16) as parent compounds (Figure 4-25). 2- and 4-
aminobenzophenone (4, 16) were found to bind to VcDsbA and also exhibited good
binding affinity (Figure 4-25). In total, 18 compounds were synthesized with N
substituted acetyl-, benzoyl- and p-toluenesulfonyl-amino groups in the 2-, 3- and 4-
positions as well as the related compounds generated by reduction of the ketone of all

derivatives to give the corresponding alcohol.

Binding analysis of the benzophenone series was achieved through HSQC titrations of
the compounds using '*N-labeled VcDsbA in a similar manner to previous experiments.
The Table 4-5 shows the chemical structure of the characterized amino-benzophenone
analogues. The compound numbers along with substituted functional groups and apparent

Ky values from NMR-HSQC titrations along with calculated LE values are listed.
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N6R=H 1R=H 11R=H
SR=Ac S8R =Ac 12R = Ac
6R=Bz 9R =Bz 13R =Bz
7R=Ts 10R=Ts 14R =Ts
R
OH HN’ OH H OH
NR
H
15R = Ac 18R = Ac 21 R = Ac
16 R =Bz 19R =Bz 22R =Bz
17R =Ts 20R=Ts 23R =Ts

Figure 4-25: Structure of synthesised amino-benzophenone analogues

The observed HSQCdicated a binding site located below the active site in the
hydrophobic groove, consistent with that seen for the parent compounds (as shown for
fragment N6 in Figure 4-24 (C). Most of these compounds were not soluble enough in the
previously used buffer conditions for the screening the library for HSQC experiments.
Notably, due to poor solubility not all compounds were screened and the buffer system
was adjusted to include 5% DMSO to aid solubility. Therefore a direct comparison of
these compounds to the other hits, which were characterised in a different buffer system,
was not undertaken. Additionally inhibition analysis was not feasible for this series due to
poor solubility in assay buffer. Therefore further investigation of the benzophenone

fragment was abandoned.
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Table 4-5: Kp and ligand efficiency of screened amino-benzophenone analogues

Compounds Kp (@M) | LE (kJmol” HAC™)
R 4R=H + )
- 280+ 38 1.35
SR=Ac 82+13 1.30
o] H 1R=H 128 + 63 1.48
N\
0 11R=H 75+ 13 1.57
R | 12R=Ac 20124 117
N’
H
R 15R = Ac 197 + 49 1.17
OH HN
O O 16 R =Bz 129 + 22 0.96
17R=Ts 79+ 18 0.94
OH H 18R = Ac 730 + 290 1.00
N.
R 19rR=B2 220 £ 79 091
20R =Ts 670 + 110 0.73
OH 21R=Ac 58 +8.0 1.34
A 22R =Bz 88 + 20 1.00
N
; 23R=Ts 32+8.1 1.02
L
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4.2.9.3 Example 3

SAR study of Benzimidazole series using HSQC and ECs, data :

A series of benzimidazole analogues was analysed using NMR and ECs data to study the
SAR of rationally designed novel compounds. Fragment N2 which contains a
trifluoromethy]1 substituted benzimidazole core, induced large HSQC perturbations for the
residues in the VeDsbA groove region (Figure 4-12) and was thus selected for further
analysis. Fragment N2 has a measured Kp of approximately 32 uM and LE of 1.5
kJmol™' HAC™. This compound also exhibited high inhibition with an ECsq of 8 uM in

the motility assay.

As shown in Figures 4-10 and 4-16 (Al and A2), NMR-based docked solution of
fragment N2 suggested its binding in VcDsbA groove region. Similar to benzophenone
fragment N6, analysis of this docked pose of N2 with favourable interactions to surface
¢rid maps suggested that there was space to extend the fragment in an effort to improve
Is potency.

Subsequently, chemical space around the benzimidazole core was explored through the
synthesis of a series of derivatives with a diverse range of substituents at the 2', 5" and 6'
position by Mr Bradley Doak (Monash Institute of Pharmaceutical Sciences). Analysis of
the binding of this series to VcDsbA was carried out by recording end point HSQC
experiments in the presence of the analogs (1 mM). In addition, the effect of the
compounds on motility was determined in the presence of a single concentration of the

compound (500 uM). For those compounds that displayed 100% inhibition of motility at

500 uM, an ECsy was measured (Figure 4-25 and 4-26).
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A preliminary SAR analysis of this series was established using this combination of
experimental data, while NMR-based docking was used to study the possible binding
mode of selected compounds. HSQC and inhibition data analysis revealed that
replacement of the 2-hydroxypropyl side chain with a methyl group (in compound N2a)
slightly reduced the binding and inhibition. (Figure 4-25) The replacement of the 5'
trifluoromethyl group (5'-CF3) by any other substituent resulted in a significant reduction
on VcDsbA binding as illustrated in Figure 4-21. The replacement of the 5'-CF; with a
single fluorine atom (compound N2b), hydroxymethyl or azo group or the removal of the
5'-CF3 group (in compound N2e) resulted in a complete loss of binding. Replacement
with a methyl group (compound N2d) substantially reduced the extent of CSP in the
VeDsbA spectra. Along with a reduction in binding, these compounds without a 5'-CF;

aroup also showed reduced inhibition as listed in Figure 4-25.

Overall the data associated with the replacement of 5°-CF3 suggests the importance of this
¢roup for binding and inhibition, possibly due to strong hydrophobic interactions with
VcDsbA. It was also observed that the 2-hydroxypropyl side chain contributed to binding.
Surface grid maps with NMR-based docked poses support these interactions as shown in
Fgure 4-11. The 5°-CF; group interacts with the hydrophobic maps and makes contact
with the hydrophobic groove residues (Figure 4-6 and 4-11). The closest and most highly
perturbed residues near the CF; group in the docked model include Lys 165, Serl66,
Tyr170, Val174, Leul77 and GInl62 in the groove region and 1le39, 11e40 and Leu43

near the active site region (Figure 4-8). Analysis of HSQC data showed the significant
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reduction in CSP of the above residues for analogues without the 5’-CF; (N2b, N2g and
N2e). Additionally, no significant changes were observed in CSP strength upon removal
of 2-hydroxypropyl side chain. These observations are consistent with the proposed
orientation of fragment N6 in the groove suggested by NMR-based docking.
Additionally, further substitution of the ring with halogen-containing electron-
withdrawing groups such as CF; (compound N2k) and chlorine (compound N2j) atom
generally enhanced binding and inhibition (Figure 4-20). Alternatively, the addition of a

CH; (compound N2i) reduced the ligand binding.
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Figure 4-25: Chemical shift changes AS(NH) induced in HSQC spectra of 'H-""N VeDsbA
upon the addition of the benzimidazole analogues N2a-g and original hit N2. ECs, values

from the motility assay are also listed for some compounds.
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Figure 4-26: Chemical shift changes AS(NH) induced in 'H-""N HSQC spectra of VeDsbA
upon the addition of disubstituted benzimidazole analogues N2h-k and the original hit N2.

EC5) values of these compounds in the motility assay are given.
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By employing synthetic chemistry and NMR experiments in combination with the use of
inhibition data for the benzimidazole analogues, a feasible strategy was established for
the further optimization of this class of VcDsbA inhibitors. Along with high LE,
extensive interactions with the binding site and suitable physiochemical properties, the
benzimidazole analogues show good potential for further optimization to give potent
small molecule inhibitors of VcDsbA. Structural analysis of these compounds suggests
that further extension of the benzimidazole core by hydrophobic substitutuents could
provide higher affinity compounds. On the other hand, further optimization of a polar
functionality at the 2’ position may be able to probe hydrogen bonding interactions
towards the open end of the groove. Subsequently, further development of these
compounds will be carried out using a combination of structural NMR, docking and

medicinal chemistry efforts; however, these studies are beyond the scope of this thesis.

42.9.2 Selectivity over EcDsbA inhibition

As mentioned before, VcDsbA shares a low sequence similarity with EcDsbA, but was
uble to restore motility in E.coli “dshA mutants. To show that the observed effects of
DsbA binding fragments were DsbA-specific, wt (EcDsbA) E.coli and pVcDsbA mutants
were tested against a set of EcDsbA binders that do not bind to VecDsbA (Figure 4-4,
Table 4-1 and 4-5). These tested compounds inhibited motility in wt (EcDsbA) E.coli, but
showed no inhibition of motility in VcDsbA complemented mutants, demonstrating the
EcDsbA specificity of these compounds and the inhibition of only DsbA-dependant

functions in this cell-based assay. Similar cross-binding analysis was conducted for
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eighteen compounds which bound to either EcDsbA or VcDsbA by HSQC experiments.

As summarized in (Table 4-5) most of the original VcDsbA hits were found not to bind to

EcDsbA; however a subset of the EcDsbA hits (B6, C4, E3 and 10) bound to VcDsbA

with medium extent shifts.

Table 4-6: Compound number, intensity of CSP observed at 1mM, and % inhibition of

motility at 500 uM of VcDsbA and EcDsbA binding fragments.

Comp. CSP strength CSP strength Comp. | CSP strength CSP strength
|
f EcDsbA and % | VcDsbA and % EcDsbA and | VcDsbA and %
inhibition of wt inhibition of - % inhibition of | inhibition of -
Ec pVeDsBA wt Ec pVcDsBA
1 +++ 100% - 0% N1 - - ++ 50%
2 +++ 100% - 0% N2 - - +++ 100%
3 +++ 100% - 0% N3 - - ++ 80%
B1 ++ | 100% + 50% N4 - - ++ 0%
B6 +++ n.a ++ n.a NS - - ++ 0%
¢ C4 +++ 100% ++ 0% N6 - - ++ 0%
Kl T+ | 100% | - 0% N7 - - ++
E2 T+ | 100% | - 0%
¢ E3 ++ 100% ++ 70%
i
} 10 +++ 100% ++ 100%
|
| SE12 +++ 100% - 0%
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This observation indicates the potential for selectivity of several of the identified hits for
their respective DsbA enzymes and is further validated by the motility assay inhibition
results (Table 4-5). Notably, in each case tested the compounds bind to the hydrophobic
region near the active site of VcDsbA or EcDsbA enzymes and these compounds
selectively inhibit motility in the corresponding whole cell system. The restoration of wt
E.coli motility by pVcDsbA mutant suggests that despite low sequence similarity among
EcDsbA and VcDsbA, these enzymes contains are capable of binding to and oxidising the
same protein substrates. The structural differences between hydrophobic grooves in these
enzymes are probably responsible for small molecule binding selectivity. This suggests
that small molecules that bind selectively to DsbA enzymes can be designed that may

target a particular bacterial species to counteract virulence.

43 Conclusion

A fragment-based approach was used to identify binders and potential inhibitors of
VcDsbA by combining multidimensional NMR, HSQC-guided docking and surface grid
map-based screening. Fourteen scaffolds exhibiting high to moderate affinity were
discovered with a >90 % agreement between experimental and computational results for
virtual selection using VcDsbA site grid maps. The accuracy and agreement between the
computational results and experimental data suggests that the VcDsbA binding site model
and our overall protocol is reasonable. Indeed we envisage that these methods can be

used for the extension of fragments to generate larger molecules to potentially increase
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their binding. Benzophenone N6 and benzimidazole fragments N2 were further explored
by the design and synthesis of an analogue series. These proved to be useful for analysis
of SAR however this was limited by the lack of solubility in the case of the
benzophenone analogues. Significantly, reliable docked solutions were generated using
NMR constraint-based docking for the selected compounds to study small molecule
binding to VcDsbA. Moreover, the bacterial motility assay was optimized to study the
mhibition and selectivity profile of the identified VcDsbA hits. The overall results show
that VcDsbA is a highly tractable target and the compounds we have described should

provide a firm platform for further optimisation.
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Chapter 5

Elaboration of phenylthiophene and the phenoxybenzene fragments as

potential inhibitors of EcDsbA
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5.1 Introduction

Development of a high affinity lead - like compound from a low affinity and low
molecular weight fragment presents challenges such as synthetic feasibility, careful
monitoring of affinity with respect to size, choice of elaboration strategy and monitoring

of physicochemical properties.”'

Conventional medicinal chemistry approaches of
synthesising analogues of a known ‘active’ are the most commonly used methods for
improving compound affinity and are widely applicable to the fragment elaboration
process.??? The iteration of similarity searching, analogue synthesis, screening and design
enables growth of the fragment into a ‘hit’ compound, which can be facilitated by binding
site information from biophysical methods such as NMR and/or X-ray c:rystallography.223
In the FBDD process, solution state NMR is one of the most verstaile tools for the study

of weak binding interactions between small ligands and protein targets,' !> 17> 1252

Chapter 3 described screening by NMR of a fragment library, which led to the
identification of several diverse compounds that bound to EcDsbA with uM potency and
good LE. Some of these compounds inhibited the activity of EcDsbA in a cell-based
motility assay, and structures of a number of complexes were determined using X-ray

crystallography. Two series of compounds that displayed good LE, activity in the motility

assay' ™ 3% 3® and for which high-resolution crystal structures were available were the

phenylthiophene compounds 1-3 and the phenoxybenzene compound 4. (Please note that
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the compound numbers mentioned in the paper format chapter 3, are different from the
compound number discussed in this chapter. Compound 2 discussed in chapter 3 will be

numbered as compound 4 in current chapter)

Notably these compounds were readily soluble in NMR sample buffers and the media
used for inhibition assays (Figure 5-1). Consequently a number of in vitro tests were
performed in order to demonstrate that the observed activity was due to inhibition of
EcDsbA and not toxic effects of these compounds on bacterial cell growth. These tests
confirmed that phenylthiophenes and the phenoxybenzene compound have no inherent

toxicity for bacterial growth in standard conditions hence can be further analysed by cell-

based assays.

LE, which relates the free energy of binding to the number of non-hydrogen
atoms in a fragment, is a better parameter than affinity in order to select a lead
compound.”® '®*¢ Although the NMR hits 1-3 and 4 have low affinities because of their
low molecular weights, they show relatively high LE (up to 1.5-1.8 kJ mol'lHAC’l).
Therefore, these EcDsbA scaffolds were considered excellent starting points for further
chemical optimization to potent leads. This chapter describes attempts to optimize each of
these cores, by testing analogues that were either available from commercial sources or
could be readily obtained by in-house synthesis. Analogues were restricted to compounds
with MW < 300 to focus on optimization of the core rather than extension of the

85, 99, 224

fragment and were initially tested for binding to EcDsbA by recording "end-

point” '"H-'""N HSQC spectra. The analogues that gave the largest CSP in end-point 'H-
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"N HSQC spectra were characterised further by measuring Kp from 'H-"N HSQC
titrations and potency by in vitro bacterial motility assay. This resulted in the
identification of core scaffolds with improved LE values that represent better starting

points for further design of novel and more potent inhibitors of EcDsbA.

/ /
NH NH
S HN—
S
Erd S@>~C§ O~
1 2 3

o)
H
©/ \©\/N\
4
Figure 5-1: Structures of the lead fragments for optimisation. Three phenylthiophene
cores comprising the 2-phenythiophene fragment 1 and the 3-phenylithiophene fragments

2 and 3 as well as the phenoxybenzene fragment 4 were chosen for further optimisation

based on their potency, LE, activity and availability of crystal structures.
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5.2 Results and Discussion

5.2.1  Characterization of phenylthiophene hits 1-3

In Chapter 3, the identification of three phenylthiophene fragments, which inhibit
EcDsbA was described. Each had an N-methyl-methanamine substituent at either the 3' or
4' position of the phenyl ring. Two of the fragments were 3-phenylthiophenes, whilst the
third was a 2-phenylthiophene (Figure 5-1). These fragments induced large CSP (up to
0.17 ppm) in 2D 'H-""N HSQC spectra of oxidized EcDsbA. (Please refer Appendices
section 8.5 and 8.6 for the STD screen result analysis and HSQC chemical shifts of
fragments 1-3 upon binding with EcDsbA). The perturbed residues were similar in each
case although the CSP were of slightly different magnitude (Figure 5-2). The CSP of
multiple residues as a function of compound concentrations were used to plot binding
isotherm for Kp determination.®** ''"* The binding affinities reported in this chapter are
dissociation constants (Kp) determined by 'H-"N HSQC NMR based titration (see
Chapter 2 Section 2.3.2). All ligand efficiencies are calculated directly from the NMR

dissociation constants and have units of kJ per mole per heavy atom.”

223



Chapter 5

P I P EE R T RSP TR EETITTIETETEE
sdddddddddddddidddpiddddidddagd
NeINAVNGNNANQEIIENoenIONISNNY
R R T R EE RV EFEEEREEE R

2 UQ—US“U>2>:Q>>

Hydrophobic Groove Region

. Active Site Region
<> e

S:\ : HN—

011

0.05 -

0.02

ZIXIXIIIIIIIIIIIIIIIIIIIIIIX
Rigraizssanasntiszisitint
¢S 8Pyl RC RO N ARAREE]

“Tx~-<dxXxggwzzg>

Figure 5-2: Phenylthiophene class of EcDsbA hits identified from NMR-based fragment
screening. Significant CSP (A8 (NH) > 0.02 ppm) induced in 'H-""N HSQC spectra of
EcDsbA upon the addition of fragments (1-3) are shown. A dashed line has been placed
on the ppm scale to highlight the extent of CSP in each case. Important binding regions of

the protein have been shown as arrows on the lower histrogram.

Fragments 1-3 have measured Kp values of 77 uM, 25 uM and 74 uM and LE values of
1.66, 1.80 and 1.67 kJ mol”' HAC' respectively. They showed inhibition in the motility
assay with measured ECsg values of 52, 36 and 4 uM, respectively. Whilst there is good
agreement between the Kp and ECso values for fragments 1 and 2, the discrepancy

observed with fragment 3 may indicate that it is inhibiting motility in a non-EcDsbA
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dependent fashion or due to properties associated with absorption or membrane

permeability and metabolism in the cell-based assay.

The CSP observed in 'H-""N HSQC spectra suggested that the fragments were binding in
the hydrophobic groove region of the EcDsbA structure adjacent to the active site (Figure
5-3 and 5-4). This was confirmed in the case of fragments 1 and 2 by obtaining high
resolution structures of their complexes with EcDsbA. The X-ray structures confirmed
that the fragments bound in the hydrophobic groove of the thioredoxin domain of
EcDsbA.*®  Despite several attempts of co-crystallisation and to soak crystals of
EcDsbA with fragment 3 no structure was obtained, although based on the similarity of
the CSP observed for all three fragments a similar binding mode was inferred. The
structure of EcDsbA consists of a thioredoxin domain (residues 1-62 and 139-189) with
an o helical domain inserted (residues 63-138) at the active-site Cys30-Pro31-His32-
Cys33.%9 207 225 A5 shown in Figure 5-3 the surface of EcDsbA contains a number of
unique and functionally important features including a peptide binding groove,
hydrophobic pocket and hydrophobic patch and an acidic patch on the opposite face to
the active site disulfide.>* Interestingly the residues interacted with compounds 1-2 are
similar residues involved in the EcDsbA-EcDsbB binding hence they are binding at a

functionally important region.*?* >

225



Chapter 5

Figure 5-3: The surface features of EcDsbA highlighting the active site (yellow),
hydrophobic patch (orange), hydrophobic pocket (cyan), hydrophobic groove (violet)

and acidic patch (red) which is on the opposite side of the active site.

—~ ; POy

Figure 5-4: EcDsbA surface (white) mapped with CSP (A8(NH) > 0.03 ppm) induced and

calculated from 'H-""N HSQC spectra, upon binding of phenylthiophene hit 1 at 1200
uM. Higher, lower shifts and unassigned residues have been colored as magenta, pink and

Cyan, respectively.
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Phenylthiophene fragments 1 and 2 bound in similar and overlapping orientations
directly below the active-site disulfide of EcDsbA at the midpoint of the hydrophobic
groove (Figure 5-5). This binding was dominated by nonpolar hydrophobic and van der
Waals (vdW) interactions with the surrounding residues. Fragments 1 and 2 bound only
to one of the two molecules of EcDsbA in the asymmetric unit of the crystal lattice, and
the crystals diffracted to a resolution of 1.95 A and 1.99 A, respectively. In both cases,
the thiophene ring is surrounded by Phe36 and Leu40 of EcDsbA whilst the phenyl ring
is located mainly over the hydrophobic pocket where it partially stacks with Phe174. The
methanamine side chain lies in close proximity (~3.8 A) and makes vdW interactions
with His32, cis-Pro151 and Pro163 that are key residues involved in the interaction of
EcDsbA with its substrates.”® *® * An uncharged residue Thr168 along with
hydrophobic residue Met171 interacts with the phenyl and thiophene rings respectively
via hydrophobic contacts. (Figure 5-5). Altogether crystal structures of fragment 1 and 2
revealed up to 60 vdW interactions to the aliphatic amino acids of the hydrophobic

groove as calculated within CCP4 software.'”™

A notable feature of the complexes
formed with these fragments is that no polar interactions were observed in the crystal
structures, suggesting that the interactions are largely non-polar and driven by shape-
complementarity between the active site and the fragment. This is not unusual for
fragment binding to proteins,??’ and despite the lack of polar interactions their high ligand
efficiency of binding suggests that these compounds are reasonable starting points for

further optimisation.”®
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Val150

Figure 5-5: (A) Orientation of phenylthiophene fragment 1 (green stick representation)
binding at the crystal structure of EcDsbA (white stick and ribbon representation). (B)
Crystallographic  positions of phenylthiophene fragments 1 and 2 (green stick
representation) showing their overlapping binding sites in the hydrophobic groove of

EcDsbA (electrostatic surface representation).
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5.2.2  Elaboration of phenylthiophene compounds 1-3

Analysis of the X-ray crystal structures of phenylthiophene fragments 1 and 2 suggested a
potential strategy for the optimization of binding to EcDsbA. Figure 5-5 illustrates two
areas in which it might be possible to improve the interaction of the phenylthiophene
fragments with EcDsbA. Firstly, there is a significant region of the groove below the
fragment that is not occupied. It was rationalised that by functionalising the 2', 3’ and 4’
positions of the phenyl ring with various groups it may be possible to more completely
fill this pocket and thereby increase the binding affinity. Secondly, there is additional
space to extend the fragment from the nitrogen of the methanamine substituent towards

the open end of hydrophobic groove near the cis-Pro151 loop. 2%

To test these binding hypotheses a number of approaches were undertaken. Firstly, new
compounds that maintained the 2- or 3-phenylthiophene core, but which had a diverse
range of substituents at the 2', 3' and 4' positions of the phenyl ring were sourced from
cither commercial or in-house collections. Secondly, a range of N-substituted
methanamines were synthesised by Mr Bradley Doak (Monash Institute of
Pharmaceutical Sciences). Finally, alternate ring systems consisting of linear 5-5 and 5-6

heterocycles, that were similar to the phenylthiophenes as assessed by their Tanimoto

193, 228

score were purchased. A Tanimoto similarity threshold of 0.35 was set as the cut-

off based on the literature.”?® Substitution of the phenyl ring with pyridine or thiophene

was also attempted to explore interaction of this ring as well as enhance polarity and
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solubility. Elaboration of the amine via amide couplings as well as replacement of the
thiophene ring with a phenol ring were also attempted to increase affinity based on
potential interactions of fragments 1 and 2. Forty six new compounds were chosen or
synthesised via this process for evaluation and were first tested for solubility under the
conditions employed in the 'H-">’N HSQC and motility assays. Seven of the selected
analogues showed poor solubility in minimal media used for the motility assay and
another three were insoluble in the NMR sample buffer and these were discarded. For the
remaining analogues end-point 'H-'""’N HSQC spectra were recorded and ranked as
(strong, +++), (medium, ++), (weak, +) or (no binding -) on the basis of a threshold
applied for overall weighted average (AS NH) CSP > 0.03 ppm. This threshold was set
according to the extent of the strongest and weakest CSP observed in 'H-'>'N HSQC
spectra of EcDsbA upon binding of ligands in each series. In addition, the effect of the

? in the

compounds on motility was determined by undertaking the motility assay'”
presence of a single concentration of the compound (500 uM) and measuring the %
inhibition of motility.*> **® For those compounds that gave the strongest CSP (+++), the

Kp was determined from the 'H-">’N HSQC titration experiment, and for compounds that

displayed 100% inhibition of motility at 500 pM, an ECso was measured.
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52.2.1 Analogues of the 2-phenylthiophene series

The structures of the 2-phenylthiophene analogues that were purchased and tested are

shown in Table 5-1.

2 3
S —
Wan\ | /| Substituent 2' 3 T
: _*}N— Al | bk | 1 | b | ALL | e
-§-NH, A2
e A3 + | A8 | + [A12]| +
1 0% 30% 0%
OH Ad + A9 | +++ | A13 | +++
'3«0 10% 100% 100%
_/OH A5 [ A0 BT Ale [
t 100% 100% 100%
Br A6 ++
4/
100%
$Br Al5| -
0%

Table 5-1. Analogues of the 2-phenylthiophene fragment 1. The table shows the
chemical structure of the substituent and the position (2, 3" or 4') of attachment to the
phenyl ring. The compound number, the magnitude of CSP observed in the 'H-"N HSQC
end point experiment along with the % inhibition of motility caused by the fragment at a
concentration of 500 uM are listed. Fragments highlighted in grey were selected for

further characterisation.
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Table 5-1 reveals that several different functional groups are tolerated at each position on
the ring. A notable finding is that loss of the N-methyl substituent from the parent
fragment results in a marked reduction in binding (Figure 5-6). As noted above, the
methyl group of the parent fragment 1 is involved in a hydrophobic interaction with
His32, Pro151 & Pro163, which suggests that these interactions are important for binding
(Figure 5-5). This observation is reminiscent of the phenomenon of ‘magic methyls’
which suggests that the addition of a single methyl group can increase potency up to 10-
fold by optimally burying of the surface area of a single ‘heavy’ atom.?”® In the present
case we were unable to measure Kp values for aminomethyl compounds A3, A8 and A12
due to their weak CSP, but this in itself is suggestive of a significant drop in Kp. Of the
remaining analogues of the 2-phenylthiophene fragment, ten were investigated further by
recording 'H-'>N HSQC titrations to measure their affinity and/or titrations in the motility

assay to measure their potency. The results of these experiments are summarised in Table

5-2.
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Figure 5-6: CSP (A8 (NH) > 0.02 ppm) induced in 'H-""N HSQC spectra of EcDsbA

upon the addition of 2-phenylthiophene analogue with N-substituted methanamines Al,

1, A11 and aminomethyl substitution A3, A8, A12.
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B 2| Kp | ECs | 3 Kp ECs | 4 Kp ECso

o (uM) | (uM) M) | (uM) ®M) | (M)

Z

a

§_f}N— A1|89+18 871 1 | 77+18 | 511 |All| 78+18 [ 1101

-4-NH, |A2| nd. |68+1| A7 | 3716 | 381

§_<OH A4 | nd. | nd | A9 [120£24 (1791 |A13 [ 1324251501
o]

%—/OH AS| n.d [154%1 [A10| nd [162+1[A14| nd. |125%]1

Table 5-2. Affinities and potencies of the 2-phenylthiophene analogues.

Across the series of 2-phenylthiophene analogues, it appears that there is generally

no clear preference for the substitution pattern of the phenyl ring. One exception to this is

the carboxylate substituent, where the 2'-carboxyl substituted compound A4 showed a

marked reduction in potency (as measured in the motility assay) and significantly lower

CSP than either the 3'- or 4'- carboxyl compounds A9 and A13 respectively (Figure 5-7).
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Analysis of the patterns of CSP observed across the 2-phenylthiophene analogues
revealed that the CSP data were similar with binding in the hydrophobic groove of
EcDsbA as had been observed with the parent fragment. However, upon closer
inspection, some subtle differences in the CSP were observed. Across the N-methyl
methanamine compounds Al, 1, A11l, CSP were induced for comparatively similar
resonances. Slightly larger CSP were observed for the 3' and 4' substituted compounds (1,
A11). Mapping of these shifts was located as one cluster of large CSP at residues around
the active site (Cys30-Cys33) and a second cluster centred on the loop residues that
define the bottom edge of the hydrophobic groove of EcDsbA (Leul61-Asn170) (Figure
5-6). For the carboxylate-substituted compounds (A4, A9 and A13) the CSP were
markedly reduced in case of 2'-substituted compound A4, (Figure 5-7) corresponding
with its apparently lower affinity as suggested from the motility data. The 3'- and 4'
substituted compounds on the other hand, induced CSP in the groove albeit that the
patterns of perturbation were again subtly different. (Figure 5-7) The hydroxymethyl-
substituted compounds AS, A10 and Al4 each gave similar patterns of perturbation
although the extent of CSP around the active site for the 2’-substituted compound was
somewhat smaller (Figure 5-7). Similar to AS5, analogue A6 containing a bulky
substitution at 2' with bromomethyl group (Figure 5-8) induced small CSP. With the
amine substituted compounds A2 and A7 the binding location was consistent with CSP in
the hydrophobic groove of EcDsbA, although the extent of perturbations observed with
the 2'- substituted compound A2 was generally reduced and there were notably fewer

perturbations observed around the active site residues. 2'-Amino substituted compound
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A2 showed a marked reduction in potency (as measured in the motility assay) and

significantly lower CSP than the 4'- amino substituent (Figure 5-8).
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3' amino substituted compound A7 induced high CSP up to 0.1 ppm in the active
site and groove region with a pattern relatively similar to the original N-methyl
methanamine compound 1. Highly perturbed residues in this case were positioned around
active site (residues Glu38, Val39, Leud0, GIn35, Phe36, Cys30, Cys33). This compound
showed about a 2-fold increase in affinity and inhibition along with the highest LE of 2.2

kJ mol” HAC ™' among all the identified EcDsbA hits in this study.

5.2.3  NMR guided molecular docking

In an effort to characterise the binding poses of these 2-phenylthiophene analogues a
number of them were soaked into crystals of EcDsbA. Of the compounds tested only the
3-carboxylate compound A9 showed any additional density in the electron density map
obtained from the crystallographic data. However, the data were not of sufficiently high
quality to generate a high-resolution model of the complex. Nonetheless, the additional
density is consistent with this fragment binding in the hydrophobic groove of EcDsbA as
suggested by the NMR CSP data. (Data not shown)

X-ray crystallographic complexes of N-methyl methanamine phenylthiophene hits
land 2 represent the binding mode for this class however analogues of these compounds
might interact in a different mode with EcDsbA groove. It has been demonstrated in
recent fragment elaboration studies that the binding position of the parent core is often
not constant but can be either slightly altered or in some cases completely different in
analogues.”®® Hence considering the crystallographic binding mode of a parent core to

interpret interactions of an analogue might create a biased outcome for the understanding
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of binding across a series. As described in chapter 4 NMR-based molecular docking
provides an alternative to identify binding locations and orientations in the absence of X-
ray crystal structures.'®” 2! To identify the binding mode and positions of the newer
EcDsbA hits, we coupled our experimental NMR data with docking calculations. (NMR-
based docking protocol and validation results were described in chapter 2, section 2.7 and

chapter 4, section 4.2.3 respectively).

Figure 5-9 illustrates the comparison between NMR-based docked solution of fragments
1, 3 and 4 and the crystallographic coordinates of EcDsbA-fragment complexes that we
had obtained for these compounds. Hence this approach was able to generate a good

agreement between most of the crystallographic pose and docked solutions.
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Figure 5-9: Illustration of validatio of NMR-based docking. Superposition of the
crystallographic coordinates of fragments (white stick representation) bound to
EcDsbA, with the predicted binding mode of the same fragments (green stick
representation). Surface of EcDsbA, mapped with the end point 'H-N HSQC CSP
(blue) of the corresponding fragment and Cys30-Cys33 and unassigned residues are

coloured in yellow and pink respectively.

Subsequently, NMR-based docking with CSP data was used to dock selected analogues
into EcDsbA. For each studied complex docking grids were generated on the EcDsbA
NMR binding region of the corresponding fragment. Within this grid area hydrophobic
constraints were added in those regions of EcDsbA that showed significant CSP in 'H-"N
HSQC data. A simple relationship was considered between the magnitude of the CSP and

the distance from the amino acid’s NH atoms and the nearest ligand atom according to the
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protocol described by Stark et al.'® A number of docked solutions were optimized to
obtain the best scoring pose by using Glide selection criteria.'®> '® Information obtained
from the selected complexes was compared with 'H-"’N HSQC data where distances
between the docked ligand were measured to surrounding residues within 5 A. In most
cases the distances from the fragment to the -NH of highly perturbed residues of each
ligand were found to match well with their experimental CSP values. The highest scoring
pose from the NMR-constrained docking of some selected fragments is shown in Figure 5-

10.

241



Chapter 5

Figure 5-10: CSP maps of EcDsbA bound to selected fragments. Residues are

coloured according to the extent of CSP with red being the largest CSP observed.
Unassigned residues (His32 and prolines are coloured in cyan). Analogues of
fragments 1-3 and 4, compounds A28, A20, All, E8, A7 and SE12 (green stick

representation) binding in hydrophobic groove.
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(A7

Figure 5-11: NMR-based docked poses of phenylthiophenes A7 and 1 (green stick
representation) in complex with EcDsbA. Additionally, the crystal bound pose of 1
(white stick representation) is superimposed with its docked pose. For compounds A7
and 1, surface of EcDsbA is mapped according to the CSP strength where residues
having the largest CSP are coloured red and blue respectively and unassigned residues

are coloured in cyan and pink respectively.
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The docked solution of the 4-methylaminomethyl analogue A11 revealed that binding
location and orientation of this analogue is similar to the X-ray structure of the original hit
N-methyl methanamine compound 1. As shown in Figure 5-10 this position also
corresponds with 'H-""N HSQC CSP binding data mapped on to the EcDsbA structure with
docked pose of A1l. In the case of the 3-amino compound A7, the NMR constraint based
pose revealed a different binding mode, which is in a flipped orientation relative to the
original hit N-methyl methanamine compound 1 and also largely supports the 'H-""N
HSQC binding (Figure 5-11). The docked solution shows that A7 binds in the hydrophobic
pocket and makes vdW contact with the flexible groove and the residues surrounding the
active site. Given the enhancement in Kp and activity, we were encouraged to see a
hydrogen bond (N—H.....0) between the N of the amino group and the amide backbone
carbonyl of His32 in this docked solution. This analogue therefore suggests the possibility
of a new interaction to EcDsbA. Importantly this is a polar interaction that could be

exploited in the future design.

The structures of the available or purchased molecules that were based on structural
similarity (Tanimoto > 0.35) to the phenylthiophene fragments are shown in Table 5-3.

Most of the similar molecules (A32-A36) that contains an altered thiophene ring such as
heteroatom change or substitution of polar or bulky groups showed either weak or no

binding (Table 5-3).
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Compounds CSP A3(NH) % inhibition
strength
El \\/ ( ) A32 + 50%
o]
| A A33 + 20%
S
Br S
HoN A35 - 0%
0
(0]
| A A36 + 10%
(@] S

Table 5-3. Chemical structures of the compounds similar to the 2-phenylthiophene

fragment. The compound number, magnitude of CSP observed in the end point 'H-""N

HSQC along with the % inhibition of motility caused by the fragment at a concentration of

500 uM are listed.
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5.2.4 Analogues of the 3-phenylthiophene series

The structures of the synthesized or purchased 3-phenylthiophene analogues that were

tested are shown in Table 5-4.
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50%

Table 5-4. Analogues of the 3-phenylthiophene fragment. The table shows the chemical
structure of the substituent and the position (3' or 4') at which the substituent was attached
to the phenyl ring. The compound number, the magnitude of CSP observed in the end point
'H-'N HSQC experiment along with the % inhibition of motility caused by the fragment at
a concentration of 500 uM are listed. Fragments highlighted in grey were selected for

further characterisation.

3-phenylthiophene analogues showed somewhat similar preferences or tolerances for
polar functionality in the 3' or 4' position as observed for the 2-phenylthiophene analogues.
In this core 4' position, carboxylate substitution in compound A20 had improved binding as
compared to the 3’ carboxylate substitution in compound A17. (Table 5-4) As shown in
Figure 5-12, A20 induced higher shifts (up to 0.11 ppm) in the groove region. NMR
constraint -based docking suggested that its binding location was similar to the parent
fragment, albeit with the carboxyl group oriented down towards the groove residues with a

polar contact with Gln164 as shown in Figure 5-9 and Figure 5-13.
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Figure 5-12: CSP (As (NH) > 0.02 ppm) induced in "H-""N HSQC spectra of EcDsbA
upon the addition of the 3-phenylthiophenes analogues A17 and A20.

(A20

\ il

Figure 5-13: NMR-based docked poses of phenylthiophenes A20 and 2 (green stick
representation) in complex with EcDsbA. Additionally, the crystal bound pose of 2 (white
stick representation) is superimposed with its docked pose. For compounds A20 and 2,
surface of EcDsbA is mapped according to the CSP strength where residues having the
largest CSP are coloured red and blue respectively and unassigned residues are coloured in
Cyan and pink respectively.
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Analogues of the 3-phenylthiophene fragment that showed significant CSP and good
inhibition of motility were investigated further by recording 'H-">’N HSQC titrations to
measure their affinity and/or titrations in the motility assay to measure their potency. The

results of these experiments are summarised in Table 5-5.

Substituent | 3" [ Kp(uM) | ECso(uM) | 4 | Kp (M) | ECso (M)

HN— 2 25+9 37+1 3 74 £20 4+1
OH Alé n.d 183+1 | A19 n.d. 180+ 2
-g_/
§_<OH Al17 n.d. n.d. A20 | 6825 176 £ 1
o
H A21 | 124 + 80 172
ng\/
H A23 | 116+ 58 n.d

< > A25 | 66+40 n.d.
N

(*0 A26 | 2018 197 + 1

A28 | 8+14 64 £2
»O
_§_/
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‘Q A29 | 106 + 60 n.d.
HN

J@ A31 [ 82+47
HN

Table 5-5. Affinities and potencies of the 3-phenylthiophene analogues.

Despite the observation of strong CSP, no enhancement was seen in Kp for a
number of polar substituted analogues like the carboxylate or hydroxymethyl in 2 or 3
phenylthiophenes as discussed above. (Table 5-1 and 5-4) Nonetheless, the structural data
suggests that in addition to hydrophobic side chains, these polar functionalities might
play the role of a molecular anchor that binds the ligand to the EcDsbA protein.

The next step was an attempt to explore the steric effects of substituents on the
phenyl ring to investigate, firstly whether a substituent is tolerated, and secondly, how
large that substituent can be, with the future goal of functionalizing that substituent to
make further interactions. The topology of the hydrophobic groove suggests enough
space is available to fit larger bulky or hydrophobic groups on the side chain, which may
provide favourable interactions. To elaborate hits by further synthesis we selected 3-
phenylthiophene fragments 2 and 3 as these hits were found to be the most active
EcDsbA inhibitors in the motility assay among the hits in this series. X-ray crystal
structures of similar fragments 1 and 2 (Figure 5-14) and '"H-""N HSQC data helped us to

predict the binding mode of fragment 3. Taken together all this data strongly suggested
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that fragment 3 which contains a 4’ position side chain and high LE to the EcDsbA has a
binding mode very similar to that of fragments 1 and 2. In house chemical synthesis was
carried out by Mr Bradley Doak in order to obtain the desired compounds that were not
commercially available and included compounds A21-A31 with 4’ position substitutions

(Table 5-4).

Prol63

Figure 5-14. Crystal structure of EcDsbA bound to phenylthiophene fragment 2 (green
stick representation). Binding was dominated by nonpolar hydrophobic and van der
Waals interactions with the surrounding residues (grey stick and ribbon representation)

of hydrophobic groove region.
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Substitution with aromatic rings in compounds A29-A31 resulted in binding affinities
similar to hit 3 or worse; however they showed no motility inhibition (Figure 5-15, Table
5-4). Substitution with aliphatic groups in compounds A21-A23 and A25-A28 resulted in
a range of different binding affinities, from considerably weaker; to approximately a 10-
fold improvement. Analysis of NMR binding data suggested that 4’ bulkiness is
favourable for binding and tolerated up to a cyclohexyl group (A28), however
replacement with the bulkier adamantyl group (A27) showed a reduction in binding. This
may suggest the size of adamantane ring is too large to fit in the binding site although
poor solubility may also contribute to the loss of binding of compound A27. The
replacement of the secondary amine with a tertiary amine in the methyl, piperidinyl or
morpholino substituted compounds A22, A25 and A26 resulted in dramatically reduced
binding for the methyl A22, while the piperidinyl A25 retained potency. An
approximately 4-fold improvement in EcDsbA binding affinity was observed in the case
of the morpholino analogue A26 with a Kp of 20 + 18 uM. The pattern of CSP induced
by morpholine A26 along with the NMR-based docking results suggested that its binding
location is similar to the original hit, but with a greater extent of CSP both in the groove
and active site region. In the case of morpholine A26 we were successful in increasing
the bulkiness of the side chain to gain further binding affinity, while maintaining the
solubility by introducing the polar morpholine functionality. Within the amine substituted
analogues, cyclohexane A28 induced the largest CSP and exhibited the high affinity to
EcDsbA, with a Kp of 8 uM # 18 uM, and also possessed adequate solubility in the NMR
sample buffer. Binding of cyclohexyl phenylthiophene A28 to EcDsbA resulted in 'H-"N

HSQC peaks broadening or disappearance at higher concentrations. This, along with an
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intensity reduction for several resonances suggested fast-intermediate exchange binding.
A28 showed 100% inhibition of motility at a concentration of 500 uM and an ECs, of 64
uM was determined for this analogue using the motility assay. The discrepancy observed
between the Kp and ECs values for cyclohexyl analogue A28 may be associated with
solubility in the different media, adsorption or metabolism in the cell based assay. A
comparative analysis of CSP along with NMR-based docking of cyclohexane A28 and
the original hit N-methyl methanamine fragment 2 showed binding at similar position
although with more hydrophobic contacts in the groove region causing a greater number

of shifts in this region. (Figure 5-15 and 5-16)

Figure 5-16: NMR-based docked poses of phenylthiophenes A28 and 2 (green stick
representation) in complex with EcDsbA. Additionally, the crystal bound pose of 2
(white stick representation) is superimposed with its docked pose. For compounds
A28 and 1, surface of EcDsbA is mapped according to the CSP strength where
residues having the largest CSP are coloured red and blue respectively and

unassigned residues are coloured in cyan and pink respectively.
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This binding hypothesis was confirmed by solving the X-ray crystal structure of
cyclohexane A28 in complex with EcDsbA. The structure of this complex was solved to
2.28 A resolution by employing a crystal soaking method. The omit electron density
maps (Fo-Fc) showed clear binding for this ligand with the flexible cyclohexyl ring at an
occupancy of 1.0 (Figure 5-17). This crystallographic data revealed the position of the
phenylthiophene moiety for compound A28 was overlapping and but slightly shifted
towards the open end of groove as compared to parent phenylthiophene fragment 2.
(Figure 5-18) The docked solution was also found in good agreement with
crystallographic data further suggesting the reliability of NMR-based docking.
Comparative analysis of the crystal structures of phenylthiophenes A28, 1 and 2 revealed
that the imidazole ring of His32 moved upon the binding of A28 (Figure 5-17). The
shortest distance from the His32 imidazole ring to the phenyl ring in parent fragment 2
was 4.93 A. In comparison the shifted imidazole and the phenyl of the cyclohexyl
analogue A28 was 3.39 A apart. The His32 orientation changes may result from analogue
A28 binding down the groove to form better vdW interactions. Figure 5-18 illustrates that
similar to the original fragment hit 2 this compound also interacts with most residues of
the hydrophobic groove such as those that participate in the binding of EcDsbA with
membrane protein EcDsbB. Cyclohexyl analogue A28 binding to EcDsbA caused the
displacement of 3 additional water molecules (compared to fragment 1-2) along with
significant changes in side chain conformations. This structure revealed that the
cyclohexyl component of this compound interacted well with surrounding hydrophobic
residues Prol163, Prol51, Vall50 in the groove, thus contributing to an increase in

affinity compared to fragment 3.
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(A)

Prol51 His32

Phe36

Phel74
Prol163

(B)

Figure 5- 17: (A): (2Fo - Fc) electron density maps for the EcDsbA- cyclohexane
analogue A28 complex (contoured at o level 1.0) (B) Overlay view of cyclohexane A28
and original hit N-methyl methanamine fragment 2 with active site residue His32 which

undergoes a conformational change.
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Figure 5-18: (A) Crystallographic binding mode of phenylthiophene cyclohexyl analogue
A28 (green stick representation) with EcDsbA (grey stick and ribbon representation) (B)
Crystallographic position of compound A28 on EcDsbA electrostatic surface (C)
Comparative view of the crystallographic positions of each compound in the hydrophobic

groove of EcDsbA shown as an electrostatic surface.

257



Chapter 5

By employing similarity searching and synthesis of designed analogues, we have
established a feasible strategy for the further optimization of the phenylthiophenes series
which have high LE and suitable physiochemical properties. Structural analysis of these
compounds suggested that extension from the aminomethyl group of the 3-
phenylthiophene core could place a hydrophobic group into a deeper region of the groove
below the active site. On the other hand a polar functionality at the 3’ and 4’ positions of
the phenyl ring could perhaps probe the hydrogen bond interaction to active site His32
and other residues. Further optimisation along these lines is anticipated to result in further

gains in affinity.
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5.2.5 Analogues of the phenoxybenzene series

5.2.5.1 Characterization of the phenoxybenzene hit

In Chapter 3, the identification of another interesting EcDsbA inhibiting fragment
containing a phenoxybenzene core was described. Structurally, these compounds are
more flexible than the phenylthiophenes and interestingly, the most potent fragment hit
(phenoxybenzene 4) (Figure 5-1) of this class has a similar N-methyl methanamine
substituent at the 4-position of one phenyl ring whilst the second hit fragment 5 contains
a 4-position methanol substituent (Figure 5-19). Phenoxybenzene compounds 4 and §
showed a very similar binding profile by inducing large CSP (up to 0.15 ppm) in the 'H-
N HSQC spectra of oxidized EcDsbA within the hydrophobic groove and active site
region (Figure 5-19). Fragments 4 and § have measured Kp’s of 52 yM and 58uM and
LE’s of 1.5 and 1.67 kJ mol™' HAC ' respectively. They showed inhibition in the motility
assay with measured ECsp values of 21 uM and 60 pM, respectively. Whilst there is good
agreement between the Kp and ECso values for fragment 5, the subtle discrepancy
observed with fragment 4 may indicate that it is inhibiting motility in a non-EcDsbA-

dependent manner.
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Figure 5-19: Phenoxybenzene class of EcDsbA hits identified by NMR-based fragment

screening. Significant AS(NH) CSP > 0.02 ppm induced in assigned 'H-"N HSQC

spectra of EcDsbA upon the addition of fragments 4 and 5.
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Binding information obtained from 'H-""N HSQC experiments for this class was
confirmed by solving a 1.9 A crystal structure of N-methyl methanamine compound 4 in
complex with EcDsbA. The X-ray structure confirmed that this compound bound in the
hydrophobic groove of the thioredoxin domain of EcDsbA in a very similar position to
the previously described phenylthiophene compounds 1 and 2.

Despite several attempts to soak crystals of EcDsbA with fragment §, no structures could
be obtained. Based on the similarity of the CSP observed for these two fragments a
similar binding mode was inferred. Fragment 4 bound directly below the active-site
disulfide of EcDsbA at the midpoint of the hydrophobic groove as illustrated in Figure 5-
20. Similar to the phenylthiophenes this binding was dominated by nonpolar hydrophobic

and vdW interactions with the surrounding residues.

Interestingly, a second crystal structure of fragment 4 was obtained using a shorter
soaking time. This structure revealed an alternate orientation of binding with molecule
flipped in the opposite orientation, however with the molecule overall occupying a
similar position within the groove.. In this case the side chain makes vdW contacts with
GIn35, Val39 and Leu40 surrounding the active site. Overall these data revealed two
conformations for binding of compound 4 with EcDsbA and indicated the possibility of
structure-based elaboration of this core in either direction. Therefore, fragments 4 and 5,
which possess a high LE of 1.5 and 1.67 kJ mol' HAC"', respectively were also
considered to be good starting points for further chemical optimization to potent leads.

(A) Crystallographic binding mode of phenylthiophene cyclohexyl analogue A28 (green

stick representation) with EcDsbA (grey stick and ribbon representation) (B)
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Crystallographic position of compound A28 on EcDsbA electrostatic surface (C)
Comparative view of the crystallographic positions of each compound in the hydrophobic

groove of EcDsbA shown as an electrostatic surface.
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Figure 5-20: (A) Crystallographic binding of phenoxybenzene 4 (green stick) with
EcDsbA (grey stick and ribbon) (B) Phenylthiophene 1 and 4 (green stick) shown
overlapped in the EcDsbA (electrostatic surface) (C) Alternative crystallographic

orientation of fragment 4 (pink stick) shown overlapped with fragment 1 (cyan stick).
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525.2 Elaboration of phenoxybenzene hits 4 and §

The X-ray crystal structure of phenoxybenzene 4 suggested a potential strategy
for optimization of binding to EcDsbA for this class of compounds. Figure 5-20 shows
two areas in which it might be possible to improve the interaction of the fragments with
EcDsbA. Firstly, there is a significant region of the groove below the fragment that is not
occupied. It was rationalised that by functionalising the 2’ and 4’ positions of phenyl
rings with various groups it may be possible to more completely fill this pocket and
thereby increase the binding affinity. Secondly, there is additional space to extend the
fragment from the nitrogen of the methanamine, which may pick up further interactions
in one of the two different binding modes observed.

To test these binding possibilities and in order to optimize the affinity of the
phenoxybenzene series a number of approaches were undertaken. Firstly, a range of N
substituted methanamines were synthesised by Mr Bradley Doak (Monash Institute of
Pharmaceutical Sciences). Secondly, compounds similar to the phenoxybenzene hits that
maintained the diphenyl ether core possessing a diverse range of substituents at various
positions of the phenyl ring were sourced from either commercial or in-house collections.
Finally, alternate ring systems consisting of linear or non-linear 6-6 or 5-6 linked ring
systems were purchased for screening. Often for these compounds the oxygen atom was
replaced with a carbon atom and their similarity was assessed using a Tanimoto score. A
Tanimoto similarity threshold of 0.35 was set as the cut-off based on the literature.**
Twenty five new compounds were chosen via this process for evaluation and were

first tested for solubility under the conditions employed in the 'H-"N HSQC and motility
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assays. Most of these selected analogues showed good solubility in the minimal media
used for the motility assay and were soluble in the NMR sample buffer. Hence end-point
'H-'>N HSQC spectra were recorded for all compounds, with the resulting spectra being
ranked as (strong, +++), (medium, ++), (weak, +) or (no binding -) on the basis of a
threshold applied for CSP > 0.03 ppm as described above. The effect of the compounds
on motility was determined by undertaking the motility assay in the presence of a single
concentration of the compound (500 uM), and measuring the percentage inhibition of
motility. For those compounds that gave the strongest CSP (+++), the Kp was determined
from the 'H-""N HSQC titration experiment, and for compounds that displayed 100%
inhibition of motility at 500 uM, an ECs, was measured. The structures of the
phenoxybenzene analogues that were purchased (E1-E3) and synthesized (E4-E8) are
shown in Table 5-6. The structures of similarity based molecules (SE1-SE17) are shown

in Table 5-8.
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Substituent 2 4' Substituent 4'
HN— 4 i 3 H E4 ++
3/ 100% | = \K 50%
OH 5 +4++ | ES ++
3/ 100% | $ N 40%
$-OH | T E3 +++ H E6 ++
100% | SN 60%
E7 +
20%

HN

E8 +++
_;DN‘O 100%

Table 5-6. Analogues of phenoxybenzene fragment 4. The table shows the chemical
structure of the substituent and the position (2' or 4') at which the substituent was attached
to the phenyl ring. The compound number, the magnitude of CSP observed in the end
point 'H-""N HSQC along with the % inhibition of motility caused by the fragment at a
concentration of 500 uM are listed. Fragments highlighted in grey were selected for

further characterisation.
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Substituent 2 Ko (uM) | ECso(uM) 4 Kp(uM) | ECso(uM)
HN— El nd 160 + 1 4 52+14 201
_§_/
OH E2 716 £ 65 250+ 1 5 60 + 8 60 1
_§_/
+
HN“<:> E8 3£3 7242

Table 5-7. Affinities and potencies of selected phenoxybenzene analogues.

Table 5-6 reveals that several different functional groups are tolerated at each
position 2’ or 4' position on the phenyl ring. Initially N-substitution in the 4-position was
investigated by NMR. Analysis of the patterns of perturbations observed across the
phenoxybenzene analogues E4-E8 revealed that the CSP data were consistent with
binding in the hydrophobic groove of EcDsbA as had been observed with the parent
diphenyl ether 4. These compounds were synthesized with increasingly bulky substituents
from methyl to cyclohexyl. Aromatic ring substitution in compound E7 resulted in almost
complete loss of binding, while dimethyl and ethyl substituted compounds (E4 and E6,
respectively) showed decreased binding. The cyclohexyl substituted compound E8

showed stronger perturbations (Figure 5-21). This binding profile and preference of

267



Chapter 5

substitution is somewhat similar to the pattern observed with the 4-position of the

substituted phenylthiophene series.

Figure 5-21: CSP (Aé (NH) > 0.02 ppm) induced in 'H-""N HSQC spectra of EcDsbA

upon the addition of 4’ substituted phenoxybenzene analogues E4-E8.

Across this series, cyclohexyl analogue E8 induced the largest CSP with and
approximately 27-fold increase in binding affinity (Kp ~ 3 uM) and was identified as the
most potent analogue in this study. Disappearing peaks and peak broadening in the 'H-
°N HSQC spectrum suggested fast-intermediate exchange binding. This compound
showed inhibition with an ECsy of 72 uM in bacterial motility assay. The overall binding
profile of analogue E8 is quite similar to the most potent cyclohexyl compound A28 in
the phenylthiophene series. Analysis of the induced CSP suggested that the binding

location of E8 was similar to initial phenoxybenzene fragment 4, although possibly with
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more hydrophobic contacts in the hydrophobic groove due to the larger steric size of the
cyclohexyl group. We were able to solve a 2.2 A X-ray crystal structure of the EcDsbA
bound cyclohexyl substituted phenoxybenzene compound E8 (Figure 5-22). Consistent
with the NMR experiments, extra electron density indicated crystallographic binding into
the midpoint of hydrophobic groove of EcDsbA similar to phenylthiophene cyclohexane
A28. The electron density maps (2Fo-Fc) showed a clearly defined binding mode for this
flexible analogue at occupancy 1.0 (Figure 5-23). Binding of analogue E8 is comparable
to the first crystallographic orientation of parent phenoxybenzene fragment 4 and
thiophene A28 due to similar orientation of core and 4-position substitution in all these
cases. As shown in Figure 5-22 and 5-23 the orientation of the 4-cyclohexyl group of E8
is at the end of the hydrophobic groove near active site cis-Prol51. Prior to obtaining this
crystal complex of E8 with EcDsbA NMR binding data was used to dock the compound
E8 in the binding pocket of EcDsbA to study its binding mode as shown in Figure 5-10.
The docked solution was found to be in good agreement with the crystallographic data
further suggesting the reliability of NMR-based docking to study other analogues where

the crystal complexes are not available.
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Figure 5-22: (A) Crystallographic binding mode of phenoxyphenyl analogue E8 (cyan

stick representation) with EcDsbA (grey stick and ribbon representation) (B)
Crystallographic position of compound E8 (cyan stick representation) on an electrostatic
surface of the EcDsbA (C) Comparative view of crystallographic positions of compound
E8 with parent fragment 4 (green stick representation) in overlapping and adjacent binding

sites on the hydrophobic groove of the EcDsbA surface.
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The binding mode of the phenoxybenzene analogue E8 can be outlined using the X-ray
crystal structure and the results of the docking and NMR binding data are in agreement
with this structure. Figure 5-22 illustrates the position of the phenoxybenzene core of E8
compared to that of fragment 4 where it is positioned towards the open end of groove.
The cyclohexyl ring was located towards the active site His32 and resulted in the
imidazole ring moving upto 2.9 A away compared to apo EcDsbA. Without this induced
fit, the cyclohexyl ring would ordinarily be placed in a position that would clash with
His32. As a result the electron density of His32 was observed to move resulting in an

alternate conformation.

Prolsl

Figure 5- 23: Electron density (2Fo - Fc) maps for the EcDsbA-fragment E8 complex

(contoured at o level 1.0).
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E8 binding to EcDsbA caused displacement of 3 additional water molecules (compared
to fragment 1-2) along with significant changes in side chain conformations.
Additionally, this crystal structure revealed a water mediated hydrogen bond between the
oxygen of the phenoxybenzene core of E8 (2.82 A H,0 2.65 A) to GIn35 (Figure 5-22).
The vast bulk of the interactions between EcDsbA and compound E8 are apparently
hydrophobic interactions. Similar to the original fragment 4, this compound also interacts
with many of the residues of the hydrophobic groove that participate in binding of
EcDsbA with membrane protein EcDsbB. The structure revealed that the cyclohexyl
component of this compound interacted with surrounding hydrophobic residues Pro163,
Pro151, Vall50 in the groove. This contributed to an increase in affinity relative to
fragment 4 and made a number of interactions across the hydrophobic groove (Figure 5-
22).

On the other hand, analysis of the pattern of CSP of the phenoxybenzene analogues
El - E3, 4 and 5 suggested that generally there is no clear preference for the polar
substitution of the phenyl ring as all of these analogues induced strong CSP (Figure 5-
24). Alcohol E2 consists of a 2'-position methanol substitution on the original hit § and
showed a similar binding pattern with CSP up to 0.15 ppm. This compound induced large
CSP in residues positioned around the active site along with higher shifts in groove
region GInl64, Thr168. Additionally many shifts changes were observed in the
surrounding region possibly due to large conformational changes in the flexible groove

region. However the overall decrease in Kp and LE in this case is indicative of the fact
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that 'H-"N HSQC CSP strength and binding affinity of the ligand do not necessarily

correlate.

Compared to 4'- N-methanamine compound 4 the 2' substitution in analogue E1
resulted in the loss of interactions in the groove region, with fewer interactions around the
active site (Figure 5-19 and 5-24). Interestingly, the CSP mapping of E1 supports the
second conformation of fragment 4 in the crystal structure where the side chain interacts
with residues GIn35 and Leu40 surrounding the active site. In this orientation the side
chain at the 2'-position is likely to make fewer interactions with residues in the groove.
Removal of the second phenyl ring in compound SE3 causes the loss of CSP in the

groove, again supporting the second conformation of fragment 4 as illustrated in Figure

5-24.

A subtle improvement was observed in binding affinity for the similarity-based
compound SE1, where the second phenyl ring in parent fragment 5 is replaced by a
pyridine ring. (Figure 5-25) Pyridine SE1 induced up to 0.05 ppm higher CSP in the
active site region, however lesser shifts in the groove region as compared to parent
fragment 5. This compound showed good solubility and also inhibited bacterial motility
with an ECsg value of 71 uM, suggesting it could be a useful starting point in designing

better compounds.
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Figure 5-24: CSP (A8 (NH) > 0.02 ppm) induced in 'H-""N HSQC spectra of EcDsbA

upon the addition of analogues E1-E3 and SE3.

Following the similarity search process to indentify ligand for screening, an interesting
molecule was identified which had a methylene linked phenylthiophene SE12. (Table 5-
8) Compound SE12 can be considered to be a combination of the features of both the
phenylthiophene and phenoxybenzene series where one phenyl ring is replaced by a
thiophene ring and the oxygen linker is replaced by a carbon atom (Tanimoto similarity
score 0.5 with phenoxybenzene core and 0.63 with phenylthiophene). Additionally, the
4'-position side chain was replaced by an amino group. Moderately strong CSP were
observed in the hydrophobic groove and active site regions upon SE12-EcDsbA complex

formation in solution (Figure 5-23).
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Figure 5-25: CSP (A8 (NH) > 0.02 ppm) induced in "H-'""N HSQC spectra of EcDsbA

upon the addition of phenoxybenzene similarity molecules SE1, SE8, SE11 and SE12.

275



Chapter 5

Compound Profile Compound Profile
N I 0\©\/ SE1| +++ SE8 | +++
| 100% | 100%
U OH I HN NH,
/NI o NH, |[SE2| + N NH, SE9 | -
O 20% P 0%
N~ SE3 + Z NH, SE10 | ++
- H 40% ] 70%
NS
o N
O SE4 | + 0 SE11 | +++
NH,
P 70% OH 0%
0 — 7 \
— |
\N/\/O SE5| + /s NH, SE12 | +++
| \©\/OH 0% P 100%
N SE6 | + N SE13 | +
O
0 SE7 - Cl SE14 _
NH
2 0% N/\\ _
L
F
lQ SE15| +
¢ NS NH, 0%
0
HoN SE16 +
— N 10%
\
N—<
N - SE17 | ++
B \_/ S 40%

Table 5-8. Molecules selected on the basis of similarity to phenoxybenzene fragment.

This table shows the compounds with minimum Tanimoto similarity scores of 0.35 with

fragment 4 and contains various heterocyclic rings or linkers in 5-6 ring systems. The
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compound number, the magnitude of CSP observed in the end point 'H-"N HSQC

along with the % inhibition of motility caused by the fragment at a concentration of 500

uM are listed. Compounds highlighted in grey were selected for further characterisation.

Compound Kp (uM) | ECso (uM)
/N (0] SE1 | 40+15 70+ 1
T Ul
SE8 | 70+20 180+ 1
H,N NH,
0) SE11 ] 605 n.d
OH
= ¢ \
=N
/s NH; SE12| 88 18+2
—

Table 5-9. Affinities and potencies of the similarity molecules of the phenoxybenzene

fragment.
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This compound SE12 bound to EcDsbA with about a 10-fold higher affinity and
also higher LE 2.2 kJmol'HAC™' as compared to the original phenylthiophene hit
fragments 1-3 and the phenoxybenzene fragment 4. Additionally, SE12 shows strong
inhibition with an ECsq value of 18 pM along with good solubility in all tested
media/buffers. Overall SE12, which combines features of the most potent original
EcDsbA binding fragments 1-3 and 4 showed a comparatively better binding, LE and
inhibition profile. NMR based docking suggested its binding in EcDsbA hydrophobic

groove in a similar orientation to the original hits (Figure 5-10).

NMR binding and docking studies were later confirmed by a crystal structure of 2.2 A
which revealed density for compound SE12 in a similar area across the hydrophobic
groove as observed in crystallographic binding of the original hit phenylthiophene
fragments 1, 2 and phenoxybenzene 4 (Figure 5-26). This complex revealed two
overlapping conformations of binding across the active site and groove region. As
illustrated in Figure 5-26 these two conformations contains almost similar and
overlapping position of 4' phenyl position amino group of SE12 which is in between
Phe36 and Phel74 and points towards open end of the groove. The thiophene ring in
these conformations adopts two opposite orientations where the first is bent towards the
lower end of groove near Asnl170 and second is bent towards the upper end closer to
GIn35 (Figure 5-26). Additionally, NMR-based docking closely supports the former
orientation of SE12. The possibility remains that these two conformations of SE12 are a
consequence of the molecule’s flexibility and two conformations of this ligand are

possible during binding in the hydrophobic groove.
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Overall the crystallographic complex showed a complimentary match between the core
scaffolds and the hydrophobic pocket located in groove region of EcDsbA (Figure 5-26).
Importantly, in addition to vdW and hydrophobic contacts, the amino group of SE12
made a water meditated hydrogen bond to a structural water molecule HOH 307 (Figure
5-27). HOH 307 is located within hydrogen bonding distances to Pro151, Pro163 and
His32 along with two other water molecules. This polar interaction by SE12 in the
EcDsbA groove might be an important factor for high affinity and inhibition capability of
this compound. Therefore this inhibitor is an excellent starting point for further lead
optimization as it contains binding and structural features of two of the most promising
EcDsbA binding scaffolds along with demonstrating an improvement in polar contacts

with the binding site.
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Figure 5-26: (A) Crystallographic binding mode of SE12 (pink stick representation)

with EcDsbA (grey stick and ribbon representation). Crystallographic position of
compound SE12 on the EcDsbA electrostatic surface in overlaping positions of (B)
phenylthiophene fragment 2 (green stick) and (C) the phenoxyphenyl fragment 4 (green

stick) on the hydrophobic groove of the EcDsbA surface.
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Overall we have identified the phenoxybenzene chemical class of EcDsbA inhibitors and
characterized analogues with low micro molar dissociation constants. Compounds SE1
and E8 show promise for further optimization to produce potent small molecule
inhibitors of EcDsbA. The crystallographic binding mode suggested that a 4’ phenyl
cyclohexyl group extension off the phenoxybenzene core could add steric bulk and place
the molecule into a deeper region of groove. On the other hand, replacement of phenyl
with pyridine could provide a hydrogen bond interaction to active site residues.
Additionally, identification of SE12 that showed good LE, may also represent a useful

starting point for drug design.

5.3 Conclusion

In these studies, the hydrophobic groove and active site region of EcDsbA structure was
thoroughly characterised for small molecule binding. Preliminary structure-activity based
features were identified that will facilitate the development of novel EcDsbA inhibitors
that specifically target functionally important protein surface sites. We have identified the
optimal binding features of the phenoxybenzene and phenylthiophenes classes with
versatile scaffolds A7, A26 A28, SE1, E8 and SE12. These were shown to possess a high
ligand efficiency and low pM affinity and to exhibit inhibitory activity against an
EcDsbA-dependent phenotype. Important structural and binding features such as solvent
replacement and key polar and hydrophobic contacts made by these compounds indicates
these ligands have provided excellent insights in the development of potential EcDsbA

inhibitors.
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Chapter 6

Structural Characterisation of Diverse Scaffolds Binding to Adjacent

Sites of EcDsbA
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6.1 Introduction

In chapter 5, it was shown that EcDsbA binds analogues of phenylthiophenes and
phenoxybenzenes with binding affinities varying from 2 uM - 1 mM. The majority of these
molecules appeared to bind in a broadly similar mode to EcDsbA, possessing hydrophobic
moieties and polar functionalities that make interactions in the hydrophobic groove region
of the protein. This small molecule binding region of EcDsbA is the same region that
interacts with the membrane based protein EcDsbB!? during the oxidoreductase catalytic
cycle (Figure 6-1A). A subsequent study found that a peptide that was designed as a
substrate mimic bound in a location that partially overlapped the DsbB binding site, but did
not make interactions in the hydrophobic groove.'*® It was suggested that the groove might
be necessary in the context of a substrate protein (rather than a peptide mimetic) to bind the
region of the protein containing the second cysteine that would attack the mixed disulfide
and allow release of the oxidised substrate from DsbA. Thus, small molecules binding in
the hydrophobic groove could potentially disrupt the catalytic cycle in two ways. The
DsbA-substrate complex also suggests other there are regions of the DsbA surface other
than the hydrophobic groove that may be suitable binding sites for small molecule
inhibitors - notably the interface between the thioredoxin and a-helical domains.

In addition to the scaffolds discussed in Chapter 5, five other classes of chemically distinct
compounds that displayed medium to strong CSP in 'H-"N HSQC based NMR screening,
were identified: benzofuran 6 and B1, benzothiophene 7 and C1, chroman 8, phenylthiazole
9 and phenol 10 (Figure 6-1B). Although these fragments showed weaker binding and
inhibition activity than those discussed in Chapter 5, further investigation of their binding

site may prove of value.
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Figure 6-1A: The left panel shows the EcDsbA-substrate complex where the protein
structure and bound peptide are represented as white surface and green sticks
respectively. The panel on the right shows the EcDsbA-EcDsbB complex where the
EcDsbA shown as grey surface and the interacting loop of EcDsbB is shown as cyan

sticks.

@)
OH OH OH
~o 0 0 S S
6 B1 7 Cl1
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O™ O (O
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8 9 10

Figure 6-1B: Structures of additional fragment hits identified through NMR screening.
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This chapter describes attempts to optimize each of these cores, by testing analogues that
were either available from commercial sources or could be readily obtained by in-house
synthesis. A range of analogues were identified on the basis of substructure searching, and
similarity based searching to identify similar structures that may have diverse core
scaffolds. A limited number of analogs or molecules selected based on similarity were
tested (except the phenol compound 10). Analogs were restricted to compounds with MW <
300 in order to focus on optimization of the core rather than extension of these initially

weak binding fragments 5% 110 1202

The current chapter also presents evidence for the binding of ligands at alternate and
adjacent sites in the hydrophobic groove of EcDsbA. In order to identify these distinct
small molecule binding sites, the characterisation of the structure of ligands bound to

232

EcDsbA has been undertaken using X-ray crystallography®* and NMR speclmscopy.m

6.2 Results and Discussion

6.2.1  Characterisation and elaboration of EcDsbA hits containing 6,5-fused rings

The second round of 'H-"’N HSQC NMR-based screening identified 14 fragment hits
comprised of 6,5-fused heterocyclic ring systems with distinct functional groups attached at
various positions. All of the original hits within this broad category of fragments
demonstrated weak to medium binding against EcDsbA by inducing CSP up to 0.1 ppm in

the 'H-'>N HSQC spectra of oxidised EcDsbA. These hits included compounds with such
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diverse cores as benzofuran, benzothiophene, thienopyridine, imidazole, indoline,
benzoxadiazole, chroman and benzimidazole. The majority of these hits showed CSP in the
hydrophobic grove region of EcDsbA however they produced somewhat different patterns
of CSP in the 'H-""N HSQC. The 6-methoxy benzofuran 6 and benzothiophene C1 showed
the strongest CSP in this class and therefore were selected for further analysis by NMR, X-

ray crystallography and inhibition assay (Figure 6-1B).

6.2.2.1 Characterization of benzofuran hit 6

Benzofuran fragment 6 has a measured Kp of 340 + 30 uM and a LE of 1.3 kJ. It showed
inhibition in the motility assay with a measured ECs value of 220 + 1 uM. The CSP
observed in the 'H-"N HSQC spectra suggested that this fragment binds in the
hydrophobic groove region of EcDsbA adjacent to the active site (Figure 6-2). This was
established by solving a preliminary crystal structure (resolution 2.1 A) of fragment 6 in
complex with EcDsbA (Figure 6-2 and 6-3). ‘Preliminary’ crystallographic analysis will be
described at several sections of this chapter and this refers to the data where extra electron
density was observed in (Fo-Fc) maps, although in some cases there was density only for
part of the ligand and in others the ligand occupancy was less than 100%. These
preliminary crystallographic studies provide evidence of the binding site of the fragments
and may be improved through optimisation of the soaking protocols as described in method
section 2.5.

This structure revealed that benzofuran 6 binds in a slightly different but adjacent position
compared to the previously identified sites for phenylthiophenes 1 and 2 at the edge of the

groove near the Argl148-Gly149-Val150 loop (Figure 6-2 and 6-3).
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HOH146

Phe174

x Gu3s
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Fragment [uM]

Figure 6-2: (A) Omit electron density maps of benzofuran hit 6 (shown as a yellow

carbon stick model) at contour level ¢ 2.5 (B) Preliminary crystallographic EcDsbA

binding mode. (C) NMR-based heat map (blue: CSP > 0.03 ppm, pink: unassigned

residues) with crystallographic coordinates of hit 6 bound to EcDsbA (D) 'H-""N HSQC

titration binding curve (Kp measurement) of hit 6.
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(B)

Figure 6-3: Crystallographic binding position of benzofuran 6 with (A) phenylthiophene 1
and (B) phenoxybenzene 4 which binds in overlapping and adjacent binding sites in the
hydrophobic groove (purple) and pocket (cyan) near the active site (yellow) and

hydrophobic patch (orange) of EcDsbA (white solid surface).

As illustrated in Figure 6-3, the methoxy side chain of fragment 6 overlaps with the
position of fragments 1, 2 and 4. The 5- position phenyl atom of bezofuran ring is about 2.8
A away from the nearest edge of the phenyl ring of the phenylthiophenes 1 and 2 and 1.95
A away from the nearest edge of the central phenyl ring of compound 4 in the hydrophobic
groove. Although the resolution of the crystal structure along with shape of the ligand’s
extra density was not of a very high quality, a preliminary analysis of the binding mode was
possible and was assisted by the NMR data. This analysis suggested two possible hydrogen
bonds between the carboxyl group of benzofuran 6 and the backbone oxygen atoms of
Val150 and Gly149, one of which (Vall50) is water mediated. The furan-ring oxygen also

may make a water mediated hydrogen bond with Val150 (Figure 6-2). However, like other
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hits, most of the interactions between EcDsbA and fragment 6 are hydrophobic in nature.”**
The benzofuran ring is surrounded by the hydrophobic residues Prol63 and Prol5! and
points towards the active site residue His32. The 6-methoxy substituent interacts with
His32 and Phe36 and the benzene ring interacts with Prol63 and Glnl64 via vdW
interactions. At the edge of the groove, the Argl148-Gly149-Vall50 loop lies in close
proximity to the 3'-acetic acid group (Figure 6-2). These interactions probably contribute to
the chemical shift changes in the flexible groove region that can be seen in the NMR-based
heat map in Figure 6-2. A reasonable agreement was found between the crystal structure
and the NMR location of this fragment and CSP of up to 0.08 ppm were observed in the
groove region. The binding location of the benzofuran hit suggested that this adjacent
binding pocket on the EcDsbA hydrophobic groove can be explored further and may be of
interest for fragment elaboration by a linking strategy. Secondly this structurally diverse
chemical class provides new polar interactions to FEcDsbA as compared to the
phenylthiophene and phenoxybenzene fragments. Hence benzofuran 6 was considered a

good starting point for further chemical optimization to more potent leads.

6.3.2  Elaboration of benzofuran fragment 6

Analysis of the X-ray crystal structure of fragment 6 suggested a potential strategy for
optimization of binding to EcDsbA. Figure 6-2 and 6-3 illustrates those portions of
fragment 6 where it might be possible to improve the interaction with EcDsbA. Firstly there
1s a large unoccupied region to one side of the benzofuran ring system. Functionalizing the

4. 5" and 6' positions of the benzene ring with various groups may fill this pocket and
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thereby increase the binding affinity. Secondly, a chemically simple place to attach various
functionalities is at the 3'-acetic acid. The reaction of the acid group with amines or
alcohols to form the corresponding esters or amides may allow for new interactions to form
with the binding site. These linkages connecting the benzofuran core to_another ring system
or small hydrophobic moiety would perhaps pick up additional binding interactions in or
around the EcDsbA active site.

To test these binding hypotheses a number of approaches were undertaken. Firstly, new
compounds that maintained the benzofuran or benzothiophene core, but which had a
diverse range of substituents on the phenyl ring were sourced from cither commercial or in-
house collections (Table 6-1). In all cases the 7-position remained unsubstituted based on
the crystal structure which suggested the possibility of a steric clash with the active site in
that case. End-point 'H-""N HSQC spectra were recorded for the initially selected five
compounds and another original hit B1 of this class and ranked as previously described.
Additionally for analogues that induced large CSP, Kp, motility assay and crystallographic

trials were undertaken.
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Table 6-1: Analogues of the benzofuran 6. The magnitude of CSP observed in the end
point 'H-">’N HSQC along with the % inhibition of motility caused by the fragment at a
concentration of 500 uM are listed. Fragments highlighted in grey were selected for further

characterisation and for these compounds the Kp and ECs are listed.

Structure Compound CSP strength Motility %
43 Inhibition
5 ©\/\> 2 and/or
6' Ie] and/or
o Kp (M)
ECso (uM)

- B3 ++ 20%
A\
(@] @]

B4 *4 50%
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B5 ++ 30%

Another original benzofuran hit B1, which lacks the 6'-methoxy substituent of fragment 6,
showed a similar extent of CSP with a slight increase in binding affinity (Figure 6-4).
Surprisingly, this compound was 4-fold more potent in inhibiting bacterial motility
(without any toxic effects on cell growth) as compared to fragment 6. The discrepancy
observed between the Kp and ECsy values for benzofuran B1 may indicate that this
compound inhibits motility in a non-EcDsbA dependent fashion. The NMR binding, X-ray
crystallographic and inhibition profile of this compound was discussed in Chapter 3 (and
was referred as compound 3, for the publication purposes). Briefly, a high resolution
EcDsbA crystal complex of benzofuran B1 revealed a quite similar binding mode to the
same core containing fragment 6, supporting the adjacent binding site on the EcDsbA
surface close to the Arg148-Gly149-Val150 loop (Figure 6-5). Comparatively higher CSP
in the hydrophobic groove region were induced by fragment 6 (with the 6'-methoxy
substituent) compared to B1, corresponding to the observed crystallographic binding modes
where B1 makes fewer interactions with groove residues such as GIn164-Asn170 (Figure 6-

4 and 6-5).
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Active site region  Hydrophobic groove region

Figure 6-4: CSP (A8 (NH) > 0.02 ppm) induced in 'H-""N HSQC spectra of EcDsbA

upon the addition of the analogues of fragment 6.

Figure 6-5: Crystallographic binding modes of benzofuran fragments 6 and analogue Bl

green stick representation) to EcDsbA (white stick and ribbon representation).
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Dihydrobenzofuran B2, containing a 3’-carboxylic acid substitutent showed strong CSP,
however data revealed weaker values for the Kp and ECso (Figure 6-4, Table 6-1).
Additionally three analogues B3 - BS showed only moderate CSP and appeared to bind in
the hydrophobic groove. Unfortunately, since compounds B2 - B6 contain more than one
structural change from the parent fragment it is difficult to interpret the NMR binding data
to derive useful SAR information (Table 6-1). Therefore further elaboration of this class
was carried out using structure-guided synthesis and medicinal chemistry approaches by
Mr. Christopher Schreurs (MIPS), however further details and results are beyond the scope
of this thesis.

Fragment B6, which contains a tetrahydrodibenzofuran core, was also a strong binder. This
compound induced CSP up to 0.11 ppm in the EcDsbA '"H-'">’N HSQC spectra, however it
presented a different pattern compared to benzofuran fragment 6. NMR-based mapping
suggested a binding location in the hydrophobic groove, although there were comparatively
smaller CSP in the active site region (Figure 6-6). Additionally a high resolution (1.9 A)
crystal structure was obtained where B6 fits very well into the Fo-Fc electron density,™
and was located in accord with the approximate NMR binding site of this compound.
However, the crystallographic position of this ligand is very close to the interface between
monomer A and B (Figure 6-6). The possible interactions with two molecules in the crystal
structure are potentially due to crystal packing interactions, hence this structure was
considered to have dubious biological relevance. Secondly, this compound showed poor
solubility in assay minimal media and NMR sample buffers so we did not investigatc B6

further.
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Figure 6-6: (A) Binding of fragment B6 with EcDsbA. The crystals have two molecules
of DsbA in the assymetric unit. Chain A (green) and B (cyan) are shown as (A) surface

and (B) stick respectively. (C) Comparison of HSQC-CSP and distances from amides

(surrounding 5A) to the EcDsbA bound fragment B6. (D) Omit electron density maps of

B6 at contour level 6 2.5 (E) NMR based heat map (CSP > 0.02 ppm, pink: unassigned

residues) with coordinates of fragment B6 (green stick representation).
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6.3.3. Elaboration of benzothiophene hit

For the initial exploration trials of the benzothiophene class, analogues where the core of
the original hit C1 was kept unchanged but with a diverse range of substituents at different
positions of the ring were selected. Additionally, molecules that were assessed by their
Tanimoto similarity score (threshold of 0.35 was set as the cut-off based on the literature)

were selected.??

These compounds were either purchased or synthesized and then tested as
shown in Table 6-2. Eighteen new compounds were chosen via this process for evaluation
and were first tested for solubility under the conditions employed in NMR and motility
assays. Five analogues showed poor solubility in the minimal media used for the motility
assay and three of these were insoluble in the NMR sample buffer and these were
discarded. For the remaining analogues end-point '"H-"*N HSQC spectra were recorded and
compounds were ranked as described above (Table 6-2). The analogues with largest
perturbations were characterised further by Kp. motility assay and crystallographic

studies.''"®
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Table 6-2. Analogs of the benzothiophene hit C1. The table shows the chemical structure
of the substituent and the position (3' and 5’or 2°) at which the substituent was attached to
the benzothiophene core. The compound number, the magnitude of CSP observed in the
end-point 'H-""N HSQC spectra along with the % inhibition of motility caused by the
fragment at a concentration of 500 uM are listed. Fragments highlighted in grey were

selected for further characterisation.

Compound Structure % Compound Structure %

and CSP Strength inhibition and CSP Strength inhibition

C8 ++ 20%
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Cl

10%

10%
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The NMR based screening identified benzothiophene hit 7 and C1. A comparison among
these two hits suggested that the presence of the 3’ acetic acid in C1 instead of 3'
carboxylic acid in 7 improved the CSP strength greatly and allowed the determination of
a low affinity, but measurable, Kp of 880 + 77 uM (Figure 6-7, Table 6-3). In light of the
chemical analogy, with a similar shape and sidechain, it might be expected that
benzothiophene acetic acid C1 binds in a similar position to benzofuran acetic acid B1.
However, CSP based mapping indicated a binding location near the active site in the
hydrophobic pocket, showing comparatively more CSP towards the opposite side of the
groove, similar to benzofurans 6 and B1. This observation suggested that changing the
nature of the heteroatom (S or O) changes the binding significantly due to their varying

hydrophobic, steric, or electronic effects on the ring system.

In order to further characterise the interaction of benzothiophene fragments with EcDsbA
a series of closely related analogues of C1 were purchased. Additionally, a number of
ester and halogen derivatives containing the benzothiophene core were synthesized by Ms
Joan Ho (MIPS) (C2, C4 and C6 - C8, Table 6-2). Initially, analogue C3 was identified
with a 5'-chlorine substitution that showed 'H-'°N HSQC binding with moderate CSP of
up to 0.09 ppm (Figure 6-7). This hit was further analysed by measuring the Ky, (86 £ 7
puM) by NMR, and a determining an_ECso of 128 + 2 uM in the bacterial motility assay
(Table 6-3).

The 5-position chlorine was replaced with fluorine and bromine atoms in

analogues C2 and C4. Additionally, the acetic acid functionality of all the halogen
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substituted analogues (Table 6-2) was esterified as the ethyl ester. Based on their CSP
mapping, all of these analogues appeared to bind in the hydrophobic groove of EcDsbA,
however, there were subtle differences in the pattern of CSP according the nature of
substituent halogen and 3’ substitution. All of the ester analogues showed little or no
binding, compared to the corresponding acid functionalised analogues, highlighting the
importance of this polar group. Additionally, the S-bromo benzothiophene C4 was
identified as the most potent hit of this series, showing a 64 fold increase in affinity (Kp =
14 + 13 uM) as compared to C3. The increased affinity of C4 may be due to the steric
size or electronic effects or a combination of both, of the 5-bromo substituent.
Replacement of the 3'-acetate group with a hydroxymethyl substituent in
compound C9 or the aminomethyl in analogue C10 resulted in a reduction in binding
affinity.  Although methylamine C10 induced slightly greater CSP than
chlorobenzothiophene C3, the binding affinity was weaker; again illustrating that 'H-"N

HSQC CSP strength and binding affinity do not always correlate.
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patch region as well (Figure 6-9).

Table 6-3: Kp (uM) and ECso (LM) of benzothiophenes analogues

Structure Compound Kp (UM) ECso (uM)
O C1 880 + 77 735+2
OH
N
S
0o C2 30+9 125+ 1
F OH
N
S
O C3 86 +7 128 +£2
cl ' OH
N
S
0] C4 14 +13 170 £ 2
Br OH
A\
S
0 Cs 113+6 150+2

Ci OH

"’g /z’
@]

Interestingly the extent of CSP from the dichlorobenzothiophene C5 were significantly
greater (Table 6-2, Figure 6-7). This compound induced 3-fold higher CSP of up t0 0.19
ppm with a Kp determined by NMR of 113 + 6 uM. This analogue also showed inhibition
in the motility assay with measured ECso value of 150 + 2 uM. CSP mapping suggested a

binding location in the hydrophobic groove with significant changes in the hydrophobic
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NH, C10 540 + 60 110+ 1
Cl

6.3.3.1 Preliminary crystallographic trials for benzothiophenes

In order to structurally characterise this class of EcDsbA ligands, crystallographic
soaking experiments were performed on compounds C1, C3 - C5 and C10, initially
selected due to the extent of their CSP (Figure 6-7, Table 6-2). Somewhat surprisingly,
where electron density was observed for this class of ligands, it was weak for all or part
of the fragments. For instance, the density of the 5'-Cl substituted compound C3, the 5"
Br substituted compound C4 and the unsubstituted original hit C1 was weak, while for
the 2, S-dichloro substituted compound C5 portions of the electron density were missing.
Despite this missing density, on the basis of this preliminary data CS was considered a
reasonable hit and its crystallographic binding mode is described in more detail below.
The methylamine C10, which exhibited moderate binding affinity, showed well-defined
clectron density, however its location appeared to be biased by crystal contacts (Figure 6-
8). We considered the binding location of methylamine C10, to be more likely a

crystallographic artifact Figure (6-8).
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(©)

Figure 6-8: (A) Preliminary crystallographic binding of the benzothiophene analogue
C10 at the crystallographic interface in EcDsbA, Chain A (green) and Chain B (cyan)
shown as a solid surface model (B) Omit electron density maps at contour level ¢ 2.5 (C)

binding of C10 with EcDsbA chain a shown as electrostatic surface model.
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For 2,5-dichlorobenzothiophene CS5, structural information was obtained by
solving a 2.1 A crystal structure of the compound in complex with EcDsbA. A large area
of extra (Fo-Fc) electron density was observed in monomer A of the asymmetric unit near
the active site, however a small amount of density was missing for some parts of the
molecule (Figure 6-9). This may be due to the lower affinity and correspondingly lower
occupancy of this ligand compared to previously studied, more potent ligands.
Refinement and minimization of the complex suggested that C5 binds at the midpoint of
the groove and in a slightly overlapping position compared to the most potent initial
fragment hits, phenylthiophenes 1-3 (Chapter 5). The closest edge of the phenyl ring of
C5 is 1.8 A away from the closest edge of the phenyl of the analogous benzofurans B1
and 6 in their crystal complexes (Figure 6-9). The benzothiophene ring points towards the
active site and lies in the hydrophobic pocket. This ring is surrounded by hydrophobic
residues Phe36, Prol151, Pro163 and active site residue His32. The benzothiophene ring
also stacks via hydrophobic contacts with Phel174. The 3-acetic acid substituent interacts
via a hydrogen bond (O—H": O, 3.49 A) with Thr168 and introduces a new key
interaction for this class (Figure 6-9). ITC data for the binding of several of the fragments
are presented in Appendix. Benzothiophene C5 was found to have a higher enthalpy of
binding than was measured for several of the other fragments. The observed high
enthalpy changes on binding of dichlorobenzothiophene C5 to EcDsbA are consistent
with the polar interactions seen in the crystal structure, which may also contribute to large

CSP in the flexible groove region.”® It is also conceivable that the two hydrophobic
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chloro substituents provide extra vdW interactions with groove residues Val39, Leud0

and Pro163 (Figure 6-9), which contribute to the affinity.

Leud0

Met171
Pro163

Gin16

Figure 6-9: (A) Crystallographic orientation of benzofuran fragment B1 shown along with
coordinates of the benzothiophene fragment CS (white stick representation) in the groove of
EcDsbA (represented as an electrostatic surface). (B) Omit electron density maps (green) of
C5 (blue line) at contour level 6 2.5. (C) Binding mode of C5 with EcDsbA where protein
and ligand are shown as cyan and white stick respectively. (D) NMR-HSQC based heat
map (blue: CSP > 0.03 ppm, pink: unassigned residues) from the binding of C5 at 1 mM

with crystallographic coordinates of fragment C5 bound to EcDsbA (white surface).
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The crystallographic and NMR-derived location of fragment C5 were consistent,
(as shown in Figure 6-9), with additional CSP of up to 0.1 ppm observed in the
hydrophobic patch region (Figure 6-7). Although the site of binding is distant from the
hydrophobic patch (comprised of residues Phe29, Phe63-Gly66, Leu68 and Vall150) it is
possible that these CSP arise due to relayed conformational changes in the 2 strand due
to an interaction with the active site residues. Although the electron density observed for
this fragment is less than ideal, the proposed binding location and novel key interactions
suggest this class may be of future interest for fragment elaboration. In particular, its

binding location next to benzofuran 6 suggests the possibility of fragment linking.2"

6.3.4. Elaboration of Chroman hit

The last scaffold identified in the category of fused ring systems was the 6,6-fused
chroman fragment 8. NMR screening showed this fragment bound to EcDsbA, exhibiting
moderate CSP of up to 0.07 ppm (Table 6-4, Figure 6-10). The perturbations were
observed in a similar place in the hydrophobic groove to the initial benzofuran hit 6. A
limited exploration via a similarity search was initiated for this class and six analogues
selected and further investigated. These molecules contain the 6,6-fused heteroatom ring
system with the modifications to the pyran ring portion at the 4-position, or the 2-position

sidechain functionality (Table 6-4).
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Table 6-4: Structures and activity of analogues of the chroman fragment 8. Fragments
highlighted in grey were selected for further characterization, resulting in the Kp (uM) and

ECso (uM) values shown.

Structure Compound | Binding & | Kp (UM) | ECso (uM)

%Inhibition

C(O)/\OH 8 ++
0%

D4
vos .
(@]
o X D5 +
I OH
0%
(6]
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Of the tested analogues, three (D1-D3) showed CSP to a greater extent than the hit
fragment 8, with CSP in 'H-'""N HSQC spectra of up to 0.2 ppm. NMR titrations revealed
Kp values ranging 90-160 uM for these compounds (Table 6-4, Figure 6-10). The pattern of
CSP for these hits suggested their binding close to the active site and hydrophobic patch
although also with some moderate CSP in the hydrophobic groove, that may result from
conformational changes on binding.

Crystallographic complexes of all three of the strongest chroman binders D1, D2
and D3 (Table 6-4) were refined to give their structures bound to EcDsbA (resolution
ranging 2.0-2.1A). The extra density observed for D1 was not very clear and suggested the
possibility of two orientations below the active site. Unfortunately, these modeled positions
show clashes with active site residues and inter-molecular interactions with monomer B,
which suggest this extra density may not give a reliable indication of the solution binding
position.

In compounds D2 and D3 the quality of extra density was slightly better and both of these
fragments showed two binding poses surrounding the active site region. As shown in
Figure 6-11 one position clashing with His32 was common for both D2 and D3 but the
proximity to Chain B again suggested this pose may be a crystallographic artifact. The
second positions for these hits were slightly different, and within the hydrophobic groove
(Figure 6-11), however, the overall quality of these preliminary data sets was oo poor to
give detailed interaction information, but did confirm crystallographic binding. Overall,
these three carboxylic group containing compounds D1, D2 and D3 induced greater
changes in the binding site environment. Additionally, duc to their small size these

fragments exhibited high ligand efficiency in the range of 1.65-1.76 kJ mol ' HAC'.
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Therefore these preliminary results might suggest these scaffolds are suitable for further

exploration in the process of developing potent ligands for EcDsbA.

Figure 6-11: Preliminary crystallographic binding positions of chroman analogues (green
stick representation) (A) D2 and (B) D3. Both are shown in different binding sites in the
hydrophobic groove and the pocket close to the active site and hydrophobic patch of the
LcDsbA (shown as white solid surface), which are mapped in purple, cyan, yellow and

orange respectively.

In spite of the promising results outlined above, as well as good solubility, these
compounds showed poor or no inhibition in the bacterial motility. This is possibly due to
the compound having insufficient membrane permeability to reach the site of action. As a

result, this class of compound was not pursued further.
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6.3.5. Characterization and elaboration of phenyithiazoles

Another hit fragment in the 5,6-linked biary] class is the phenylthiazole 9, which may be
considered structurally related to the previously explored phenylthiophene hits. The
original phenylthiazole hit fragment 9 induced strong CSP in the 'H-'"N HSQC spectra of
up to 0.13 ppm, in a similar location to the phenylthiophene hits 1-3, however it displayed a
different pattern of CSP (Figure 6-12). Mapping of the 'H-'>N HSQC CSP onto the
EcDsbA surface suggested a binding location close to the active site and the helical domain
al, but also with large changes in the groove. An NMR-based dissociation constant (Kp) of
378 + 86 uM (corresponding to a LE of 1.4 kJ mol"' HAC'') was measured for compound
9, which corresponds reasonably well with the ECs value of 340 + 2 uM determined in the
bacterial motility assay. A similarity search was performed on commercial collections in

order to identify available analogues in the phenylthiazole class.

Analogues were selected and tested where the phenylthiazole core was kept
unchanged, but with differing substituents at various positions. This process identified
phenylthiazole 9b which contains a 5-carboxylic acid substitution in place of the
hydroxymethyl side chain in the original hit 9. This modification improved the Ky, and
ECso values. Alternatively, substitution with the hydrophobic trifluoro methyl in the p-
phenyl position, as in compound 9a, resulted in weaker CSP as illustrated in Figure 6-12.
Additionally three similarity molecules 9¢ - 9e showed moderate CSP in the end point 'H-
°N HSQC analysis and appeared to bind in the hydrophobic groove (Figure 6-12). Since

these compounds contain more than one structural change from the original hit, and given
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their apparently moderate CSP on the 'H-">’N HSQC spectrum, they were not investigated

further (Table 6-5).
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Figure 6-12: CSP (As (NH) > 0.02 ppm) induced in the 'H-""N HSQC spectra of

EcDsbA upon the addition of phenyl thiazole analogues (9 and 9a - 9e).
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Table 6-5: Analogues of the phenylthiazole hit 9. The compound number, the magnitude

of CSP observed in the 'H-">N HSQC end point titration along with the % inhibition of

motility caused by the fragment at a concentration of 500 uM are listed. Fragments

highlighted in grey were selected for further characterisation and for those Kp (uM) and

ECso (UM) are listed.

60%

Binding &
Structure Compound Kp (uM) | ECso (uM)
% Inhibition
9 37886 | 340%2
80% ' ’
++
9a
70%
0 e
9b 5+8 250+ 1
90%
Hr
9¢ n.d. 88+2
100%
N
AN ++
N 9d
[ }—QO 10%
S
HzNIN ++
| \>—Q—F
s 9e
F

315



Chapter 6

Subsequently, in order to obtain detailed structural insights for phenylthiazoles as EcDsbA
ligands, 9 and 9b were selected for crystallographic soaking experiments due to their
different structures and promising binding data. The binding mode of this class was
determined by solving the X-ray crystal structure of phenylthiazoles 9 and 9b bound to
EcDsbA. The preliminary structures of these complexes were solved to 2.2 A and 2.0 A
respectively. The omit electron density maps (Fo-Fc) showed clearly defined density for
these hits at an occupancy 1.0, although compound 9 was missing some density from the

edges of the phenyl ring (Figure 6-13).

This preliminary crystallographic data suggested the position of the phenylthiazole
moiety was overlapping, but shifted towards Prol51, when compared to the
phenylthiophene fragments 1 and 2 (Figure 6-13). Carboxylic acid containing compound
9b showed binding in two conformations with a large area of electron density around the
active site His32. Both of these conformations revealed hydrogen bonding involving the
imidazole ring of active site His32 and the carboxylate oxygen. One conformation of 9b
also made a water-mediated hydrogen bond with active site residues Pro31 and GIn35
(Figure 6-13). Two possible explanations for the observed two binding conformations of
compound 9b could be envisaged: (1) the ligand possibly interacts with EcDsbA in the two
different orientations, which is also supported by the agreement observed between NMR
generated CSP and the crystallographic binding site (Figure 6-13 (B1)). (2) The influence
of the other crystallographic monomer, producing an artifact hence second conformation

was observed towards monomer B.
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Figure 6-13 (A) and (B): NMR based heat maps (blue CSP > 0.03 ppm, pink: unassigned
residues) with crystal bound coordinates of phenylthiazole fragments 9 and 9b respectively
(green stick representation). (C) and (D): Omit electron density maps of fragments 9 and
9b respectively at contour level 6 2.5 obtained from crystallographic binding with EcDsbA.
(E) EcDsbA (white surface representation) binding of 9b compared with phenylthiophenes

1 and 2 (as pink wire representation).
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The phenylthiazole class of ligands provides novel hydrogen bonding networks around the
EcDsbA active site which have not been observed in any other explored fragments in this

study, suggesting these hits may also represent suitable starting points for further

elaboration.

6.3.6. Characterization of phenol hit fragment 10

Among the remaining EcDsbA fragment hits, about 10 fragments were identified which
contained only one aromatic ring substituted with 1-3 simple functionalities. These hits also
appeared to bind around the active site with varying patterns of 'H-'"N HSQC CSP.

The phenol fragment 10 (referred to as compound 4 in Chapter 3) was identified as the
strongest of these hits, based on 'H-PN HSQC analysis (Figure 6-14). A dissociation
constant of 33 + 24 uM was calculated for trifluoromethylthiophenol (10), which due to its
low molecular weight and low uM affinity showed the highest LE (2.1 kJ mol’ HAC™")
amongst the initial fragment hits. Chemical shift mapping suggested it binds in the
hydrophobic groove near the active site. Phenol 10 showed inhibition in the motility assay
with a measured ECsg value of 73 uM. It is worth mentioning that fragment 10 also showed
the highest inhibition in several other in vitro assays to measure direct inhibition of DsbA.
These assays were optimized by Dr Kieran Rimmer (MIPS) and further details of these
studies are given in appendix section 4.5.

Crystallographic soaking experiments resulted in the determination of the structure of the
EcDsbA-fragment 10 complex at 2 A resolution after refinement. Interestingly, in this case

a novel fragment binding site was observed on the hydrophobic groove near GIn35 and

318



Chapter 6

Met171 (Figure 6-14). X-ray crystallography revealed that phenol 10 binds in a site 6 A
away from the position of the benzofuran hit 6, whereas it overlaps with the position of the
thiophene rings of phenylthiophenes 1-2 and the phenyl of phenoxybenzene 4 (Figure 6-14
and 6-15). The trifluoromethylthio-group fits in a sub-pocket on the hydrophobic groove
completely and interacts via hydrophobic contacts with Phe174 (Figure 6-14). The structure
of this fragment bound to EcDsbA showed that its aromatic ring lies on an essentially
hydrophobic surface in the vicinity of non-polar and uncharged residues Met171, Leud0
and Val39. Additionally, a hydrogen bond (1.94 A, N—H~": 0) was observed between the
phenol oxygen atom and the side chain amide of residue Glu35 from the al helix of the
thioredoxin domain (Figure 6-14). The location of the CSP in the 'H-'""N HSQC spectrum
is consistent with the crystallographic binding position of fragment 10. The hydrogen bond
observed with this fragment is a new polar interaction to EcDsbA. As such, fragment 10
provides valuable new information for further chemical optimization to potent leads.
Additionally, the binding location of hit 10 raises interesting possibilities for fragment

elaboration by linking or merging (Figure 6-15) strategies.” ***
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Figure 6-14: Characterization of phenol fragment hit 10. (A) Crystallographic binding
mode in hydrophobic groove of EcDsbA (B) Omit electron density maps of 10 (shown as
yellow carbon stick models) at contour level 6 2.5 (C) NMR based heat map (blue: (NH)
> (0.03 ppm, pink: unassigned residues) with crystallographic position of 10 (D) Motility
inhibition of wt E.coli shown as sigmoidal dose response plot obtained from titration of

fragment 10 identified by NMR screening.
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Figure 6-15: Overlay views of crystallographic binding positions of phenylthiophene

fragments 1, phenoxyphenyl fragment 4, benzofuran fragment B1 and phenol fragment 10
(all shown as green carbon stick models) in overlapping and adjacent binding sites on the

hydrophobic groove of EcDsbA (which is shown as an electrostatic surface model)
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In summary, NMR-based fragment screening identified several promising hits and their
analogues which were shown to possess strong 'H-'’N HSQC and crystallographic
binding and/or to exhibit inhibitory activity against EcDsbA. The resulting structural
information yielded insight into several novel series of EcDsbA binders that bind in
adjacent locations in the hydrophobic groove. The optimization of these fragments via
small changes to the core has generated initial SAR information which can be use to
guide further elaboration of EcDsbA ligands. A strategy involving linking or merging
fragments crystallized in nearby locations may be a more viable way to probe this
binding site. We have identified the preliminary binding features of benzofuran,
benzothiophene, chroman and benzothiazole classes with various scaffolds B1, 6, C4,
CS5, D1, D2 and 9b. These compounds provide valuable insights into possible binding
interactions that will assist in further efforts to elaborate these fragment DsbA inhibitors

into potent lead-like molecules.

322



Chapter 6

323



Chapter 7

Chapter 7

Summary and Future Directions
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DsbA is a periplasmic oxidoreductase enzyme and had been found to be centrally
responsible for the correct oxidative folding of numerous virulence determinants in
Gram-negative bacteria. Hence DsbA represents a potential target for developing
inhibitors that could counteract the virulence of Gram-negative pathogens. This thesis
describes a structure assisted-fragment based lead discovery program carried out to
validate DsbA as an antibacterial drug target by identifying small molecule inhibitors.
This project has utilized a broad range of complementary techniques, from NMR based
fragment library screening, validation and biophysical characterization of identified
fragment hits, DsbA inhibition activity assessment, structural studies and fragment
elaboration to identify potential inhibitors of DsbA.

The FBDD studies conducted in this project employed biophysical screening and binding
characterization with approaches that required relatively large quantities of pure protein.
For the experiments conducted in chapters 3-6, bacterial protein expression procedures
for labeled and unlabeled proteins were employed as outlined in chapter 2.
Overexpression utilizing E. coli (BL21) strains containing EcDsbA and VcDsbA
expression vectors allowed for milligram quantities of DsbA per litre of media to be
produced. The purification procedure outlined in chapter 2 involved two steps of FPLC
(PHP and MonoQ columns) to produce pure protein as shown by the single band on SDS-

PAGE (Figure 2-3).

The study conducted in chapter 3 outlines the power of a fragment-based strategy in the

field of DsbA-ligand discovery, providing potential lead compounds for the development
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of antivirulence drugs. A fragment library comprised of chemically diverse compounds
was screened in two rounds of NMR experiments (STD and HSQC) in order to find
potential small molecule inhibitors of the bacterial oxidoreductase protein EcDsbA. This
screening led to the identification of distinct fragment classes, which were demonstrated
to bind near the active site of EcDsbA by NMR spectroscopy coupled with X-ray
crystallography. Several of these hits also inhibited DsbA-dependant activity as assessed
by measuring the DsbA-dependent phenotype of motility. Structural studies revealed that
the strongest fragment hits bind in the hydrophobic groove of EcDsbA in adjacent or
overlapping positions. These hits were shown to possess high LE and low uM ECs
values against DsbA, providing excellent starting points for the development of more

potent EcDsbA inhibitors.

In chapter 4, a fragment-based approach was used to identify and characterize binders
and potential inhibitors of VcDsbA, which is a homologue of EcDsbA and also represents
a suitable antibacterial target. To accomplish this aim for target enzyme VcDsbA, a
combination of experimental and computation approaches were employed, including
multidimensional NMR, HSQC-guided docking, and surface grid map based screening
along with the bacterial motility assay. Reliable docked solutions were generated using
NMR constraint-based docking for selected compounds to study their binding mode to
VcDsbA. Fourteen scaffolds exhibiting high to moderate affinity were discovered by
employing a new approach to virtual selection using VeDsbA site grid maps. The close
correlation between computational results and experimental data suggested that this

protocol is robust for VeDsbA-small molecule interactions, hence can be used for the

326



Chapter 7

extension of fragments into larger molecules with greater potency. Previously identified
benzophenone and benzimidazole fragments were further characterized and elaborated
and an initial SAR analysis of these classes of VcDsbA inhibitors was developed.
Moreover, a bacterial motility assay was optimized to study inhibition and the selectivity
profile of identified VcDsbA hits. Overall results shows that VcDsbA is a tractable target,

and the compounds discovered should provide a firm platform for a further lead

generation process.

Chapters 5 and 6 represent the fragment elaboration studies for the most promising hits
identified from the NMR-based fragment screen of EcDsbA, as described in chapter 3.
These hits were further characterized by NMR-based Kp, cell-based inhibition assay and
high resolution or preliminary X-ray crystallography. After initial characterization a
diverse set of analogues were screened to optimize the potency and binding affinity of
each fragment. The resulting structural information yielded insights into binding features
of several novel series of EcDsbA ligands. Chapter 5 described the further elaboration of
those original hits for which high resolution crystal structures could be obtained.
Additionally, NMR-based docking studies complemented the crystal structures for newer

ligands and proved useful for SAR analysis and analogue design.

A systemic strategy was established for the further optimization of phenyl thiophene and
phenoxy benzene chemical classes using a combination of experimental approaches.
These ligands have a high LE with suitable physiochemical properties for further

development. Structural analysis of phenyl thiophene analogues containing diverse
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functional groups suggested that extension from the aminomethyl group of the 3-phenyl
thiophene core could place a hydrophobic group into the groove to significantly enhance
the affinity. Additionally a number of analogues were investigated containing a variety of
functional groups at different positions to observe the preference for binding to DsbA.
Novel phenoxybenzene analogues with improved binding to EcDsbA were identified
which represent suitable points for further optimization. The crystallographic binding
mode of the strongest-binding analogue suggested that substitution with a larger
hydrophobic group from the 4-position of the phenoxybenzene core would create
favourable interactions. Additionally, further elaboration of compounds which contain
merged features of phenylthiophenes and phenoxybenzene classes can provide useful

insights to develop a novel series for potential inhibitors of DsbA.

Chapter 6 described the exploration and characterization of original hit fragments from
the benzofuran, benzothiophene, chroman, benzothiazole and phenol classes. For these
classes preliminary crystallographic data was used in combination with NMR data to
propose binding models, which were supported by inhibition data. This chapter also
describes experimental evidence for the binding of ligands at alternate sites in the
hydrophobic groove of EcDsbA. This binding diversity is potentially valuable in
combination with the other inhibitors described in Chapter 5, in proposing avenues (o
explore further optimization of these ligands through linking or merging approaches. The
growth of these fragments via small substitutions to the core has generated some initial
SAR information, however further exploration is required to enable development of these

series. A strategy involving linking or merging fragments crystallized in nearby locations
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may be a more viable way to probe these adjacent binding sites. These compounds were
also shown to possess strong binding and to exhibit inhibitory activity against EcDsbA..
The polar and hydrophobic contacts made by these compounds will prove valuable in the

development of potential EcDsbA inhibitors.

In conclusion, this thesis opens up a range of possibilities of study for future
investigation. The discovery of small molecule inhibitors with nM potency for DsbA
remains to be achieved, however these ongoing efforts are likely to benefit from the SAR
and protein-ligand structures of EcDsbA in complex with a variety of small drug-like
molecules, such as those described in this study. Additionally, the cell-based phenotypic
assay results described for the molecules in this thesis provide convincing evidence that
the inhibition of DsbA is worth pursuing in the drive to develop new, more effective

antimicrobial therapies.
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8.1.1 E.coli DsbA-Peptide Complex

8.1.2 Pseudomonas aeruginosa DsbA - Structure and Characterization
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The Structure of the Bacterial Oxidoreductase Enzyme DsbA
in Complex with a Peptide Reveals a Basis for Substrate
Specificity in the Catalytic Cycle of DsbA Enzymes™®
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Oxidative protein folding in Gram-negative bacteria
results in the formation of disulfide bonds between pairs of
cysteine residues. This is a mulitistep process in which the
dithiol -disulfide oxidoreductase enzyme, DsbA, plays a cen-
tral role. The structure of DsbA comprises an all helical
domain of unknown fanction and a thioredoxin domain,
where active site cysteines shuttic between an oxidized, sub-
strate-bound, reduced form and a DsbB-bound form, where
DsbB is a2 membrame protein that reoxidizes DsbA. Most
DshA enzymes interact with a wide variety of reduced sub-
strates and show little specificity. However, a number of
DsbA enzymes have now been identified that have narrow
substrate repertoires and appear to interact specifically with
a smaller number of substrates. The transient nature of the
DsbA.-substrate complex has hampered our understanding of
the factors that govern the interaction of DsbA enzymes with
their substrates. Here we report the crystal structure of a
complex between Fscherichia coli DsbA and a peptide with a
sequence derived from a substrate. The binding site identi-
fied in the DsbA-peptide complex was distinct from that
observed for DsbB in the DsbA-DsbB complex. The structure
revealed details of the DsbA-peptide interaction and sug-
gested a mechanism by which DsbA can simultanecusly show
broad specificity for substrates yet exhibit specificity for
DsbB. This mode of binding was supported by solution
nucdlear magnetic resonance data as well as functional data,
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which demonstrated that the substrate specificity of DsbA
counld be modified via changes at the binding interface iden.
tified in the structure of the complex.

The formation of disulfide bonds is a critical step in the cor-
rect folding and stability of many secreted proteins. In Gram-
negative bacteria, disulfide bond formation occurs in the
periplasm and is catalyzed by enzymes of the Dsb family. The
Dsb family contains several members, which mediate different
aspects of disulfide bond formation and isomerization (1).
DsbA is the enzyme that is primarily responsible for the forma-
tion of disulfide bonds in newly synthesized substrate proteins
(Fig, 1). In this reaction, oxidized DsbA reacts with a substrate
protein to generste a mixed disulfide intermediate. This cova-
lent reaction intermediate is rapidly resolved to releasc the oxi-
dized substrate and reduced DsbA. Reduced DsbA is in tum
reoxidized by the inner membrane protein DsbB (2).

Bacteria lacking a functional DsbA display pleiotropic phe-
notypes, since the folding of a lasge number of disulfide bond-
containing proteins is disrupted. Many of these are secreted
proteins, such as toxins and surface proteins, that contribute to
bacterial virulence (3). For example, DsbA is required for the
formation of a functional type Il seaction system in many
bacteris, including Preudomonas aeruginosa (4. 5), Shigella
flexneri (6), Salmonella enterica serovar Typhimurium (7), and
Yersinia pestis (8); dsbA  Vibrio cholerae are unable to secrete
cholera toxin (9); dsbA  strains of £ coli exhibit reduced levels
of B-lactamase activity (10) and are hypersensitive to benzyl
penicillin, dithiotheeitol (11), and some divalent metal cations
(12). Furthermore, DsbA has been shown to be necessary for
intracellular survival of S. flexneri (13) and P. acruginosa (4),
and DsbA is required for virulence of S enterica in a mouse
infection modd (7). Each of these phenotypes has been attrib-
uted to the lack of disulfide formation in protein substrates of
DsbA. Thus, there has been considerable interest in the struc-
tural basis of DsbA activity and selectivity and its role in bacte-
rial virulence.
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replacing the intermoleculsr disulfide with a more stable
isosteric thioether bond (37) to prevent product release. To
form the complex, a nine-residue peptide encompassing SigA
residues Pro™™ - Asp“™ was synthesized with a homoserine res-
idue (Hse) in place of the native cysteine (Ac-P'IPFL-Hse-
QKD®-NH.,). The hydroxyl of the homoserine was substituted
with bromine to generate the homobromoalarnine analogue,
whﬂimructadwithCrs”of&DsbAtoﬁxmamkm
thioether complex between the and EcDsbA. The isos-
teric thioether bond is more than the corresponding
disulfide, and hence the thioether-linked peptid: is essentially
bound irreversibly to EcDsbA. The peptide wus synthesized
with an acetylated N terminus and an amidated C terminus to
avoid introduction of charges at the termini of the peptide,
which would not be present in the context of the intact SigA
protein. Diffraction quality crysaals of the complex were formed
by soaking the homobromoalanine-SigA-peptide into pre-
formed crystas of reduced EcDsbA. Analysis of the crystals by
SDS-PAGE revealed that the peptide had formed a complex
with ~50% of the DsbA in the crystal, as estimated from the
intensity of tte respective bands on SDS-polyacrylamide gels
(Fig. 3a) The structure of the ccmplex was solved by molecular
replacement and refined to a resolution of 1.9A (R, = 21.7%,
Riee = 25.2%) (Table 1).

Description of the Structure—Each of the four EcDsbA mol-
ecules within the asymmetric unit adopted a typical DsbA fold
(Fig. 3b), wherein the active siteC,,PHC,, sequence of EcDsbA
is positioned st the end of helb a1 within the TRX domain of
the pratein The TRY domain rontains an inserted w-helical
domain. The two domains are Inked via a loop between strand
B3 of the TRX domain and helix a2 in the helicll domain (res-
idues 62— 66) and through a loop at the end of the long helix «6
(residues 129 -144) (14). The four EcDsbA molecules within
the asymmetric unit were highly similar to one another and

p SN
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superimposed over the backbone atoms for residues 2-184
with overall root mean square (r.ms.) deviation of <0.5 A. They
are also similar to previously reported structures of reduced
'Protein Data Bink code 1A2L) and oxidized (Pmtein Data
Bank code 1FVK) EcDsbA and superimpose over the backbone
atoms for residues 2184 with overall r.m.s. deviation of <05
A. Of the four EcDsbA molecules in the asymmetric unit, two
'chains C and L) were covalently linked to a SigA peptide
'chains E and F, respectively), wherzas the other two DsbA mol-
srnles (rhaing A snd R) were present in their rednced form The
:zwderlcomplavufumedmllhmh'rbmdlnmd\t

, in the homoszrine of the SigA peptide and S, n Cys™ of
ECDibA. Analysis of the structures revealed that binding of the
septide to the first EcDsbA molecule blocked the equivalent
sinding site on the adjacent EcDsbA, accounting for the obser-
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EcDsbA, respectively, such that the
loop and substrate peptide were
arranged in an antiparallel fashion,
and a water-mediated hydrogen
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amide proton of Hse® and the car-
bonyl oxygen of Val'® (Fig. 4d). In
addition to the hydrogen-bonding
interactions, Phe®™ of EcDsbA
packed against Ille* of the peptide,
whereas Pro™, His*?, and GIn™ of
DsbA made contacts to Phe* of
SigA. Hse® of the peptide contacted
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are -nﬁnihpeptdehrma):mp-r:ld tion with o in the cis-prols nlsoopd tively, Hﬂlmmmﬁaﬂy
EcDsbA. Polar interactions are shown as black dotted lines b the peptide (in 9 and EcDsbA (in of 74% as calculated in CCP4 (49).
ede) There were very slight differences in

vation that only half of the EcDsbA molecules in the crystal
were present as a complex. The peptides in each of the two
EcDsbA-peptide es were highly similar and had an
r.m.s. deviation of 0.21 A over eight Ca atoms (Fig. 4a). The side
chains of the glutamine at position 7 and lysine at position 8
were mobile in both peptide complexes, as determined by the
lack of prominent electron density in the 2F, — F_map (Fig. 45).
The aspartate at position 9 was disordered and not modeled in

DshA-Peptide Interaction—Analysis of the structure of the
covalent EcDsbA-SigA-peptide complex revealed that the pep-
tide was bound at the interface of the TRX and a-helical
domains of DsbA, with contacts being made to both domains.
Details of the DsbA-peptide complex are presented in Fig. 4.
The intermolecular thioether bond displayed an architecture
similar to that of a right-handed disulfide bond (47) with dihe-
€ btanCttume 80 S 090-C, s -Cpttne-Contine O 76°817,92° /100",
and 147°/154" in the two intermolecular complexes of the
asymmetric unit, respectively. This is a conformation similar to
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DsbA-substrate complexes present in the asymmetric unit of the
unit cell as a result of small changes in the orientation of the side
chain of Ile” and the mobility of Lys” (Fig. 4a). In addition, there
were slight differences in the side chain orientations of Phe® and
Met™ in the two molecules of EcDsbA that were cowalently
attached to the peptide. Notwithstanding these small differences,
the 10 residues of EcDsbA that contact the peptide in the complex
could be superimposed over their Cax atoms with an r.m.s. devia-
tion of 0.12 A, and the H-bonding interactions were conserved in
the two complexes, indicating that the mode of interaction is sim-
ilar. In both cases, residues around the active site (*FCPH™)
together with those in the loop connecting the TRX and «-helical
domains (Phe”* and Met®) and residues in the loop preceding the
cis-Pro** (Arg**, Gly***, and Val'*) formed =95% of the binding
surface

area.

Characterization of DshA-Peptide Binding—Given that only
two of the EcDsbA molecules out of the four present in the
asymmetric unit were observed to bind the peptide, there was
concern that the mode of peptide binding was a crystallo-
graphic artifact. In order to address this concern, the binding
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the residues in the hydrophobic
7 groove that is the binding site for the

Josen-H CIINH pBNH .7,

periplasmic of DshB were
observed in the **N HSQC spec-
md&l‘)dmhnmnotnguf

5 &

ey
o

the SigA peptide binds in a location
that is distinct from the binding site
observed in the crystal structure of
the DshA-DsbB complex (21). An
interesting feature of NMR data was
that no peak was observed in the '*N
HSQC spectrum for His™ either in
the presence or absence of peptide,

&

B
LA AR SAREE B REE AL R R SRR R A

wr..n.v"o“. gva
w, - ' (ppen)
a, EclisbA residues for which

vvv’v-vr

interaction by NMR

which is consistent with this re-
sidue undergoing conformational
exchange, which has previously

mdwnhmwﬂﬂmw
Gly* and Asp™) are unafffected.

FIGURE 6. Comparison of the complexes of substrate-DsbA and Dsb8-DsbA (Protein Data Bank code
The surface of EcDsbA is shown

2 (Protein Data Bank code 3DKS, chain G; the peptide 3DKS,
is not cbserved in either HSQC

stick
Ammnwmmmmmwmnmmuww

been suggested to be important in
substrate recognition and catalysis
in DsbA enzymes (50).
Canpm'unn of DshA-Substrate
—Com-
parison of our structure with the
EcDsbA -EcDsb B complex structure
revealed that the conformation of
EcDsbA was similar in both cases
(Fig. 6). The two EcDsbA molecules
(Protein Data Bank codes 3DKSD
and 2HI7A) superimposed with an
r.ms. deviation of 059 A over 179
Ca atoms. Both the SigA peptide
and the periplasmic loop of Ec DshB
interacted with "*RGV'™ in the
cis-proline loop of EcDsbA; how-

spectrum is codored in cyan.

demon-
residues (e.g.

with the peptide in an oramg epr ) position Hunonlhe-ﬂhmuh’%m

mmnm!dmmu The surface of EcDsbA is shown with the bound Cys * loop  €YeT, the side chains of residues

in a green stick of His™ is highlightedd. c. m‘mdﬂemm *PFA*™ from the DsbB loop were

reveals that mlh:mm(.iuvd\ muwadq:ua I Ty e

with that observed in the complex with Dsb8. . le‘;e‘
where they interacted with Pro’™’,

chemical shift perturbations in "H-""N HSQC NMR experi-
ments on uniformly **N-labeled EcDsbA in the absence and
presence of the peptide (Fig. 5). The chemical shifts of reso-
nances in HSQC spectra are exquisitely sensitive to changes in
the environment of the amide groups, and measurement of
chemical shift tion is widely used as a means to identify
the location of ligand binding A peptide containing homo-
serine in place of cysteine was employed to prevent formation
of a covalent complex and to allow identification of residues
whose resonances were perturbed in the context of a noncova-
lent complex between the peptide and EcDsbA. Analysis of the
spectra revealed that many of the most significant perturba-
tions were observed for residues that formed a continuous sur-
face at the interface between the «-helical and TRX domains
(Fig. 5a). The location of the perturbed chemical shifts in the
NMR spectra was consistent with the mode of binding observed
in the x-ray structure and suggests that the structure represents
a relevant model of the biological complex. In contrast, many of

EIDA
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Pro'®, GIn'®, Thr'®, Met*”?, and Phe'™* of EcDsbA (Fig. 6b).
Thus, although the general mode of interaction with DsbA is
maintained, DsbB appears to make additional interactions
within the hydrophobic groove on the surface of DsbA. These
result in the higher buried surface area observed in the DsbA-
DsbB. complex (1340 A?) (21), which may also account for the
greater specificity of the DsbA-DsbB interaction.

Despite their general similarity, there were some differences
observed between the DsbA molecules in the DsbA-substrate
and DsbA-DsbB complexes. A notable difference was the oni-
entation of the side chain of His™ (Fig 6c). In the complex with
peptide (Protein Data Bank code 3DKS chain C), H,, adopted a
gauche® conformation (y, = 827), where its side chain lay
across the face of the hydrophobic groove and blocked access to
the peptide substrate. In the complex with DsbB (Protein Data
Bank code 2HI7), His™ adopted a trans conformation (y, =
—1777), which allowed access to the hydrophobic groove of
DsbA and where its side chain made van der Waals interactions
with Ala®-Thr'™ in the DsbB loop. In the original crystal
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(@) MDEBAL  AGLVEGINYTVEAND I PIUUAGKVEVLEF PG Y FCPHCANLEPVLEKHA ==~ KSFKOINY LETEXVVWOKENLT EcTDNmDsbAle and EcTD-

WMOeAS  AELHEOVHT TVLATE IFIOOAIN IEVLEr PO T PCERCANLEFVLIENT ~—~ KT FKDIT YHRRENVVWIDEMKE NmDsbA2a, respectively. In con-

¥ - Moo S trast, the residues that form the

MOebAL  LARLAARVIMARADSKOVAREHI FIANVNOR IKLONPEVLERRLGEITAY DEKRYLARY ES PESGARRIINGE hydrophobic groove in EcDsbA
WDSBA2  LARLAAAVENRGEBDE -~ ANEHI FOUAMVNOE INLADT DTLEXWLEBITAF DAKEVLANF EAPESOARMOMEE in the chimeras.

ECDSBA  KDLTOANKVAMALGVECKVTVPLFRGUETIT TREAGD IRIVE TH-~A3 IRGERY IAMENEFVVEELVAQIRK are retaired in
In order to test the effect of these
WDEBAL  LTETFGICCTETYIVGCKYEVEFAD rrnLs R mutations, phenotypic analysis was
GTETVIVG FED-W
MOsBAZ  LTNEPUISETETVIVGEK Y OVEFKD-WOGGMTT I DOLVIKVREERKPO M m‘ the dshA — E. coli

ahe

mvw#uum;mmdmmu and NmDsbA2
of EcDsbA are underdined. Residues that make contacts to the

hhsmhm
the crystal structure complex

Ems' ucnsmw mmm%ﬂ&‘mmm

on LB agarwithout DTT, i

vdhqhmdiamHJ_MmUmml mM DTT and 1 m# isopropyl
&d-dhall‘-aﬁnhdhm

I-(un]}nsmﬂghmh

wm&mﬂmnm matile. e, both the
(zone 1) and XBS571 complemented with EcTDNmDsbAZ« (zone 3) were motile, wheseas JOBS71 (zone 7) was
not.

T-thio-f-D-galactopyranaside to induce DsbA expression.

nl\d\ew whereas JCB571 did not, #
d, neither (zone 2) nor JCBS71 complemented with
positive control (ICB571

TABLE2
Phenotypic analysis of DsbA chimeras
All dsbA genes were doned into the low vector pHSGE76 and assessod for thetr

Mm_n[wiﬂ_ﬂnn- reststance to DTT snd motility

— DIV resistance  Motiity
EET

Yes
JCB571 transformed with
EcDshA

No

EcTDNMDsbA 1= (QLRGY)
EcTDNMDsbA 2
EcTDNMDsbA 1a (QLRGV)

structure of oxidized EcDsbA (14), there were two molecules in
the asymmetric unit. These two molecules of oxidized EcDsbA
differed in the orientation of the His™ side chain (in the struc-
ture of oxidized EcDsbA, Protein Data Bank code 1FVK, x, =
160 and 72", ). His™ has been shown to destabilize
the oxidized form of EcDsbA (50), and it has been suggested
previously that movement of this residue may be required to
allow substrate access to the active site (50).

Functional Analysis of DshA—To determine the role of the
sdﬁn&e—bmcingmnchesolebAmdeﬁnmqnaﬁcly we
constructed chimeric proteins the TRX domain of
EcDsbA and the a-domain of either NmDsbA1 or NmDsbAZ.
Tl\aemréenedmu&:TDNmDibAlam&TD-
NmDsbAZa, respectively. of the sequences of
EcDsbA, NmDsbA1l, and NmDsbA2 (Fig. 7a) revealed that
within the chimeric DsbA enzymes, the loop **RGV'® in
EcDsbA is replaced by DGT and SGT in ECTDNmDsbAla
and EcTDNmDsbA2¢«, respectively. In addition, residues
Phe®-Met® of EcDsbA are replaced with WQ and WG in
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strain JCBRS71 with
EcDsbA, EcTDNmDsbAle, or
EcTDNmDsbA2e. First, the sensi-
tivity to DTT of each of the transfor-
mants was determined. Strains of
dshA— E coli, such as JCB571, are
sensitive to DTT and are unable to
grow on LB agar containing DTT
(Fig. 7, b and c). Transformation of
JCB571 with either of the chimeric
proteins or EcDsbA restored resist-
ance to DTT. This suggested that

expressed an active DsbA.

DsbA was able to be reoxidized in
the periphsm.
DsbA is also required for the cor-
rect folding and stability of a com-
ponent of the flagellar motor of E. coli (Flgl) (51). In the absence
of DsbA, the P-ring component of the flagellar motor is not
formed, which renders dshA ~ E coli, such as JCB571, nonmo-
either EcDsbA or ECTDNmDsbA2a were motile, whereas
those transformed with EcCTDNmDsbAle were not (Fig 7, d
and e). This is in contrast to observations with the intact Neis-
serial DsbA enzymes, wherein NmDsbA 1 restored motility to
dshA~ E. coli, whereas NmDsbA2 did not (29). However, when
the five residues immediately preceding the cis-proline in
EcTDNmDsbAle (QIDGT) were cploced with the corre
sponding sequence from EcDsbA (QLRGV), the resulting chi-
meric protein was capable of both conferring resistance to DTT
mdmmgrmtiltyml(IS?l(Td)leZ) Similarly, replacing

control strain

Dupnhr&mhhghmuvmwﬁmdwmma
of NmDsbAl and NmDsbA2, our analysis indicates that
changes introduced by constructing the chimeric proteins are
sufficient to alter the substrate specificity, but they do not
destroy the oxidoreductase activity of the proteins or, appar-
ently their ability to be reoxidized by DsbB. These data suggest
that neither the TRX domain nor the a-domain is solely
responsible for conferring substrate specificity and are consist-
ent with the structural details, which reveal that binding takes
place at a surface that encompasses the interface formed
between the two domains. Further, they suggest that substrate
recognition by oxidized DsbA is different in some respects from
the interaction of reduced DsbA with DsbR, such that changes
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of contrmad substmies of LsbA were mmparad 1o &S SeqUENOT COTSIVaLon ATound the cystoine nxdae. A nalysss of the sequencestevesiod that

there was no conservation beyond the cysteine rosidue itsall, ss determined wsing

Comservative matations

!uﬂmbm-.
Ewhomauﬁ

in substrate specificity can be achieved without apparent loss of
recognition of DsbB.
DISCUSSION

We have determined a high resolution crystal structure of
EcDsbA in complex with a nine-residue pepéide derived from
the sutotransporter protein SigA of 5. flexmeri. This structure
revealed that the peptide bound outside the hydrophobic
groove of EcDsbA :nd contacted residues st the interface
between the TRX and a-domains. The complex was stabilized
by main-chain hydrogen bonds between substrate and residues
in the cis-proline loop of the TRX domain, such that the two
peptide chains were arranged in an antiparsllel fashion. The
maode of binding observed in the peptide-DsbA complex dis-
played some similarity to that of a trapped substrate-thiore-
doxin complex (Protein Data Bank entry 2IWT) (48). In both
cases, the complex was stabilized by backbone-to-backbone
hydrogen bonds between the substrate and residues in the cis-
pmlhekmpofthemdnmnin.ndthelmpmdpep&km
arranged in an fashion. The heavyatoms of the res-
l!moﬂhemm(xcmas))mdthem&mmd\ebop
immediately the conserved residue for
the two complexes (R***GVP in EcDsbA and E**AMP in thi-
oredoxin) superimposed with an r.m.s. deviation value of 052
A. Furthermore, the buried surface areas observed for the
DsbA -substrate complex (760 and 795 A?) were similar to that
in the thioredoxin-substrate complex (760 A%) (48). The pres-
ence of mostly main-chain interactions as well as the relatively low
interacting surface in the EcDsbA-SigA complex is consistent with
the broad substrate specificity observed with mest DsbA enzymes
and the diverse sequences of potential DshA substrates (31). Cal-
tons between LsbA and its substrate proteins ere relatively weak
(37), which suggested that small changes in the active site of the
enzyme may be sufficient to alter substrate specficity. This is sup-
ported by previous mutational data, whereby it was demonstrated
that a V150G mutation in EcDsbA was defective in complex for-
mation with substrate proteins (31). A similar mode of binding has
now been observed br 3 number of TRX domain-containing
enzymes, including thioredoxin (48, 52, 53), glutaredoxin (54), glu-
tathione transforase (55) as wall 2s the mixed disulfide complex of
DsbC-DshD (56). This mode of interaction is emerging as a gen-
eral feature of substrte recognition in TRX domain-substrate
complexes (48).

However, comparison of the current structure and that of the
EcDsbA-EcDsbB complex, suggests that there are subtle differ-
G20
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ences in the manner in which reduced and oxidized EcDshA
bind their ive substrates. Thus, EcDsbB bound within
the hydrophobic groove of reduced EcDsbA, whereas the SigA
peptide substrate did not. Comparison of the primary structure
of proteins that have been identified as substrate proteins for
EcDsbA (Table 3) reveals that there is no conserved sequence of
hydmphohic residnes in the suhstmate that wonld pre-
sumably be required for favorable interaction within the hydro-
phobic groove. In fact, for those proteins that have been con-
firmed to be substrates of EcDsbA, there is no sequence
conservation in the residues flanking the cysteine (Table 3).
Asa of the different location of binding, the
SigA peptide did not contact the conserved cis-Pro*** within
the groove. It has previously been demronstrated
thatthe mutation P151T in EcDsbA results in the accumulation
of DsbA-substrate complexss (31) in the periplasm of E coli.
This suggests that the P151T mutant is able to both recognize
and form a mixed disulfide with a range of substrate proteins,
but is defective in the step of the reaction where the
complex is resolved with the release of oxidized substrate and
reduced DsbA (Fig. 1). The structure and activity of EcDsbA in
which the cis-proline was mutated to alanine has previously
beea reported (57). The activity of EcDsbAy, ., , as determined
from its ability to oxidize alkaline tase in a cell-based
assay, was significantly lower than that of wild type EcDsbA.
However, EcDsbB-mediatec reoxidation of EcDsbA,.,, was
not impaired. In the structure of EcDsbAg, ., , the conforma-
tion of the active site residues CPHC™ was unchanged,
whereas the positions of residues in the cis-proline loop were
significantly perturbed. These findings suggest that the resi-
dues in the loops surroundiag the active site may be of greater
importance in subatrate recognition and binding by DsbA than
the aydrophobic groove that is the binding site for DsbB.
Structures have recently been reported for SaDsbA (24) and
NmDsbA3 (23), both of which are oxidoreductase enzymes
that, in contrast to EcDsbA, display a limited substmate reper-
toireas well as E coli Dsbl., which is thought to have specificity for
the enzyme arylsulfate sulfotransferase (25). Comparison of each
of these structures with that of EcDsbA reveals significant differ-
ences armmind the mginns idertified as the peptide hinding snrfare
in the current study. Notably, SaDsbA and NmDsbA3 have a sim-
ilar TcP sequence in the cis-proline loop. In the case of SaDsbA,
mutation of this sequence to VcP, which is more common in
Gram-negative DsbA enzymes, enhanced the oxidereductase
activity as measured in an insulin reduction assay (24). Thus, it
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appears that the sequence of the cis-proline loop may beimsportant
in dictating the substrate binding of DsbA, as has previously been
demonstrated with other TRX domain proteins (27, 28). Although
Dsbl. retains the VcP sequence in the cis-proline loop, it lacks the
hydrophobic surface festures that smrround the active site in
EcDsbA and VclshA, which sapports the notion that thewe are
imnportant for substrate binding and specificity.

Although the structures of EcDsbA are very similar through-
out the catalytic cycle, differences have been observed in the
relative arientstion of the TRX and a-helical domains in several
structures of DsbA (17, 18). These are present both for diifferent
DsbA molecules in the same crystal structure, between DsbA
structores solved by different groups, and between the different
forms of DebA. This has led to the sugpestion that dynamsics may
play 2 role in the catalytic activity of DsbA (20). Analysis of the
dynamics in reduced and oxidized forms of VcDsbA has revealed
the presence of interdomain motions in the reduced form of the
protein (18), which resukt in an opening of the hydrophobic
groove. Redox-dependent conformational changes have previ-
ously been demonstrated to result in the opening of a cavity in the
TRX domain ining protein ResA (58), which contributes to
substrate specificity. In the case of DsbA, the conformations of the
different redox states are similar, but changes in the dymamics
appear to allow the reduced form of DshA to access 1 move open
loop and enable the formation of a mixed disulfide between Cys'™*
of EcDshB and Cys™ of EcDsbA.

The structure of the EcDsbA-peptide complex presented
herein provides an insight into the specificity observed within
the catalytic cycle of this enzyme. In conjunction with the

iption of the structure of a EcDsbA-EcDsbB complex (21)
and differences in the dynamics of the different redox states of
the VcDsbA enzyme (18), a clearer picture is beginning to
emerge of the factors regulating the catalytic cycle of DsbA.
Thus, axidized DsbA appears to bind its substrates through a
mechanism that is common to many TRX family oxidoreduc-
tases via the formation of backbone hydrogen bonds to a loop
immedistely prior to the conserved cis-proline residue of the
TRX fold. Subtle changes in the composition of this loop and
the residues that surround it appear to mfluence substrate spec-
ificity. The relatively higher specificity of reduced DsbA for
DsbB results from additional interactions of DsbB within the
hydrophobic groove on the surface of DsbA, which may
become more accessible as a result of interdomain motions that
are present in the reduced DsbA.
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Ann Arbor, MI). We thank the BIOCARS staff at the Advanced Pho-
tont Source for assistance with data collection. NMR data were ana-
fyzed using the program SPARKY*

REFERENCES

1. Coliet, ]. E.. and Bardwell, |. C. (2002) Mol Microiol 84,18
2 Bardwell ].C_. Lee, . O. lander, G., Martin, N.. Belin, D., and Beckwith, |.

* 1.0 Goddard and D. G. Knelies, unpublished data.

17844 JOURNAL OF BIOLOGICAL CHEMISTRY

{1993) Aroc. Nl Aosd: Sci LL § A 90, 10381082
3. Heras, B, Shouldice, S R, Totsika, M., Scanlon, M. |., Schesnbri, M. A,
and Martin, | 1. (2009) Nt Rev. AMficrolol 7, 215-225
4 Ha U H,Wang Y_and Jin, S (2003) Infect. Imusun 71, 1590 -1595
5. Dacheux, D. Epaulard, O, de Groot, A., Guery, B, Leberre, R Attree. L,
Polack, B, and Tomsmint, R (2002) Myect. fmewun. 70, 39733977
6 Watarsi, M., Tobe, T., Yoshikzwa, M., and Sasalawa, C. (1995) Aroc. Natl
Acsd Sci U S A 92, 89774931
7. Miki, T, Olada, N, and Dambara, H (2004) | Bicl Chem I79,
3463134642
8. Jacksan, M. W, and Plano, G. V. (1999) [ Badieriol 181, 5126 -51%0
9. Peek, | A, and Taylor, R K. (1992) Prec. Natl Acad Sci LL S A 89,
€210- 6214
10. Bardwell, ]. C, McGovern, K., and Beckwith, |. (1991) Call €7, 581-589
11. Missinkas, D_, Georgopouks, C., and Kaina, S (1993) Proc Nail Acad. Sci
U S A %0, 7084 - 7088
12 Stafford, S. |., Humphreys, D. P, and Lund, . A. (1999) FEMS Microbiol
Leit 174,179-184
13. Yu, |. (1998) Infect Imemnn &6, 3909 3917
14 Martin, ). L, Berdwell, | C. and Kuriyan, | (1993) Nature 365, 464 - 468
15. Hu, S H., Peek, | A, Rattigan, £, Taylor, R K, and Matin, J. L (1997) )
Mol Biol 268, 137-146
16. Schirra, H. |}, Renner, C Crisch, M, Huber-Wunderbich, M., Holak. T. A.,
and Glockshaber, B (1996) Biockemistry 37, 6263 6776
17. Guddat, 1. W, Bardwel, |. C and Martin, |. L (1996) Stactwee 6, 757767
18 Horne, |, dAuvergne, E |, Coles, M., Velbov, T, Chin, Y., Charman,
W. N., Prankerd, R, Godley, P. K, and Scanlon, M. |. (2007) | Mol Riol
371, XB-716
19. Martin, | L (1995) Strmctare 3, 45250
. Guddat, | W. Bardwell | C. Zander, T., and Martin, | . L. {1997) Proein
Sci 6,1148_1156
21. Iraba, K., Murakami, S, Suzuki, M., Nakagawa, A Yamashita, F_, Okada,
K., and Ito, K. (2006) Cell 127, 789 - 801
22 Dutton, R. |, Boyd, D, Berkmen, M., and Beckwith, |. {2008) Proc. Natl
Aced Sci U S A 105, 1193311938
23. Vivian, ). P, Scoullr, |., Kok A 1_, Batiomley, §. P, Home, J.. Chin,
Y.. Wicdens, |, Thampson, P. £, Velkov, T, Piek, 5. Byres, £, Beddoe, T,
Wilce, M. C., Kahler, C. M., Rossjohn, ]., and Scanlon, M. . {2008) /. Bial
Chem. 253, 3245232461
4. Heras, B, Kurz, M., Jarrott, R, Shouldice. S R, Fra, P Robm, G,
Cerrazar. M., Thomy- Meyer, L, Giockshaber, B, and Martin, |. 1. (2008)
J Biol Chem. 283, 4261- 4271
25. Grimshaw, J.P., Stimi C. U, Brozzo. M. S, Maloieic, G., Grutter,
M. G., Capitani. G., and Glockshuber, & (2008) | Mol Biol 380,
667 - 680
26. Dumoculin, A Grauschopf, U.. Bischoff, M, Thémny- Meyer, 1, and Berger-
Bachi, B. {2005) Arch Microbiol 184,117 -128
27. Hindker, A. Ren, G, Hers, B, Zheng, Y., Laurinec, K, jobson, R. W.,
Stuckry, | A.. Martin, |. 1., and Bardwell, . C. (2007) Proc Nett Aced Sci
U S A 104 116R-11675
28 Ben G., Stephan, D Xu, Z, Zheng Y., Tang, D, Harrisoa RS, Kurz, ML,
Jarrott, R, Shouldice, §. K.. Hiniker, A, Martin, ]. [_. Heras, B_ and Bard.
well, |. C. (2009) [ Biol Chem. 284, 10150 10159
2. Sinha, S. Langford. P. R, and Kro, J. 5. (2004) Microbiclogy 150,
2993 3000
. Tinsley, C. R, Vaulhoux, R, Beretts, |. 1., Tomemassen, 1. and Nassif, X.
{2004) ] Biol. Chem 279, T7178 - 7067
31. Kadokura, H.. Tian, H, Zander, T.. Bardwell, |. C. and Beckwith, J. (2004)
Science 303, 534 - 537
Darby, N. |., and Creaghton, T. F. (1995) Bochemuitry 34, 3576 - 3587
Ruddock, 1. W., Hirst, T. R., and Freedman, R B. (1996) Biochem | 315,
1001-1005
Skirko.Glonck, |.. Sobiecka-Szkatuda. A., and Ligituka, B. {2006) Ada
Biockim. Pol 53, 585_589
. Amane, E, Ochs, B, and Abel, K. |. (1988) Gene 69, 301 315
Mariey, }.. Lu, M., and Bracken, C. (2001) | Biomol NMR 2,71 75
. Coupric, |.. Vinci, E., Dugave. C. Quéméneur. F.. and M M. (2000}
Biochermutry 39, 6732 6742

-]

SRS I - S

OO VOUME 284-NUMBER 26- JUNE 26, 2009



Appendices

38. Colaborative Crystallography Project 4 (1998) Ade Crsitallogr: Sect D
50, 760 -763

39. Delaghio, F, Grazsick, 8, Vuister, G. W., Zhu, G, Plieifer, |, and Bax, A
(1995) J. Biowesl NMR &, 277-293

40. Ayed A Mualder, FA_Y1 G S Lu Y, Kay, L E, and Arrowsmith, C H.
(2001) Nat. Serwct. Biol 8, 756760

41 Warreas, A N Jones, M. D_ and Lechier, R L (1997) Gene 186, 2935

42 Chung C T, and Miller, R. H. {(1988) Nuscleic Acids Rex 16, 3580

43 Sardesni A A G P_ Schwager, F., Asg, D and Geargopasios, C.
(2003) EMBO | 22, 1461 - 1466

44 Macnab, R M. (1986) Methods Emrymal 125, 563-581

45, Wicims, |, Crosby, L T., and Chalmers, D. K. (XX05) J. Compes. Asded Mol
D= 19, 301317

46 Bader, M. Muse. W, Zander, T and Bardwedl. |. {1998) [ Biol Chem 273,
1090210307

€. Petersen, ML T, jonson, P. H., and Petersen, S B (1999) Protein Exg 12,
535548

4B, Macda, K., Hiiggund, P_, Finnie, C.. Svensson, B and Henriksen, A (2006)
Structare 14, 1701-1710

The Structure of a DsbA-Peptide Complex

49. Lawrence, M. C_ and Colenan, P. M. (1993) /. Mol Biol. 234, M6 -950

50. Guddat, L. W, Bardwedl, }. C, Gilockshuber, R, Huber-Wandertich, ML,
Zander, T., and Mastin, | L. (1997) Arotais 5o 6, 18931900

51 Hizmakusi, Y., Yakushi, T, Kawagishi_ |, and Honma, M. (2006} /. Ascierial
188, 4190 4197

52. Qin, |, Clore, G. M., Kemnedy, W. M., Histh, | R., and Gronenbarn, AL ML
{1995) Structawe 3, 289 297

53 Qig, }. Gore, G. M., Kennedy, W. P, Kuseewski, |, and Groaenborn,
A M (1996) Structure 4, 61362

54 Nordstrand, K., Ashimd, E., Hokmgren, A, Ouing G and Barndt, K D.
(1999) | Mol Biol 286, 541-552

55. Ladmer, . E_Pansons, | F., Rife, C. [, Gilliland, G L., and Armstrong, R N.
(2004) Biochaesmictry 43, 352361

56. Hacbel, P. W, Galdstone, D., Katzen, F., Beckwith, |, and Metcalf, P.
(2002) EMBO |. 21, 4774 - 4784

57. Charbonmicr, |. B, Belin, P, Moutiez, M., Stura, E. A_, and Quéméneur, F.
(1999) Protein Sdi 8,96 106

58. Colbert, C. L, Wu, Q, Erbel, P. |, Gardner, K. K., and Deisenhoder, §.
(2006) Proc. Natl Acad Sci L1 S A 103,4410-4415



Appendices

OrRGINAL RESEARCH COMMUNICATION

Characterization of the DsbA Oxidative Folding Catalyst
from Pseudomonas aeruginosa Reveals
a Highly Oxidizing Protein that Binds Small Molecules

Stephen R. Shouldice! Bagofia Heras! Russell Jarrott! Pooja Shamma?
Martin J. Scanlon? and Jennifor L Martin'

Abotmact

Bacterial antibiotic resistance is an emerging global crisis, and treatment of multidrug-resistant gram-negative
infections, particularly those caused by the opportunistic human pathogen Psaidomoms arruginoss, remains a
mejor challenge. This problem is compounded by a lack of neew antibiotics in the development pipeline only two
new dasses have been developed since the 19605, and both are indicated for multidrug-resistant gram-positive
nfuﬁmaApmmhngnewwmchbmuMmﬁbnu resistance is by targeting bacterial virulence, rather
than bacteral viability. The bacterial periplagmic protein DsbA represents a central point for antivirulence
nmmminmmmimqswmnmmmmdmmmm
virulence factoms. Here we describe the three-dimensional structure of this DsbA target from P. aeruginoss, and
we establish for the first time that a member of this enxyme family is capable of binding small molecules. We
abo describe biochemical assays that validate the redox activity of PaDsbA. Together, the structural and
functional characterization of PaDsbA provides the basis for future studies aimed at a new dass of
antivirulence campounds to cambat antibiotic-resistant P. aeruginasa infection. Antiovid. Redox Signal. 12, 921-
931.

introduction teins must be folded and remain intact in the hamh extmonl-
lular environment for this reason, most incorporate disulfide
GRAM-NEGATIVE Perrudomonss seruginom s bonds. Incorporation of disulfide bonds takes place in the

an opportunistic human pathogen and a leading cause of
howpital-acquired infections ). Such nosocomial infections
are amocisted with wounds, surgery, invasive devices, or
mechanical ventilation and P. arruginosa infection is particu-
lady prevalent in the immunocompromised and critically ill
). In hospitals, the widespread use of broad-spectrum anti-
biotics suppremes patients’ narmal flom and encoumges
coss-infeciion between patients. Surveillance programs that
manibor the incidence of antinkrobial resstance hive re-
venled increnses in bath the number of P. aensgmose infections
and the frequency of multidrug-resistant isolates (25).
Praudomones aeruginos possesses a diverse army of viru-
lence factors that enable it to evade host defences. Many of the
proceses that confer virulence or antibiotic resistance are
medisted by secreted proteing, including flagellar proteins,
ty pe Il secretion factons, pili, and enzymes such a8 proteases
and fHactamases To funcion comrectly, these secreted pro-

periplasm and is catalyzed by enzymes of the Dsb family. The
DebA enzyme from P. seruginost (PaDsbA) plays a pivotal
role; it is required for the expression of elastase, exotoxin A,
protease IV, lipase, and alkaline phosphatase (7,11, 15,31, 32,
49. PaDebA is also requined for the formation of a functional
type Il secretion system, and P. arruginose organisma lacking
PalDsbA are defective in twitching motility and in the ex-
pression of the pilin subunit piA Taken together, these
findings highlight the intimate relstiorship between PaDibA
activity and P. aerugmom pathogenicity and identify PaDsbA
as a potential target for the development of a new clam of
antibacterial agents that target virulence rather than viability
(18). This approach has been advocsbed as 2 mears of gen-
emting ‘more effective drugs with a lower propensity for
inducing bacterial resistance” ().

The DibA of Esdienicm coli (EcDibA) & the best-
characterized member of the DsbA family. However, pecent
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strudusal and blochemia]l evidence ilustrates that signifi-
cant difieeences exist among DvbA homologues (17, 22, S0,
For example, the peptide-binding groove identiied in the
EeIMbA tricture (1) aad ubiecuently thown to be used by
#is redox pariner protein DebB (24) is virtually absent in the
strudure of aurass DebA (SaDibA) (19). In
addition, a by drophobic patch believed to be important for
nidwirate in BeebA is ot pregent in SaDsbA.
Toinvestigate he mple of PaDybA further, we determined
the 15-A nesolution crystal structure of this and
chamcterized s redox popertis. Our data show that
PaDubA is one of the most axidizing proting y et chamcter-
ed, and the structise of PaDehA mvesls important differ
ences compared with other charactedzed DibA
ptdén, includingthe unexpected finding that FaDsbA binds
small moleculs. Collectively, these studies reveal the bio-
chemical function of PaDd»A and suggest a basis for futune
strudure-based drug-design studies targeting this important
vindence determxinant.

Miaterialy and Msthods
Cloning . expression and puriication

The Pecidowionss acvitginoia dthA gene
lacking the signal sequence and inserted into the PCR-Blunt
vector was obtained from GeneArt (Regerwberg, Germany)
and subsequently amgplified by using forward and mevemse
primems compatible with i ent claning (LIC).
The-nplﬁadgatwa;ﬂxenimedﬂdim‘ modi&dplﬂ‘zh
vector. This modified vector encodes a leader sequence con-
sisting of an N-teominal makosebinding potein (MBP)
fallowed by the tobacoo-vein mottling virus (TVMV) pratease
recogrition sequence. This plaeanid sleo encodex for TVMV
50 that the MBP fusion is cleaved during protein folding
Immediately after the TVMV site & an Hisa-tag, followed by
a spacer containing the tobacco etch vinus (TEV) protease
recognition and a LIC sequence based on a central
Sapl restriction site. The cloning protocol intreduced three
additional amino acid residues (SNA) at the N-termimas of the
mature profein when the Hisgtag is ceaved with TEV poo-
tense . The sequence of the final constnact was confirmed to be
that of Psasdomones dibA (GereIDR77731). The
plamid was tramsformed into Eachenichie cobi BL21(DE3)/
pLysSfor expresaion by auboindu ction (§7). In brief, celk we e
grown with agitation at 200 v /min for 24h at 3K in av-
toinduction media supplemented with 50 pg/ml ampicllin
and Mpg fml chloramphenicol After ex the cells
wern: harvested with centrifugation, fl ash frozen in liquid ni-

andstored at 193K Cell were lysed in25 mM HEPES,
pH 75, 150mM NaQ, (.5% TritonX-100, protease imhbitor
cocktai]l M (AG. Scientific, Inc, San Diego, CA) and DNase.
The sample was sonicated, and cell debris was removed by
centrifugation (11,399 ¢ for M min). His-tagged PaDsbA was
purfied by wsing PrepEan: High Yield Resin (USB-Millen-
nlum Sclence, Sumey Hilly Victonia Awstralia) and ehited
with 25 mM HEPES, pH 75, 150 mM NaCl and 500 mM im-
idazole. The peak fractions were pooled, and the protein
concentration was measmuned at 2#) nm by using 2 NandDrop
ND-1000 (ManoDrop Techmologies, Wikmington, DE). Pur-
ified recombrinant Histagged TEV (geneated from pRK?Y
(5) was added to 8 molar matio of 1:100 to cleave the His tag
from FPaDsbA. This mixture was dialysed exterscively against

SHOULDICE ET AL.

25mM HEFPES pH 75, 150mM NaQl, at 27K for 48 h The
mixture was then passed over PrepEase High Yield Resin
once more so that the Bowthrough condained the cleaved
PaDibA, and the tekin retained Histagged TEV. The ceaved
PaDbA was fusther purified by gel-fltzation chromatogra-
phy by using a Superdex$-7 column (AKTA; GE Healthcare,
Fiscataway, NJ).

Peak fracions contsining PaDsbA were and con-
centoated to 100 in 10mM m,PH 75, byn.‘hg
Amicon Ulta centrifugal filker devices with 2 10kDa cutoff

Billerica, MA). The protein conoentration was
again meagured at 280nm, and the purity was assessed with
SDS-PAGE smalysis.

Disulide isomesase asssy

An i pitro seeay monitoring the refolding of serambled
RNaseA was wwed to meapure the isomerage activity of
PaDébA, EcDebC, and EcDbA (19 Disulidescrambled
RNageA was produced s previously described (17). The
isomerization of scrambled RNase A (€0 aM) disslfide bonds
© their native conformation was measured by incubation in
100 M sodium phosphate buffer, 1 mM famin ete-
fraxcetic acid (EDTA), pH 70, 10aM dithicthzeitol (DTT),
with 10 xM protein sample. Positive and negative controls
consisted of two additional reactions with folded native
RNasge A or buffer, respectively. All asmys were performed at
28K, and RNaseA activity wis determined by monitoring
cOMP hydirolysis at 296 nm at several time points.

Chemical unfoicling and redoiding

Oxidized PalsbA was diluted to 1.5 aM in 20mM Hepes-
NaOH, 170 mM NaCl, 0.1 mM EDTA, pH 7.0 buffer contain-
ing guanidinium chloride st vardow concentrations and
incubated at mom temperature for 20h. Red uced PaDsbA
was unfolded wunder identical conditions but in the presence
of 0.75mM DTT. Refolding experiments were performed by
firat oxidired and reduced PaDab A stock solutons
(75 aM) in 20mM Hepes-NaOH, 170mM NaCL 01 mM
EDTA (pH 7 0), 6 M guanidinitm chloride (containing X) mM
DIT for the reduced protein) for 20h at oom temperature,
and then taking 20l of the unflded protein wlistion and
mixing it with 480 4 of buffer containing guanidinium chlo-
ride at various conoe ndrations. These solutions: were then in-
cubated for 24h at mom ature. Three ind ent
eperimen ts were perfarmed for each tmrwition, which were
messurd fluorimetrically at 353nm, by wking an excitation
wavelength of 280nm. Data were fitted according to a two-
sate model (38, 44)

Therrnal s mbility

The thermal-densturstion m was messured with
methods we described previowsly (17). We confirmed that
FaDdbA diulide oxidation wa complete by iming the
Hiknan maay before messuring the temperastume-induced
unfolding curves. The reduced samplk wa prpared by
adding 0.75SmM DTT (final concen tration) to the oxidized
mmple. Tempe mture-indiced unfolding was messund at
265 nmn for the oxidized ssmple and 225 nm for the reduced
mmple on a Jasco 810 spectropolarimeter. The excperiment
was conduixted by heating the mmples from 25°C to 6C
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1°C/min (undoiding). Once 95°C was nached, samples were
then cooled t 26°C (nefolding).

PsDshA redox posntis’

The £-actions of reduced 2nd oxidized PaDebA (2 pid) in
100mM sudtan phospante, 1mM EDTA, pH 70, at 198K,
and difierent concentrations of excess nduced glutatrione
GSH)and ondized glutathione (555G) (51 ) were detemuined
from the sedox-dependent FaDebA fuorescence at 30 nm
exatanon, 30mm) after eq;mm 0r 2ah Three mde-
tdem rhormed to give the estimate of

equﬂbdtmm redox potential was thea cal
cuated as described paevioudy ().

insudin-meduction assay

We mesgured the abiity of PalxbA, ScDedC, and EcDebA
© catalyz: inmuiin exdurtion :n te prewece of DTTby sing
methods described previowsly 1) In brief reaction mixtures
were prepand in cuvettes 130paM ingulin and

catalvt (5 to 10aM] in 100mM sodium phosshate

SmMEDTA, pH 70. Reactions wese started with the
add:ﬁmofn'rrba fnal concestration of 033ImM. After
themough miring, he mte of precisitation was monitored by
recording the increased turbidity of the reacion mixture o
60 nm every30s. Absctbance messurements wese made by
wing a 1-em cuvette and a Cary®0 spectrophotometes. The
noncata.yzed reduction of iswulin by DTT wai mositored in a
ocoatml reaction withou: cata yst

Felshd romplamantrtnn

For twse ts, we cloned the pakbA gene into
the amabinoscinducble pBADIS vector (14) The consiructs
were then chemicelly transfermed into the nonmotile E coli
dshA” mrstant and deb A/ dsbB’ double-nmatard straires [JCBS17
and ICBE18 respectively (4l and plated e LB chioram-
phenico. plates As positive controls, we used JCB817 and
JCMW18 cedlk containing sBADR3-FeDabA. Teplicates of frexh
colonies were stabbed nto minimal agar (M63) containing
Mpg/ml of cach amina acid. and 1 mg/ml ambivoe n in-
duce expresion. Additienally, the sxperimern: was performed
by wsing agar withowl amsbinos to monior background
mhm The experimentalso was perfomed in the

and p of L eyatine b0 determine ahether ©
cyﬁmm]dactasa gemezal axidant for PaDsbA. Plateswere
amubaled a7 W 10h al 0K befiue amalyais of U
swarmisg of E cof cells.

Crystalization ana diffractior date measurement

The hanging-dop iffudon methad was used for
cryetallaation of PaDubA with the commarcially avalable
wreens Crystal Screeas 1 and 2, polyethykne glyonl
{PEC)/ b Sexcen, ndon (Hamp ton Reswarch, SanDicgo, CA),
Wzard Crystal sceers 1 and 2 (Emerzld BiSystemn, Bain-

Mand WA), the JCEC| Suike (Qiagen Pty Lid, Don
caster, Victoria, Austrdia) and the PACT premier sreen
(Mokrouar Dimersdones Limded, Newmarket, Suffulk, Eng-
land). triak were set 1 in %-wel plates by
wng a Mosquito crystallizztion mobot (TTP Labtech, Mel
bourne, Cambridge, ). Each drop consisted of “(Xinl
protemn solution and 100 nl wel seluton. The carystalleahon

pltes were incubatec & M3K and imaged by wsing a

Rocklmager (Foromulatrix, Waltham,
MA). Crystals of PaDebA appeated w:thin 2 days in 2 con
dhon fom the JSG+ Sulbe screen compriging 24% (wtfval)
PIG of avenge molecular mags of 1,500 Da (PRG 1500, and
20% (val/vol) giveerol A fine scoeen amound this condition
was then setup by using VIXm M-well hanging-drop plates
and 1Rmm Hlinovvisad cvwwelipn vk froom Hampvion Re-
search, San Diege, CA). Tc increasge e cystal size each
orwereln hall e Y-pl A coniriving 1 6l prevvisin endidion
and 1pd wel solttion. The condtion consisted of
28% (wit/vo) PRC 1800, sd 2% (vol/vel) glyosrdl We
atempied tc solve the strucure o PaDsbA by molecular re-
plhcancat with Faascs (36) and L OCTN pogsam CIIAIN-
SAW, by usihg ssmodels the coodinales of DabA structures
avallabie o e Gowe. DebA Las Lacks dhis coli (TDU cinde
1DSB, Seq ID 27%), Stavlaplococcus areas (3C] Seq ID 21%),
Wolimckix pipientss (PR SeqID 8%), Virs clolers (1BED Sy
IC 28%), and Nibvsomone awgues 2IND Seq ID 12%).
However, these tials nfa'em-uwauul. ad we theretone

p«ruel anomalow dispersion SAD)
:ﬁ:‘ Seknonwthionine SeMet) PiDsbs was
ncad similar 0 that previous
""’" peetciom o1 SeMat ComG () In bt £ oot
Bm(mpms cells containing the PalubA expression
phamid descrbed eader wee grown st 316K in M63 mini-
mal media containing 50 pg/ml SeMet (D/L mivture) Cul-
tures were induced at the exponential phase of growth
(Do = 0.6 with a final concentration of 05mM isopropyl

p-rthigglaciopyrnanoside (IPTG), and cels were harvested
Ah after indichon Saldet PaldhA wa prirified w de

scbed earlier for native PaDd:ASdeizunptnbm was

fiemcd with + y. SMct PeDubA crywhals
appeard wih the xame pmtenmcelnhm and crystalk-
zakion condizons as mabive FaDubA.

For SeMet PaDsb A data cellection, crystals wer harvested
Lo hanging divps by using o 0.2 10 03uun CrystalCap
Copper Magnetic HT Crycloop (Hampton Reseanch) and
phoedina I-pl drop comatiag of 5% (#t/vel) FEG 156 and
29% (vul fvol) glycerol jor ~X0s before flagh cooling in liquid
niToges (O crysal-csoling tria s indicated tha: both FEG
and glycerd wene necessary to achieve adequate
ticn). The PallsbA crystal was maintained at 100K through-
out data odllecton. X-ray data were collecied # the
Asnstralan Scheotron on FX1 beamline 3841 (wavelength,
0953645 A). The c-ystaHo-detecter distance was 150 mm, and
1-degnee owcllation images were collerted for a otal of 72
degrens, with an exposure ime of 55 each. This collection
strabegy resulted i ahighly -edundant data set idmlly suited
for SAD pluxing. Diffration dats wereproosied and scaled

by using the HKL2ZXK) progmam package (37).

Swructre determihation ano refremert

The strucure of PaDsbA wa solved by SAD plhasing
PDub /A comvnine win Mot naiduc, and ScMct PaDsbA crys
tas wee predicted to ave one molecule in the asy mometric
umnit, acordizg to the Matthews analyss (3% The ocatione of
all six sedervum atoms wer deermined by wing Fhenis
AntoSol (1), and the modd was snprovel with temative
mydelbuildng, densicy modification anc refiwement by
usng tw FPhenx AutcBuild wizand. Thae was fellowsd by
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cydesof intenactive manual wfittingof the modd by using the
progam COOT (10) snd sfinsenest with phend refine (1).
During the laer stages of reinement, glycerol moecules and
water molecules were bud: into (F, —F.) difference meps.
Some surface mgiduds wih wets electron desty were

modesd with reduced oocupancies for the tide-cnin atoms
A M S L S ST
1_”1:5 a

Z Lyé® Lye®, Gh" Lys'®, Lye™, Lys™),
mdmruﬂmwamﬂdﬂwﬂ:mm
tions (Ser’?, Ser®, Cys™, Cys®, Be¥, Gu®, Se*°, G™,
Ser'? Mae'™ Glu™, Mee™, Ly, Lys™). Table1 provides
the staistics for the x-ray dat colection and fizal refined
mode. The coondisstes and structure factors of SeMet
FaDebA have been deposited (FDB code 3HEY).

Resulls
PaDabA is active in the insulin-recuction seasy

Before abtaining fhe crystal structure of PaDebA. weex-
amined the mdox activity of the pusrified protein to confrm
that the protein was active and to charactirize it more fully
than kad previows studies (49). Fist, we used twe trasulins-

Tant 1 X-mar Nava Covr sennn

AND REFINBMENT SrATISTICS RPOR PADS2A

Duts so Boctien
Wa A) 095%4
Resolution mange (A] 0.0-150
P,
fﬁ“ﬁ“‘" stons (A) & b=4115;
c=R3x
a :i =y =900
Obgerved reflections gzm
Uniqu! reflections ,111
| @076 (0.361)
Cmema- ™) 100 (100)
<I>/<o(l)> 65(113)
Redundancy 200173
SAD
Reasl m 291150
Number of stlenium sites 6/6
found /e
Mean figure of men: ({120
Refinement
Rewclution (A) 211 80
ness for raage (%) 992
WR._ g 11.0(95)
Rerwe 152 (178
Number of non-H protein atoms 1567
Number of waterss k <Jv ]
Number of non-H sborns 4x0
Wikon B gyee! 1165
Averquhdot(A}Aum 1647
Aversge B tactor (A'): Water M
Average B factor (A*): Nonwlvent B3R
Rmad. from ideal goomelry
Bonds (A) 0005
Angles (9 0969
Ramachandna plot
Rexidues in most-favond / WS5/15

additionally allowed negions (%)
“Vahwes in parentheses refar 0 the highestresolution shedl
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weduction asmy (21). b this amay, oxdoreductase enzymes
mduce tw intechain divulfides of insulin, causing precipits-
ton of the ingduble insulin B-chain tion i moni-
Lred 28 an incresse in sbeorbance at 50nm We fvand that
tie punfied PalnbA we produced wasas sctive as Esdesricha
oli DsbA (EclisbA) in this sy, but less active han the
dimilfide isomerase E coli DabC (BeDebC) (Fig. 1A). in
sgreement with an earier repart (49). We thesefore et about
¢ morecompredwnsive analyis of the mdox acivity of
RalnbA

Primha haa wanic din diiris innemarnen arthity

The Dab famxly of proteine vary in their ablity to catalyze
dimlfids wvme—izabion We menciined the ability of PaldhA
© isomerize, or shuflle, inccrrect disulfides of scambled
RNage A We found that, under the conditions of our assay,
PaDabA yiedded ~ 30% actve RNaw A after 300 min Pig. 1B).
By comparison, the igomerage EcDwbC yielded ~ 0% activity.
In this assay, the activity of PaDsbA is more similar 10 that of
EkDebA, 2 strong hiol oxidant with 2 very oxidizing dis-
ulfide. The nextstep was to determine the redox polential of
PaD b A 0 dleslily whethes . too s aighly onidizig,

PaDishA is highly axidzing

The redox potentialy of DebA proteins vary tremendously:
hemrdx&gMAdnnMdbdﬁhWa&h
pipientis a-DubAl (Wpa-DvbAl), with a2 vaue of -163 mV
(7)., anc the most axidizing ax the neiwserial NmDib A pni-
kins [mlun poleniiss, —80mV (28] amd L uli Dbl
(EcDubl), the specialized Dab/ from pathogenic E. ali [redox
potentia, —95mV (13]. We wsed the standand smay for
memsuriag redex potential at pH 7.0 and 20 K from the
oquilibrism comstant with gluathione. The data yielded an
quilibrism conatard (Kg)for PalubA of9.96 £ 088,107 M,
corresponding 10 an incringic radox pdmtal(l:") d — mV

!:Bublf) PalxbA & thus 1) times more than
K =12x107> M; B = —122mV (B3)] and as oxi-
dizing & EcDubl (13).

"he actve-site disuae bond of PalsbA

& destaoiizing

Disulfides ty>ically stabilize strucuns. Howeve,
br Deb As, the activesite disulfide has been shown 0 dests-
bilze [e 7., EeDubA (52 Wpa-DabAl 27)] or b have no effext
[cg. Stwindooxcis auwus DA (17)] on the stabilty of the
protein. We scrfomacd  guanidinum  chloride induccd
unfolding/ refolding equilibria expeiments on PaDsbA to
determine the AG_,- Tw transitions were fuly neversible and
cooperative, and all uncolding rurves Gtted a two-stake model
Fig. 1D1 (38, 44). The oxidized form of PalkbA destabilizes
fo peotwin md with he reduced vem (LAC, ...
B.1kj/mol reduced PaDsbA AGes = —W.7 £ 5.5k] /mal;
coperativity, 2664 22 kjmol/M; of tranition,
261 M; oxidised PalsbA AL, =-56.64139k)/nol o~
perativity, 309 1 2.1 1jmol/M, midpoint of ttamiton, 148
M) On the hawic oof AA valivs, the diailfide firm of Hw
PaDbA active site is as destabilizing as that of BeDsbA
[AAGnea 148kJ/mol; oxidited KDsbA AGew -X351¢
12kj/mol 03 reduced ECDSDA AGan= —483 + 28 kj/mel
&)
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FIG. L Characterization of FaDsbA. (A) Disulfde raduciase activity of PaDsbA was determined by
mduction assay. The assay wa peformed with 10 M PaDsbA (@) or no protein (Blank 0). For vw.-aho

measured the reductase actvity of 5 pM FeDsbC (1) and 10 2M EDsbA (). A: time zem, DTT was added 0 each reaction,
ad thevalalyzed seducion of insulin was measued as an imreare inabsobacce al G50 wn. (B) Disullade iswnes ase activily
of PaDsbA was measured by its abiity to shuffle disulide bonds of scrambled ribomuclease A (sxRNaweA) ScRNaseA was
incubated with 10 gM ot either PalbA (@), EcDsdC ([) or EcD® A (] ). Native RNaseA (@] was used as sositive contrl,
and buffer, as blank (¢). The cleavage of CMP by correctly folded RNAseA was followed spectrasopically. () The fraction
of oxidired :nd reduced PaDsbA afier equilibation in redoo buflers containing different GSH/GSSG ratios was deternined
from the redox mate depordent Hurcacence of PaDsbA. These date were wed o caladate Keg and redox posentiul (D)
Guanid nium induced unfolding/reflding equilibria of PAD®A. Transitions were measued fuorimetricallyat 353 nm. Sold
syrbols, un folding transtions; oyt aymixs, refoldng tansitions. The nomakized fluorescence dan for oxidized (@, () and
reduced ([, [J) PaDb A were Gtted to a twostate model o folding (solid and deshed lines, mspectively).

35094 021K;
reduced 309.1 +0.43K).

We also performed temperature-induced unfoding
ts on FaDd A 10 determune T, the transtion
midpoint of folded 1 unfolded protein, as monitored by the

oxidzed BEA+065K reholding

arlUV CD signal These resuts aso show that oxidized
PaDibA descabilizes the compared wih the reduced
form (Te values, 3458+ (08 K and 3558 +0.19K, regec-
tvely), but we found that the unfolding was not revensible for
PaDsbA under the conditions we used. Conversely, EcDsbA

uniolding by using ths aporoach was reversile (T, values:
urvolding oxidized 3417 +(18K: unfdding uaduned

PaDsbA complements EcDsbA in wivo

By wsing an in pivo complementaion assay with an
ambimee-tnducble  FalsbA  epnession plasmid, we
showed that PaDsbA EcDsbA in an £ cdi
DsbA-null grain. Ths agees with sesults of others (49 who
used : PaDsbA expression plasmid in an E. coli DsbA-mull
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SHOULDICE ET AL.
TABLEZ. COMPLEMENTATION OF E COLI DSBA MUTATIONS WITH FADSBA MEASURED
By MOTILITY OF TEE BACTER1A ON SOFT AGAR PLATES
Ne srabizose; no espression Arabizose added to induce

from plasmid (regative control expresion from the plaseid
Minimal media
EcDsbA-null strain: EcDsbA (positve control) - +
EeDabA/ BeDubb il st Db froamid - L
EcDsbA-null strain: PaDsbA -nid - -
EcDsbA /BeDsbB-null strain: PaD@A plasmid - =
Cystincsupplemeniad mwadis
EcDsbA-null stmin: EcDsbA id (positve control) - +
EcDsbA / B Dsbl-mull strain: m i — +
EcDsbA-null strin: PanAgumid - +
EcDsbA /EcDsbB-null strainc PaDshA plasmid - +

stmin that did not require amabinose for expression. Further-
more, we ssed an E. ali stmin lacking both DskA and
DbD aoed found that FaDsbA does wol compleawent Lis
stmin unles twe medi is sup with

These results suggest that PaDsbA inderacs with EcDsbB,
and that this interactin is requird n vbo for e
onddation of PalshA_ A summary of the esults s oresented in
Table 2.

Stucture of PalDsbA

Hanging-drop crystallization tiak were conducted on
purified nadve PaDebA by wing s Mosquito masoliber crps-

tallization robot. nitial crystallzation conditions were opt-
mized, :nd the resulting crystls were found to diffract to
high sesolution. SeMe-labeled pookein cysals were thes
used to determine the crystal structure by SAD methods,
making use of hgh-rslution high-redundancy data co-
lected a: the Awstralisn Synchrotron. The resulting 1.5-A
resclution stuctire neveals one moecule of PaDsbA in the
asysuncs i unil. The reficed mode maxches e data vey
wel, with Rucar and Reee values of 110 and 152% nespec-
tivey (Tablke 1) The final crystallographic stinement
parameters, electon-density meps, Ramachandran ph: (41,
and Mol Probity analysis (30) indicate that the PaDsbA crystad
struchun is of very high quality.

FIG. Z FalsbA stmctwre. (A) Overlay of strictures of FalsbA (greeny, 1ts closest structural homalogue XfOsbA (orange,
and EcDsbA (cvan). Sulfar atoms of the cataly fc cwu’e o PaDsbA are shown as yelow spheres (B) Strucure-based

sequerce ment performed by
m&m, and abelices am red. The coordinabes of

SaDsbA (3BCT), WpaDsbAl (JR4R), and EcTrx A (2TEX).

ssing STRAP, wi mnda‘:‘z

pmtein were used to make a nultple
(53). Secondary structuml dmustswealai&edl;{v wsing DSSP (26). Froteins wed 2
PR codes are PalbhA nmn XTxhA (PRFM). R xhA (1FVK) Fe

stuctral e ements labeled . Cyan denotes 3 rheloes, green
e

r ve
Dkl (1“‘\4) VeTopds (1TRFDN), Nenlieh A (97NM,



Appendices

PSEUDOMONAS AERUGINOSA DesA

In agreement with all olhe stwtually charactesdzed
DsbA molecules PaDsbA contans a thionedoxin (TRY) fold
03) with an inerted e-helical domain A Dall search (20) in-
dicaes that the closest structura homologue to PaDsbA is 2
DebA from the plant Rylelln frstidiven (XDsbA, 37%
sequence identity, FDB code 2REM). A structura’ superposi-
ton of FaDsbA and its homologues XfDsbA and EDsbA
resulted in ovenll root-meen-squared devizions of 1.6 A (186
udsgnaoamzz;\uaaumw(h;uq
Structural differences between DsbA h
lighted in a sequence aligament (Fig

B), for ex-

ng,
ample, that long loops present in EcDsbL ((13) between &2 and
a3) and Wpal»bAl ((27) between 4 and §5) ar unique to
thes: molecules. Alsoevident from Fig 2 is thatthe “bulge” in
Eclkbl. that connects helices a3and of & absentin PaDsbA
in WpaDsb Al and XfDsbA. The most obviows

but

DebA proteiss bs in the oop cumeding J5 amd =7 (Tig. 23)
wiich i invoived in binding substrabes and the sedoxpartner
proten DsbE. We note that the deFPro loop mesidues of
PaDsbA are GVesPT, wheneas thos: of EDsbA and EcDsbL
ar GVdsF A (Fig. 1B).

Gycero-binaing sies

Unexpectedly, the electron-density map revealed the pres-
ence of four bound molecules, located in discrete
locations on FaDsbA (Fig. 3) Twe glyeml molecdes e
bound 1o the active-site face of the enzyme, and two mone
ar bound to the opposite face. Three of the four glycexl
molecules bind tothe TRX fold, and ene of thesethree (Glye-1)
is located close to the casalytic The Glye-1 binding
site lies on the faceof f-drands 1 and 5. Glye-1 s modeled in
two subtly ditterest comformations both held in place by

FIG.3. Binding cavities on PaDsbA. Surface representations of PAD$A are shown for both faces of the molecule, with the

active sitedenoed by awhite S (eft orentation isrotated 180
image is otated around Y, ared with the
shown as a mesh [caloulated ﬁulmlmm

each of the four bound
contoured at 1o, and
maecules were omithed).

molecules gach

ﬁw} The tour glycenl bind
]M&n-}eglmunhmlslocdg inside.
yoerol view displays

gray for the F_-F_map contoured ai 30, d:hntddurdhmm’;euxdduwﬁchﬂtglyaxﬂ

around the Z-axis compared with Fig. 2A and the right
te cavities / grooves 2ne
maps are a0 shown for

electromn-dersity for the 2F _-F,
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hydrogen bonds 0 the ma:n-chain catbonyl exygen of Lys™
(after £1) and the side dwinof residu: Arg™? (35). haddition,
five ondered water maolecules form ntenctions with Glye-L.
Thi siteis imporant aot caly b of its proscimity to the
active-site cysteines, butale because this region s nvolved
binding substrates (43 and the: essential partner potein Dsb3
(4] (Fig, 4.

Glye2, the second glycerol mokeule that binds on the
activegite gnrface of PalihA i ovated hotuwen tae -

SHOIANDICE FTAL.

erminal end of ab and the truncated .0op joinng £ and a2,
@ye-2 forms hydrogen bonds © the carbonyl oaygen of Leu®™
and toneerby water moecules. also jormsa bond
oawuhw&a@-h%dahd
Lys™%. Of the two glycerol moleculesbound on the oppesite
hathA(F*Smqulvc-Sthaudnmmddi
n acdic end hasic residues and i within hyd ’,‘,‘?"
distance of the side chains of Asp'™ and Arg mhd.iuﬂ
and b three ordemsd water malaciles Finally, Clyed &
ocated ina reatively hydrophobic pecket between the oop
piniag, helives o2 and @3 amd e loop comecling, of and of
Figs Sadl)ltﬁmnaxdmgmbouhuiﬂ:&emh-adn
carbonyl exygen of Gly™" and the amide nitrogen of As>™™,
ocated in the 2455 kop. and with thee ondered water
malecules

Electroststic surface features of PaDsbA

The suface electrostatics of DsbA proteins vary tremen-
dousy. Fer exampe, BiDsbA and the DadbA (oo Vivio clo-
e, VeTepG, have a hvdrophobic patch and a
groove the active-site cysteine resdues (22, 34),
whemas EcDsbL (13) and Woa-DsbA® (Z7) are basi, and the
DsbA from Stephydococaus aurews is polar (18). PaDsbA has a
smaller hydrophokbic petch than BEeDibA, and its aurface
mare basic, although not so basic as EcDsbL. The f5a7 .oop
hat Drms the hydrophobic of FalsbA is dso trun-
cated compared with EcDsbA (Fig. 2E).

Mar weion

Psaudoreones geruginosa i ¢ pardculifly nasty opportunistic
juman pathogen that causes sedous nosacomial nfecions
42) and places significant scoromic strms on halth care
systems (5). hﬁmmwmbnqpumdmw
aesistant stratnes (40, 46), and P eerugimes
aathways to evade host defense mechanisms and to dau
cells (18), including the ability toinject virlence proteins di-
wctly into hot celk during infection through a tyoe T se-
cretion system (8, 12). PaDsbA plays a pivota. role in hese
vitulawe medhanisns by asenibliog aml stabilizaog viow
ence facters, including the sacretion system (7,15, 49). Beu-

FIG. 4 PalxbA interactums with glycerol. (A] Electro-
datic surace of PaDsbA and the inderactions formed with
he p 0l maleacibs Flodmwtetic airface mpmeontafon
o P are illustrated in the cemer (in the same oden-
ation a in 3). with M indicating ﬁwly chayged
=5k, md blue, Iy charged regions (+5kT).
The bur bound molocucs axe dhown in and
he atalytic ative site i indicaed by ablack S. ﬂtfour
wmeunding sanes show hydogenr-bonding  intractons
grm desaed Enes) with each of the four gly cenl molecaes.
1 & modeled as twp alternate confarmatons. This panel

was aked by using APBS (3) and OL(Dehnn
, Palc A.Ix, LN (B]Overlay ot P {green) and
xDﬂ:A( 1) sructuns in the same odentation as in Fig.
IA. The sulhr atoms of the mhlytc cysteine msidues of
PaDsbA zre saown as vellow spheres. The loop of EcDsbB
100-107) that inteacts with EcDsbA & £20wn in magenta.
O(Jun-wnewaf&eh)d hobic groove showing the
% stes of the &[uthxprchbAaddglywol
mnaodaviibess b Paleh A
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8.2 Mass spectrometry for EcDsbA and VcDsbA

Mass spectrometry was performed on the two proteins used in this study.
EcDsbA and VcDsbA. All of protein samples were produced according to
protocol outlined in chapter 2. The mass spectrometry experiments were
performed by Dr Kieran Rimmer (MIPS) at the Bio21, Molecular Science and
Biotechnology  Institute, The University of Melbourne, Australia.

(http://www.bio21.unimelb.edu.au/platform-technologies/mass-spectrometry).

Overall analysis included trypsin digestion of the protein samples, followed by
MALDI-TOF to determine the list of masses in the digested sample. Peptide
mass fingerprint was undertaken to confirm the identity of the protein. Figure 8-

1 and 8-2 shows the mass spec of DsbA samples.

A7 | 4€SI Scan 81938245 mn. 3 scans) Frag=250.0V ecdsba 24 Deconvolued fisolope Widhe10.0)
%063

s BT e

Counts va. Deconwoked Mas: (amu)

Figure 8-1: Mass spec analysis of unlabeled EcDsbA.
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+ES1 Scan (83118443 min, 6 scans) Fiage250.0v tepgd Subvact Deconvolied fsotope Widkhe10.0)
A7

9% 2048158 26214 241786

Figure 8-2: Mass spec analysis of unlabeled VeDsbA.
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8.3  Preliminary Assay Results

8.3.1. Alkaline Phosphatase Activity Assay

% AP activity
2 3

60 55 50 45 40 35 30
Log [M] Fragment 4

<
wt E.coli strains

1201
i (0]
SRGY
‘g 80 N\
2 60 4
®
40 I
S S T
Log [M] Fragment 2
(B)
200+ T Alkaline Phosphatase activity_400 pM
ool
g i T
> 120+
3
£
% 80+
5 v I e ¥ @

ﬁ’f 5@’?) -

Figure 8-3: (A) Concentration-dependant plots of Alkaline Phosphatase activity
in presence of phenylthiophene fragment 2 and phenoxybenzene fragment 4. (B)
AP activity response in presence of fragments (from chapter 5-6), listed on X

axis at a concentration of 400 uM.
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8.3.2. Fluorescence (FRET) Peptide assa

30000 T T T T - T r

(N
-——
-
—

ava
&

11
Bs*pw
é—_.
1 M

l
:
g

OH
¢ 1 ‘F S

2 1 L =l " " "
0 5000 10000 15000 20000 25000 30000 10
Time (sec)

Figure 8-4: Inhibitor concentration-dependant plot of DsbA oxidising activity in

FRET-peptide assay with Phenol fragment 10.

8.3.2. Insulin precipitation assay
—a— Blank —a— Blank
~—@— blank+DMSO
—8— blank+DMSO —o— DsbA
~—&— DsbA + DMSO
—a— DsbA —a— DsbA +
—o— DsbA «
—8— DsbA + 1mM -, .
v T T T T T —eee .
—#— DsbA ¢+ 2mM

15

OD at 650 nm

OD at 650 nm

05

A L L i L s
0 10 20 30 40 S0 60 70 80

Time (min)

Figure 8-5: UV spectrum obtained from insulin reduction assay in presence two of the
EcDsbA binding fragments chroman D3 (left panel) and benzothiophene C5 (right

panel) at different concentrations 1-3 mM.
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8.3.3 Motility Assay

JCB 816 wt E.coli JCB817 dsbhA”

B

+ Fragment 1 at 10 uM 200 uM

Respoces

E 4 Sigmoidal Dose- Response
- ECso =51 + luM. R*=0.988
S 1.

O

N L

2 075

E  0.504

g

: 0.254

5 000 v .

T 025 1 2 3 4

w

Inhibitor(Log)Concentration pM

Figure 8-6: Measurement of ECsgof phenylthiophene fragment 1 by bacterial motility assay.
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8.4. Isothermal Calorimetry binding studies
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Figure 8-5: EcDsbA —ligand binding curves from ITC experiments for three of the tested

fragments (4, C5 and B6) described in chapter 5 and 6.
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8.5. STD screening results for phenylthiophene hits

A

Figure 8-6: Identification of fragment 1-3 (Chapter 5) as EcDsbA binders from
STD NMR based screening by comparing the STD spectra recorded for a mixture
of fragments with the reference 1D 'H spectra for each fragment. Green arrows
and box connect resonances observed in the STD spectrum with their

corresponding signals in the 1D 'H reference spectrum of the ligand.
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8.6. EcDsbA-HSQC titration results for phenylthiophene hits

Table 8.1: "H-""N HSQC titration curve obtained for fragment 1 - 4, B1 and 10
(Chapter 5 and 6) for those residues that undergo dose dependant chemical shift
changes upon addition to EcDsbA. The measured CSP was analysed as a function

of fragment concentration to calculate the dissociation constant Kp

0.150

Kp= 77 £ 18 uM

Q164N-H N{-I
C33N-H

S169N-H
T168N-H | /
F29N-H

M153N-H
C30N-H 1
E38N-H

(0)]

CSP(ppm)
LA KRB N

0 200 400 600 800 1000 1200 1400
Fragment [uM ]

0.09- Kp=25 9 uM

o e Q164N-H NH
M153N-H
E38N-H ST\
F26N-H -
K58N-H
S169N-H
T168N-H 2
TS7N-H
Q176N-H
V54N-H
E24N-H

CSP(ppm)

x 09 AP B ® s <>

0 200 400 600 800 1000 1200 1400
Fragment [uM ]

WAB0 Kp= 74 £ 20 M
0.125+

Steons W“‘
M153N-H =

F26N-H
K58N-H 3
T168N-H
C30N-H
T57N-H
E24N-H

8

CSP(ppm)
O4AapOe ¢ «»=w

e 8 2
§ &8 3

A

T T

0 250 500 750
Fragment [uM ]
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Fragment [uM ]
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8.7. EcDsbA-fragment and peptide binding shifts

8.7.1

phenylthiophene hits. (Chapter 5)

THBN HSQC chemical shifts of EcDsbA in solution

complexes of

Residue EcDsbA-APO EcDsbA-Fragment 1 | EcDsbA-Fragment 2 | EcDsbA-Fragment
3
N NH NH H NH H NH H

Q2N-H | 119931 | 8.275 119.882 8.263 119.945 826 | 119.869 | 8.251
Y3N-H | 120.391 | 7.633 120.285 7.624 120.293 7.63 | 120304 | 7.619
E4N-H | 122908 | 8.963 122.952 8.958 122.955 8.961 | 122925 8.967
D5N-H 125.68 | 8.507 125.772 8.5 125.741 8.498 | 125.769 8.5
G6N-H | 116327 | 8.973 116.44 8.984 116.411 8978 | 116.451 8.98
K7N-H 121.84 | 8.142 | 121.779 8.134 121.768 8.135 | 121.752 8.134
Q8N-H | 115614 8.51 115.642 8.495 115.565 8.475 1| 115.626 | 8.502
Y9N-H 112.07 | 7.568 111.917 7.556 111.973 7.568 | 111.929 | 7.558
TION-H | 112.13 | 9.532 112.218 9.516 112.24 9518 [ 112299 | 9.513
TIIN-H | 121.39 | 9.057 121.508 9.059 121.517 9.06 | 121.513] 9.059
LI2N-H | 129.158 | 8.705 129.055 8.694 129.07 8.692 | 129.045 | 8.693
EI3N-H | 123.279 | 8.651 123.287 8.647 123.294 8.643 | 123.291 8.645
KI4N-H | 117.272 | 7.802 117.336 7.786 117.262 7789 | 117.296 | 7.793
VI6N-H | 123.195 | 9.031 123.031 9.004 123.111 9.005 | 123.05 8.996
AT7N-H {132.033 | 8.603 132.047 8.603 132.047 8.603 | 132.047 8.603
GISN-H | 110.718 | 8.423 110.645 8.404 110.662 8.41 110.627 8.408
AI9N-H | 122.363 | 7.423 122312 7414 122.322 7.417 122305 | 7.413
Q2IN-H | 121.761 | 8.438 121.734 8.424 121.78 8.432 [ 121.777 | 8.428
V22N-H | 116.064 | 7.702 | 116.007 7.705 116.05 7.703 | 115978 | 7.705
L23N-H | 129.281 | 8.861 129.308 8.841 129.334 8.858 | 129.33 8.837
E24N-H | 128.835 | 9.113 129.276 9.121 129.076 9111 |129.199 | 9.122
F25N-H | 121.524 | 9.239 121.496 9.23 121.489 9.228 | 121.473 | 9.227
F26N-H | 119.78 | 8.975 120.131 9.012 120.091 9.001 | 120.156 | 9.005
S27N-H | 108.862 | 6.543 108.773 6.533 108.876 6.542 | 108.796 | 6.533
F28N-H | 131.395 | 11.327 131.35 11.351 131.307 11.335 | 131.458 | 11.322
F29N-H | 115.927 | 8.704 115714 8.678 115.779 8.68 | 115708 | 8.678
C30N-H | 12044 | 7.306 120.459 7.342 120.419 7.335 | 120.316 | 7.348
C33N-H | 115.874 | 8.826 115.554 8.764 115.591 8.783 | 115.565 8.769
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Y34N-H | 120.137 | 7.756 120.127 7.75 120.144 7.747 | 120.181 7.752
Q35N-H | 118.657 | 7.718 118.51 1.722 118.482 7.719 | 118.486 7.721
F36N-H | 120.612 | 8.432 120.372 8.467 120.461 8.367 | 120.441 8.446
E37N-H | 115.175 | 7.417 115.123 7.428 115.151 7418 | 115.19 7.433
E38N-H | 113.603 | 7.905 114.25 7911 113.841 7.935 | 113.856 7.863
V39N-H | 116.744 | 7.141 117.081 7.183 116.813 7.145 116.2 726
L40ON-H | 115.188 | 7.873 114.679 7.799 115.167 7.86 115.1 7.702
H4IN-H | 111.464 | 6.37 111.406 6.364 111.45 6.362 | 111433 6.363
I42N-H | 119.745 | 8.346 119.741 8.337 119.719 8.342 | 119.727 8.34
S43N-H | 118.544 | 8.539 118.529 8.531 118.494 8.534 | 118.529 8.535
D44N-H | 121.484 | 17.766 121.473 7.772 121.392 7.798 | 121.697 7.784
N45N-H | 117.186 | 7.616 117.198 7.596 117.195 7.601 117.19 7.596
V46N-H | 120.538 | 8.702 120.759 8.657 120.497 8.681 | 120.284 8.761
K47N-H | 118.728 | 8.348 118.792 8.383 118.757 8.366 | 118.773 8.376
K48N-H | 115.175 | 7.417 115.123 7.428 115.161 7424 | 115.19 7.433
K49N-H | 116.784 | 7.388 116.846 7.402 116.776 7.392 | 116.824 7.403
L50N-H | 120316 | 7.173 120.281 7.193 120.338 7.173 | 120.314 7.183
ES2N-H | 121.427 | 8.482 121.512 8.486 121.466 8.481 121.47 8.486
G53N-H | 111.712 | 8.744 111.545 8.73 111.737 8.721 | 111.483 8.729
V54N-H | 122.868 | 7.57 122.59 7.518 122.841 7.533 | 122.807 7.58
K55N-H | 127.298 | 8.207 127.401 8.219 127.322 8.206 | 127.377 8.215
MS6N-H | 122.51] 8.755 122.623 8.708 122.57 8.733 | 122.625 8.715
TSTN-H | 123.848 | 8.701 123.63 8.673 123.605 8.676 [ 123.612 8.675
K58N-H | 123.514 | 8.763 123.52 8.745 123.264 8.736 | 123.203 8.731
Y59N-H | 125.398 | 9.33 125.583 9.319 125.319 9.333 | 125.425 9.324
H60N-H | 123.086 | 9.163 123.063 9.15 123.099 9.15 123.081 9.148
N62N-H | 117.838 | 9.176 117.814 9.173 117.89 9.173 1 117.918 9.162
F63N-H | 112.061 | 6.476 111.909 6.492 112.102 6.477 112.06 6.504
M64N-H | 117.086 | 6.904 117.139 6.896 117.077 6.904 | 117.055 6.907
G65N-H | 107.894 | 8.543 107.812 8.551 107.83 8.549 | 107.767 8.55
GO66N-H | 108916 | 8.124 108.864 8.104 108.904 8.106 | 108.876 8.1
D67N-H | 128.176 | 9.068 128.141] 9.045 128.134 9.05 128.127 9.048
L68N-H { 119.632 | 8.069 119.621 8.067 119.641 8.068 1 119.621 8.062
GO6IN-H | 106.991 | 7.624 106.969 7.626 106.969 7.626 | 106.969 7.626
K70N-H | 121.748 | 7.503 121.597 7.465 121.672 7.485 | 121.664 7.555
D7IN-H | 121.982 | 7.882 121.999 7.877 121.993 7.882 | 121.976 7.879
L72N-H | 120409 | 8.809 120.426 8.8 120.362 8.797 | 120.396 8.799
:73N-H 120.029 | 7.987 120.001 8.003 119.971 7.994 | 120.035 7.998
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Q74N-H | 125.021 | 7.881 125.048 7.878 125.05 7.883 | 124.989 7.873
A75N-H | 123.086 | 9.163 123.063 9.15 123.099 9.15 123.081 9.148
W76N-H | 120.401 | 9.102 120.464 9.086 120.433 9.093 | 120.434 9.09
ATIN-H | 118.657 | 7.718 118.51 7.722 118.482 7.719 | 118.486 7.721
V78N-H | 119.924 | 8.184 119.747 8.22 119.925 8.179 | 119.726 8.216
A79N-H | 121.18 | 8.693 121.172 8.683 121.162 8.682 | 121.168 8.684
MBON-H | 115939 | 8.214 1159 8211 115.953 8.214 | 115.895 8.21
A8IN-H | 123.848 [ 8.701 123.63 8.673 123.798 8.692 | 123.612 8.675
L82N-H | 113.881 | 8.385 113.794 8.356 113.781 8.355 | 113.759 8.357
G83N-H [ 111.103 | 7.761 111.047 7.754 111.026 7.758 | 111.007 7.755
V84N-H | 108.916 | 8.124 108.864 8.104 108.904 8.106 | 108.876 8.1
E85N-H | 126.562 | 10.716 126.65 10.78 126.592 10.752 | 126583 | 10.774
D86N-H | 116.327 | 8.973 116.44 8.984 116.411 8.978 | 116.451 8.98
K87N-H | 117.625 | 7.867 117.556 7.848 117.559 7.855 117.56 7.851
T8ON-H | 120.189 | 7.684 120.241 7.686 120.27 7.683 120.22 7.687
VOON-H | 120.401 { 9.102 120.464 9.086 120.433 9.093 | 120.434 9.09
L92N-H | 118.244 | 7.592 118.216 7.577 118.239 7.572 | 118.229 7.575
F93N-H | 119.701 | 8.209 119.663 8.215 119.729 8.224 | 119.726 8.216
E94N-H | 116.553 | 9.213 116.723 9.198 116.685 9.2 116.702 9.195
GI9SN-H | 108.055 | 8.448 108.014 8.436 108.049 8.442 | 108.049 8.436
VI96N-H | 119.341 | 7.941 119.369 7.927 119.364 7934 | 119.417 7.927
Q97N-H | 113.049 | 8.34 113.035 8.366 113.119 8.356 | 112.995 8.369
K98N-H | 117.367 | 7.943 117.218 7.967 117.186 7.953 | 117.344 7.966
TOON-H | 106.539 | 8.078 106.548 8.082 106.548 8.082 | 106.548 8.082
QIOON-H | 114.704 | 6.714 114.611 6.699 114.611 6.709 | 114.603 6.701
I102N-H | 120.976 | 7.095 120.909 7.102 120.932 7.096 | 120.969 7.096
RI0O3N-H [ 126.153 | 9.508 126.032 9.487 126.123 9.498 | 126.031 9.483
S104N-H | 115.384 | 8.26 115.393 8.257 115.364 8.259 115.38 8.257
Al05N-H | 123.281 | 9.199 123.295 9.199 123.22 9.208 | 123.302 9.211
S106N-H | 114.918 | 8.284 114.847 8.287 114.876 8.283 | 114.841 8.288
DIO7N-H | 120.223 | 7.408 120.204 7.399 120.228 7.402 | 120.221 7.398
1108N-H 119.7 7.298 119.66 7.281 119.624 7.278 | 119.701 7.28
RIO9N-H { 120976 | 7.095 120.909 7.102 120.932 7.096 | 120.969 7.096
DIION-H | 117.186 | 7.616 117.198 7.596 117.195 7.601 117.19 7.596
VITIN-H | 120223 | 7.408 120.204 7.399 120.228 7.402 | 120.221 7.398
FI112N-H | 120391 [ 7.633 120.285 7.624 120.293 7.63 120.304 7619
IT13N-H | 121974 | 8.328 121.911 8.322 121916 8.323 | 121.893 8.319
LI;I] 14N-H | 120447 | 8.516 120.471 8.507 120.445 8511 | 120424 8.504
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Al15N-H | 121.048 | 7.65 121.015 7.651 121.017 7.645 | 121.015 7.65
I117N-H | 125.074 | 8.054 125.036 8.047 125.052 8.046 | 125.062 8.044
KI118N-H | 12579 | 8.684 125.831 8.692 125.821 8.689 | 125.846 8.694
G1I9N-H | 113.423 | 9.303 113.475 9.296 113.452 9.295 | 113.479 9.297
E120N-H | 117.545 | 9.356 117.491 9.359 117.479 9368 | 117.498 9.361
E12IN-H | 120342 | 7.087 120.344 7.082 120.308 7.086 | 120.317 7.085
Y122N-H | 122.783 | 8.375 122.632 8.345 122.702 8.351 | 122.819 8.384
DI123N-H | 119.213 | 8.792 115.182 8.788 119.219 8.793 | 119.205 8.788
Al124N-H | 121.048 | 7.65 121.015 7.651 121.017 7.645 | 121.015 7.65
A125N-H { 120.629 | 7.835 120.559 7.832 120.663 7.834 120.67 7.828
WI126N-H | 121.524 | 9.239 121.496 9.23 121.489 9.228 | 121.473 9.227
NI127N-H | 110.42 6.98 110.405 6.979 110.384 6.975 110.38 6.973
S128N-H | 11642 | 7.795 116.348 7.782 116.39 7.783 | 116.351 7.78
VI30N-H | 119.924 | 8.184 119.747 8.22 119.925 8.179 | 119.924 8.184
VI3IN-H | 122,072 | 7.194 122.051 7.208 122.086 7.207 | 122.066 7.212
KI132N-H | 121.484 | 7.766 121.473 7.772 121.392 7.798 | 121.697 7.784
S133N-H | 115.614 | 8.51 115.642 8.495 115.565 8475 | 115.626 8.502
L134N-H | 124.094 | 8.171 124.02 8.17 123.994 8.171 | 123.987 8.17
VI35N-H | 123.279 | 8.651 123.287 8.647 123.294 8.643 | 123.29] 8.645
A136N-H | 121.246 | 7.454 121.244 7.457 121.225 7.455 | 121.224 7.458
QI37N-H | 118.544 | 8.539 118.529 8.531 118.494 8.534 | 118.529 8.535
QI38N-H | 119.341 | 7.941 119.369 7.927 119.364 7.934 | 119.417 7.927
QI39N-H | 121.081 | 8.163 121.074 8.173 121.058 8.163 | 121.025 8.17
KI140N-H | 121917 | 8.602 121.899 8.596 121.874 8.6 121.867 8.598
Al4IN-H | 119.539 | 8.129 119.52 8.132 119.549 8.127 | 119.592 8.139
Al42N-H | 116.784 | 7.388 116.846 7.402 116.776 7.392 | 116.824 7.403
A143N-H | 120.981 | 7.584 120.954 7.573 120.95 7.577 | 120.954 7.571
DI144N-H | 120.872 | 9.077 120.881 9.059 120.919 9.062 | 120.904 9.061
V145N-H | 108.596 | 7.056 108.554 7.055 108.569 7.056 108.57 7.054
QI46N-H | 119.371 | 7.857 119.335 7.846 119.327 7.847 | 119.346 7.844
L147N-H | 118.244 | 7.592 118.216 7.577 118.239 7.572 | 118.229 71.575
R148N-H | 123.281 | 9.199 123.295 9.199 123.22 9.208 | 123.302 9.211
G149N-H | 106.011 | 7.147 106.032 7.144 106.032 7.144 | 106.032 7.144
VI150N-H | 110.11 8.23 110.092 8.247 110.008 8.237 | 110.055 8.248
A152N-H | 122.682 { 8.154 122.896 8.159 122771 8.151 | 122752 8.15
MI1S3N-H | 121.565 | 8.548 121.71 8.574 121.874 8.6 121.867 8.598
F154N-H | 124.401 | 9.714 124.677 9.72 124.311 9.721 124.5 9.723
VI55N-H | 122.769 | 9.486 122.674 9.479 122.867 9.487 [ 122,934 9.483
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N156N-H | 127.1 10.234 127.03 10.218 127.147 10.223 | 127.043 | 10.218
Ki158N-H | 114.775 | 7.91 114.787 7.896 114.663 7.893 | 114.829 7.904
YI59N-H | 117.367 | 7.943 117.218 7.967 117.186 7.953 | 117.344 7.966
QI160N-H | 124.732 | 9.548 124.678 9.544 124.707 9.542 | 124.684 9.54

L16IN-H | 113.049 | 8.34 113.035 8.366 113.119 8.356 | 112.995 8.369
N162N-H | 119.165 | 8.411 119.14 8.369 119.193 8.397 | 119.064 8.37

Q164N-H | 115.058 | 8.029 114.293 8.027 114.583 8.02 114.3 8.027
GI165N-H | 107.228 | 7.974 107.251 7977 107.251 7.977 | 107.251 7977
MI166N-H | 119376 | 7.374 119.445 7.351 119.34 7.35 119.379 7.357
D167N-H | 121.079 | 8.648 120.947 8.647 120.932 8.638 | 121.168 8.684
T168N-H | 112.355 | 7.841 112.235 7.788 112.291 7.797 | 112.294 7.787
S169N-H | 118.523 | 8.699 118.081 8.711 118.238 8.714 | 118.072 8.696
N170N-H | 117.622 | 7.319 117.752 7.31 117.584 7.305 | 117.659 7.289
MI17IN-H | 123.086 | 9.163 123.063 9.15 123.099 9.15 123.081 9.148
DI172N-H | 120.73 | 8.229 120.728 8.253 120.734 8.245 120.69 8.252
VI73N-H | 121.982 | 7.882 121.999 7.877 121.993 7.882 | 121.976 7.879
F174N-H | 121.635 | 8.226 121.502 8.222 121.556 8.209 | 121.572 8.233
VI75N-H | 116.766 | 8.03 116.621 8.019 116.747 8.031 | 116.643 8.029
QI76N-H | 116.983 | 7.354 117.179 7.374 117.107 7.386 | 117.178 7.368
Q177N-H | 119.502 | 8.742 119.314 8.707 119.377 8.721 119.28 8.715
Y178N-H | 126.237 | 8.939 126.049 8.931 126.058 8.926 | 126.039 8.929
AIT9N-H | 119924 | 8.184 119.747 8.22 119.885 8.251 | 119.726 8.216
DI180ON-H | 118.605 | 8.856 118.505 8.833 118.556 8.839 | 118.556 8.826
TI8IN-N | 120.137 | 7.756 120.127 7.75 120.144 7.747 | 120.181 7.752
VI182N-H | 121.484 | 7.766 121.473 7.772 121.392 7.798 | 121.697 7.784
K183N-H | 121.625 | 7.561 121.646 7.556 121.705 7.561 | 121.664 7.555
YI184N-H | 119.632 | 8.069 119.621 8.067 119.641 8.068 | 119.621 8.062
L185N-H | 117.852 | 8.134 117.686 8.124 117.829 8.099 | 117.719 8.119
S186N-H | 115.023 | 8.465 114.971 8.446 114.997 8.454 | 114.941 8.443
E187N-H | 119.253 | 7.041 119.26 7.035 119.315 7.04 119.267 7.038
KI188N-H | 122.844 | 7.194 122.788 7.194 122.79 7.199 [ 122.776 7.195
K189N-H | 128.986 | 7.952 128.948 7.94 128.885 7.935 | 128.908 7.937
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872 'H 5N HSQ C chemical F36N-H 120,427 8.433
I E37N-H 115.226 7.406
shifts of EcDsbA in complex with E38N-H 113477 7.919
SigA (N-terminally acetylated) V39N-H 116.708 7.126
peptide. (Paper 8.1.1) L40N-H 115.205 7.884
H4IN-H 111475 6.369

Residue N T 142NH 119.741 8.341
ONT T19.936 ) S43N-H 118.546 8.537
Y3NH 120.431 7.631 D44N-H 121.4 7.787
FANH 57876 5563 N4SN-H 117.195 7.618
DSNH 35678 =502 V46N-H 120.481 8.697
GeNH 6579 2585 K4TN-H 118,693 8.365
KN IR 134 K48N-H 115.226 7.406
Q8NH 5676 57195 K49N-H 116.834 7.382
YoNH T =559 L50N-H 120.33 7.167
TIONT TORYTS 5553 ES2N-H 121.551 8.552
TIIN-H 121,373 9.055 G33N-H 111.786 8.742
TN 39170 206 V54N-H 121,704 7.555
TR 133039 T K55N-H 127.186 8.196
KN 7358 =503 MS6N-H 122.474 8.775
VI6N-H 123.193 9.029 TSIN-H 123.834 8.692
TN 35031 T K58N-H 123.788 8.775
GI8NH 110.721 8.422 Y59N-H 125.079 9.338
AI9N-H 122361 7423 H6ON-H 123.273 9.199
BINH CTRER 1% V6IN-H 111,925 6.174
V22N-H 116.096 7.709 N62N-H 117.844 9.167
L23N-H 129.239 8.858 F63N-H 11.736 6.446
E24N-H 128.34 9.113 M64N-H 117.077 6.91
F25N-H 121.546 9229 GOSN-H 107.927 8.538
F26N-H 119.652 8.963 GE6N-H 108.935 8.128
S27N-H 108.907 6.547 DETN-H 128.19 9.09
F28N-H 131.436 11.326 LO8N-H 120.032 8.065
EONT 506 <07 G6ON-H 106.978 7.617
C30N-H 12033 7.282 K70N-H 121.829 7525
C33NH 116.133 8.844 D7IN-H 121.993 7.884
Y34N-H 120.097 7.808 L72N-H 120.418 8.809
Q35N-H 118.574 7727 TT3N-H 120.037 7.99
Q74N-H 124.994 78771
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AT5N-H 123.079 9.158
W76N-H 120.333 9.09
A7TIN-H 118.574 7.727
V78N-H 119.731 821
AT9N-H 121.165 8.689
M8ON-H 115.952 8.205
A8IN-H 123.834 8.692
L82N-H 113.864 838
G83N-H 111.048 7.754
V84N-H 108.935 8.128
E8SN-H 126.472 10.65
D86N-H 116.324 8.962
K87N-H 117.643 7.863
V88N-H 104.175 7.042
T89N-H 120.178 7752
V9ON-H 120333 9.09
L92N-H 118.235 7.583
FO3N-H 119.84 8.163
E94N-H 116.478 921
G95N-H 108.091 8.449
V96N-H 119.434 7977
Q97N-H 113.025 8319
K98N-H 117.373 7916
T99N-H 106.523 8.08
QI0ON-H 114.695 6.718
1102N-H 120.91 7.122
RI03N-H 126.103 9.51
S104N-H 115.367 8.256
A105N-H 123.592 9.225
S106N-H 114.899 8.283
DIO7N-H 120.23 7.406
1108N-H 119.734 7295
R109N-H 120.965 7.089
DI1ON-H 117.195 7.618
VIIIN-H 120.23 7.406
F112N-H 120431 7.631
1113N-H 121.963 8325
NI114N-H 120.434 8.511

Al115N-H 120.997 7.713
GI116N-H 105.572 7.812
I117N-H 125.062 8.054
K118N-H 125.794 8.68
G119N-H 113.432 9.302
E120N-H 117.531 9.353
Ei2IN-H 120.367 7.088
Y122N-H 122.781 8.368
Di123N-H 119.211 8.786
A124N-H 120.993 7.639
A125N-H 120.645 7.832
W126N-H 121.536 9.232
N127N-H 110.431 6.978
S128N-H 116.429 7.792
V130N-H 119.731 8.21
VI3IN-H 122.07 7.194
K132N-H 121.809 7.779
S133N-H 115.616 8.495
L134N-H 124.086 8.166
V135N-H 123.039 8.664
A136N-H 121.282 7.451
Q137N-H 118.546 8.537
Q138N-H 119.289 794
Q139N-H 121.057 8.152
K140N-H 121.934 8.603
Al14IN-H 119.512 8.125
Al142N-H 116.834 7.382
Al143N-H 120.939 7.59
D144N-H 120.86 9.071
V145N-H 108.63 7.062
QIl46N-H 119.331 7.852
L147N-H 118.235 7.583
R148N-H 123.592 9.225
GI149N-H 106.014 7.152
V150N-H 110.04 8.222
A152N-H 122.628 8.162
M153N-H 121.551 8.552
F154N-H 124.388 9.697
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V155N-H 122.739 9.483
N156N-H 127.127 10.24
G157N-H 105.605 9.399
K158N-H 114.735 791
Y159N-H 117.373 7916
Q160N-H 124.743 9.548
L161IN-H 113.025 8.319
N162N-H 118.693 8.365
Q164N-H 114.91] 8.037
G165N-H 107.187 7.97
MI166N-H 119.363 7.367
D167N-H 121.165 8.689
T168N-H 112.343 7.831
S169N-H 118.35 8.692
NI170N-H 117.377 7.308
MI17IN-H 123.079 9.158
DI172N-H 120.855 8.217
V173N-H 121.993 7.884
F174N-H 121.667 8.201
V175N-H 116.844 8.048
QI176N-H 116.834 7.382
Q177N-H 119.529 8.725
Y178N-H 126.228 8.94
A179N-H 119.731 8.21
DI18ON-H 118.623 8.848
T18IN-N 120.097 7.808
VI82N-H 1214 7.787
K183N-H 121.704 7.555
Y184N-H 119.578 8.067
L185N-H 117.85 8.129
S186N-H 115.046 8.459
E187N-H 119.247 7.044
K188N-H 122.838 7.195
K189N-H 128.963 7.947
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8.8  VcDsbA-fragment binding shifts

8.8.1

'HPN HSQC chemical shifts of VcDsbA_Apo and solution
complexes of fragments M2 & M3 and MS5. (Chapter 4)

Residue VeDsbA_Apo | veDsbA- M2 VeDsbA- M3 VeDsbA- M3
N NH N NH NH H NH H
Q2N-H [ 118321 7.661 | 118278 | 7.669 | 118275 | 7.666 | 118273 | 7.67
F3N-H [ 119644 | 7206 | 119733 | 7249 | 119.724 | 7241 | 119713 | 7.241
ESN-H 129.49 | 9.047 [ 129574 | 9.034 | 129533 | 9.029 | 129.612 | 9.038
G6N-H | 116818 | 8901 | 116773 | 8903 | 116782 | 8.885 | 116.773 | 8.899
E7N-H | 120.836| 7.48 120.882 7.48 120.833 | 7.484 [ 120779 | 7.49
H8N-H [ 114.645 | 8527 | 114677 | 8522 | 114725 | 8526 | 114.784 | 8.531
YON-H | 110516 | 7.232| 110576 7.25 110.54 | 7.245 | 110457 | 7.243
QION-H [ 119455 9.191 | 119485 | 9.245 119.48 | 9.199 | 119.455 | 9.212
VIIN-H [ 125949 [ 943 125961 | 9426 [ 125927 | 9.405 | 126.059 | 9.463
LI2N-H [ 129244 | 935] 129207 | 9324 | 129246 | 9338 | 129.191 | 9.339
KI3N-H [ 117442 8456 | 117.4 8.445 | 117.506 | 8.437 | 117.505 | 8.441
TI4N-H | 112,143 | 7.424 | 112081 | 7.428 11213 | 743 | 112.044 | 7.424
AI6N-H | 122262 ] 8499 | 1223 8472 | 122224 | 8472 | 122215 | 8.467
S17N-H 11515 | 7741 115162 | 7755 | 115172 | 7.747 | 11517 | 7.744
SI9N-H | 115.993 76| 116.04 7605 | 116016 | 7.605 | 116.01 | 7.606
V2IN-H | 125465 | 9.113 | 125436 | 9.102 | 125418 | 9.106 | 12535 | 9.102
V22N-H | 126631 | 889 126757 | 889 | 126.678 | 8.891 | 126.666 | 8.881
S23N-H [ 120.841 [ 9324 | 120.863 9.32 120997 | 9329 | 121.008 | 9.342
E24N-H | 122262 | 8499 | 1223 8472 [ 122224 | 8472 | 122215 | 8.467
F25N-H | 128259 | 9.723 | 128366 | 9.784 | 128364 | 9.787 | 12838 | 9.762
F26N-H | 121.923 | 9.002 | 121.995 | 9.008 | 121.945 | 9.005 | 121.965 | 9.006
S27N-H | 110397 | 6.675| 110445 | 6.695 | 110525 | 6.697 | 110472 | 6.7
Y29N-H | 115.567 | 8499 | 115724 | 8511 115708 | 8.508 | 115756 | 8.5
C30N-H | 122.088 | 7493 | 121981 | 7475 | 122044 | 7.474 | 121867 | 7.474
C33N-H | 115.838 | 8712 116.124 | 8738 | 116.086 | 873 | 115.56 | 8.785
N34N-H | 119.644 | 7206 | 119733 [ 7249 | 119724 | 7241 | 119.713 | 7.241
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T35N-H 113.476 | 7.755 | 113.528 7.764 113.528 7.764 | 113.622 | 7.76
F36N-H 118.834 | 7.385 | 118.891 7.398 118.933 7.41 118.906 | 7.393
E37N-H 119324 1 7.124 | 119.365 7.118 119.443 | 7.121 | 119.367 | 7.127
I39N-H 118457 ( 7.059 | 118.374 6.985 118.56 7.019 { 118.637 | 7.036
[40N-H 121463 | 7.437 | 121.007 7.433 121.432 | 7.439 | 121.442 | 7.435
A41N-H 120.752 | 8.067 | 120.975 8.057 120.804 | 8.035 | 120.977 | 8.033
Q42N-H 116.805 | 7.181 | 116.878 72 116.837 | 7.191 | 116.769 | 7.184
L43N-H 122.335 | 8.785 | 122.527 8.741 122.406 8.744 | 122.486 | 8.824
K44N-H 116454 | 8.173 | 116.435 8.14 116.423 8.164 | 116.573 | 8.181
Q45N-H 115.394 | 7.118 | 115.265 7.115 115.344 | 7.093 | 115.333 | 7.089
Q46N-H 114.084 | 7.357 | 114.265 7.35 114267 | 7359 | 114.025 | 7.35
L47N-H 121316 | 6.943 | 121.224 6.918 121.321] 6.935 | 121.311 | 6.925
E49N-H 121.924 | 8.568 [ 121.986 8.56 121.972 8.557 | 121.924 | 8.548
G50N-H 112.715 | 8.804 | 112.477 8.768 112.604 8.776 | 112.538 | 8.769
ASIN-H 122.125 | 7.707 | 122.151] 7.693 122.159 | 7.695 | 122.153 | 7.697
K52N-H 121.557 | 7.693 | 121.767 1.717 121.65 7.706 | 121.688 | 7.72
F53N-H 122.335 | 8.785 | 122.527 8.741 122406 | 8.744 | 122.486 | 8.824
Q54N-H 128.105 | 8.465 | 128.029 8.451 128.065 8.455 | 128.063 | 8.447
K55N-H 126.597 | 8.539 | 126.493 8.529 126.545 8.52 126.56 | 8.522
V58N-H 116.805 | 7.181 ) 116.878 7.2 116.837 7.191 | 116.769 | 7.184
S59N-H 117.801 | 9961} 117916 9.986 117.98 9.982 | 117988 | 9.99
F60N-H 114.978 6.96 | 114973 6.945 115.015 6.948 | 115.052 | 6.941
M6IN-H | 118303 | 6.435 | 118.302 6.449 118.32 6.449 | 118.274 | 6.447
G62N-H 108.168 | 8.544 | 108.282 8.544 108.273 8.542 | 108.257 | 8.539
G63N-H 112.138 | 8.623 | 112.027 8.596 112.044 8.599 | 112.092 | 8.602
M6SN-H | 118321 | 7.661 | 118278 7.669 118.275 7.666 | 118273 | 7.67
G66N-H 109.698 7.73 | 109.783 7.746 109.756 | 7.743 | 109.778 | 7.746
Q67N-H 120.614 | 8.462 | 120.64] 8.448 120.634 | 8.447 | 120.645 | 8.445
A68N-H 123.004 | 8.168 | 123.041 8.137 123.048 8.138 | 123.023 | 8.134
M69N-H | 118,992 | 8915 | 118.983 8.91 119.033 891 119.026 | 8913
S70N-H 118.549 | 8.506 | 118.54 8.504 118.562 8.506 | 118.559 | 8.508
K71IN-H 122.335 | 8.785 | 122.527 8.741 122.406 | 8.744 | 122.486 | 8.824
AT72N-H 126.02 | 9.473 | 126.015 9.459 126.058 9.463 | 125988 | 9.464
Y73N-H 119.966 | 8.602 | 119.979 8.608 119.99 8.608 | 120.059 | 8.615
A74N-H 119.852 | 8.655 | 119.949 8.656 119.933 8.659 | 119.963 | 8.664
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T75N-H 117.407 | 8.586 | 117.426 8.576 117.42 8.58 | 117.453 | 8.581
M76N-H | 121478 | 8263 | 121.435 8.261 121.452 | 8.258 | 121.48 | 8.255
I77N-H 11732} 7.248 | 117.429 7.256 117.388 | 7.258 | 117.386 | 7.266
AT8N-H | 124.374 8.55 | 124.357 8.528 124.354 | 8.533 | 124.346 | 8.541
L79N-H 113.846 | 8259 | 113.825 8.244 113.842 | 8245 | 113.845 | 8.244
E8ON-H 116.634 | 7.963 | 116.664 7.965 116.682 | 7.967 | 116.633 | 7.97
V8IN-H | 108.079 | 8414 | 108.087 8.408 108.08 8.418 | 108.068 | 8.419
E82N-H 125.194 | 8.772 | 125.319 8.768 125.283 8772 | 12533 | 8.799
D83N-H | 116.308 | 8.615 | 116.367 8.6 116.359 | 8.603 | 11643 | 8.606
K84N-H | 116.939 | 7.497 | 116.924 7.472 116.923 | 7.475 | 116.936 | 7.478
MS85N-H | 113.082 | 8.511 | 113.118 8.498 113.07 8.501 | 113.136 | 8.495
V86N-H 122.335 { 8.785 | 122.527 8.741 122.406 | 8.744 | 122.486 | 8.824
V88N-H 117.112 | 6.608 | 117.092 6.614 117.096 | 6.617 | 117.113 | 6.614
M8IN-H | 121478 | 8.263 | 121.435 8.261 121.452 | 8.258 121.48 | 8.255
F90N-H 117.061 | 8.294 | 117.085 8.272 117.06 8301 | 116.973 | 8.307
N9IN-H 116.906 | 8.473 | 116.947 8.48 116.961 8.481 | 116.963 | 8.483
I93N-H 114.084 | 7.357 | 114.265 7.35 114267 | 7.359 | 114.025 | 7.35
H94N-H | 115.197 | 8327 | 115.159 8.325 115.161 8.321 | 115.122 | 8.347
T95N-H 117.277 | 8.001 | 117.317 8.017 117.268 8.011 | 117.258 | 8.019
L96N-H 117.881 | 8303 | 117.927 8.306 117.963 8.307 | 118.007 | 8.312
R97N-H 109.376 648 | 109.436 6.482 109.5 6.487 | 109.513 | 6.493
K98N-H | 117269 8.095 ) 11732 8.101 117.337 8.102 | 117.345 | 8.102
K10IN-H 12339 | 9.254 | 123.361 9.26 123.402 | 9.255 | 123.378 | 9.245
D102N-H | 113.729 | 7.455 | 113.75 7.464 113.758 | 7.463 | 113.706 | 7.464
E103N-H | 117206 | 8.993 | 117.251 8.995 117.214 | 8992 | 117.262 | 8.992
Q104N-H | 123269 | 8311 123.182 8.303 123.2 8.304 | 123.166 | 8.306
E10SN-H | 122.488 | 8.843 | 122.553 8.836 122.553 8.836 | 122.486 | 8.824
LI06N-H | 119.945 | 7.764 | 119.996 7.762 119.976 | 7.759 | 119971 | 7.757
RI07N-H | 119.079 | 7.582 119.1 7.579 119.11 7.581 | 119.136 | 7.593
Q108N-H 119.69 7.81 | 119.657 7.822 119.677 | 7.811 | 119.718 | 7.825
TIO9N-H | 117.873 | 7.502 ) 117.948 7.511 117.919 | 7.508 117.97 7.51
F110N-H [ 115.394 | 7.118 | 115.265 7.115 115344 | 7.093 | 115.393 | 7.115
LI1IN-H | 121.363| 7.771 | 121.403 7.772 121.385 ( 7.778 | 121.426 | 7.774
D112N-H | 120.865 [ 8.986 | 120951 8.993 120.963 8.99 12093 | 8.992
EI113N-H | 116.805) 7.181 | 116.878 7.2 116.837 | 7.191 | 116.769 | 7.184
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G114N-H | 106.538 | 7.954 | 106.581 7.951 106.566 | 7.955 | 106.545 | 7.954
I115N-H 12261 [ 7.294 | 122.671 7.306 122.669 | 7.306 | 122.644 | 7.314
D116N-H | 128.189 | 8.572 | 128.156 8.539 128.178 | 8.541 | 128.119 | 8.527
A117N-H | 129.982 | 8.786 | 129.995 8.767 129.992 | 8.768 | 129.967 | 8.769
A118N-H 11822 | 8.064 | 118.217 8.072 118203 | 8.072 | 118.187 | 8.074
K1I9N-H | 119.162 | 8.132 | 119.101 8.101 119.101 8.099 |} 119.072 | 8.089
F120N-H | 120.555 8.61 | 120.525 8.587 120.517 | 8.589 | 120.502 | 8.586
DI2IN-H | 119.827 9.07 | 119.831 9.068 119.856 | 9.068 | 119.827 | 9.068
A122N-H | 119.877 | 7.685 | 119.958 7.675 119.954 | 7.675 | 119874 | 7.677
Al123N-H | 118.834 | 7.385 | 118.891 7.398 118909 (| 7.398 | 118906 | 7.393
Y124N-H 12039 { 9.051 | 120.371 9.042 120.38 9.041 | 120.389 | 9.04
N125N-H | 109.444 | 6.873 | 109.488 6.868 109.48 6.869 | 109.506 | 6.865
GI126N-H | 107.906 | 7.522 | 107.85 7.515 107.89 7.526 | 107.887 | 7.525
F127N-H ) 119.099 | 8.378 | 119.093 8.366 119.136 | 8.363 | 119.12 8.37
A128N-H | 124.967 | 8.464 | 124.927 8.439 124942 | 8.441 | 124952 | 8.442
VI29N-H | 121.312 8.66 | 121.216 8.627 121.205 | 8.625 | 121.207 | 8.622
DI30N-H | 119324 | 7.124 | 119.365 7.118 119.443 | 7.121 | 119.367 | 7.127
S13IN-H | 111986 ) 8244 | 112.074 8.23 112.048 | 8.233 | 112.089 | 8.23
MI32N-H | 122.741 | 7.883 | 122.712 7.89 122.729 | 7.885 122.75 | 7.887
VI133N-H | 117.144 | 7.811 | 117.122 7.803 117.101 7.807 | 117.106 | 7.803
R134N-H | 117.004 | 7.593 | 117.048 7.585 117.08 7.59 | 117.075 | 7.591
R135N-H | 120.278 | 7.629 } 120.263 7.627 120272 | 7.626 | 120.27 | 7.628
F136N-H | 120.718 | 8717 | 120.67 8.719 120.718 | 8717 | 120.665 | 8.717
DI37N-H | 116.291 | 8.046 | 116.231 8.014 116.271 8.021 | 116.274 | B8.018
KI38N-H | 122.723 | 8.489 | 122763 8.5 122.774 | 8.499 | 122.758 | 8.497
QI39N-H | 117.345 | 8.84% | 117.31 8.842 117.336 | 8.839 | 117.362 | 8.839
DI40ON-H | 120.428 | 8.007 | 120.43 7.987 120.477 | 7.989 | 120.554 | 7.994
QI4IN-H | 120.555 8.61 | 120.525 8.587 120.517 | 8.589 | 120.502 | 8.586
DI42N-H | 120.841 | 9.324 | 120.863 9.32 120997 | 9.329 | 121.008 | 9.342
S143N-H | 112.268 { 7.355} 112292 7.378 112282 | 7.374 | 112.279 | 7.378
G144N-H | 107.631 | 7.352 | 107.652 7.356 107.667 | 7.366 | 107.647 | 7.368
L145N-H | 119.333 | 6.892 | 119.206 6.875 119217 | 6.859 | 119.284 | 6.887
T146N-H | 106.393 | 8.425| 106.359 8.4 106.411 8.398 | 106.446 | 8.407
GI147N-H | 108.704 { 7.472 { 108.691 7.481 108.713 | 7.476 | 108.844 | 7.494
V148N-H 108.38 | 8.319 | 108.273 8.283 108.309 | 8.271 | 108.105 | 8.238
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A150N-H | 122.551 | 8.399 | 122.545 8.404 122.628 | 8.402 | 122.625 | 8.415
VI5SIN-H | 125521 | 9.467 | 125.441 9.456 125.62 9.48 125.85 | 9.551

V152N-H | 126904 | 9.326 | 127.007 9.36 126.997 | 9.333 | 126.992 | 9.328
V153N-H | 130.328 | 10.055 | 130.334 10.054 130.344 | 10.052 | 130.448 | 10.057
N154N-H | 128.346 | 10.353 | 128.366 10.357 128.352 | 10.367 | 128.347 | 10.362
NI155N-H | 113.109 { 9.313 | 113.257 9.316 113.167 | 9314 | 11321 | 9313
R156N-H | 117.678 [ 7.452 | 117.632 7.47 117.721 7.457 | 117.68 | 7.459
YI57N-H | 117.881 | 8.303 | 117.927 8.306 117.963 | 8.307 | 118.007 | 8.312
LIS8N-H | 127971 | 9.468 | 128.019 9.457 127.991 9.458 | 127.953 | 9.448
VI159N-H | 129.049 | 8.944 | 129.073 8.949 129.037 | 8.935 | 129.032 | 8.946
Q160N-H | 127983 { 8.327 | 128.004 8.403 128.012 | 8.331 | 127.977 | 8.358
GI6IN-H | 113.016{ 8.533| 113.118 8.498 113.07 8.501 | 113.565 | 8.562
QI62N-H | 119.241 ; 9.076 | 118.868 9.065 118.838 | 9.036 | 119.126 | 9.071

S163N-H | 115.138 | 8.079 | 115.064 8.076 115.148 | 8.067 | 115.024 | 8.055
Al64N-H | 125.536 | 7.627 | 125.75 7.612 125.519 7.63 125.672 | 7.592
K165N-H | 121.283 9.18 | 121.319 9.174 121.748 | 9.207 | 120.498 | 9.28

S166N-H | 110.955 | 7.654 | 110.883 7.639 110938 | 7.653 | 111.086 | 7.681

Li67N-H | 123.612 | 8.904 | 123.382 8.969 123.588 | 8.868 | 123.627 | 8.906
D168N-H | 115.426 | 7.961 | 115438 7.979 115537 | 7.948 | 115.152 | 7.842
E16ON-H | 119379 | 7.679 1 119.47 7.724 119.427 | 7.685 | 119.342 | 7.669
YI70N-H | 121.257 | 7.808 | 121.025 7.845 121.419 | 7.818 | 121.371 | 7.815
F17IN-H | 117.061 | 8294 | 117.085 8.272 117.06 8.301 | 116.973 | 8.307
D172N-H | 120.008 | 8.301 | 120.023 8.228 120.099 | 8.255 | 119.45 | 8.284
L173N-H | 124588 | 8.214 | 124.743 8.286 124.61 8243 | 124.719 | 8.346
V174N-H 119.69 7.81 | 119.657 7.822 119.677 | 7.811 | 119.718 | 7.825
N175N-H | 116325 | 8.332 | 116.389 8.326 116352 | 8.312 | 116.327 | 8.345
Y176N-H | 121.777 | 8.325| 121.809 8.353 121.868 | 8.341 | 121.825 | 8.345
L177N-H | 121.992 8.21 | 121.952 8.159 122012 | 8.205 | 122.027 | 8.187
L178N-H [ 117.102 | 7.713 | 117.171 7.735 117.131 7709 | 117.123 | 7.705
TI79N-H | 107906 | 7.522 | 107.85 7.515 107.89 7.526 | 107.887 | 7.525
LI8ON-H | 124384 | 7.119 | 124.498 7.132 124.433 | 7.139 | 124.495 | 7.151

K18IN-H | 127.475 | 7.963 | 127.496 7.933 127.343 | 7.923 | 127.265 | 7.917
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8.8.2 'H, N, BC, resonance assignments of VcDsbA in complex with the
benzimidazole fragment N2 at a concentration of 1 mM recorded from
CACB(CO)NH experiment. (Chapter 4)

VeDsbA_Apo VeDsbA - N2
Residue N C, NH N C, NH
K4N-F3CA-K4H 119.65 53.409 7222 119.65 53.409 | 7.222
ESN-K4CA-ESH 127.416 53.128 11.552 127.416 53.052 | 11.55
2
G6N-E5CA-G6H 129.486 54.99 9.008 129.509 54.99 9.014
E7N-G6CA-ETH 116.759 42.961 8.88 116.759 42.961 8.88
H8N-E7CA-H8H 120.771 54.977 7.472 120.771 54977 | 7472
YIN-H8CA-Y9H 114.685 56.586 8.511 114.685 56.586 | 8.511
QION-Y9CA-Q10H 110.538 53.278 7.228 110.538 53.278 | 7.228
V1IN-Q10CA-V11H 119.488 51.03 9.19 119.488 51.03 9.19
L12N-V11CA-L12H 125.886 60.349 9.39 125.886 60.349 9.39
K13N-L12CA-K13H 129.221 51.338 9.326 129.221 51.338 | 9.326
T14N-K13CA-T14H 117.414 53.751 8.421 117.414 53.751 | 8.421]
S17N-A16CA-S17H 122.283 49.169 8.462 122.246 49.169 | 8.466
S23N-V22CA-S23H 126.667 59.147 8.882 126.674 59.147 | 8.891
E24N-S23CA-E24H 121.2 53.153 9.315 121.2 53.163 | 9.315
F25N-E24CA-F25H 121.995 50.313 8.468 121.978 50.289 | 8.442
F26N-F25CA-F26H 128.162 54.76 9.723 128.236 54.729 | 9.687
S27N-F26CA-S27H 121.95 52.338 8.996 121.908 52322 | 8972
F28N-F27CA-F28H 110.408 61.727 6.647 110.44 61.727 | 6.653
Y29N-F28CA-Y29H 132.501 60.055 11.432 132.501 59.915 | 11.43
2
C30N-Y29CA-C30H 115.752 57.866 8.499 115.676 57.946 | 8.502
N34N-C33CA-N34H 116.146 61.578 8.721 116.135 61.604 | 8.694
T35N-N34CA-T35H 120.043 53.401 7.231 120.156 53.331 | 7.224
F36N-T35CA-F36H 112.736 62.367 7.683 112.693 62.386 | 7.644
E37N-F36CA-E37H 119.137 54.866 7.414 119.11 54.866 | 7.387
140N-139CA-TI40H 118.59 61.785 7.003 118.552 61.895 | 6.972
A41IN-T40CA-A41H 121.228 58.433 7.306 121.133 58.377 7.32
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Q42N-A41CA-Q42H 120.742 52.823 8.041 120.773 52.823 | 8.018
L43N-Q42CA-L43H 116.64 56.084 7.128 116.64 56.163 | 7.128
K44N-143CA-K44H 122.616 55.624 8.709 122.578 55.624 | 8.668
Q45N-K44CA-Q45H 116.303 57.277 8.146 116.303 57.233 | 8.146
Q46N-Q45CA-Q46H 115.288 54.751 7.075 115.23 54801 | 7.072
L47N-Q46CA-L47TH 114.297 51.583 7.361 114.297 51.583 | 7.362
G50N-E49CA-G50H 121.91 55.787 8.545 121.922 55.787 | 8.547
ASIN-G50CA-ASIH 112.573 42.516 8.768 112.573 42.48 8.768
K52N-A51CA-K52H 122.119 48.806 7.682 122.119 48806 | 7.686
F53N-K52CA-F53H 121.621 52.56 7.698 121.621 52.46 7.698
Q54N-F53CA-Q54H 122.355 53.886 8.738 122414 53.886 | 8.735
K55N-K54CA-K55H 128.019 51.707 8.433 128.019 51.641 8.433
S59N-V58CA-S59H 116.885 56.405 7.149 116.819 56523 | 7.165
F60N-S59CA-F60H 117.914 57.218 9.971 117.918 57.241 9.97
M61N-F60CA-M61H 114.982 56.767 6.935 114.97 56.785 | 6.931
G62N-M61CA-G62H 118.296 52.584 6.432 118.269 52.584 | 6.428
G63N-G62CA-G63H 108.207 41.011 8.525 108.207 41.044 | 8.525
G66N-M65CA-G66H 118.263 51.258 7.658 118.265 51305 | 7.653
Q67N-G66CA-Q67H 109.802 47.431 7.732 109.802 47.348 7.73
A68N-Q67CA-A68H 120.564 56.778 8.436 120.564 56.778 | 8.436
M69N-A68CA-M69H 122.983 52.58 8.116 122.983 52.539 8.12
S70N-M69CA-S7T0H 118.97 53.59 8.9 118.969 53.59 8.893
K71N-S70CA-K71H 118.541 59.956 8.49 118.541 60.348 8.49
AT2N-K71CA-A7T2H 122.976 57.707 8.686 122.903 57.707 | 8.685
T75N-A74CA-T75H 119.921 52.711 8.652 119.898 52.701 8.649
M76N-T75CA-M76H 117.398 63.549 8.568 117.382 63.529 | 8.567
I77N-M76CA-177H 121.366 57.374 8.254 121.364 57.417 | 8.243
AT8N-177CA-AT8H 117.345 62.104 7.248 117.362 62.2 7.247
L79N-A78CA-L79H 124.318 52.763 8.527 124.309 52724 | 8.524
E8ON-L79CA-E80H 113.806 51.962 8.239 113.797 51.974 | 8231
V8IN-E80CA-V8IH 116.668 57.942 7.957 116.656 57.894 | 7.953
E82N-V81CA-ER2H 124.976 56.853 8.44 124.923 56.853 8.43
D83N-E82CA-D83H 125.231 59.071 8.757 125.231 59.071 8.757
K84N-D83CA-K84H 116.308 54.494 8.589 116.308 54.494 | 8.589
MS85N-K84CA-M85SH 116.872 54.87 7.464 116.872 54.87 7.464
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V86N-M85CA-V86H 113.072 52.161 8.484 113.072 52.161 | 8.484
V88N-P87CA-V88H 122.149 63.26 8.769 122.149 63.26 8.769
MB8IN-V88CA-M89H 117.048 65.014 6.6 117.048 65.103 6.6
FOON-M89CA-FO0H 121.508 54.239 8.217 121.477 54.389 8.22
N9IN-F90CA-N91H 117.001 60.736 8.299 117.026 60.736 | 8.291
R92N-N91CA-R92H 116.931 54.363 8.468 116.931 54357 | 8.468
193N-R92CA-193H 121.83 55.654 8.566 121.839 55.654 | 8.556
H94N-193CA-H94H 114.467 62.882 7.326 114.467 62.736 | 7.326
T95SN-H94CA-T95SH 115.146 56.416 8.303 115.134 56.435 | 8.302
L96N-T95CA-L96H 117.231 62.782 8.003 117.214 62.782 | 7.996
R97N-L96CA-R97H 118.094 53.149 8.301 118.094 53.134 ; 8.301
K98N-R97CA-K98H 109.403 53.825 6.477 109.399 53.836 | 6.472
D102N-K101CA-D102H | 123.457 54.98 9.242 123.457 54.98 9.242
E103N-D102CA-E103H 113.683 50.36 7.453 113.683 50.36 7.453
Q104N-E103CA-Q104H 117.17 58.21 8.974 117.17 58.21 8.974
E105N-Q104CA-E105H 123.143 57.1 8.291 123.143 57.1 8.291
L106N-E105CA-L106H 122.545 57.01 8.823 122.545 57.06 8.823
R107N-L106CA-R107H 119.91 55.79 1.75 119.891 55.79 7.742
Q108N-R107CA-Q108H 119.089 55.66 7.57 119.089 55.75 7.57
I109N-Q108CA-I1109H 119.58 55.51 7.814 119.58 55.51 7.803
F110N-1109CA-F110H 117.931 63.12 7.499 117.931 63.1 7.499
LI1IN-F110CA-L111H 115.151 58.16 7.105 115.173 58.16 7.105
D112N-L111CA-D112H 121.34 55.72 7.763 121.34 55.72 7.763
E113N-D112CA-E113H 120.897 54.14 8.976 120.897 54.16 8.976
G114N-E113CA-G114H 116.885 52.34 7.19 116.819 52.34 7.182
I115N-G114CA-1115H 106.522 42.89 7.944 106.522 42.89 7.944
D116N-1115CA-D116H 122.669 57.84 7.297 122.669 57.84 7.297
A117N-D116CA-A117H 128.121 52.47 8.53 128.121 52.47 8.53
A118N-A117CA-A118H 129.963 53.3 8.754 129.963 533 8.754
K119N-A118CA-K119H 118.144 52.54 8.057 118.144 52.54 8.057
F120N-K119CA-F120H 119.058 56.57 8.087 119.058 56.57 8.087
D121N-F120CA-D121H 120.485 60.65 8.584 120.48 60.65 8.577
A122N-DI121CA-A122H 119.798 55.39 9.056 119.798 55.39 9.056
A123N-A122CA-A123H 119.937 51.79 7.662 119.937 51.79 7.662
Y124N-A123CA-Y124H 118.839 51.66 7.381 118.839 51.66 7.381
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N125N-Y124CA-N125H 120.332 59.24 9.029 120.332 59.24 9.029
G126N-N125CA-G126H 109.444 50.38 6.855 109.444 50.35 6.855
F127N-G126CA-F127H 107.758 42.45 7.512 107.702 42.45 7.509
A128N-F127CA-A128H 119.087 54.99 8.357 119.087 54.98 8.357
V129N-A128CA-V129H 108.023 53.3 8.403 108.033 533 8.398
D130N-v129CA-D130H 121.134 64.36 8.614 121.134 64.36 8.614
S13IN-D130CA-S131H 119.33 55.55 7.114 119.33 55.52 7.114

M132N-S131CA- 111.994 59.34 8.221 111.977 59.42 8.219

M132H
V133N-M132CA- 122.692 57.13 7.875 122.671 57.13 7.873
V133H
R134N-V133CA-R134H 117.103 64.03 7.799 117.083 63.89 7.795
R135N-R134CA-R135H 117.062 56.87 7.576 117.06 56.88 7.578
F136N-R135CA-F136H 120.241 57.19 7.612 120.277 57.18 7.615
D137N-F136CA-D137H 120.661 55.33 8.707 120.653 55.29 8.706
K138N-D137CA-K138H 116.193 55.27 8.006 116.231 55.24 8.011
QI139N-K138CA-Q139H | 122.725 56.88 8.483 122.723 56.88 8.481
F140N-Q139CA-F140H 117.253 56.87 8.826 117.252 56.88 8.821
Q141IN-F140CA-Q141H 120.447 59.26 7978 120.388 59.31 7.98
D142N-Q141CA-D142H 120.424 56.45 8.556 120.448 56.45 8.564
S143N-D142CA-S143H 120.864 54.31 9314 120.864 5431 9.314
G144N-S143CA-G144H 112.149 58.21 7.347 112.149 58.23 7.347
L145N-G144CA-L145H 107.633 43.26 7.349 107.605 43.26 7.338
T146N-L145CA-T146H 119.215 52.1 6.847 119.215 52.16 6.847
G147N-T146CA-G147TH 106.323 58.71 8.385 106.365 58.71 8.396
V148N-G147CA-V148H 108.662 42.6 7.457 108.662 42.55 7.457
A150N-P149CA-A150H 108.27 59.47 8.253 108.235 59.56 8.243
V151N-A150CA-VI51H 122.67 49.38 8.372 122.526 49.34 8.339
V152N-V151CA-V152H 125.607 59.49 9432 125.591 59.43 9.512
VI153N-V152CA-V153H 126.934 515 9.324 126.934 57.53 9.314
N154N-V153CA-N154H 130.278 59.15 10.049 130.252 59.15 10.05
9
N155N-N154CA-N155H 128.297 51.86 10.348 128.297 51.86 10.34
8

R156N-R155CA-R156H 113.1 52.92 9.301 113.1 52.92 9.301
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Y157N-R156CA-Y157TH 117.655 53.82 7.443 117.655 53.82 7.443
L158N-Y157CA-L158H 117.848 53.79 8.286 117.848 53.79 8.286
V159N-L158CA-V159H 127.921 51.88 9.45 127.921 51.88 9.45
Q160N-V159CA-Q160H | 129.024 62.11 8.922 129.024 62.16 8.922
G161N-Q160CA-G161H | 127.903 51.99 8.298 127.943 52.23 8.256
Q162N-G161CA-Q162H 112.75 45.31 8.512 112.75 45.13 8.534
S163N-Q162CA-S163H 119.384 54.74 9.069 119.041 54.57 8.929
A164N-S163CA-A164H 115.212 56.97 8.071 115.111 56.88 8.073
K165N-A164CA-K165H 125.362 49.09 7.624 125.255 49.09 7.634
S166N-K165CA-S166H 122.044 54.5 9.155 121.484 54.3 9.032
L167N-S166CA-L167H 111.11 53.97 7.644 111.476 53.97 7.685
D168N-L167CA-D168H 123.719 55.1 8.832 123.719 55.21 8.832
E169N-D168CA-E169H 115.52 54.85 7.935 115.336 54.84 7.944
Y170N-E169CA-Y170H 119.344 56.83 7.654 119.34 56.84 7.628
F17IN-Y170CA-F171H 121.541 59.93 7.823 121.021 60.06 7.784
D172N-F171CA-D172H 116.993 55.84 8.275 117.316 55.71 8.276
L173N-D172CA-L173H 120.03 54.98 8.249 120.204 55.03 8.247
V174N-L173CA-V174H 124.518 55.51 8.221 124.358 55.51 8.18
N175N-V174CA-N175H 119.651 65.46 7.805 119.651 65.53 7.805
Y176N-N175CA-Y176H 116.268 53.78 8.306 116.356 53.8 8.28
L177N-Y176CA-L177H 121.761 57.9 8.316 121.666 57.82 8.277
L178N-L177CA-L178H 121.953 54.68 8.207 122 54.7 8.277
T179N-L178CA-T179H 117.067 54.63 7.71 117.019 54.58 7.742
L180N-T179CA-L180H 107.949 59.42 7.508 107.989 59.41 7.517
Ki181N-L180CA-K181H 124.418 52.76 7.114 124.424 52.76 7.122
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