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ABSTRACT: Pseudomonas aeruginosa is an opportunistic
human pathogen recognized as a critical threat by the World
Health Organization because of the dwindling number of
effective therapies available to treat infections. Over the past
decade, it has become apparent that the glyoxylate shunt plays
a vital role in sustaining P. aeruginosa during infection
scenarios. The glyoxylate shunt comprises two enzymes:
isocitrate lyase and malate synthase isoform G. Inactivation of
these enzymes has been reported to abolish the ability of P.
aeruginosa to establish infection in a mammalian model system, yet we still lack the structural information to support drug design
efforts. In this work, we describe the first X-ray crystal structure of P. aeruginosa malate synthase G in the apo form at 1.62 A
resolution. The enzyme is a monomer composed of four domains and is highly conserved with homologues found in other
clinically relevant microorganisms. It is also dependent on Mg’ for catalysis. Metal ion binding led to a change in the intrinsic
fluorescence of the protein, allowing us to quantitate its affinity for Mg>*. We also identified putative drug binding sites in malate
synthase G using computational analysis and, because of the high resolution of the experimental data, were further able to
characterize its hydration properties. Our data reveal two promising binding pockets in malate synthase G that may be exploited
for drug design.

D 1 alate synthase isoform G (MS) is the second enzyme of of hospital infections.” * These infections escalate the need for

the glyoxylate shunt, which is an anaplerotic pathway surgical intervention, increase the overall length and costs of

that diverts carbon skeletons away from the catabolic reactions hospitalization, and can carry an average mortality rate of 60%.”
of the tricarboxylic acid cycle by providing a route from PA is also associated with certain types of chronic infection,
isocitrate directly to gluconeogenic precursors.” The glyoxylate most notably in the airways of patients with cystic fibrosis.'’
shunt is present in a wide range of prokaryotic and lower These infections are often especially difficult to resolve because
eukaryotic organisms"” and allows the synthesis of cell of the high acquired and intrinsic antibiotic resistance of PA.
constituents from metabolic inputs containing (or metabolized Certainly, the lack of new anti-Pseudomonal drugs available to
to) a C, backbone, such as fatty acids, acetate, or ethanol. the clinical community recently led the World Health
Instead of undergoing oxidative decarboxylation to yield a- Organization to classify PA as a “Priority 1: Critical” pathogen
ketoglutarate, first isocitrate is cleaved to yield glyoxylate and for the development of new antibiotics.''
succinate in a reversible reaction catalyzed by isocitrate lyase Expression levels of the glyoxylate shunt enzymes are
(ICL). Thereafter, MS catalyzes the second reaction in the upregulated in chronic PA infections of cystic fibrosis
glyoxylate shunt, which is the irreversible condensation of patients.'”'* Additionally, ICL and MS appear to be vital for
glyoxylate and acetyl-coenzyme A (AcCoA) to yield coenzyme fitness of PA in mammalian infection models. An ICL deletion
A (CoA) and malate. mutant displayed an increased rate of clearance from the lung

The shunt enzymes have been implicated in virulence, and a reduced level of tissue damage in a rat pulmonary
persistence, and antibiotic resistance in several medically infection model.”'* Likewise, a PA double mutant (AICL
relevant organisms,”> including the opportunistic pathogen
Pseudomonas aeruginosa (PA). PA is a Gram-negative bacillus Received: August 30, 2017
that has been reported to occupy a variety of ecological niches.’ Revised:  September 25, 2017
It is also a notorious nosocomial pathogen, accounting for 15% Published: October 6, 2017
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AMS) was found to be completely avirulent in a mouse
pulmonary infection model."> Thus, both ICL and MS are
attractive targets for drug discovery because they are essential
during infection situations. Crucially, no orthologs of the shunt
enzymes exist in humans.* Examination of the crystal structures
of shunt enzymes from Mycobacterium tuberculosis (Mtb)
suggested that MS would provide a more druggable target
than ICL would because of its deeper, more hydrophobic active
site, which has to accommodate the pantothenate tail of
AcCoA.'”"” Moreover, drugs that target the shunt enzymes
have potential as broad spectrum antibiotics given their
conservation across many pathogenic species.18

In this work, we present the 1.62 A resolution structure of
malate synthase G from P. aeruginosa. We then use this
structural data to identify and describe the most suitable
binding pockets for drug development in this critical priority
pathogen. Furthermore, we use molecular dynamic simulation
to yield the free energy of bound water molecules, mapping the
likely physiological hydration network of the protein.

B EXPERIMENTAL PROCEDURES

Cloning, Overexpression, and Purification. MS (GIcB,
PA0482) from P. aeruginosa strain PAO1 was overexpressed
with a Precission protease-cleavable, N-terminal GST tag. A2 L
culture of Escherichia coli strain BL21 containing plasmid
[pGEX-6P-1 (gch)]lg was grown with good aeration at 37 °C
in 2XTY medium to an ODgy, of 0.6. The temperature was
then decreased to 16 °C; IPTG was added to a final
concentration of 0.1 mM to induce expression of the cloned
glcB ORF, and protein expression was continued for a further
16 h. The cells were harvested by centrifugation (3430g for 30
min at 4 °C), and the cell pellets were resuspended in 30 mL of
ice-cold lysis buffer (phosphate-buffered saline supplemented
with 1 mM DTT and an EDTA-free protease inhibitor cocktail
tablet). The cells were lysed to completion by sonication on ice.
Cell debris was removed by centrifugation (15000g for 30 min
at 4 °C), and the supernatant was filtered through a 0.4S ym
membrane filter. Subsequent purification was performed using
an AKTA FPLC system. The filtered sample was loaded
immediately onto a 5 mL glutathione sepharose column
(GSTrapFF) equilibrated with buffer A [150 mM NacCl, S0
mM Tris-HCl, 1 mM EDTA, and 0.1 mM TCEP (pH 7.5)].
The column was washed with buffer A, and the bound protein
was eluted with buffer A supplemented with reduced
glutathione (10 mM). Meanwhile, S mL of slurried glutathione
Sepharose 4B resin (GE Healthcare) was equilibrated with
buffer A in a 50 mL polypropylene tube. The GST-tagged MS
fusion protein was added to the glutathione sepharose beads
along with SO units of PreScission Protease (GE Healthcare).
The mixture was then incubated for 48 h at 4 °C while being
gently mixed to allow cleavage of the fusion protein from the
immobilized GST tag. The supernatant was loaded directly
onto a 16-600 Superdex 200 preparatory grade column (GE
Healthcare) equilibrated with buffer A. The flow rate was 0.8
mL min~!, and the eluate was collected in 2 mL fractions.
Fractions containing purified MS were pooled, concentrated,
frozen in liquid nitrogen, and stored at —80 °C. The protein
concentration was determined by spectrophotometry using the
calculated molar extinction coefficient for PA MS (e, = 75985
Mt em™).

Preparation of Mg?*-Depleted MS. After batch purifica-
tion, 50 mM EDTA was added to a portion of purified MS to
remove bound metals for fluorescence studies. MS was then
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dialyzed extensively at 4 °C in S0 mM Tris-HCl (pH 7.5)
containing 100 mM NaCl and 10 mM EDTA. The EDTA was
then removed by dialysis at 4 °C against 3 X 1 L of 50 mM
Tris-HCI (pH 7.5) containing 100 mM NaCl. The final protein
concentration was adjusted to 175 uM after dialysis.

Kinetic Measurements of MS. The enzymatic activity of
MS was measured using a modified coupled assay in which the
amount of free thiol (present in the reaction product, CoA) was
titrated using 5,5'-dithio(2-nitrobenzoic acid) (DTNB)."
Briefly, reaction mixtures contained buffer [SO mM dipotassium
phosphate and 15 mM MgCl, (pH 7.5)] supplemented with
AcCoA and glyoxylate (as indicated) and 0.2 mM DTNB. The
mixture was equilibrated at 37 °C for 1 min before the reaction
was initiated by addition of MS (final concentration of 25 nM).
The initial linear change in absorbance (AAbs) was recorded at
412 nm using a Biospectrometer (Eppendorf). Rates were
calculated using the molar extinction coefficient of DTNB
(14150 M~ em™). Kinetic parameters were calculated from
best-fit nonlinear regression using GraphPad Prism version 6.

Crystallization of MS. Crystallization conditions were
screened using sitting drop vapor diffusion with >11 mg/mL
purified protein. The best crystals were obtained with a 1:1
mixture of protein and reservoir solution [0—25 mM
ammonium sulfate, 13—17% (v/v) glycerol, and 20—27% (w/
v) PEG 4000] at 19 °C. Crystals were grown for 2—6 days,
treated with a cryoprotectant [24% (v/v) ethylene glycol and
76% (v/v) mother liquor], mounted in nylon loops, and flash-
frozen in liquid nitrogen prior to data collection.

X-ray Diffraction, Structure Determination, and
Refinement. Diffraction data were collected remotely on
beamline MX-103 at the Diamond Light Source Synchrotron
(DLS, Didcot, UK.). Diffraction data were processed using
Xia3 DIALS, and the structure was determined by molecular
replacement using Phaser.”” We used the apo MS structure
from Mtb (PDB entry INS8I) as a model. Automated
refinement was performed using PHENIX.refine.”’ Manual
modeling and refinement were performed in COOT.”” Data
collection and refinement statistics are listed in Table 1.

Fluorimetry. Fluorescence spectra were recorded on a
PerkinElmer LSSS luminescence spectrometer using an optical
cuvette with a 1 cm path length. Mg**-depleted MS was added
to a buffer composed of SO mM Tris-HCl (pH 7.5) and 100
mM NaCl, giving a final MS concentration of 0.88 yM. MgCl,,
glyoxylate, and AcCoA were added to give the final indicated
concentrations. The mixtures were equilibrated at 25 °C for 2
min prior to measurement. An excitation wavelength of 295 nm
was used for measurement of intrinsic tryptophan fluorescence,
and the emission spectra were recorded between 300 and 400
nm. The excitation and emission slit widths were 2.5 nm. The
data presented are the mean of three independent repeats.

Computational Analysis of MS. The Schrodinger suite
(Schrodinger, LLC, New York, NY) was used for all
computations. Protein Preparation Wizard with default
parameters was used to prepare the MS structure for
downstream in silico analyses.”” SiteMap was used to predict
putative binding pockets. This algorithm predicts binding
pockets in proteins on the basis of the geometry, size, volume,
and nature (hydrophilicity/hydrophobicity) of amino acid
residues.”® SiteMap predicts druggable pockets and ranks
them using two parameters: the SiteScore and the druggability
or “Dscore”. SiteScore reveals highly promising binding sites in
the protein that can potentially be targeted with drugs, and
Dscore indicates the druggability of the predicted site. SiteMap
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Table 1. Summary of Data Collection and Refinement
Statistics for P. aeruginosa Malate Synthase G

Data Collection”

X-ray source DLS MX-103
wavelength (A) 0.97625
resolution range (A) 71.17—-1.62

556009 (9988)
96326 (3151)

total no. of reflections

no. of unique reflections

multiplicity 5.8 (32)
completeness (%) 94.5 (69.9)
mean I/o(I) 11.75 (1.47)

Rym 0.066 (0.912)
Rineas 0.079 (1.080)
CCun 1(03)
space group P2,2,2,
unit cell
a (A) 71.17
b (A) 812
¢ (A) 137.57
a=p=y (deg) 90
no. of molecules per asymmetric unit 1
Refinement
Ryortc (%) 16.7
Ry (%) 196
no. of atoms
protein 6350
glycerol 4
1,2-ethanediol 15
ions 2
water 691
root-mean-square deviation
bond lengths (A) 0.0008
bond angles (deg) 0.897
Wilson B factor (A%) 19.6
average B factor (A?)
overall 27.30
protein 25.49
glycerol 56.28
1,2-ethanediol 60.92
ions 54.90
water 38.76
Ramachandran analysis (%)
favored 98
allowed 19
outliers 0.1
rotamer outliers 0.3
MolProbity Clashscore S
PDB entry SOAS

“Values for the highest-resolution shell are given in parentheses.

was run using a fine grid option with a more restrictive
definition of hydrophobicity to exclude solvent-exposed regions
during binding site prediction.

The solvation network plays an important role in
determining protein—ligand binding affinity and may be useful
when designing or conducting virtual screening of potential
inhibitors. Probable hydration sites and associated thermody-
namic }Z)roperties were predicted using the WaterMap
module.”> WaterMap predicts hydration sites and their
properties in user-defined regions on the basis of molecular
dynamics. WaterMap was run using default parameters to
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understand the druggability of MS through its solvation
network.

B RESULTS AND DISCUSSION

Kinetic Analysis. Purified PA MS exhibited Michaelis—
Menten kinetics for glyoxylate and AcCoA substrates (Figure
1). The relevant steady state kinetic parameters are listed in

2.0
‘n
s 15
2
2 1.0-
>
t
< 0.5
0.0 r T T T
0 100 200 300 400
[glyoxylate], (uM)
1.5{B)
— 3
= ]
v
Z
>
5 o051
0.0 . . T T
0 100 200 300 400
[AcCoA], (uM)

Figure 1. Michaelis—Menten kinetics of P. aeruginosa malate synthase
G. Enzyme activity was measured by fixing the concentration of one
substrate [either AcCoA (A) or glyoxylate (B)] at 0.2 mM and varying
the concentration of the second substrate as indicated. Each assay was
performed in triplicate. Error bars correspond to =+1 standard
deviation.

Table 2. Comparison of Kinetic Parameters of MS from
Other Microorganisms

K, K accon Vinax
organism (,ul\% (uM) (umol mg™" s7") ref
P. aeruginosa 34 47 1200 this work
P. aeruginosa 70 12 990 19
M. tuberculosis 30 10 23 (ke 28
M. tuberculosis 57 30 360 26
E. coli 21 9 2160 27
C. glutamicum 30 12 - 29

Table 2. Kinetic analysis of purified PA MS has been performed
in just one study, which reported a lower substrate affinity for
glyoxylate and a higher substrate affinity for AcCoA."” Results
from kinetic analyses of other MSs from Mtb, E. coli and
Corynebacterium glutamicum were comparable (Table 2).%°7%*
Additionally, Roucourt et al."” have determined that the PA MS
enzymatic reaction proceeds through a sequential mechanism,
as opposed to a substituted mechanism.

Amino Acid Sequence Alignment. We aligned MS
amino acid sequences sourced from the Uniprot database (P.
aeruginosa, Q91636; E. coli, P37330; M. tuberculosis, POWK17;
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Pseudomonas_aeruginosa/1-725 1MTERVQVGGEQVAKVLFD NNJEA | GVSADT TGAEAVIN AR KINKA A K EL K1 BG QA RA 72
Escherichia_coli/1-723 1MSQTITQSRERIDANFKR DEEVL GLDAAA RNFDEIVH AP ENRQ A E RI A LD E RSNP 72
Mycobacterium_tuberculosis_/1-741 1MTDRVSVGNERIARVLYD NNJEA L DIDPDS AGVDKVVA TIPQNQA NA EL QlPK RRRV 72
Mycobacterium_leprae/1-731 1MTDRVSAGNERVARVLYD AL DINPNS SGVAKVVA TIRQNQSs NS EL QlBK RHRV 72
Pseudomonas_aeruginosa/1-725 73 GQAHBAV KA EE I EAEDFQAGEQNV A RM VM F S 144
Escherichia_coli/1-723 73 GPVKBKA KS REL QPERVTVEWTG | TSQ AM Y A 144
Mycobacterium_tuberculosis_/1-741 73 | E P | BMD RQ| TEI EPDDFTITRSGV TTT VL F A 144
Mycobacterium_leprae/1-731 73 | EPFBVD RQ] IDI EPDDFTISIHSGV T™MT VL F A 144
Pseudomonas_aeruginosa/1-725 145 TBIVINS EEGGAEKGKGMN KV D K EAA ESGSHVDATSYSVKNGAEVVALKNGS ElfGIEKNAG 216
Escherichia_coli/1-723 145 SPIIINPQEGAMV SG - -MDPQ) EQ ESL ENGSYQDVVAFKVVDKQERIQLKNGKEWTIERTPA 214
Mycobacterium_tuberculosis_/1-741 145 TBIVIBEPETDGAEKGP TN KV DK DSV SSGSFGDATGFTVQDGQEVVALPDKS -IGEAN PG 215
Mycobacterium_leprae/1-731 145 TDITMMPETEGAEKGS EMNK | D K QAV A SD TNATGVS I FDGQEQIAIGTNS -[RGIEAS PE 215
Pseudomonas_aeruginosa/1-725 217 QFLAFQGDAAKP-QAV KHN I Q| PSSPVGQTBAAGVK L MIE A MB| C A D VV 287
Escherichia_coli/1-723 215 QFlVGYRGDAAAP-TCI KNN LQ| ANGRIGKDBIPAH I N I VIEA LPcC A E 1L 285
Mycobacterium_tuberculosis_/1-741 216 QI AGY TGAAESP - TSV I'NH L PESQVGTTBRAGVK I'LIES MBI F A A V L 286
Mycobacterium_leprae/1-731 216 KIEIVGYNRQLRSSNWSV ANH VL PESPIGKTRBPVGI K I LIES MB! F T D V R 287
Pseudomonas_aeruginosa/1-725 288 DEAEEVSKGGSTFTRTMNP \J RADGISELT Vi NDAMLD KDGN - - 357
Escherichia_coli/1-723 286 THQEKMEKNGRQ I VIRKLND H AADGISE IS [ I PV DS EGIN - - 355
Mycobacterium_tuberculosis_/1-741 287 DIEAAAVDIKDGTAF LRV L NR N APGGGQFT \2 NDAVDTDGS - - 356
Mycobacterium_leprae/1-731 288 DIETEEVNKDGKTF TRV LNA S TPDGIGELT V2 SDAILVDGGDGQ 359
Pseudomonas_aeruginosa/1-725 358 - -[EVP GLFIESLIAIHDEING---NTSRK TNE \ L PRNT 424
Escherichia_coli/1-723 356 - -|[EI P GVMIEGA IALYDEKVQ- - - - - - AN K | MA PN 419
Mycobacterium_tuberculosis_/1-741 357 - - [E|V F ALFIEGLIAIHGIEKASDVNGPL I TCE \J L PQN[H 426
Mycobacterium_leprae/1-731 360 E K|EIV F GLAAIHGEEIKTGEANGPLT TCE \2 L PQGE 431
Pseudomonas_aeruginosa/1-725 425 KA TS SEK 496
Escherichia_coli/1-723 420 AQ SV STP 491
Mycobacterium_tuberculosis_/1-741 427 KA TS saQrp 498
Mycobacterium_leprae/1-731 432 TS NST 503

KD
RN
AD
AD

L KA

Pseudomonas_aeruginosa/1-725 K | A AML EQ

Escherichia_coli/1-723 K | A DMY s Q

Mycobacterium_tuberculosis_/1-741 R T DMVET

Mycobacterium_leprae/1-731 K 1 A DMV E Q|

Pseudomonas_aeruginosa/1-725 569 TP - - - - - ASVDDI LAPNTNWTAE KNEV NAQG I D \4 NDMG C 635
Escherichia_coli/1-723 564 EFNAEFEPLLDDL VAENANWSAQ QQJE| L NVRG V E I HNMA D 635
Mycobacterium_tuberculosis_/1-741 571 RR - - - - - ATIEQL LAIKELAWAPD REEV NC@s VD \J HDMA D 637
Mycobacterium_leprae/1-731 576 RR- - - - - ATvDQL LAIKKLAWAPE REEV pc@as VD I HNMA C 642
Pseudomonas_aeruginosa/1-725 636 LL VISQEQMVE KR 'A% R SPpPs P DDNV Q) LEEVVEGTR 707
Escherichia_coli/1-723 636 HI I LTKEQMQA EN KV Q GDPA G ANSC K SDIEI FLGV K 707
Mycobacterium_tuberculosis_/1-741 638 LL VITSADMRA ER PL R GDVA P DDsS | L QELI LSGAQ 709
Mycobacterium_leprae/1-731 643 LL VITSEDMRA ER PL Q| EBPA P DDS | L QEEI LSEGAQ 714
Pseudomonas_aeruginosa/1-725 708 \Z RRIRREFKAKNGL 725
Escherichia_coli/1-723 708 L A LREKIESH - - - - - -« n 723
Mycobacterium_tuberculosis_/1-741 710 I RRIRREFIKARAAEKPAPSDRAGDDAAR 741
Mycobacterium_leprae/1-731 715 | RRIRREFKAQNR - - - - - - - - - - - - - - - 731

Figure 2. Amino acid sequence alignment of P. aeruginosa malate synthase G with homologues whose structures have been determined by X-ray
crystallography: E. coli, P37330, PDB entry 1P7T; M. tuberculosis, POWK17, PDB entry IN8I; M. leprae, 032913, PDB entry 4EX4. Amino acids are
colored by sequence identity, where regions of 100% sequence identity are highlighted in purple. Amino acids known to be involved in catalysis in E.
coli and M. tuberculosis are highlighted in orange; these are conserved among all four organisms shown.

Mycobacterium leprae, 032913) with Clustal Omega®>’" and

displayed the alignment with Jalview> (Figure 2). There is 60%
sequence identity between PA and E. coli MS and 70%
sequence identity between PA and Mtb MS. The amino acid
residues that are identical among all four species are highlighted
in purple, and the residues known to be involved in catalysis in
Mtb and E. coli are highlighted in orange.”*™>** We also
compared amino acid identity within a larger group of
pathogenic organisms that encode MS, signifying the evolu-
tionary relationship of MS in other medically relevant
organisms (Figures SI and S2).

Tertiary Structure of MS. We crystallized PA MS and
determined the three-dimensional structure by molecular
replacement using Mtb MS (PDB entry 1N8I) as a template.
PA MS crystallized with one molecule in the asymmetric unit.
Consistent with this, MS also behaved as a monomer in
solution (Figure S3). The model (Figure 3) was optimized with
an R, of 16.7% and an R, of 19.6%. The Ramachandran
distribution of all amino acid residue dihedral angles in the
protein structure indicates that 98% of the amino acids are in
favored or allowed regions (Figure S4). The structure of MS in
the apo, substrate-bound, or product-bound form from three
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Figure 3. Cartoon representation of malate synthase G from P.
aeruginosa (PDB entry SOAS). The TIM barrel, a-helical, and f-sheet-
rich domains are colored blue, green, and red, respectively. The N-
terminus (amino acids 2—115) is colored light cyan. A closer look at
the active site shows the proposed substrate binding residues, Glu432
and Asp460, depicted as magenta sticks and the proposed catalytic
residues, Asp631 and Arg340, shown as orange sticks. The residues
involved in catalysis are oriented around a Mg*" ion, which is depicted
as a chartreuse sphere.

other prokaryotic species has been elucidated by X-ray
crystallography: E. coli (PDB entries 1P7T and 2JQX), Mtb
(PDB entries IN8W, INS8I, and 2GQ3), and M. leprae (PDB
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entry 4EX4). In addition, while our manuscript was in
preparation, we became aware that a structure of P. aeruginosa
MS with glyoxylate bound in the active site had been deposited
in the PDB (entry SVFB). However, to the best of our
knowledge, this structure has not yet been described in the
literature. In common with these previously reported MS
structures, PA MS is composed of three domains: a TIM barrel
domain with eight a-helices and eight f-strands (amino acids
116—135 and 266—589), a helical domain (amino acids 590—
725), and a p-sheet-rich domain (amino acids 136—265)
inserted between the first a-helix and second f-sheet of the
TIM barrel domain. Near the N-terminus of the protein is a
strikingly long a-helix (amino acids 32—71) that partially wraps
around the TIM barrel domain (Figure 3).

Comparison of the structure presented here with known
structures of MS from other organisms revealed that the active
site residues and the Mg** ion are highly conserved across
species.””””*™* For example, the backbone rmsd of the
superposition between the Mtb MS used as the molecular
replacement template (PDB entry 1N8I) and PA MS is 0.94 A
over 682 Ca atoms, and among the active site residues, the
rmsd is 0.20 A. The active site sits between the TIM barrel and
a loop (amino acids 615—631 in PA) from domain II, and the
known active site residues are present in the PA MS structure in
the same positions (not shown). The active sites compared
between apo and substrate-bound crystal structures of MS are
practically identical, except for the tightening of the
aforementioned loop from domain II when glyoxylate is
bound (not shown), so MS is generally not considered to
undergo major conformational changes during catalysis.”’
Additionally, comparison of the apo structure presented here
with the glyoxylate-bound structure of PA MS recently
deposited in the PDB (entry SVFB) revealed no conforma-
tional differences except for a small shift in the solvent-exposed
loop (amino acids 305—312) far from the active site.

Influence of Mg?** on Substrate Binding and the
Active Site Environment. The PA MS crystal structure
revealed electron density in the F, — F, difference map for a
Mg* ion and a molecule of ethylene glycol (EDO), the
cryoprotectant used when mounting MS crystals, in the active
site. Mg®" is reportedly essential for the enzymatic function of
MS and is present in every MS crystal structure published. In
these other structures, the Mg®* is coordinated by four water
molecules and conserved Glu and Asp residues in an octahedral
conformation.>®273936:3%:39 However, in our structure, the
Mg** appears to be coordinated by the EDO molecule, one
water molecule, and the side chains of Glu432, Asp460, Glu274,
and Asp27S (Figure 4). These amino acids contain carboxylate
groups, all located within 3.5 A of the metal ion, and could be
interacting to decrease the overall energy. We also observed a
nearby conserved tryptophan residue (TrpS39 in our
structure), which could be used as a fluorescent reporter to
monitor metal jon binding in the active site. To test this, we
measured the intrinsic tryptophan fluorescence of PA MS to
quantify the binding affinity of Mg®" and to examine the effect
of the substrate(s) on Mg>* binding.

To investigate the Mg2+ binding properties of PA MS, we
first removed any prebound Mg** from the purified protein. We
observed a change in relative tryptophan fluorescence intensity
and A, upon addition of Mg*" and substrates to demetallized
MS. We determined 4,,,, for demetallized MS as 340 nm, which
was red-shifted to 342 nm upon addition of 10 mM MgCl,
(Figure SA). This indicates that the environment around the
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Figure 4. Mg’ is coordinated by Glu274, Asp275, Glu432, Asp460,
ethylene glycol (EDO), and a single water molecule in the active site
of P. aeruginosa malate synthase G. The electron density map is
contoured at 1.56. Trp539 is located ~6 A from the Mg** in the crystal
structure (PDB entry SOAS).
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Figure 5. (A) Fluorescence spectra of demetallized malate synthase G
(black line), demetallized malate synthase G with 10 mM Mg** added
(blue dashes), and demetallized malate synthase G with 10 mM Mg**
and 1 mM glyoxylate added (red dots). The 4,,,, for each spectrum is
indicated by a vertical dashed line of the corresponding color. (B)
Stern—Volmer analyses indicate no global conformational changes as a
result of binding of Mg** or glyoxylate to malate synthase G. Error
bars correspond to +1 standard deviation.

tryptophan residue(s) becomes more hydrophilic and solvent-
exposed in the presence of Mg*". Conversely, 4. was blue-
shifted to 337 nm after the addition of 1 mM glyoxylate (in the
presence of 10 mM MgCl,), indicating that the environment
around TrpS539 becomes more hydrophobic and less exposed
to the bulk solvent. However, when 1 mM glyoxylate was added
to demetallized MS in the absence of added Mg**, there was no
deviation in A, or fluorescence intensity compared with the
spectrum of the demetallized protein alone, implying that Mg>*
is needed in the active site for glyoxylate to bind (Figure SSA).

Interestingly, a comparison of the structure described here
with that of PA MS with bound glyoxylate (PDB entry SVFB)
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reveals no apparent conformational differences between the
active sites. Together with the results outlined here, this is
consistent with physical occlusion of the bulk solvent in the
active site by the substrate. To establish whether binding of
Mg** or glyoxylate to PA MS is accompanied by global
conformational changes, we measured the accessibility of the
tryptophan residues to an extrinsic neutral quencher,
acrylamide. The presence of increasing concentrations of
acrylamide caused progressively stronger quenching of
tryptophan fluorescence, but the apparent dynamic quenching
constant (Kgy = 10.5 + 0.2 M™!) was similar for demetallized
MS and for Mg**-bound or glyoxylate-bound MS (Figure SB).
This indicates that the changes in tryptophan fluorescence
arising from Mg?>* or glyoxylate binding arise as a consequence
of changes in the local microenvironment of one or more Trp
residues, most likely Trp539, in the active site. We also
examined whether the secondary structure content of the
protein was altered in the presence of its substrates using
circular dichroism (Figure S6). In contrast to a previous study,
we found no apparent chan§es in ellipticity upon addition of
the substrates to native MS."

Adding AcCoA to demetallized MS prior to Mg or
glyoxylate yielded no change in fluorescence intensity or A,
(Figure SSB). However, when a saturating concentration of
AcCoA was added after Mg** and glyoxylate, the spectrum
recovered to that of the Mg*"-bound spectrum. This is
consistent with a sequential reaction mechanism in which
glyoxylate binding is a prerequisite for acetyl-CoA binding, and
that Mg** remains bound in the active site upon release of the
reaction products,'?>072%338740

The enhancement in MS tryptophan fluorescence following
addition of Mg** suggested that this spectroscopic signal might
be used quantitatively to measure binding of Mg®" to the
enzyme. PA MS tryptophan fluorescence increased hyperboli-
cally with an increase in Mg®* concentration, as is typical of a
saturable binding system (Figure 6A). In the presence of
glyoxylate, the same Mg titration also yielded a binding
isotherm, except that increasing Mg®* concentrations led to
saturable quenching of fluorescence (Figure 6A). Scatchard
analysis of the fluorescence data yielded apparent Ky values for
the Mg>*—MS complex of 525 and 653 uM in the absence and

{A)
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w
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3 % MS with 1 mM glyoxylate
-+~ Demetallized MS

-
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Figure 6. (A) Mg®" binding curves in the presence (red) and absence
(blue) of 1 mM glyoxylate. Note that glyoxylate quenches the
tryptophan fluorescence of P. aeruginosa malate synthase G in the
presence of Mg>*. Error bars correspond to +1 standard deviation. (B)
Scatchard analysis of Mg** binding data.
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presence of glyoxylate, respectively (Figure 6B). This is
comparable with the binding affinity of Mg** for other
enzymes."'

On the basis of sequence and structural similarity, we
propose that the amino acid residues involved in catalysis in PA
MS are Arg340, Glu432, Asp460, and Asp631 (Figures 2 and
3). We propose a mechanism, consistent with our fluorescence
data and previous studies on MS in Mtb and E. coli,”*"**** in
which Mg** is coordinated in an octahedral conformation by
the carboxylate side chains of Glu432 and Asp460, along with
four water molecules.”” In this model (Figure S7), glyoxylate
enters the active site and displaces two of the water molecules
in the Mg*" coordination sphere. Following this, AcCoA enters
the active site. Asp631 then deprotonates AcCoA.** The
resulting enolate attacks glyoxylate (activated by chelation of
Mg“) to form a malyl-CoA intermediate that, in turn,
deprotonates a proximal water molecule. This affords a
hydroxide anion that can attack and hydrolyze the thioester.
Arg340 then acts as a catalytic acid, protonating CoA, which
causes CoA to leave the active site first, followed by malate.”®

Identification of Potential Binding Sites in PA MS.
Because PA is such a high-priority pathogen for new antibiotic
discovery efforts, we wanted to identify any potential binding
sites in PA MS that might facilitate structure-based drug design.
Therefore, we analyzed the PA MS crystal structure using
Schrédinger’s SiteMap. We denoted the five top-ranking
potential binding sites identified by SiteMap as A—E, and
their SiteMap parameters are listed in Table 3. The location of
each site on the crystal structure is shown in Figure 7A as
colored mesh (site A, yellow; site B, orange; site C, magenta;
site D, blue; site E, cyan). Sites A—E possess a SiteScore of
>0.80, which is the minimum recommended value to
distinguish between a drug binding and non-drug binding
site.”* Site A is the top-ranked potential binding site with a
SiteScore of 1.10 and a Dscore of 1.16. Site B is second-ranked
with a SiteScore of 0.99 and a Dscore of 1.02.

These scores are consistent with those from earlier studies in
proteins in which drugs that bind with submicromolar affinity
have been identified,” indicating that sites A and B are
promising binding sites that could be used for structure-driven
drug design. Site A (Figure 7B) is narrow and highly
hydrophobic in nature, with a hydrophobic-to-hydrophilic
character ratio of 2.22. For reference, the mean hydrophobic-
to-hydrophilic ratio for tight binding sites in proteins is 1.60.”*
This ratio, along with the SiteScore and Dscores calculated by
SiteMap, implies that this pocket is suitable for exploration
using druglike molecules. Also, because the pocket is located
deep within the protein, small molecules could be accom-
modated, rather than larger ones, whose entry may be hindered.
Site B has the largest predicted volume (569 A*) and spreads
over the entrance of the active site. Site B has a hydrophobic
interior region and a hydrophilic exterior, with a hydrophobic-
to-hydrophilic character ratio of 0.61. The residues in site B are
displayed in Figure 7C.

Having identified potential ligand binding sites in PA MS, we
assessed the likely impact on enzyme function of binding of the
drug to these sites, and their degree of conservation across
species (including Mtb, PDB entry SCCS; E. coli, PDB entry
1P7T; and M. leprae, PDB entry 4EX4). The protein structure
alignment revealed that site B incorporates the known substrate
binding sites of MS (Figure 8) and contains two of the residues
involved in catalysis in PA, Arg340 and Aps631, and the active
site fluorophore, TrpS39 (Figure 7C). Site A also partially
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Table 3. SiteMap Parameters for Predicted Binding Sites A—E

site SiteScore size (no. of site points)
site A 1.10 123
site B 0.99 188
site C 0.97 163
site D 0.96 110
site E 0.87 80

Dscore volume (A%) hydrophobic hydrophilic
1.16 475.01 1.60 0.72
1.02 569.03 0.58 0.95
1.02 461.24 0.59 0.89
0.97 269.12 0.50 1.06
0.87 156.53 0.79 1.04

Figure 7. (A) Colored mesh represents the possible binding pockets predicted by SiteMap in P. aeruginosa malate synthase G (represented as a gray
cartoon): site A, yellow; site B, orange; site C, magenta; site D, blue; site E, cyan. Site A is located between a f-hairpin (amino acids 622—628) in
domain II and a-helices in the TIM barrel. Site B is composed of loops in the TIM barrel and domains II and IIL Site C is located on the edge of the
protein between helix ¢, in the N-terminal region and the final a-helix of the protein at the C-terminus, along with a f-hairpin (amino acids 345—
350) from the TIM barrel. Site D is composed of a loop in the N-terminal region and a-helices in the TIM barrel. Site E sits near the loops of the N-
terminus and C-terminus, and a flexible loop in the TIM barrel. (B) Site A is a hydrophobic pocket, and the binding site residues are shown as sticks.
(C) The polar and hydrophobic residues of site B are shown as sticks. These include the Arg340 and Asp631 amino acid side chains involved in

catalysis and the active site fluorophore, Trp539.

overlaps the substrate binding pocket, surrounding the p-
hairpin of domain II (amino acids 615—631), which borders the
active site.

Because of the structural conservation and functional
significance of sites A and B, we looked for published inhibitors
of MS in other organisms that might bind in these sites. To
date, however, the few known inhibitors of MS solely target the
active site and are either glyoxylate analogues, Mg>* chelators,
or endogenous metabolic intermediates.”'>*>%4~3¢

An example of such Mg** chelators is a class of compounds,
phenyldiketoacids (PDKA), that was discovered to inhibit Mtb
MS.**% Mtb MS complexed with the PDKA inhibitors did
not show significant conformational changes; however, as seen
for ethylene glycol (EDO) in this work, the 1,2-diol moiety in
these inhibitors acts as a bidentate ligand of the Mg*" in the
Mtb MS active site. Another example is a study in which a high-
throughput screen against PA grown on acetate identified small
molecule inhibitors of MS." In silico binding of these hits
following an induced-fit docking procedure to homology
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models of an Mtb MS crystal structure alluded to a likely
interaction with the active site Mg>".

In a different study of Mtb MS complexed with chemical
fragments, 18 fragments that formed a hydrogen bond with the
backbone carbonyl of Met631 in the active site were
identified.” Met631 (Met629 in PA MS) is conserved in the
MS superfamily and is found in site A. The scarcity of PA MS
inhibitors highlights the potential of targeting it through
alternative binding pockets.

Computational Analysis of Structural Waters. The
solvation network in a crystal structure plays an important role
in determining protein—ligand binding affinities. Our PA MS
crystal structure incorporates 691 water molecules per molecule
of MS, as opposed to 450 water molecules per molecule of Mtb
MS (PDB entry 1N8I). However, hydration networks are
dynamic, so we used the molecular dynamic simulator,
WaterMap, to better understand the possible impact of water
molecules on ligand binding. The location of the predicted
stable hydration sites was consistent with the observed
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Figure 8. Alignment of malate synthase G crystal structures (gray, P. aeruginosa; green, E. coli; cyan, M. tuberculosis; orange, M. leprae). Predicted
binding site A is shown in orange mesh with substrates glyoxylate and AcCoA (shown as sticks).

crystallographic waters (a snapshot of the active site water
molecules is shown in Figure 9).

Figure 9. Hydration sites (brown spheres representing unstable water
molecules and green spheres representing stable water molecules)
predicted by WaterMap superposed with malate synthase G crystal
waters (cyan spheres). Catalytic amino acid residues (Arg340, Glu432,
and Asp631) are shown as sticks.

The hydration sites predicted by WaterMap gave additional
insights into the thermodynamics of the solvation network
(Figure 10). The water molecules in the hydration sites colored
green are high-energy water molecules. Typically, these water
molecules are favorable for binding, and ligands that displace
these water molecules must compensate for this free energy
loss. Thus, it is better to avoid these sites during ligand design.
Conversely, hydration sites colored red/brown portray lower-
energy sites or unfavorable sites. Thus, replacing these water
molecules should favor an increase in free energy. WaterMap
also predicts cavity regions that are devoid of water molecules,
so targeting these regions may help in the search for high-
affinity binders.

The WaterMap analysis confirmed the top-ranked predicted
binding sites, A and B (Table 3), as druggable. WaterMap
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(Figure 10A) revealed cavity regions along with unstable
hydration sites in sites A (Figure 10B) and B (Figure 10C).
The thermodynamic parameters associated with the hydration
sites shown in panels B and C of Figure 10 are provided in
Table S1. Site B has fewer unstable hydration sites than site A
does, which supports the hydrophilic nature of the pocket. In
contrast, site A is more hydrophobic. However, the unstable
hydration sites in site A are not continuous, suggesting that a
large molecule with several hydrophobic regions would be
required to fit in neatly.

One particularly interesting cavity is located near the AcCoA
binding site (blue mesh in Figure 10C). This cavity is seen to
bind a hydrophobic small molecule [indole-3-carboxylic acid
(ICO)] in Mtb MS (PDB entry SCCS). In that structure, ICO
occupies the space between the glyoxylate and AcCoA binding
sites (Figure 11), corresponding to the exact cavity identified
here in PA MS.

B CONCLUSIONS

The need for new antibacterial agents against P. aeruginosa is
now critical. Because of the importance of the glyoxylate shunt
for persistence in infection scenarios, we have characterized the
structure and properties of P. aeruginosa malate synthase G,
with a special emphasis on identifying potential drug binding
sites. We report the first X-ray crystal structure of P. aeruginosa
malate synthase G in the apo form at 1.62 A resolution. We
used the crystal structure to influence experimentation, and we
show that events in the enzyme active site can be monitored
non-invasively using intrinsic tryptophan fluorescence as a
probe. Our computational data reveal two sites in the structure
that are promising for drug development as well as the
thermodynamic properties of hydration sites within the
predicted binding sites. Our findings contribute to the growing
body of evidence that malate synthase G is a tractable drug
target and provide a means for inhibitor development against P.
aeruginosa using structure-based approaches.
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Low energy

Figure 10. (A) Hydration sites of P. aeruginosa malate synthase G along with the cavity map (blue mesh) predicted by WaterMap. The relative free
energy of the water molecules is depicted by a green to red color gradient, as indicated. Predicted binding sites A and B are outlined in yellow and
brown, respectively. (B) Site A. Yellow surface and active site residues within the site are shown as sticks, and blue labels indicate hydration site
numbers. (C) Site B. An orange surface and cavity map (blue mesh) partially occupy the site. The hydrophobic amino acids are shown as sticks, and

the hydration sites are labeled in blue.

Figure 11. Cavity map predicted by WaterMap (blue mesh). Indole-3-
carboxylic acid (ICO), which partially occupies the cavity region in M.
tuberculosis malate synthase G (PDB entry SCCS), is shown as green
sticks. Substrates glyoxylate (teal sticks) and AcCoA (cyan sticks) from
PDB entry 1P7T are also presented to illustrate the binding location.
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