yduasnuel Joyny vd-HIN

1duasnuely Joyny Yd-HIN

1duosnuely Joyny Yd-HIN

%

EA/{
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Biochemistry. 2013 February 5; 52(5): 912-925. doi:10.1021/bi300928u.

Active site loop dynamics of a class lla fructose 1,6-
bisphosphate aldolase from M. tuberculosis

Scott D. Peganl”*, Kamolchanok Rukseree?3, Glenn C. Capodaglil, Erica A Bakerl, Olga
Krasnykh34, Scott G Franzblau3#4, and Andrew D Mesecar>"

1Eleanor Roosevelt Institute and Department of Chemistry and Biochemistry, the University of
Denver, 80208

2National Center for Genetic Engineering and Biotechnology (BIOTEC), NSTDA, Thailand
Science Park, 12120

SInstitute for Tuberculosis Research, the University of lllinois at Chicago, 60612
4Department of Medicinal Chemistry, the University of lllinois at Chicago, 60607

SDepartment of Biological Sciences and Chemistry and the Purdue Center for Cancer Research,
Purdue University, West Lafayette, IN 47907, USA

Abstract

Class Il fructose 1,6-bisphosphate aldolases (FBA; E.C. 4.1.2.13) comprise one of two families of
aldolases. Instead of forming a Schiff-base intermediate using an e-amino group of a lysine side
chain, class 1l FBAs utilize Zn(ll) to stabilize a proposed hydroxyenolate intermediate (HEI) in the
reversible cleavage of fructose 1,6-bisphosphate forming glyceraldehyde 3-phosphate and
dihydroxyacetone phosphate (DHAP). As class Il FBAs has been shown to be essential in
pathogenic bacteria, focus has been placed on these enzymes as potential antibacterial targets.
Although structural studies on class 1l FBAs from Mycobacterium tuberculosis (MtFBA), other
bacteria and protozoa have been reported, the structure of the active site loop responsible for
catalyzing the protonation/deprotonation steps of the reaction for class Il FBAs has not yet been
observed. We therefore utilized the potent class Il FBA inhibitor phosphoglycolohydroxamate
(PGH) as a mimic of the HEI/DHAP bound form of the enzyme and determined the X-ray
structure of MtFBA-PGH complex to 1.58 A. Remarkably, we are able to observe well-defined
electron density for the previously elusive active site loop of MtFBA trapped in a catalytically
competent orientation. Utilization of this structural information plus site-directed mutagenesis and
kinetic studies conducted on a series of residues within the active-site loop revealed that E169
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SUPPORTING INFORMATION AVAILABLE

A view of the MtFBA active site loop with its associated electron density shown as an Fo-Fc omit map, 2Fg-F¢ simulated annealed
map and Fqo-F¢ simulated annealing map can be found in supplementary figure 1. Also, the location of MtFBA-PGH active site loop in
relation to the MtFBA-PGH tetramer can be found in supplementary figure 2. This material is available free of charge via the Internet
at http://pubs.acs.org.

The atomic coordinates and structure factors have been deposited with the Brookhaven Protein Data Bank (PDB codes 4DEF, 4DEL).
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facilitates a water mediated deprotonation/protonation step of the MtFBA reaction mechanism.
Also, secondary isotope effects on MtFBA and catalytically relevant mutants were used to probe
the effect of loop flexibility on catalytic efficiency. Additionally, we also reveal the structure of
MtFBA in its holoenzyme form.

Class Il fructose 1,6-bisphosphate aldolase (FBA; E.C. 4.1.2.13) catalyzes the second
reversible step of the glycolytic pathway in the majority of protozoa, bacteria, fungi, and
blue-green algae(. In doing so, FBA generates glyceraldehyde 3-phosphate (G3P) and
dihydroxyacetone phosphate (DHAP) from the cleavage of the open-chain form of fructose
1,6 bisphosphate (FBP; Figure 1). With DHAP rapidly converted to an additional G3P
molecule by triosephosphate isomerase (E.C. 5.3.1.1), FBAs are critical for supplying
downstream metabolic enzymes with G3P. In the reversible reaction when gluconeogensis is
required, class Il FBAs perform an adol condensation of DHAP and G3P to produce FBP
(Figure 1)), Together, the substrates and products that this class Il FBAs supply, are crucial
for any an organism’s survival.

Class 1l FBAs are one of two families of aldolases. Both class Il FBA and class | FBAs are
proposed to have evolved independently from a common ancestor as they are all comprised
of similar a/p folds( 4). Despite their common structural folds and tendencies to form
dimeric or higher order quaternary structures, class | and class Il FBAs are strikingly
different. Whereas class | FBAs utilize the e-amino group of a lysine side chain to form a
Schiff-base intermediate during the reaction mechanism, class Il FBAs require metal cations
for catalysis including an active site Zn(l1) that stabilizes a putative hydroxyenolate
intermediate (HEI). Additionally, class Il FBAs are activated by monovalent cations,
whereas class | FBAs have no such activation(l: 3:9),

In addition to differing in reaction mechanism, class | and Il FBAs also differ in their
distribution across species. Mammals rely on class | FBA for metabolism, while class Il
FBAs are present only in protozoa, bacteria, fungi and blue-green algae. This distribution
has prompted several investigations on whether class Il FBAs are essential for microbial
survival, particularly in bacterium that possess both class | and class 11 FBAs. Supporting
this assertion, FBA gene, fbaB (class 1) knockout strains derived from bacterium autotrophic
for both genes have been successfully obtained(® 7). However, attempts to knockout the
fbaA gene (class I1) in Mycobacterium tuberculosis, Escherichia coli, and Streptomyces
galbus, all of which contain both classes of FBA, resulted in non-viable bacteria (. ¢ 8. 9),
Also, only significant bacterial expression levels of class | FBAs have been observed in the
presence of gluconeogenic substrates or high aeration conditions(1%: 11). These results, along
with up-regulation of the class 11 FBA gene in M. tuberculosis under hypoxic conditions,
suggest that class 11 FBAs are essential for bacterial survival2).

One of the prokaryotic class 11 FBAs that has been of recent focus is that from M.
tuberculosis, the causative agent for tuberculosis( 13). Tuberculosis is one of the leading
causes of mortality in developing countries and one-third of the world’s population is
predicted to harbor the bacterium@4). With the emergence of the so-called “extensively”
drug-resistant strains of M. tuberculosis, a new urgency exists for the development of novel
therapeutics, and the class Il FBA from M. tuberculosis (MtFBA) may serve as a new
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target(15). MtFBA belongs to one of two class Il subfamilies designated as class Ila.
Members within each subfamily share 40% sequence homology compared to 25%-30%
across all class Il FBAs.

We previously determined the high resolution X-ray structures of MtFBA bound with
DHAP, DHAP-G3P and FBP, and these structures provided unique insight into the
interactions of MtFBA with its substrates and into the reaction mechanism of this enzyme at
the atomic level@. In addition, these structures also allowed us to visualize the putative
hydroxyenolate intermediate (HEI) of the reaction, which was also the theoretical basis for
the design of the first potent inhibitor of class Il FBAs, phosphoglycolohydroxamate

(PGH) (6), PGH has been shown to be a potent inhibitor of class Il FBAs with measured K;
values of 37 nM, 11 nM, and 20-50 nM for class Il FBAs from Giardia lambia,
Saccharomyces cerevisiae, Escherichia coli respectively (16-18) Although we have reported
the X-ray structures of MtFBA with its substrates and products, and the X-ray structures of
the class Ila FBA enzyme from E. coli (ECFBA) and the class I1b FBAs from G. lambia
(GIFBA), Thermus aquaticus (TaFBA), and Helicobacter pylori (HpFBA) are also known,
the structural and thermodynamic basis for the potency of PGH has yet to be fully
determined(@ 13.19-21) This is in large part because all of the previously reported structures
of class 11 FBAs are missing electron density for a catalytically important loop that contains
an essential glutamate residue that is proposed to be directly involved in the protonation/
deprotonation step of the MtFBA-mediated reaction (Figure 1)(22).

Since PGH is proposed to mimic the DHAP/HEI intermediate step of the FBA reaction
where an amino acid residue would be required to act, either directly or indirectly through a
water molecule, to deprotonate/protonate (step I, Figure 1), we determined the X-ray
structure of PGH bound to MtFBA in an attempt to trap the active site loop in a catalytically
relevant conformation. We also determined the X-ray structure of the zinc-bound, substrate-
free form of MtFBA that proves that this catalytically required divalent metal cation is
capable of binding to the free enzyme in contrast to another report(®. Based on these
structures, and those of MtFBA in complex with DHAP, DHAP-G3P and FBP that we
previously determined, we performed site-directed mutagenesis and kinetic studies to
identify and more fully elucidate the roles this catalytically relevant glutamate residue with
respect to its interaction with PGH. Interestingly, this interaction occurs through a
coordinated water molecule via a shuttle mechanism, likely mimicking its orientation during
the protonation/deprotonation step of the MtFBA reaction mechanism. Finally, we probed
the importance of several residues within the active site loop on the catalytic efficiency of
MtFBA.

EXPERIMENTAL PROCEDURES

Materials

Chemicals, biochemicals, buffers, and solvents were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO), Fisher Scientific Inc. (Pittsburgh, PA), Fluka Chemical Corp.
(Milwaukee, WI), or EM Science (Cincinnati, OH). Specifically for enzymatic assays, p-
Nicotinamide adenine dinucleotide, reduced dipotassium salt (NADH; Sigma N4505),
Nicotinamide adenine dinucleotide hydrate (NAD+; Sigma 43407), a-glycerophosphate
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dehydrogenase (Sigma G6880), rabbit muscle triosephosphate isomerase (T1M, Sigma
T6258), rabbit glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Sigma G2267), D-
fructose 1,6-bisphosphate tetra(cyclohexylammonium) salt (FBP; Sigma F0752), and
dihydroxyacetone phosphate dilithium salt (DHAP; Sigma D7137) were used. The Vivaspin
centrifugal filter devices were obtained from GE Healthcare (Piscataway, NJ). The Ni-NTA
and the Superdex-S200 High Resolution resins were obtained from Qiagen (Valencia, CA)
and GE Healthcare (Piscataway, NJ) respectively. Enzymes and reagents used for molecular
biology procedures were obtained from Fermentas, Inc. (Glen Burnie, MD), Qiagen
(Valencia, CA), and Agilent Technologies (Santa Clara, CA).

Synthesis of phosphoglycolohydroxamate

Phosphoglycolamide (PGA), a precursor of PGH, and PGH itself, was prepared from
glycolamide according to a published procedure which uses available and inexpensive
reagents, with minor modifications(23). The first step (phosporylation of glycolamide by
polyphosphoric acid) was carried out at 44-48°C. The reaction mixture was cooled; water
and ice were added to the reaction mixture under vigorous stirring conditions to prevent pH
fluctuations, which can lead to decomposition. Solid Ba(OH), and BaCO3 were then added
in small portions until pH~8 was achieved. The resulting precipitate was filtered off with the
filtrate subsequently being concentrated under reduced pressure. After cooling at 4°C,
resulting crystals of barium salt of PGA (first portion) were filtered out, washed with a cold
mixture of ethanol and water, then dried in the vacuum dessicator over P,Os. The inorganic
barium salt precipitates were washed with a small amount of cold water and filtered. The
resulting aqueous solution was concentrated; providing a second portion of barium salt of
PGA, which was treated similarly to the first. A Dowex 50x4 (H*) (exchange capacity 1.2
meg/ml) was used to obtain PGA from its barium salt (approximately 2 equivalents of resin
for 1 equivalent of salt).

For PGH synthesis, the water solution of PGA (after resin was filtered off) was treated with
15 equivalents of hydroxylamine (50 % w/v solution in water), with the reaction mixture
kept overnight at room temperature, evaporated under vacuum, dried additionally in high
vacuum and used for preparing PGH-CHA salt without additional purification. The PGH
was dissolved in water (approximately 30 mg/mL) and 6 equivalents of cyclohexylamine
were added under stirring, evaporated in vacuum, then recrystallized from ethanol.
Cyclohexylamine was preferred to the barium salt to avoid barium contamination of the
MtFBA active site. To ensure the quality of the resulting PGH-CHA salt, H1-NMR spectra
were recorded at 400 MHz on Bruker DPX-400 spectrometer for 28 mg/mL solution in
D,0. IH NMR §: 0.95-1.30 m (10H), 1.44-1.94 m (10H), 3.02 m (2H) (all — cyclohexyl);
4.18 d (J= 7 Hz, 2H, CH,); 4.69 (H,0). 13C NMR §: 23.35, 23.84, 29.89, 49.87
(cyclohexyl); 62.02, 62.87 (CH,), 169.30, 162.22 (C=0). 31P NMR §: 3.55.

MtFBA expression vector and site-directed mutagenesis of the fba gene

The construction of the M. tuberculosis pET17b-fbaH expression vector harboring the fba
gene (Rv0363c) was previously described (2). The expression system produces a C-terminal,
His-tagged fusion protein, which is referred to herein as MtFBA. The residual His-tag has
been observed not to affect the overall structure of MtFBA or its in vitro activity(2 9 24),
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Mutations in MtFBA were incorporated via the Quick-Change Site-directed Mutagenesis
system (Agilent Technologies). The following oligonucleotides were used for mutatagenesis
with the altered bases in bold: 5’-CGGCGTCGTCGCCGCCGAAGAGGACG-3’ (G166A/
G167A), 5-CGGCGTCGTCGGCGCCGAAGAGGACG-3’ (G167A), 5’-
CGTCGGCGGCGCAGAGGACGGCG-3’ (E168A), and 5°-
CGGCGGCGAAGCGGACGGCGTGG-3’ (E169A). The resulting pET-fbaH mutant
plasmids were introduced into E. coli XL-1 blue cells by heat-shock transformation and
were then propagated and purified in large scale for sequence verification and
transformation into E. coli BL21 (DE3) for enzyme expression. The complete coding
regions for all mutant enzymes were sequenced using either the RRC DNA sequencing
facility at the University of Illinois, Chicago or CU Cancer Center DNA Sequencing &
Analysis Service.

Production and purification of wild type and mutant MtFBA

E. coli BL21 (DE3) harboring either wild-type or mutant pET-fbaH were grown at 37 °C in
8 liters (8 x 1 liter) of LB broth containing 100 pg/mL of ampicillin until the ODggg was
approximately 0.6. Expression of the fbaH gene was induced by the addition of IPTG to a
final concentration of 0.4 mM and the culture was allowed to grow for another 4-6 h at 25
°C. After this time period, bacterial cells were harvested by centrifugation at 3000xg for 15
min. Cells were washed with PBS and stored at -20 °C until use. The cell pellets collected
from the 8-L culture were suspended in buffer A (50 mM sodium phosphate buffer, pH 8.0,
and 300 mM NacCl) and subsequently lysed by the addition of 5 mg of chicken lysozyme
followed by sonication using a Gex 600 Ultrasonic Processor (Footswitch). Sonication pulse
settings were 5 s on and 5 s off for a total on time of 5 minutes at 60% amplitude. Insoluble
cell debris was removed by centrifugation at 16,000 xg for 45 min at 4 °C. MtFBA was
purified from the soluble fraction by nickel affinity and size exclusion according to our
previously described methods(®. The resulting purified wild type and mutant MtFBA
enzymes were exchanged into buffer B (20 mM Tricine buffer pH 8, 100 mM NaCl, 0.1 mM
ZnCly and 2 mM DTT) and then concentrated to 15 mg/mL using ultrafiltration units fitted
with 10 kD MWCO filters (GE Healthcare). The final protein was also filtered through 0.65
pum membrane filters to remove any precipitate. After purification, the concentrations of all
proteins were determined by absorbance at 280 nm using molar extinction coefficients
experimentally derived by the method of Gill & von Hippel, 23,044 M1 cm™ or 0.619 L g1
cm-1 (25).

Isothermal Titration Calorimetry (ITC) Experiments

ITC experiments were conducted using a VP-ITC system (Microcal, Amherst, MA).
Degassed protein samples for wild type and G166A/G167A MtFBA were used and titrations
were performed at 25.2°C. Prior to degassing, both proteins were dialyzed against a solution
of 50mM Tricine 7.5, 100 mM NaCl, 0.1 mM ZnCl,, 2 mM DTT. Isothermal titrations of
wild type MtFBA with PGH were performed in duplicate and were comprised of 60 (1.5 ul)
injections of 2 mM PGH into 80 uM of wild type MtFBA. Isothermal titrations of wild type
MtFBA with DHAP were performed using the same experimental parameters as those with
PGH except that PGH was substituted for 2 mM DHAP. Time delays between injections
were set at 300 s for the initial delay and then 200 s in between subsequent injections.
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Isothermal titrations of G166 A/G167A MtFBA with PGH were performed with 60 pM of
protein and with delay times between injections of 500 s. All other parameters remained the
same as with wild type MFBA. The average heat released (kcal/mole of injectant) of the last
5 injections was used to correct for the heat of dilution. All ITC data sets were analyzed and
fit to a single-site binding model using non-linear curve fitting procedures in the MicroCal
Systems software (ORIGIN 5.0).

MtFBA Enzymatic FBP Cleavage Assays

The coupled assay for the FBP cleavage activity of FBA was carried out as described
previously with slight modifications(®). The assay mixture (final volume 100 pL) contained
0.4 mM NADH, 2 U/mL of rabbit muscle a-glycerophosphate dehydrogenase, 20 U/mL of
rabbit muscle TIM, 0.02% (w/v) BSA, 100 mM potassium acetate and 100 mM Tris-HClI,
pH 7.8, and the wild type and mutant MtFBAs (0.134, 0.537 (E168A), 161 (E169A), 10.7
(G167A), 10.7 (G166A/G167A), and 0.269 (D276A) UM). The reaction was initiated by the
addition of FBP (final concentration ranging from 0-2000 uM). All assays were performed
at room temperature and in triplicate using 96-well, flat-bottom polystyrene plates
(Fisherbrand). All MtFBA activity assays were recorded using a Molecular Devices
SpectraMax384 Plus plate reader by measuring the decrease in NADH absorbance at 340
nm (e = 6,220 M1 cm™1). The path length for the assay was determined to be 0.36 cm. To
determine the kinetic parameters Vmax and K, rates were derived from initial velocity data
were fit to the Michaelis-Menten equation, v = Vpax/(1+(Kn/[S])), using the Enzyme
Kinetics Module 1.3 of Sigma Plot version 10 (SPSS Inc.). Values for kg, were calculated
from Vax Using the total enzyme concentration [E] via the equation Keat = Vimax/[E]- One
unit of aldolase activity is defined as the amount of enzyme that catalyzes the cleavage of 1
umol of FBP per min under the conditions of the assay. All turnover number (kg5 values
were calculated using the concentration of a monomer of MtFBA.

Solvent Isotope Effects

To evaluate the solvent (D,0) kinetic solvent isotope effects on the MtFBA reaction,
enzyme activity measurements were performed in a reaction mixture containing greater than
94.5% D,0 concentration. This was achieved by bringing up all of the assay reagents in
99.9% D,0 (Sigma 364312). To minimize the amount of H* in solution, all reagent
solutions were generated from anhydrous salts, or lyophilized enzymes, just prior to the
assay to ensure minimal water exchange with air. Additionally, wild type and mutant
MtFBAS were diluted to their working stock concentrations in D,O. This minimized the
only source of H,O to negligible carry over from the purification of MtFBASs themselves
and the 10 pL of the buffer that was used, which in comprises only 5.5% of the assays
volume. The relation of pH to pD was determined using pH = pD + 0.4 (26), The activity of
MtFBA at the resulting pD value, 7.4, is predicted to fall within approximately 15% of that
at its optimal pH, 7.8,

IC50 determination of PGH

The affinity of PGH to MtFBA was estimated by determining the I1Csq value for the
interaction. The experimental conditions used were the same as those for determining the
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K values for FBP with the exception that PGH concentrations were varied from (0-20 pM)
at a fixed FBP concentration of 40 uM (the K, value for FBP). To determined the ICsg
value for PGH, the percent inhibition (1%) was calculated using the following formula, |
%=(1-(vsample~Vnegative control)/ (Vpositive control-Vnegative control)) % 100. The resulting 1%
values were plotted as a function of PGH concentration and the data were fit via non-linear
regression to the equation, 1%=(1%max/(1+(ICs0/[PGH])).

Ki determination of DHAP

For determination of the K;j value for DHAP, we had to modify the MtFBA enzymatic
cleavage assay to prevent degradation of DHAP(1). To achieve this, rabbit muscle a-
glycerophosphate dehydrogenase was replaced with rabbit GAPDH to couple MtFBA
produced G3P to the reduction of NAD+. Thus, MtFBA activity was observed through an
increase in absorbance at 340 nm. Furthermore, TIM was removed and potassium arsenate
added to mimic phosphate as a GAPDH co-substrate. The final assay mixture contained 0.2
mM NAD+, 5 U/mL of rabbit GAPDH, 0.02% (w/v) BSA, 100 mM potassium acetate, 5
mM potassium arsenate and 100 mM Tris-HCI, pH 7.8, and the 0.002 mg/mL wild type
MtFBA. MtFBA inhibition studies with DHAP as the varied substrate were carried out using
five DHAP concentrations, spanning from 0-4,000 pM, and four FBP concentrations
spanning 8-80 UM. Initial velocity data were fit, using non-linear regression analysis, to each
of the equations describing partial and full models of competitive, uncompetitive,
noncompetitive, and mixed inhibition using the in Enzyme Kinetics Module (version 1.3) of
Sigma Plot (Version 10, SPSS Inc.). Based on analysis of fits through “Goodness-of-fit”
statistics, the full competitive inhibition model with the following equation, v = Vax/(1+
(Kn/[SD(1+([11/K3)), was found to best-fit the Kinetic inhibition data. Here, [S] = [DHAP],
[1] = [FBP] and Ki is the dissociation constant of FPB from free MtFBA.

MtFBA and MtFBA-PGH Crystallization

Initial co-crystallization conditions for the MtFBA-PGH complex were achieved using
conditions from our previously described crystallization protocols(@). Final co-crystals of the
MtFBA-PGH complex structure were grown using hanging-drop vapor diffusion at room
temperature. Crystallization drops included 4 pL of a 15 mg/mL MtFBA protein solution
containing Buffer B and 2 mM PGH (cyclohexylammonium salt) that was mixed in a 1:1
ratio with a precipitant of 26% PEG 300 and 0.1 M sodium acetate, pH 4.8. Crystals
appeared within 4-5 days. MtFBA crystals without PGH were grown using the same
protocol used for MtFBA-PGH crystal growth except that a 26%-32% PEG 300 gradient
was used instead. We found that the addition of 2% (w/v) DMSO as an additive caused
MtFBA-holo crystals to form sporadically after 4-6 wks.

X-ray Structural Determination of MtFBA and MtFBA-PGH Complex

X-ray data sets for MtFBA-PGH were collected at SER-CAT beam line 22-1D, while X-ray
data sets for MtFBA-apo were collected at LS-CAT beam line 21-1D-D. All crystals were
mounted on nylon loops and submerged in a 5 uL volume of mother liquor as a cryo
solution. Crystals were subsequently flash-cooled in liquid nitrogen and mounted under a
stream of dry N, at 100 °K. All data sets were collected from a series of 0.5 degree
rotational X-ray frames using a MAR 300 CCD detector. X-ray images were indexed,

Biochemistry. Author manuscript; available in PMC 2014 September 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Pegan et al.

RESULTS

Page 8

processed, integrated and scaled together using the program HKL2000(7). Since the MtFBA
and MtFBA-PGH proteins crystallized in the same space group (1222) with similar unit cell
dimensions as those of the MtFBA-substrate complexes, initial phases were readily obtained
via rigid-body refinement using the program Refmac 6.2 and the MtFBA-DHAP (3ekl)
structure without DHAP as a starting model(2 28). The program WinCoot was used for
model building, and Refmac 6.2 from the CCP4 suite was used for refinement(28),
Coordinates and molecular library files for the ligand PGH were generated using the
program Sketcher in the CCP4 program suite. Isotropic temperature factors were refined and
occupancies were 1.00 for all atoms of the MtFBA-PGH and MtFBA-apo structures. Water
molecules were added to F,-F; density peaks that were greater than 3o using the “Find
Water” winCoot program function. The final models were checked for structural quality
using the CCP4 suite programs Procheck and Sfcheck. The atomic coordinates and structure
factors have been deposited with the Brookhaven Protein Data Bank (PDB codes 4DEF,
4DEL). Simulated annealing F,-F¢ and 2F,-F. density maps were generated by Phenix
version 1.8.1-1168(29).

Binding affinity of PGH and DHAP for MtFBA

Since PGH has been shown to be a potent inhibitor of FBA from other species, we wanted to
directly determine the dissociation constants (K4 and K;j values) for PGH and DHAP with
MtFBA. Isothermal titrations of MtFBA with PGH and DHAP were performed and revealed
that only the binding of PGH involves an enthalpic (AH) component as no heat was detected
for the interaction between MtFBA and DHAP (Figure 2ab). The resulting thermodynamic
constants for the interaction of PGH per MtFBA monomer are; AH=-9,354 + 8 cal/mol,
AS=3.75 + 0.02 cal mole? K1, and Kg= 21.1 + 0.2 nM with n=0.90 # 0.04, for PGH
(Figure 2b). The absence of an enthalpic contribution to DHAP binding suggested that an
additional interaction might be stabilized by PGH beyond those interactions found between
DHAP and MtFBA. The similarities between the chemical structure of DHAP and PGH,
along with the recently revealed MtFBA-DHAP/HEI structure, suggested that the
stabilization of the active site loop might be the source of the heat observed (Figure 2b). To
explore the potential link between the active site loop and the heat observed, ITC was
performed on a loop stabilizing double MtFBA mutant, G166A/G167A (Figure 2c).
Although still possessing all its catalytic residues, no heat was detected for G166A/G167A’s
interaction with PGH supporting the divergent relationship between PGH and DHAP in
regards to the residues these molecules interact with in the active site loop.

Since we could not determine directly the Ky value for the binding of DHAP to MtFBA, we
focused on determining the relative affinity of DHAP for MtFBA by measuring its inhibition
constant (K;) against FBP in the forward reaction. We utilized a modified version of the
absorbance-based enzymatic assay that was previously used for GIFBA kinetic
characterization(®), This assay utilizes glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) to couple MtFBA generated G3P to the reduction of NAD+ to NADH.
Additionally, the coupling enzyme TIM was removed from the assay to prevent the
conversion of DHAP to G3P. Four different fructose 1,6-biphosphate concentrations and
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five different DHAP concentrations were utilized to determine the kinetic response of
MtFBA to varying concentrations of substrate and the product inhibitor DHAP. The results
of the kinetic studies are shown in Figure 2d as a Lineweaver-Burk plot. The pattern in the
data indicates that DHAP behaves as a competitive product inhibitor against the substrate
fructose 1,6-biphosphate with a Kj value of 238 + 20 uM for MtFBA. This mode of
inhibition is consistent with the product G3P leaving first followed by DHAP in a uni-bi
kinetic scheme. This mechanism of product release also supports our previous X-ray
structural data for the MtFBA-DHAP complex where we observe DHAP binding deep
within the enzyme’s active site pocket preventing FBP from accessing the active site zinc
and catalytic relevant residues(). These results indicate that PGH binds to MtFBA
approximately 11,000 times more tightly than DHAP.

X-ray structure of the MtFBA-PGH complex

The observation that PGH binds to MtFBA approximately 10-times stronger than DHAP
with a strong enthalpic contribution to binding, and the observed absence of heat involved
the interaction with DHAP, suggests that significantly different structural interactions must
exist between the MtFBA-DHAP and MtFBA-PGH complexes. Therefore, we co-
crystallized MtFBA with the inhibitor PGH, Zn?* and Na™ under conditions similar to those
used to obtain crystals of the MtFBA-DHAP complex and determined its structure to 1.58 A
resolution (Table 1))

Analysis of the conformation of the biologically relevant tetramer within unit cell revealed
that the overall conformation of the enzyme and crystal packing geometry are essentially the
same as those observed previously for the X-ray structures of MtFBA bound with DHAP,
DHAP-G3P or FBP), or the apo MtFBA structure®). Specifically, the MtFBA-PGH
complex maintains a typical p/a-barrel structure composed of an eight p-sheet core (B1-p8)
surrounded by eight a-helices (a1-a8a; Figure 3a) (9. Strikingly, well-ordered electron
density within the active site was also observed for the previously elusive active site loop
(residues 168-179; Figure 3b). This loop region is disordered in the X-ray structures of
MtFBA bound with DHAP, DHAP-G3P, or FBP (2). However, in the MtFBA-PGH
complex, additional secondary structural elements are formed including a new p-strand
(B5b), that forms an anti-parallel f-sheet with residues 166-169 (f5a), and a new 31¢-helix
(3102) that completes the formation of the active site loop (Figure 3c,d).

In addition to the newly resolved active-site loop, electron density for a molecule of PGH,
the active site metal cations (Zn?* and Na™*), a zinc atom, an acetate molecule, and a
molecule of PEG 300 are also observed in the asymmetric unit (Figure S2). The well-
resolved acetate and PEG 300 molecules are both observed within a binding pocket that is
distal to the active site of the enzyme. Within this pocket, there are several polar residues,
including two lysine residues, that can facilitate the binding of these ligands. The location of
this pocket and the presence of these lysines may be of significance in the interaction of
human plasminogen with MtFBA that was recently suggested by de la Paz Santangelo et al.
They reported that interactions between plasminogen and MtFBA are dependant on MtFBA
lysines and independent of the MtFBA active site(®. Since this pocket is the only sizable
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cleft outside of the active site, and it contains the presence of lysines and binds ligands, this
pocket might be a candidate for these MtFBA-plasminogen interactions.

MtFBA active site loop

The main chain density for the previously unresolved amino acids, 168-179, of MtFBA was
readily observed from Fq-F. electron density maps calculated after initial refinement Figure
S1a). Upon building the missing backbone atoms of the loop residues into electron density,
the majority of the side chain residues became immediately apparent (Figure 3b). Simulated
annealing electron maps also revealed density for all residues of the loop except for
expectedly flexible Gly171 located at the tip of the loop (Figure S1b,c). Formation of salt-
bridges between E168/K309 and D170/R314 are observed suggesting that these interactions
are important in anchoring p-strand 5 within the p-turn. These two interactions also result in
lower B-factor values (<40 AZ2) for these residues, which helps produce complete side chain
density for residues within -strand 5a and the B-turn. In contrast, f-strand g5b is only held
in place through only one, main chain p-sheet interaction, which results in significantly
higher B-factors (40-90 A2) and less defined density for associated side chains (Figure 3b).
The bound position of the active site loop forms a flap over the PGH-bound active site,
which is distal to any dimer-dimer or intra-tetrameric interfaces. This orientation suggests
that only intra-monomer and intra-dimer interactions are responsible for the stabilization of
the loop in its closed form (Figures 3b,S2).

PGH-bound active site of MtFBA

A closer examination within the active site of the MtFBA-PGH bound structure reveals
well-ordered electron density for PGH (Figure 4a). The hydroxyl group of PGH produces an
oxygen-ZN1 bond length shorter than 2.2 A, which is indicative of a first-coordination
sphere bond with ZN1 (Figure 4b,c,d). The ketone oxygen (O-C in Figure 4b) of PGH forms
a longer bond with ZN1 suggesting a near first-sphere H-bond interaction. As a result, ZN1
has a distorted trigonal bipyramidal coordination geometry that is similar to the coordination
geometry surrounding the active site zinc atom in the MtFBA-DHAP structure (Figure
4b)(2, 30).

Although the interactions between MtFBA and PGH appear at first to be similar to those
with the reaction intermediate, HEI, the newly observed and ordered conformation of the
active site loop reveals additional interactions between MtFBA and PGH. These interactions
are mediated through a newly observed active site water molecule, W57. This water
molecule forms a 2.9 A hydrogen bond with the hydroxamate nitrogen atom of PGH, and is
coordinated to D276 and E169 through hydrogen bonds. D276 has been previously
implicated in the stereo-selectivity of MtFBA for fructose-1,6-biphosphate enantiomers, and
E169 is located within the active site loop (Figure 4c). The orientation of the E169 side
chain and its coordination to a water molecule in a position to contribute to catalysis
suggests that E169 is a catalytically relevant residue likely acting through a proton-shuttle
mechanism.
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X-ray Structure of substrate and product-free MtFBA

To probe how the binding of substrates and products influence the conformation of the
active site loop and its interaction with the active site, and to rule out the possibility that
DHAP could have co-purified with MtFBA and contributed to the observed loop density in
the active site, MtFBA was crystallized in the absence of PGH or any other added MtFBA
substrate/products. Crystals of the substrate-free and product-free form of the enzyme
(MtFBA-holo), were grown using the same crystallization conditions as those that produced
MtFBA-PGH crystals except that 2% DMSO was used as an additive. X-ray data were
collected and the final data processing and statistics are summarized in Table 1. Inspection
of the MtFBA active site in the absence of added substrates/products or inhibitor reveals that
no ligands are bound except for an acetate molecule from the mother-liquor that coordinates
to the active site sodium cation (Figure 5a). Additionally, well-ordered electron density for
two water molecules that occupy the first-coordination sphere of the active site zinc cation
(ZN1), are also observed (Figure 5). The coordination geometry surrounding the zinc atom
in the active site of the MtFBA-holo enzyme is analogous to that of the ECFBA structure
that was also determined in the absence of substrates and products (Figure 5a-c)9). The
presence of the zinc in the active site also correlates with the observation of zinc in the
active site of MtFBA reported by Labbé et al. (2011) who used biochemical approaches®L).

Interestingly, the active site zinc cation coordinating to the imidazole nitrogen of H212 was
not observed in the active site of a MtFBA structure (MtFBA-NZ; pdb 4A21) that was
recently determined to 2.3 A®). This lower resolution structure was determined from
crystals that were grown from significantly different crystallization conditions than those
used here to determine the zinc and sodium cation bound form of MtFBA (Figure 5d)®©).
The crystallization and purification of MtFBA-NZ reported by de la Paz Santangelo et al.
was achieved under high inhibitory concentrations of ammonium sulfate and lithium sulfate
and in the absence of Zn%*, which directly impacted the structure within the MtFBA active
site(9). Specifically, these conditions resulted in the binding of sulfate polyanions and an
additional cation, presumably a sodium ion, which are bound in non-catalytically relevant
positions. The identity of the additional cation as sodium, lithium, or ammonium was not
independently confirmed®). As a result, the X-ray structure of the substrate and product free
from of MtFBA reported here may better represent the holoenzyme, or near apoenzyme,
form of MtFBA.

Probing the catalytic roles of residues within the MtFBA active site loop

The well-ordered structure of the active site loop in the MtFBA-PGH complex and the
available kinetic information on the ECFBA loop-mutant enzymes reported by Berry and
colleagues allowed us to propose possible catalytic roles for some of the same amino acids
within this loop(?2). Therefore, we used site-directed mutagenesis to test whether E169 and
E168 participate in the deprotonation/protonation reaction, and whether the flexibility of the
two glycine residues (G166 and G167) at the beginning of the loop, influence the catalytic
efficiency of MtFBA. In addition, we also characterized further the role of D276 in solvent-
exchange in the deprotonation/protonation reaction(? 17. 32, 33),
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The steady-state kinetic parameters and deuterium solvent isotope effects on five MtFBA
mutants were determined and the results are summarized in Table 2. The rate of FBP
catalysis by MtFBA was measured using an NADH-coupled assay at room temperature and
the maximal turnover number ke, was determined to be 720 10 min-! for the wild type
enzyme. This ke, value is ~60% of the value reported for MtFBA by Ramsaywak et al.
determined at 28°C, and ~50% of the value reported for MtFBA by Labbé et al. determined
at 30°C431), The corresponding increases of kg for MtFBA in response to increasing
temperatures has also been reported by Rukseree et. al. providing a basis for the differences
of ket between this study and others(* 24.31), Beyond comparisons of kg, determined for
MtFBA from different studies, the k.ot Value for MtFBA determined here is comparable to
the value determined for ECFBA at 30°C (22). It is also approximately three times the Kea;
value reported for GIFBA taken at a similar temperature (17: 21), The K, value for the
interaction of FBP with MtFBA was determined to be 40 £ 1 uM and is consistent with the
value for MtFBA determined previously(®). However, the K., value for MtFBA is an order
of magnitude lower than that for the ECFBA enzyme and an order of magnitude greater than
the Ky, value for the GIFBA enzyme (17: 21, 22),

Many class Il FBAs, including MtFBA, contain two glutamate residues in tandem within the
active site loop, MtFBA E168 and E169 (Figure 3c). In the case of GIFBA and TaFBA,
these two glutamates are off set from those of ECFBA, which has previously been proposed
to be the residue responsible for protonation/deprotonation of DHAP in the FBP-cleavage
reaction catalyzed by ECFBA(22). Mutation of E169 to an alanine in MtFBA resulted in
significant decreases in both kgyt (~1800-fold) and kqa/Kpy, (~1000-fold) for the FBP-
cleavage reaction, whereas mutation of nearby E168 to alanine only resulted in an
approximate 5-fold decrease in kgt from that of wild type MtFBA. These decreases support
the MtFBA-PGH structure’s assertion that E169 of MtFBA directly participates in the acid/
base catalytic machinery associated with the active site loop. Also, these reductions in
activity are significantly more profound than those observed for the ECFBA enzyme, Keat
(~315-fold) and k,t/K,, (~600-fold), suggesting that E169 may be slightly more rate-
limiting in the MtFBA catalyzed cleavage of FBP.

Additionally, a direct interaction between the carboxylate side-chain of E169 and a water
molecule (#57 Figure 4c) that is directly hydrogen bonded to the hydroxamate nitrogen of
PGH is clearly observed suggesting E169 serves as a proton shuttle that abstracts the C1
proton from DHAP (Figure 1a). In addition to the coordination of the active site water by the
carboxylic side chain of E169, the carboxylic group of D276 also directly coordinates this
water molecule. As observed in the MtFBA-FBP structure, D276 is expected to contribute to
the binding of and stereo-selectivity for FBP. Therefore, it is not surprising that the alanine
mutant, D276A, elevated the K, 5-fold@ 7). Intriguingly, the D276A mutation also
resulted in a 26-fold reduction in kgg. This reduction in activity, along with the MtFBA.-
PGH evidence that D276 coordinates with an active site water molecule, suggests that
D276’s role goes beyond facilitating the binding of FBP.

We also probed the sensitivity of the FBP-cleavage reaction to solvent-derived deuterons by
performing deuterium solvent-isotope effects. For the wild type MtFBA enzyme, a normal
solvent isotope effect on PV, (Kt /keat® = 1.9), is observed, whereas no solvent isotope
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effect is observed on P(V/K), (keat/Km) P/ (Keat//Km)P =0.94, suggesting proton transfer is
partially rate limiting in the ES complex (Table 2c). In contrast, normal solvent isotope
effects are observed on both PV, (keat/keat® = 2.1), and P(V/K), (Keat/Kim)™/
(keat/Km)P)=2.5, for E169A MtFBA. Also, significant solvent isotope effects are observed
for single and double MtFBA loop mutants, P(V/K)s, (Keat/Km)™ (Keat/Km))P)=3.2 and 3.5
respectively.

DISCUSSION

Roles of key active site loop residues of MtFBA

Previously, the inability to visualize the MtFBA active site loop left ambiguity as to which
residues within this loop participate in the catalytic mechanism of MtFBA. Mutagenesis
studies and primary kinetic isotope effects on the deprotonation of [1(S)-2H] DHAP by
Berry and coworkers conducted on ECFBA implicated residue E182 within the active site
loop of ECFBA as being directly involved in the protonation/deprotonation step of the FBA
mediated reaction(?2). However, direct structural proof of the interaction of E182 with
substrates, intermediates or products could not be achieved as the active site loop was
always disordered in X-ray structures. As in ECFBA, TaFBA, and GIFBA, MtFBA has two
tandem glutamates, E168 and E169, within the active site loop. Furthermore, whether the
glutamate directly acted on substrates of MtFBA or exerted its function through a water
molecule was previously unclear. The MtFBA-PGH structure reported here provides insight
into both these issues. Visualization of E169 within the MtFBA active site is experimentally
clear, and the side chain of E169 coordinates a water molecule that is H-bonded to PGH.
This observation clearly advocates E169 as the glutamate involved in protonation/
deprotonation in MtFBA and that it functions through a proton shuttle mechanism with a
water molecule. Since this glutamate aligns with ECFBA E182 upon sequence comparison,
and since its mutation to alanine resulted in the most catalytically hindered mutation
between the two glutamates (Table 2a), these results corroborate the assignment by Berry
and colleagues that E182 in ECFBA functions as the catalytic acid/base. Finally, the solvent
isotope effects observed for the selected MtFBA mutants supports the importance of E169 in
the catalytic mechanism.

For an enzyme to exhibit a solvent isotope effect, the rate-limiting step must involve the
breaking or formation of bonds that involve solvent derived deuterons. For class Il FBAS,
this translates to the protonation/deprotonation steps(?2). Out of the wt and five mutant FBAs
evaluated, only the E169A and MtFBA loop mutations that likely restrict E169 to be
positioned in a catalytically relevant position, or that prevent E169 from being in the active
site at all, exhibited a significant isotope effect (((Keat/Kim)™/(keat! Kim)P > 1; Table 2). With
no isotope effect observed for E168A, and a significant effect on k4 for the E169A
mutation, not only is the identity of E169 as the residue responsible for protonation/
deprotonation in MtFBA revealed, but also that protonation facilitated by E169 during FBP
cleavage becomes more rate limiting in the E169A mutant. Unfortunately, these results
could not be compared in total with those performed on ECFBA, as that study did not
include an equivalent E168A mutant. However, these results do complement those obtained
from EcFBA.
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For ECFBA, primary isotope effects were measured for the reverse reaction with [1(S)-2H]
DHAP as the substrate, whereas we determined the solvent isotope effect of FBP cleavage
by MtFBA. The mechanism of MtFBA suggests that up to five enzyme states may occur
(Figure 1a). These five enzymes states comprise one for the holoenzyme as well as four
others representing the different states of the ES and EP complexes (Figure 1b). Intriguingly,
at least three steps, 2, 4, and 5 (Figure 1b), are potentially sensitive to solvent isotope
effects. Naturally, when glutamate is mutated to alanine, the mechanistic steps that utilize
this residue will become more rate limiting (Table 2c). Interestingly, as in the ECFBA
primary isotope study, no solvent isotope effect on P(V/K,y,) for wild type MtFBA was
observed suggesting that either the active site loop protonation/deprotonation is not the rate
limiting step, or that the isotope effect on this step is masked by increases in the energy
barriers of other solvent isotope sensitive steps (Figure 1b). A value of 1.93 for PV on wt
MtFBA supports the latter explanation and suggests that the proton-transferring step
facilitated by the side chain of E169 is partially rate-limiting.

Mechanism of MtFBA inhibition by PGH

Since DHAP was found to be a competitive inhibitor against FBP for MtFBA, the K value
derived from the kinetics studies is therefore a dissociation constant for DHAP from the
MtFBA-DHAP complex. Comparison of the K4 values for the DHAP-MtFBA and PGH-
MtFBA complexes reveals a 11,333-fold increase in affinity of PGH over DHAP for
MtFBA. The MtFBA-PGH structure and accompanying results of ITC and kinetic
experiments support a possible mechanism for the increase in affinity. Unlike the extra
density observed in the MtFBA-DHAP structure, which was accounted for by the presence
of DHAP in addition to that of HEI intermediate, no such density is observed in the MtFBA-
PGH active site (Figure 4a). This reinforces the assignment of PGH in the active site of
MtFBA-PGH and the assertion that HEI is observed in the MtFBA-DHAP active site(?). In
contrast to the carbon 1 of HEI that forms an sp? hybridized orbital system in its
coordination with ZN1, a geometry suggested by its 118° bond angle and the oxygen-zinc
distances resembling two coordinating bonds, PGH adopts a tetrahedral sp3 geometry with
an angle of ~ 109° between PGH’s nitrogen, its bound oxygen and the hydrogen bonded
active site water (Figure 4c). Additionally, only the nitrogen-bound oxygen of PGH forms a
coordinating bond with the catalytic zinc, whereas its carbon bound oxygen’s bond with the
catalytic zinc resembles a longer H-bond. This suggests that the PGH’s carbon-bound
oxygen is in a ketone form. This narrows the possible resonance species of PGH found
within the MtFBA active site to two forms, 2 or 6, in Figure 6a. Although the distance
between the PGH hydroxyl oxygen atom and ZN1 favors the assignment of species 2 to
PGH within the active site, the low pH of the crystallization solution would likely favor the
protonated form of 2, which is species 6 (Figure 5b)(34). In either case, the interatomic
distances between PGH, W57, E169 and D276, as well as tetrahedral geometry of the
secondary amine, which includes the lone electron pair, suggests the formation of an H-bond
network as depicted in Figure 6b. In this scheme, a lone pair of electrons on the secondary
amine points toward the back of the MtFBA active site, while W57 forms H-bonds with
D276 and E169. This facilitates W57’s involvement of extracting a proton from PGH.
However, as reflected in the types of bonds formed between ZN1 and PGH as well as PGH’s
electron configuration, the secondary amine is not polarized to allow proton extraction as
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occurs with the hydroxymethylene hydrogen atoms of DHAP( 5). Thus, the water molecule
fails to strip the proton from PGH and instead forms a stable H-bond network between PGH,
W57, D276 and E169. This network stabilizes the active site loop in a closed conformation
preventing PGH from being readily exchanged with MtFBA substrates likely contributing to
PGH’s robust inhibitory properties.

The isoelectronic similarity between DHAP and PGH suggests that they should block the
same space in the MtFBA active site from FBP binding or displace the same two waters
observed in the MtFBA-holo active site (Figure 5a). As a result, they both would have the
same entropic component for binding. However, PGH possesses a vastly higher affinity for
MtFBA than DHAP. This implies a significant disparity in enthalpic contributions of
binding between the DHAP and PGH, which is in line with the significant heat associated
with PGH binding to MtFBA and the lack of heat associated with DHAP binding observed
in ITC experiments (Figure 2). The heat observed from the binding of PGH suggests
formation of stable bonds between MtFBA and PGH, which are not present between MtFBA
and DHAP. Comparison of the MtFBA-DHAP and MtFBA-PGH structures bear this out
with three anti-parallel B-sheet H-bonds, two salt-bridges and a network of H-bonds between
E169, a water molecule, D276 and PGH formed in the MtFBA-PGH structure, whereas no
density for active site loop is found in the MtFBA-DHAP structure(@). As both the MtFBA-
DHAP and MtFBA-PGH complexes possess the capability of forming similar inter-MtFBA
interactions, the interaction with E169 and PGH appears to be the discerning factor in
stabilizing the active site loop in MtFBA.

Previous structural studies of class Il FBAs utilized PGH to mimic HEI but were unable to
observe the active site loop and any additional interactions that modulate loop stabilization
beyond those formed directly by PGH and active site waters®: 13.17)_ |n the case of MtFBA,
these interactions are formed by two salt-bridges between D170/D314 and E168/K308
(Figure 3b). As class I1b FBAS, both GIFBA and HpFBA lack the equivalent K309 of
MtFBA as well as the presence of an isoleucine or aspartic acid residue inserted in the active
site loop just prior to the active loop glutamates(13: 1), As a class Ila FBA, ECFBA does
have the conserved residues that could potentially form these salt-bridges to stabilize the
loop in a catalytically relevant orientation. However, high concentrations of zinc, 2-5 mM,
were used to determine the ECFBA-PGH structure, and this may have artificially created an
additional zinc-binding site near ECFBA’s active site loop. This additional zinc site was not
observed in the MtFBA structures elucidated in the presence of 0.1 mM zinc. The additional
zinc found in ECFBA, may have altered ECFBA-PGH’s active site by forming a bond with
E181 orienting E182 to form a salt-bridge with ECFBA’s R334(%), Consequently, ECFBA-
PGH’s active site loop may have been prevented from adopting an orientation similar to that
of in the MtFBA-PGH’s active site loop®. Another possibility for being able to trap the
active site loop of MtFBA with PGH bound is the pH of the crystallization solution.
Whereas MtFBA-PGH was crystallized under mildly acidic conditions, the structures of
EcFBA-PGH, GIFBA-PGH, and HpFBA-PGH structures were all resolved in mildly basic
conditions®: 13.17), However, the MtFBA-DHAP-HEI structure was crystallized under the
same conditions as those for crystallization of the MtFBA-PGH complex and, similar to
EcFBA-PGH and GIFBA-PGH, no electron density was observed for the active site loop.
Additionally, a mixture of the substrate, DHAP, and the reaction intermediate, HEI, was
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found in the active site of MtFBA co-crystallized with an excess concentration of DHAP
suggesting that under MtFBA-PGH crystallization conditions, proton transfer can still
occur(®, Overall, these observations suggest that the presence of PGH, and possibly the
greater presence of protonated water within the MtFBA-PGH active site, may contribute to
the stability of the active site loop in a closed state.

In conclusion, through X-ray crystallographic visualization of the potent inhibitor PGH
bound to the active site of the MtFBA enzyme, significant insight into the contribution of
the active site loop to the catalytic mechanism of protonation/deprotonation in class Il FBAs
can now be envisioned. Additionally, key active site loop residues in MtFBA, specifically
E169 and a catalytic water molecule, have been identified. As a result, a greater
understanding of how class Il FBAs perform this critical step in the cleavage of FBP into
DHAP and G3P has been achieved. The MtFBA-PGH structure also illustrates a mechanism
that explains the three-orders of magnitude increase in affinity of PGH over DHAP for the
active sites of FBAs. PGH’s ability to form favorable active site loop stabilizing interactions
to elicit this increase in affinity, underlines the importance and necessity of developing
inhibitors that possess similar interactions with bacterial class Il FBA active site loops.
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Abbreviations

BSA bovine serum albumin

CHA cyclohexylamine

DHAP dihydroxyacetone phosphate

DMSO dimethyl sulfoxide

EcFBA Escherichia coli class Il fructose 1,6-bisphosphate aldolase
FBP fructose 1,6-bisphosphate

GIFBA Giardia lambia class Il fructose 1,6-bisphosphate aldolase
G3P glyceraldehyde 3-phosphate

HEI hydroxyenolate intermediate

HEPES N-2-hydroxyethylpiperazine-N’-2-ethane sulfonate
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Helicobacter pylori class Il fructose 1,6-bisphosphate aldolase
isothermal titration calorimetry

isopropyl-p-o-thiogalactoside

Luria-Bertani

Mycobacterium tuberculosis class 11 fructose 1,6-bisphosphate aldolase
phosphoglycolamide

phosphoglycolohydroxamate

nicotinamide adenine dinucleotide

nuclear magnetic resonance

polyethylene glycol

polymerase chain reaction

sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Thermus aquaticus class Il fructose 1,6-bisphosphate aldolase

triose phosphate isomerase
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Figure 1. Proposed mechanism and reaction coordcinate of MtFBA
(a) A five-step, reversible chemical mechanism of MtFBA is shown along with associated

structural motion of the active site loop. Atoms of FBP, that originated from G3P, are
colored green for clarity and a pink line denotes the active site loop amino acids (168-179)
of MtFBA. (b) Simplified reaction coordinate diagram for the MtFBA catalyzed reaction
illustrating intermediate and transition states. The dashed lines represent reaction steps that
involve proton transfer steps where possible increases in energy of the reaction barriers
could occur due to these steps being sensitive to deuterium substitution.
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Figure 2. ITC and kinetic studies on the binding interactions of wild type and G166A/G167A
MtFBA with PGH and DHAP

ITC thermographs (Upper Panels) and associated binding isotherms (Lower Panels) of wild
type and mutant MtFBA titrated with either DHAP or PGH are shown in panels a thru c. (a)
Wild type MtFBA titrated with DHAP. (b) Wild type MtFBA titrated with PGH. Data were
fit to a single-site binding model using a monomeric concentration of MtFBA (lower panel).
The resulting thermodynamic parameters and the value for n are given in the text. (c)
G166A/G167A mutant MtFBA titrated with PGH. (d) Lineweaver-Burke Plot of DHAP
inhibition of MtFBA. DHAP concentrations were: (@) 0 UM, (O) 62.5 pM, (¥) 125 pM, (V)
250 pM, () 500 uM, (T) 1,000 pM, (#) 2,000 pM, (<) 4,000 M. Data were globally fit to a
pure competitive inhibition model. The resulting kinetic parameters are given in the text.
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Figure 3. X-ray Structure of MtFBA aldolase in complex with PGH highlighting the newly
resolved active site loop

(a) Divergent-eyed stereo view of a cartoon rendering of MtFBA-PGH protomer. Helical
regions are presented as cylinders with p-strands as arrows. Helices and loops are colored in
yellow with strands in light blue. Zinc ions (hot pink) are space fill rendered according to
atomic radii with the active site sodium ion removed for clarity of PGH (blue) bound. Other
ligands observed, PEG300 (green) and acetate (lavender), are present in stick form. Active
site loop residues 168-179 are depicted in pink. (b) Divergent-eyed stereo view of MtFBA
active site loop. MtFBA residues 165-180 are rendered in stick. Residues in stick are colored
according to B-factors with blue representing a B-factor of ~25 to red representing a B-
factor of ~90. PGH is depicted in CPK with carbons colored in cyan. All other residues are
represented as a surface rendering with the asymmetric protomer in yellow and symmetry
related surface in grey. Blue mesh reflects 2F,-F; density maps calculated for the active site
loop and contoured to 1 0. (c) Sequence alignment of active site loop region of class Ila-b
FBP aldolase from the H37RV strain of M. tuberculosis (protein accession NP_334786), E.
coli (PDB 1B57_A), H. pylori (PDB 3C4U), T. aquaticus (PDB 1RV8_A), G. lambia (PDB
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2ISV_A). Alignment generated using CLUSTALW, TEXSHADE, and BL2SEQ programs
(http://workbench.sdsc.edu/) were used with the Matrix = BLOSUM®62, Gap Opening
Penalty = 11, Gap Extension Penalty = 1, and Lambda Ratio = 0.85. Amino acids are color
coded according to being non-conserved (white), similar (orange), conserved (red), and
completely conserved (red; green lettering) across the six sequences. Active site catalytically
relevant glutamates circled. (d) Complete secondary structure topology of MtFBA.
Secondary elements are colored as in (a).
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Figure 4. Structure of the MtFBA active site bound with PGH
(a) Divergent-eyed stereo view of the MtFBA active site bound with PGH (blue). The

carbon atoms of the single protomer within the asymmetric unit are colored yellow.
Heteroatoms are colored according to their element. Zinc (hot pink) and sodium (purple)
ions are rendered in spheres according to their atomic size. The blue mesh represents the
2F,-F. electron density maps surrounding the PGH molecule. The map is contoured to 1 o.
(b) Newman projection of DHAP, HEI, and PGH bound to a zinc cation (SN1) within the
MtFBA active site. DHAP and HEI are from PDB entry 3KEL, and PGH is from PDB entry
4DEL. Intermolecular distances between the atoms of the bound ligands and ZN1 are shown
in green. These illustrate the tetrahedral molecular geometry of PGH’s nitrogen, which is
divergent from HEI’s trigonal planar geometry. (c) Divergent-eyed stereo alternate angle
view of MtFBA active site with PGH bound. Labels of MtFBA-PGH residues are in black
with labels for waters in red. All other atoms are rendered as in (a) and (b). H-bonds
distances between W57, PGH, and MtFBA active site residues is colored in green.
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Figure 5. Active site structure of the MtFBA-holo enzyme
(a) Divergent-eyed stereo view of MtFBA-apo active site. Asymmetric unit protomer

carbons are green heteroatoms are colored according to their element. Zinc (hot pink) and
sodium (purple) ions are rendered in sphere according to atomic size. Waters (red) are
depicted as spheres scaled to 50% for clarity. Electron density, 2F,-F. map (blue) calculated
at 1 o around waters and acetate (lavender) located within the active site. (b) Coordination
schematic of ZN1 in MtFBA-apo. Distances are in green with angles in orange. (c) MtFBA-
apo active site. All atoms illustrated as in (a). Acetate ion (magenta) is rendered in stick
form. (d) MtFBA with no active site zinc bound (4A21). Sodium (lavender) ions are
rendered in sphere according to atomic size. Waters (cyan) are depicted as spheres scaled to
50% for clarity with sulfate anions rendered in stick form.
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Figure 6. lonization and Tautomeric forms of PGH in solution or in the MtFBA active site
(a) Plausible forms of PGH in solution under various pH conditions(®%). (b) Coordination of

PGH within the MtFBA active site.
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Table 1
Data Collection and Refinement
MtFBA-PGH MtFBA-APO
Data Collection
Space Group 1222 1222
Unit Cell Dimensions
a b, c(A) 61.8,119.6,164.0 60.7,119.7, 164.8
a=p=y(°) 90 90
Resolution (A) 93.90-1.58 96.9-1.64
No. Reflections Observed 354,909 158,675
No. Unique Reflections 78,320 65,340
Rmerge (%)@ 5.9 (27.9)" 45(20.0)
/ol 226 (4.2)" 15.7 (4.4)°
% Completeness 94.0 (77.5)" 88.6 (94.8)"
Refinement
Resolution Range 93.90-1.58 96.9-1.64
No. Reflections in Working Set 74,297 62,029
No. Reflections in Test Set 3,910 3,306
Ruork (%)P 18.8 18.9
Riree (%)P 20.5 19.9
RMS deviation:
Bond Lengths (A) 0.01 0.01
Bond Angles (°) 1.2 11
Protein / Water Atoms 2738/580 24441 424

Average B-Factors (A?)

Total 24.0 29.4
Protein 18.4 27.0
Water 40.4 43.6
Ligands 24.0 46.3
lons 20.0 39.7

*
The last resolution shell is shown in parentheses.

aRmerge=2h2| |11(h) - <I(h)>| / ZhZj 11(h), where 11(h) is the it measurement and <I(h)> is the weighted mean of all measurements of I(h).

bRwork and Rfree = h(|[F(h)obs| - [F(h)calcl) / hiF(h)obs| for reflections in the working and test sets, respectively. R.m.s., root mean square.
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Kinetic Parameters for MtFBA

A: Fructose 1,6-bisphosphate (H,0)2

Table 2

Enzyme ke (MinL) Kmn (M) dkcat/Km (UMt min'?)
wt 720 £ 10 40+1 18+1
E169A 0.40 +0.04 18+1 0.017 £ 0.002
E168A 160 + 10 30+2 53+0.5
G167A 10+£1 21+1 0.48 £ 0.05
G167A, G166A 6.6+0.1 21+2 0.32+0.03
D276A 27+1 180 + 10 0.15+0.01

B: Fructose 1,6-bisphosphate (DZO)b

Enzyme Keat (Min‘t) K (UM) Keat/Km (MM min)
wt 370+ 10 19+1 19+1
E169A 0.16 +0.01 14+1 0.011 +0.001
E168A 50+0.5 59+05 8.7+0.7
G167A 3.0+0.1 20+1 0.15+0.01
G167A, G166A 19+0.1 13+1 0.15+.01
D276A 34+1 180 + 10 0.19+0.01
C: Isotope Effect Relationships
Enzyme keatea® KK (Koal K Y (Keat/ Ki)P
wt 19+0.1 21+0.2 0.94 +0.07
E169A 25+0.3 13+0.2 2003
E168A 32+0.2 51+05 0.61+0.07
G167A 32+04 1.1+01 320+0.4
G167A, G166A 35+0.2 16+0.16 2.13+0.24
D276A 0.80+0.03 1.02+0.06 0.79 £ 0.06

aThe steady-state kinetic parameters were determined in 100 mM Tris-HCI, 100 mM potassium acetate, 0.4 mM NADH (pH 7.4) at 24 °C.
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bThe steady-state kinetic parameters were determined in 100 mM-Tris HCI, 100 mM potassium acetate, 0.4 mM NADH (pH 7.8/pD 7.4) at 24 °C.

CErrors are for kgt and Km are from the fit.

% rrors from keat / Km and those of (keat/Km)/(kcat/Km)P were calculated using D(A/B)= (A/B)V((DA/A)2 + (DB/B)2) with DA and DB
representing the errors of A and B respectively.
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