ERRATA

Page 4, line 17: “aldolose” for “aldolase”

Page 15, line 5: “geminal dimethy” for “gem-dimethy!”
Page 19, line 12: “low nM” for “< nM" '

Page 41 and page 66 “Lewis Kay’s" lab for “Lewis Kays’lab”

Page 41, ‘Section 2.3.2: "SOFAST" for “sofast’

Page 45, line 1: “CBCA(CO)NH" for “CBCAcoNH"

Page 64, first line in Section 2.8.2: "(ADE3)" for “‘DE3J"

Pages 64-65: “s, min, and h” for “seconds, minutes, and hours”

Page 67, 4th last line: “Mass spectrometry (MS)" for “MS”

Page 72, line 12 and page 100, line 6. “Bruker” for Briker

Page 73, line 13: “30 nanomoles” for “3x107® moles”

Page 84, line 22: “handful” for “hand-full”

Page 97, Table 4.4: “12.3+1.0” for 12.3+1, “26.4+3."0 for “26.413", “25.912.0"

for “25.9£2", “30.0£4.0" for “30.0+4".

ADDENDUM
Page XV-XVIi: Additions in ‘List of Abbreviations’

ACN: Acetonitrile, HMQC; Heteronuclear multiple quantum correlation, HRMS;
High resolution mass spectrometry, ITGC; Isothermal titration calorimetry,
LRMS: Low resolution mass spectrometry, PABA; p-Aminobenzoic acid,
SOFAST: Band-Selective optimised flip angle short transient, TFA;
Trifluoroacetic acid.

Page 3-4: The following acronyms have been incorporated

DHNA (dihydroneopterin aldolose), HPPK (6-hydroxymethyl-7,8-dihydropterin
pyrophosphokinase) and FPGS (folylpolyglutamate synthase).

Page 17, Figure 1.9: Addition in figure legend

« selected HPPKs (Staphylococcus aureus, Escherichia coli, Haemophilus
influenza, Bacillus anthracis, Mycobacterium tuberculosis, Pneumacystis
carinii, Saccharomyces cerevisiae, Helicobacter pylori, Francisella tularensis).
Absolutely conserved residues (orange), highly conserved residues (blue),
similar residues (light blue) and...” -

Page 54, line 13: delete " the spectra became considerably weaker”
read “ the NMR signal intensity decreased”.




Page 58, Figure 2.15: Addition in figure legend

“The y-axis represents the amount of bound analyte in terms of RU, and the x-
axis represents time after injection (s)”

Page 67 Addition in Table legend

“N-terminal sequence analysis information was obtained using the automatic
sequence analyser (Waters) at CSIRO Materials Science and Engineering,
Parkville.”

Page 84, line 4: delete "8-mercaptoguanine” read “8-MG”
Page 9, Figure 4.5. Addition in figure legend

“The data was obtained in triplicate.”

Page 115, Under Equation 5.1 now reads:

where the coordinates of the nucleus with respect to the principal axis of the
magnetic susceptibility tensor (Ay) are defined by r (the distance from the e.g.
HN nucleus to the unpaired electron in the metal), 6 and ¢ (the polar angles
describing the metal-nucleus vector within the Ay frame, and Ayax and Aym are
the axial and rhombic components of the anisotropic magnetic susceptibility
tensor. The orientation of the Ay frame with respect to the protein frame is
defined by three Euler rotations (o, 3 and v) in the ZYZ convention®. The PCSs
depend on the distance between the nucleus of interest and the paramagnetic
metal ion as 1/r°.”

Page 119 and Page 120: read “figure 5.3 as figure 5.2" and “figure 5.2 to figure
53"

Page 119, line 5: delete “thereby proving that only one LBT would ligate to
SaHPPK” and read “thereby indicating that it was likely that only one LBT
would ligate to SaHPPK”
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Abstract

Folate is an essential vitamin (vitamin B9) that is required for many one-
carbon transfer reactions and is a critical precursor for the biosynthesis of
purines, pyrimidines, and amino acids. Folate is a dietary requirement for man
and animals. However bacteria, parasites and plants can synthesize folate de
novo using enzymes of the folate biosynthesis pathway. Thus folate
biosynthesis remains a key target for antimicrobial therapy as exemplified by
the sulfa drugs that date back to the 1940s, acting on the enzyme DHPS.
HPPK, like other enzymes of the folate biosynthesis pathway, is absent in
man and therefore is a potential drug target for the development of
antimicrobial agents. Increasing rates of drug resistance to current antibiotics
is a serious problem, due to the rapid adaptation of microorganisms to our
chemical interventions. Because HPPK is not the target of any existing
antibiotic, it is attractive for the development of new antibiotics against
resistant strains.

The dearth of substrate-site inhibitors for HPPK observed in the literature
reflects a combination of difficult pterin-like chemistry and a paucity of
commercially available pterin-like molecules, compounded by a highly specific
substrate site. This knowledge gap presents interesting research
opportunities.

Herein, the first structural and biophysical data on 6-hydroxymethyl-7,8-
dihydropterin ~ pyrophosphokinase (SaHPPK), from the pathogen
Staphylococcus aureus is presented. HPPK catalyses the pyrophosphoryl
transfer from the cofactor (ATP) to the pterin substrate (6-hydroxymethyl-7,8-
dihydropterin, HMDP). The expression, purification and protein stability was
optimised to provide high yields for both screening and crystallisation
experiments. A combination of fragment and in silico based methods was
adopted to identify small molecule inhibitors of the SaHPPK enzyme.
Fragment screening of the Maybridge RO3 library resulted in a set of
structurally diverse binders for the substrate and ATP binding sites. While the
fragments bound weakly as expected (Kq in the range of ~0.5-1 mM), a ROCS
in silico screening approach that targeted the substrate scaffold led to the

discovery of 8-mercaptoguanine (8-MG) which was shown to bind with an
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equilibrium dissociation constant, Ky, of ~13 yM as measured by isothermal
titration calorimetry (ITC) and surface plasmon resonance (SPR). An ICsy of
~41 uM for the inhibition of SaHPPK by 8-MG was determined by means of a
luminescent kinase assay. In comparison to the biological substrate (HMDP),
the 8-MG has no requirement for magnesium or the ATP cofactor for
competitive binding to the substrate site. The 1.65 A resolution crystal
structure of the binary SaHPPK/8-MG inhibited complex showed that it binds
in the pterin site and shares many of the key intermolecular interactions of the
substrate. The NMR chemical shift, "°N heteronuclear NOE, and "°N-'H
residual dipolar coupling measurements, indicate that the sulfur atom of 8-MG
is likely important for stabilizing and restricting motions within the L2 and L3
catalytic loops in the inhibited SaHPPK/AMPCPP/8-MG ternary complex. A
high-affinity lanthanide-binding tag was used to generate pseudocontact shifts
(PCS) to obtain long range structural information to provide further insight
about the structure and loop position in the SaHPPK/AMPCPP/8-MG ternary
complex that would otherwise be difficult to obtain using standard NMR
methods. The X-ray crystal structure guided the design of 8-MG analogues
which were later synthesised to explore structure—activity relationships (SAR)
and to seek a chemical route for future hit expansion out of the substrate
pocket and towards the ATP site

Overall, the current study describes for the first time a comprehensive
analysis of the SaHPPK structure and reports the identification and
characterisation of novel inhibitors and their interactions with SaHPPK all of
which may provide a foundation for the development of antimicrobials that

target the folate biosynthetic pathway enzyme HPPK.
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Chapter 1 - Introduction

1. Introduction

1.1 Antibiotic resistance

Antibiotic resistance is rapidly emerging as one the most significant health
challenges of this century'. Bacterial resistance continues to increase and
impacts on our treatment of bacterial infectious diseases?. All new antibiotics
have been countered by the swift onset of resistance mechanisms® such that
we have come full circle and are returning to conditions reminiscent of the
preantibiotic era®. In Europe, 25,000 deaths were reported in 2007 as a result
of antimicrobial resistance with an estimated cost of £1.3 billion per year

(Innovative Medicines Initiative data).

Resistance is on the rise and antibiotic drug discovery is on the decline.
Economic pressures combined with a low return of investment for antibiotic
development mean that the pharmaceutical industry favours drugs for long
term treatments of chronic disease (e.g. hypertension, depression, dementia,
and rheumatoid arthritis) over short term curative therapies typical of
antibiotics. The discovery of new antibiotics is challenging as exemplified by
the fact that only six classes of antibiotics have ever been discovered?.
Moreover, only two new systemic antibiotics have been approved by the FDA
in last 30 years; the oxazolidinone linezolid (Zyvox; Pfizer Pharmaceuticals) in
2000 and the cyclic lipopeptide daptomycin (Cubicin; Cubist

Pharmaceuticals) in 2003*.

The FDA has shown its concern for an imminent health crisis by granting fast
track priority to oral agents for both Gram-Positive (methicillin-resistant
Staphylococcus aureus (MRSA), vancomycin-resistant Enterococci (VRE), M.
tuberculosis) and Gram-negative (Pseudomonas aeruginosa, Acinetobacter
baumannii, Escherichia coli) pathogens that are devastating our health care

institutions and our communities.

Most antibiotics are derived from natural products. While recent
advancements in technology have helped in genome mining for
underexplored microbial niches, the discovery of natural product based

antibiotics is becoming rarer and rarer. The alternate, target based HTS (high-
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throughput screening) campaigns, while popular, often yield disappointing
results®, which has been ascribed to the chemical incompatibility between the
“drug-like” hydrophobic nature of HTS library compounds and the large, often
hydrophilic properties of many known antibiotics. Nevertheless, recently, by
screening existing eukaryote kinase libraries against a whole cell antibacterial
assay new validated targets have been discovered along with selective broad-
spectrum gram negative antibacterials®’. Once a suitable target is
discovered, structure-based approaches are widely accepted as a way to

expedite the hit-to-lead drug discovery process® °.

1.2 Staphylococcus aureus

Staphylococcus aureus (Sa) is a clinically important, opportunistic pathogen
and one of the major contributors of hospital and community acquired
bacterial infections. Methicillin-resistant S. aureus strains (MRSA, commonly
known as a “superbug”), causes up to 19,000 deaths in the US alone and an
estimated health care cost of $3—4 billion USD per annum'®. MRSA strains
are classified by genotypic and phenotypic characteristics. There are two
main types: those originating in hospitals (nosocomial, haMRSA strains
USA100 and USA200) and those in the community (caMRSA), of which the
latter is almost entirely caused by the pandemic USA300 strain'’. Infections
with USA300 range from skin and soft tissue infections, to life threatening
systemic infections such as bacteremia and necrotizing pneumonia. In
contrast to haMRSA, caMRSA infections tend to occur in previously healthy

younger patients without health care exposure'?.

MRSA infections first emerged in the UK in 1961 due to the overuse of
penicillin and methicillin'®, and by the 1990s, MRSA was considered to be
endemic in most areas of the world. Currently, caMRSA is more susceptible to
a range of chemotherapies than the multi-drug resistant haMRSA™. Although
resistant to tetracycline, erythromycin, clindamycin, linezolid, and in some
cases vancomycin, caMRSA is largely susceptible to TMP-SMX
(trimethoprim-sulfamethoxazole) combination therapy. This combination

synergistically blocks the biosynthesis of folate pathway enzymes by acting on
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dihydrofolate reductase (DHFR) and dihydropteroate synthase (DHPS),
respectively (Figure 1.1)"™ '®. TMP-SMX resistance has emerged in haMRSA
owing to a thymidine salvage pathway occurring in cases with significant
necrosis associated with late stage infections'®'®. While in principal the same
escape pathway could eventuate in caMRSA strains, recent in vitro results
show that combining TMP-SMX with the approved thymidine kinase inhibitor,
5-lodo-2'-deoxyuridine impaired the utilisation of external thymidine up to
levels greater than that found in human plasma. Synergistic bactericidal
effects in S. aureus and broad spectrum activity against several Gram-positive
and Gram-negative bacteria was observed in vitro offering a new potential

modality to synergistic folate pathway antagonists'®.

SMX-TMP resistance in caMRSA, on the other hand, is attributed to simple
mutations in the DHPS or the DHFR gene. The latter case results in a
repositioning of the substrate in the active site’®, which compromises TMP
based therapy. Inhibitors that either act on these mutant targets or other
essential enzymes from the same pathway are two potential routes to new
therapeutics for caMRSA. In conjunction with a thymidine kinase inhibitor,

broad spectrum S. aureus therapeutics, in principle, may be potentially useful.

1.3 The folate pathway enzymes and the antibiotics TMP and SMX

Folates are essential for the growth of all living cells. The reduced form of
folate, tetrahydrofolate (THF), participates in several important one-carbon
transfers, critical for the biosynthesis of thymidine, glycine and methionine,
and for DNA replication®® 2", In humans and other higher eukaryotes, dietary
folate (vitamin B9) is actively transported into growing cells. Conversely,
bacteria and lower eukaryotes as well as plants lack the proper transport
systems for uptake across the cell membrane and therefore depend on de
novo folate production within their own cells?. Several enzymes of the folate
pathway (Figure 1.1), including DHPS, DHNA (dihydroneopterin aldolose) and
HPPK (6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase), are absent in

humans, rendering them potentially attractive as antimicrobial targets.
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The enzyme DHPS is a target for existing sulfa drugs e.g. SMX. Similarly the
DHFR enzyme is targeted by the antifolate trimethoprim (TMP). New
generation analogues of TMP are still under active investigation e.g in 2009,
Iclaprim showed better activity than TMP and was highly active against
vancomycin-resistant Enterococci and reached stage Il clinical trials®.
Clinically, TMP-SMX is used as a convenient oral formulation with good
absorption, for outpatient treatment of caMRSA associated with cellulitis,
particularly in children, and bone and joint infections, meningitis, brain or
spinal epidural abscesses and septic thrombosis. TMP-SMZ is also
administered as salvage agents for persistent caMRSA bacteremia®' 2. TMP-
SMZ therapy is currently administered to treat a range of other diseases

including malaria and pneumocystis pneumonia (PCP).

1.4 Catalytic reactions of the folate pathway enzymes

The first step in the pathway involves GTP cyclohydrolase (GTP-CH), which
catalyses the rearrangement of GTP to form the initial pterin ring structure i.e.
7,8-dihydroneopterin triphosphate (Figure 1.1)27. This is followed by
enzymatic steps involving a nudix phosphatase?® and aldolose (DHNA) to
form 6-hydroxymethyl 7,8-dihydropterin (HMDP), which is a substrate for
HPPK?’. HPPK then catalyses the transfer of pyrophosphate from ATP to
HMDP, resulting in 6-hydroxymethyl-7,8-dihydropterin  pyrophosphate
(HMDPPP)?. DHPS catalyses the formation of 7,8-dihydropteroate (DHPt) by
condensation of HMDPPP and para-aminobenzoic acid (pABA)?" 2°. Addition
of the glutamate moiety to DHPt provides 7,8-dihydrofolate (DHF), and
subsequent reduction by dihydrofolate reductase (DHFR) produces 5,6,7,8-
tetrahydrofolate (THF)?®. Polyglutamation by FPGS (folylpolyglutamate

synthase) makes a more stable THF that remains within cells.
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1.5 HPPK

6-Hydroxymethyl-7,8-dihydropterin pyrophosphokinase (HPPK; EC 2.7.6.3),
the enzyme upstream and adjacent to DHPS, is not the target of any existing
drug. HPPK catalyzes a Mg?*-dependent pyrophosphoryl transfer from ATP to
6-hydroxymethyl-7,8-dihydropterin (HMDP) (Figure 1.2). HPPK is a small (158
residues, ~18 kDa), generally monomeric protein, which has been studied
using various biophysical techniques, including X-ray crystallography and
NMR spectroscopy®. Over 26 HPPK X-ray and NMR structures have been
reported in various ligand bound and apo states from a variety of organisms
(Escherichia coli, Haemophilus influenzae, Saccharomyces cerevisiae,
Streptococcus pneumonia, Yersinia pestis and Francisella tularensis®'~°).
These data have provided atomic level information on the catalytic

mechanism and protein dynamics of the reaction trajectory during catalysis®’.

O ATP  AMP 0
2
7
HZNA\& 8 PN
H H

HPPK N
6-hydroxymethy-7,8- 6-hydroxymethyl-7,8-dihydro-pterin
dihydro-pterin (HMDP) pyrophosphate (HMDPP)

Figure 1.2: Pyrophosphoryl transfer catalysed by HPPK.

1.5.1 HPPK structure and mechanism of catalysis

Although novel, the HPPK structure is similar to a ferredoxin-like fold and
predominantly comprises a six-stranded B-sheet sandwiched by two a-helices
on either side (aBa sandwich fold) (Figure 1.3)*®. Much of our understanding
of the mechanism of action has been gained from X-ray structures in complex
with substrates (HMDP) and the non-hydrolysable ATP analogue, AMPCPP

(a,B-methylene-adenosine-5'-triphosphate).



Chapter 1 - Introduction

Both structural and functional analyses of E. coli HPPK (EcHPPK) indicate

3840 whereby large

that protein dynamics are important for substrate binding
conformational changes take place in three catalytic loops: loop L1 (between
a1 and B1, residues 8 to 15), loop L2 (between 32 and 33, residues 44 to 53)
and loop L3 (between a2 and B4, residues 80 to 93) (Figure 1.3). These three
loop regions are believed to play an important role in substrate recognition
and are critical for assembling the active centre of HPPK*'. While loop L3
undergoes the largest and most dramatic conformational change, all three
loops seal the binding sites of both HMDP (substrate) and ATP (cofactor) for
chemical transformation to occur®. Within a catalytic cycle, loop L3 opens up
twice (Figure 1.4): firstly upon the binding of Mg-ATP, which is necessary for
the enzyme to bring the side chains of two catalytic arginine residues (Arg82

4243 and then upon the completion of chemical

37,39

and Arg92) into the active site

transformation, prior to the product release

The two ligands (HMDP and ATP) interact with two magnesium ions and a
total of 26 residues, 13 of which are conserved across all known species*. In
vitro kinetic studies have shown a preferred order of substrate binding. At
cellular levels of magnesium, the cofactor, ATP, binds first*. This is
consistent with X-ray crystallographic studies on the enzyme, which show that
three loop regions are involved in a conformational change upon binding of
ATP/AMPCPP that prepares the HMDP binding site for substrate recognition.
Accordingly, in the absence of cofactor, HMDP binds weakly in vitro to the

apo enzyme™.
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Figure 1.3: (A) Superposition of selected HPPK structures in complex with
HMDP (yellow) and AMPCPP (brown), showing the prototypical HPPK fold,
active site loops, the HPPK conserved ring stacking residues (orange) and
magnesium ions (orange) bound by the conserved aspartate residues
(D95/D97). Three EcHPPK structures; 1Q0N (green), 1RAO (pink), THKA
(blue) and HPPK from H. influenza 1CBK (grey) are shown. (B) Surface
representation of the EcHPPK apo enzyme (1HKA) showing HMDP (green)
and AMPCPP (sticks) superimposed from a tertiary complex structure
(1QON). Note that both the binding sites are open in the apo enzyme. (C)
Surface representation of the E. coli ternary complex (1QON) with stick
models of AMPCPP and HMDP superimposed. Note that the substrate
(HMDP) binding site is closed in the ternary complex.
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Figure 1.4: Loop L3 conformational changes during the catalysis of HPPK
enzyme, apo (Blue) (1HKA), AMPCPP NMR complex (purple, without ligand
in PDB) (1EQQ0), HMDP+ AMPCPP complex (green) (1QON) and HMDPP+
AMP complex (pink) (1RAQO) is shown.

A crystal structure of the ternary EcHPPK complex (1QO0N) shows that the two
Mg?* ions in the active site play a major role in the recognition of both ATP
and HMDP* *¢. Both Mg?* ions are 6-coordinated, one bridging the a-B
phosphates of AMPCPP, and the other bridging the - and y- phosphates™.
Additional coordination is provided from the side chain carboxyl groups of two
absolutely conserved Asp residues, Asp95 and Asp97, and the hydroxyl
group of HMDP. The a- and B-phosphate groups of AMPCPP are hydrogen-
bonded to the guanidinium groups of Arg92 and Arg84, and with the y-
phosphate, interact with the side chains of His115, Tyr116 and Arg121. The
adenine moiety sits in a hydrophobic cleft and interacts with 11e98 and Thr112,
while the ribose group is hydrogen bonded to the side chain of Arg84 and the
carbonyl of Arg110 (Figure 1.5).

HMDP, on the other hand, is effectively sandwiched by two aromatic residues,
Tyr53 and Phe123, and is involved in six hydrogen bonds with Thr42, Pro43,
Leu45 and Asn55 (Figure 1.6), connecting positions 1, 2, 3, 4 and 8 of the
substrate pterin ring (Figure 1.2) to the active site residues. Both active sites
are highly selective for the substrate and cofactor. For example, the binding
affinity for Mg-GTP is 260-fold less than for Mg-ATP*°.

L3
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Figure 1.5: 2D Ligplot*’ schematic diagram of the cofactor subsite residues

that make hydrogen bond interactions with AMPCPP.
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HMDP

Figure 1.6: 2D Ligplot*” schematic diagram of binding site residues making

hydrogen bond interactions with HMDP.
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1.5.2 Substrate binding and kinetic properties of HPPK

Binding affinities for various HPPK substrates have been reported in detail for
EcHPPK*“®. Stopped flow fluorometry experiments using the fluorescent
ATP  analogues  2'(3')-O-(N-methylanthraniloyl)adenosine5’-triphosphate
(MANT-ATP) or 3'(2')-O-anthraniloyladenosine&’-triphosphate  (Ant-ATP)
report on the binding of ATP and AMPCPP. Competitive equilibrium
displacement titration of Ant-ATP and MANT-ATP by ATP and AMPCPP gave
Ky values in the range of 2.6-4.5 pM and 0.08-0.45 uM respectively***®. A
binding constant of 20 uM for ATP against H. influenzae HPPK has been
determined using the intrinsic tryptophan fluorescence, which may suggest
species variation®>. In the presence of AMPCPP, HMDP binding constants
have been reported in the range of 0.036-0.17 uM, based on a change in the
natural fluorescence of the pterin ring. HMDP binding to the apo enzyme was
too weak to be measurable. Binding kinetics for substrates of EcHPPK have
been determined similarly using steady-state kinetics. A summary of the
binding properties of a range of substrates and analogues is presented in

Table 1.1 and 1.2, respectively.

12
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Table 1.1: Binding affinities of various substrate and product analogues to
EcHPPK.

Ligand Name Ky (MM) (kcaAI/?noI) Reference
ATP (with Mg?") 4.5 - 44
ATP (with Mg?*) 2.6 7.6 4
ATP (without Mg?*) 38 6.0 46
ADP (with Mg*") 55 -5.8 46
AMP (with Mg*") 140 -5.3 46
Adenosine (with Mg**) 210 -5.0 46
GTP (with Mg?*) 680 4.3 46
AMPCPP (with Mg**) 0.08 9.7 45
AMPCPP (with Mg**) 0.45 - 4
HMDP(with Mg®*and AMPCPP) 0.036 - 44
HMDP(with Mg®*and AMPCPP) 0.17 9.2 45
HMDP (without Mg?*) 110 -5.5 45
HMDPP (with Mg?*) 0.2 ; 48

13
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1.5.3 Inhibition assays

A biochemical assay based on the monitoring of radioactively-labeled
cosubstrate (a**P ATP) has been developed to measure the activity of HPPK
(EcHPPK). This assay was successfully used to measure inhibition of HPPK
by a series of bisubstrate analogues®® (section 1.5.4), however the detection
is not real-time and multiple reactions are required to determine the kinetic

parameters.

An alternate HPPK/DHPS coupled assay has been developed based on
monitoring the level of inorganic phosphate released after the action of a
pyrophosphatase on the pyrophosphate product*. Similarly, this suffers from
the same problem of having to stop the reaction. One of the aims of this thesis
was therefore to develop and streamline a new assay suitable for high-

throughput measurements.

Table 1.2: Kinetic constants (Kn,) for ECHPPK substrates.

Substrate
Method Km (M) Reference
Name
HMDP steady state kinetics 0.60 + 0.01 4
radioactivity-based 50
HMDP 1.6+04
assay
ATP steady state kinetics 3.4 +0.02 44
radioactivity-based 50
ATP 173

assay

14
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1.5.4 HPPK inhibitors

It is remarkable that despite the abundant structural information available on
HPPK, only a few specific inhibitors of HPPK have been reported to date.
Among these, two are based on the pterin substrate (HMDP); one featuring a
geminal dimethyl substitution at the C7 position on the dihydropyrazine ring
(code: 40Y67), the other, phenethyl and methyl substituted at the same
position (code: 87Y76) (Figure 7)°". Crystal structures with these analogues
bound to the apo enzyme have been reported (1DY3 and 1CBK), even though
HMDP itself has very weak affinity for the apo enzyme®. The binding affinities
of 40Y67 and 87Y76 have not been reported.

H
HN NN Rz
M :E,R1
~
N
o]

OCH,

1.40Y67, R4 =R, = CHj
2.87Y76, R4y = CH3; Ry, = phenethyl

Figure 1.7: Pterin-derived HPPK inhibitors reported in literature.

A set of bisubstrate inhibitors of EcHPPK has been reported*® in which 6-
hydroxymethylpterin (HMDP) is linked by 2, 3, or 4 phosphate groups to an
adenosine moiety (Table 1.3). The compound with a tetraphosphate linker
showed optimal inhibition. While displaying tighter binding than ATP, it bound
less avidly than AMPCPP (Table 1.3). Recently, a new generation of
bisubstrate analogue inhibitors was synthesised in which the pterin or 7,7-
dimethyl-7,8-dihydropterin moiety is attached with a piperidine linked thioether
bridge (Figure 1.8)%. The binding affinities (Ky) of compounds 3 and 4 (Figure
1.8) were >150 yM and 2.55 pM respectively. These data indicate that

bisubstrate design to achieve higher affinity scaffolds is non-trivial.
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Table 1.3: Binding affinities of bisubstrate inhibitors.

NH,
N \
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HNTY \f OH /n c©
HN™ N7 N7 OH OH
n Kqy Value (uM) Ky Value (M)  ICs5 (uM)  Reference
(without Mg?®*) (with Mg®*)
2 nd nd >100 49
3 17.4 (1.5) 4.25 (0.28) 1.27 49
4 1.93 (0.05) 0.47 (0.04) 0.44 49
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Figure 1.8: Bisubstrate analogue HPPK inhibitors reported in the literature.
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1.5.5 HPPK structure from S.aureus

The structure of HPPK from Staphylococcus aureus (SaHPPK) had not been
solved, nor the functional aspects of the enzyme investigated, opening
opportunities for new research. The S. aureus enzyme is homologous to
HPPK proteins from other microorganisms. For example, it shares 34-39 %
sequence identity with those sequences with deposited structures (Figure
1.9). High identity of active site residues and high structural similarity among
all HPPK structures indicates that inhibitors of SaHPPK should inhibit other

species. In principal, this suggests that broad-spectrum inhibitors can be

developed.
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Figure 1.9: Multiple sequence alignment of selected HPPKs (Staphylococcus
aureus, Escherichia coli, Haemophilus influenza, Bacillus anthracis,
Mycobacterium  tuberculosis, =~ Pneumocystis  carinii, = Saccharomyces
cerevisiae, Helicobacter pylori, Francisella tularensis). Absolutely conserved
residues (orange), highly conserved residues (blue), similar residues (light
blue) and residues that are additionally important for HPPK function and may
be targeted to develop selective inhibitors are shown (green). Residues
involved in HMDP (*) and ATP recognition (#) and elements of secondary
structure are displayed above the alignment. Underlined sequences have had
their structure determined by X-ray crystallography.
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1.6 Drug discovery
1.6.1 Overview

The drug discovery process involves the identification of a small molecule
(or “hit”) that binds to a target and modulates the biological activity to provide
therapeutic benefits. An iterative process of synthesis, characterisation,
screening and assay follows to optimise potency and activity®® °°. Currently,
the discovery of each new drug costs approximately US$1.8 billion and takes
on average 10-15 years®. Even with several technological advances, the
process of drug discovery is lengthy, expensive and exceedingly difficult, as

evidenced by a low rate of new drugs to the market®’.

1.6.2 Target and hit identification strategies

A popular approach to drug discovery is to identify a relevant target with a
biological rationale (as a proof-of-concept investigation), then establish its
‘druggability’, i.e. exploration of active site pockets that can accommodate

drug-like molecules.

Initial hits are generated in a variety of ways depending on the level of
information available. Two popular routes are High-Throughput Screening
(HTS) and Fragment-Based Drug Discovery (FBDD), which are distinguished
by virtue of the size of the chemical entities and the size of the library.
Computational methods can aid hit identification and expedite the hit-to-lead
process. In silico screening can also provide an independent ‘rational’ route to
hit identification, in which compounds can be simply purchased and then
tested. Hit identification can be based on either a pharmacophore model of
the ligand (i.e. ligand-centric) or a structure of the active site, for example, X-

ray data (i.e. receptor-centric).
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1.6.3 High-throughput screening

HTS is an established high-tech approach widely used in large
pharmaceutical companies for hit identification that employs extensive robotic
and liquid handling automation. It is basically a process of 'brute force'
screening of large libraries, often comprising over a million relatively complex
drug-sized compounds (average MW ~400)°® *°. Recently, the focused HTS
approach has gained much attention. Here, compound libraries are generated
based on some chemoinformatic ‘descriptors’ or by designing or synthesizing

target-focused compound libraries.

Identified “hits” are chemically modified using structure-activity relationships
(SAR) to develop a “lead”®. This “hit-to-lead” process results in a series of
compounds showing potent binding (low nM). During the lengthy ‘translational’
part of the pipeline, leads are optimised with regard to the physicochemical
and pharmacokinetic properties (absorption, distribution, metabolism, and
excretion—toxicity, ADMET) desirable for the development of candidate

compounds for clinical evaluation.

The synergy of HTS with structural and computational methods has added
focus to an otherwise random screening approach, increasing the efficiency
with which high quality leads can be produced®'. Nevertheless, HTS is
notoriously susceptible to false-positive hits and several filters have been
developed to identify and flag problematic compounds®? 3. A recent study by
GlaxoSmithKline (GSK)® in which 67 target-based HTS campaigns were
performed using 260,000-530,000 compounds for potential antimicrobial
agents at a cost of $1million per HTS resulted in only 5 real lead compounds,
revealing that HTS can be a very inefficient and costly approach indeed.
Interestingly, in this study the low hit rate was blamed on the incompatibility
between typical HTS libraries and the generally hydrophilic nature of

antimicrobial targets.
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1.6.4 Fragment-based drug discovery (FBDD)

FBDD represents an alternative hit identification method where a much
smaller library (as few as 500 compunds) comprising low-molecular-weight
compounds (typically 150-250 Da) is screened. Fragments, due to their lower
molecular weight, result in more accessible chemical space being represented
in a smaller number of compounds® than for a diverse high-throughput
screening library of drug-like compounds. Additionally, FBDD allows stepwise
building of ligands for more challenging targets with larger binding surface
area (alleged to be undruggable)®®. Owing to their small size, fragments bind

weakly to a target (Ky ranging from 10 yM to 10 mM).

Measuring the weak binding of fragments is challenging for conventional
bioassays owing to interference from the high concentrations of ligand
required for significant binding at equilibrium and associated risks of
aggregation and/or non-specific binding®®. Nevertheless, high-throughput
crystallography®’, nuclear magnetic resonance (NMR)*®* % mass
spectroscopy’®, surface plasmon resonance (SPR)’', isothermal titration
)72

calorimetry (ITC)"? and biochemical screening’® have proved practical and

popular methods for detecting the binding of fragments.

Fragment hits can be subsequently developed into more potent and drug-like
molecules by three main strategies: merging (using optimal features of two
fragments), linking (joining of two weakly binding fragments), and growing
(adding extra functionality) (Figure 1.10). A good fragment, while binding
weakly, makes good quality interactions within the binding site, leading to a
high binding efficiency per heavy atom (ligand efficiency)’®. While it has been
claimed that ligand efficiency remains relatively constant during the ideal
fragment evolution process’®, it serves as more of an initial guide. Recent
studies have shown a departure from linearity according to the active site
‘shape’’®, i.e. the more open the active site, the fewer the interactions possible
per heavy atom. Fragments provide optimal starting points for medicinal
chemistry. Fragment libraries are frequently designed based on a ‘rule of
three’ (RO3) rather than Lipinski’s ‘rule of five’”’. In the RO3, the number of

hydrogen bond donors is < 3, the number of hydrogen bond acceptors is < 3,
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the ClogP is < 3’® and as fragments, the molecular weight is < 300 Da. An
advantage of FBDD is that as the optimisation process starts early on with a
low molecular weight compound in which complexity and physicochemical
properties are easier to control and optimise’® over later stage optimisation of
larger HTS leads.

Screen
R —

Protein

Link
—_—

-
&

lOptimize

Figure 1.10: Schematic representation of the fragment-based drug discovery
process. The blue ovoid and red rectangle represent fragments that bind to
the target protein. These can be merged, linked or evolved into high-affinity
scaffolds.
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1.6.5 High-throughput virtual screening

Virtual screening (VS) is one of the most popular approaches to identify new
hits using large in silico libraries®. The approach falls into two main classes:
structure-based and ligand-based VS8 Structure-based VS, used in
conjunction with the 3D-structure coordinates of the protein (usually from X-
ray crystallography), includes docking, 3D pharmacophore design and de
novo design. Owing to the poor quality of scoring functions and the enormous
difficulty in predicting conformational changes upon ligand binding,
comparative studies have shown that docking success is highly variable®.
The alternate and simpler approach is ligand-centric VS, based on the
molecular similarity concept, which states that similarly shaped molecules
(may have different 2D structures) are more likely to have similar binding
modes®®. Ligand-based VS methods include sub-structure searching,
clustering, quantitative structure-activity relationships (QSAR),

pharmacophore- and 3D-shape matching techniques®*, such as ROCS®°.

1.6.6 Biophysical methods for hit validation

Once a hit is found using HTS, fragment or in silico methods, it is absolutely
essential to validate both the binding and activity using a range of robust
biophysical techniques. Detection, including quantification of binding events,
can be performed using techniques such as Thermal Shift Assay (TSA)%,
Surface Plasmon Resonance (SPR)’!, Isothermal Titration Calorimetry
(ITC)®¥, and 1D and/or 2D NMR spectroscopy.

Detailed structural information showing the precise binding location and
interactions is extremely valuable in further validation and optimisation of hit
potency and selectivity. This is most commonly derived from X-ray structures,
however NMR structures can play a useful role as the approximate location of
binding can be rapidly obtained by 2D heteronuclear NMR spectroscopy
which involves the assignment of the backbone N and "*C resonances .
While an NMR structure of the hit-target complex is possible for small targets
(<30 kDa), NMR is generally better suited to further validate the high
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resolution data content from the X-ray crystal structure. While each approach
suffers from several caveats, a combined approach is very powerful for

validation and to further the hit-to-lead process.

1.6.7 Hit confirmation and optimisation

Hit confirmation is an indispensable follow-up step. In vitro biochemical or
cellular assays are generally used for hit confirmation in the drug discovery
process®. Hits that demonstrate biological activity are used for the chemical
optimisation process (hit-to-lead). The hit-to-lead process involves the
integration of medicinal chemistry syntheses with design hypotheses to
generate new analogs with improved potency by generating many compounds
or focused libraries around the most promising hits to understand the
structure-activity relationship (SAR). The addition of different substituents to
the hit compound® reveals the chemical substituents responsible for affinity
'hot spots', and also identifies parts of the molecule that can be altered without
affecting binding, i.e. regions that point out of the active site into the solvent.

The latter may be useful sites for ADMET modifications.

The iteration of analogue syntheses, quantification and redesign using
structure- based approaches enables efficient compound optimisation for lead

development’® .

1.7 Summary and potential for new research

The folate biosynthetic pathway presents an attractive target for developing
novel antimicrobials because the enzymes from this pathway are essential for
microorganisms but are absent in humans and animals. Inhibitors of
dihydropteroate synthase (DHPS) and dihydrofolate reductase (DHFR)
enzymes in the folate biosynthetic pathway are currently used as a synergistic
combination (SMX-TMP) for treating many infectious diseases. Specific
mutations arising in these two enzymes are conferring resistance, rendering

the future of these antibiotics uncertain. Most newly developed antibiotics are
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new generation chemical modifications of the basic structures of existing
drugs against the old targets and thus less effective against widespread

antibiotic resistance® '

. Therefore, the development of novel antimicrobial
agents against new targets is urgently needed for combating the antibiotic

crisis.

HPPK represents a new alternative target from the folate biosynthetic
pathway. The SaHPPK enzyme has not been previously studied and may
represent a new route to novel antibiotics for MRSA infections. Known
inhibitors of HPPK are substrate analogs and are not suitable for development
into new antimicrobials due to their poor solubility, poor stability and poor
synthetic tractability. The dearth of inhibitors limits the investigation into HPPK

as a worthwhile antimicrobial target.

1.8 Scope of the thesis

The work presented herein aimed to investigate for the first time the structure
of SaHPPK using NMR and X-ray crystallography (with a view to understand
structure-function relationships on the atomic level), and to screen, identify
and biophysically characterise the interaction of small molecule inhibitors of
SaHPPK function.

Figure 1.11 shows the general process that was employed to elucidate the
first structure of SaHPPK in several ligand-bound states and to find new

inhibitors of this medically relevant enzyme.

Chapter 2 describes the SaHPPK protein expression, buffer screening, NMR
characterisation and crystallisation trials. The application and results from
fragment-based screening using the Maybridge RO3 fragment library is
discussed. The experimental crystallisation details were published in Acta
Crystallographica Section F and directly reproduced and attached as

supplementary information.

Chapter 3 has been directly reproduced from a manuscript published in PLoS

One and includes additional background data of a technical nature. This
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paper reports the use of in silico ROCS “scaffold hopping” to find a substrate
site inhibitor (8-mercaptoguanine) and the ensuing binding characterisation
using various biophysical techniques (TSA, ITC, SPR) and a in vitro
biochemical assay for the determination of inhibition. A high resolution X-ray
structure in complex with a novel substrate site inhibitor is presented and
NMR spectroscopy is used to characterise the structure and dynamics of

ligand binding.

Chapter 4 presents the SAR data generated based on the chemical synthesis
of several analogues of 8-mercaptoguanine. The SaHPPK X-ray structure in
complex with one of the synthesised analogues will be instrumental in future

lead optimisation.

Chapter 5 outlines the application of a recently developed paramagnetic
lanthanide binding tag (LBT) to determine the active site loop structure of
SaHPPK.

The findings of this thesis are summarised and reviewed in Chapter 6 which

includes future directions.
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Figure 1.11: The structure-based design protocol employed in this thesis
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2. Protein Characterisation and Fragment Screening

2.1 Introduction

Starting from a synthetic SaHPPK gene that was purchased from Geneart, the
optimisation of the expression and purification of recombinant SaHPPK for
structural studies (crystallography and NMR) is described. A range of
biophysical techniques were used for characterisation of ligand binding events

and SaHPPK function in vitro.

While the SaHPPK protein expressed in high yield in enriched media, the
enzyme suffered from poor stability in solution. Buffer screening experiments
were used to find optimised buffer conditions for the enzyme. A modified
minimal-media protocol was used to express uniformly labeled N and *C
SaHPPK for NMR spectroscopy.

Spectra of the °N labelled SaHPPK protein showed that the enzyme was
folded, which gave a high level of confidence to proceed with all further X-ray
structural and fragment screening methods. Triple resonance-based NMR
chemical shift assignments of the backbone resonances of SaHPPK were
obtained as a site-specific fingerprint to follow the amide chemical shift
changes upon ligand binding and to map these onto the structure. From this,
the binding site location of small ligands (substrate and cofactor) was
identified by monitoring the change in the amide chemical shifts or

perturbations (CSPs) in the protein NMR spectra during ligand titrations.

A fragment screen was performed using the Maybridge RO3 fragment library
(‘rule of three’ compliant)’, to identify structurally diverse binders for either the
substrate or cofactor sites. The CSPs were used to map the location of bound
fragments and their binding affinities were assessed using SPR. X-ray
crystallisation experiments of the apo enzyme were investigated in parallel,
with a view to obtaining enzyme crystals for soaking of initial hits derived
either from fragment or in silico screening and thereby providing a route to

rapidly delineate intermolecular interactions.
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2.2 Results and Discussion

2.2.1 Protein stability was an initial problem

The plasmid vector (pET-28a) containg SaHPPK gene sequence with an N-
terminal Hisg tag was transformed into E. coli cells, expressed and purified
using metal affinity chromatography, giving a yield of >50 mg of purified
protein per litre of media. SaHPPK was found to be unstable and aggregated,
as evidenced by substantial precipitation within mins when exposed to the air
under the purification conditions (50 mM Tris.HCI, 300 mM NaCl, pH 8.5).
Two methods, thermal shift denaturation assay® and button tests®, were used
to screen for appropriate conditions to overcome initial solubility problems with
SaHPPK. For NMR acquisition it was necessary to identify conditions under

which samples would be stable for at least 48 h at 22 °C.

2.2.2 Thermal Shift denaturation Assay (TSA) — a convenient and robust

assay

A fluorescence-based thermal shift assay was used as a general high-
throughput approach to identify conditions of increased thermal stability, with
the expectation that these conditions would correspond to an increase in
sample longevity and would reduce the propensity of SaHPPK to aggregate.
This assay measures protein unfolding, with respect to temperature, by
monitoring the binding of a fluorescent dye to hydrophobic regions of proteins.
The dye (Sypro Orange), used in the assay, is highly fluorescent in regions of
low dielectric constants (hydrophobic regions)* and is quenched in an
aqueous medium. Therefore, when a protein unfolds, the hydrophobic regions
become exposed to which the dye binds resulting in a large increase in
fluorescence® which is recorded. From the thermal melting curve the midpoint
unfolding transition temperature (T,), @a measure of protein stability can be
determined. In TSA, a higher T, value corresponds to an increase in the

thermal stability under the particular buffer conditions being tested.
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A dilute (5 uM) sample of SaHPPK was initially screened in different buffer
solutions covering a wide pH range. Maximum stability of the protein within
the pH range suitable for NMR measurements (i.e. generally less than pH 8-
8.5), was observed at pH 8.0 (Figure 2.1). Aggregation, as judged by the poor
fluorescence profile and the tendency to precipitate, was found to increase in

the presence of salt (NaCl).

The effect of several additives was also explored. Notably, glycerol and
sorbitol were the only additives that significantly stabilised the protein. Sorbitol
is preferred over glycerol owing to its lower viscosity®, which should result in
less line broadening in NMR experiments. Sorbitol has also been used in
conjunction with alignment media for the measurement of residual dipolar
couplings in NMR experiments®, which can help in characterising the SaHPPK

structure.

pH=4.0 Acetate buffer
pH=4.5 Acetate buffer
pH=5.0 Citric acid
pH=6.0 MES buffer
pH=6.5 MES buffer
pH=7.0 HEPES Buffer
pH=7.5 HEPES buffer
pH=8.0 HEPES buffer
pH=8.0 Tris buffer

R 6H=8.0 HEPES + 1 % S@
\

50

RN

40

Fluorescence Intensity
20 30

10

40 60 80 100
Temperature (°C)

Figure 2.1: Selected examples of thermal shift profiles observed during the
buffer screening for SaHPPK using thermal shift assay. A higher T, value
corresponds to higher stability. Note that the variations in fluorescence
intensity could be due to different quenching/behaviour of the Sypro Orange
dye under different buffer conditions.
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2.2.3 Microdialysis button tests

A button test® was used to determine the buffer conditions for increased
protein longevity at higher concentrations (100-250 uM), which are typically
needed for sensitivity and stability during lengthy (~48 h) 3D NMR
experiments. The principal of microdialysis button screens is similar to that of
X-ray crystal trials, with the difference being that the former screens for clear
drops and the latter for precipitation and crystals. Details are described in the
methods section 2.8.12. Optimal buffer conditions determined via both the
techniques correlated well, with SaHPPK most stable in a buffer comprising
50 mM HEPES (pH 8.0), 1% sorbitol and 2.0 mM DTT. All subsequent studies
were performed using this buffer, except X-ray trials, for which sorbitol was

omitted.

2.2.4 Thermal Shift denaturation Assay (TSA) for ligand binding

The thermal shift assay was also used to investigate the effect of ligand
binding on protein stability. Ligands are known to be able to provide enhanced
stability to proteins upon binding, which should produce a change in T, value
associated with unfolding of the protein?>. The utility of the assay was
examined by testing ATP and AMPCPP binding. The SaHPPK enzyme
showed higher thermal stability in the presence of both ATP (AT, = 6 °C) and
AMPCPP (AT, = 11 °C) (Figure 2.2). This data suggest that the stability of
SaHPPK in solution can be further enhanced by adding ligands when running

longer experiments.
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Figure 2.2: Thermal shift observed (double headed arrow) in the presence of
ATP (green) and AMPCPP (blue) relative to the apo enzyme (red).

2.2.5 Biochemical assay

In order to investigate the activity of the purified SaHPPK enzyme, an
enzyme-coupled in vitro assay was developed to monitor substrate kinetics
and enzyme inhibition. The assay is an extension of the coupled enzyme
spectrophotometric assay previously reported by Fernley et al’, which
involves three enzymes of the folate pathway — HPPK, DHPS and DHFR
(Figure 2.3). Together, these transform the HPPK substrate, 6-hydroxymethyl-
7,8-dihydropterin (HMDP), into tetrahydropteroate. The last reaction converts
NADPH to NADP®, which is monitored spectrophotometrically at 340 nm.
DHPS and DHFR are added in excess so that the measured rate represents
that of the enzyme HPPK.

Enzyme activity was thus assayed by following the decrease in absorbance at
340 nm resulting from the conversion of NADPH to NADP*, and subsequently
kinetic parameters for the cofactor (ATP) were obtained (K?* = 8.9 + 3 uM)
using a standard protocol (Figure 2.4). Measurement of the K, for the
substrate HMDP was attempted, however only an approximate value could be
obtained (K,** ~2.5 + 1.5 uM) as the change in absorbance of NADPH
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during the initial phase of catalysis was close to the noise level (data not
shown). A more sensitive assay, based on KinaseGlo® was thus developed
(see chapter 3). An ICso value of 1.64 + 0.5 uM for the inhibition of SaHPPK

by AMPCPP was determined (Figure 2.4), which is close to the value reported
for ECHPPK (K; of 0.31 uM)®.

6-hydroxymethyl
7 ,8-dihydropterin
(HMDP)

6-hydroxymethyl-7, 8-
dihydropterin pyrophosphate
(HMDPPP)

PABA
> DHPS
Pyrophosphate

Dihydropteroate

Amax = 340nm
NADPH
o S e
Tetrahydropteroate

Dihydrofolate
NADPH :ﬂ —_—
NADP
Tetrahydrofolate

Figure 2.3: Enzyme reactions from the folate biosynthetic pathway involved in
the in vitro biochemical assay.
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Figure 2.4: (Left) Determination of K,**® for the ATP cofactor. The value for K"
was obtained by fitting the Michaelis-Menten equation to the experimental data
using GraphPad Prism°. The kinetic parameters for ATP were determined by
measuring the rate of HPPK-catalysed ATP consumption at the indicated levels of
ATP concentrations and a fixed, saturating level of 100 yM HMDP substrate. The
Kn2PP value of 8.9 + 3 uM was obtained for ATP. (Right) The dose response curve
is shown for the inhibition of SaHPPK by AMPCPP yielding an ICso = 1.64 £ 0.5
MM.

2.3 Heteronuclear NMR spectroscopic analysis of SaHPPK

2.3.1 Production of *C/'®*N-labeled protein for NMR experiments

Initial attempts to express isotopically-labeled N SaHPPK following the
standard Marley method™ failed, as SaHPPK expressed entirely in the
insoluble fraction from the cell pelet. Several small volume (10 mL)
expressions were therefore set up to screen a range of factors, including
different temperatures for expression (30-37 °C) and induction (20-37°C),
different concentration of IPTG (0.1-1 mM), varying induction time (5-24
hours) and changing cell lines (Rosetta, C41). All these test expressions were
unsuccessful as SaHPPK continued to express as inclusion bodies. Finally,
the Marley method was replaced with a modified protocol from Lewis Kay’s
lab'" as described in section 2.8.8. In this way, 40-50 mg/L of soluble

SaHPPK were routinely obtained. While some higher order aggregates were
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always observed after passage through the metal affinity column, a
subsequent gel filtration step was implemented to remove these impurities
prior to all studies. Samples were stored frozen at -80 °C or sealed under

nitrogen in glass vials.

2.3.2 The "N SOFAST HMQC (band-selective optimized flip-angle short-
transient heteronuclear multiple quantum coherence) spectrum of

SaHPPK showed a folded enzyme

>N SOFAST HMQC spectra were of high quality (Figure 2.5) and the enzyme
was stable for 2-3 days as judged by an unchanged spectrum when sealed
under nitrogen in the NMR buffer (50 mM HEPES. pH 8.0, 1% sorbitol and 2—
10 mM DTT, 10% D,0) at a concentration <250 pyM. N SOFAST HMQC
spectra of the apo enzyme showed a well dispersed set of resonances,
consistent with a folded enzyme. However, the enzyme aggregated at high
concentration (>250 uM), as judged by severe line broadening. Similar
findings have been reported for the E. coli enzyme12. Line broadening was
more evident when the samples were exposed to air and suggests that the
aggregation involves disulfide formation through one or more of the four

cysteine residues.
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Figure 2.5: The 600 MHz "®°N SOFAST HMQC spectra of apo SaHPPK (ca.
150 pM) in the presence of 10 mM MgCl; at 22 °C.

NMR titrations with substrate (HMDP), cofactor (ATP) or cofactor analogue
(AMPCPP) produced large chemical shift perturbations (Figure 2.6). ATP and
AMPCPP resonances were found to be in slow exchange with the apo
resonances on the chemical shift time-scale. Therefore, to allow the mapping
of these perturbations onto the structure, the protein backbone triple
resonance experiments and assignments were required for each of these
samples, as resonances could not be simply ‘tracked’ and assigned as for

ligand binding in the ‘fast exchange’ chemical shift regime.
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Figure 2.6: Superposition of the 600 MHz "N SOFAST HMQC spectra of
SaHPPK (ca. 150 uM) (red) in the presence of ATP (ca. 500 yM) (green) and
AMPCPP (ca. 500 uM) (blue) at 22 °C.

2.3.3 Sequential backbone assignments using 3D triple resonance

spectroscopy

Residue specific sequential assignments of the backbone resonances are a
prerequisite to ligand binding studies. The sequential assignment gives
access to a range of useful "°N-H mediated NMR parameters, such as
residual dipolar couplings or pseudo-contact shifts for ‘modern’ structural
studies, as well laying the basis for the assignment of other side chain protons
and NOE experiments, required for conventional structure determination.
Backbone assignments further facilitate the measurement of relaxation
parameters required to understand the dynamics of individual residues within

a protein, including dynamic changes upon the binding of ligands.
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A pair of complementary 3D HNCACB and CBCA(CO)NH experiments ™
were initially performed on the AMPCPP-bound sample owing to the higher

thermal stability compared to the apo enzyme (Figure 2.2).

The HNCACB spectrum correlates the *CA and ">CB chemical shift with the
HN of the i/ and the HN of the /-1 residue whereas the CBCA(CO)NH
experiment correlates the HN with only the i-7 "*CA and ™CB shifts.
Combining the two 3D spectra therefore allows the intra- and inter-residue
3CA and "*CB chemical shifts to be distinguished (Figure 2.7). Correlations in
the 3D spectra are thus found in the *C dimension for every HN correlation in
the 2D "N HSQC experiment, giving rise to a 3D cube with axes "HN, °N and
3C chemical shift. Information within this 3D cube can be presented as 2D
strips (Figure 2.7) through the centre of the 2D >N HSQC peak of every
amide, and show the 13C resonances in the third dimension. The 2D strips can
be sorted in order of sequence by matching the "*CA and "*CB chemical shifts
as shown in Figure 2.7. Knowledge of the ">*CB chemical shifts in particular is
very useful for identifying specific residue types', e.g. the threonine *CB
chemical shift appears around ~70 ppm (Figure 2.7). Thus, from a connected
series of 2D strips (as few as three), the identified °N, 'H, "*CA and "*CB
chemical shifts can be assigned to the atoms from residues in a given protein
sequence. In this manner, the assignment of the "HN and "°N peaks in the "°N
HSQC experiment was carried out for all non-proline atoms by virtue of the
CA and "*CB chemical shifts. It was notable that many of the weaker i-1
3CB correlations were absent (e.g. Leu68 in Figure 2.7) and some were
observed in the CBCA(CO)NH spectrum. Most of the connections were thus
performed using the HNCA spectrum and further verified using the HNCACB

spectrum where "*CB connectivities were observed.

From the assigned chemical shifts of the AMPCPP-bound sample, the
unstable apo >N HSQC spectrum was assigned using 3D HNCA experiments
in conjunction with a 3D "N NOESY experiment. The assignment of the
HMDP-bound spectra followed from the apo spectrum, as binding mostly

induced local broadening.
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Fi%ure 2.7: Sequential through-bond connections of SaHPPK for residues
Q%%-K"® in HNCACB (top) and HNCA strips (bottom) recorded on a ~250 pM
SaHPPK/AMPCPP sample, pH 8.0 at 600 MHz and a temperature of 22 °C.
Preceding and intra-residue 'N-"HN correlations to "*CA (red) and *CB
(magenta) in the HNCACB spectra are shown. "®N-"HN correlations to *CA
are show in red in the HNCA strips. Cyan and yellow arrows denote
sequential connectivity between the individual residues. Note: some weaker /-
1 CB and *CA correlations are missing (e.g. Leu68) as the HNCACB
experiment was relatively insensitive.
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2.3.4 Chemical shift mapping of cofactor and substrate revealed the

binding sites

Chemical shift perturbations (CSPs) upon AMPCPP binding and peaks that
disappeared upon HMDP (substrate) binding in the "N SOFAST HMQC
spectra, were mapped onto the EcHPPK structure (1RAO) (Figure 2.8) to
identify those residues involved in direct binding and to identify residues

susceptible to long range, indirect effects (see chapter 3 for further details).
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Figure 2.8: (Top) CSP data for HMDP (substrate) and AMPCPP binding to
SaHPPK. Grey bars indicate residues for which peaks were extensively
broadened compared to the apo "N HSQC spectrum, and therefore not
observed upon HMDP binding. Black bars indicate CSPs upon AMPCPP
binding. (Bottom) CSPs mapped onto surface of ECHPPK (1RAO). Residues
missing in the apo or AMPCPP bound spectra are coloured magenta. Those
additionally broadened upon HMDP binding are coloured orange. Unobserved
proline residues are coloured in yellow. Residues displaying slow exchange
CSPs upon binding of the AMPCPP are shaded red. HMDP (green) and
AMPCPP (purple) are shown in sticks to help identifying the two binding sites.
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2.4 Fragment-Based Screening (FBS)

2.4.1 Fragment screening using 1D STD NMR experiments

A fragment library was initially screened to find binders of SaHPPK in the
hope of discovering novel compounds with different chemical structures or

scaffold to those of the cofactor and substrate.

A total of 350 compounds from the Maybridge RO3 fragment library were first
screened using 1D saturation transfer difference (STD) NMR spectroscopy
(Figure 2.9). About 150 compounds were identified as positive hits in the
STD-NMR experiment, even though the excess ligand concentration was
fairly low (~350 uM). This undesirably high hit rate (~ 40 %) could be because
the active site of HPPK is relatively large (26 A wide), with a particularly open
ATP-binding pocket. Interestingly, we found a similar high hit rate during
fragment screening of the adjacent enzyme (DHPS) in the pathway.
Substantial active site loop motions occur in both enzymes, which may create
a range of transient binding sites. Other groups such as Novartis have
abandoned the STD experiment for this reason, (Wolfgang Jahnke, person
comm) and prefer to use the alternate WaterLOGSY'* experiments. While we
did not pursue the 1D WaterLOGSY experiment, we chose to take advantage
of ‘Fast NMR methods’ to run 2D SOFAST "N HMQC experiments.
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Figure 2.9: Example of a 1D STD spectrum of a mixture of fragments (each
at 350 yM) in the presence of 25 yM SaHPPK. The arrows highlight fragment
A, B, C and E proton signals matching those observed in the STD spectrum of
the mixture, indicating those fragments which bind to SaHPPK. Note that the
fragment D signals were outside the zoom region and this was not a hit.

2.4.2 Fragment screening using 2D experiments

HPPK is a small protein (~ 20 kDa including the N terminal residues of the His
tag) and gave high quality 2D "°N SOFAST HMQC NMR spectra. With the
high hit rate from STD NMR experiments and given that °N-labeled SaHPPK
expresses very well (>40 mg/L), all 750 fragments were rapidly screened
initially on the cocktails of five fragments using the SOFAST 2D "N HMQC
experiment which was recorded within ~12 mins for each cocktail. A total of
16 out of 150 cocktails produced CSPs when compared with the apo enzyme
spectrum. Subsequently, 2D SOFAST N HMQC experiments were re-

acquired on individual fragments at a concentration of 1 mM to deconvolute
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and confirm the binders. The 2D method was actually quicker, easier to
analyse and far more informative than the 1D STD approach, giving both hit

detection, validation and approximate site binding from chemical shift

mapping.

A total of 16 confirmed hits (~ 2 % hit rate) were finally identified from 2D
SOFAST "N HMQC experiments of the fragment library (Figure 2.10). Of
these initial hits, fragments with thioamide substitutions on the heterocyclic
ring displayed reasonable CSPs (A5 > 0.2 ppm), whereas most other
fragments showed very weak CSPs (Ad < 0.1 ppm) and were deemed not
worth pursuing at this stage. An Example of the spectrum recorded in the
presence of a thioamide fragment is shown in Figures 2.11. The CSPs were
mapped onto the EcHPPK structure (1RAO), which revealed that most of
these initial hits bind to the HMDP (substrate) site (residues E42, T43, A44,
P45, V46, N55, F54 and F123), however, one fragment hit (MO00777) seems
to bind specifically to the ATP site (198, L99), also perturbing the amide

resonances from metal binding residues D95 and D97 (Figure 2.12).

50



Chapter 2 - Fragment Screening

NH,

SB00732

SPB04532

SB01015

MO08140

S\)I\NHQ
J

s Ss _NH,
O\
/ NH2 S \S
< X
i .

KMO04 192 SPB05765 KM03009
S s. 0 0
II//
TN, N oH OH
N-O
NH,
SPB04448 MO00777 TL00555
N N NH,
o K] N
AN
\ A, ( I§
0O N
JFD01263 MO08152 MO07822
QuNH, N /7
S\\ S NH;
o
HO
Cl
TLO1004 RDP00221 MO01163

Figure 2.10: Structures of fragment hits identified in the first round of
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Figure 2.11: Superposition of

the 600 MHz "°N SOFAST HMQC spectra, (top)

and CSP data of SaHPPK in absence (red) and presence (blue) of 1 mM
fragment hit (KM04192) (bottom). A portion of the spectrum is enlarged and
boxed to emphasise perturbed resonances. The perturbed resonances were
mapped onto the EcHPPK (1RAQO) crystal structure. HMDP (green) and

AMPCPP (purple) are shown

in sticks to help identify the binding sites for

fragments. Residues with broadened resonances in the apo enzyme are
coloured magenta, and unobserved proline residues are colored in yellow.

Residues displaying detectabl

e CSPs upon binding are shaded red, with the

hue corresponding to the magnitude of the CSPs.
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Figure 2.12: Superposition of the 600 MHz ®N SOFAST HMQC spectra, (top)
and CSP data of SaHPPK in absence (red) and presence (blue) of 1 mM
fragment hit (MO00777) (bottom). A portion of the spectrum is enlarged and
boxed to emphasise perturbed resonances. The perturbed resonances were
mapped onto the EcHPPK (1RAQO) crystal structure. HMDP (green) and
AMPCPP (purple) are shown in sticks to help identify the binding sites for
fragments. Residues with broadened resonances in the apo enzyme are
coloured magenta, and unobserved proline residues are colored in yellow.
Residues displaying detectable CSPs upon binding are shaded red, with the
hue corresponding to the magnitude of the CSPs.
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The thioamide moiety was thus defined as a simple pharmacophore and a few
more analogues containing thioamide substitution were investigated. To begin
with, 14 fragment analogues from commercial suppliers were selected based
on a similarity search using Scifinder (https://scifinder.cas.org/scifinder/). The
analogue search was restricted to compounds with MW < 300 and a single
substitution around the thioamide core moiety to simplify the effect of any
substitutions. The selected fragments were then purchased (UkrOrgSynthesis
Ltd, Ukraine) (Figure 2.13) and tested for binding to SaHPPK.

The measurement of the equilibrium binding constant (K,) by NMR was not
attempted for the fragments. While the CSPs were in fast exchange and gave
binding site information (Figure 2.14), the apparent K, determined for one of
the fragments was deemed unreliable, as the NMR sample rapidly became
cloudy and the NMR signal intensity decreased at higher fragment
concentration (> 3 mM). This observation is typical of SaHPPK titrations owing
to sample instability with handling over time. Binding affinities were instead

determined by SPR experiments (section 2.5).
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Figure 2.13: Structures of fragments purchased based on the similarity

search.
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Figure 2.14: Superposition of the 600 MHz ®N SOFAST HMQC spectra, (top)
and CSP data of SaHPPK in absence (red) and presence (blue) of 1 mM
fragment hit (BBV-5094366) (bottom). A portion of the spectrum is enlarged
and boxed to emphasise perturbed resonances. The perturbed resonances
were mapped onto the EcHPPK (1RAO) crystal structure. HMDP (green) and
AMPCPP (purple) are shown in sticks to help identify the binding sites for
fragments. Residues with broadened resonances in the apo enzyme are
coloured magenta, and unobserved proline residues are colored in yellow.
Residues displaying detectable CSPs upon binding are shaded red, with the
hue corresponding to the magnitude of the CSPs.
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2.5 Screening using Surface Plasmon Response (SPR)

All fragment hits and analogues were tested for their binding affinities by SPR.
A minimal biotinylation approach was used to immobilize SaHPPK onto a
NeutrAvidin chip surface, as described in the method sections 2.8.18 and
2.8.19. The binding affinity of the substrate, HMDP, was measured as a
reference compound and also as a control to monitor the enzyme activity and

integrity on the chip surface during the experiment.

The initial 16 fragments gave a very weak response (RUpax < 2) in the
sensogram at a single point concentration of 100 uM, consistent with the
weak CSPs in NMR. In contrast, four out of the 14 follow-up fragments
showed slightly better responses (RUnax > 2.5) at 100 yM, as compared to
other fragments (Figure 2.15). A titration was performed for these selected
fragments to obtain binding affinity curves (Figure 2.16). While saturation
could not be obtained at the highest concentration used in the experiment
(256 uM), extrapolation to saturation was obtained based on the control
binder (HMDP) and gave an estimate of the K, This was found to be in the

range of ~ 500 uyM to 1 mM (Figure 2.16) for the four selected binders.
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2.6 X-ray crystallisation trials

A major challenge associated with FBS approaches to structure-based drug
design is that owing to their small size, fragments generally bind to their target
with low affinity, often beyond detection by the usual in vitro enzyme assays.
Structural details of their binding modes are highly beneficial to facilitate
compound optimisation to achieve higher affinity prior to more conventional
assay-based SAR. The small size of fragments also means that
computational methods are not as reliable compared to docking larger HTS
compounds'® to determine their bound conformation to the receptor.
Crystallisation studies are thus an integral process along the route to

understand the structure and intermolecular interactions of a bound fragment.

Despite extensive crystallisation trials, we were unable to crystallise the apo
enzyme, which would be ideal for soaking experiments of potential fragment
hits from screens. While a crystal of the AMPCPP/SaHPPK complex diffracted
to 35 A (data not shown), no crystals of the ternary
HMDP/AMPCPP/SaHPPK complex were found in the experiments performed.
HMDP (substrate) in solution is unstable and degrades to a weakly binding
oxidised species'® over the time period of crystallisation (~7 days). In fact, in
order to crystallise SaHPPK and to determine the structure to high resolution,
we had to find a substrate-site binder (8-mercaptoguanine), which is more
stable than HMDP.

The details of the discovery, characterisation and the structure of the bound
inhibitor are described in Chapter 3. Crystals of the 8-
mercaptoguanine/SaHPPK complex are shown in Figure 2.17, which
diffracted to 1.65 A at the Australian Synchrotron. Crystallisation of the
SaHPPK/8-mercaptoguanine complex was not trivial by any means. About
seventy 96 well-plates (over 14,000 droplets) were needed to grow good
quality crystals. Several low quality crystals were crushed and used for
subsequent seeding experiments'’ to obtain crystals of sufficient quality
(Figure 2.17). It is notable that the crystals were particularly small, often
multiple and flat with an aspect ratio 80x80x5 microns, which made obtaining

reflections over a full 360° difficult. The MX2 microfocus beamline was
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essential in order to achieve workable data and often required firing X-rays at
different parts of the crystal to obtain a full dataset. Nevertheless, a low
solvent content of 39.6 % meant that the crystal tolerated a high dose of X-

rays without disintegrating.

Figure 2.17: Crystals of SaHPPK in complex with 8-mercaptoguanine. Initial
crystal trials produced multiple stacked plate crystals (left), which were
crushed and used as seed crystals to eventually obtain single crystals (right),
which diffracted to 1.65 A resolution.
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2.7 Conclusions

In conclusion, the SaHPPK protein was expressed and optimal conditions for
prolonged sample stability were established. The NMR-based fragment
screening, to our knowledge, represents the first of its type applied to HPPK,
and has identified some very promising hits that were validated by CSPs to be
pterin or ATP site binders in 2D SOFAST >N HMQC NMR experiments. The
binding affinity of the best four thioamide fragments was in the range of 0.5-1
mM, as determined by SPR (Figure 2.18). The corresponding ligand

efficiency’® '°

is in the range of 1.7-1.8 kd/heavy atom (above the desired
cutoff value of 1.3 kd/heavy atom) and accordingly may represent good
starting points for evolution to lead-like compounds®. Compounds with the
thioamide functionality have been reported as tuberculosis drugs®'. As for
other fragment hits, a search of the 2008.1 MDL Drug Data Report reveals
that fragments MOO00777 and TLO0O555 are embedded in dozens of entirely
different compounds being investigated by around 10 drug companies for a
diverse array of indications. For example, Febuxostat (Figure 2.18 B) from
Teijin Pharmaceuticals is a marketed xanthine oxidase inhibitor, an enzyme
that intriguingly binds purines. Given that MO00777 clearly binds closely to
the metal binding residues, it may be envisaged that when combined or linked
to the 8-mercaptoguanine inhibitor (see chapter 3), it may lead to a high
affinity scaffold. Future directions would therefore be to investigate the
competition of MO00777 with 8-mercaptoguanine and to co-crystallise these
fragments, to define their precise binding location. If crystallisation was not
fruitful, then the use of a modern PCS NMR approach can be undertaken® to
help determine the structure of the bound fragment complex in a similar

manner to that described for the active site loop conformation in chapter 5.
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Figure 2.18: Structures of the final four fragments identified by NMR
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2.8 Methods
2.8.1 SaHPPK plasmid

A pET28a plasmid containing the synthesised SaHPPK sequence (UniProtkKB
entry: Q99W87) was designed with an N-terminal hexa-His tag and a
thrombin cleavage site and purchased from Geneart®.

10 20 30 40 50 60
MGSSHHHHHH SSGLVPRGSHM IQAYLGLGSN IGDRESQLND AIKILNEYDG ISVSNISPI

70 80 90 100 110 120
YETAPVGYTEQ PNFLNLCVEI QTTLTVLQLL ECCLKTEECL HRIRKERWGP RTLDVDILL

130 140 150 160 170
YGEEMIDLPKL SVPHPRMNER AFVLIPLNDI AANVVEPRSK LKVKDLVEVD DSVKRYK

2.8.2 Transformation of E. coli

BL21 E. coli (ADE3) codon plus cells were transformed with pET28a plasmids
using the heat shock method?®. Competent E. coli (50 pL) cells were
combined with plasmid DNA (10-50 ng) in a 1.5 mL centrifuge tube and
incubated for 15 mins on ice. The tube was transferred to a water bath at 42
°C for 30 s then returned to ice for 2 mins. After addition of 200 yL of 2YT
broth, cells were grown for 1 h with shaking at 200 rpm at 37 °C. The 250 uL
culture was then plated onto 1xYT (100 upg/mL kanamycin) plate and
incubated for 16 h at 37 °C.

2.8.3 Preparation of glycerol stocks

Glycerol stocks were prepared by resuspending transformed E. coli cells from
the plate into sterile 2YT containing 15 % glycerol (this can be made by taking
sterile 2YT broth and adding sterile 80 % glycerol to give a final 15 % glycerol

vol:vol). The small aliquots (uL) of resuspended cells were frozen at -80 °C.
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2.8.4 Expression of unlabelled SaHPPK

The transformed E. coli BL21 (DE3) were grown overnight in 10 mL of growth
media (2YT media supplemented with 100 ug/mL kanamycin antibiotic for
selection). The overnight culture was then subcultured into fresh growth
media (1L) (2YT + Kanamycin) and grown at 37 °C until the ODggo was 0.5—
0.8. Isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to a final
optimised concentration of 0.3 mM and expression was carried out at 28 °C
for 5 h. The cultures were centrifuged at 5000 g at 4 °C for 10 mins and the
supernatant was discarded. Cell pellets were stored at -80 °C until

purification.

2.8.5 SaHPPK purification

Cell pellets stored at -80 °C were thawed and re-suspended in 100 mL 50 mM
HEPES, 5% glycerol, pH 8.0. An EDTA-free Complete™ protease inhibitor
cocktail tablet (Roche) was added along with lysozyme, the latter to a final
concentration of 0.2 mg/mL. After 10 mins of gentle stirring, cells were then
sonicated, cell debris removed by centrifugation at 18,000 g (4 °C) for 30 mins
and the supernatant filtered (0.45 um filter). The supernatant was loaded onto
a 5 mL HisTrap Ni-NTA column (Qiagen) and unbound protein was washed
off with 10 mM imidazole in 50 mM HEPES-NaOH buffer, 300 mM NaCl, 5 %
glycerol, 1 mM DTT, pH 8.0. The tagged protein was eluted from the HisTrap
column with a 250 mM imidazole gradient in the HEPES-NaCl buffer.

2.8.6 Thrombin cleavage of the N-terminal his tagged SaHPPK

The untagged protein was generated by on-column digestion carried out with
thrombin to remove the N-terminal His tag. One unit of thrombin (Sigma-
Aldrich) was used for each mg of tagged protein. Firstly, supernatant was
loaded on to a 5 mL HisTrap column with Buffer A (50 mM Hepes, 5%
glycerol, 300 mM NaCl, 10 mM imidazole, 1 mM DTT, pH 8.0.
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After loading, the column was washed with 10 column volumes (CV) of Buffer
C (50 mM HEPES, 1% sorbitol, 2 mM DTT, pH 8.0) to remove salts from the
column. A 5 mL solution (containing thrombin 100 U, 2 mM CaCl,, 2 mM ATP,
10 mM MgCl; in 50 mM HEPES pH 8.0) was injected manually with a syringe
onto the column and left overnight. The next day, cleaved protein was eluted
with 10 mM imidazole in HEPES—NaCl buffer and the leftover uncleaved

protein was eluted with a 250 mM imidazole gradient.

2.8.7 Size exclusion column to isolate monomer from aggregate

Both tagged and untagged versions of the protein were further purified on a
Superdex 75 size-exclusion 16/60 column (GE Healthcare). The protein
sample eluted from HisTrap columns was concentrated down to a volume of 5
mL and injected onto the Superdex 75 pre-equilibrated with 2 CV of Buffer C
(50 mM HEPES, 1% sorbitol, 2 mM DTT, pH 8.0). After eluting with the same
buffer all the fractions were analysed using a 15% SDS-PAGE gel (sodium
dodecyl sulphate-polyacrylamide gel electrophoresis) with Coomassie staining
and protein containing fractions were pooled, snap-frozen and stored at -80
°C.

2.8.8 Preparation of isotopically-labelled protein for NMR spectroscopy

Isotopically-labelled samples of SaHPPK for NMR spectroscopy were

prepared as per the modified protocol of Lewis Kay’s lab™.

E. coli BL21 (DE3) cells (Agilent) transformed with the plasmid were grown
overnight in 3 mL of 2YT media supplemented with 100 ug/mL kanamycin for
selection. The overnight culture was subcultured into 50 mL of minimal media
(Table 1) that was grown to an ODggo of 0.5-0.7. This 50 mL culture was then
centrifuged at 4000 g at 30 °C for 10 mins and the cells were gently re-
suspended in 1 L of minimal media supplemented with 1.5 g of 'N-
ammonium chloride and/or 3 g of "*C-glucose (see Table 1) and grown at 37

°C until the ODggp was 0.5-0.8. Isopropyl B-D-1-thiogalactopyranoside (IPTG)
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was added to a final optimised concentration of 0.5 mM and expression was
carried out at 20 °C for 12 h. Purification was as described above (section
2.8.5).

Table 1: Composition of minimal media

1 x M9 salts Additives Heat labile additives
(0.22 pM filtered)
KH2PO4 3g |FeCl; 0.2 mL | D-glucose 20 mL
(10 mg/mL) (20g/100mL)
Na;HPO, 6.78 g | 1M MgSO, 1mL Thiamine 1mL
(10 mg/mL)
NaCl 0.5g | 0.1M CacCl, 1mL Biotin 1mL
(10 mg/mL)
NH,CI 1.59g | ZnCl, 0.2 mL | Kanamycin 1 mL
(34 mg/mL) (50 mg/mL)
MilliQ to 100 mL | to ~ 877 mL

2.8.9 Protein concentration and molecular weight estimation

The concentration of protein samples was estimated by direct UV
measurement at 280 nm using a NanoVue™ Spectrophotometer (GE
healthcare). The extinction coefficient of 14440 cm™ M’ for HPPK was
calculated from the amino acid composition using the ExPASy site
(http://web.expasy.org/protparam/). The SaHPPK protein identity was
confirmed by SDS-PAGE and Mass spectrometry (MS) (Figure 2.19). The
mass of the protein calculated from the predicted amino acid sequence with a
His6-tag (20028.03 Da), compared well to the electrospray mass
spectrometry (ES-MS, 20033.88 Da).
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Figure 2.19: Electrospray mass spectrum of purified SaHPPK protein. Inset,
SDS-PAGE gel (15 %) of SaHPPK purified protein fractions. Lane 1
(Thrombin cleaved fraction), lanes 2-6 uncleaved SaHPPK enzyme.

2.8.10 N-Terminal sequence analysis of SaHPPK

The N-terminal sequence of the purified HPPK was determined after SDS-
PAGE gel and mass spectrometry verification. N-terminal sequence analysis
of the protein (~100 pmol) (Table 2) gave results corresponding to the
expected N-terminus for cleaved protein starting with Glu (first three non-

native residues as a result of the N-terminal thrombin cleavage).
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Table 2: The sequence determined from N-terminal sequence analysis

1 GLU ?* 11 LEU
2 SER 12 GLY ?*
3 HIS 13 SER
4 MET 14 ASN
5 ILE 15 ILE
6 GLN 16 GLY ?*
7 ALA 17 ASP
8 TYR 18 ARG
9 LEU 19 GLU
10 GLY ?* 20 SER

*data for these residues was not clear enough in the N-terminal sequence
analysis; therefore they could be either Glu or Gly. N-terminal sequence
analysis information was obtained using the automatic sequence analyser
(Waters) at CSIRO Materials Science and Engineering, Parkuville.

2.8.11 Buffer screening - The thermal shift denaturation assay

This fluorescence-based assay? was performed using an Applied Biosystems
Step One Plus Thermal Cycler. Solutions of 5 yM HPPK, 10X Sypro Orange
dye and different buffer solutions were added to the wells of the 96-well plate.
The total well volume used was 30 uL. The plate was heated from 20-99 °C
with a heating rate of 1.0 °C/min. The fluorescence intensity was measured
with excitation/emission = 583/610 nm. The different buffer solutions tested
were acetate (pH=4.0-4.5), citrate (pH=5.0), MES (pH=6.0-6.5), HEPES
(pH=7.5-8.0), Tris (pH 8.0-8.5) containing different additives such as NaCl
(50-300 mM), RE (arginine, glutamine acid) (50-100 mM), CHAPS (1-5 %),
glycerol (1-10 %), sorbitol (1-10 %) and combinations of additives. T, and
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AT, values were determined from the melting curves obtained. After testing
several buffer conditions, the 50 mM HEPES (pH 8.0), 1% sorbitol and 2.0
mM DTT buffer condition was identified as most likely stabilising condition for
SaHPPK.

2.8.12 Buffer screening — The microdialysis button test

A small portion of concentrated protein (~ 200 uM) sample (10-15 yL) was
added to the center well of the buttons followed by covering with a dialysis
membrane and fixed in place by a rubber O-ring. The microdialysis cells were
then incubated in various test buffer solutions at room temperature for up to
two weeks®. Each day, the clarity of the samples was monitored. Most of the
test buffer conditions showed extensive precipitation early on, clearly visible to
the naked eye within one day into the trial. The button with the buffer condition
comprising 50 mM HEPES (pH 8.0), 1% sorbitol and 2.0 mM DTT was still

clear after four days.

2.8.13 TSA for ligand binding

A 96-well plate containing solutions of 5 yM HPPK, 10X Sypro Orange dye
and 500 puM of test compound in buffer (50 mM HEPES (pH 8.0), 1% sorbitol,
2.0 mM DTT, 10 mM MgCl,) was heated from 20-99 °C with a heating rate of
1.0 °C/min. The fluorescence intensity was measured with excitation/emission
wavelengths of 583/610 nm. T, and AT, values were determined from the

melting curves obtained.

2.8.14 Biochemical assay

The spectrophotometric enzyme assay was performed using a Thermo
Multiskan Ascent plate reader and absorbance was recorded at 340 nm to
measure the rate of oxidation of NADPH to NADP®. Buffers used to make up

reagent solutions were purged with nitrogen to reduce oxidation of the HMDP.
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Final concentrations of reagents in the standard assay buffer for AMPCPP
inhibition measurements were as follows: 100 mM Tris—HCI (pH 8.5), 10 mM
MgCl,, 1.0 mg/mL BSA, 20 mM B-mercaptoethanol, 5 yM ATP, 3 yM HMDP,
50 uM NADPH, 50 yM p-aminobenzoic acid (PABA), 4.0 ug DHPS and 8.0 ug
DHFR. The total reaction volume used in each well was 200 pL and
comprised 5 uL of test compound solution (500 uM final concentration), 10 pL
of SaHPPK solution (final amount 0.4 ug) and 185 uL of assay buffer. The
assay buffer was added using a multichannel pipette to initiate the reaction.
The 96-well plates were incubated at 25 °C and shaken before measuring the
absorbance. Each well was read a total of 20 times with 30 s intervals (total
time 10 mins). The rate of decreasing absorbance at 340 nm was recorded to
give the percentage of SaHPPK inhibition. Each reaction was performed in
triplicate. The AMPCPP ICso value was calculated by fitting to a one-site
competition model within GraphPad Prism.

2.8.15 NMR backbone assignments of apo and AMPCPP bound SaHPPK

3D NMR experiments were recorded at 22 °C on a Varian Inova 600 MHz
NMR spectrometer operating at a field strength of 14.1 Tesla and equipped
with a Z axis gradient and a cold probe. A sample of uniformly labeled
SaHPPK with °N and *C was prepared and concentrated to ~0.25 mM in
NMR buffer (50 mM HEPES buffer, 90% H,0, 10% D20, pH 8.0, 1% sorbitol,
10 mM DTT) and sealed under nitrogen in a standard 5 mm (O.D.) NMR tube.
As the apo sample tended to yield broader and poorer spectra than the
sample in complex with 1 mM AMPCPP and 10 mM MgSOQOy, the assignments
of the apo sample were facilitated by the assignments of the
SaHPPK/AMPCPP complex. 2D "N SOFAST HMQC?* experiments were
acquired with both a large (1944 Hz) and a small, folded (1054 Hz) sweep
width in "N (t1). The latter sweep width was incorporated into all the following
3D ('H, *C, °N) experiments; 3D HNCA, 3D HNcoCA, 3D HNCACB, 3D
CBCA(CO)NH and 3D N edited NOESY. NMR data was processed using
nmrPipe® with linear prediction in **C(t2) and mirror image linear prediction in

®N(t3) and analysed using Xeasy? or Sparky®’. Typically, 3D data sets were
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recorded in 36-44 h. All the above experiments were acquired on the
SaHPPK/AMPCPP sample and the 2D N HSQC, 3D HNCA and 3D N

NOESY experiments were recorded on the apo sample.

2.8.16 1D STD-NMR experiment for fragment screening

1D STD experiments?® %°

were acquired using a Gaussian cascade to provide
a 2s steady state saturation pulse centred at 0.5 ppm and 14 ppm for the
saturated and reference experiment respectively. The two experiments were
recorded interleaved using WATERGATE for water suppression. The total
time was ~15 mins. The samples were prepared using 25 yM unlabeled
SaHPPK in NMR buffer (50 mM HEPES buffer, 90% H,0O, 10% D20, pH 8.0,
1% sorbitol, 5 mM DTT) with mixtures of 5 fragments (final concentration 350
MM each) added from 100 mM stocks in DMSO (Dg). The STD measurements
were acquired on an 800 MHz Bruker Avance |l spectrometer, employing a
triple-resonance 5 mm TXI cryoprobe equipped with single-axis gradients and
an autosampler. The STD data were processed in TOPSPIN version 3.1

(Bruker Biospin).

2.8.17 2D NMR screening of fragment libraries

2D NMR experiments were recorded at 22 °C on a Varian Inova 600 MHz
NMR spectrometer equipped with a cryoprobe and Z axis gradient. Cocktails
of five fragments from the Maybridge fragment library dissolved in DMSO (Dg)
were added to a sample of ~70 uM SaHPPK in NMR buffer to give a final
individual fragment concentration of ~ 350 pM. A SOFAST "N HMQC*
experiment was recorded using a recycle delay time of 0.3 s and 1024 and 70
complex points in the "HN (t2) and N (t1) dimension respectively yielding a
total time of ~12 mins. Follow up screens were done similarly by recording the
addition of each one of five fragments from the cocktail at a concentration of 1
mM. Chemical shifts were compared to those of reference spectra of the apo
sample with the equivalent amount of DMSO added. A DMSO titration was
also performed to examine that the observed CSPs were not the result of
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minor variations in DMSO concentration. Spectra were automatically
processed in batch mode using in house scripts and overlaid in Sparky where

they were manually analysed.

The CSPs were calculated using the following equation: A8 =
V((8N'°x0.154)?+(8HN")?) in ppm where 501 refers to the chemical shift change
of the resonance relative to the resonance in the apo SaHPPK SOFAST "N
HMQC spectrum. The factor of 0.154 is used to account for the differences in
the spectral width for "H and "N amide shifts which is in the ratio of ~ 0.154:1.

2.8.18 SPR - Minimal biotinylation of SaHPPK

SaHPPK protein was buffer-exchanged by size exclusion chromatography on
a Superdex75 (10/300 GL) column to remove any oligomer impurities from the
protein sample before adding biotin. The column was pre-equilibrated in 50
mM HEPES, pH 8.0, 150 mM NacCl, 0.005% (v/v) polysorbate 20, 5 mM DTT,
10 mM MgCl,. The collected monomer protein peak (~30 nanomoles) was
“minimally” biotinylated® on ice for 2 hours using an equimolar concentration
of EZ-Link® Sulfo-NHS-LC-LC-Biotin (Pierce). Any unreacted biotin was
removed by passing the sample again through the Superdex75 and fractions

of the monomeric peak were stored frozen in 50 uL aliquots at -80 °C.

2.8.19 SPR - NeutrAvidin immobilisation and biotinylatedSaHPPK

capture

NeutrAvidin was immobilised at 25 °C onto a CM5 sensor chip (GE
Healthcare) docked in a Biacore T100 instrument (GE Healthcare) using
standard amine-coupling methods and HBS-P as the running buffer (10 mM
HEPES, pH 7.4, 150 mM NaCl, 0.005% (v/v) polysorbate 20). The chip
surface was activated by injecting a 1:1 mixture of 50 mM EDC (N-ethyl-N"-[3-
dimethylaminopropyl]carbodiimide) and 200 mM NHS (N-hydroxysuccinimide)
across all four flow cells for 7 min at 10 yL/min. NeutrAvidin (Pierce) at 100
pMg/mL dissolved in 10 mM sodium acetate, pH 5.5, was then injected for 2

min at 10 yL/min. Excess activated groups were blocked by using a 7 min
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injection of 1.0 M ethanolamine, pH 8.0 at the same flow rate, resulting in
immobilisation levels of approximately 13,000 resonance units (RU) in all four
flow cells. The biotinylated SaHPPK was captured onto a NeutrAvidin surface
in capture buffer (50 mM HEPES, pH 8.0, 150 mM NaCl, 0.005% (v/v)
polysorbate 20, 5 mM DTT, 10 mM MgCl,) by injecting at 10 yL/min for 6 min
over a single flow cell which typically resulted in immobilisation of ~10,000 RU
of target protein. A minimally-biotinylated bovine carbonic anhydrase Il protein
was captured in a separate flow cell to provide for an unrelated negative
control. The blank (typically flow-cell 1) and captured surfaces were
subsequently blocked with three 1 min injections of 1 pyg/mL D-biotin (Sigma)

at 10 pyL/min.

2.8.20 SPR - Binding experiments and data analysis

All SPR binding experiments were performed at 20 °C in SPR binding buffer
(50 mM HEPES, pH 8.0, 150 mM NaCl, 0.005% (v/v) polysorbate 20, 5 mM
DTT, 10 mM MgClz, 5% (v/v) DMSO). Control binder and fragments were first

screened at a single concentration of 100 pM.

Selected fragments were serially diluted (either 2- or 3-fold from a top
concentration of 256 pM) in SPR binding buffer keeping the final DMSO
concentration at 5 % and injected for 30 s contact time at 60 yL/min and then
allowed to dissociate for 60 s. To ensure complete dissociation, SPR running
buffer was injected after each ligand injection to ensure complete
regeneration of immobilised HPPK. Binding sensorgrams were processed
using Scrubber software (version 2, BiolLogic Software, Australia).
Sensorgrams were first zeroed on the y axis and then x-aligned at the
beginning of the injection. Bulk refractive index changes were removed by
subtracting the reference flow cell responses. The average response of all
blank injections was subtracted from all analyte injections and blank
sensorgrams to remove systematic artefacts in the experimental and
reference flow cells. To determine the binding affinity (K,), responses for each

analyte were fit to a 1:1 steady state affinity model available within Scrubber.
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2.8.21 Crystallisation trials

Details of crystallisation experiments of SaHPPK binary complex have been
published in Acta Crystallogr Sect F journal. A copy of the publication is

attached in the supporting information of this chapter.
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james.swarbrick@pharm.monash.edu.au The increase in rates of bacterial resistance to many antibiotic agents
is a major health burden (Cohen, 1992, 1994; Davies, 1994; Neu, 1992;
Nikaido, 1994). The number of cases of hospital- and community-
acquired Staphylococcus aureus infections has grown exponentially
together with the parallel emergence of life-threatening ‘superbug’
methicillin-resistant S. aureus (MRSA) strains (Chambers, 2005).
Community-aquired strains have become resistant to tetracycline and
clindamycin antibiotic treatments (Drew, 2007). In this case, tri-
methoprim-sulfamethoxazole (TMP-SMX) combination therapy,
which synergistically blocks the biosynthesis of folate derivatives by
acting on dihydrofolate reductase (DHFR) and dihydrofolate
synthase (DHPS), is the main treatment option (Adra & Lawrence,
2004; Proctor, 2008). Resistance to both TMP and SMX has never-
theless emerged, placing a greater burden on vancomycin as an
antibiotic of last resort. HIV-infected patients residing in care insti-
tutions are a group that is particularly at risk owing to increased
exposure to TMP-SMX as an effective Prneumocystis treatment
(Szumowski et al., 2007). Ever since the introduction of sulfa drugs in
the 1930s, their continuing overuse has been blamed for the growing
resistance to antibiotics. This is particularly seen to be a problem in
developing countries, where overuse is exacerbated by unregulated
or inadequate administration. Mechanistically, this has been attrib-
uted to several mutations in the DHPS gene. Similarly, with TMP
therapy mutations have been observed in the DHFR gene that result
in a repositioning of the substrate in the active site (Frey et al., 2009).
Thus, with the recent structural data on DHPS and DHFR (Babaoglu
et al., 2004; Frey et al, 2009) we are starting to understand the
mechanism behind resistance on the atomic level, with the potential
to redesign our current chemical approaches. As 6-hydroxymethyl-
7,8-dihydropterin pyrophosphokinase (HPPK; EC 2.7.6.3) is not the
target of any existing drug, it provides an attractive new folate-
pathway target for the rational design and development of novel
antimicrobials and antifungals, including those that counter currently
resistant isolates.

Folates are essential to all living cells for growth. Accordingly, the
enzymes of this pathway (Fig. 1) have been validated as targets for
antimicrobials and antifungals. The reduced form of folate, tetra-
© 2010 International Union of Crystallography hydrofolate (THF), participates in several important one-carbon
All rights reserved transfers that are critical for the biosynthesis of thymidine, glycine
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and methionine and vital for DNA replication (Schirch & Strong,
1989). The de novo folate-biosynthesis pathway converts 7,8-dihydro-
neopterin to 7,8-dihydropteroate using ATP and para-aminobenzoic
acid (pABA). It comprises three committed enzymes, of which HPPK
is the second. Initially, dihydroneopterin aldolase (DHNA) catalyzes
the epimerization reaction converting 7,8-dihydroneopterin into
6-hydroxymethyl-7,8-dihydropterin (HMDP). HPPK then transfers a
pyrophosphate from bound ATP, resulting in 6-hydroxymethyl-7,8-
dihydropterin pyrophosphate (HMDPP). DHPS condenses HMDPP
with pABA, forming 7.8-dihydropteroate (DHP; Bermingham &
Derrick, 2002). The enzymatic addition of glutamate is followed
by reduction by DHFR, producing 5,6,7,8-tetrahydrofolate (THF).
These latter two reactions are not specific to microbes, plants or
protozoa. However, in the case of DHFR structural differences
between the human and bacterial enzymes have meant that selective
antimicrobials (such as TMP) or, in the case of the human enzyme,
cancer treatments such as methotrexate have been successfully
deployed.

NMR and X-ray crystal structures of HPPK have been determined
from a variety of organisms including Escherichia coli, Haemophilus
influenzae, Saccharomyces cerevisiae, Streptococcus pneumoniae and
Yersinia pestis (for reviews, see Swarbrick et al., 2008; Derrick, 2008).
Generally speaking, the structures are well conserved and consist of a
ferredoxin-like fold comprising a six-stranded f-sheet sandwiched by
two a-helices on either side (afa fold). Two Mg®* ions are bound
within the active site and these play a major role in the recognition of
both the ATP and HMDP substrates. Of the 26 HPPK X-ray and
NMR structures that have been deposited, the S. aureus homologue
shares sequence identities of 39% with the E. coli, 39% with the
Y. pestis, 37% with the H. influenzae, 34% with the S. pneumonia and
37% with the S. cerevisae HPPK enzymes. Much of the understanding
of the catalytic mechanism has been deduced from work on the E. coli
enzyme. In this species, the active-site structure of HPPK is unusually
dynamic, as demonstrated by the observation of loop changes in
excess of 20 A throughout the catalytic cycle (Lescop et al, 2009;
Blaszczyk et al., 2004). Nevertheless, the high sequence identity of the
key active-site residues combined with the high structural similarity
of the ternary complexes suggests that inhibitors may have advan-
tageous cross-reactivity potential over different species.

Here, we present a preliminary crystallographic investigation of
the S. aureus enzyme (SaHPPK) as a prelude towards understanding

its catalytic mechanism and as an initial step towards the rational
design of novel therapeutics.

2. Materials and methods
2.1. Expression and purification

A pET28a plasmid containing the synthesized SaHPPK sequence
(Geneart) was cloned with an N-terminal hexahistidine tag and a
thrombin cleavage site. E. coli BL21 (DE3) cells transformed with the
plasmid were grown overnight in 10 ml 2x YT media supplemented
with 100 pg ml™" kanamycin for selection. The overnight culture was
then subcultured into fresh 2xYT (11) and grown at 310 K until
the ODggo reached 0.5-0.8. Isopropyl B-b-1-thiogalactopyranoside
(IPTG) was added to a final optimized concentration of 0.3 mM and
expression was carried out at 301 K for 5h. The cultures were
centrifuged at 5000g and 278 K for 10 min and the cells were resus-
pended in 100 ml 50 mM HEPES, 5% glycerol pH 8.0. An EDTA-
free Complete protease-inhibitor cocktail tablet (Roche) was added
together with lysozyme; the latter was added to a final concentration
of 0.2 mg ml~". After 10 min, the cells were sonicated, the cell debris
was removed by centrifugation at 18 000g for 30 min and the super-
natant was filtered (0.45 pm filter).

The supernatant was loaded onto an Ni-NTA IMAC column
(Qiagen) and unbound protein was washed off with 10 mM imidazole
in 50 mM HEPES-NaOH buffer, 0.3 M NaCl pH 8.0. The tagged
protein was eluted from the IMAC column with 250 mM imidazole
in the HEPES-NaCl buffer; untagged protein was generated by on-
column digestion carried out with thrombin to remove the N-terminal
His tag. One unit of thrombin (Sigma-Aldrich) was used per milli-
gram of tagged protein. The cleaved protein was eluted from the
column with 10 mM imidazole in the HEPES-NaCl buffer. Both
tagged and untagged versions of the protein were further purified on
a Superdex 75 size-exclusion 16/60 column (GE Healthcare) and
eluted with 50 mM HEPES, 2 mM DTT pH 8.0. Fractions were
analysed using a 15% SDS-PAGE gel with Coomassie staining and
protein-containing fractions were pooled and concentrated to
45mgml™" using a 3 kDa molecular-weight cutoff ultrafiltration
centrifugal device (Amicon). The yields of tagged and cleaved
protein were typically ~35-50 and ~15-25 mg per litre of culture,
respectively. All samples were snap-frozen and stored at 193 K.
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Figure 1
The folate pathway.
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2.2. Crystallization

Protein-crystallization experiments (for both the tagged and un-
tagged proteins) were performed at the CSIRO node of the Bio21
Collaborative Crystallization Centre (C3), initially using the PACT
and the JCSG+ Suite commercial crystal screens (Qiagen) at 281 and
293 K. A pH versus salt gradient screen was also tested at both
temperatures. All screens used the sitting-drop vapour-diffusion
method with droplets consisting of 250 nl protein solution and 250 nl
reservoir solution and a reservoir volume of 50 pl. Crystallizations
were performed in SD-2 sitting-drop plates (IDEX Corporation) and
were set up using a Phoenix robot (Art Robbins Industries).

Small multiple or twinned crystals were observed after a week
in several ammonium sulfate and sodium malonate conditions. A
sequential microseeding strategy was employed to improve the size
and quality of the crystals. Seeds were created using a seed-bead
protocol (Luft & DeTitta, 1999; Newman et al, 2008) and were
introduced into the crystallization droplets on setup using the multi-
aspirate protocol of a Mosquito robot (TTP Labtech). However, even
after several rounds of microseeding optimizations almost all crystals
were still partially intergrown. We also tried additive screening with

s T165A
paat LA

Figure 2
Diffraction image of a typical S¢HPPK crystal.

commercially available additive screens (including Additive Screen
HT from Hampton Research and The OptiSalt Suite from Qiagen)
as well as the addition of different metal ions to find crystallization
conditions that would yield single crystals.

2.3. Data collection and analysis

For X-ray data collection, crystals were cryoprotected by adding
1 pl reservoir solution to the droplet and subsequently adding 1.2 pl
AP/E Core 150 oil (Mobil-Exxon) to the droplet. Crystals were
cryocooled in a nitrogen stream after being pulled through the AP/E
oil interface. Data were collected on the microfocus (MX2) beamline
of the Australian Synchrotron. 720 images of 0.5° oscillation were
collected using an ADSC Quantum 315 detector. The crystal-to-
detector distance was 250 mm and the exposure was 1s for each
image. The diffraction data were processed using MOSFLM (Leslie,
1992) and SCALA/TRUNCATE (Collaborative Computational
Project, Number 4, 1994). A diffraction pattern of SaHPPK is shown
in Fig. 2.

3. Results and discussion

A problem encountered during the crystallization of SaHPPK was a
lack of crystal-growth reproducibility owing to batch-to-batch sample
variation. This was particularly onerous as the protein would start to
precipitate within 24 h of being purified. Therefore, to ensure protein
reproducibility in crystallization experiments small aliquots (100 pl)
of the freshly purified and concentrated protein were snap-frozen in
thin-walled PCR tubes by immersion in liquid nitrogen and then
stored at 193 K. The snap-frozen and rapidly thawed protein was used
for both screening and optimization experiments, after side-by-side
experiments showed that the frozen and thawed sample crystallized
as readily and under similar conditions to the fresh protein.
Crystals of the cleaved SaHPPK protein were observed in con-
ditions containing ammonium sulfate (1.4-2.2 M) or sodium malo-
nate (1-1.4 M) over a wide pH range. Although crystals of the tagged
protein were obtained, these crystals did not diffract X-rays well and
were not further pursued. Several rounds of serial microseeding were
used to improve the crystal quality of the untagged protein. The
crystals grown in ammonium sulfate diffracted to 2.4 A resolution.
The ammonium sulfate condition was refined by the addition of
different buffers and various metals (Gd, Mn), which improved the

Figure 3
Crystals of SaHPPK. The largest dimension of the central crystal shown is
0.143 mm.

Acta Cryst. (2010). F66, 575-578

Chhabra et al.

- 6-Hydroxymethyl-7,8-dihydropterin pyrophosphokinase 577



crystallization communications

Table 1
X-ray data-collection statistics.

Values in parentheses are for the last shell.

Protein 6-Hydroxymethyl-7,8-dihydropterin
pyrophosphokinase (HPPK)

Mass (Da) 18283

Source organism S. aureus

Crystallization method Sitting-drop vapour diffusion

Temperature (K) 293

Crystal-growth time Approximately one week
Seeding Microcrystals

X-ray source MX2, Australian Synchrotron
Temperature (K) 100

Oscillation angle (°) 0.5

No. of frames used 720

Crystal-to-detector distance (mm) 250

Exposure time (s) 1

Space group .
Unit-cell parameters (A, °)

Monoclinic, P2,
a=368,b=76.6,c=515,
a=y=90,8=100.2

No. of molecules in unit cell Z 2
Resolution range (A) 50.70-1.65 (1.74-1.65)
No. of unique reflections 33864 (4934)

No. of observed reflections 242194
Matthews coefficient Vy (A Da™") 2.04

Solvent content (%) 39.6
Completeness (%) 100 (100)
Redundancy 72(72)
Mean I/o(I) 18.3 (4.7)
Runerget (%) 10.22 (0.447)
Roim? (%) 41(178)

F Ruerge = Yopag 2o (kD) = LKD) |/ g 23 LKD) % Rpim, = Ypial1/(N = D)2
x Y\ (hkl) — (I(hKD) /Y 2 1;(hkl), where I,(hkl) is the observed intensity, (I(hkl))
is the average intensity of multiple observations of symmetry-related reflections and N is
the redundancy.

diffraction quality of the crystals to about 1.75 A resolution. We
obtained our best diffraction (1.65 A) from a crystal grown in 1.08 M
sodium malonate pH 7, 0.09 M bis-tris pH 6.5, 0.175 M sodium
formate, 0.01 M sodium acetate pH 4.6 at 293 K. Crystals similar to
the one from which data were collected are shown in Fig. 3. Crystals
appeared in 5 d and continued to grow to a final maximum length of
~0.140 mm over a further 15 d. In all, close to 70 96-well plates were
set up (over 14 000 droplets); only around ten crystals were tested for
diffraction as most of the crystals were too intergrown to be candi-
dates for diffraction studies.

All diffraction data were processed in MOSFLM; in all cases the
crystals were partially multiple but MOSFLM was able to pick out
a single diffraction pattern and index these reflections despite the
presence of more than one lattice. A data set was collected from a
crystal grown in the malonate/formate condition described above and
cryoprotected with oil, resulting in a data set which was 100%
complete (see Table 1).

The space group was assigned as P2, with unit-cell parameters
a =368 b=766,c=515 A, o=y =90.0, 8 =100.2°. The overall

Rierge and Ry, were 10.2% and 4.1%, respectively, Vi, was
2.04 A>Da™! and the estimated solvent content was 39.6%. The
Matthews coefficient (Vy; Matthews, 1968) suggested the presence
of two molecules in the asymmetric unit. Molecular replacement
was performed with Phaser (Collaborative Computational Project,
Number 4, 1994) using the HPPK structure from either H. influenzae
(PDB code 1cbk; 37% sequence identity; Hennig et al., 1999) or E. coli
(PDB code 1rao; 39% sequence identity; Blaszczyk et al., 2004) as a
search model. Two solutions were found, confirming the presence of
two molecules in the asymmetric unit, and model building continues.
Both models were tested for their ability to phase the S. aureus data
as one was in a ‘closed’ (ATP site unoccupied) form and the other was
in a ‘open’ (ATP-bound) form.

HPPK is a committed enzyme in the folate pathway of S. aureus
and plays an integral role in the biosynthesis of tetrahydrofolate. The
determination of the three-dimensional structure of SaHPPK will be
instrumental in the development of novel treatments for community-
acquired MRSA infections.
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3. SaHPPK structure and discovery of a substrate site
inhibitor
3.1 Introduction

The main goal of the thesis was to characterise the structure of SaHPPK as
an aid to the discovery of small molecules inhibitors for SaHPPK. As
mentioned previously (chapter 2) attempts to grow crystals of apo SaHPPK
were unsuccessful as were co-crystallisation trials with weakly binding
fragments or the tightly binding cofactor analogue AMPCPP (Ky ~3 uM).
Therefore, given the wealth of structural data on the closely related EcHPPK
enzyme and our extensive characterisation of SaHPPK by NMR, a ligand-
centric computational approach was employed to seek a substrate-like binder.
Given that the pterin site is highly specific (containing six inter-molecular H-
bond interactions), it was anticipated that by sharing many of these
characteristic interactions, a pterin-like inhibitor would have much higher
affinity than any weakly binding fragments from the Maybridge RO3 library.
Furthermore we hypothesised that a more chemically stable inhibitor, as
compared to the native substrate, would hopefully facilitate crystallisation

studies of the complex.

To this end, this chapter reports the utility of in silico ROCS screening to
discover a new pterin site in vitro inhibitor of SaHPPK, 8-mercaptoguanine (8-
MG), and the subsequent biophysical characterisation of binding using
thermal shift, NMR, ITC and SPR. A single enzyme KinaseGlo™ assay was
applied successfully for the first time to monitor inhibition of HPPK by 8-MG.
While this simple assay measured the kinetics of the cofactor, it was still not
suitable to determine the substrate (HMDP) kinetic parameters owing to the

rapid turnover of the substrate (K, = ~ 0.5 uyM).

In parallel to crystallisation studies, the binding of the inhibitor, cofactor and
substrate were characterised by NMR. The amide resonances displayed
extensive line broadening that mapped to the substrate site upon inhibitor

binding, characteristic of intermediate timescale exchange kinetics. When
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experiments were performed in the presence of saturated ATP or AMPCPP
however, slow exchange was observed, suggesting cooperativity and tighter
binding in the ternary 8-MG/AMPCPP/SaHPPK complex. This observation
was not in agreement with multi-ligand binding studies from SPR and ITC
measurements where no cooperativity between the inhibitor and cofactor was
found. Slow exchange in NMR is often correlated with ‘tight binding’ (< low pM
Ky). However, in some cases very weak binding (supra millimolar) can give
rise to slow exchange as long as the combined lifetime of the on and off rates
are long enough, as recently shown by the Pardi group for the binding of
Theophylline to RNA (J. Am. Chem. Soc. (2009), 131, 5052-5053). Therefore
the application of multiple techniques was required to build up a detailed
picture of the binding and exchange phenomena of this ligand. The
differences in exchange phenomena may be likely due to loop motional
effects or an increase in the total lifetime during the hindered binding and

hindered leaving of the inhibitor in the presence of AMPCPP.

The lack of non-exchangeable protons on the inhibitor suggested that NMR
was not a good strategy to solve the ternary 8-MG/AMPCPP/SaHPPK
complex in solution. Fortunately, crystallisation trials produced good diffraction
quality crystals and a high resolution structure of the binary SaHPPK/8-MG
complex was solved by X-ray crystallography. SaHPPK crystallised with two
protomers in the asymmetric unit. NMR showed sharp line widths in the 2D
sofast ""N-HMQC spectra inconsistent with a ~40 kDa protein indicating that
SaHPPK is monomeric in solution. In the crystal structure, loop L3 was
‘extended out’ from the active site and the cofactor site is occluded by the

protomer interface in the asymmetric unit.

These observations prompted further "°N relaxation (T1, T2 and NOE) and
'Dynn residual dipolar coupling (RDC) NMR experiments to investigate the
oligomeric nature, dynamics and structure of SaHPPK in the
8-MG/AMPCPP/SaHPPK  complex in solution. Understanding the
intermolecular interactions in this ternary structure in particular, would provide
a wealth of data and be a handy resource to aid the chemical evolution of the
inhibitor. The "N T1/T2 ratio for amides of SaHPPK clearly showed that the

80



Structure of SaHPPK

enzyme was a monomer in solution. While "N heteronuclear NOE data
indicated that active site loops are highly mobile in the apo enzyme and when
ATP is bound, in the 8-MG/AMPCPP/SaHPPK complex, part of loop L3 is
rigid. This observation suggested that this region (around Gly90) was likely
close to the inhibitor. The increase in loop rigidity correlated with a decrease in

the entropic contribution to the AG of binding as measured by ITC.

Amide residual dipolar coupling (RDC) values were measured to determine
the alignment tensor and to then characterize the structure of the 8-
MG/AMPCPP/SaHPPK ternary complex in solution and to compare this with
the high resolution 8-MG/SaHPPK X-ray structure and to interrogate the

unusual loop L3 ‘out’ conformation observed therein.

RDC experiments provide information on the orientation of the 'H-">N vector
in solution with respect to the principle axis system of the alignment tensor
(Ay) which describes how the molecule tumbles within an alignment media (a
PEG/hexanol media was used in this case) in the magnetic field. The RDC
derives from the orientation-dependent dipolar couplings of two proximal spins
that occur in the presence of an external magnetic field (By) and is calculated

from the axial and rhombic components for the alignment tensor.

_ BSVBYAF'S szB - xfB - ij N EAX /foB - ij
r 2

RDCcalC —
AB 120kTm2ry, Xax 2 2 T2

where ya and yg are the gyromagnetic ratios for spin A and B, h is the Plank
constant divided by 2xn, S is the order parameter describing any residual
motion of the vector in the protein frame, rag is the internuclear distance, and

Xas, yas and zag are the coordinates of the vector AB expressed in the Ay
tensor frame of reference.

Usually in solution, dipolar interactions between the pairs of magnetic nuclei

are averaged to zero by rapid, random molecular tumbling and leads to an

81



Structure of SaHPPK

efficient mechanism to relaxation. When a small tunable degree of alignment,
typically in the order of fraction of a percent, is imparted on a protein in
solution by dissolving the protein in a suitable alignment media, the dipole-
dipole couplings are observed. These RDCs are measured similarly to J
couplings and can range in the order of tens of hertz. They can take both
positive and negative values and can be zero when the 'H-""N vector points
along the magic angle that makes a value of (6 = 54.7°) to the z direction of

the principal axis of the alignment tensor.

Residual dipolar coupling experiments ('Duyw RDC) on the 8-
MG/AMPCPP/SaHPPK complex demonstrated that the RDC value for Gly90
amide in loop L3 fits closely to the ternary complex of EcHPPK (1QO0N) which
suggested that loop L3 is likely in a ‘closed’ conformation. The large chemical
shift change of Gly90 further suggested that Gly90 is making a close contact
with sulfur atom of the inhibitor and the high value of the >N NOE implied that
it is rigid.

The details of the results of this chapter have been published in PLoS ONE

Journal and publication is as follow:
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3.2 PLoS ONE publication
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Abstract

The first structural and biophysical data on the folate biosynthesis pathway enzyme and drug target, 6-hydroxymethyl-7,8-
dihydropterin pyrophosphokinase (SaHPPK), from the pathogen Staphylococcus aureus is presented. HPPK is the second
essential enzyme in the pathway catalysing the pyrophosphoryl transfer from cofactor (ATP) to the substrate (6-
hydroxymethyl-7,8-dihydropterin, HMDP). In-silico screening identified 8-mercaptoguanine which was shown to bind with
an equilibrium dissociation constant, Ky, of ~13 uM as measured by isothermal titration calorimetry (ITC) and surface
plasmon resonance (SPR). An ICso of ~41 uM was determined by means of a luminescent kinase assay. In contrast to the
biological substrate, the inhibitor has no requirement for magnesium or the ATP cofactor for competitive binding to the
substrate site. The 1.65 A resolution crystal structure of the inhibited complex showed that it binds in the pterin site and
shares many of the key intermolecular interactions of the substrate. Chemical shift and '°N heteronuclear NMR
measurements reveal that the fast motion of the pterin-binding loop (L2) is partially dampened in the SaHPPK/HMDP/a, 3
methylene adenosine 5’-triphosphate (AMPCPP) ternary complex, but the ATP loop (L3) remains mobile on the ps-ms
timescale. In contrast, for the SaHPPK/8-mercaptoguanine/AMPCPP ternary complex, the loop L2 becomes rigid on the fast
timescale and the L3 loop also becomes more ordered — an observation that correlates with the large entropic penalty
associated with inhibitor binding as revealed by ITC. NMR data, including "°N-"H residual dipolar coupling measurements,
indicate that the sulfur atom in the inhibitor is important for stabilizing and restricting important motions of the L2 and L3
catalytic loops in the inhibited ternary complex. This work describes a comprehensive analysis of a new HPPK inhibitor, and
may provide a foundation for the development of novel antimicrobials targeting the folate biosynthetic pathway.
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susceptible to TMP-SMX (trimethoprim-sulfamethoxazole) com-
bination therapy, which synergistically blocks the biosynthesis of
folate derivatives by acting on dihydrofolatereductase (DHFR) and
dihydropteroatesynthase (DHPS), respectively [5,6]. TMP-SMX
resistance has emerged in haMRSA owing to an ‘autolytic’
thyamidine salvage pathway effective when polymerized DNA is
released from damaged tissues [6,7,8]. TMP-SMX resistance in
caMRSA is attributed to mutations in the DHFR or DHPS genes,
which in the former case results in a repositioning of the substrate
in the active site [9], compromising TMP-based therapy.
Classically, targets for antimicrobials are found to be essential
enzymes that are unique to the micro-organism (not present in the
host), and new antimicrobial drugs have been developed from
molecules identified in proof-of-concept studies [10]. The folate
biosynthetic pathway fits the criterion of being an attractive source
of potential target enzymes, and antimicrobials against key

Introduction

Staphylococcus  aureus is a clinically important opportunistic
pathogen and one of the major contributors to hospital- and
community-acquired bacterial infections. Methicillin-resistant S.
aureus strains (MRSA, commonly referred to as the “superbug”)
cause up to 19,000 deaths annually in the US alone, and an
estimated health care cost of § 3—4 billion per annum [1]. MRSA
strains are classified by genotypic and phenotypic characteristics,
and are grouped into two major categories: those originating in
hospitals (nosocomial, haMRSA, strains USA100 and USA200)
and those in the community (caMRSA), of which the latter is
almost entirely caused by the pandemic USA300 strain [2].
Infection with USA300 causes abscesses and life threatening
systemic infections, such as bacteremia and necrotizing pneumo-
nia. In contrast to haMRSA, caMRSA infections tend to occur in

previously healthy younger patients without health care exposure
[3]. Currently, caMRSA is more susceptible to a range of
chemotherapies than the multi-drug resistant haMRSA  [4].
Although resistant to tetracycline, erythromycin, clindamycin,
linezolid, and in some cases vancomycin, caMRSA is largely

@ PLoS ONE | www.plosone.org

components of this pathway are used today to treat diseases such
as malaria, pneumocystis pneumonia (PCP) and caMRSA
infections. Folates are essential for the growth of all living cells.
The reduced form of folate, tetrahydrofolate (I'HF), participates in
several important one-carbon transfers, critical for the biosynthesis
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of thymidine, glycine and methionine, and is vital for DNA
replication [11,12].

6-Hydroxymethyl-7,8-dihydropterin pyrophosphokinase (HPPK,
EC 2.7.6.3) catalyses pyrophosphoryl transfer from ATP (cofactor)
to the substrate, 6-hydroxymethyl-7,8-dihydropterin (HMDP)
(Fig. 1). HPPK is the upstream and adjacent enzyme to DHPS in
the folate biosynthesis pathway (Fig. 24). It is not the target of any
existing drug and therefore represents an attractive resource for the
rational design of novel antimicrobials and antifungals to act on
current TMP-SMX-resistant isolates for the treatment of caMRSA
infections. HPPK is a small (158 residues, ~18 kDa), generally
monomeric protein and has been studied using various biophysical
techniques, including x-ray crystallography and NMR spectrosco-
py. A number of x-ray and NMR structures of HPPK have been
determined in various ligand-bound states (Fig. 2B) and from a
variety of organisms: Escherichia coli, Haemophilusinfluenzae, Saccharo-
myces cerevisiae, Streptococcus pneumonia, Versimia pestis and Francisella
tularensis [13,14,15,16,17,18]. These data have provided atomic
level information on the catalytic mechanism and protein dynamics
of the reaction trajectory during catalysis [19]. Three loop regions,
loops L1-3, play an important role in substrate recognition and are
critical for assembling the active centre [20]. While loop L3
undergoes the largest and most dramatic conformational change
during the catalytic cycle, all three loops help to seal the substrate
and cofactor binding sites for the chemical transfer of a
pyrophosphate from ATP to HMDP [21]. The substrate and
cofactor interact with two magnesium ions and associate with a total
of 26 residues in HPPK, 13 of which are conserved across all species
[22]. In vitro kinetic studies have shown a preferred order of substrate
binding. At cellular levels of magnesium, the ATP binds first,
followed by HMDP [23]; in the absence of cofactor and
magnesium, HMDP binds weakly i vitro to the apo enzyme [24].
Both active sites are highly selective for their ligands. For example,
the affinity of E. coli HPPK (EcHPPK) for Mg-GTP is 260-fold less
than for Mg-ATP [25]. Remarkably, only two specific pterin-site
inhibitors have been reported in the literature [26]. Both are based
on the pterin substrate (Fig. 1), one featuring gem-dimethyl
substitution at the C7 position on the pyrimidine ring, the other a
phenethyl substituent at the same position. Bisubstrate analogues of
the former have been reported that display sub-micromolar affinity,
which demonstrates the feasibility of developing new inhibitors
based on bisubstrate-linking strategies [27].

S. aureus HPPK (SaHPPK) shares 34-39% sequence homology
with HPPK enzymes from other species whose structures have been
determined (Fig. 2C). High conservation of active site residues, and
high structural similarity among all HPPK structures, suggests that
HPPK inhibitors developed for one species may have advantageous
cross-reactivity over many different species.

CH,0H P AM

T
=

w
S

2
S HPPK
H,N N

6-hydroxymethyl-?,8-
dihydropterin (HMDP)

Figure 1. Pyrophosphoryl transfer catalysed by HPPK.
doi:10.1371/journal.pone.0029444.g001
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Structure of HPPK from S. aureus

Herein, we report the first structural studies of HPPK from .
aureus using a combination of solution NMR and x-ray
crystallographic structure determination, and the identification of
a novel pterin-site inhibitor 8-mercaptoguanine (Fig. 2D) by wn silico
ROCS screening (Rapid Overlay of Chemical Structures) and
differential scanning fluorimetry (DSF) assay. The atomic structure
of SaHPPK has been determined in complex with a new pterin-
site inhibitor, revealing the molecular details of inhibitor
association. Binding of the inhibitor, substrate and cofactor
molecules were quantified using isothermal titration calorimetry
(I'TC) and surface plasmon resonance (SPR), while i vitro enzyme
inhibition data was measured using a luciferase based luminescent
assay. Detailed studies of ligand interactions using NMR highlight
critical ligand-induced dynamic changes upon inhibitor, substrate
and cofactor binding, which correlate with large entropic penalties
to the binding thermodynamics of the inhibitor measured by ITC.

Results

Enzyme stability

Buffer conditions were screened to overcome initial solubility
problems with SaHPPK using a differential scanning fluorimetry
(DSF) assay [28] and button tests [29]. Final optimized buffer
conditions from both techniques correlated well, with SaHPPK
found to be most stable in a buffer comprised of 50 mM HEPES
(pH 8.0), 1% sorbitol and 2.0-5 mM DTT.

Validation of ROCS virtual screening hits using the DSF
assay

To identify potential new binders of SaHPPK, we adopted a
high-throughput virtual screening approach (see methods) using
ROCS (Rapid Overlay of Chemical Structures) [30]. The DSF
assay used for buffer stability screening was subsequently
employed as an efficient method to screen the 37 purchased
ROCS compound library. DSF is a rapid, convenient and
inexpensive assay to detect binding of ligands to proteins. It
compares the change in the unfolding transition temperature
(4T,,) of a protein obtained in the presence and absence of a ligand
[31,32]. A ligand that binds to the protein generally causes an
increase in the protein thermal melting temperature (7,,).

We tested the utility of the assay using ATP (and AMPCPP)
binding. ATP and AMPCPP bind relatively tightly to ECHPPK,
with dissociation constants of 2.6 and 0.45 uM, respectively [24].
The unfolding temperature (7,,) of SaHPPK increased by 6 and
11°C in the presence of saturating ATP and saturating AMPCPP,
respectively, which is consistent with the previously observed
tighter binding of AMPCPP to EcHPPK, as well as the results of
our ITC and SPR experiments (vide infra). Inspired by these

)‘I j/ono PP

6-hydroxymethyl—7,8-dihydr0pterin
pyrophosphate (HMDPPP)
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Figure 2. Folate pathway, HPPK structures and HPPK sequences. A, Schematic showing the folate pathway conversion of dihydroneopterin
(DHNPt) into tetrahydrofolate (THF) via the five essential enzymes, DHNA, HPPK, DHPS, DHFS and DHFR. B, Superposition of selected HPPK structures
in complex with HMDP (orange), 8-mercaptoguanine (elemental colouring) and AMPCPP (cyan), showing the prototypical HPPK fold, active site loops,
Gly90 (red), the HPPK conserved ring stacking residues and magnesium ions (orange) bound by the conserved aspartate residues. SaHPPK (3QBC)
from this study is shown (yellow). Three ECHPPK structures are shown in complex with AMPCPP and HMDP (1QON, green); apo (1HKA, blue); with
HMDPP and AMP (1RAO, magenta) and HPPK from H. Influenza (1CBK, grey). C, Multiple sequence alignment of selected HPPKs. Absolutely conserved
residues (orange), highly conserved residues (blue), and residues that are additionally important for HPPK function and may be targeted to develop
selective inhibitors are shown (green). Residues involved in HMDP (*) and ATP recognition (#) and elements of secondary structure are displayed
above the alignment. Underlined sequences have had their structure determined by x-ray crystallography. D, Structure of the SaHPPK inhibitor 8-
mercaptoguanine.

doi:10.1371/journal.pone.0029444.9002

encouraging results, this rapid assay was used to screen the ROCS-
generated library, using a single ligand concentration of 500 uM
in 5 puM enzyme. Out of the 37 compounds tested, one

compound, 8-mercaptoguanine, produced an increase in 7,, of

3.4°C (as compared to apo), confirming binding to SaHPPK
(Fig. 34). Moreover, a similar increase in 7,, was observed in the
presence or absence of ATP/AMPCPP, suggesting non-compet-
itive binding with the cofactor.

Biochemical assay
A KinaseGlo™ assay was performed to test SaHPPK function
and examine whether 8-mercaptoguanine inhibits SaHPPK catalysis.

While a K,,,*PP value of 10.8£2.5 uM was readily obtained for ATP,
the assay is insufficiently sensitive to allow reliable determination of
the relatively low K, for HMDP, consistent with those determined
for the E. coli enzyme (0.7-1.6 uM) using different assays [23,33]. The
assay is however suitable to show inhibition and gave an apparent
1C50 of 419 puM for 8-mercaptoguanine (Fig. 35).

Thermodynamics of ligand binding by ITC

To determine the affinity and thermodynamic parameters of
ligand binding to SaHPPK, we employed isothermal titration
calorimetry (ITC) (Table 1; TFig. 4). Previous studies using
fluorescence-based methods have reported a binding affinity (Ky)
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Figure 3. DSF and enzyme assays. A, Superposition of the DSF assay profiles of 37 ROCS compounds (left) showing the curve for 8-
mercaptoguanine (8MG) (black) and thermal shift AT, double headed arrow) relative to the apo enzyme (blue) or relative to the AMPCPP complex
(right). The DSF assay for AMPCPP is also shown (red). B, Dose response curves for the inhibition of SaHPPK by 8-mercaptoguanine (ICso=41 uM).
HMDP and ATP concentrations were fixed at 0.3 uM and 0.2 uM respectively.

doi:10.1371/journal.pone.0029444.9003
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Table 1. Thermodynamic and kinetic parameters for the binding of ligands to SaHPPK, as determined by ITC* and SPR®.

AH TAS AG Ky Ky
Ligand (kCal mol™") (kCal mol™") (kCal mol™") N (uM) ITC (uM) SPR
ATP —6.5+0.4 —03+0.5 —6.2+0.1 0.98+0.11 31.0+4.5 45+2
ADP nd® nd® nd® nd® nd® 760+16
AMP nd® nd® nd® nd® nd® 4900+1100
AMPCPP -63%1.0 13+1.0 —-75%+02 1.06+0.12 31%12 7.7+0.4
HMDP nd® nd® nd® nd® nd® 10012
HMDP+AMPCPP® -105+1.0 —3.1+09 ~74%02 1.23+0.15 40+12 3.6+0.3
8MG® —19.6+3.4 —12.9+35 —6.7%:0.2 1.00+0.06 12.8+3.4 10.8+0.4
8MG® -172+14 —104+15 —6.8+0.1 0.96+0.09 11.3+23 nd
+AMPCPPP
8MG*® nd nd® nd® nd® nd® 8.1+1.6
+ATP?

were performed at 298 K and 293 K respectively.

“No data.

dConcentration of ATP was 5 mM.
€8-mercaptoguanine.
doi:10.1371/journal.pone.0029444.t001

of EcHPPK for ATP of 2.6-4.5 pM, and for AMPCPP of 0.08-
0.45 UM in the presence of Mg?* [23,24,25]. Binding affinities of
EcHPPK for HMDP substrate vary from 0.036 to 0.17 uM in the
presence of Mg” and AMPCPP [23,24].

ATP and AMPCPP were shown to bind exothermically to
SaHPPK with affinities of 31 and 3.1 uM, respectively at 298 K
(Table 1; Fig. S14). In the absence of Mg”", no significant binding
was observed for either compound (data not shown). These
affinities are lower than those reported for EcHPPK, but we
observe a very similar affinity ratio for the two compounds, with
AMPCPP displaying approximately 10-fold tighter binding than
ATP. The inhibitor was found to bind SaHPPK with a Ay of
12.8+3.4 uM (Fig. 44), with AMPCPP having no effect on the
affinity or thermodynamics of interaction. The interaction occurs
with a large favourable binding enthalpy but with a significant
entropic cost (see thermodynamic parameters in Table 1).

In saturating AMPCPP, the substrate (HMDP) bound with a Ay
of 4.0x1.2 pM (Fig. 4B), which is again significantly weaker than
that determined for ECHPPK by fluorescence methods [23,24]. In
the presence of the inhibitor 8-mercaptoguanine, however, binding
was reduced to a level that could not be detected by I'TC. Therefore,
it appears that the inhibitor binds competitively to the same binding
site as the substrate, affecting enzyme inhibition accordingly. In line
with previous studies, we observed that HMDP binding is highly
dependent upon the prior incorporation of ATP, or the analogue
AMPCPP. Although a weak binding signal is observed for HMDP
without AMPCPP, a satisfactory fit to the data could not be
obtained, which is consistent with the low affinity estimated from
SPR experiments (see below).

Kinetics of ligand binding by SPR

Binding interactions of SaHPPK substrates, AMPCPP and 8-
mercaptoguanine were analysed via surface plasmon resonance
(SPR) using minimally biotinylated SaHPPK immobilized onto a
NeutrAvidin chip surface (Table 1, Fig. 4 and Fig. S1). In this
manner, we were able to obtain highly active SaHPPK surfaces

not compromised by a low pH required for amine coupling
method [34]. Ay values for ATP and AMPCPP were determined

@ PLoS ONE | www.plosone.org

“Values are the means * the standard deviation for at least three experiments. See Materials and Methods for sample concentrations used. All ITC and SPR experiments

bConcentration of AMPCPP was 1 mM in both HPPK (cell) and ligand (syringe) solutions.

to be 45*2 and 7.7+0.4 pM, respectively, in close agreement
with the values determined by ITC (Table 1, Fig. S14). The slower
dissociation of AMPCPP also allowed the binding affinity to be
derived by fitting to a kinetic interaction model, yielding rate and
affinity parameters of £, =8.8+1.3x10* M~ 's™', k=05*
0.1 s and a similar K3=5.4+0.3 uM (Fig. S1 4). Based on this
result, we conclude that the higher affinity of AMPCPP compared
to ATP is mainly driven by a slower dissociation rate parameter
(kq) for AMPCPP. Weak binding of ADP and AMP (Table 1, Fig.
S1B), beyond the detection limit of ITC, could be estimated by
steady-state fitting in SPR, extending the upper limit of detection.
Binding of HMDP to SaHPPK in the absence of the cofactor was
not readily detectable by I'TC under the conditions used here, but
could be approximated by SPR (£3~100 uM). The binding
affinity for the SaHPPK/HMDP interaction measured by SPR in
the presence of AMPCPP (A3=3.6%£0.3 uM) was in excellent
agreement with the value obtained by ITC (A3=4.0%£1.2 uM)
(Table 1, Fig. 4B). Furthermore, SPR measurements confirmed
that binding of 8-mercaptoguanine to SaHPPK was independent
of cofactor, as estimated affinity values in the presence and
absence of ATP were approximately the same (10.8+0.4 uM and
8.1x1.6 uM, respectively) (Table 1, Fig. 44).

Backbone assignments of SaHPPK with substrate and
cofactor

The chemical shift of a nucleus is sensitive to changes in its local
environment and is thus a convenient probe for analysing ligand
binding events and detecting conformational changes. To
mvestigate the structure and substrate binding properties of the
enzyme, we thus assigned the backbone resonances of SaHPPK
under various ligand conditions using heteronuclear NMR
spectroscopy and compared the change in the weighted average
resultant '°N and 'HN chemical shift vector (chemical shift
perturbations, CSPs). All '’N HSQC spectra e.g. Fig. S2, showed
well-dispersed sets of resonances, consistent with a folded enzyme.

No change over time was observed in the ">N HSQC spectra of
the SaHPPK/HMDP/AMPCPP complex under the sample
conditions (see methods), at least for a period up to ~36-48 hrs
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Figure 4. Binding of ligands to SaHPPK as measured by ITC and SPR. A, Raw (top left) and integrated ITC data (bottom left) for the titration of
30 uM SaHPPK with 300 uM 8-mercaptoguanine (8MG) alone (M), and 300 uM 8-mercaptoguanine in the presence of 1 mM AMPCPP (@). SPR raw
data (middle and right top) and steady-state response curve (middle and right bottom) for the binding of 8-mercaptoguanine in the absence (middle)
and presence (right) of 5 mM ATP. B, Raw ITC data (top left) and integrated normalised data (bottom left) for titrations of 22 uM SaHPPK with 500 uM
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HMDP (A) in the absence of 8-mercaptoguanine and in the presence of 300 uM 8-mercaptoguanine (®), and in the presence of 1 mM AMPCPP ().
Binding of HMDP was only detected in the presence of AMPCPP. SPR raw data (middle and right top) and steady-state response curve (middle and
right bottom) for the binding of HMDP in the absence or presence of saturated AMPCPP.

doi:10.1371/journal.pone.0029444.g004

(Fig. S3), which was long enough to record 3D experiments to make
assignments and record relaxation experiments. Oxidation of
HMDP has been reported in previous x-ray studies [22], however,
while some degradation was observed in the 1D '"H of isolated
HMDP alone over time (data not show), spectral evidence for a
bound hydroxymethylpterin oxidation product or degradation
species were not observed (Fig. S4). It appears that degradation
over time leads to a weakly bound product which is not competitive
to the tight binding substrate. Therefore, for the first time we report
NMR data on the binding and dynamics of the substrate to HPPK.

Under physiological conditions, the SaHPPK enzyme is
expected to be saturated with ATP, given the binding constant
of ~45 uM (Table 1, Fig. S14). Titration of SaHPPK with ATP or
AMPCPP revealed slow exchange on the NMR timescale.
Substantial CSPs were observed for both cases and large
perturbations were localized to the ATP site (Fig. S2). A titration
of SaHPPK with fresh HMDP to saturation levels showed
extensive chemical shift broadening (or disappearance) compared
to the apo "°N HSQC spectrum, and few residual CSPs. The
broadening mapped to residues within loop L2 (Fig. S2B, () and
residues around the pterin subsite, including those of the B-sheet,
underneath the substrate. Adding HMDP to the saturated
AMPCPP complex, on the other hand, revealed slow exchange,
characteristic of tighter binding. Perturbations clearly mapped to
the pterin site, as expected (Fig. S2B, C) yet a few resonances in
loop L2 still remained broadened.

Given that the inhibitor has no non-exchangeable '"H NMR
signals and standard NMR techniques would only poorly
characterise the intermolecular interactions, we adopted a parallel
investigation of the x-ray structure in complex with 8-mercapto-
guanine.

X-ray crystallographic structure of SaHPPK in complex
with 8-mercaptoguanine at 1.65 A resolution

The x-ray crystal structure of SaHPPK in complex with the
inhibitor, 8-mercaptoguanine was solved at high resolution (Fig. 5).
Crystallisation conditions were as published [35]. Briefly, the
SaHPPK/8-mercaptoguanine binary complex crystallised in the
P2, space group, with the asymmetric unit comprising two protein
molecules that contain a single bound 8-mercaptoguanine molecule
per monomer and a total of 256 water molecules (Fig. 54). Density
was observed for all 158 amino acid residues of the protein, although
the density for residues 85-91 was very weak in monomer B. Two (in
chain A) or three (in chain B) additional non-native residues are seen
as a result of the N-terminal thrombin cleavage site.

SaHPPK has a ferredoxin-like fold (fo), with a central core of
six B strands surrounded by four helices, typical of other
monofunctional HPPK' structures. The two monomers in the
asymmetric unit are almost identical, with an RMSD of 0.34 A over
all 158 pairs of backbone Cat atoms. The catalytic loops L1, L2 and
L3 (residues 12-14, 47-51, 82-94) have higher than average
temperature factors, showing that they are likely mobile in solution,
which parallels the observed broadening of residues in solution by
NMR. The dimer interface encapsulates the active sites, leading to a
buried surface arca of 1595 A, not including the inhibitor
molecules. Eight inter-subunit hydrogen bonds are observed.

Using the SSM algorithm in Coot [36], we calculated 36%
sequence identity between the structures of SaHPPK and

@ PLoS ONE | www.plosone.org

EcHPPK (1RAQ), with a RMSD of 1.45 A over the 148 aligned
residues. While the structure of SaHPPK deviates significantly
from the EcHPPK in the region leading out to the C terminus
(residues 150-156) (Fig. 2B), secondary structural elements are
generally very well conserved as they are across all HPPK enzymes
(Fig. 2B), with major variations occurring mostly in the catalytic
loops, dependant on the types of bound ligands or catalytic stage.

Comparison of 8-mercaptoguanine and HMDP binding
The crystal structure confirms that 8-mercaptoguanine binds to
the pterin pocket in a similar pose to the HMDP substrate bound in
EcHPPK (1QON) (Fig. 5B, C). Mercaptoguanine and HMDP share
the same pyrimidine ring, which in both cases makes hydrogen
bond contacts with several highly conserved residues; 143, A44,
V46, and N56 saturate the hydrogen bond donor/acceptor sites
(positions 1, 2, 3, 4, and 9) of the inhibitor (Fig. 5C). Like HMDP,
the pyrimidine ring of 8-mercaptoguanine is stacked between the
conserved aromatic residues, Phe54 and Phel23. A small cavity is
found near the N7 position of 8-mercaptoguanine, in which a single
water molecule resides, forming hydrogen bonds with the sidechain
of Asp95 and the N7 of 8-mercaptoguanine. Notably, two of the
interactions formed between HMDP and HPPK are absent in the
case of 8-mercaptoguanine. Firstly, the imidazole ring of 8-
mercaptoguanine is too far away to interact with Asp95, which
forms a hydrogen bond with the hydroxymethyl group of HMDP.
Secondly, a van der Waals interaction with Trp89 is missing. Loop
L3 is displaced out of the active site and the Trp89-8-mercapto-
guanine distance is around 25 A, compared to ~4 A in the

HMDP/AMPCPP-bound structure of EcHPPK (pdb 1QO0N).

Comparison of loop positions

The three loops of HPPK (L1-L3) are highly dynamic in nature,
changing conformation during the enzymatic cycle (Fig. 2B) [37].
Loops L1 and L2 undergo relatively minor structural changes
compared to loop L3, for which the apex moves over 20 A throughout
the cycle (Fig. 2B). Loop L2 in SaHPPK caps the substrate active site
and resembles closely the loops in the HMDP/AMPCPP (1QO0N) and
pterin analogue-bound forms (1DY3, 1CBK). Loop L3 in SaHPPK is
“extended” out from the active site and, as such, resembles most
closely the loop position in the product-bound EcHPPK structure
(IRAO). It is excluded from the active site by the 108-111 loop from
the other monomer in the asymmetric unit (Fig. 5C, D).

Although we grew crystals routinely in the presence of 2 mM
AMPCPP and 10 mM Mg?*, we did not observe density for either,
even when the concentrations of these species were increased to 25
and 50 mM, respectively. We therefore performed NMR
measurements on the ternary SaHPPK/8-mercaptoguanine/
AMPCPP complex.

Chemical shift mapping of inhibitor complexes by NMR
spectroscopy

Titration of 8-mercaptoguanine into a sample of the apo enzyme
produced a range of CSPs (Fig. 64) and exchange regimes in the
NMR spectra. 15 cross peaks broadened completely around the
binding site and along the sheet (Fig. S2D) and most others
exhibited slow exchange, indicative of a Ay likely in the low pM
range. In contrast, when performed in the presence of saturating
ATP or AMPCPP, widespread perturbations were observed in
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Figure 5. X-ray structure of SaHPPK with the 8-mercaptoguanine inhibitor bound. A Ribbon schematic showing the crystallographic dimer of
theSaHPPK-8-mercaptoguanine binary complex. B, Fo-F. difference density map of 8-mercaptoguanine contoured at 3.0 sigma. C, Intermolecular
interactions (orange) involving 8-mercaptoguanine. Two side chain conformers for Asp95 were modelled and are shown. The second monomer is drawn in
yellow ribbon. The oxygen atom of a water molecule forming hydrogen-bonds with 8-mercaptoguanine and SaHPPK is shown in green. D, Space filling
representation of the dimer interface, showing 8-mercaptoguanine bound in the deep pterin pocket, sandwiched between Phe123 and Phe54 (purple), and
illustrating the proximity to the 110 s loop in the other monomer. E, Final 2Fy-F. electron density map of the pterin binding site, contoured at 2.0 sigma.

doi:10.1371/journal.pone.0029444.g005

slow exchange for all resonances, despite no change in binding
affinity measured by ITC and SPR. Chemical shift perturbations
clearly mapped to the respective substrate and cofactor site (Fig.
S2D).

All N and "HN amide chemical shifts are tabulated in Table.
S1 and values for CSPs are shown in Fig. S3.

SaHPPK is a monomer in solution

The °N T1/T?2 ratio for amides of SaHPPK in the presence of
8-mercaptoguanine and AMPCPP correlated well with that
calculated using HYDRONMR [38] for a monomeric enzyme
with a correlation time of ~12 ns (Fig. S6). This clearly showed

@ PLoS ONE | www.plosone.org

that the enzyme exists as a monomer in solution at a concentration
less than ~200 uM. Line widths were similar for the SaHPPK/8-
mercaptoguanine binary complex.

The linewidth and chemical shift of Gly90 amide
indicates a loop ordering in the vicinity of the inhibitorfor

the inhibited ternary complex

We observed that the amide of Gly90 displayed a large upfield
CSP, and sharpened significantly, when comparing the spectrum of
the SaHPPK/AMPCPP complex to that of the SaHPPK/8-
mercaptoguanine/ AMPCPP complex (Fig. 6C). In addition, a similar
but smaller shift was observed in the SaHPPK/HMDP/AMPCPP

January 2012 | Volume 7 | Issue 1 | e29444
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Figure 6. Binding of 8-mercaptoguanine (8 MG) to SaHPPK by NMR spectroscopy reveals an ‘in’ conformation of loop L3. A,
Superposition of the >N HSQC spectra of ~100 uM SaHPPK with and without 0.6 mM 8-mercaptoguanine (left), and the "N HSQC spectra of
~100 uM SaHPPK+1 mM AMPCPP+10 mM Mg>" with and without the addition of 600 uM 8-mercaptoguanine. B, Superposition of the ECHPPK/
AMPCPP/HMDP (1QON, grey ribbon, blue sidechain, green ligands) with SaHPPK (yellow). The loop L3 ‘in" conformation and the loop ‘out’
conformation are shown for each respectively and the sidechain of Trp89 and Pro91. C, Region of the superposed >N HSQC spectra of apoSaHPPK
(red), SaHPPK/ATP complex (blue), SaHPPK/HMDP/AMPCPP complex (green) and SaHPPK/8-mercaptoguanine/AMPCPP complex (black). The large
CSP of G90 is shown. D, Superposition of the >N heteronuclear NOE values recorded at 600 MHz. The colour coding is the same as in C). Open circles
are for the He1 of Trp89. The extent of the secondary structural elements is shown at the top, with the region corresponding to the active site loops,
L2 and L3, highlighted. E, Comparison of observed (black) and calculated (red) "Dy RDCs for SaHPPK/8-mercaptoguanine/AMPCPP. The "Dy RDC for

G90 from EcHPPK/HMDP/AMPCPP (1QON) is shown (green filled circle).

doi:10.1371/journal.pone.0029444.9006

complex and Gly90 was noticeably broadened (Fig. 6C). Such GSP
reflects a dramatic change in the environment and a decrease in local
chemical exchange effects respectively, likely associated with a
decrease in the motion of loop L3 on the pus-ms timescale. Further
evidence for a decrease in loop L3 dynamics is supported by more
extensive assignments in loop L3 for the SaHPPK/8-mercaptogua-
nine/AMPCPP spectra relative to all other spectra (compare the
ribbon diagrams in Fig. S28 with Fig. S2D).

>N fast timescale dynamics uncovers distinct loop

dampening in the inhibited ternary complex

To understand the fast timescale motion of SaHPPK in solution
we recorded '°N heteronuclear NOE data for the apo enzyme, the
binary SaHPPK/ATP complex and the SaHPPK/8-mercapto-
guanine/AMPCPP ternary complexes (Fig. 6D). Data for the 8-
mercaptoguanine or HMDP binary complexes were not recorded
owing to extensive broadening around the substrate site.

In all cases, the last and first residues showed relatively low '°N
NOE values (~0.4-0.6) and are therefore partially mobile on the ps-
ns timescale. The amides of Val46-GIn51 in loop L2 were also
mobile for the ATP-bound and apo samples. Gly90 was found to be
mobile on fast timescale in apo and ATP-bound SaHPPK. Val124,
the residue adjacent in sequence to the ring-stacking Phel23,
appeared to be mobile on the ps—ns timescale (NOE~0.6) with all
substrates.While Lys110 is mobile in the apo enzyme signal overlap
precluded assessment of this residue in the complexes.

For the ternary SaHPPK/8-mercaptoguanine/ AMPCPP com-
plex, apart from Tyr48, the fast motions within loop L2 diminish
and the loop essentially becomes rigid around the inhibitor (Fig. 6D).
This is in contrast to the SaHPPK/HMDP/AMPCPP complex
which remains partially mobile. While the fast motions of Gly90 and
the sidechain Hel of Trp89 are considerably dampened in the
inhibited ternary complex compared to all other complexes, there is
evidence for slower underlying motion particularly in the 84-88
region as judged by resonance broadening. Finally, the fast
timescale motion that was evident in Vall24 (>N NOE~0.5) in
all other spectra also appears to dampen and this amide becomes
rigid in the SaHPPK/8-mercaptoguanine/AMPCPP complex.

>N Residual dipolar couplings (RDCs) support a closed
loop L3 conformation for the inhibited ternary complex
in solution

To understand the structure of the inhibited ternary complex in

solution we recorded 'Dyy residual dipolar couplings (RDCs) of

each amide. These are induced by the weak alignment of a
biomolecule in solution and report the angle a given N-H vector
makes within the principal axis system of the alignment tensor.
Weak alignment of SaHPPK was achieved with a PEG/hexanol
alignment media [39] from which RDCs up to ~20 Hz in
magnitude were measured (see methods). These allowed us to
derive the alignment tensor by single value decomposition within
PALES [40] by fitting the measured 'Dyjy '°N RDCs to our x-ray
structure (Fig. 6E). The striking agreement (Pearson’s correlation
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coefficient (R*)=0.97, Q factor=24%) between the ternary
SaHPPK/8-mercaptoguanine/ AMPCPP complex in solution with
the binary SaHPPK/8-mercaptoguanine x-ray structure shows
that, overall the binary structure is a very good model for the
ternary structure in solution. Similarly oriented amides within
helix 1 for example (residues 14-28) lie parallel to the principal
axis of the alignment tensor as evidenced by a string of fairly
uniform RDCs with maximal value. Helix 2 on the other hand
shows smaller RDCis and larger sinusoidal fluctuations as it is tilted
away from the principal axis.

A few RDG:s stand out as outliers. Interestingly, these generally
map to those amides in close proximity to a ligand or metal.
Residues 123-125 showed very small RDCs (0.38, 1.0, and
—1.42 Hz respectively) and their calculated values (—8.7, —3.8,
4.8 Hz) result in statistically significant deviations (>~5 Hz). Low
values of the RDC can result from motional averaging of the
amide vector or if the NH vector points close to the magic angle
with respect to the Z axis of the alignment tensor. As the '""’N NOE
values are high for residues 123-125, the RDC data suggest small
tilts of these amide vectors in solution towards the magic angle
compared to those of the x-ray structure. Calculations show that
rotations of 18, 36 and 22° giving small displacements of 0.3, 0.6
and 0.4 A respectively in the amide proton coordinate can
accommodate these observed RDC values.

The 'Dux RDC for Tyr48 (2.7 Hz) deviates from the
calculated (14.2 Hz) and given the "N NOE~0.55 is most
likely due to motion. The measured RDC for Asp95 (—10.9 Hz)
deviated markedly from that calculated from the SaHPPK/8-
mercaptoguanine x-ray structure (—3.3 Hz), but agreed very well
to the amide orientation calculated (—12.3 Hz) for the
EcHPPK/HMDP/AMPCPP ternary structure (1QON) indicat-
ing that a ~30° reorientation of its H-N vectoris likely in the
SaHPPK/AMPCPP/8-mercaptoguanine ternary complex. In-
terestingly, for the Gly90 amide in loop L3, the agreement with
our x-ray structure is very poor indeed and of opposite sign,
deviating by over 9 Hz. However, there is a close agreement
(1.5 Hz) with the ECHPPK/HMDP/AMPCPP (1QON) orienta-
tion (Fig. 6E).

Discussion

This work reports the discovery, binding properties and
mechanism of a novel, competitive pterin site inhibitor, presented
in complex with the first crystal structure of SaHPPK. The pterin
site is highly specific and restricts the chemical space available for
inhibitor design to structures closely resembling the pterin scaffold.
Consequently, the literature is devoid of non-pterin like HPPK
inhibitors [41], despite mounting structural information that has
been reported over the last decade. In line with the high pterin-site
specificity is the high ligand efficiency (2.3 kJ/heavy atom
orky~13 uM over 12 heavy atoms) of 8-mercaptoguanine.

8-Mercaptoguanine has previously been reported to have
biological activity. Early studies revealed some lipolytic activity
[42] while in a number of cases 8-mercaptoguanine has been
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shown to inhibit enzymes that normally bind purines
[43,44,45,46]. Antiviral activity,without significant toxicity, was
also reported in an  vivo mouse model [43]. Close analogues, such
as 8-mercaptoguanosine, were also shown to induce interleukin-1
activity in macrophages [47]. Despite these studies, no antibac-
terial activity has been reported previously. Interestingly, 8-
mercaptoguanine has been shown to bind to, but not inhibit, B.
anthracis DHPS by co-crystallisation [48], which may open the
possibility for a multi target inhibitor derived from this scaffold. In
the present work, we did not observe growth inhibition i vive by 8-
mercaptoguanine in FE. coli cell-based assays (data not shown).
Given the unfavourable logP (—0.39), this is likely to be due to
poor membrane permeability. This may be a disadvantage for
pterin-like inhibitors in general given the hydrophilic nature and
restrictive chemical space of the pterin scaffold in folate pathway
enzymes. Nevertheless, while insufficient transport of a set of
closely related pyrimidines as potential antifolates was implicated
in their poor @ wwo inhibition, derivatives with an additional
phenyl substituent displayed sub micromolar activity i vivo to 7.
brucer and L. major [49]. The known phenethyl i vitro inhibitor of
HPPK (pdb 1DY3) suggests that a suitably positioned phenyl
group on 8-mercaptoguanine may thus be beneficial to both
binding and assist cell permeability.

Given that 8-mercaptoguanine forms exactly the same number
of inter-molecular hydrogen bonds as the substrate heterocyclic
rings, an intriguing finding from our work is that, in the absence of
cofactor, the inhibitor binds some 10-times more tightly
(Fq~12 uM) than HMDP (£3~100 pM by SPR). In the
HMDP/AMPCPP complex the higher affinity (K;~4 uM) of
substrate can be rationalised by the observation of a hydrogen
bond to the Mg?* bound y-phosphate of AMPCPP from the
HMDP hydroxyl as seen in the EcHPPK/HMDP/AMPCPP
(1QON) ternary complex [21,41]. We therefore hypothesised that
the large increase in the AG of binding might be associated directly
with the sulfur atom in 8-mercaptoguanine, in the absence of
substantial de-solvation or structural differences. While our
SaHPPK structure is a valuable resource and will support further
inhibitor design strategies towards the phosphate sub-site, the ‘out’
position of loop L3 in our crystallographic dimer precluded us
from drawing many conclusions about the nature of the
interaction between the sulfur atom of the inhibitor and enzyme.
Nevertheless, we have established from several different types of
NMR data that residue Gly90 is in close contact with the sulfur
atom of the inhibitor in solution (Fig. 6).

In the ECHPPK/HMDP/AMPCPP ternary complex (1Q0N), the
tip of loop L3 is observed closed ‘in’ over the active site with the
Trp89 sidechain Hel hydrogen bonded to the terminal phosphate. A
superposition of this ternary complex with our crystal structure
indicates that the sulfur atom of the inhibitor would lie ~4.6 A from
the sidechain of Trp89 and only ~3.9 A from the N atom of Gly90
(Fig. 6B). The importance of this proximity is likely to account for a
specific interaction to the inhibitor and thereby stabilizing loop L3
into the ‘in’ position. For this loop arrangement and in a protonated
thiol tautomer of the inhibitor, a hydrogen bond is predicted between
the thiol proton and the backbone carbonyl of Gly90. The large °N
chemical shift perturbation (~7 ppm),'°N spin relaxation data and
NMR linewidth considerations (Fig. 6) is evidence that the Gly90
amide is in close proximity and, along with the sidechain of Trp89,
becomes essentially rigid in the ternary SaHPPK/inhibitor/
AMPCPP complex. A direct interaction with the inhibitor is not
possible from a solvent exposed Gly90/Trp89 in a loop L3 ‘open’
arrangement. In agreement with an important role of the sulfur atom
of 8-mercaptoguanine in HPPK binding, guanine, the sulfur-free
analogue of the inhibitor, displays markedly reduced affinity that was
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undetectable by SPR (data not shown) and gave few CSPs in the
NMR spectra (data not shown). Finally, the close agreement of the
N RDC for Gly90 to the EcHPPK ternary complex structure
(1QON) (Fig. 6E) is evidence that G90 amide is oriented in solution as
that in 1QON and thus further evidence of the loop ‘in’ conformation.

Active site motions and associated changes in loop conforma-
tions are an intrinsic requirement for enzyme activity [50] and for
the structural transitions along the catalytic pathway of HPPK
[51]. We propose that the thiol-mediated stabilization of loop L3
in turn stabilizes interactions to the neighbouring substrate loop
L.2. ITC data is in agreement with '°N relaxation data and showed
a significant-binding entropy penalty for 8-mercaptoguanine
binding to the SaHPPK/AMPCPP complex supporting the
contention that the loops L2 and L3 (particularly around Gly90)
become more ordered. In contrast, the lower entropic penalty for
the binding of the substrate to SaHPPK/AMPCPP is in accord
with a partially mobile loop L2 and loop L3 which is likely to be
functionally relevant to facilitate subtle structural changes, during
pyrophosphoryl transfer. Inhibition by 8-mercaptoguanine there-
fore may be derived in part from impeding a catalytic role of loop
L3.This notion is consistent with the observation that the loop L3
deletion in EcHPPK did not affect ATP affinity, but produced a
10°-fold decrease in the rate constant for catalysis [20].

Intermolecular interactions to loop regions, may compromise an
inhibitor as a potential long-term antimicrobial candidate. It is
well documented that point mutations in loop regions have
resulted in rapid sulfa drug resistance in the downstream DHPS
enzyme [12,48]. Given the C8 thiol of 8-mercaptoguanine seems
to make an important backbone, rather than sidechain interaction
with the highly conserved Gly90 or other natively small residue
substitutions (Ala or Ser) in other species, (Fig. 2), this portion of
the molecule may be a beneficial component of the pharmaco-
phore in future chemical elaboration.

Over the last decade there has been a growing interest in using RDC
calculations as a powerful additional parameter for the validation and
refinement of macromolecular structures [52,53]. Recently, chemical
shift changes in conjunction with 'Dyy RDC measurements have
revealed ligand induced conformational changes in the active site loop
in ABL kinase [54]. Here, we have established unequivocally that the
SaHPPK/8-mercaptoguanine/ AMPCPP ternary structure in solution
is essentially the same as the x-ray structure of the binary inhibited
complex (for all residues that we could measure "Dy RDCs) and that
loop L3 is likely ‘in” (Fig. 6E). Furthermore, several NOEs to the H2
and H8 of AMPCPP were observed from amides 98, 111 and 112 in
the 3D "N NOESY HSQC experiment, consistent with the pose of
the adenine found in the ECHPPK structure (1QON) (data not shown).
These data show that our structure is also a good working model of the
adenine-binding pocket.

In summary, our multi-disciplinary study shows that 8-
mercaptoguanine readily binds to SaHPPK with high ligand
efficiency and dampens loop motions by making specific
interactions to both catalytic loops. It inhibits enzyme function i
vitro and thus presents as an important scaffold for development of
SaHPPK inhibitors with increased potency and more favourable
pharmacokinetic properties. Conservation of the binding site
within HPPK enzymes from E. coli, H. influenza, Y. pestis, S. cerevisiae
and F. tularensis indicates that 8-mercaptoguanine may also be
active against a range of other bacterial and lower eukaryotic
enzymes. Accordingly, 8-mercaptoguanine may present a novel
scaffold for future broad spectrum antibiotic development in the
treatment of S. aureus and other pathogenic infections. We are
currently exploring elaboration of the 8-mercaptoguanine scaffold
to this end.
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Table 2. X-ray structure data processing and refinement statistics.

Spacegroup

X-ray source

Detector

Wavelength A)

Unit-cell parameters (A, °)
Diffraction data
Resolution range (R)

No. of unique reflections

Monoclinic, P21

MX2, Australian Synchrotron

ADSC Quantum 315

13000 eV (0.96A)

a=36.8, b=76.6, c=51.5 90, a.=y=90.0, f=100.2,

50.70-1.65 (1.74-1.65)
33864 (4934)

No. of observed reflections 242194
Matthews coefficient, Vy (A> Da™") 2.04
Solvent content (%) 39.6
Completeness (%) 100 (100)
Data redundancy 7.2 (7.2)
Mean /(1) 18.3 (4.7)
Rmerge (%) 10.22(0.447)
Ro.im. (%)% 4.1 (17.8)
Refinement (42.3-1.65 A)

Reree (%) 225
Reryst (%) 17.9

Size of Rfee et (%) 5

Protein native residues (dimer) 316
8-MERCAPTOGUANINE Molecules 2

Water molecules 254
RMSD from ideal values:

Bond lengths (A) 0.024
Bond angles (°) 2.16
Mean B factors (A2) 14.7
Ramachandran plot

Residues in most favored regions (%) 91.6
Residues in additionally allowed regions (%) 8.1
Residues in generously allowed regions (%) 0.4
Residues in disallowed regions (%) 0.0

*Rmerge = ZhZi |li(h)—<I(h)>|/ZhZili (h),
#Rpim=2h [1/(N-1)11/2 Zi |fith)—<I(h)>|/ZhZili (h). i
Values in parentheses refer to the outer resolution shell (1.74-1.65A).

for Rwork ON the remaining reflections.
doi:10.1371/journal.pone.0029444.t002

Methods

Crystallisation and x-ray structure determination

SaHPPK was expressed, purified and crystallised as described
previously [35]. The initial phases of the binary complex were
determined by molecular replacement using Phaser [53] as
reported [35]. Prior to molecular-replacement calculations, the
ligands (AMP, HMDPPP) and solvent molecules were omitted.
Refinement was performed using REFMACS [56] and the Fourier
maps (2F,—F, and F,— F,) were visualized in Coot [57]. After several
rounds of manual rebuilding, 8-mercaptoguanine and water
molecules were added and the model further refined to a
resolution of 1.65 A. Structure validation was conducted using
PROCHECK [58]. Table 2 provides the statistics for the x-ray data
collection and final refined model.
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Where | is the observed intensity, </> is the average intensity of multiple observations from symmetry-related reflections, and N is redundancy.
Rvaiue = _jjFOj _ jFcjj/_jFoj, where Fo and Fc are the observed and calculated structure factors. For R the sum is done on the test set reflections (5% of total reflections),

Preparation of isotopically-labelled protein for NMR
spectroscopy

Isotopically-labelled protein samples for NMR spectroscopy
were prepared as follows: FE. coli BL21 (DE3) cells (Agilent)
transformed with the plasmid were grown overnight in 3 mL of
2xYT media supplemented with 100 pug mL ™! kanamycin for
selection. The overnight culture was subcultured into 50 mL of
minimal media that was grown to an ODgg of 0.5-0.7. This was
then added to 1 L of minimal media supplemented with 1.5 g of
"N ammonium chloride and 3 g of '*C glucose and grown at
310 K until the ODgyy was 0.5—0.8. Isopropyl B-D-1-thiogalacto-
pyranoside (IPTG) was added to a final optimised concentration of
0.5 mM and expression was carried out at 293 K for 12 hr.
Purification was as reported previously [35].
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NMR spectroscopy

All NMR experiments were recorded at 295 K on a Varian
Inova 600 MHz NMR spectrometer equipped with a cryoprobe
and Z axis gradient. Triple resonance assignments were performed
on SaHPPK, firstly in the presence of 10 mM Mg?* and 1 mM
AMPCPP, and secondly with the further addition of 0.6 mM 8-
mercaptoguanine. °N/'*C-labelled SaHPPK was typically 0.15—
0.25 mM in NMR buffer (90%/10% HyO/DyO buffer of 50 mM
HEPES pH 8.0, 1% sorbitol, 10 mM DTT). Backbone assign-
ments were obtained on these samples using the following triple
resonance experiments: HNCO, HNCA, HN(CO)CA, HNCACB,
CBCA(CO)NH. Assignments were further confirmed using a 3D
"N-edited NOESY experiment recorded with a mixing time of
120 ms [59]. The >N '"HN assignments of the following samples
were derived from a pair of 3D experiments; a '°N edited NOESY
experiment recorded with a mixing time of 120 ms and a HNCA
experiment: apoSaHPPK, SaHPPK in the presence of 0.6 mM 8-
mercaptoguanine, and SaHPPK in the presence of 1 mM
HMDP/10 mM Mg®*/1 mM AMPCPP in NMR buffer. Titra-
tions were performed by titrating ligands into 0.1 mM'°N-labelled
SaHPPK protein samples and recording a soFast’”N HMQC
spectrum [60].

HMDP is prone to oxidation and degradation [22] which has
complicated x-ray or NMR studies to date. No change was
observed in the protein spectra over the time-course of all NMR
experiments (<48 hrs, Fig. S3). Samples were routinely sealed
under nitrogen for all lengthy NMR experiments to slow disulfide
mediated aggregation or air/light induced degradation of HMDP.

"N relaxation data were recorded on ~0.15 mM '’N-labelled
samples of SaHPPK. "N heteronuclear NOE spectra were
recorded using TROSY-type selection and with watergate
suppression [61], owing to superior sensitivity compared to the
sensitivity-enhanced version [62] on the Varian cryoprobe. Three
seconds of weak presaturation was used to generate the desired
heteronuclear NOE, and was applied on- or off-resonance at the
amide proton frequency, in addition to 1 s of relaxation delay. T'1
and T2 relaxation data were acquired as described [62]. The
relaxation delay was sampled at 10, 30, 60, 90, 110, 200, 500,
600 ms, and 10, 30, 50, 70, 90, 110 ms for longitudinal and
transverse relaxation measurements, respectively. Spectra were
processed using nmrPipe [63] and analysed with XEASY [64] or
SPARKY [65].Titration and relaxation 2D experiments were
acquired with t) . (15N) =51-62 ms and tg,mx(lH) =142 ms.

"Dn RDGCs were measured on a ~0.1 mM '’N-labelled
SaHPPK sample in the presence of an anisotropic media
comprising 5% (wt/vol) C12E6/hexanol [39]. RDCs were
obtained by comparing coupled spectra in the presence of the
orienting media against spectra in the isotropic state by recording
a 2D "N IPAP-HSQC spectrum [66]. RDCs were measured
using SPARKY as the isotropic (J) — aligned (J+'Dyp) values
recorded in the "N (1) dimension. 114 'Dyg RDCs were fitted to
the x-ray structure using single value decomposition incorporated
into the “bestFit” module within PALES [40]. The "Dy RDCs
were removed for couplings derived from severely overlapping
peaks in the 2D IPAP spectra and mobile residues as inferred from
N relaxation data. The error in the RDC was conservatively
estimated as +/— 1 Hz, according to the ratio of the linewidth to
the signal-to-noise. Final values of Da and Rhombicity were
9.6 Hz and 0.53 respectively.

Virtual screening using ROCS (Rapid Overlay of Chemical
Structures)

An n-silico database comprised of 229,172 commercially
purchasable compounds (Maybridge, Chembridge and Specs

@ PLoS ONE | www.plosone.org

13

Structure of HPPK from S. aureus

libraries) was used for the screening. Database compounds were
first converted from 2D sdf format into 3D coordinates using
LigPrep within Maestro [67]. A ROCS [68] run was then initiated
to screen the database for potential pterin site binders using
HMDP as the query molecule. The top 500 hits were ranked
according to combined volume overlap (Tversky) and chemical
functionality (Colour) scores. The hits were overlayed onto the
crystal structure of ECHPPK bound to HMDP (1QON). Filtering of
incompatible molecules was first assessed by manual inspection of
the hits within the pterin binding pocket and compounds that
showed any possible steric clashes were discarded. ROCS hits
were chosen that retained key pharmacophore interactions in the
pterin binding site and those that provided synthetic opportunities
for scaffold optimization. A total of 44 compounds were selected
and of these, 37 were available for purchase.

Differential Scanning Fluorimetry (DSF) assay for ligand
binding

A 96-well plate containing solutions of 2-5 uM SaHPPK, 10x
Sypro orange dye and 500 uM of test compound in buffer (50 mM
HEPES (pH 8.0), 1% sorbitol, 2.0 mM DTT, 10 mM MgCl,) was
heated from 298 to 322 K at a rate of 1.0 Kmin '. The
fluorescence intensity was measured with excitation/emission
wavelengths of 583/610 nm. 7,, and 47, values were determined
from the melting curves obtained.

Isothermal calorimetry (ITC)

Experiments were performed using an iTC200 instrument
(MicroCal) at 298 K, with ligands titrated into solutions of
SaHPPK using 18x2.2 pL. or 13x3.1 uL injections. Data were
fitted wusing Origin software to yield the thermodynamic
parameters, AH, Ky and N (the binding stoichiometry), assuming
a cell volume of 0.2 mL. These were then used to calculate the
Gibb’s free energy of binding, AG (—RT.In&,), and entropy of
binding, AS (using AG=AH—TAS). For titrations with AMPCPP,
SaHPPK and AMPCPP concentrations were typically 30 and
400 uM, respectively. For titrations with ATP, SaHPPK was
typically at 70 uM and ATP at 1500 uM. For titrations with
HMDP substrate, SaHPPK was typically at 22 uM and HMDP at
500 uM, with AMPCPP added to both solutions at 1 mM where
indicated. For titrations with 8-mercaptoguanine, SaHPPK was
typically at 11 uM and inhibitor at 300 pM. Inhibitor was
prepared as a 200 mM stock solution in DMSO, and diluted into
ITC buffer to a nominal concentration of 500 uM, with an equal
0.25% DMSO added to the SaHPPK sample to ensure buffer
matching. Experiments were limited by the solubility of 8-
mercaptoguanine, estimated to be ~300 uM from ITC experi-
ments assuming a 1:1 binding stoichiometry.

Surface plasmon resonance (SPR)

Minimal biotinylation of SaHPPK was performed as follows:
SaHPPK (~30 nanomolar) in SPR “capture buffer” (50 mM
HEPES, pH8.0, 150 mMNaCl, 0.05% (v/v) polysorbate 20, 5 mM
DTT, 10 mM MgCly) was incubated with an equimolar concen-
tration of EZ-Link® Sulfo-NHS-LC-LC-Biotin (Pierce) on ice for
2 hours [69]. The biotinylated enzyme was passed through a
Superdex 75 (10/300 GL) column equilibrated with SPR capture
buffer to remove free biotin. NeutrAvidin (Pierce) was immobilized
at 298 K onto a CM) sensor chip docked in a Biacore T100
instrument (GE Healthcare) as described previously [70], resulting
in immobilization levels of approximately 13,000 RU in all flow
cells. The biotinylated SaHPPK was bound to the NeutrAvidin chip
surface by injecting at 10 uL min~ ' for 6 min over a single flow cell,
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typically resulting in immobilization of ~10,000 RU of SaHPPK. A
minimally-biotinylated bovine carbonic anhydrase II protein was
captured in a separate flow cell to provide an unrelated negative
control. The blank (typically flow cell 1) and captured surfaces were
subsequently blocked with three 1 min injections of 1 pg mL~" D-
biotin (Sigma) at 10 uL min~".

All SPR binding experiments were performed at 293 K in SPR
capture buffer with 5% (v/v) DMSO added. Small molecules
(ligands) were serially diluted (either 2- or 3-fold) in SPR binding
buffer and injected for 30 sec contact time at 60 uL min"— ! then
allowed to dissociate for 60 sec. SPR running buffer was injected
after each ligand injection to ensure complete regeneration of
immobilized SaHPPK. Each ligand titration was performed in
triplicate. Binding sensorgrams were processed, solvent-corrected
and double-referenced using Scrubber software (BioLogic Soft-
ware, Australia). Responses at equilibrium for each analyte were
fitted to a 1:1 steady-state affinity model available within Scrubber
to determine the Ay. Where the dissociation rate was sufficiently
slow, binding data were fit globally to a 1:1 kinetic interaction
model that included a mass transport component [71] and the Ky
determined from the (kq/k,) ratio.

KinaseGlo™ Biochemical assay

The KinaseGlo™ assay kit (Promega) was used to quantify
HPPK activity. In this assay, firefly luciferase utilizes the ATP
remaining after HPPK catalysis to produce a luminescence signal
that is directly proportional to ATP concentration; from this, the
HPPK activity can be derived. The enzyme activity and optimum
concentration to define kinetic parameters was determined by
measuring the initial rate of ATP consumption over a range of
HPPK concentrations in the presence and absence of HMDP
substrate (data not shown). For kinetic measurements, an
optimized HPPK concentration of 7 ng/50 pL. assay volume
was determined, which allowed for monitoring the first 10% of
reactions turnover in a reasonable assay time period (20 min).

Measurements were performed in 96-well plates using assay
buffer (100 mMTris-HC1/10 mM MgCl,, pH 8.5, 0.01% (w/v)
BSA, 0.01% (v/v) Tween 20 and 10 mM B-mercaptoethanol).
Typically, 5 pl of test compound (dissolved in 50% DMSO) and
20 ul of enzyme were added to each well followed by 25 ul of assay
buffer giving 0.3 uM pterin and 0.2 uM ATP in a total reaction
volume 50 pl. After a 20 minute incubation at room temperature,
the enzymatic reaction was stopped with 50 ul of KinaseGlo™
reagent. Luminescence was recorded after a further 10 min using
the FLUOstar Optima plate reader (BMG, Labtech Ltd). Kinetic data
and inhibition data were fit to Michaelis-Mentenand sigmoidal
dose-response equations respectively, using GraphPad Prism.

Accession Numbers

The coordinates and structure factors of SaHPPK in complex
with 8-mercaptoguanine have been deposited in the RCSB Protein
Data Bank with accession number 3QBC.

Supporting Information

Figure 81 A) ITC (left) and SPR data (right) for binding of ATP
and AMPCPP to SaHPPK. Equilibrium binding constants (Kg) are
shown. B) SPR data for the binding of ADP and AMP to SaHPPK.
DOCX)

Figure S2 Binding of substrate, cofactor and inhibitor
to SaHPPK as measured by NMR spectroscopy. A,
Superposition of the "N HSQC spectra of ~100 uM
SaHPPK+10 mM MgSO,4 with and without 1 mM AMPCPP
(left), and the "N HSQC spectra of ~100 uM SaHPPK+1 mM
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AMPCPP with and without 1 mM HMDP (right). B, Missing
amides are shown on a ribbon representation for apo HPPK
(green) and those that additionally disappear in the presence of
various saturating ligands (blue). G, Missing amides and CSPs
mapped onto surface of HPPK. Residues with missing resonances
in the apo enzyme are coloured cyan, whilst those additionally
broadened are coloured magenta upon binding of ligands.
Residues displaying slow exchange CSPs upon ligand binding in
the AMPCPP binary and AMPCPP+8-mercaptoguanine com-
plexes are shaded red, with the hue corresponding to the
magnitude of the GSPs. The position of the AMPCPP is modeled
from that in the E. coli HPPK (1QON). D, Missing amides with
addition of saturating 8-mercaptoguanine are coloured magenta.
CSPs for the slow exchange 8-mercaptoguanine+tAMPCPP
ternary complex are coloured red. Missing amides are further
shown on the ribbon representation in green.
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Figure 83 '°N sofast HMQC spectra recorded (20 min
per spectrum) over the time period shown for ~100 uM
SaHPPK in complex with either 200 yM HMDP/1 mM
AMPCPP (left) and 200 pM oxidized HMDP/1 mM
AMPCPP (right). Several spectral changes are observed in the
oxidized HMDP/AMPCPP (right) over time but not in HMDP/
AMPCPP (left).

DOCX)

Figure S4 '"H NMR spectra of 5 mM HMDP/5 mM DTT
(top) and 20 mM oxidized HMDP (bottom). Both spectra
were recorded in 50 mM Potassium phosphate buffer DyO
pH 7.9. The very small amount of oxidation of HMDP is just
visible at ~8.6 ppm in the top spectrum. The spectra show the
initial purity of the HMDP used in the NMR experiments in S3.
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Figure S5 CSP data for various ligands binding to
SaHPPK. From top to bottom: HMDP, AMPCPP, Pteri-
n+AMPCPP, 8-mercaptoguanine, 8-mercaptoguanine+AMPCPP.
Grey regions indicate residues for which resonances were
extensively/fully broadened compared to the apo PN HSQC
spectrum, and therefore not observed. The CSPs were calculated
using the following equation: A8 =(SN'’x0.154)*+SHN")?), §
refers to the chemical shift change in ppm of the resonance relative
to the apo SaHPPK >N HSQC spectrum.
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Figure S6 Comparison of the HYDRONMR calculated
15N T1/T2 ratio (600 MHz) for a monomer SaHPPK
(black) and the x-ray SaHPPK dimer (red) with the
measured >N T1/T2 (blue) for SaHPPK in complex with
8-mercaptoguanine and AMPCPP.
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Table S1 '">N and 'HN chemical shifts (ppm) for;
SaHPPK, SaHPPK/AMPCPP, SaHPPK/HMDP, SaHP
PK/8-mercaptoguanine/AMPCPP, SaHPPK/8-mercap-
toguanine. Chemical shifts in red are from the "Nel and
"Hel resonance of Trp89.
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Figure S1.A) ITC and SPR data for binding of ATP and AMPCPP to SaHPPK. Equilibrium
binding constants (Kg4) are shown. B) SPR data for the binding of ADP and AMP to SaHPPK.
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SaHPPK + 1mM AMPCPP with and without ImM HMDP (right). B, Missing amides are
shown on a ribbon representation for apo HPPK (green) and those that additionally disappear
in the presence of various saturating ligands (blue). C, Missing amides and CSPs mapped
onto surface of HPPK. Residues with missing resonances in the apo enzyme are coloured
cyan, whilst those additionally broadened are coloured magenta upon binding of ligands.
Residues displaying slow exchange CSPs upon ligand binding in the AMPCPP binary and
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magnitude of the CSPs. The position of the AMPCPP is modeled from that in the E. coli
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complex are coloured red. Missing amides are further shown on the ribbon representation in
green.
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Figure S3. °N sofast HMQC spectra recorded (20 min per spectrum) over the time period
shown for ~100 uM SaHPPK in complex with either 200 uM HMDP/ ImM AMPCPP (left)
and 200 uM oxidized HMDP / 1mM AMPCPP (right). Several spectral changes are observed
in the oxidized HMDP/AMPCPP (right) over time but not in HMDP/AMPCPP (left).
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Figure S4. '"H NMR spectra of 5 mM HMDP/5 mM DTT (top) and 20 mM oxidized HMDP
(bottom). Both spectra were recorded in 50 mM Potassium phosphate buffer D,O pH 7.9. The
very small amount of oxidation of HMDP is just visible at ~8.6 ppm in the top spectrum. The
spectra show the initial purity of the HMDP used in the NMR experiments in S3.
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Figure S5. CSP data for various ligands binding to SaHPPK. From top to bottom: HMDP,
AMPCPP, Pterin+ AMPCPP, 8-mercaptoguanine, 8-mercaptoguanine+ AMPCPP. Grey
regions indicate residues for which resonances were extensively/fully broadened compared to
the apo' N HSQC spectrum, and therefore not observed. The CSPs were calculated using the
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change of the resonance relative to the apoSaHPPK'°N HSQC spectrum.
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Figure S6.Comparison of the HYDRONMR calculated SN T1/T2 ratio (600 MHz) for a
monomer SaHPPK (black) and the x-raySaHPPKdimer (red)withthe measured BN T1/T2
(blue)for SaHPPK in complex with 8-mercaptoguanine and AMPCPP.

Table S1"°N and 'HN chemical shifts (ppm) for; SaHPPK, SaHPPK/AMPCPP,
SaHPPK/HMDP, SaHPPK/8-mercaptoguanine/ AMPCPP, SaHPPK/8-mercaptoguanine.
Chemical shifts in red are from the ’Nel and 'Hel resonance of Trp8&9.



Res. Res. apo apo ampcpp ampcpp HMDP/a HMDP/a 8MG/am 8MG/am 8MG 8MG
No type mpcpp mpcpp pcpp pcpp
15N 1HN 15N 1HN 15N 1HN 15N 1HN 15N 1HN

1 MET 121.66 7.97 121.74 8.00 121.75 8.00 121.73 8.00 121.52 7.97
2 ILE 126.77 9.00 127.19 9.00 127.25 9.01 127.13 8.99 126.71 9.01
3 GLN 126.18 8.25 126.28 8.22 126.34 8.23 126.23 8.21 126.26 8.26
4 ALA 129.84 8.89 129.77 8.90 129.85 8.91 129.76 8.90 129.95 8.87
5 TYR 115.28 8.65 115.00 8.68 11496 8.69 114.98 8.66 115.33 8.66
6 LEU 121.38 9.26 121.24 9.20 121.24 9.24 121.03 9.16 121.58 9.31
7 GLY 109.85 9.62 109.68 9.70 110.29 9.76 110.55 9.78 110.58 9.59
8 LEU 125.26 8.89 125.63 8.84 125.44 8.84 125.16 8.77 124.62 8.76
9 GLY 107.11 8.39 106.77 8.32 86.86 8.33 107.33 8.01

10 SER 114.01 8.57 115.12 8.55 111.58 8.20 112.28 8.06

11 ASN 125.77 8.46 126.25 8.48 125.56 8.83 12419 8.53

12 ILE 118.63 7.30 117.66 7.11 116.62 7.06 116.18 6.91 116.87 7.07
13 GLY 111.87 8.20 111.85 8.23 111.18 8.47 111.10 8.47 111.07 8.24
14 ASP 122.63 8.18 121.58 8.09 121.10 8.14

15 ARG 124.60 7.83 12462 7.83 124.38 7.82 12498 7.84 124.73 7.81
16 GLU 117.37 8.66 117.26 8.64 117.27 8.64 117.27 8.63 117.16 8.62
17 SER 114.41 7.51 114.33 7.46 114.10 7.42 113.97 7.41 114.23 7.44
18 GLN 119.39 7.93 119.08 7.98 119.09 8.15 119.05 8.15 119.33 8.07
19 LEU 117.02 7.59 116.89 7.60 117.79 7.77 117.70 7.77 117.47 7.70
20 ASN 116.02 8.02 116.29 8.06 116.43 8.06 116.45 8.02 116.35 8.06
21 ASP 122.63 8.87 122.91 8.97 122.95 8.95 122.81 8.90 122.78 8.90
22 ALA 122.11 8.1 122.09 8.10 121.95 8.14 121.74 8.18 122.03 8.13
23 ILE 11740 7.72 117.54 7.69 117.33 7.72 117.16 7.73 117.31 7.77
24 LYS 119.09 7.40 119.24 7.38 119.41 7.39 119.48 7.38 119.43 7.46
25 ILE 119.78 7.88 119.28 7.89 119.51 8.04 119.49 8.07 119.54 8.03
26 LEU 120.29 8.42 120.44 8.46 120.27 8.52 120.16 8.51 120.26 8.48
27 ASN 111.43 7.83 111.43 7.84 111.34 7.79 111.20 7.76 111.27 7.78
28 GLU 116.34 7.58 116.39 7.58 116.45 7.60 116.47 7.60 116.34 7.58
29 TYR 120.08 7.34 119.96 7.33 119.88 7.31 119.70 7.26 119.89 7.31
30 ASN 124.67 8.79 124.74 8.82 124.77 8.84 124.80 8.85 124.70 8.83
31 GLY 110.12 8.59 110.24 8.60 110.25 8.61 110.30 8.60 110.00 8.60
32 ILE 121.37 7.70 121.50 7.74 121.47 7.74 121.42 7.73 121.42 7.69
33 SER 118.89 8.08 118.85 8.07 118.89 8.10 118.98 8.14 118.94 8.11
34 VAL 127.17 8.80 127.25 8.83 127.23 8.84 127.16 8.84 127.15 8.80
35 SER 123.86 9.21 123.95 9.16 124.06 9.15 124.01 9.13 123.81 9.19
36 ASN 119.09 7.87 119.16 7.88 119.10 7.87 119.03 7.87
37 ILE 122.32 8.30 122.61 8.36 122.61 8.35 122.54 8.32 122.51 8.30
38 SER 124.79 9.10 124.67 9.03 124.54 9.02 124.41 9.00 124.67 9.10
39 PRO

40 ILE 119.71 8.40 119.94 8.46 119.94 8.46 119.91 8.43 119.79 8.44
41 TYR 126.62 9.27 126.12 9.23 126.15 9.24 126.43 9.27 126.32 9.24
42 GLU 124.80 9.88 125.63 9.93 126.01 9.84 125.96 9.82 125.94 9.83
43 THR 12459 8.62 124.65 8.39 119.19 9.74 118.63 9.51

44 ALA 130.98 8.68 131.82 8.80 12716 7.49 126.88 7.40

45 PRO

46 VAL 120.82 8.32 120.77 8.36 125.68 9.43 124.98 9.57

47 GLY 112.84 8.43 112.86 8.41 116.40 9.06

48 TYR 120.73 8.15 120.84 8.17 127.23 8.01



49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
89
90
91
92
93
94
95
96
97
98

THR
GLU
GLN
PRO
ASN
PHE
LEU
ASN
LEU
CYS
VAL
GLU
ILE

GLN
THR
THR
LEU
THR
VAL
LEU
GLN
LEU
LEU
GLU
CYS
CYS
LEU
LYS
THR
GLU
GLU
CYS
LEU
HIS

ARG
ILE

ARG
LYS
GLU
ARG
TRP
TRP
GLY
PRO
ARG
THR
LEU
ASP
VAL
ASP
ILE

116.54

120.14

118.90
121.58
115.49
117.66
114.83
118.40
116.28
126.68
119.77
120.20
119.17
115.43
124.19
112.24
121.84
118.94
120.99
122.26
122.08
117.98
116.91
123.06
121.06
119.44
118.93

118.55
118.72
119.73

118.74
129.54
109.98

125.95
117.97
124.49
122.86

7.87

7.87

8.45
8.68
8.17
9.22
8.95
9.51
9.09
8.84
8.91
8.74
9.60
7.93
8.54
8.60
8.77
7.24
7.57
8.83
8.44
7.57
7.58
8.36
8.57
8.43
7.90

8.15
8.41
7.59

7.97
10.18
7.95

8.78
10.26
9.23
9.41

117.40
121.88
119.82

119.11
121.50
114.94
117.68
114.40
118.75
115.81
126.67
120.03
120.47
119.18
115.54
123.99
112.26
122.36
120.21
121.09
121.55
121.44
117.92
116.76
122.68
119.80
120.61
118.89
118.78
119.10
118.51
119.56
119.24

119.14
129.60
109.77

124.53
129.93
126.66
125.87

7.84
8.39
7.86

8.50
8.76
8.14
9.18
8.93
9.58
9.02
8.85
8.89
8.77
9.58
7.97
8.53
8.61
8.75
7.14
7.52
8.79
8.25
7.48
7.61
8.34
8.43
8.63
7.87
7.53
7.87
8.48
7.54
8.08

8.01
10.17
7.94

8.44
10.41
9.32
10.94

123.74

115.54
120.74
114.30
120.16
114.17
118.58
116.24
126.83
119.99
120.41
119.19
115.53
124.01
112.24
122.33
120.22
121.08
121.56
121.38
117.84
116.94
123.05
119.90
120.10
118.47
118.76
118.91
119.41
119.81
117.14
119.03

119.07
129.64
106.5

113.87
115.48
126.68
129.16
126.83
126.18

7.16

8.28
8.63
8.41
9.51
8.76
9.51
9.04
8.88
8.89
8.78
9.58
8.00
8.53
8.61
8.75
7.15
7.53
8.77
8.23
7.50
7.61
8.33
8.39
8.53
7.87
7.51
7.87
8.33
7.24
7.85
7.77

8.02
10.34
7.74

8.22
9.34
8.60
10.33
9.39
10.96

116.24
124.30
116.58

115.42
121.07
113.49
119.77
113.86
118.41
115.72
126.48
119.81
120.39
119.12
115.53
123.89
112.16
122.14
120.07
121.05
121.53
121.25
117.68
116.99
123.10
120.07
119.83
118.32
119.52
118.37
121.08
120.04
116.28
118.70
130.28

118.89
130.39
102.78

120.87
116.93
114.98
124.92
129.94
127.78
126.42

8.28
6.98
7.78

8.24
8.69
8.17
9.44
8.87
9.47
9.03
8.84
8.87
8.76
9.58
7.97
8.52
8.59
8.74
7.15
7.51
8.74
8.20
7.48
7.57
8.30
8.36
8.44
7.84
7.51
7.82
8.42
7.09
7.84
7.69
8.71

8.06
10.68
7.66

9.50
6.42
8.35
8.19
10.40
9.39
10.81

115.49
120.90

119.95
114.72
118.10
116.36
126.75
119.47
119.99
119.06
115.42
124.07
112.19
121.82
118.90
121.00
122.14
122.09
117.89
117.08
123.53
120.88
119.18
118.56
119.48

8.21
8.70

9.47
8.84
9.45
9.10
8.86
8.89
8.73
9.60
7.93
8.51
8.60
8.77
7.24
7.55
8.81
8.42
7.55
7.54
8.30
8.45
8.41
7.87
7.74



99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149

LEU
LEU
TYR
GLY
GLU
GLU
MET
ILE

ASP
LEU
PRO
LYS
LEU
SER
VAL
PRO
HIS

PRO
ARG
MET
ASN
GLU
ARG
ALA
PHE
VAL
LEU
LEU
PRO
LEU
ASN
ASP
ILE

ALA
ALA
ASN
VAL
VAL
GLU
PRO
ARG
SER
LYS
LEU
LYS
VAL
LYS
ASP
LEU
VAL
PHE

127.53
113.09
125.29
114.37
127.06
118.58
119.02
126.12
128.72
124.93

122.01
119.69
120.95
123.86

119.98
112.64
115.57
120.20
131.66
107.83
118.03
115.01
115.30

117.70
118.52
115.31
106.55
128.34
120.59
107.83
123.63
125.95
134.40

121.16
116.43
116.90
121.59
118.31
123.47
115.01
120.18
121.02
117.80
122.24

9.00
7.46
9.41
8.06
9.15
8.10
8.37
9.39
8.82
8.52

8.48
7.37
8.26
8.92

7.79
8.12
7.54
7.34
9.55
6.62
6.35
7.94
8.14

7.88
8.40
7.23
6.99
8.55
7.38
8.13
7.56
8.15
8.92

9.46
9.83
8.36
8.05
8.57
8.38
8.86
7.83
7.82
7.17
7.32

126.84
113.47
125.30
114.23
128.35
118.80
118.55
126.57
128.73
124.82

121.63
119.96
124.80
124.69

127.03

118.71
119.77
113.81
114.64
120.13
132.18
108.60
118.82
115.01
115.32

117.38
119.01
115.55
106.53
128.57
120.59
107.86
123.52
125.86
134.44

120.75
116.64
116.79
121.68
118.21
123.58
114.99
120.27
121.50
117.83
122.22

9.11
7.58
9.44
8.14
9.28
8.17
8.28
9.71
8.83
8.69

7.96
7.43
9.25
8.82

8.67

9.62
7.50
8.10
7.33
717
9.78
6.68
6.37
7.94
8.21

7.91
8.51
7.26
6.99
8.56
7.42
8.14
7.53
8.14
8.89

9.48
9.88
8.41
8.04
8.56
8.41
8.88
7.84
7.79
7.20
7.36

126.95
113.34
125.33
114.15
128.34
118.77
118.49
126.50
128.76
124.82

121.48
119.97
124.84
124.87

126.79

118.36
119.48
114.22
114.44
121.51
153.79
112.23
118.72
115.41
115.69

117.53
118.97
115.32

128.43
120.63
86.93

123.58
125.90
155.47

120.83
116.72
116.82
121.68
118.25
123.64
115.00
120.31
121.54
117.95
122.40

10

9.10
7.56
9.43
8.13
9.28
8.18
8.28
9.70
8.85
8.69

8.04
7.43
9.29
8.83

8.60

9.64
7.55
8.08
7.34
7.19
9.38
8.49
6.36
8.02
8.43

8.14
8.50
7.22

8.55
7.44
8.15
7.53
8.15
8.88

9.49
9.92
8.41
8.06
8.56
8.41
8.91
7.84
7.78
7.23
7.49

127.26
113.01
125.23
114.22
128.28
118.62
118.41
126.55
128.85
124.64

121.51
120.12
124.53
125.08

126.41

118.7

119.76
113.71
114.41
121.68
132.69
111.88
118.80
115.35
115.69

117.50
118.89
115.14
106.51
128.20
120.59
107.81
123.58
125.90
134.33

120.94
116.52
116.67
121.64
118.21
123.54
114.87
120.22
121.48
117.90
122.47

9.00
7.50
9.42
8.13
9.26
8.15
8.27
9.69
8.86
8.66

8.02
7.44
9.20
8.85

8.47

9.73
7.55
8.03
7.31

7.08
9.36
8.20
6.30
7.88
8.38

8.11
8.46
7.19
7.00
8.50
7.41
8.14
7.53
8.14
8.87

9.48
9.83
8.38
8.04
8.55
8.39
8.88
7.83
7.77
7.19
7.48

127.68
113.10
125.34
114.35
127.09
118.51
119.03
126.08
128.78
124.76

121.88
119.58
121.15
123.87

119.71
112.95
115.16
120.65
132.37

118.09
114.93
115.50

117.75
118.70
115.03
106.51
127.96
120.69
107.89
123.67
125.99
134.58

121.08
116.42
116.79
121.53
118.34
123.48
115.07
120.32
121.06
117.85
122.24

9.02
7.44
9.40
8.03
9.16
8.09
8.36
9.40
8.84
8.51

8.47
7.35
8.25
8.93

7.72
8.10
7.48
7.31
9.33

6.28
7.84
8.26

7.99
8.43
7.18
7.00
8.50
7.37
8.14
7.56
8.16
8.91

9.46
9.85
8.33
8.04
8.58
8.35
8.90
7.84
7.79
7.17
7.44



150
151
152
153
154
155
156
157
158

VAL
ASP
ASP
SER
VAL
LYS
ARG
TYR
LYS

120.75
125.78
124.96
115.30
123.93
125.20
124.89
129.70
123.86

8.48
8.11
8.84
8.96
7.62
8.84
9.10
9.04
7.68

120.87
125.60
124.96
115.23
123.97
124.98
124.94
129.70
124.01

8.50
8.19
8.86
8.93
7.63
8.82
9.12
9.03
7.65

121.05
125.53
125.27
116.27
124.95
125.35
126.35
128.97
124.09

11

8.49
8.19
8.85
9.15
7.57
8.73
9.26
8.94
7.73

121.17
125.56
125.16
116.19
124.97
125.29
126.03
128.81
123.88

8.47
8.18
8.82
9.12
7.53
8.70
9.23
8.94
7.73

121.04
125.68
125.32
116.33
124.83
125.29
126.08
129.02
123.54

8.48
8.13
8.83
9.17
7.60
8.76
9.23
8.97
7.70
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4. Analogue Synthesis and SAR

4.1 Introduction

Chapter 3 outlined the discovery of a novel non-competitive SaHPPK inhibitor
(8-MG) using in silico screening. The inhibitor displayed a binding affinity of
~13 pM in both ITC and SPR experiments and an ICsy of ~41 pM in the
biochemical assay. X-ray crystallographic analysis showed that it binds within
the pterin site and makes similar interactions as the substrate (HMDP).
However, the role of the sulfur atom in the binding site could not be
established due to a non-native dimer in the crystal form. NMR proved
essential to study SaHPPK in solution and to clarify some of the key issues
regarding the loop L3 conformation in the 8-MG/AMPCPP/SaHPPK ternary

complex that failed to crystallize.

Herein, the crystal structure of the 8-MG/SaHPPK binary complex is used as
a starting point to propose derivatives of 8-MG that might pick up new
interactions in the binding site and surrounding regions, thereby enhancing
potency and potentially improving the physiochemical properties of the ligand.
A series of guanine derivatives were then purchased or synthesised and
tested for activity against SaHPPK in vitro, in order to begin to develop an

understanding of the SAR associated with inhibition of the enzyme.

SPR and ITC were used to determine the binding affinities of the analogues to
quantify SAR. From the X-ray structure and 2D similarity searches, only a
handful of commercially-available 8-MG analogues were identified as
plausible candidates to fit within the substrate binding pocket without obvious
steric clashes. It became clear from even these few derivatives that the —SH
group at position C? is an important contributor to the free energy of binding
and for in vitro inhibition. New analogues were thus designed and
subsequently synthesised to explore the effects of substitution at the N° and
N’ positions of the 8-MG scaffold.

The X-ray structure of one of the N’ substituted analogues (11a) was solved
in complex with SaHPPK and confirmed that extension from the N’ position of

8-MG (towards the ATP binding site) is tolerated, affording a potential route to
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developing new inhibitors, including bivalent species that simultaneously
target the substrate and ATP binding sites of SaHPPK.

4.2 Chemical hypotheses based on the available ligand bound

structures

The following crystal structures were used to identify the key intermolecular
interactions contributing to the binding affinity: the E. coli complex with HMDP
(1QON), the phenethyl HMDP analogue (2-amino-6-methoxy-7-methyl-7-
phenethyl-7,8-dihydropterin) (1DY3), and the S. aureus enzyme in complex
with 8-MG (3QBC; this work). The ring-stacked pyrimidine heterocycle in all
three ligands is ‘tailored’ for the pterin pocket, as evidenced by full saturation
of all hydrogen donors and acceptors (Figure 4.1). It is therefore of limited
value for chemical derivatisation aimed at improving potency. This leaves the
N° N’ and C® positions as the most viable points at which to explore the

effects of substituent attachment.

Firstly, five C® analogues were purchased to probe the tolerance to
substitution at this position. Based on the superposition of the SaHPPK
structure onto EcHPPK (1QON), it was predicted that residues from loop L3
such as Gly90 or Tryp89 are in close vicinity to the sulfur atom at the C®

position, which was supported by NMR analysis (chapter 3) (Figure 4.1 D).

Secondly, in the X-ray structure of the ECHPPK/HMDP analogue (Figure 4.1
B), the phenethyl ring makes a hydrophobic edge-on interaction with Trp89
and to the Leu45 residue. It was therefore proposed that extension via the
equivalent N° position could afford a similar interaction with Trp89 and loop
L3.

Thirdly, the crystal structure of SaHPPK in complex with 8-MG revealed a
water-filled pocket proximal to the N” position. Given the hydrophilic nature of
this region of the pterin pocket, it was postulated that attachment of a polar
substituent to the N’ might enhance binding affinity, potentially displacing a
water molecule and picking up interactions with either Mg®* ions or the nearby

conserved aspartic acid residues, Asp95 and Asp97. Furthermore, by merging
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the pharmacophore of 8-MG with the native substrate, it was predicted that
attachment of an ethyl or propyl alcohol substituent at the N position of 8-MG
would position a hydroxyl moiety at the same place as the substrate. The
essential C® sulfur substitution was retained, as 8-MG had been shown to bind

in the absence of the cofactor (chapter 3).

A B

_ PRO43  LEUuss

. x TRP89

PRO43 LEU45

THR4 £ -q 'ﬁ

ASNS55 4 .

¥ mm%;;;

Figure 4.1: (A) HMDP (ligand carbons in green) in complex with EcHPPK
(1QON). (B) HMDP analogue (2-amino-6-methoxy-7-methyl-7-phenethyl-7,8-
dihydropterin) in complex with EcHPPK (1DY3). (C) 8-MG (ligand carbons in
grey) in complex with SaHPPK (3QBC). (D) The SaHPPK and EcHPPK
crystal structures were aligned and superposed to compare the binding
features of HMDP (cyan), HMDP phenethyl analogue (magenta) and 8-MG
(grey). Surface representation of SaHPPK is shown. Loop L3 of EcHPPK is
shown in grey. In all structures, hydrogen-bonding interactions are shown in
black.
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The three positions (R1, Rz and Rs) where varied substituents were introduced

are indicated in Figure 4.2.

A B
6l 5 T
N
HN 8 HN
l:il?_SH )\\ | N>7R1
HN"2' N2 Nog HNTNT TN
1

Figure 4.2: (A) Initial hit compound, 8-MG (1) (B) Position of Ry, R2 and R3
substitutions on guanine scaffold.

4.3 Design of 8-MG analogues

Analogues with different substituents at the C? position (R1=SCHjs;, OH, CHs,
Br, morpholine) were purchased (Table 4.1, compounds 14-18). The guanine
analogues with hydrophobic N° substituents (R, = CHs, CyHs, CH2CgHs,
CH,CH,CgHs), while maintaining the C®-appended sulfur atom, were
synthesised in the hope of picking up additional hydrophobic interactions
(Table 4.2, compounds 5a-5d). Chemical synthesis of 8-MG derivatives with
additional substitution from the N’ position (Rs = CH,CH,OH, CH,COOH,
CH>CH3;NH;,, CH,CH,CH,;NH,) was also performed (Table 4.3, compounds
11a-11d), focusing on the introduction of alcohol or amine pendants that
might form hydrogen bonds to the neighbouring Asp97 or Asp95 residues.
Further elaboration of these compounds to provide guanidinium derivatives
was also explored (compound 12), in the hope of forming salt bridges to the

same residues.
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4.4 Chemical synthesis

4.4.1 C8-substituted analogue

8-(Methylamino)guanosine, synthesised as described in literature’, was
hydrolysed using 1 M HCI to obtain 8-(methyamino)guanine (13)
(Scheme 4.1) Other derivatives with C® substitution (14-18) were purchased

from a commercial supplier (www.timtec.net/).

1M HCI HN N
— s S—NHCH;
HN™ N7 N

N
HN
\
R »—NHCH
HoNT N7 N
OH

HO  OH 13

Scheme 4.1: Synthesis of 8-(methylamino)guanine.

4.4.2 N°-substituted isomers

The synthesis of the N°-substituted guanines commenced from 2-amino-6-
chloropurine (2) as the chloro substituent is N°-directing®. Alkylation resulted
in mixture of N’- and N°®-alkylated isomers in 1:10 ratio respectively, that were
readily separated by silica chromatography. Conversion of the 6-chloro moiety
to a 6-oxo group was achieved by refluxing with 1 M HCI. The C? position was
then brominated using NBS and subsequently replaced by sulfur by reacting
with thiourea (Scheme 4.2)*> *. Final compounds (5a—5d) were purified by
HPLC to >95 % purity and characterised by 'H and *C NMR and HR-MS

analysis.
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7-sub 9-sub

cl cl R cl

. |
g e o SR o
HNT N7 N DMF, K2COs, HoN~ N7 N H,NT N7 N
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Scheme 4.2 Synthesis of N*-subtituted 8-MG analogues.

4.4.3 N”-substituted isomers

Compounds 7 and 8 were synthesised as described in the literature® °.
Alkylation of guanines at the N’ position is not widely reported. Benzylation of
8-bromo-N?-acetylguanine (8) with benzyl bromide in the absence of base has
been reported®. It was found that guanine 8 could be alkylated by other alkyl
bromides when the reaction solution was buffered at pH 3. Alkylation
reactions gave a 1:1 ratio of N’- and N°-alkylated products (by HPLC) from
which the N’-alkylated products (9a—9d) were isolated following either silica
gel or reverse phase chromatography. Sulfur was appended to the 8 position
using sodium thiosulfate and a catalytic quantity of aluminium-trichloride, as
reported’. The 8-mercapto products were then deprotected under the
appropriate conditions to obtain the final compounds 11a-11d (Scheme 4.3).
Compound 11c was converted to the corresponding guanidine analogue
through reaction with pyrazole carboxamidine (Scheme 4.4). All synthesised
compounds were purified by HPLC to >95 % purity.
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11¢, R = CH,CH,NH, 10c, R = CH,CH,NHPth 9¢, R = CH,CH,NHPth
11d, R= CHQCHQCHzNHZ 10d, R= CH2CH20H2NHPth 9d, R = CHchQCHQNHPth

Scheme 4.3: Synthesis of N”-subtituted 8-MG analogues.
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Scheme 4.4: Synthesis of 7-(2-guanidinoethyl)-8-mercaptoguanine.
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4.5 Ligand binding studies

4.5.1 SPR analysis of binding

Binding of the compounds to SaHPPK was quantitatively assessed using SPR

to determine the dissociation constant (Ky).

Compounds (13-18) explore substitution at the C® position of 8-MG. SPR data
indicated no binding of the -NHCH3; (13) or —SCH3 (14) derivatives to the
enzyme (Table 4.1). Compounds 15-18 displayed 15-20-fold lower affinity
(Figure 4.3 A, Table 4.1) than the starting hit (8-MG). These data suggest that
thiol substitution at C® contributes significantly to binding to SaHPPK.
Interestingly, compound 13 displayed binding (Kqy = 108 uM) when SPR

experiments were performed in the presence of saturating amounts of ATP.

Analogues with hydrophobic substituents at the N° position of 8-MG (5a—5d)
resulted in a 10-20-fold loss in affinity, indicating that this position is not
favourable for modifications (Figure 4.3, Table 4.2). Compounds 11a, ¢ and d,
however, retained affinity for the enzyme (Figure 4.4, Table 4.3), indicating
that addition of substituents at the N position is tolerated (although 11b, with
a carboxylate pendant, displayed no binding). Compound 11a, with an ethyl
alcohol pendant, displayed comparable affinity to 8-MG (Kq = ~12 pM), whilst
the analogues with amine and guanidinum pendants (11c, 11d, 12) displayed
slightly weaker binding to SaHPPK.

Binding of compounds 11a, 11¢c and 11d was 10-15-fold weaker under
saturating ATP conditions, suggesting that binding is competitive with the

cofactor.

91



Chapter 4 — Analogue Synthesis and SAR

A B C
25
30 4
20 - 25 4
[}]
@ g 151 g 204
o
g 2 10 2 1%
T ] g 101
o e 57 r 5
0 04
0 10 20 30 40 50 5051 20 30 0 10 20 30 40 50
Time (s) Time (s) Time (s)
70 4 c-8 analogues 204 N-9 analogues 304 N-7 analogues
o 604 25 4
& 507 g 151 g 20
o = c
o 401 o o
4 g 101 a 151
e 304 a D
O o 104
20 + x 5. =
10 4 5
0 &= —r — 0 0 — —
105 104 10 6 109 104 106 105 104
Concentration (M) Concentration (M) Concentration (M)

Figure 4.3: SPR raw data (fop) and steady-state response curves (bottom) for
the binding of C® (13-18), N°- (5a-5d) and N’- (11a-11d) substituted
analogues to SaHPPK. Note: For N°- and N’- substituted analogues site
directed biotinylation was used whereas for C® derivatives minimal-
biotinylation was used to immobilize the protein.
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Figure 4.4: Raw data (fop) and steady-state response curves (bottom) for the
binding of compounds11a, 11¢, 11d and 12 to SaHPPK.
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Table 4.1: Structures of C3-substituted guanine analogues and their SaHPPK
binding affinities, as determined by SPR.

Ci-substituted analogues

0]

N
HN
| SRy
HZN)\\N N

H

Compound R Kq® (LM) Kq® (uM)
13 NHMe No binding 108+ 5
14 SMe No Binding nd®
15 Me 159 + 1 nd®
16 Br 248 £ 3 nd®
17 OH 257 +5 nd®
18 N % 246 +3 nd°

3K, in the absence of ATP,® Ky in the presence of saturating amount of ATP, nd = No data
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Table 4.2: Structures of N°-substituted guanine analogues and their SaHPPK
binding affinities, as determined by SPR.

N°-substituted analogues

@)

N
HN
| S—sH
HZN)\\N N

R,
Compound R, K4?(uM) Ka°(uM)
54 Me 194 + 5 410£ 10
5b Et 190 + 10 340+ 10
5¢ Bn 106 + 2 201+ 6
54 CH,Bn 145 + 4 510+ 20

2 K4in the absence of ATP, ° Kyin the presence of saturating amount of ATP, nd = No data
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Table 4.3: Structures of N’-substituted guanine analogues and their SaHPPK
binding affinities, as determined by SPR.

N’-substituted analogues

0] Rs

N
HN
| )—sH
HZN)\\N N

Compound R, Kq?(UM) Kq®(UM)
11a CH,CH,0OH 12311 1302 10
11b CH,COOH No binding 140+ 4
11c CH,CH,NH, 264 +3 160+ 20
11d CH,CH,CH,NH, 25.9 + 2 121+ 6

by
30 +4 No bindi
12 \/\H NH, O DIinaing

3K, in the absence of ATP, ° K4in the presence of saturating amount of ATP

4.5.2 ITC analysis of binding

To confirm the ligand binding affinities, and to further determine the
thermodynamic parameters of binding for selected compounds (11a, 11c-d,
12) isothermal titration calorimetry (ITC) experiments were performed. These
analogues were found to bind SaHPPK with Ky values in the 17-35 uM range
according to ITC, in excellent agreement with the values obtained by SPR.
Interestingly, compound 11a (K4 = 16.7 yM), which has a similar affinity to 8-
MG (1) (Kq = 12.8 uM), showed a less favourable enthalpic contribution and
more favourable entropic contribution towards the AG of binding as compared
to 8-MG (Figure 4.5, Table 4.4).
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Figure 4.5: Raw data (fop) and integrated ITC data (bottom) for the titration of
SaHPPK with compounds 11a, 11¢, 11d and 12. The data was obtained in

triplicate.
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Table 4.4: Thermodynamic and kinetic parameters for the binding of

ligands to SaHPPK, as determined by ITC and SPRa

Ligand AH TAS AG N Ko (UM) | K (uM)
ITC SPR

1 19.64£3.4 | -12.9+35 | -6.720.2 | 0.96+0.1 | 12.8+3.4 | 10.8+0.4

11a | -10.5:0.6 | -4.1+0.5 | -6.4#0.1 | 0.8+0.1 |16.7+3.5 | 12.3+1.0
11c | -5.8+0.1 | 0402 | -6.2+0.1 | 1.2¢0.02 | 22.4+2 | 26.4+3.0
11d | -6.2404 | -02+05 | -6.0t0.1 | 1.3:t0.05 | 34.36.2 | 25.9+2.0
12 -4.310.1 1.7¢0.2 | -6.0£0.1 | 1.4+0.02 | 35.1+4.8 | 30.0¢4.0

aValues are the means = the standard deviation for at least three experiments.
All ITC and SPR experiments were performed at 298 K and 293 K,
respectively.
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4.6 X-ray structure in complex with compound 11a

Co-crystallisation experiments were performed with compounds 11a, 11¢c, 11d
and 12 to obtain the structure of the bound compounds in complex with
SaHPPK. However, diffraction quality crystals were only obtained for
compound 11a and a high resolution X-ray structure (1.85 A) was solved
using molecular replacement. The binary complex crystallised in the P2,
space group, with a head-tail dimer in the asymmetric unit, similar to our
previous structure (3QBC). Excellent quality electron density was observed,

which showed the ligand bound to both monomers (Figure 4.6 A).

The crystal structure confirmed that 11a binds to the pterin site in a similar
fashion to 8-MG (3QBC) and that the hydroxyethyl pendant is directed
towards the extra space available within the active site. The alcohol group
appears to make two hydrogen bonds with a pair of bound water molecules
(Figure 4.6 B). Presumably these compensate for the lack of hydrogen bond

between the N° hydrogen of 8-MG and the backbone carbonyl of Val46.

4 D
. ' ASP95
P> -/
ASN56

Figure 4.6: (A) 2Fo-Fc electron density map of the pterin binding site,
contoured at 2.0 sigma, showing density for 7-(2-hydroxyethyl)-8-
mercaptoguanine (11a). (B) Intermolecular interactions (black) involving 11a
within the pterin site.
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4.7 Conclusion

In conclusion, C® N° and N’ substitutions on the guanine scaffold were
explored to search chemical space with a view to increasing the potency of
the initial hit compound, 8-MG, for SaHPPK. The 8-MG/SaHPPK crystal
structure showed that the pyrimidine ring of guanine is important for
recognition. Early SAR suggested that thiol substitution at C® position is a
requisite for tight binding to SaHPPK. N°-alkylations on 8-MG were
detrimental to binding, resulting in a 10-20 fold decrease in affinity. On the
other hand, N’-substituents extending into the hydrophilic pocket within the
active site were generally well tolerated. The crystal structure of SaHPPK in
complex with 11a showed that while substitution at the N’ position results in a
loss of one of the intermolecular hydrogen bonds formed by 8-MG (to Val46),
this is compensated for by the interaction of the hydroxyethyl group with
crystallographic water molecules. Further chemical evolution of the 8-MG
scaffold towards the absolutely conserved metal-binding residues, Asp95 and

Asp97, may yield analogues with enhanced affinities.
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4.8 Experimental

4.8.1 General Experimental

All starting materials, reagents and solvents were obtained from commercial
suppliers and were used without further purification unless stated otherwise.
Compounds 14-18 were acquired from commercial sources
(www.timtec.net/). "H/"*C NMR spectra were recorded with a Bruker Avance
Ultrashield NMR spectrometer operating at field strength of 9.4 Tesla. Results
were recorded as follows: chemical shift values are expressed in & units
acquired in the indicated solvent and at a temperature of 25°C, unless noted
otherwise, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet), integration and coupling constants (J) in Hertz. Mass spectra were
acquired in the positive and negative mode using electrospray ionisation
obtained on a Micromass Platform Il Single Quadropole Mass Spectrometer.
High Resolution Mass Spectrometry (HRMS) analyses for final compounds
were recorded on a Briker Apex-ll Fourier Transform lon Cyclotron
Resonance (FTICR) Mass Spectrometer with an electrospray ion source
(ESI). Melting point (mp) determination for final compounds was performed
uncorrected using a Mettler Toledo MP50 melting point apparatus. Analytical
reverse-phase HPLC was performed on a Waters HPLC system fitted with a
Phenomenex® Luna C8 (2) 100A column (150 mm x 4.6 mm, 5 ym) using a
binary solvent system; solvent A: 0.1% TFA/H,O; solvent B: 0.1%
TFA/80%ACN/H20. Gradient elution was achieved using 100% solvent A to
100% solvent B over 20 min at a flow rate of 1 mL/min detecting at 254 nm.
Preparative HPLC was performed with 40 minutes runs using a Waters
Associates liquid chromatography system (Model 600 Controller and Waters
486 Tunable Absorbance Detector) by RP-HPLC using the binary solvent
system specified above and a gradient of 0-80% solvent B in solvent A over
30 minutes at a flow rate of 7 mL/min on a Phenomenex®Axia 10um Luna
C8(2) 100 A column (250 mm x20 mm, 10 um) using Empower Pro software

to process absorbance signals at 254 nm.
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4.8.1.2 9-Methylguanine (3a)

To a solution of 2-amino-6-chloropurine (2) (1.0 g, 5.9 mmol) in DMF (10 mL)
was added methyliodide (367 pL, 5.89 mmol) and K,CO3; (815 mg, 5.89
mmol). After stirring overnight at 20 “C the solution was evaporated to dryness
under reduced pressure. The crude material was redissolved in chloroform
and the mixture of N° and N’ isomers separated using silica gel
chromatography (CHCIls/MeOH). The N? isomer (488 mg, 2.70 mmol) was
refluxed in 1 M HCI (20 mL) for 2 hours, then cooled to room temperature.
The precipitate that formed was collected by filtration and dried under a
stream of air to provide the title compound as a white powder (312 mg, 70%).
"H NMR (400 MHz, DMSO-d6) & 11.97 (s, 1H), 9.21 (s, 1H), 7.50 (s, 2H), 3.71
(s, 3H). *C NMR (101 MHz, DMSO) & 162.3, 158.1, 157.8, 118.7, 115.8,
35.7. LRMS (ESI): m/z: 166.2 [M+H]", (100%).

4.8.1.3 9-Ethylguanine (3b)

2-Amino-6-chloropurine (2) (1.0 g, 5.9 mmol) was treated with ethyliodide
(472 pL, 5.89 mmol) and K>,COs3 (815 mg, 5.89 mmol). The resulting products
were separated and the N° isomer hydrolysed as described in the preparation
of 3a to provide the titte compound as a white powder (527 mg, 50%). 'H
NMR (400 MHz, DMSO-dg) 6 12.03 (s, 1H), 9.34 (s, 1H), 7.58 (s, 2H), 4.15 (q,
J = 7.3 Hz, 2H), 1.43 (t, J = 7.3 Hz, 3H). *C NMR (101 MHz, DMSO-ds)
o0 155.8, 153.1, 149.4, 136.7, 107.2, 34.0, 14.2. LRMS (ESI): m/z: 180.1
[M+H]", (100%).

4.8.1.4 9-Benzylguanine (3c)

2-Amino-6-chloropurine (2) (1.0 g, 5.9 mmol) was treated with benzylbromide
(700 pL, 5.89 mmol) and K,COs3 (815 mg, 5.89 mmol). The resulting products
were separated and the N° isomer hydrolysed as described in the preparation
of 3a to provide the title compound as a white powder (1.3 g, 90%). '"H NMR
(400 MHz, DMSO-dg) 6 11.79 (s, 1H), 9.18 (s, 1H), 7.41 — 7.29 (m, 7H), 5.35
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(s, 2H). *C NMR (101 MHz, DMSO-dg) 5 155.8, 153.8, 150.0, 137.3, 135.3,
129.0, 128.4, 127.8, 108.8, 47.5. LRMS (ESI): m/z: 242.2 [M+H]", (100%).

4.8.1.5 9-Phenethylguanine (3d)

2-Amino-6-chloropurine (2) (1.0 g, 59 mmol) was treated with
phenethylbromide (798 uL, 5.89 mmol) and K,CO3 (815 mg, 5.89 mmol). The
resulting products were separated and the N° isomer hydrolysed as described
in the preparation of 3a to provide the title compound as a white powder (1.35
g, 90%). 'H NMR (400 MHz, DMSO-dg) & 11.78 (s, 1H), 8.89 (s, 1H), 7.34—
7.15 (m, 7H), 4.34 (t, J = 7.3 Hz, 2H), 3.15 (t, J = 7.3 Hz, 2H). *C NMR (101
MHz, DMSO-ds) & 155.5, 153.6, 149.7, 137.1, 136.9, 128.6, 128.6, 126.8,
108.4, 45.5, 34.1. LRMS (ESI): m/z: 256.2 [M+H]", (100%)).

4.8.1.7 8-Bromo-9-methylguanine (4a)

To a suspension of 3a (320 mg, 1.94 mmol) in glacial acetic acid (15 mL) was
added N-bromosuccinimide (464 mg, 2.62 mmol) and the reaction was stirred
overnight. The solution was poured over ice cold water and the resulting
precipitate was filtered off, washed with water and methanol and dried to
obtain the title compound as yellow powder (284 mg, 60%). '"H NMR (400
MHz, DMSO-ds) 6 10.68 (s, 1H), 6.52 (s, 2H), 3.47 (s, 3H). LRMS (ESI): m/z:
2441 [M+H]", (100%).

4.8.1.8 8-Bromo-9-ethylguanine (4b)

Compound 3b (212 mg, 0.82 mmol) was treated with N-bromosuccinimide
(211 mg, 1.19 mmol) in glacial acetic acid (15 mL). The resulting product was
filtered, washed with water and methanol and dried to obtain the title
compound as described in the preparation of 4a as a yellow powder (122 mg,
58%). '"H NMR (400 MHz, DMSO-ds) 5 10.66 (s, 1H), 6.58 (s, 2H), 3.96 (q, J =
7.2 Hz, 2H), 1.25 (t, J = 7.2 Hz, 3H). "*C NMR (101 MHz, DMSO-dg) d 155.5,

102



Chapter 4 — Analogue Synthesis and SAR

153.8, 152.0, 120.2, 116.8, 31.4, 14.5. LRMS (ESI): m/z: 258.1 [M+H]",
(100%).

4.8.1.9 8-Bromo-9-benzylguanine (4c)

Compound 3c (455 mg, 1.89 mmol) was treated with N-bromosuccinimide
(453 mg, 2.55 mmol) in glacial acetic acid (30 ml). The resulting product was
filtered, washed with water and methanol and dried to obtain the title
compound as described in the preparation of 4a as a yellow powder (384 mg,
65%). '"H NMR (400 MHz, DMSO-dg) 5 10.72 (s, 1H), 7.38-7.15 (m, 5H), 6.60
(s, 2H), 5.16 (s, 2H). *C NMR (101 MHz, DMSO-dg) d 155.6, 154.0, 152.2,
135.8, 128.6, 127.7, 126.6, 120.8, 115.0, 45.4. LRMS (ESI): m/z: 320.1
[M+H]", (100%).

4.8.1.10 8-Bromo-9-phenethylguanine (4d)

Compound 3d (1.17 g, 4.57 mmol) was treated with N-bromosuccinimide (1.1
g, 6.2 mmol) in glacial acetic acid (90 ml). The resulting product was filtered,
washed with water and methanol and dried to obtain the title compound as
described in the preparation of 4a as a yellow powder (914 mg, 60%). 'H
NMR (400 MHz, DMSO-dg) & 10.68 (s, 1H), 7.49-6.89 (m, 5H), 6.59 (s, 2H),
415 (t, J = 7.8 Hz, 2H), 3.00 (t, J = 7.8 Hz, 2H). *C NMR (101 MHz, DMSO-
ds) & 155.5, 153.8, 151.9, 137.3, 128.6, 128.4, 126.6, 120.7, 115.0, 43.9,
34.3. LRMS (ESI): m/z: 334.2 [M+H]", (100%).

4.8.1.12 8-Mercapto-9-methylguanine (5a)

A solution of 4a (70 mg, 0.3 mmol) and thiourea (44 mg, 0.6 mmol) in EtOH (5
mL) was heated to 80 °C overnight. After cooling to room temperature, the
mixture was concentrated to dryness under reduced pressure. The crude
product was further purified using reverse phase chromatography (C18, 0.1%
TFA in water) to provide the title compound as an off white solid (29 mg,
49%). Mp 259-261 °C (decomp.), '"H NMR (400 MHz, DMSO-d6) & 7.95 (s,
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2H), 2.89 (s, 3H). *C NMR (101 MHz, DMSO-d¢) & 162.3, 158.1, 157.8,
118.7, 115.8, 35.7. LRMS (ESI): m/z: 198.1 [M+H]", (100%), HRMS (ESI):
observed m/z: 198.0436 [M+H]"; calculated m/z: 198.0405 [M+H]* RP-HPLC:
tr4.57, >95% (gradient).

4.8.1.13 8-Mercapto-9-ethylguanine (5b)

Compound 4b (102 mg, 0.40 mmol) was refluxed with thiourea (60 mg, 0.8
mmol) in EtOH (5mL).The reaction was concentrated to dryness under
reduced pressure and the crude product was further purified using reverse
phase chromatography (C18, 0.1% TFA in water) to obtain the title compound
as described in the preparation of 5a as an off-white solid (51 mg, 60%). Mp
240-244 °C (decomp.), '"H NMR (400 MHz, DMSO-dg) & 12.71 (s, 1H), 10.87
(s, 1H), 6.66 (s, 2H), 4.01 (q, J = 7.1 Hz, 2H), 1.23 (t, J = 7.1 Hz, 3H).
3C NMR (101 MHz, DMSO-dg) 5 155.8, 153.1, 149.4, 136.7, 107.2, 34.0,
14.2. LRMS (ESI): m/z: 212.1 [M+H]", (100%), HRMS (ESI): observed m/z:
212.0603 [M+H]"; calculated m/z: 212.0601 [M+H]*, RP-HPLC: g 5.26, >98%
(gradient).

4.8.1.14 8-Mercapto-9-benzylguanine (5c)

Compound 4c¢ (110 mg, 0.34 mmol) was refluxed with thiourea (131 mg, 1.70
mmol) in EtOH (5 mL). The reaction was concentrated to dryness under
reduced pressure and the crude product was further purified using reverse
phase chromatography (C18, 0.1% TFA in water) to obtain the title compound
as described in the preparation of 5a as a off white solid (65 mg, 70%). Mp
>300 °C (decomp.), '"H NMR (400 MHz, DMSO-dg) 5 12.87 (s, 1H), 10.94 (s,
1H), 7.41-7.15 (m, 5H), 6.64 (s, 2H), 5.21 (s, 2H). *C NMR (101 MHz,
DMSO-ds) & 164.7, 154.1, 150.8, 150.0, 136.4, 128.3, 127.3, 127.2, 103.7,
44.9. LRMS (ESI): m/z: 274.1 [M+H]", (100%), HRMS (ESI): observed m/z:
274.0770 [M+H]"; calculated m/z: 274.757 [M+H]", RP-HPLC: tr 7.31, >95%
(gradient).
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4.8.1.15 8-Mercapto-9-phenethylguanine (5d)

Compound 4d (500 mg, 1.50 mmol) was refluxed with thiourea (228 mg, 3.00
mmol) in EtOH (25 mL).The reaction was concentrated to dryness under
reduced pressure and the crude product was further purified using reverse
phase chromatography (C18, 0.1% TFA in water) to obtain the title compound
as described in the preparation of 5a as a off white solid (260 mg, 60%). Mp
291-295 °C (decomp.), '"H NMR (400 MHz, DMSO-dg) & 12.76 (s, 1H), 10.90
(s, 1H), 7.35 = 7.17 (m, 5H), 6.65 (s, 2H), 4.18 (t, J = 7.8 Hz, 2H), 2.99 (t, J =
7.8 Hz, 2H). *C NMR (101 MHz, DMSO-dg) & 164.1, 154.0, 150.8, 149.9,
138.0, 128.5, 128.4, 126.4, 103.6, 43.0, 33.1. LRMS (ESI): m/z: 288.2 (M+H,
100%), HRMS (ESI): observed m/z: 288.0925 [M+H]"; calculated m/z:
288.0914 [M+H]", RP-HPLC: tr 7.9, >98% (gradient).

4.8.1.16 8-Bromoguanosine (7)

Guanosine (6) (16.5 g, 58.3 mmol) was suspended in DMF (100 mL), NBS
(12.0 g, 67.5 mmol) added and the suspension stirred overnight at room
temperature. By this time all the guanosine had dissolved to a clear yellow
solution. Solvent was removed under reduced pressure and 40-50 mL cold
water was added to the residue. The resulting precipitate was separated by
filtration and recrystallised from hot water to obtain the title compound as a
white powder (14.7 g, 70%). '"H NMR (400 MHz, DMSO-ds) 3 10.82 (s, 1H),
6.50 (s, 2H), 5.69 (d, J = 6.3 Hz, 1H), 5.44 (d, J = 6.2 Hz, 1H), 5.08 (d, J = 5.1
Hz, 1H), 5.02 (q, J = 6.0 Hz, 1H), 4.92 (t, J = 6.0 Hz, 1H), 4.21 — 4.05 (m, 1H),
3.92 - 3.78 (m, 1H), 3.74 — 3.59 (m, 1H), 3.58 — 3.46 (m, 1H). LRMS (ESI):
m/z: 362.1 [M+H]", (100%).

4.8.1.17 8-Bromo-N?-acetylguanine (8)

A mixture of 8-bromoguanosine (7) (11.7 g, 32.4 mmol), Ac,O (60 mL) and
HsPO4 (0.5 mL) was stirred at 100 °C for 3 h and cooled to r.t. The resulting
precipitate was separated by filtration and washed thoroughly with chloroform
to yield the title compound as an off white solid (7.9 g, 90%). "H NMR (400
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MHz, DMSO-ds) 8 2.16 (s, 3H). LRMS (ESI): m/z: 273 [M+H]", (100%), 274
[M+H]*, (100%).

4.8.1.18 N*-Acetyl-8-bromo-7-(2-hydroxyethyl)guanine (9a)

To a solution of N?-acetyl-8-bromoguanine (8) (100 mg, 0.37 mmol) in DMF (1
mL) was added 2-bromoethanol (50 uL, 0.7 mmol) and DIPEA (32 pL, 0.2
mmol). The reaction was heated at 100 °C for 24 hours with periodic addition
of DIPEA in order to maintain the pH between 3 and 4. The solution was dilute
with water (5 mL) and purified by using reverse phase chromatography (C18,
0-4% ACN and 0.01% TFA in water) to provide the title compound as a white
solid (30 mg, 26%). '"H NMR (400 MHz, DMSO-dg) 8 4.31 (t, J = 5.6 Hz, 2H),
3.72 (t, J = 5.6 Hz, 2H), 2.16 (s, 3H)."*C NMR (101 MHz, CDCls) & 173.5,
156.5, 151.5, 147.4, 131.3, 113.7, 59.8, 49.4, 23.7. LRMS (ESI): m/z: 315
[M+H]*, (100%), 317[M+H]", (100%).

4.8.1.19 Methyl-8-bromo-(N?-acetylguanin-7-yl)acetate (9b)

DIPEA (1.3 mL, 7.4 mmol) and methyl bromoacetate (386 uL, 4.10 mmol)
were added to a suspension of N?-acetyl-8-bromoguanine (8) (1.0 g, 3.7
mmol) in DMF (5 mL) under N,. After 20 h of stirring at room temperature, the
solvent was removed in vacuo, and the residue was coevaporated with
methanol (3 x). The crude material was redissolved in DCM and the mixture of
N-9 and N-7 isomers were separated using silica gel chromatography
(DCM/MeOQOH) to provide the title compound as a white solid (255 mg, 20%).
"H NMR (400 MHz, DMSO-dg) 5 7.95 (s, 1H), 5.02 (s, 2H), 3.70 (s, 3H), 2.16
(s, 3H). *C NMR (101 MHz, DMSO-dg) & 173.5, 168.1, 154.7, 148.9, 147.9,
140.1, 119.6, 52.5, 44.1, 23.7. LRMS (ESI): m/z: 345.9 [M+H]", (100%), 347
[M+H]", (100%).
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4.8.1.20 N-2- (8-bromo-N>?-acetylguanin-7-yl)ethylphthalimide (9¢c)

DIPEA (960 pL, 5.60 mmol) and N-(2-bromoethyl)phthalimide (560 mg, 1.85
mmol) were added to a suspension of N?-acetyl-8-bromoguanine (8) (500 mg,
1.85 mmol) in DMF (5 mL) under N,. The reaction was refluxed at 100 °C
overnight, the solvent was removed in vacuo, and the residue was
coevaporated with methanol (3 x). The crude mixture of N° and N’ isomers
was purified using silica gel chromatography (20 % petroleum benzene/80%
ethylacetate/methanol) to provide the title compound as a white solid (205 mg,
25%). '"H NMR (400 MHz, DMSO-dg) & 8.00 — 7.59 (m, 4H), 4.50 (t, J = 7.8
Hz, 2H), 4.04 (t, J = 7.8 Hz, 2H), 2.15 (s, 3H). *C NMR (101 MHz, DMSO-ds)
6 173.5, 167.3, 156.4, 151.4, 147.3, 134.5, 131.3, 130.5, 123.1, 113.8, 45.7,
37.3, 23.7. LRMS (ESI): m/z: 445 [M+H]", (100%), 446 (M+H, (100%).

4.8.1.21 N-3- (N*-acetylguanin-7-yl)propylphthalimide (9d)

A mixture of N?-acetyl-8-bromoguanine (8) (810 mg, 2.98 mmol), N-(3-
bromopropyl)phthalimide (1.10 g, 4.03 mmol), DIPEA (1.6 ml, 9.0 mmol) in
DMF was refluxed at 100 °C overnight, after which the solvent was
evaporated in vacuo. The crude product was diluted with water and extracted
with chloroform. The pooled organic phases were dried (MgSQO.), filtered, and
evaporated to dryness. This residue was dissolved in a minimum volume of
CHCI3 and purified using silica gel chromatography (CHCIl3/MeOH) to provide
the title compound as a white solid (276 mg, 20%). 'H NMR (400 MHz,
DMSO-dg) & 7.93 — 7.70 (m, 4H), 4.34 (t, J = 7.0 Hz, 2H), 3.63 (t, J = 7.0 Hz,
2H), 2.27 — 2.04 (m, 5H). *C NMR (101 MHz, DMSO-ds) & 173.4, 167.8,
156.3, 151.4, 147.4, 134.3, 131.6, 130.1, 122.9, 113.5, 44.7, 34.6, 28.6, 23.6.
LRMS (ESI): m/z: 459 [M+H]*, (100%), 460 [M+H]", (100%).
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4.8.1.22 7-(2’-Hydroxyethyl)-8-mercaptoguanine (11a)

To a solution of N?-acetyl-8-bromo-7-(2-hydroxyethyl)guanine (9a) (10 mg,
0.03 mmol) in water (4 mL) and acetonitrile (2 mL) was added sodium
thiosulfate (10 mg, 0.1 mmol) and aluminium chloride (0.015 mmol). The
solution was refluxed for 24 hours and purified by reverse phase
chromatography (C18, 0.01% TFA in water) to provide the title compound as
a white powder (5 mg, 69%). Mp >300 °C (decomp.), '"H NMR (400 MHz,
DMSO-ds) 6 10.91 (s, 2H), 6.54 (s, 5H), 4.79 (t, J = 5.7 Hz, 3H), 4.25 (t, J =
6.7 Hz, 6H), 3.64 (dd, J = 6.7, 5.7 Hz, 6H). *C NMR (101 MHz, DMSO-dg) &
164.1, 154.1, 151.4, 149.5, 105.3, 58.5, 46.4. LRMS (ESI): m/z: 228.1 [M+H]",
(100%), HRMS (ESI): observed m/z: 226.0396 [M-H]; calculated m/z:
226.0404 [M-H], RP-HPLC: tr 4.14, >98% (gradient).

4.8.1.23 (Guanin-7-yl)acetic acid (11b)

NaS,03.5H,0 (200 mg, 1.10 mmol,) was added to the suspension of methyl-
8-bromo-(N?-acetylguanin-7-yl)acetate (9b) (95.0 mg, 0.28 mmol) in water (12
mL) and acetonitrile (8mL) with a catalytic amount of AICI; (0.02 mmol) and
the reaction was refluxed for 2 days. After cooling the resulting crude product
(10b) was filtered and resuspended in water/methanol/dioxane (1:0.5:2, v/v/v),
and the pH of the solution was brought to 13 by adding 1M sodium hydroxide.
The solution was stirred at 50 °C for 2 hours and the final compound was
purified using RP-HPLC to provide the title compound as a white solid (15 mg,
20%). Mp 247-253 °C (decomp.), "H NMR (400 MHz, DMSO-dg) 5 10.99 (s,
1H), 6.62 (s, 1H), 4.87 (s, 1H). *C NMR (101 MHz, DMSO-dg) d 168.6, 165.0,
154.2, 151.4, 149.2, 105.0, 45.4. LRMS (ESI): m/z: 242 [M+H]", (100%),
HRMS (ESI): observed m/z: 242.0341 [M+H]"; calculated m/z: 242.0342
[M+H]", RP-HPLC: tr 4.23, >95% (gradient).
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4.8.1.24 7-(2’-Aminoethyl)-8-mercaptoguanine (11c)

A suspension of N-2-(8-bromo-N?-acetylguanin-7-yl)ethylphthalimide (9¢) (160
mg, 0.36 mmol) in water (12 mL) and acetonitrile (8 mL) was mixed with
Na;S,03.5H,0 (447 mg, 1.80 mmol) and catalytic amount of AICl; (0.02
mmol). The reaction was refluxed for 2 days. After cooling the mixture was
concentrated to dryness under reduced pressure. The crude product, N?-
acetyl-7-(2-(1,3-dioxo-1,3-dihydro-2H-isoindol-2-yl)ethyl)-8-mercaptoguanine
10c (50 mg, 0.13 mmol) was resuspended in methanol (1 mL) and hydrazine
hydrate (12 L, 0.36 mmol) was added. The solution was stirred for 15 hours
and purified by reverse phase chromatography (C18, 0.1% TFA in water) to
provide the title compound as a white solid (10 mg, 32%). Mp 280 — 287 °C
(decomp.), "H NMR (400 MHz, DMSO-ds) 5 8.22 (s, 1H), 7.85 (s, 2H), 6.78 (s,
2H), 4.41 (t, J = 6.1 Hz, 1H), 3.16 (t, J = 6.1 Hz, 1H)."*C NMR (101 MHz,
DMSO-ds) & 164.6, 154.5, 151.7, 150.1, 105.1, 42.5, 38.5. LRMS (ESI): m/z:
227.1 [M+H]", (100%), HRMS (ESI): observed m/z: 225.0564 [M-HJ;
calculated m/z: 225.0564 [M-H]', RP-HPLC: tr 2.9, >98% (gradient).

4.8.1.25 7-(3’-Aminopropyl)-8-mercaptoguanine (11d)

A suspension of N-3- (N*-Acetylguanin-7-yl)propylphthalimide (9d) (150 mg,
0.33 mmol) in water (12 mL) and acetonitrile (8 mL) was mixed with
Na;S,03.5H,0 (400 mg, 1.60 mmol) and catalytic amount of AICl; (0.02
mmol). The reaction was refluxed for 2 days. After cooling the mixture was
concentrated to dryness under reduced pressure. The crude product, N?-
acetyl-7-(3-(1,3-dioxo-1,3-dihydro-2H-isoindol-2-yl)propyl)-8-mercaptoguanine
10d (50 mg, 0.12 mmol) was resuspended in methanol (1 mL) and hydrazine
hydrate (12 pL, 0.4 mmol, 3 eq) was added. The reaction was stirred
overnight at room temperature (20 °C) and the final compound was purified by
reverse phase chromatography (C18, 0.1% TFA in water) to provide the title
compound as a white solid (12 mg, 44%). Mp 239 — 243 °C (decomp.), 'H
NMR (400 MHz, D,0O) & 4.41 (t, J = 6.6 Hz, 2H), 3.08 (t, J = 6.6 Hz, 2H), 2.22
(t, J = 6.6 Hz, 2H). *C NMR (101 MHz, D,O) & 163.0, 154.4, 153.0, 150.1,
106.0, 42.0, 36.3, 26.5. LRMS (ESI): m/z: 241.1 [M+H]", (100%), HRMS
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(ESI): observed m/z: 241.0942 [M+H]"; calculated m/z: 241.0827 [M+H]*, RP-
HPLC: tr 3.76, >98% (gradient).

4.8.1.26 7-(2-Guanidinoethyl)-8-mercaptoguanine (12)

A mixture of 7-(2’-aminoethyl) 8-mercaptoguanine (11¢) (10.0 mg, 0.04 mmol)
and pyrazole carboxamidine (7.0 mg, 0.1 mmol) in DMF was stirred at 50 °C
for 2 days. The resulting mixture was concentrated to dryness under reduced
pressure. The crude product was resuspended in water and purified using
reverse phase chromatography (C18, 0.1% TFA in water) to provide the title
compound as a white solid (5 mg, 45%). Mp 256 — 262 °C (decomp.), '"H NMR
(400 MHz, DMSO-dg) 6 11.18 (s, 1H), 7.64 (i, J = 6.2 Hz, 1H), 6.75 (s, 2H),
4.29 (t, J = 6.4 Hz, 2H), 3.47 (t, J = 6.4 Hz, 2H). *C NMR (101 MHz, DMSO-
de) © 164.4, 156.9, 154.3, 151.5, 149.9, 104.8, 45.7, 42.8. LRMS (ESI): m/z:
269.1 [M+H]", (100%), HRMS (ESI): observed m/z: 269.0936; calculated m/z:
269.0928 [M+H]", RP-HPLC: tg 4.23, >98% (gradient).

4.8.1.27 8-(Methylamino)guanine (18)

A solution of 8-(methylamino)guanosine (50 mg, 0.2 mmol) in 1 M HCI (10
mL) was refluxed for 2 hours and cooled to room temperature. The
precipitated was collected by filtration and resuspended in water (5 mL). This
mixture was made basic by drop wise addition of 1 M NaOH whereupon the
precipitate dissolved. This solution was purified by reverse phase
chromatography (C18, 1% TFA in water) to provide the title compound as a
white solid (30 mg, quantitative). Mp 252 — 257 °C (decomp.), 'H NMR (400
MHz, D,O) & 2.66 (s, 3H). *C NMR (101 MHz, D,O) 5 164.2, 163.6, 162.5,
157.5, 116.2, 30.0.LRMS (ESI): m/z: 181.1 (M+H, 100%). HRMS (ESI):
observed m/z: 181.0837; calculated m/z: 181.0832 [M+H]".
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4.8.2 SPR

All SPR binding experiments were performed as described in chapter 2 and 3.
The only modification was the use of site-directed biotinylation using a
sulfhydryl reactive maleimide-activated biotin derivative, 1-biotinamido-4-(4'-
[maleimidoethylcyclohexane]-carboxamido)butane. The maleimide-activated
biotin was attached to exposed surface cysteine residues of SaHPPK and
subsequently immobilised on the Biocap sensor chip (GE healthcare). All
analogues were serially diluted (either 2- or 3-fold) in SPR binding buffer and
injected for 30 seconds contact time at 60 uL/min and then allowed to
dissociate for 60 seconds. Binding sensorgrams were processed using the
Scrubber software (version 2, BioLogic Software, Australia). To determine the
binding affinity (Ky), responses at equilibrium for each compound were fit to a

1:1 steady state affinity model available within Scrubber software.

4.8.3ITC

Experiments were performed using an iTC200 instrument (MicroCal) at 298 K,
with the ligands titrated into solutions of SaHPPK using 18 x 2.2 L injections.
Data were fitted using Origin software to yield the thermodynamic parameters,
AH, Ky and N (the binding stoichiometry), assuming a cell volume of 0.2 mL.
These were then used to calculate the Gibb’s free energy of binding, AG (-
RT.InK,), and entropy of binding, AS (using AG = AH - TAS). SaHPPK was

dialysed overnight into 50 mM HEPES, 1 mM TCEP, 10 mM MgCl,, pH = 8.0
buffer before running the experiment. For titrations with compounds 11a, 11c-
d and 12, SaHPPK was typically at 30 yM and the ligands were at 1-1.5 mM.

4.8.4 X-ray

Crystallisation experiments were performed as described in chapter 2. Briefly,
co-crystallisation was set-up in the JCSG+ Suite commercial crystal screens
(Qiagen) at 281 K using sitting-drop vapour-diffusion method with droplets

consisting of 150 nL protein solution and 150 nL reservoir solution and a
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reservoir volume of 50 pL. Crystals of the SaHPPK in complex with 7-
(2’hydroxyethyl)guanine (11a) were observed in conditions containing 240

mM sodium malonate and 20 % polyethylene glycol 3350.

The SaHPPK structure (3QBC) was used to solve the initial phases of the
binary complex by molecular replacement using Phaser®. Refinement was
performed using REFMAC5® and the Fourier maps (2Fo-F¢ and Fo-Fc) were
visualised in Coot”’. After several rounds of manual rebuilding, 7-
(2’hydroxyethyl)guanine (11a) and water molecules were added and the
model further refined to a resolution of 1.85 A (Riee (%) = 26.4, Ruwork (%)=
20.8).
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5. Paramagnetic NMR

5.1 Introduction

Previous work (chapters 3 and 4) established that 8-MG inhibited SaHPPK
function in vitro and binds competitively to the substrate (HMDP) site.
Structural details of binding were investigated by X-ray crystallography and
NMR spectroscopy. NMR measurements showed that the extended loop L3
conformation in the X-ray SaHPPK/8-MG binary structure was likely a poor
representation for the loop L3 conformation in the SaHPPK/8-MG/AMPCPP
ternary complex, which unfortunately failed to crystallize. Moreover, several
pieces of NMR evidence suggested that the loop L3 is probably in a "closed’
conformation, akin to that observed in the HMDP/AMPCPP/EcHPPK ternary
complex (1QON)".

If a full structure determination of SaHPPK/8-MG/AMPCPP were to be
undertaken by NMR, it would not reveal direct 'H-'H interactions as
delineated by the NOEs between 8-MG and the enzyme as there are no non-
exchangeable protons on 8-MG. While in principle observation of 'H-'H
interactions between the side chain residues in loop L3 and loop L2 would
show that loop L3 is closed over the active site, the deficit of NOEs, combined
with the difficulty in side chain assignment, (due to several broadened
resonances from loop L3), would render this approach arduous, inefficient and

inaccurate.

We hypothesised that the closed position of loop L3 is due to specific
interactions involving the sulfur atom in 8-MG. Herein, the loop position is
investigated further using a modern paramagnetic NMR approach involving
the analysis of the pseudo-contact shifts (PCSs) induced by attachment of

lanthanide metal ions caged within a lanthanide binding tag (LBT).
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5.2 Paramagnetic NMR in structural biology and the pseudo contact
shifts (PCSs)

Structural and dynamic studies of proteins and protein-ligand complexes by
NMR spectroscopy can be enhanced by the site-specific attachment of
lanthanide ions (Ln**)* 3. The paramagnetic effects produced by a rigidly
bound lanthanide ion manifest in a range of useful NMR parameters, including
pseudo-contact shifts (PCSs), paramagnetic relaxation enhancements (PREs)
and residual dipolar couplings (RDCs)* *. Among these paramagnetic effects,
PCSs are particularly useful and easy to measure as they manifest
themselves in, for example, well resolved N-HSQC spectra as altered

chemical shifts.

A PCS corresponds to the difference in the observed chemical shift of a
nucleus, A8, in the paramagnetic spectrum compared to that in the
reference diamagnetic spectrum (using La**, Y** or Lu**-loaded LBT). The
observed PCS (A87°®) (Eq. 5.1) of a spin is given by®:

AT = 12—11W3[Axax(3c0520 -1+ %Axrhsinzecos&p] ................................ (5.1)

where the coordinates of the nucleus with respect to the principal axis of the
magnetic susceptibility tensor (Ay) are defined by r (the distance from the e.g.
HN nucleus to the unpaired electron in the metal), 6 and ¢ (the polar angles
describing the metal-nucleus vector within the Ay frame, and Ayax and Ay are
the axial and rhombic components of the anisotropic magnetic susceptibility
tensor. The orientation of the Ay frame with respect to the protein frame is
defined by three Euler rotations (a, p and y) in the ZYZ convention®. The PCSs
depend on the distance between the nucleus of interest and the electron of
the paramagnetic metal ion as 173,

The Ay tensor can be conveniently represented by an isosurface that
pictorially shows the surface in 3D space associated with a given PCS value
(Figure 5.1). Depending on the paramagnetic strength of the lanthanide ion,
the nuclear spins close to the metal ion (<15 A) experience substantial
broadening due to PRE and are not observed in regular "N HSQC

experiments. Heteronuclear ZZ exchange methods can be used to probe
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nuclei within this region” 8 or the use of a weakly paramagnetic lanthanide,

e.g. Ce** with less PRE broadening.

0.2ppm

Figure 5.1: Isosurface representation of the Ay PCS

tensor showing the position of the bound
lanthanide (green) in a LBT ligated by a disulfide
bond to the A28/C28 mutant of human Ubiquitin.
Positive (red lobes) and negative (blue lobes)
PCS isosurfaces trace the surface of space
associated with PCS values with magnitudes of
0.2 and 1.5 ppm for a Aya = 32x10%?m® (a
typical value for a rigidly bound Dy** LBT). The
invisible broadened PRE zone is shown
schematically as a yellow sphere within which
amides are not detected in regular "N HSQC
spectra for Dy** LBTs.

-0.2ppm

The metal coordinate and magnitude of Ay can be determined from a known
structure and the measurement of at least 8 PCSs. Thereafter, any PCS can
be converted into spatial information. The advantage of PCS approaches to
structural problems is that a simple chemical shift can be accurately, precisely
and easily measured, and without additional assignments, compared to other
parameters (NOE intensities, or small J couplings). NOEs, the principal
parameter of NMR structure determination, are limited to interactions <5 A,
whilst PCSs can be observed over a long range (up to 50 A) for strongly
paramagnetic ions. This is due to an r° dependency (rather than r®, as for
NOEs) (Eq. 5.1). Similarly, RDCs such as 'Dyn report the H-N vector
orientation with respect to the alignment tensor, and while they are not limited
by distance, they lose the useful distance information as the H-N distance is

fixed.

A deciding factor (and often the bottleneck for practical PCS analysis) is that

the LBT has to be held relatively rigid with respect to the protein surface,
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otherwise movement of the tag will move the negative and positive PCS lobes
of the isosurface over the nucleus leading to a diminished observable PCS for

that nucleus.

The lanthanide series of metals are uniquely suited for PCS measurements,
having a range of inherent paramagnetic strengths and associated Ay values.
For example, dysprosium (Dy**) will induce large PCSs (large Ay) and cerium
(Ce*) very small PCSs (small Ay). This is useful for assignments of the
paramagnetic spectra. As long as the metal is held in the same geometry and
the tag in the same average position relative to the protein, then the PCS for
any given nucleus for different lanthanides will all lie on a straight line in the
2D NMR spectra®. Therefore, this provides a route to facilitate the assignment
of the paramagnetic spectra, which otherwise is generally very difficult with a

single metal.

5.3 Most proteins do not bind lanthanides natively — the need for LBTs

While some proteins can bind lanthanide metals (e.g. some
metalloproteins)'®, these are few and far between. In order to take advantage
of the induced paramagnetic effects of a bound lanthanide ion, the metal ion
has to be coordinated to a chemical pendant or LBT and covalently attached
to the protein (most often via a disulfide bond to a solvent exposed free
cysteine residue). Depending on the chemical structure and the number of
coordinating sites (up to 9 for a lanthanide) metal binding can be relatively
weak (3-4 coordination, Ky ~low uM, giving rise to labile ions in solution), or

extremely tight (8-9 coordination, Ky ~pM).

Recently, two new LBTs have been designed and developed in house based
on iminodiacetic acid (IDA)® and nitrilotriacetic acid (NTA)". These produced
extraordinarily large PCSs in "’N-HSQC spectra of ubiquitin, but were
unsuitable for use with SaHPPK owing to the large excess of metal (Mg**)
required for ATP or AMPCPP binding, which competed with the relatively

labile lanthanide ions. Therefore, a new cyclen-based LBT, C1 (Figure 5.2),
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which fully encapsulates a lanthanide ion, protecting it from exchange with the
large excess of Mg®*, was developed in collaboration with Dr. Bim Graham,
Prof. G. Otting at ANU and Prof. G. Pintacuda at CERN®. By virtue of three
chiral arms and large phenyl groups within its structure, the tag assumes one
conformation, so that only a single set of signals is observed in the NMR
spectra, corresponding to a single LBT-protein diastereomer. This tag is
activated with a thiopyridine leaving group, and owing to the extremely tight
binding of lanthanides, was specifically designed for structural investigations
of kinases in the presence of a large excess of magnesium ions. It has been
tested with three proteins so far, namely, Ubiquitin A28C, ArgN® and DEN
NS2B-NS3pro'2. With a range of LBTs being developed to date, PCS methods
are beginning to emerge as a powerful structural technique to rapidly

10, 14

determine protein-ligand13 and protein-protein interactions, and to refine

protein structures'®.

5.4 Using the PCS data to determine the Ay tensor for structure analysis

At least three different Cyclen-Ln®*" LBTs to the same cysteine and >N HSQC
spectra are recorded for each of two paramagnetic Cyclen-Ln** tagged protein
samples and the shifts compared with those in the Cyclen-Y** tagged protein
spectrum as a suitable diamagnetic reference tag. PCSs are measured in the
higher resolution 'HN dimension rather than in the N dimension by
subtracting the chemical shift () of the diamagnetic amide from that of the
paramagnetic amide. Several PCS are then fitted to the structure of the
protein (e.g. from X-ray or NMR) to derive the magnitude and orientation
(Euler angles a, B an y) of the Ay tensor and the metal coordinate within the

software program Numbat®.

For example, using these data, a measured PCS from several amides in a
loop, not used to derive the Ay tensor can be compared to those calculated

for any proposed loop model to validate the structure of that loop.
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5.5 Suitability of SaHPPK for labeling with a LBT

Addition of DTNB ("Ellman's reagent") to SaHPPK produced a bright yellow
colour, indicating the presence of at least one free thiol suitable for ligation. A
>N HSQC spectrum (Figure 5.3) showed localised CSPs consistent with only
one reactive cysteine (Cys80), thereby indicating that it was likely that only
one LBT would ligate to SaHPPK. This finding is consistent with the X-ray
structure, which indicates that out of the four cysteines (Cys58, 73, 73, 80),

only Cys80 is solvent exposed.

HN o
[ \_\ H S_ _N
\/\S’ X
ST |
_ L-_N' ‘N/J £~
\
\_\J

Figure 5.2: The cyclen-based octadentate C1 LBT used in the present study.
The tag features three methylbenzylacetamide pendants with S
stereochemistry and one acetamide pendant with a pyridine dithiol group to
facilitate coupling to an exposed cysteine residue. It is likely that a water
molecule also coordinates the bound lanthanide ion.
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5.6 Tagging of SaHPPK with the C1 LBT.

A uniformly ®N-labelled sample of SaHPPK was expressed and purified as
described in chapter 2. The SaHPPK was reduced by the addition of 10 mM
DTT for 15 minutes, with excess DTT subsequently removed using a PD 10
column (GE Healthcare) equilibrated with freshly degassed NMR buffer (50
mM HEPES, pH 8.0). A 5-fold excess of the C1 tag (Figure 5.3)° was added
to a ~80 uM sample of °N labelled SaHPPK and mixed for ~15 minutes at
room temperature with a pipette. A small amount of protein precipitate
produced during the course of mixing was removed by centrifugation. Excess
tag was then removed by passage through a PD 10 column and the sample
concentrated using a Millipore ultrafiltration device to a final concentration of
80 pM. The tagging reaction yielded 80-90% C1-tagged SaHPPK as judged
by NMR. All spectra were recorded on the C1-tagged SaHPPK/8-
MG/AMPCPP ternary complex.
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Figure 5.3: °N sofast HSQC spectra of ~80 uM apo SaHPPK (red) and

SaHPPK after reaction with 300 uM DTNB for 3 h (blue). The structure of
SaHPPK is shown on the right, with the four cysteines indicated. Some

tentative assignments are shown for the SaHPPK/DTNB spectrum (blue).
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5.7 Assignment of the PCS data and calculation of the Ay tensor

The assignment of the Tm®*- and Dy**-loaded C1 LBT Cys80-ligated
SaHPPK/8-MG/AMPCPP "N HSQC spectra was facilitated by an overlay of
the spectra with that of the Y>*-loaded form (serving as a diamagnetic
reference) (Figure 5.4). The assignments of the three well resolved amides
(Gly90, Gly7 and Gly9) illustrate that the PCSs in the Dy** spectrum are
approximately 1.5 times that in the Tm®*" spectrum. Several PCSs from well
resolved amides were used to calculate the approximate magnitude and
orientation of the Ay tensor from the Dy**-loaded C1 LBT bound to the Cys80
of SaHPPK (pdb 3QBC). An iterative procedure was used to manually include
more and more PCS values into the calculation until all PCS data from the
assigned amides were included in the least-squares optimisation of the Ay
tensor using Numbat®. The same procedure was used for the SaHPPK/8-
MG/AMPCPP N HSQC spectrum from the Tm**-loaded LBT. Finally, all 8
parameters (the metal x, y, and z coordinate, the magnitude of the axial and
rhombic components of each Ay tensor for Tm** and Dy**, and the three Euler
angles, o, B and y) were simultaneously optimised with respect to both the
Dy** and Tm** PCS data. The PCS values from the several observed amide
resonances in loop L3 were not included in the calculation. The final
magnitude, orientation and optimised metal positions are shown in Table 5.1.
Excellent convergence of the metal position and the orientation of the two Ay
tensors (as judged by very similar Euler angles) was observed for the Dy>*-
and Tm**-loaded C1 LBTs.
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Table 5.1: Tensor parameters (in UTR convention) for the paramagnetic C1
LBTs bound to Cys80 in SaHPPK.

Dy** Tm*
Axax (x102m®) [22.5+0.8 -148+0.4
Ayrn (x10%m?%) [ 9.5£0.3 8105
o (°) 115.3 116.7
B(°) 116.7 117.8
v () 27.9 33.2
Metal coord (A) | 17.0+0.1,2.4+0.1,-10.0 £ 0.2

Tm
Dy3*

r110

BN/ppm

r120

r130

Figure 5.4: Superposition of >N HSQC spectra of ~80 uM lanthanide ion-
loaded, C1-tagged °N SaHPPK in the presence of 10 mM MgCly, 1 mM
AMPCPP and 500 uyM 8-MG dissolved in 50 mM HEPES pH 8.0 10% D,O
90% H-0.
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5.8 An excellent fit between the measured and calculated PCS data

Using the X-ray structure of SaHPPK/8-MG (pdb 3QBC), a striking agreement
is observed between the measured and calculated PCS values for the Dy**
and Tm*" C1-tagged SaHPPK. This shows that the SaHPPK/8-MG binary X-
ray structure is a very good representation of the SaHPPK/8-MG/AMPCPP
ternary structure for all amides used in the calculation of SaHPPK (except
those in loop L3, not included in the calculation). It is notable that PCSs from
amides within the substrate loop L2 show an excellent fit, and therefore the
position of L2 has not changed in the SaHPPK/8-MG/AMPCPP ternary
structure compared to that observed in the X-ray structure. The L3 loop
position can be scrutinised by examination of the three PCS from Gly90 HN,
Trp89 He1 and Val83 HN. For the solvent exposed conformation of the X-ray
structure, the correlation between observed and calculated PCSs for these
resonances is very poor for both Dy**- and Tm**-loaded C1-tagged SaHPPK
(magenta in Figure 5.5). When the L3 loop position was modeled on that
observed in the 'closed’ EcCHPPK/HMDP/AMPCPP ternary structure (1QON),
the correlation coefficient of the PCSs for these amides (blue in Figure 5.5)
was very good, providing strong evidence that the L3 loop is clamped down

over the active site.
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Figure 5.5: Correlation between measured and calculated PCS for SaHPPK
ligated to Tm** C1 (green) and Dy** C1 (red). Five PCS from Gly90 HN, Trp89
He1 and Val83 HN are correlated for the closed loop (blue, PDB 1QO0N) and
the open loop (magenta, PDB 3QBC) conformations. Both loops are shown
and the isosurface for the Dy>* C1 tagged SaHPPK contoured at 2.9 ppm
(inner lobes) and 0.7 (outer lobes), where the red is negative and blue positive
surfaces of PCS 3D space. The position of the lanthanide ion is shown by a
small cross. The sidechain of Trp89 is also shown.
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5.9 Conclusions

Initial PCS data shows that the L3 loop conformation in the
SaHPPK/8BMG/AMPCPP ternary structure is very similar to the closed
conformation found in the EcHPPKHMDP/AMPCPP complex (1QON)".
Further data has been acquired and analysed for the other enantiomer of the
C1 tag, including the Tb* bound metal (by Dr James Swarbrick) and from the
measurement of a total of 512 PCS data points is in agreement with these
initial findings. When the closed loop conformation of
EcHPPK/HMDP/AMPCPP is modeled, the sulfur atom of 8-MG lies in close
proximity to the carbonyl oxygen atoms of Gly90 and Trp89 (3.7 and 3.0 A,
respectively). If protonated, the SH--OC (Gly90) distance would be 2.3 A and
the geometry suitable for hydrogen bonding. The PCS model is therefore in
part suggestive that the role of sulfur may be to facilitate a hydrogen bond
interaction between the SH to the carbonyl of Gly90 (Figure 5.6). While the
distance to the Trp89 carbonyl is shorter, the geometry is not suitable for
hydrogen bond formation, as the sulfur lies underneath and behind the
carbonyl oxygen of Trp89. This geometry may instead support a SeeeC(7)
interaction to the C of the carbonyl, as reported in metal thiolate complexes'®.
It may also indicate the presence of a hyperconjugative cC(2)-SeeenCO
interaction'®. Tentative evidence for these interactions is provided by the fact
that the shift for the "N of Gly90 is unusually large (~7 ppm) in the
SaHPPK/8-MG/AMPCPP complex compared to that in the SaHPPK/AMPCPP

complex.

In the future, tagging of the SaHPPK protein with both the C2 and C1 LBTs
could be used to help locate the position and determine the bound structure of
fragments from our screening program that are otherwise difficult to determine
from standard chemical shift mapping (chapter 2), in a manner similar to that

recently demonstrate by Saio et al'’.
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Figure 5.6: PCS verified model of SaHPPK/8-MG/AMPCPP showing the
closed L3 loop conformation (blue) of EcCHPPK/AMDP/AMPCPP (grey, pdb
1QO0N) and the bound AMPCPP (green) and two magnesium ions (magenta).
A hydrogen bond may exist between a SH of 8-MG and the carbonyl of Gly90
as shown.
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6. Summary and Future Directions

In the present study we have thoroughly characterised for the first time the SaHPPK
enzyme and its interaction with a range of ligands. Our goal in part was to address the
deficit in inhibitor studies of HPPK. With the discovery of novel small molecule binders
using a combination of both ROCS in silico and fragment screening approaches we
have clearly met our main goal. We have further contributed to the growing structural
data on the HPPK family of enzymes in general by solving the first high resolution X-ray
crystal structures of SaHPPK and in complex with the novel substrate site inhibitor, 8-
mercaptoguanine and an analogue. A range of biophysical methods such as TSA,
NMR, SPR and ITC were used to characterise the structure and dynamics of ligand

binding and to validate and rank the hits from our screening initiatives.

During our investigations, we were confronted with some substantial challenges to
surmount, ranging from simple sample stability and longevity to a failure to crystallise
the apo enzyme. In order to further our structural studies to crystallise the enzyme we
had to find a non-hydrolysable pterin-site inhibitor (8-MG) that was non-competitive to
the cofactor. While we solved the crystal structure of the SaHPPK/8-MG binary complex
we were unable to obtain crystals for the SaHPPK/AMPCPP/8-MG ternary complex and
moreover, the active site loop L3 was found curiously to be in an ‘open’ conformation in
the crystal form. Therefore, to investigate the active site loop conformations, and in part
to validate the crystal structure, we used NMR spectroscopy to study the ternary
complex in solution. A detailed study of protein backbone dynamics was undertaken
using "N heteronuclear NMR in different ligand bound complexes. We also took
advantage of recent applications of modern techniques such as residual dipolar
couplings (chapter 3) and novel paramagnetic NMR (chapter 5) to scrutinise the
conformation of active site loops upon ligand binding events. The combination of
chemical shift, N heteronuclear NOE, RDC and paramagnetic PCS NMR experiments
revealed that closed loops L3 and L2, and the rigidification of part of loop L3 and most
of the loop L2 is involved in the mechanism of SaHPPK inhibition by 8-
mercaptoguanine. Furthermore, the synthesis of several analogues of 8-

mercaptoguanine helped us to elucidate structure-activity-relationships around the 8-
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MG scaffold. The analogues and the SAR revealed key 'hot spots' critical for binding
and a route out from the highly specific pterin-site as the only way to improve the
potency of future compounds, vital for lead expansion. Of the identified fragment hits
some appeared to bind at the substrate and ATP active sites by simple chemical shift
titrations. Most had good ligand efficiency and thus offer options for evolution to more
potent compounds with more classic Lipinski like properties. A future area would be to
use our new PCS NMR methods to find the binding site and bound conformation of

these weak binding fragments.

In summary, this detailed structural and biophysical study has opened-up a range of
possibilities for the rational design and detailed characterisation of new inhibitors of the
SaHPPK enzyme based on the 8-MG scaffold and from new fragment hits. Ongoing
efforts to develop more effective multi-drug therapies to combat both TMP-SMZ
sensitive and many other resistant strains of S. aureus could benefit from the current
structural and SAR study of SaHPPK.

130



Appendix 1 — ROCS Library

7. Appendix 1 — ROCS Library



Appendix 1 — ROCS Library

No. Compound Chemical Name Structure
Code
0]
AB- . N
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