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ABSTRACT: Class II fructose 1,6-bisphosphate aldolase
(FBA) is an enzyme critical for bacterial, fungal, and protozoan
glycolysis/gluconeogenesis. Importantly, humans lack this
type of aldolase, having instead a class I FBA that is struc-
turally and mechanistically distinct from class II FBAs. As such,
class II FBA is considered a putative pharmacological target
for the development of novel antibiotics against patho-
genic bacteria such as Mycobacterium tuberculosis, the causative
agent for tuberculosis (TB). To date, several competitive class
II FBA substrate mimic-styled inhibitors have been developed;
however, they lack either specificity, potency, or properties
that limit their potential as possible therapeutics. Recently,
through the use of enzymatic and structure-based assisted

screening, we identified 8-hydroxyquinoline carboxylic acid (HCA) that has an ICg; of 10 + 1 uM for the class II FBA present in
M. tuberculosis (MtFBA). As opposed to previous inhibitors, HCA behaves in a noncompetitive manner, shows no inhibitory
properties toward human and rabbit class I FBAs, and possesses anti-TB properties. Furthermore, we were able to determine the
crystal structure of HCA bound to MtFBA to 2.1 A. HCA also demonstrates inhibitory effects for other class II FBAs, including
pathogenic bacteria such as methicillin-resistant Staphylococcus aureus. With its broad-spectrum potential, unique inhibitory
characteristics, and flexibility of functionalization, the HCA scaffold likely represents an important advancement in the
development of class II FBA inhibitors that can serve as viable preclinical candidates.

T uberculosis (TB) is one of the most prevalent infections
in the world and a leading cause of mortality in
developing countries." Mycobacterium tuberculosis, the causative
agent for TB infections, have been estimated by the World
Health Organization (WHO) at 8.7 million new cases during
2011, with 1.4 million M. tuberculosis-related deaths.> This
brings the total number of estimated new cases and deaths over
the past five years to a staggering 45.6 million and 8.1 million,
respectively. Additionally, one-third of the world’s population is
estimated to have latent M. tuberculosis." Further exacerbating
the danger of TB is the considerable rise of TB co-infecting
patients with HIV. Specifically, individuals infected with HIV
are more than 20 times more likely to develop active TB and
thus be able to rapidly spread the disease.”* The current treat-
ment for TB, Directly Observed Therapy, Short Course (DOTS),
relies on directly observing the administration of a four-drug
cocktail over a two month span with continuous two-drug treat-
ments for an additional two—four months.*

In recent years, the WHO has estimated that the rate
of curing TB with DOTS has declined from 95 to 85%.> A
significant factor in this decline, which has thwarted intensifying
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efforts to eliminate TB, is increasing drug resistance. Incidences
of multidrug-resistant TB (MDR-TB), TB resistant to the two
most efficacious TB drugs, are on the rise, with 500,000 cases
reported in 2011.% Also, spreading of extensively drug-resistant
TB (XDR-TB), MDR-TB with additional resistance to almost
all known TB drugs, has occurred. As of 2011, XDR-TB has
appeared in 84 countries, including the United States.” For
MDR-TB, new treatment regimens, including DOTS plus,
have been initiated but require 18 months of treatment.’
Treatment options for XDR-TB are even more limited.> Also,
the practicality of these prolonged pharmacological treat-
ments is largely in doubt, as patient compliance difficulties
have already been encountered during the six month DOTS
treatment.’

The absence of an effective treatment for MDR-TB and
XDR-TB and the increase in the number of active TB cases
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among HIV patients highlight the need to explore other
potential TB drug targets. One widely touted potential drug
target is M. tuberculosis’s sole fructose 1,6-bisphosphate aldolase
(MtFBA, EC 4.1.2.13).57"7 As a class II fructose 1,6-bisphos-
phate aldolase, MtFBA falls into one of two classes of fructose
1,6-bisphosphate aldolases (FBAs). Both class I and class II
FBAs catalyze the reversible aldol condensation of dihydrox-
yacetone phosphate (DHAP) with glyceraldehyde 3-phosphate
(G3P) to form fructose 1,6-bisphosphate (FBP)."® However,
the two enzyme classes differ in their mechanism of catalysis
and prevalence among species, which has made class II FBAs a
highly sought after bacterial target for pharmacological develop-
ment. Specifically, class I FBAs utilize a lysine residue to generate
a nucleophilic enamine from DHAP, whereas class II aldolases
utilize a Zn(II) cation to stabilize the DHAP enolate inter-
mediate involved in the aldol condensation reaction.”® Also, the
location of a key amino acid side chain responsible for proton
extraction and addition significantly differs.'”~>' Beyond the
differences in their reaction mechanisms, the two classes of FBAs
distinctly differ in their distribution among species. Higher
organisms such as humans possess only class I FBAs, whereas
protozoa, bacteria, fungi, and blue-green algae primarily have
class II FBAs, with a few possessing both.**™** In other
words, selective inhibitors developed for class II FBAs are
unlikely to generate toxic effects through disruption of the
human class I FBA.

Additionally, the essentiality of class II FBAs within bacteria
has been illustrated via knockout studies of both Gram-positive
and Gram-negative bacteria, including M. tuberculosis, Escherichia
coli, Streptomyces galbus, Bacillus subtilis, Pseudomonas aerugino-
sa, Streptococcus pneumoniae, and Candida albicans.""">>~3
Although bacteria such as E. coli and other autotrophic
prokaryotes possess both class I and class II FBAs, class I
FBAs are only conditionally expressed, with class II FBAs being
essential.''***3% Beyond knockout studies and MtFBA being
the only FBA in M. tuberculosis, MtFBA has been observed to
be more abundantly produced and/or secreted by M. tuberculosis
when placed in hypoxic conditions similar to those found within
necrotic pulmonary lesions where M. tuberculosis resides.”'” A
p-blast search also illustrates that MtFBA is 100% conserved
across all sequenced strains of M. tuberculosis, including
XDR-TB strain KZN60S as well as MDR-TB strain KZN143S.
Taken together, the essentiality of class II FBAs and the absence
of a human homologue have placed class II FBAs among the top
potential bacterial drug targets currently lacking a viable
preclinical drug candidate.

Naturally, as the essentiality of class II FBAs in bacteria was
revealed in 2003, efforts began in earnest to develop class II
FBA inhibitors for use as treatments related to TB and other
bacterial and protozoan infections.'’ The first generation of
these inhibitors began with the candidacy of a DHAP analogue,
phosphogglycolohydroxymate (PGH) which was first reported
in 1974.” Although PGH inhibits class II FBAs through com-
petitive inhibition by mimicking DHAP, PGH is extremely
promiscuous, inhibiting several mammalian enzymes, including
class T FBAs.***¥ Recent attempts to follow up on the com-
petitive substrate mimicry approach utilized the chemical skeleton
of FBP and focused on zinc—inhibitor interactions to gain greater
specificity. Although low-micromolar, selective competitive
inhibitors were observed for MtFBA and other bacterial class II
FBAs, all of the inhibitors relied on the presence of one or two
phosphate groups for selectivity and affinity.%%*'>'***3* Not
surprisingly, with the presence of the highly charged phosphate
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moiety that likely interferes with transport across the cell
membrane, only one of these substrate mimic-styled inhibitors
has a measurable minimal inhibitory concentration (MIC)
despite them being assessed up to 1 mM.%**'>13233% Thjg sole
exception is FBP analogue TD3 that possesses a 40 nM affinity
for MtFBA. However, despite a recent attempt to validate or
optimize TD3, no inhibitory effect on M. tuberculosis growth was
observed, illustrating the limits of these types of inhibitors.%®
Recently, we identified a chemical scaffold, 8-hydroxyquino-
line-2-carboxylic acid (HCA), through the use of enzymatic and
structure-based assisted screening that allows for selective, druglike,
low-micromolar, noncompetitive inhibition of M. tuberculosis class
ITIa FBA as well as those from other pathogenic bacteria. To
elucidate the in vitro characteristics of the interaction between
HCA and MtFBA, the ability of HCA to inhibit MtFBA at
multiple concentrations was examined, and isothermal titration
calorimetry (ITC) was performed. Finally, an X-ray crystal
structure of HCA bound with MtFBA was elucidated to 2.1 A
and compared to the apo and substrate-bound forms of MtFBA.

B EXPERIMENTAL PROCEDURES

Materials. Chemicals, biochemicals, buffers, and solvents
were purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO), Fischer Scientific, Inc. (Pittsburgh, PA), Acros Organics
(Morris Plains, NJ), or Worthington Biochemical Corp. (Lakewood,
NJ) unless otherwise indicated. 8-Hydroxyquinoline-2-carboxylic
acid (HCA) was purchased from Acros Organics (catalog no.
347620010). Enzymatic assay reagents, including bovine serum
albumin (BSA, catalog no. A3059-50G), nicotinamide adenine
dinucleotide hydrate (NAD", catalog no. 43407-25G), rabbit
glyceraldehyde 3-phosphate dehydrogenase (GAPDH, cata-
log no. G2267-10KU), p-fructose 1,6-bisphosphate tetra-
(cyclohexylammonium) salt (FBP, catalog no. F0752-5G),
pL-glyceraldehyde 3-phosphate (G3P, catalog no. GS5251-
25MG), and dihydroxyacetone phosphate dilithium salt (DHAP,
catalog no. D7137-100MG), were purchased from Sigma-Aldrich.
Resazurin sodium salt was obtained from Acros Organics
(catalog no. 189900250). Diaphorase was purchased from
Worthington (catalog no. 4327). The Amicon Ultra-15 centrifugal
filter devices were obtained from Millipore (UFC901024). The
Ni-NTA and the Superdex-S200 High Resolution resins were
obtained from Qiagen (Valencia, CA) and GE Healthcare,
respectively. Recombinant human aldolase-A was obtained
from GenWay Biotech, Inc. (San Diego, CA; GenWay catalog
no. GWB-791DD1). Costar 96-well half-area, black flat-bottom
polystyrene plates were purchased from Corning (catalog
no. 3694).

Production and Purification of FBAs. The construction
of the M. tuberculosis pET 17b-fbaH expression vector harboring
the fba gene (Rv0363c) was performed as previously described.'
The pET-fbaH plasmid was introduced into E. coli BL21(DE3)
by heat-shock transformation for enzyme expression. The re-
sulting plasmid was then purified, restriction analyzed, and
sequenced to verify the construct. The expression system pro-
duced a C-terminal, His-tagged fusion protein, which is herein
termed MtFBA. Cells containing MtFBA were grown in 12 L of
LB broth containing 100 yg/mL ampicillin until an ODgy, of
0.6 was reached. Expression of the fbaH gene was induced by
addition of IPTG to a final concentration of 0.4 mM, and the
culture was grown for an additional 4—6 h at 25 °C. Following
this period, the bacterial cells were isolated via centrifugation at
3000g for 10 min and stored at —80 °C. The cell pellets were
suspended in buffer A [300 mM NaCl and 50 mM Tris (pH 8.0)]
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and lysed by addition of 5 mg of chicken lysozyme followed
by sonication. The insoluble cell debris was separated via
centrifugation for 45 min at 17000g. MtFBA was purified from
the resulting supernatant by using a Qiagen Ni-NTA column
and eluted with buffer A containing 300 mM imidazole
followed by buffer exchange into buffer B [100 mM NaCl,
20 mM Tricine (pH 8.0), 2 mM DTT, and 0.1 mM ZnCl,] by
passage over a Superdex-S200 High Resolution column. The
purified MtFBA was concentrated to 16 mg/mL via 10000
molecular weight cutoff centrifugal filter units (Millipore Cork,
IRL) at 4000g. The final protein was then filtered through
0.22 pum Costar spin filters.

The production of the FBA expression vector for a methicillin-
resistant strain of Staphylococcus aureus (SaFBA) was generated
using E. coli BL21 optimized synthesis by Genscript, Inc. The
SaFBA expression construct encodes the 289 amino acids from
UniProtKB entry QSHE7S.1 as well as six histidines and a stop
codon to generate a C-terminal histidine tag and incorporated
them into pET11a plasmids using Ndel and BamHI restriction
sites. Transformation, expression, and purification were per-
formed in a manner similar to that of MtFBA.

The E. coli K-12 class II FBA was obtained from the ASKA
library in a pCA24n-fbaA expression vector harboring the fbaA
gene.”” Transformation, expression, and purification were
performed in a manner similar to that of MtFBA with the
exception that 25 pg/mL chloramphenicol was used in place of
ampicillin.

FBA purified from rabbit muscle was obtained as an ammonium
sulfate suspension from Sigma-Aldrich (catalog no. A8811).
The suspension was spun down at 13000g for 10 min at 4 °C,
the supernatant discarded, and the pellet resuspended in buffer
B supplemented with 1 mM EDTA. The resuspended protein
was centrifuged again at 3000g for 15 min to remove any solids
that remained.

Recombinant human aldolase-A was purchased form Gen-
Way Biotech, Inc., at a concentration of 1 pg/uL in buffer C
[20 mM Tris-HCI (pH 8.0), 100 mM NaCl, and 20% glycerol].

All protein concentrations were determined through UV—
visible spectroscopy at 280 nm using molar extinction coeflicients
experimentally derived by the method of Gill and von Hippel.*’

FBA Enzymatic FBP Cleavage Assays. The activity of
FBAs was monitored through a fluorescence-based assay
measuring the increase in fluorescence due to conversion of
resazurin to resorufin via diaphorase when coupled with the
oxidation of NADH to NAD*. The assay mixture (final volume
of 50 uL) contained 0.4 mM NAD®, 8 units/mL GAPDH,
0.01% (w/v) BSA, 2 mM DTT, 15 mM NaH,AsO,, 100 mM
Tris HCl (pH 7.8), 100 mM CH,COOK, 180 nM MtTPI,
1 unit/uL diaphorase, and 50 yM resazurin. Triton X-100 was
included at a final concentration of 0.01% in follow-up assays
to identify any promiscuous inhibitors. For FBAs derived from
M. tuberculosis and E. coli, a final assay concentration of 4 nM
was used. For FBAs derived from S. aureus, rabbit, and human,
a final assay concentration of 40 nM was used. The reaction was
initiated via the addition of FBP at an assay concentration of
75 uM. All assays were performed at room temperature and in
duplicate using Costar 96-well half-area, black flat-bottom
polystyrene plates (Corning). All FBA activity assays were
conducted using a TECAN M1000 plate reader by measuring
the fluorescence of resorufin at 585 nm when it was excited at
535 nm. A standard curve for FBP conversion was determined
by adding excess MtFBA to various concentrations of FBP and
allowing the reactions to run to completion. The resulting
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maximal fluorescence values were plotted to determine the
slope and subsequently the conversion factor.

The ICs, value for the inhibition of MtFBA by HCA was
determined at HCA concentrations ranging from 0 to 100 uM,
with the FBP concentration held constant at 75 uM.
The percent inhibition (I%) was calculated using the formula
I% = [1 - (ysample - I/negative control)/(ypositive control T
Unegative control)] X 100. The resulting 1% values were fit via
nonlinear regression to the equation 1% = I%,,,/(1 + ICs,/
[HCA]) using the Enzyme Kinetics Module of SigmaPlot,
version 12.2 (SPSS, Inc.).

To determine the mode of action of HCA, inhibition studies
were conducted using HCA concentrations ranging from 0 to
25 uM with four additional concentrations of FBP ranging from
9 to 150 uM used to initiate the reaction. Initial velocity data
were fit using nonlinear regression analysis to each of the
equations describing partial and full models of competitive,
uncompetitive, noncompetitive, and mixed inhibition using the
Enzyme Kinetics Module of SigmaPlot. On the basis of the
analysis of fits through “goodness-of-fit” statistics, the full non-
competitive inhibition model was determined with the equation
v = Vyuo/[(1 + [1J/K) X (1 + K,,/[S])], where [S] = [FBP],
[I] = [HCA], and K, is the constant for dissociation of HCA
from free MtFBA.

The class II FBAs from E. coli (4 nM) and S. aureus (40 nM)
as well as the class I FBAs from rabbit muscle (40 nM) and
human muscle (40 nM) were tested with a final HCA con-
centration of 25 M. The reaction was initiated with 75 yM
FBP, and I% was calculated as previously described.

Isothermal Titration Calorimetry (ITC) Experiments.
ITC experiments were performed in duplicate using a
NanoITC system (TA Instruments, Lindon, UT). MtFBA
was dialyzed overnight at 4 °C against buffer D [100 mM Na(l,
20 mM Tricine (pH 8.0), and 2% DMSO]. HCA and ZnCl,
were dissolved using the buffer in which MtFBA was dialyzed
to concentrations of 5 and 10 mM, respectively. To assess the
interaction between HCA and free zinc(II) ion, a solution of
S mM HCA was titrated into 0.4 mM ZnCl,. To assess the
interaction between HCA and MtFBA, equal portions of 5 mM
HCA and 10 mM ZnCl, were mixed and the HCA/ZnCl,
mixture was titrated into 0.25 mM MtFBA. ITC runs were
performed at 25 °C and comprised of one injection of 1 yL
followed by 24 injections of 2 uL for a total of 25 injections.
Each injection was spaced 200 s apart. The average heat
released for the last five injections was used to correct for the
heat of dilution. Data sets were analyzed with NanoAnalyze and
fit to an independent model.

Inhibitor Susceptibility Testing. MIC values in 7H9-
ADC-Tween 80 broth at 37 °C against M. tuberculosis H37Rv
(avirulent strain mc*6206) were determined using the resazurin
blue assay”' and by visually scanning for growth.

Crystallization of the MtFBA—HCA Complex. Initial
crystallization conditions for the substrate-less, zinc-bound
holo-MtFBA were achieved using conditions from our
previously described protocols.'> The final crystal was grown
using hanging-drop vapor diffusion at 20 °C. Crystallization
drops included 2 pL of a 16 mg/mL MtFBA protein solution
containing buffer B mixed in a 1:1 ratio with 26% PEG 300,
0.1 M sodium acetate (pH 4.5), and 2% DMSO. After 4 weeks,
the holo crystal was removed from the hanging drop, placed in
S uL of a soaking solution containing 2.5 mM HCA, 26% PEG
300, 0.1 M sodium acetate (pH 4.5), and 2% DMSO for 1 h,
and then flash-cooled in liquid nitrogen.
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X-ray Structure of the the MtFBA—HCA Complex. An
X-ray data set was collected using a crystal mounted onto a
nylon loop flash-cooled in liquid nitrogen. The crystal was
mounted under a stream of dry N, at 100 K. An MtFBA-HCA
complex data set with resolution to 2.10 A was collected at
Advance Light Source (ALS) beamline 4.2.2 using a
monochromic X-ray beam of 1.00 A with a NOIR-1 MBC
detector. X-ray images were indexed, processed, integrated, and
scaled using HKL2000.*” An initial phase solution was
elucidated using holo-MtFBA [Protein Data Bank (PDB)
entry 4DEF] as a starting model for molecular replacement
using Phaser.* The structure was refined using iterative cycles
of model building and refinement using COOT and phenix.refine,
respectively.**** Water molecules were added to 2F, — F. density
peaks of >1o using the Find Water COOT program function. The
final model was checked for structural quality using the CCP4
suite programs Procheck and Sfcheck. The data refinement
statistics are listed in Table 1.

Table 1. Data Collection and Refinement Statistics for the
MtFBA—HCA Complex

Data Collection
space group 222

unit cell dimensions

a, b, c (A) 60.6, 118.9, 165.2

a=f =y (deg) 90
resolution (A) 50.0—2.10
no. of reflections observed 145672
no. of unique reflections 36003
Riperge (%) 9.9 (28.5)°
1/ol 164 (3.5)°
completeness (%) 98.6 (87.0)°

Refinement

resolution range (A) 50-2.10
no. of reflections in the working set 35983
no. of reflections in the test set 1799
Ryou (%)Y 16.1 (17.3)°
Ree (%) 19.1 (20.3)°
root-mean-square deviation

bond lengths (A) 0.01

bond angles (deg) 1.0
no. of protein/water/ligand atoms 2464/357/40
average B factor (A?)

total 30.8

protein 28.9

water 41.2

ions 33.8

ligands 44.6

HCA 434

aRmerge = th:llt(h) - <I(h)>|/2h2:lz(h)l where I;(h) is the ith
measurement and (I(h)) is the weighted mean of all measurements of
I(h). *R,. ;. and Ry, = h[IF(h) ol — IF(h) 0 J]/HIE(h) | for reflections
in the working and test sets, respectively. “Data for the last resolution
shell are given in parentheses.

Modeling Missing Loops into the Structure of the
MtFBA—HCA Complex. Residues 167—177 and 210—223,
which were unresolved in the X-ray crystal structure of MtFBA
bound to HCA, were modeled in using MODELER 9v11 under
default settings and the known sequence of MtFBA.*® Five
models were generated and inspected in PyMOL, and the final
model was chosen by molpdf score.
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B RESULTS
Identification of HCA as an Inhibitor of MtFBA. Seeking

an alternative to the substrate mimic-styled inhibitors that
lack several qualities limiting their potential as viable preclinical
leads for MtFBA and other class II FBAs, we adopted a
fragment-based strategy. This strategy focused on enzymatically
screening chemical moieties that would simulate the enolate
transition state’s hydroxamic acid of PGH with MtFBA’s
active site Zn(II) but be devoid of groups that would interfere
with pharmaceutical development. This set of compounds
included several heterocyclic zinc binding groups that were
used to screen for matrix metalloprotease inhibitors.*’ ~>

Utilizing an assay that coupled MtFBA activity with M.
tuberculosis’s triosephosphate isomerase (TPI), rabbit glycerol-
3-phosphate dehydrogenase (GAPDH), and diaphorase for a
fluorescent output, 60 small molecules were screened in
duplicate at a concentration of 1 mM. In addition to using a
fluorophore that excited and emitted at wavelengths of >500 nm
to prevent false positives, the assay also included DTT as well as
BSA to ward off promiscuous inhibition.**** This small, low-
throughput screening campaign revealed that 8-hydroxyquinoline-
2-carboxylic acid (HCA) reduced MtFBA activity more than 95%
at a concentration of 1 mM.

Although several measures were taken to ward off promis-
cuous inhibition within the screening assay and reduce false
positives, additional validation steps were conducted to further
support HCA as a MtFBA inhibitor. Addition of Triton X-100,
a known disruptor of aggregation-based inhibition, was introduced
to test for any promiscuous inhibition, with no alteration in
potency observed (Figure 1a).>* Despite the coupling enzymes
already being in >40-fold excess, to further rule out the
possibility that HCA was inhibiting a coupling enzyme instead
of MtFBA, a 160-fold excess of each coupling enzyme was
added and assessed at a HCA concentration of 25 yM (Figure
1a). No ablation of HCA inhibition was observed, suggesting
HCA’s effect on the assay was linked specifically to MtFBA
inhibition. Also, as expected, no HCA-facilitated inhibition of
the assay was detected when MtFBA’s assay products DHAP
and G3P were substituted for MtFBA. Understandably, there
have been numerous reports of compounds possessing 8-
hydroxyquinoline moieties acting as promiscuous chelating
agents.*™>>%° To test this possibility, a 2-fold increase in the level
of Zn(II) was used to determine if HCA was indirectly inhibiting
MtFBA activity by sequestering Zn(Il) in solution. If HCA
was limiting MtFBA’s access to Zn(Il), or stripping MtFBA
of Zn(1l), an increase in the level of Zn(I) should reduce
the inhibitory effects of HCA on MtFBA activity. Unexpectedly,
the potency of HCA for MtFBA slightly increased (Figure 1a).
A dose—response relationship of HCA and MtFBA conducted
under these conditions yielded an IC;, of 10 + 1 uM (Figure 1b).
Importantly, HCA inhibited the growth of M. tuberculosis in 7H9-
OADC broth at a concentration of 0.6—1.2 mM.

Biochemical and Biophysical Properties of the
MtFBA—HCA Interaction. To characterize the nature of the
inhibition of MtFBA by HCA, kinetic studies and ITC experi-
ments were conducted. To understand the mechanism of
inhibition of MtFBA activity by HCA, five different FBP
concentrations and six different HCA concentrations were
utilized to determine the kinetic response of MtFBA to varying
concentrations of substrate and inhibitor. Surprisingly, only the
Vinax of MtFBA was significantly affected over a 20-fold increase
in inhibitor concentration, whereas the K,; remained constant
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Figure 1. Kinetic studies of HCA’s inhibition of MtFBA. (a) HCA
(25 uM) was tested for its ability to inhibit MtFBA activity in the
presence of S0 uM ZnCl,, 0.01% Triton X-100, and a 160-fold excess
of coupling enzymes GAPDH, diaphorase, and MtTPI or FBP prod-
ucts G3P and DHAP (75 uM). The dashed line is drawn from the
control of 25 uM HCA to aid in comparison. Error bars represent the
standard deviation from the average. (b) Plot of HCA concentration in
the presence of a 2-fold excess of ZnCl, as the HCA concentration
was varied from 0 to 100 yM using the Michaelis—Menten equation to
determine the ICg,. (c) Lineweaver—Burke plot of inhibition of MtFBA
by HCA. Concentrations of HCA in the presence of a 2-fold excess of
ZnCl, were (@) 0, (O) 1.625, (¥) 3.125, (V) 6.25, (W) 12.5, and (O)
25 M. Data were globally fit to a pure noncompetitive inhibition model.

(Figure 1c). This along with using nonlinear regression analysis
indicated that HCA acts in a noncompetitive manner against
FBP with a K of 12 & 1 uM, instead of a competitive manner
like previously characterized class II FBA inhibitors. Next, as
HCA is known to bind to zinc (II), the biophysical binding
characteristics of HCA and free zinc (II) in solution were
analyzed via ITC. This revealed an exothermic binding event
with the following values: K4 = 9.39 + 0.79 uM, AH = —26.8 +
0.3 kJ/mol, AS = 6.9 + 0.9 J mol™ K™, and n = 1.86 + 0.10
(Figure 2a). The binding stoichiometry of HCA and free zinc
() in solution determined by ITC matches current X-ray
crystallography data for the structure of HCA bound to free
zinc (I1), which also showed HCA and zinc (II) interacting in a
ratio of 2:1.>° Intriguingly, the data from the enzymatic assay
showed that HCA’s inhibitory effects against MtFBA are not
reduced in the presence of a 2-fold excess of ZnCl,. Therefore,
to assess the thermodynamic factors that may favor HCA’s

206

—_
Q
~

Time (s)

3000 4000 5000
o | T R

2000

® ° N
Lovilod

IS

Raw Heat Rate (uJ / s)
o

AA AN

AH (ud)
5 3 8 g
| KERR1 KRNI ERRR1 ERETN KRNTL

N
o
]

e | R | 1 1 | e [ [ B [ L&A
0.5 1.0 1!5 2.0 2!5 3!0 3!5 4!0
Molar Ratio

Time (s)

1 OIOO 20|00 30|00 40|00

50I00

R =
o N
Illlllr

Raw Heat Rate (uJ / s)

co N

N ,

o

=1 a
:ﬁ\ll

@
o
\II||\|||\II||I|III\I

AH ()

11 [ [ [ [ [ | [ [}
0|.5 1!0 1.5 2!0 2!5 3!0 3!5
Molar Ratio

Figure 2. ITC binding of MtFBA with HCA. The top panel represents
the raw heat data from 25 injections at 25 °C, and the bottom panel
shows the integrated heat peak areas plotted vs the molar ratio of (a)
HCA to ZnCl, or (b) HCA in the presence of excess ZnCl, to MtFBA.
The last five data points were averaged for the heat of dilution and
subtracted from the rest of the data. The lines represent the best fits to
an independent mode. This figure was generated using the
NanoAnalyze software provided by TA Instruments.

interaction with MtFBA versus free zinc (II), HCA was first
combined with a 3-fold excess of ZnCl, required for the
formation of the HCA—free zinc (II) complex and then titrated
into MtFBA. As Pegan et al. and de la Paz Santangelo et al.
recently reported that zinc (II) has to be in solution for the
active site of MtFBA to be fully occupied, the presence of excess
zinc (II) ensured full occupancy.”** In addition, the excess zinc
allows for the observation of thermodynamic contributions
outside of HCA—zinc (II) binding events whether with free zinc
(II) in solution or the active site zinc of MtFBA. Interestingly,
the binding profile of HCA with excess ZnCl, in MtFBA differed
from that of HCA and free zinc (II), resulting in the following
values: K3 = 70.8 + 2.7 uM, AH = —66.0 + 1.0 kJ/mol, AS =
—141.9 + 32 J mol ™' K™, and n = 0.96 + 0.01 (Figure 2b). This
suggests that additional enthalpic forces are present within the
interaction between HCA and MtFBA and may be responsible
for HCA’s ability to inhibit MtFBA in a direct manner.
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Figure 3. Sequence alignment of class II FBAs and X-ray structure of MtFBA in complex with HCA. (a) FBAs are from M. tuberculosis
(M. tuber; NP_334786), E. coli (E. coli; PDB entry 1BS7_A), Yersinia pestis (Y. pestis; ZP_04518851), S. aureus (S. aureus; QSHE7S), Bacillus
anthracis (B. anthrac; PDB entry 3Q94_A), and Kiebsiella pneumoniae (K. pneum; ZP_14594173). The secondary structure of the MtFBA—HCA
complex according to Defined Secondary Structure of Proteins (DSSP) is shown as orange cylinders (helical regions), blue arrows
(f-sheets), and orange lines (loops). Dashed lines represent residues for which electron density was not defined in the crystal structure. Breaks
denote regions where MtFBA does not have residues. Black brackets indicate residues that are part of MtFBA’s active site. (b) Cartoon rendering of
the MtFBA—HCA protomer. Helical regions are represented as cylinders and f-strands as arrows. Helices and loops are colored orange and f-
strands blue; HCA is shown as pink sticks, and zinc ion is shown as a black sphere. (c) Same MtFBA—HCA complex shown in panel b but overlaid
with the MtFBA—PGH complex (PDB entry 4DEL) colored gray. Residues 167—177 (green) and 210—223 (red) for which density is observed in
the MtFBA—PGH structure but not in the MtFBA—HCA structure.

Determination of the Structure of HCA Bound to (MtFBA—HCA) was sought. Utilizing previous techniques
MtFBA. With the biochemical data proposing that HCA acts in to generate MtFBA in its zinc (II)-bound but substrate-less
a manner unlike that of current class II inhibitors of MtFBA, (holo-MtFBA) form, these crystals were soaked in HCA.'"* A
the X-ray crystallographic structure of HCA bound to MtFBA crystal structure of these HCA-soaked crystals was subsequently
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Figure 4. Rearrangement of the substrate pocket caused by HCA
binding. (a) Surface rendering of the MtFBA—HCA complex as its
tetrameric biological assembly with one MtFBA protomer colored
orange, the rest colored various shades of gray, and HCA rendered as
pink sticks. Loops that were modeled in due to a lack of electron
density are shown as transparent surfaces and either green sticks
(residues 167—177) or blue sticks (residues 210—223). (b) Close-up
of the substrate binding pocket of the MtFBA—HCA complex. (c)
Close-up of the substrate binding pocket for MtFBA (white) bound
with linear fructose 1,6-bisphosphate (cyan sticks; PDB entry 3ELF),
in which residues 210—223 are colored light blue. In all cases, the zinc
ions are rendered as a black sphere.

resolved to 2.1 A (Table 1). Not surprisingly, the single
monomer in the asymmetric unit globally mirrored the TIM
barrel fold of previous MtFBA structures and formed a tetra-
meric biological assembly with monomers from adjoining
asymmetric units (Figures 3 and 4a). However, unlike the fully
elucidated MtFBA—PGH structure that possessed density for
the entire protein, two regions lacked electron density in the
MtFBA—HCA structure (Figure 4a,b). One of these regions is

208

the highly flexible active site loop comprised of amino acids
167—177, which contains Glul69 required for the deprotona-
tion—protonation step of the MtFBA-facilitated reaction.'* The
absence of this loop was not particularly shocking as it has been
resolved in only one class II FBA structure, that of MtFBA
bound to PGH."* Conversely, the second region of MtFBA
missing electron density, which encompassed the f6a6 loop
containing residues 210—223, was unusual. This loop forms
part of the substrate pocket and contains His212, whose
imidazole side chain is involved in coordinating the active site
Zn(1I) ion and can be considered the zinc binding loop [Z-loop
(Figure 4c)]."*

Subsequently, closer inspection of the region where the
Z-loop would typically reside, as well as the active site, readily
revealed F, — F. density of HCA coordinating the MtFBA’s
active site Zn(II) in a trident manner (Figure Sa and Figure S1
of the Supporting Information). Intriguingly, instead of
accessing the active site Zn(II) through the highly polar and
narrow substrate pocket of MtFBA, HCA appears to alter the
active site. Specifically, it displaces the His212’s imidazole side
chain for the bound Zn(II). This creates a hydrophobic pocket
that accommodates the bicyclic structure of HCA (Figure Sb).
In addition to the displacement of His212, Val165, which is
located on the flexible active site SSaS loop, is also supplanted by
HCA (Figure b)."* Although the X-ray data showed clear density
for Vall6S, its position was shifted away from the active site.
Beyond these alterations with the MtFBA active site, HCA forms
three coordination bonds with Zn(IT). As observed in previous
MtFBA structures, two additional coordination bonds are formed
between Zn(II) and histidine residues located at positions 96 and
252. Together, these interactions yield a coordination number of S
(Ts) for the active site Zn similar to that of the PGH bound and
different from the Ty coordination found in the FBP structure
(Figure Sa—c)."> In addition to the Zn(II)—HCA interactions,
HCA forms a hydrogen bond (H-bond) with Glul61 of MtFBA as
well as a network of H-bonds through water to Asp9S that further
drives HCA stabilization within the altered active site (Figure Sa).

Examining HCA'’s Specificity for Class | and Il FBAs. As
class II FBAs share considerable sequence similarity
(Figure 3a), HCA’s potential as a class II FBA broad-spectrum
inhibitor was examined. A single concentration of HCA of
25 uM was tested for the inhibition of class II FBAs isolated
from E. coli and methicillin-resistant S. aureus (MRSA). HCA
demonstrated 42.2 + 2.8% inhibition against E. coli and 64.3 +
0.6% inhibition against MRSA (Figure 6). Conversely, class I
FBAs are markedly different in sequence from class II FBAs and
do not utilize a zinc (II) ion to perform their mechanistic
function. Therefore, to investigate HCA'’s specificity for class II
FBAs over class I FBAs, the class I FBAs isolated from both
rabbit and human muscle were tested against HCA. Unlike class
IT FBAs, HCA showed no inhibitory effects against either class I
FBA even at concentrations as high as 1 mM (Figure 6).

B DISCUSSION

HCA as a Noncompetitive MtFBA Inhibitor. The align-
ment of the MtFBA—HCA structure with those of MtFBA bound
with FBP, or PGH, illustrates that HCA does not intrude into
the substrate pocket itself (Figure Sb,c). Instead, incorporation
of HCA into MtFBA appears to displace the Z-loop and in
doing so blocks access of MtFBA substrates to an empty pocket
(Figure Sb,c). The proximity of a noncompetitive inhibitor
to a substrate pocket has been previously observed with a
noncompetitive inhibitor, PD184352, of MAP kinase kinase 1
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Figure 5. Comparison of the active sites of class IT FBAs. (a) Wall-eyed stereoview close-up of HCA interacting with MtFBA and zinc. Green mesh
represents F, — F, density scaled to 3¢; black labels indicate MtFBA residues, and hot pink labels and dashed lines indicate distances measured in
angstroms. (b) Wall-eyed stereoview of MtFBA (orange) bound to HCA (pink) interacting with Zn (black) overlaid with MtFBA interacting with
PGH (gray; PDB entry 4DEL) and Zn (purple), with dashed lines indicating bonding interactions. (c) Wall-eyed stereoview of MtFBA bound to
HCA interacting with Zn colored as in panel b overlaid with MtFBA (green) interacting with FBP (cyan; PDB entry 3ELF) and Zn (magenta) with

dashed lines indicating bonding interactions.

(MEK1).%” The noncompetitive nature of inhibition outlined
by the mode of inhibition experiments combined with the
structural data suggests that the MtFBA—HCA structure may
be reflective of an EI complex found in the third model for
noncompetitive inhibition (Figure 72).%® In this model, the
inhibitor binds next to the substrate binding site with or without
the substrate bound. When the substrate is absent, the inhibitor
sterically hinders access of substrates to an empty site com-
parable to that observed in the structure of the MtFBA—HCA
complex (Figure 7a). Also, the myriad of coordination bonds
and H-bonds that HCA forms with MtFBA pulls the Zn(II)
away from the substrate binding pocket. This would likely
eliminate its availability for catalysis in an ESI complex in line
with the third model of noncompetitive inhibition.

Use of HCA as a Scaffold for Future MtFBA Inhibitor
Development. The persistence of tuberculosis along with
the rise of many forms of drug resistant bacteria has supported
the interest in identifying inhibitors for class Il FBAs that may
serve as viable preclinical candidates for further development

209

as antibiotic and antiparasitic treatments.®”>">"'*** Although
previous class II FBA inhibitor development efforts have been
able to deliver potent substrate-based analogs selective for class
II over class I FBAs, the recurring theme throughout studies
utilizing class II FBA substrates as a scaffold is the necessity
of these inhibitors to possess highly charged phosphate
groups.'*** As phosphorylation of glycolytic intermediates is
a method for cells to retain these intermediates within the
cytosol, their inclusion into class II FBA inhibitors has been
problematic.>® In addition, the active site of class Il FBA, which
has evolved to interact with class II FBA’s highly polar
substrates, is itself highly polar, lacking appreciable potential for
hydrophobic interactions. As this form of interaction typically
dominates protein—drug interactions, targeting the class II FBA
active site has proved to be daunting.

HCA sidesteps both of these issues through its distinct
low-micromolar noncompetitive mode of inhibiting MtFBA.
Specifically, HCA appears to take advantage of the previously
overlooked fragility of the coordination of His212 of MtFBA
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Figure 6. Effectiveness of HCA against class I FBAs and other class II
FBAs. HCA at 25 M was tested for its ability to inhibit class IT FBAs
from E. coli and MRSA as well as class I FBAs isolated from either
rabbit or human muscle. Error bars represent the standard deviations
from the average.

with Zn(II) along with the structural dependence of the Z-loop
on that interaction to facilitate hydrophobic and hydrophilic

contacts. At first glance, the substrate- and Zn(II)-bound MtFBA
structures of Pegan et al,'® as well as the Zn(II)-bound holo-
MFBA structure of Pegan et al,™* might have suggested that a
stable interaction between His212 and an active site Zn(II)
potentially existed. In addition, a zinc-less MtFBA apo structure
of de la Paz Santangelo et al” illustrates that the ordered structure
of the Z-loop depends on the presence of Zn(II) within the active
site. However, the MtFBA—HCA structure suggests that even
when Zn(II) is bound to the MtFBA active site, the interaction
between His212 and the bound Zn(1I) is still in flux. This flux
allows HCA to supplant His212 with a trident coordination of
the metal or a HCA—Zn(II) complex to replace the active site
Zn(11). Naturally, additional experiments will likely be necessary
to tease out which event is more likely. However, the MtFBA—
HCA structure along with the biochemical and biophysical
experiments illustrates that HCA prefers to be bound to MtFBA’s
active site Zn(II) and that this Zn(Il) prefers HCA over His212.

From the MtFBA—HCA structure, this preference appears to
be driven by not only a H-bond network formed by bonds from
HCA to Asp95 and Glul61 of MtFBA that pulls Zn(II) away
from the active site, but also hydrophobic interactions caused
by the creation of a hydrophobic pocket that accommodates
HCA’s bicyclic ring structure (Figure Sb). As hydrophobic
interactions are usually sought for protein—drug interactions
and are a largely insignificant factor in the affinity of previous

(a) MtFBA-Holo (4DEF)

+
w

1

1+

MtFBA-HCA (4LV4)

HCA

1207

MtFBA-FBP (3ELF)
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MtFBA-HCA with FBP present

ESI

FB

Figure 7. Proposed model of inhibition of HCA for MtFBA and applicability to other class I FBAs. (a) Cartoon adaptation of HCA’s inhibition of
MtFBA according to the third model for noncompetitive inhibition. (b) Wall-eyed stereoview of the overlay of FBAs from M. tuberculosis (gray; PDB
entry 4DEL), B. anthracis (blue; PDB entry 3Q94), and E. coli (teal; PDB entry 1B57). Black labels indicate MtFBA residues.
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inhibitors for class II FBAs, the presence of this feature in
MtFBA—HCA interactions is particularly noteworthy. In
addition to HCA'’s distinct mode of inhibition, HCA possesses
several features that make the compound attractive from a
medicinal chemistry perspective. First, the compound has a low
molecular mass of 189 Da and contains minimal structural
teatures. Furthermore, functionality can be added at a variety of
places on HCA while still likely maintaining druglike prop-
erties.>>%*" Also, HCA appears via the MtFBA—HCA struc-
ture to capitalize on the unique mechanistic difference between
class I and class II FBAs by interacting with MtFBA active site
zinc and residues immediately surrounding it. These residues
along with Zn?** do not exist in class I FBAs. This combined
with the lack of measurable inhibition of mammalian class I
FBAs suggests the HCA scaffold could represent a signi-
ficant leap forward in class II FBA preclinical inhibitor
development.

Broad-Spectrum Potential of HCA. Interestingly, class II
FBAs can be broken down into two families (a and b) whose
distribution among bacterium is independent of Gram staining-
determined phylogenetic groups. Naturally, all class II FBAs
have an evolutionary need to maintain an effective active site
that binds Zn(II) and a common set of substrates. As a result,
the structural differences between these two subfamilies are pre-
dominantly distal from their respective active sites and are
involved in determining the diverse oligomeric states adopted
by class I FBAs."> This phenomenon is well-represented upon
comparison of residues that comprise the HCA-induced
pocket (Figure 7b). Structural alignments of class Ila FBAs from
M. tuberculosis and E. coli along with that of B. anthracis’s class IIb
FBA reinforce the potentially conserved nature of the HCA-
induced pocket (Figure 7b). The ability of HCA to significantly
inhibit both the class ITa FBA from E. coli and a class IIb FBA from
MRSA further supports the potential use of the HCA scaffold for
these bacteria. Of course, additional experiments with these or
other class II FBAs will have to be conducted to fully confirm HCA
is acting in a manner similar to that observed in MtFBA. However,
the initial evidence bodes well for the broad-spectrum potential of
the HCA scaffold in further class II FBA preclinical inhibitor design
efforts.

B ASSOCIATED CONTENT

© Supporting Information

Omit maps and B factors of atoms near HCA (Figure S1). This
material is available free of charge via the Internet at http://
pubs.acs.org.

Accession Codes

The atomic coordinates and structure factors have been depos-
ited as Protein Data Bank entry 4LV4.
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