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ABSTRACT

The glycolytic enzyme aldolase is an emerging drug target in diseases such as cancer and 

protozoan infections which are dependent on a hyperglycolytic phenotype to synthesize ATP and 

metabolic precursors for biomass production. To date, structural information for the enzyme in 

complex with phosphate-derived inhibitors has been lacking. Thus, we determined the crystal 

structure of mammalian aldolase in complex with naphthalene 2,6-bisphosphate (1) that served as 

a template for the design of bisphosphonate-based inhibitors, namely 2-phosphate-naphthalene 6-

bisphosphonate (2), 2-naphthol 6-bisphosphonate (3), and 1-phosphate-benzene 4-bisphosphonate 

(4). All inhibitors targeted the active site and the most promising lead, 2, exhibited slow-binding 

inhibition with an overall inhibition constant of ~38 nM. Compound 2 inhibited proliferation of 

HeLa cancer cells while HEK293 cells expressing a normal phenotype were not inhibited. The 

crystal structures delineated the essential features of high-affinity phosphate-derived inhibitors and 

provide a template for the development of inhibitors with prophylaxis potential.
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INTRODUCTION 

Glucose metabolism in cancer cells is characterized by a marked increase in both glucose uptake 

and aerobic glycolysis, the fermentation of glucose into lactate in the presence of oxygen. 

Enhanced glucose uptake in cancer cells is now exploited clinically for diagnostic purposes with 

positron emission tomography (PET) where radiolabeled glucose (18fluoro-deoxyglucose) is used 

as a tracer to assay for accumulation in tumors.1 The latter effect of increased fermentation has 

been known for several decades, and was first proposed by German physiologist and Nobel 

laureate, Otto Warburg, who, in the 1920s showed that tumor cells produce higher levels of lactate 

compared to normal tissues, even in the presence of oxygen.2 Hyperglycolysis not only produces 

ATP at a faster rate than oxidative phosphorylation, but also provides metabolic precursors for 

biomass production (e.g. nucleotide, amino acid, and lipid biosynthesis), aiding in the rapid 

proliferation of cancer cells.3 The term “Warburg effect” was coined and ongoing conceptual and 

empirical advances over several decades have led to the acceptance of altered metabolism as one 

the hallmarks of cancer.4 Tumor glycolysis is actively studied as a potential target for cancer 

therapy, however viable clinical leads have proven elusive.5

A leading candidate is fructose-1,6-bisphosphate (FBP) aldolase (EC 4.1.2.13), a central enzyme 

in glycolysis responsible for the reversible aldol reaction of fructose-1,6-bisphosphate to 

glyceraldehyde-3-phosphate and dihydroxyacetone phosphate. Glycolytic aldolase is a Class I 

enzyme, found in eukaryotes and higher plants, and characterized by the formation of a protonated 

imine (Schiff base) with an active site lysine. Aldolase expression levels were pronounced when 

investigated in several malignant cell lines such as human lung squamous carcinomas,6–8 

hepatocellular carcinomas,9,10 pancreatic11 and colorectal cancers.12 Aldolase is already a target in 

parasitic organisms such as Trypanosoma brucei (causative agent for African sleeping sickness) 
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for which glycolysis is the sole source of ATP production.13,14 Earlier work in the literature and 

from our laboratory has focused on the development of class I aldolase inhibitors in such 

organisms.14,15

Among these, phosphorylated substrate analogues of fructose-1,6-bisphosphate aldolases 

possessing an aromatic moiety were of considerable interest due to their ability to strongly interact 

with the active site. First intended for their interest in probing the nature of the active site, which 

was assumed to be hydrophobic based on residues surrounding the reactive lysine,16 these aromatic 

derivatives were among the most powerful competitive inhibitors of the rabbit muscle aldolase-

catalyzed reaction.  Notably, these aromatic time-dependent reversible inhibitors (slow-binding) 

capable of targeting active site lysine residues, namely 2-hydroxybenzaldehyde-4-phosphate17 and 

1-hydroxy-2-napthaldehyde-6-phosphate,18 inactivated aldolase and implicated a slow reversible 

Schiff base mechanism. A naphthalenic derivative, naphthalene 2,6-bisphosphate (NA-P2) was 

shown to be a potent competitive inhibitor with Ki = 0.28 μM.18 The mode of inhibition by which 

these phosphorylated aromatic derivatives inhibited aldolase was established by enzyme kinetics, 

UV/visible difference spectroscopy and site-directed mutagenesis,17 yet these studies did not 

provide detailed structural insight, with the exception of computational modeling studies involving 

1-hydroxy-2-napthaldehyde-6-phosphate.18

Different types of bis-phosphonate derivatives were previously reported to act as highly effective 

enzyme inhibitors. In the case of zinc-metallo enzymes such as matrix metalloproteinases and 

carbonic anhydrase, arylamino-bisphosphonates were used as chelating agents of the active site 

zinc cofactor, as well as mimics of the tetrahedral high-energy intermediate involved in the 

catalyzed reaction.19 Other bisphosphonates derivatives were also reported as potent inhibitors of 

the Mg2+-dependent farnesyl pyrophosphate synthase20–22 and geranylgeranyl pyrophosphate 
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synthase,20,23,24 acting both as metal binding agents and pyrophosphate mimics. In addition, 

methylene bisphosphonate inhibitors were successfully employed as inhibitors of HIV reverse 

transcriptase phosphorolytic activity.25

We sought to elucidate the interaction between several phosphorylated aromatic derivatives and 

the aldolase active site to serve as a template for designing potent high-affinity phosphorylated 

inhibitors. Here, using the previously known competitive inhibitor NA-P2 (1) as template, we 

describe the binding of aromatic bisphosphonate substrate analogues of aldolase, namely 2-

phosphate-naphthalene 6-bisphosphonate (PNAB) (2), 2-naphthol 6-bisphosphonate (NAB) (3), 

and 1-phosphate-benzene 4-bisphosphonate (PBB) (4) (Chart 1). The mode of binding was 

determined by a combination of x-ray crystallography and enzyme inhibition kinetics. The high-

resolution crystal structures of these phosphorylated aromatic inhibitors in complex with aldolase 

are described and should serve as a basis for the design of potent lead compounds.

Chart 1. Bisphosphonate Aromatic Analogues Based on FBP Aldolase Inhibitor 1a

O

P

P

P
O

LiO
LiO

O

O
P

P
O

NaO
NaO

O
ONa
ONa

O

OLi
OLi

OLi
OLiO

HO

P

P

O

OLi
OLi

OLi
OLiO

O

P

P

O

OLi
OLi

OLi
OLiO

P
O

LiO
LiO

1 2

3 4

a Fructose-1,6-bisphosphate (FBP) aldolase inhibitors: naphthalene 2,6-bisphosphate (1, sodium 

salt, NA-P2),16,18 2-phosphate-naphthalene 6-bisphosphonate (2, lithium salt, PNAB), 2-naphthol 
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6-bisphosphonate (3, lithium salt, NAB), and 1-phosphate-benzene 4-bisphosphonate (4, lithium 

salt, PBB).
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RESULTS AND DISCUSSION

Structure of ALDOA-1 (NA-P2) complex. To investigate the binding mode of phosphorylated 

aromatic compounds, rabbit muscle aldolase (ALDOA) crystals were soaked in crystallization 

buffer containing compound 1. The rabbit isoform is routinely used for its ease of purification, 

crystallization, and is a good model candidate for the human isoform because of its exceptionally 

high homology (98% sequence identity; 100% sequence homology).26 The final crystal structure 

was determined to 1.97 Å resolution (Rwork = 12.87%; Rfree= 16.65%) and shows a tetramer in the 

asymmetric unit of space group P21, consistent with aldolase structures previously reported for 

these crystallization conditions27 (see Experimental Section for details). Data collection and 

refinement statistics for all crystal structures are shown in Table 4 in the Experimental Section. A 

tetramer in the asymmetric unit cell gives the opportunity to make four independent observations, 

and, expected from previous work, that the compound should bind in a 1:1 ratio of [inhibitor: 

subunit].16

The overall topology of the active site shown in Figure 1A highlights the basic electrostatic 

potential surface of the catalytic pocket nestled inside a TIM-barrel. The electron density 

surrounding the bound inhibitor (Figure 1B) was unambiguous and allowed for confident modeling 

into the active site of each tetramer subunit. The phosphate binding loci of 1 are homologous with 

the P1- and P6-phosphate binding site of the substrate FBP (shown in Figure S1). A feature of the 

FBP P6-binding site was the electrostatic interaction implicating Lys107, described in high-

resolution structures27 and deduced from differential protection experiments.28 Attachment by 1 

involves the same electrostatic interaction with Lys107 at the P6-site as was found for the substrate, 

and is consistent with the finding that a Lys107 variant (K107M) exhibits a reduced affinity (higher 

Ki) for 1.18 
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The hydrogen-bonding network of this binding locus is similar to that observed in the Schiff 

Figure 1. Crystal structure of the ALDOA-1 complex showing syn and anti conformers of 

compound 1. (A) Electrostatic surface potentials of rabbit muscle aldolase (ALDOA) calculated 

using the Adaptive Poisson-Boltzmann Solver (APBS) software package with contour field of 

± 5 kT/e.12 Acidic residues are colored red, basic residues are colored blue. (B) Difference 

electron density calculated from a 1.97 Å simulated annealing Fo - Fc omit map encompassing 

compound 1 and contoured at 3.0σ. Syn and anti- conformations of 1 are shown. (C) Hydrogen-

bonding network of 1 with active site residues and water molecules. Notable interactions are 

those formed by compound 1 phosphate moieties in the P1- and P6- phosphate loci of FBP (P1: 

vicinal to Arg303; P6: vicinal to Ser35).
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base complex formed with FBP [PDB id: 1ZAI].27 Notably, Lys107 interacts with two phosphate 

oxyanions (contacts of 3.1 Å and 2.9 Å) of 1 and, similarly to FBP, Ser35 and Ser38 hydroxyl 

groups contact the phosphate oxygens. However, the phosphate moiety of 1 is displaced with 

respect to the FBP P6-phosphate by 1 Å beyond the center of the active site cleft, consistent with 

the longer intramolecular distance between phosphate moieties of 9.8 Å in 1 compared to 8.9 Å in 

FBP. The flanking helical region (residues 34-65) undergoes a displacement upon binding by 1, 

that is smaller by ~1 Å compared to FBP binding and fixes the bound phosphate at the P6-site 

(Figure S1). Displacement by this flanking helix has been noted upon active site binding,29,27,30 

and is responsible for narrowing the active site, functioning as a clamp to bind the FBP P6-

phosphate and, more generally, capable of accommodating binding by phosphate moieties from 

phosphorylated analogues of varying sizes.

A surprising structural feature in the ALDOA-1 complex was the conformational mobility at the 

P1-locus shown by 1 binding, not observed with FBP or DHAP. Upon P1-phosphate binding by 

aldolase substrates, FBP or DHAP, Arg303 side chain typically undergoes a conformational 

change which enables it to grasp and immobilize the incoming P1-phosphate, by forming a strong 

bidentate hydrogen-bond. In compound 1, an unexpected binding mode was observed consistent 

with two configurations of the phosphate oxyanion at the P1-site (Figure 1B): a major anti 

conformation with respect to the orientation of the trans-annular phosphates across the aromatic 

core of 1; and a minor syn conformation. Only the syn conformer forms the anticipated salt bridge 

with Arg303. Population of the minor species corresponded to a refined occupancy of 0.35 ± 0.02 

(average of four subunits) compared to the anti conformer whose occupancy was 0.65 ± 0.02 

(Figure 1C - yellow).

The observation of two distinct binding modes for the ALDOA-1 complex was used as a 
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10

template to design a series of novel bisphosphonate analogues, with the premise that a 

bisphosphonate moiety would be capable of mimicking both syn and anti phosphate positions 

observed in the ALDOA-1 complex. A bisphosphonate moiety, which structurally resembles 

pyrophosphate, is a compelling proposition for therapeutic applications as substitution of the 

central oxygen atom (pyrophosphate) for carbon (bisphosphonate) procures added stability and 

resistance to thermal, chemical, and enzymatic degradation.31 Bisphosphonates are a class of drugs 

that are primarily used for intervention in osteoporosis32 but are also being investigated because of 

their inhibitory activity against several carbonic anhydrase isozymes, some of which are 

overexpressed in hypoxic tumors.19,33 Here, we sought to exploit the stability of bisphosphonates 

by substituting the phosphate group of 1 for a bisphosphonate, generating compound 2 (PNAB) 

(Scheme 1). Further, to optimize targeting to the compound 1 binding site, additional topologies 

were sampled. Notably compounds 3 (NAB) and 4 (PBB) were synthesized either by permutation 

of the central naphthalene core to a benzene core (4) or by elimination of the second phosphate 

group (3) (Scheme 1).

Scheme 1. Synthesis of inhibitors 2  4a
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a Reagents and conditions: (a) (EtO)2P(O)H, Na, rt, 48 h, 5 80%, 734,35 99%; (b): (EtO)2P(O)Cl, 

1,4-diazabicyclo[2.2.2]octane, THF, rt, 48 h, 6 58%, 8 80%; (c): (i) TMSBr, 2,4,6-collidine, 

CH2Cl2, rt, 16 h, (ii) LiOH, H2O, 80 °C, 16 h, pH 10, 2 99%, 3 91%, 4 85%.

Inhibitors 2, 3, and 4 were prepared as represented in Scheme 1. Following reported 

procedures,34,35 6-hydroxy-2-naphthaldehyde and 4-hydroxybenzaldehyde were treated with a 

large excess of sodium diethylphosphite generated in situ to provide the respective 

bisphosphonates 5 and 734,35 in a single step in 80% and 99% yields, respectively. The free 

hydroxyls of bisphosphonates 5 and 7  were phosphorylated to yield 6 and 8, respectively, by 

reaction with diethyl chlorophosphate in the presence of 1,4-diazabicyclo[2.2.2]octane (DABCO) 

which serves both as catalyst and proton scavenger.36 Finally, compounds 6, 5, and 8 were 

hydrolyzed under modified McKenna conditions37 by sequential reactions with 

bromotrimethylsilane and 2,4,6-collidine, followed by basic treatment with 2 N LiOH, affording 
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inhibitors PNAB (2), NAB (3), and PBB (4) in 99%, 91%, and 85% yields, respectively. All 

inhibitors and intermediates were characterized by HRMS and 1H, 13C, and 31P NMR 

spectroscopies.

High-resolution crystal structures of bisphosphonate analogues in complex with ALDOA. 

Native ALDOA crystals were soaked for 30 min in a solution consisting of mother liquor and a 

given bisphosphonate compound at final concentrations of 1 mM, 5 mM, and 20 mM for 

compounds 2, 3, and 4 respectively. Data collection and refinement statistics for the three 

structures are shown in Table 4 in the Experimental Section. The statistics and final resolution are 

indicative of the soaking conditions for each bisphosphonate: the higher concentrations used for 

crystal soaking with 3 and 4 to ensure adequate active site occupancy slightly impacted crystal 

quality, manifested by lower resolutions (2.20 Å and 2.29 Å respectively) and higher mosaicities 

of their intensity profiles, compared to the 1.58 Å resolution obtained for compound 2. A control 

dataset for the native crystal (not shown), diffracted to 1.63 Å. All three bisphosphonates targeted 

the active site yet displayed surprisingly different modes of binding.

ALDOA-2 complex structure. Electron density delineating compound 2 (Figure 2A) was 

unambiguous and allowed for confident determination of its binding mode. The average occupancy 

of 2 in the four subunits was 0.78 ± 0.04. Soaking times of 2 with native crystals were limited due 

to degradation in crystal quality at longer soaking times. Comparison of the ALDOA-2 complex 

with the ALDOA-1 complex reveals an indistinguishable superposition of the inhibitors, notably 

at the P1-site (shown in Figure 3A). In the ALDOA-1 complex (Figure 1C), the phosphate forms 

5 hydrogen bonds in either the syn or anti conformations whereas in the ALDOA-2 complex, the 

bisphosphonate moiety of 2 engages in three additional hydrogen bonds with active site residues 

forming a network of 8 hydrogen bonds (Figure 2) (not including water molecules). 

Page 12 of 59

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13

Inspection of the P1-binding site is informative for comprehending the differences in affinity and 

binding kinetics in compounds 1 and 2. Although ALDOA-1 and ALDOA-2 complexes appear 

isostructural, a notable difference was observed in the hydrogen-bonding pattern with regards to 

active site Ser271 (Figure 3A), where the residue which interacted with 1 no longer interacted 

Figure 2. Crystal structure of the ALDOA-2 complex. (A) Difference electron density 

calculated from a 1.58 Å simulated annealing Fo - Fc omit map encompassing compound 2 and 

contoured at 3.0σ. (B) Close-up of hydrogen-bonding contacts between bisphosphonate moiety 

and surrounding backbone atoms, side-chain atoms, and water molecules at the P1-phosphate 

locus. (C) Extensive hydrogen-bonding network (dashed lines) between 2 and active site 

residues and water molecules is illustrated.
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directly with 2 due to active site deformation by 2. Furthermore, attachment by both complexes 

enabled determination of the protonation state of the phosphate and bisphosphonate moieties for 

binding at the P1 locus that was based upon their interactions with surrounding backbone and side-

chain atoms. In the syn conformation of the ALDOA-1 complex (Figure 3B), the Gly272 backbone 

carbonyl engages in a hydrogen-bond with phosphate O8 atom that is consistent with protonation 

of the phosphate O8 oxyanion. Upon syn-anti rotational isomerization of the phosphate, the 

proximity of O8 to Ser300 carbonyl implies hydrogen bond formation and also consistent with 

protonation of the phosphate O8 oxyanion in the anti conformation. This hydrogen-bonding pattern 

implies mono-protonation of the bound P1 phosphate oxyanion. In the ALDOA-2 complex, Ser271 

shifts to the rear of the active site (by 1.7 Å compared to ALDOA-1) to accommodate bisphosphate 

binding and is replaced by W1, which donates two hydrogen bonds to the bisphosphonate moiety 

(Figure 3C – green dashes). W1 also accepts hydrogen bonds from surrounding active site atoms 

(Gly302 NH and Ser271 OH). For this binding geometry, O17 interacts with Ser300 carbonyl while 

O21 interacts with Gly272 carbonyl indicating binding by 2 is consistent with protonation of each 

phosphonate moiety (i.e. dibasic bisphosphonate). Displacement of Ser271 with respect to the 

native enzyme reflects active plasticity in accommodating binding by compounds 1 and 2.

Prior to synthesis of compound 2, the naphthalenic derivative 1 represented the most potent 

reversible competitive inhibitor of the rabbit muscle aldolase-catalyzed reactions. The design of 

compound 1 was based on two chemical features useful for enhancing active site binding. 

Protection experiments had shown that the active site binding embodied two distinct phosphate 

binding sites: a higher affinity site – the P1-site; and a lower affinity site – the P6-site making 

binding by compounds with suitable spanning phosphate groups to both sites highly specific.28,38 

A second distinguishing feature of potent aldolase inhibitors (0.1 – 1.0 μM range) were those 
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possessing aromatic moieties.16 The rigid structure imposed by the aromatic rings compared to a 

flexible compound such as hexanediol 1,6-bisphosphate (Ki = 25 µM) suggests that a smaller 

configurational entropy loss upon active site binding by a rigid aromatic compound  may underpin the 

observed differences in binding affinity to aldolase.39 The additional feature of a bisphosphonate moiety 

in compound 2 took advantage of the cryptic phosphate binding site at the P1 site to enhance 

binding affinity. Modifications were made of the bisphosphonate derivative 2 that were designed 

to explore additional conformational space in the aldolase active site. First, the synergy between 

the two phosphate loci was probed by replacing the phosphate group with a hydroxyl group (3), 

also providing an indication of the significance of the bisphosphonate moiety towards potency. 

Then, to assess the sufficiency of the naphthyl core in spanning the phosphate loci, a shorter 

aromatic core was introduced - a phenyl group (4).

ALDOA-3 complex structure. The crystal structures of ALDOA-3 and ALDOA-4 are shown 

in Figure 4. The binding mode of 3 and 4 are noticeably different than 2. First, their bisphosphonate 

moieties do not bind at the P1-site. The bisphosphonate in the ALDOA-3 structure (Figure 4A) 

points towards the outside of the active site cavity and forms hydrogen bonds with the side chains 

of surrounding residues (Ser45, Lys311, Arg303, Arg42). Further, the naphthyl moiety of 3 is 

conjugated to Arg42 via a cation-π interaction, a highly stabilizing interaction.40,41 The distance 

between the guanidinium group and the naphthalene ring in all four subunits is 3.48 ± 0.10 Å, 

consistent with reported cation-π interactions for arginine.40,42 The interaction is further stabilized 

by a salt bridge that forms between Arg42 and the bisphosphonate oxygens. Also, Arg303 side-

chain carbon atoms align on the distal sides of 3, producing a stabilizing hydrophobic environment 

for the naphthyl moiety. The distal OH group of 3 is anchored by a hydrogen bond with the Glu34 

carboxyl. 
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Figure 3. Superposition of the ALDOA-1 and ALDOA-2 complexes and interactions at the P1-

site. (A) The structures of ALDOA complexed with 1 (green) and 2 (magenta) were superposed 

in PyMol to illustrate the structural similarities of their binding modes (r.m.s.d. = 0.21 Å for 

alignment of Cα atoms in subunit A). One notable difference was observed for Ser271, shown 

in the inset. (B) Hydrogen-bonding network (grey dashes) of ALDOA-1 complex at the P1-

binding site is illustrated for the syn and anti conformers. The syn-anti rotational isomerization 

is depicted by a green arc. The proximity of the Gly272 carbonyl to the phosphate O8 of syn-1 

(2.89 ± 0.14 Å) implies protonation of the phosphate O8 and indicates proton donation by 

Ser271 OH (red dashes) to O8 (syn: 2.80 ± 0.08 Å; anti: 2.65 ± 0.20 Å). Further, proximity of 

anti-1 phosphate O8 to the Ser300 carbonyl (3.00 ± 0.10 Å) is consistent with protonation of 

O8. (C) In the ALDOA-2 complex (magenta), the vicinal Gly272 and Ser300 backbone 

carbonyls also indicate protonation of the partnered oxygens on the bisphosphonate (O21 – 2.76 

± 0.06 Å; O17 – 2.82 ± 0.01 Å, respectively). Ser271 side-chain shifts to the rear, making room 

for a water molecule (W1) that donates hydrogen bonds to O17 (3.22 ± 0.04 Å) and O21 (2.31 ± 

0.13 Å) (green dashes), and accepts hydrogen bonds from Ser271 side-chain OH and Gly302 

backbone NH.
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A second binding site for 3 was identified near the P6-locus but electron density was only visible 

for the bisphosphonate group (seen in Figure 4A), consistent with purity assessments showing no 

indication of free bisphosphonate, and indicative of positional disorder of the naphthyl group at 

the second binding site.

The hydrophobic pocket used by 3 is a recognized binding locus for aldolase-binding partners, 

including the C-terminal peptide of the actin nucleation-promoting factor WASP and the LC4 

domain of SNX9, a key regulator of endocytosis in cellular cargo transportation, which both 

intercalate a tryptophan indole ring between Arg42 and Arg303.43,44 A novel naphthyl phosphate-

based inhibitor of aldolase (NASEP) identified from the WASP study was competitive for active   

site binding and had a Ki of 0.1 mM. Comparison of the ALDOA-3 complex with the ALDOA-

NASEP complex (PDB id: 2OT1) (illustrated in Figure S2) revealed a difference of ~81o in the 

angle of insertion of the naphthyl group with respect to the primary axis of the NASEP naphthyl 

ring. The stabilizing cation-π interaction is also observed in the ALDOA-NASEP complex and 

appears to be a driving force for binding at this locus but is insufficient alone as native ALDOA 

crystals soaked in saturating tryptophan in the crystallization buffer (6 mM L-tryptophan) did not 

reveal evidence of tryptophan active site binding.43 The ancillary hydrogen bonds formed between 

inhibitor oxygens and basic active site residues are therefore required to promote active site 

binding at this locus.

ALDOA-4 complex structure. The ALDOA-4 complex (Figure 4B) revealed a novel mode of 

binding different from the previous bisphosphonate compounds. The bisphosphonate moiety of 4 

is isostructural with the secondary binding site identified in the ALDOA-3 complex. This site is 

located near the P6-binding locus: one phosphonate group of 4 contacts several active site residues 

(Ser35, Ser38 and Lys107); the second phosphonate is stabilized by hydrogen-bonding to Lys146. 
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The phosphate group forms an electrostatic interaction with Arg303. To accommodate the binding 

mode of 4 and avoid clashing with the benzene group, Arg42 folds into the hydrophobic pocket 

described above for 3. 
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Figure 4. Crystal structure of ALDOA in complex with compounds 3 and 4. (A) Difference 

electron density calculated from a 2.20 Å 2mFo – DFc Feature Enhanced Map (FEM) showing 

compound 3 and contoured at 1.0σ. Noteworthy is the cation-π interaction involving Arg42 and 

the naphthalene moiety of compound 3 and the hydrophobic interaction with the side-chain of 

Arg303, shown on the right-panel. (B) Difference electron density calculated from a 2.29 Å 

2mFo – DFc FEM comprising compound 4 and contoured at 1.0σ. Compound 4 binding mode 

is different from other bisphosphonates. The hydrogen-bonding networks shows the 

bisphosphonate moiety contacting the P6-phosphate binding locus involving Ser35 and Lys107.
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Inhibition kinetics of the bisphosphonate inhibitors. The potency of the bisphosphonate 

analogues 2, 3 and 4 were investigated by inhibition kinetics using previous buffer conditions (see 

Experimental Section). Potency of 2 was evaluated using IC50 assays, summarized in Table 1 

Indication that 2 exhibited slow-binding behavior arose from IC50 experiments with different pre-

incubation periods of the enzyme with 2 in solution. An IC50 value of 0.67 ± 0.07 μM was 

measured with no pre-incubation period which decreased 10-fold to an IC50 of 0.060 ± 0.008 μM 

with a pre-incubation of 90 min. To determine the nature of the slow-binding behavior by 2, time-

dependent inhibition by 2 was assessed using the method first described by Morrison and Walsh 

(see Experimental Section for details).45 Briefly, in the presence of classical competitive inhibitors, 

product formation remains linear prior to substrate depletion. With slow-binding inhibitors, 

inhibition exhibits a two phase relationship: an initial burst in product formation (vo) corresponding 

to an apparent first-order loss (ka) of activity followed by a slower steady state rate in product 

formation (vs) where progress curves becomes asymptotic to the vs. Equations 2 – 4 described in 

the Experimental Section were used to extract inhibition constants and are reported in Table 2 

(direct and linearized plots are reported in Figure S3). An overall inhibition constant Ki* of 38 ± 2 

nM was determined. The off-rate constant of the slow-binding event (k-4) was 6-fold slower than 

the on-rate (k+4) and predicts a turnover of inhibited complex (EI*) consistent with the long pre-

incubation periods required to observe full inhibition in IC50 assays. The Ki for compound 2 was 

280 ± 10 nM which is virtually identical to the Ki of compound 1 of 280 ± 30 nM, coherent with 

the isostructural binding mode of compounds 1 and 2. Binding of 1 and 2 at the P6-site is quasi-

isostructural, indicating that binding features at the P1-site likely account for the difference in 

overall affinity. The 8 hydrogen bonds for 2 at the P1-site with surrounding residues compared to 

5 hydrogen bonds for 1 affords a greater enthalpic binding energy for 2, yet the entropic penalty 
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for binding of 1 is smaller due to the syn-anti rotational isomerization at the P1-site. However, 

binding of 2 provokes the expulsion of one additional highly ordered water molecule (W1) 

compared to 1 which is entropically favorable, and suggesting a higher overall affinity of 2 for 

aldolase.

Table 1. IC50 values for aldolase inhibition by 2 measured for varying pre-incubation periods.

Pre-incubation 
period (min)

IC50 (µM, pH 7.5) a

0 0.67 ± 0.07
10 0.17 ± 0.02
30 0.13 ± 0.01
90 0.060 ± 0.008
180 0.068 ± 0.004

a Measured in Tris-Acetate buffer (pH 7.5) with 10 μM FBP 
using activity assay described in Experimental Section.

Table 2. Kinetic parameters describing the slow-binding inhibition of aldolase with 2.

Parameter Value a

Vm (U/mg) 11.7 ± 0.2
Km (μM) 2.7 ± 0.3
Ki (μM) 0.28 ± 0.01

k-4 (min-1) 0.010 ± 0.002
k+4 (min-1) 0.064 ± 0.002
Ki* (μM) 0.038 ± 0.002

a Values were calculated using the slow-binding model 
described in the Experimental Section. Direct and linearized 
Dixon plots are shown in Figure S3.

Dual competitive inhibition of aldolase by 3. Compound 3 did not show any changes in IC50 

with different incubation times and was analyzed in terms of competitive inhibition as kinetic 

model. Given the presence of a second binding site by 3 in the active site, we applied a semi-

generalized formulation for single-enzyme multiple inhibition using two reversible linear 

inhibitors, as previously reported and described by equation 5 (details in Experimental Section).46 

The inhibition constants for the two binding sites yielded values of 13 ± 3 μM and 9 ± 1 μM 
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(reported in Table 3; inhibition kinetics are shown in Figure S4). Additional enthalpic 

contributions afforded by 3 extra hydrogen bonds in the ALDOA-3 complex (7 hydrogen bonds) 

compared to ALDOA-NASEP (4 hydrogen bonds) is consistent with tighter binding of 3 compared 

to the similar NASEP inhibitor (Ki = 0.1 mM). Further, the naphthol OH group has an important 

role in binding affinity as it anchors the naphthalene to Glu-34 (Figure 4A), a contact not formed 

in the ALDOA-NASEP complex (Figure S2).

Competitive inhibition of aldolase by 4. Compound 4 showed no evidence for slow binding 

behavior and exhibited classical competitive inhibition consistent with the observation in the 

ALDOA-4 complex showing active site tethering at the P6-phosphate site. The inhibition constant 

has a value of 42 ± 5 μM (Table 3; inhibition kinetics are illustrated in Figure S5).

Table 3. Inhibition mode and constants for inhibitors 1 – 4.

Inh Mode Ki (μM) Ki* (μM)
1 Competitive a 0.280 ± 0.030 -
2 Slow-binding b 0.280 ± 0.010 0.038 ± 0.002
3 Dual Compet. c 13 ± 3 9 ± 1 
4 Competitive d 42 ± 5 -

a Previously reported18; b Calculated using slow-binding 
inhibition described in Experimental Section; Ki* is the overall 
inhibition constant;  c Calculated using dual linear competitive 
inhibition described in Experimental Section; Here, Ki and Ki* 
represent the inhibition constants for the two binding sites in the 
aldolase active site; d Calculated using classical competitive 
inhibition kinetics: direct and double-reciprocal plots are shown 
in Figure S3 – Figure S5. Inh, Inhibitor.

Slow-binding inhibition mechanism. Compounds 1 and 2 provided an ideal opportunity to 

investigate the structural features responsible for their different modes of inhibition. Both 

compounds occupy the same binding sites yet differ in that 2 displays slow binding inhibition 

while 1 does not. Earlier work had shown that substitution of a phosphate group on 1 with an 

aldehyde (1,6-dihydroxy-2-naphthaldehyde - HNA-P) results in Schiff base formation between 

Lys107 and HNA-P.18 It was suggested that the rate of covalent bond formation was responsible 
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for the slow binding reaction. However, the slow-binding mechanism of aldolase bisphosphonate 

inhibitors does not entail formation of a covalent adduct. In order to identify hot spots in the 

structure that may explain the slow-binding origin of 2, the ALDOA-1 and ALDOA-2 complexes 

were aligned to native ALDOA (PDB id: 1ZAH) using the ProSMART algorithm.47

 Overall global root mean square deviations (r.m.s.d. based on Cα atoms) were comparable 

(ALDOA-1-native: 0.31 ± 0.01 Å; ALDOA-2-native: 0.23 ± 0.02 Å) and localized to two main 

regions: 1) the active site flanking helix comprising residues 34-45; and 2) a loop comprising 

residues 269-275 (Figure 5). The conformational changes induced in the flanking helix upon FBP 

binding upon active site binding have not been associated with a slow binding mechanism in case 

Figure 5. Active site dynamics upon aldolase-binding of 1 and 2. ALDOA-1 (blue), ALDOA-

2 (red) and native ALDOA (grey) (PDB id: 1ZAH) were aligned using ProSMART, identifying 

two regions with significant conformational differences (the flanking helix and the flexible 

active site loop). The inset depicts a close-up of the flexible loop, comparing the differences 

between all three structures. In ALDOA-2, the loop undergoes significant movement of 

residues 272-275 (r.m.s.d. of 0.66 ± 0.03 Å) towards the active site cleft, affording a hydrogen 

bond between Gly272 and the bisphosphonate not present in ALDOA-1, where the loop 

undergoes minimal displacement with respect to ALDOA (r.m.s.d. of 0.23 ± 0.02 Å). For 

illustration purposes, the side-chains were omitted from the loop.
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of inhibitors such as the  tagatose-bisphosphate diastereoisomer (Ki = 120 ± 10 μM).27 The 

conformational changes for the loop comprising residues 269-275 were 0.46 ± 0.02 Å in ALDOA-

2 compared to ALDOA-1 of 0.31 ± 0.01 Å (r.m.s.d. for residues 268-276 from alignment of Cα 

atoms) with respect to the native structure ALDOA. The local r.m.s.d. of the same loop for the 

FBP bound structure (PDB id: 1ZAI) was 0.31 ± 0.02 Å. The local r.m.s.d. becomes even greater 

for ALDOA-2 using only residues 272-275 that exhibit the greatest movement (ALDOA-2 vs 

native: 0.66 ± 0.03 Å and ALDOA-1 vs native: 0.23 ± 0.02 Å). We speculate that movement by 

this loop to accommodate the bisphosphonate moiety in 2 may be the structural basis for the slow-

binding inhibition. Indeed, shown in Figure 5, the greatest backbone movement incurred by 

residues 272-275 in ALDOA-2 (Figure 5 – red) implicated the displacement of Gly272 carbonyl 

towards the bisphosphate moiety, producing a strong hydrogen-bond (2.76 ± 0.06 Å). This 

movement is absent in ALDOA-1 and where side chain displacements were limited to a single 

residue, Ser-271. We also considered the contribution of the protonation state of the 

bisphosphonate in the slow binding inhibition.

Ionization state of bisphosphonates. Bisphosphonates have four ionizable species (monobasic, 

pKa1=1.3; dibasic, pKa2=3.2; tribasic, pKa3=6.9; tetrabasic, pKa4~11).48,49 The protonation state 

of 2 was inferred from the hydrogen bonding network of the ALDOA-2 complex (shown in Figure 

3C) and corresponded to a mono-protonation state for each phosphonate group which is consistent 

with a dibasic species as the dominant protonated state between pH  3.2 – 6.9, according to the 

pKa values listed above. At pH 7.5, the conditions used for the inhibition kinetics implies that both 

dibasic and tribasic species of 2 are present in solution and only the dibasic species would have 

the protonation state competent for binding. Preferential binding by the dibasic species implies 

even tighter binding by 2 when the pH dependence of this species is considered. At pH 7.5,  the 
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population of the dibasic species represents ~20% of the ionizable species and binding constants 

when corrected for this population correspond to apparent Ki and Ki* values of ~56 nM and ~7.6 

nM, respectively.

Minimal requirements of high-affinity binders. Fundamental to all known high-affinity 

aldolase binders is the inclusion of phosphate oxyanions that afford interactions with the highly 

basic active site, which includes 5 lysine and 3 arginine residues. The apparent promiscuity of the 

compound binding modes in the active site may in part be due to the positively charged landscape 

making up the active site that is not very heterogeneous in terms of charge distribution (see Figure 

1A) and hence would not enforce strongly similar binding modes on the bisphosphonate 

derivatives. Comparison of the structural and kinetic data does however provide guiding principles 

that can be applied to the next generation of high-affinity binders. First, the weaker binding 

bisphosphonates compounds 3 and 4 compared to compound 2 clearly demonstrated the 

importance of the P6-site for high affinity binding. Substitution of a phosphate in 2 for a hydroxyl 

in 3 had a dramatic effect on the binding mode and inhibition constant, consistent with the shorter 

span of compound 3 to simultaneously contact both P1- and P6-sites. This was corroborated by 4, 

whose benzene core had a shorter span than the naphthalene core of 2 (~2.2 Å shorter). The 

minimum span required to contact the P1- and P6-sites is ~9 Å, which is possible with 2 (9.7 Å) 

however, 4 has a span of ~7.5 Å, insufficient to contact both phosphate binding loci. Attachment 

to not only the P1-binding locus but also to the P6-binding locus is synergistic and is an important 

consideration in the design of high affinity phosphorylated binders.

A similar trend that inhibitors capable of simultaneously satisfy binding to both phosphate 

binding loci exhibit tighter binding can be drawn from a study of linear bisphosphorylated 

inhibitors used as structural analogs of FBP for probing the active site of aldolase.50 Ki values for 
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propanediol-, butanediol-, pentanediol-, and hexanediol-bisphosphate inhibitors were determined 

to be 120, 55, 29, and 25 µM respectively.  Modelling inhibitors into the active site, using the P1- 

and P6-binding locus of FBP as guides, indeed found the phosphate moieties of pentane- and 

hexanediol-bisphosphate could readily satisfy binding to both loci without steric collisions 

whereas the propanediol- and butanediol-bisphosphate are unable to span the P1 – P6 distance.50,51

Inhibition of aldolase in vivo by a bisphosphonate inhibitor. Finally, we performed in vivo 

inhibition assays in order to test cellular proliferation in the presence of the most potent 

bisphosphonate inhibitor, 2. The results of the dose response assay shown in Figure 6 indicate that 

increased inhibitor concentration progressively inhibits proliferation of HeLa cells (Figure 6A), 

yet surprisingly with no effect on cellular proliferation at any tested concentration in HEK293 cells 

(Figure 6B). Furthermore, there was no growth inhibition of HeLa cells with the least potent 

bisphosphonate, 4, under identical incubation conditions (Figure 6C). The decrease of ~50% after 

72 h of incubation by 2 at 50 µM (p ≤ 0.01) is consistent with an EC50 ~50 μM for 2. Incubation 

of cell growth ~ 30% by 72 h (p ≤ 0.01) at the lower concentration of 10 μM of compound 2 

supports an EC50 estimate of 50 μM.

The charged nature of phosphate groups greatly impedes endogenous phosphate-derivatives 

from escaping the cell, and renders exogenous phosphate-derivatives highly impermeable to entry 

across the membrane.52 Indeed, 2 displayed nano-molar inhibition in vitro, while only exhibiting 

inhibition of cellular proliferation in the micro-molar range suggesting that the membrane 

permeability of 2 may be an issue given the presence of one phosphate group and two phosphonate 

moieties on 2. Surprisingly, phosphorylated compounds such as FBP at high doses have been 

shown to display a protective effect in inflammation,53,54 and exert their therapeutic effect by 

diffusion through membrane bilayers in a dose-dependent manner with no loss in cell viability and 
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a transport efficiency of 5% for 20 mM extracellular dose of FBP.55 From this transport 

efficiency, the corrected Ki for 2 would predict an EC50 of  5 μM in the dose response shown in 

Figure 6A. The presence of an additional charged phosphate moiety on 2 compared to FBP would 

likely further reduce transport efficiency which is not inconsistent with the observed EC50 ~50 

μM.
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Figure 6. Cell growth inhibition assay. (A) Graph shows cell count as a function of inhibitor 

concentration with HeLa cells. Cells were incubated for periods of 24, 48, and 72 h with 

inhibitor. Cell count was determined by Trypan blue exclusion and hemocytometer. The same 

is shown in (B) for HEK293 cells. (C) The least potent bisphosphonate, compound 4, served as 

a control treatment for HeLa cells. * p ≤ 0.05; ** p ≤ 0.01 (Student’s two-tailed t-test). Data are 

from at least three independent experiments (standard deviations are shown as error bars).
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Cellular targeting of glycolytic aldolase by 2 is thus not inconsistent with the proliferation data. 

Lessor dependence on glycolytic flux in normal phenotypes would afford selectivity as inhibition 

of glycolytic flux in hyperglycolytic phenotypes by 2 such as in cancer cells or protozoan 

infections would be detrimental to their proliferation. The fact that the dose response assay for 4, 

shown in Figure 6C, does not reduce cell viability (Figure 6B), and that 4 inhibits aldolase with 

150-fold lower efficacy compared to 2 indicating a very large EC50 suggests that the aldolase 

inhibition of cellular proliferation may have selectivity by inhibiting proliferation of cancerous 

phenotypes without effect on normal ones. In hyperglycolytic cells where glycolysis is the main 

source of energy and biomass production (Warburg effect), targeting glycolysis via aldolase 

inhibition has been shown to be a viable strategy for inhibiting cellular proliferation.56 

Upregulation of ALDOA has recently been identified as an oncogene in a subpopulation of patients 

with highly metastatic pancreatic cancer11 and an overall increase in aldolase gene transcripts was 

observed for AML (acute myeloid leukemia) cells upon stromal interaction.57

Implications for Drug Design. From this study, functional groups, including phosphate, 

bisphosphonate, and naphthyl moieties of bisphosphonate inhibitors are important constituents for 

tight binding and represent a template for the design of future inhibitors. The highly basic nature 

of the aldolase active site is amenable to binding by phosphate oxyanions and drives the binding 

of the tested bisphosphonates to a number of different basic loci. In order to target binding to 

specific loci (i.e. P1 & P6) and afford the greatest potency, the following essential design features 

should be taken into consideration: 1) ability by compound phosphates to bind both P1- and P6-

loci; and 2) retention of a rigid scaffold (naphthyl moiety) to reduce the entropic cost of binding. 

Using this template, we can envisage the addition of functional groups based on the proximity to 

surrounding residues to yield a library of high-affinity inhibitors that can serve as leads for future 
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studies. For example, the binding locus of compound 3 at the hydrophobic pocket formed by Arg42 

and Arg303 could be exploited by the addition of an aromatic group to a phosphonate moiety of 

2. To improve stability, a phosphonate moiety at the P6-position would ensure stability against 

tyrosine phosphatases. The loss of a stabilizing hydrogen bond with Lys146 could be restored with 

a fluorine substituent on the phosphonate carbon. Also, the ionization state of the bisphosphonate 

should be considered to maximize biological activity at physiologically relevant pHs. 

Electronegative substituents on phosphonate carbons (e.g. fluorination) are known to lower the 

pKa of phosphonates, promoting the fully ionized form at neutral pH.58,59 However, since 2 is 

competent for binding in the di-protonated bisphosphonate form, a methyl substituent may 

promote the dibasic bisphosphonate species at neutral pH by increasing pKa3.

The presence of phosphate groups has been problematic in drug design because of the poor 

ability by phosphate monoesters to penetrate cell membranes. These impediments can be 

circumvented by synthesizing a prodrug that masks the phosphate charges using a protecting group 

that can be enzymatically converted into the active phosphate monoester form once the prodrug 

has been internalized.60–66 A number of approaches have been developed capable of yielding 

compounds with such “drug-like” properties.52 Foremost was the modification of the phosphate 

group such that the inhibitor could diffuse through membranes and typically involved charge 

neutralization via chemical derivatives to form neutral esters(s) with the phosphorus-derived 

oxygen(s). The protective groups allow permeation of the prodrug into the cells and can be 

efficiently removed by endogenous esterases, which restore the charge and biological activity. This 

approach was successfully implemented with a bisphosphonate inhibitor of inositol 

monophosphatase, where initially, poor membrane permeability was noted, but was rescued by 

using a tetrapivaloyloxy-methyl ester prodrug that retained biological activity after removal of the 
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chemical modification by endogenous esterases.67,68 
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EXPERIMENTAL SECTION

General Methods. All chemical reagents were of analytical grade and used without further 

purification. CH2Cl2 and THF were dried on molecular sieves and used immediately. Flash 

chromatography was performed using silica gel (35-70 µm, Merck). Concentration of solutions 

was performed under diminished pressure at temperature < 40 °C using a rotary evaporator. All 

air- and moisture-sensitive reactions were performed under an atmosphere of argon. Analytical 

TLC was performed using silica gel 60 F254 pre-coated aluminum plates (Merck). Spots were 

visualized by treatment with ninhydrin revelator followed by heating and/or by absorbance of UV 

light at 254 nm. NMR spectra were recorded at 297 K in CDCl3 or D2O with Bruker DRX400 (1H 

at 400.13 MHz and 13C at 100.62 MHz) and DRX300 (1H at 300.13 MHz, 13C at 75.47 MHz, and 

31P at 121.50 MHz) (shown in Figures S6 – S8). Chemical shifts are reported in ppm () and 

coupling constants in Hz (Jij). 1H NMR spectra were referenced to internal residual chloroform ( 

7.26) and HOD ( 4.80) for solutions in CDCl3 and D2O, respectively. 13C NMR spectra were 

referenced to solvent for solutions in CDCl3 ( 77.0) and to dioxane ( 67.4) for solutions in D2O. 

31P NMR spectra were referenced externally to 85% aq H3PO4 ( 0.0). In most cases, COSY, 

HSQC, and/or DEPT135 NMR spectra were recorded for assigning resonances. Melting points 

were determined by using open capillary tubes with a Buchi™ M-560 apparatus and are corrected. 

Low-resolution mass spectrometry (MS) and high-resolution mass spectrometry (HRMS) analyses 

were performed by electrospray with positive (ESI+) or negative (ESI-) ionization mode on a 

Bruker micrOTOF. The purity of all inhibitors (≥ 95%) was determined by HPLC analysis (shown 

in Figure S9). HPLC analysis was run on an Agilent 1260 Infinity system equipped with a Zorbax 

RX-C18, 3.5 µm (4.6 x 100 mm), using isocratic elution mode H2O/MeCN 70/30 for 2-4 and 55/45 

for 5-8 over 10 min run time at flow rate 0.6 mL/min and UV detection at 254 nm.
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Synthesis and Characterization of inhibitors and intermediates.

Lithium 6-(Bis(phosphonato)methyl)naphthalen-2-yl Phosphate 2. Compound 6 (164 mg, 

0.29 mmol, 1.0 equiv) was dissolved in anhydrous CH2Cl2 (6 mL) and the solution was cooled to 

0 °C. 2,4,6-Collidine (0.58 mL, 4.36 mmol, 15 equiv) and bromotrimethylsilane (0.69 mL, 5.22 

mmol, 18 equiv) were added dropwise and the reactant mixture was stirred overnight at rt under 

argon. Once the reaction was completed (monitoring by 31P NMR), it was poured into toluene (15 

mL) and evaporated under reduced pressure (3 times). The crude material was treated with 2 N 

LiOH (1.3 mL) overnight at 80 °C and then acetone was added to precipitate the product. The light 

brown solid produced was dissolved in 5 mL of distilled H2O and washed with CHCl3 (2 x 25 mL), 

precipitated with acetone (25 mL) and collected by centrifugation (10 min, 3000 rpm) to yield 2 

as a pale orange solid (114 mg, 91%). Mp > 400 °C. 1H NMR (400 MHz, D2O) δ 7.83-7.54 (m, 

5H, 5 x HAr), 7.30 (m, 1H, HAr), 3.28 (t, 1H, J = 20.0 Hz, P2CH). 13C NMR (100 MHz, D2O) δ 

150.6 (d, J = 7.0 Hz, CAr-OP), 135.9 (t, J = 7.0 Hz, CAr), 131.9 (CAr), 129.9 (CHAr), 129.5 (CAr), 

128.6 (CHAr), 127.6 (CHAr), 125.9 (CHAr), 121.3 (d, J = 4.0 Hz, CHAr), 115.2 (d, J = 3.0 Hz, CHAr), 

50.5 (t, J = 112.0 Hz, CH). 31P NMR (121 MHz, D2O, 85% H3PO4) δ 18.60 (2 P), 0.39 (P). HPLC 

Tr = 1.39 (98% rel. area). MS (ESI-) [M - 6Li + 5H]- 397.0, [M - 4Li + 3H]- 409.0. HRMS (ESI-) 

calcd for C11H10O10P3Li2 [M - 4Li + 3H]- 408.9807, found 408.9802.

Lithium ((6-hydroxynaphthalen-2-yl)methylene)bis(phosphonate) 3. Compound 5 (100 mg, 

0.23 mmol, 1.0 equiv) was dissolved in anhydrous CH2Cl2 (5 mL) and the solution was cooled to 

0 °C. 2,4,6-Collidine (0.31 mL, 2.32 mmol, 10 equiv) and bromotrimethylsilane (0.37 mL, 2.78 

mmol, 12 equiv) were added dropwise and the reactant mixture was stirred overnight at rt under 

argon. Once the reaction was completed (monitoring by 31P NMR), it was poured into toluene (15 

mL) and evaporated under reduced pressure (3 times). The crude material was treated with 2 N 
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LiOH (0.7 mL) overnight at 80 °C and then acetone was added to precipitate the product. The light 

brown solid produced was dissolved in 5 mL of distilled H2O and washed with CHCl3 (2 x 25 mL), 

precipitated with acetone (25 mL) and collected by centrifugation (10 min, 3000 rpm) to yield 3 

as a pale orange solid (79 mg, 99%). Mp > 400 °C. 1H NMR (300 MHz, D2O) δ 7.63-7.40 (m, 4H, 

4 x HAr), 6.87-6.78 (m, 2H, 2 x  HAr), 3.15 (t, J = 21.0 Hz, 1H, P2CH). 13C NMR (75 MHz, D2O) 

δ 163.3 (CArOH), 133.7 (CAr), 131.7 (CAr), 129.2 (CHAr), 128.7 (CHAr), 127.5 (CHAr), 125.6 (CAr), 

123.8 (CHAr), 123.3 (CHAr), 109.4 (CHAr), 49.8 (t, JCP = 113.3 Hz, CH). 31P NMR (121 MHz, D2O, 

85% H3PO4) δ 18.83 (2 P). HPLC Tr = 1.53 (96% rel. area). MS (ESI+) [M – Li + 2H]+ 337.0, [M 

+ Na]+ 365.1. HRMS (ESI-) calcd for C11H11O7P2 [M – 4Li + 3H]- 316.9980, found 316.9984.

Lithium 4-(Bis(phosphonato)methyl)phenyl Phosphate 4. Compound 8 (150 mg, 0.29 mmol, 

1.0 equiv) was dissolved in anhydrous CH2Cl2 (6 mL) and the solution was cooled to 0 °C. 2,4,6-

Collidine (0.58 mL, 4.36 mmol, 15 equiv) and bromotrimethylsilane (0.69 mL, 5.22 mmol, 18 

equiv) were added dropwise and the reactant mixture was stirred overnight at rt under argon. Once 

the reaction was completed (monitoring by 31P NMR), it was poured into toluene (15 mL) and 

evaporated under reduced pressure (3 times). The crude material was treated with 2 N aq LiOH 

(1.3 mL) overnight at 80 °C and then acetone was added to precipitate the product. The light brown 

solid produced was dissolved in 5 mL of distilled H2O and washed with CHCl3 (2 x 25 mL), 

precipitated with acetone (25 mL) and collected by centrifugation (10 min, 3000 rpm) to yield 4 

as a white solid (95 mg, 85%). Mp > 400 °C. 1H NMR (300 MHz, D2O) δ 7.24 (d, J = 6.0 Hz, 2H, 

HAr), 6.95 (d, J = 9.0 Hz, 2H, HAr), 3.01 (t, 1H, J = 24.0 Hz, P2CH). 13C NMR (75 MHz, D2O) δ 

150.9 (CAr-OP), 133.6 (t, J = 6.7 Hz, CAr), 130.5 (CHAr), 119.2 (CHAr), 49.4 (t, JCP = 113.3 Hz, 

CH). 31P NMR (121 MHz, D2O, 85% H3PO4) δ 18.72 (2 P), 0.24 (P). HPLC Tr = 1.38 (97% rel. 

area). HRMS (ESI-) calcd for C7H8Li2O10P3 [M - 4Li + 3H]- 358.9651, found 358.9658.
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Tetraethyl ((6-Hydroxynaphthalen-2-yl)methylene)bis(phosphonate) 5. Sodium metal (400 

mg, 17.42 mmol, 3 equiv) was added in small portions to diethyl phosphite (14 mL, 110.35 mmol, 

19 equiv), ensuring that the temperature of the mixture never exceeded 50 °C. 6-Hydroxy-2-

naphthaldehyde (1 g, 5.81 mmol, 1 equiv) was added to the solution and the reaction mixture was 

stirred at rt under argon for 48 h. The reaction was quenched by addition of H2O (100 mL) and the 

product was extracted with CHCl3 (3 x 100 mL). The organic layers were combined, washed with 

brine, dried over anhydrous MgSO4, filtered, and evaporated. The crude material was dissolved in 

minimum volume of CH2Cl2 and precipitated by addition of cyclohexane to yield 5 as a white solid 

(2.01 g, 80%). Mp 124-126 °C. Rf = 0.60 (silica gel, 95:5 CH2Cl2:MeOH). 1H NMR (300 MHz, 

CDCl3) δ 7.72 (s, 1H, HAr), 7.40 (m, 2H, HAr), 7.26-7.23 (m, 1H, HAr), 6.84 (d, J = 3.0 Hz, 1H, 

HAr), 6.80 (s, 1 H, HAr), 4.24-3.94 (m, 4H + 2H + 2H, diastereotopic POCH2CH3), 3.85 (t, J = 24.0 

Hz, 1H, P2CH), 1.33, 1.16 (two t, J = 6.0 Hz, 6H + 6H, POCH2CH3). 13C NMR (75 MHz, CDCl3) 

δ 155.2 (CArOH), 134.0 (CAr), 129.5 (CHAr), 129.1 (CHAr), 128.2 (CAr), 127.9 (CHAr), 126.8 (CHAr), 

123.1 (CAr), 118.8 (CHAr), 109.1 (CHAr), 63.6, 63.6, 63.3, 63.2 (4 x CH2), 45.2 (t, JCP = 133.5 Hz, 

CH), 16.4, 16.3, 16.3, 16.2 (4 x CH3). 31P NMR (121 MHz, CDCl3, 85% H3PO4) δ 18.87 (2 P). 

HPLC Tr = 2.92 (91% rel. area). MS (ESI+) [M + H]+ 431.1, [M + Na]+ 453.1, [2M + Na]+ 883.3. 

HRMS (ESI+) calcd for C19H28O7P2Na [M + Na]+ 453.1202, found 453.1198.

6-(Bis(diethoxyphosphoryl)methyl)naphthalen-2-yl Diethyl Phosphate 6. Compound 5 (500 

mg, 1.16 mmol, 1.0 equiv) and 1,4-diazabicyclo[2.2.2]octane (DABCO, 392 mg, 3.48 mmol, 3 

equiv) were dissolved in anhydrous THF (5 mL) and diethyl chlorophosphate (0.50 mL, 3.48 

mmol, 3 equiv) was added dropwise at rt. The mixture was stirred for 48 h at rt under argon and 

then poured into CH2Cl2, washed with saturated NH4Cl, brine, dried over anhydrous MgSO4, 

filtered, and evaporated. The crude material was purified by column chromatography (silica gel, 
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96:4 EtOAc:MeOH) to yield 6 as a clear yellow oil (380 mg, 58%). Rf = 0.66 (silica gel, 95:5 

CH2Cl2:MeOH). 1H NMR (300 MHz, CDCl3) δ 7.92 (s, 1H, HAr), 7.78 (dd, J = 9.0 Hz, J = 15.0 

Hz, 2H, HAr), 7.64-7.57 (m, 2H, HAr), 7.34 (dd, J = 3.0 Hz, J = 9.0 Hz, 1H, HAr), 4.26-3.86 (m, 

13H, 12H x diastereotopic POCH2CH3; 1H x P2CH), 1.36, 1.26, 1.12 (three t, J = 6.0 Hz, 6H + 6H 

+ 6H, POCH2CH3). 13C NMR (75 MHz, CDCl3) δ 148.7 (CAr-OP), 133.2 (CAr), 130.8 (CAr), 130.0 

(CHAr), 129.4 (CHAr), 129.3 (CHAr), 129.1 (CHAr), 127.9 (CAr), 120.6 (CHAr), 116.3 (CHAr), 64.9, 

64.8, 63.6, 63.1 (6 x CH2), 45.8 (t, JCP = 132.0 Hz, CH), 16.4, 16.3, 16.2 (6 x CH3). 31P NMR (121 

MHz, CDCl3, 85% H3PO4) δ 18.39 (2 P), -6.26 (P). HPLC Tr = 5.22 (96% rel. area). MS (ESI+) 

[M + Na]+ 589.1. HRMS (ESI+) calcd for C23H37O10P3Na [M + Na]+ 589.1492, found 589.1489.

Tetraethyl ((4-Hydroxyphenyl)methylene)bis(phosphonate) 7.34,35 Sodium metal (566 mg, 

24.60 mmol, 3 equiv) was added in small portions to diethyl phosphite (20 mL, 155.80 mmol, 19 

equiv), ensuring that the temperature of the mixture never exceeded 50 °C. 4-

Hydroxybenzaldehyde (1 g, 8.20 mmol, 1 equiv) was added to the solution and the reaction mixture 

was stirred at rt under argon for 48 h. After this time, the reaction was quenched by addition of 

H2O (100 mL) and the product was extracted with CHCl3 (3 x 100 mL). The organic layers were 

combined, washed with brine, dried over anhydrous MgSO4, filtered, and evaporated to yield 7 as 

a white solid (3.12 g, 99%.). 1H and 31P NMR data are in complete agreement with literature 

data.34,35 Additional analytical data are provided. Mp 89-90 °C. Rf = 0.55 (silica gel, 95:5 

CH2Cl2:MeOH). 1H NMR (300 MHz, CDCl3) δ 7.20 (d, J = 9.0 Hz, 2H, ArH), 6.70 (d, J = 9.0 Hz, 

2H, ArH), 4.12, 4.00, 3.88 (three m, 4H + 2H + 2H, diastereotopic POCH2CH3), 3.63 (t, J = 24.0 

Hz, 1H, P2CH), 1.29, 1.14 (two t, J = 6.0 Hz, 6H + 6H, POCH2CH3). 13C NMR (75 MHz, CDCl3) 

δ 157.2 (CArOH), 131.6 (t, J = 6.0 Hz, CHAr), 119.3 (t, J = 7.5 Hz, CAr), 116.3 (CHAr), 63.8, 63.7, 

63.2, 63.2 (4 x CH2), 44.4 (t, JCP = 134.3 Hz, CH), 16.5, 16.4, 16.3, 16.3 (4 x CH3). 31P NMR (121 
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MHz, CDCl3, 85% H3PO4) δ = 19.00 (2 P). HPLC Tr = 2.25 (98% rel. area). MS (ESI+) [M + H]+ 

381.1, [M + Na]+ 403.1. HRMS (ESI+) calcd for C15H26O7P2Na [M + Na]+ 403.1046, found 

403.1050.

Tetraethyl ((4-(Diethylphospho)phenyl)methylene)bis(phosphonate) 8. Compound 7 (650 

mg, 1.71 mmol, 1.0 equiv) and 1,4-diazabicyclo[2.2.2]octane (DABCO, 575 mg, 10.26 mmol, 3 

equiv) were dissolved in anhydrous THF (5 mL) and diethyl chlorophosphate (0.74 mL, 10.26 

mmol, 3 equiv) was added dropwise at rt. The mixture was stirred for 48 h at rt under argon and 

then poured into CH2Cl2, washed with saturated NH4Cl, brine, dried over anhydrous MgSO4, 

filtered, and evaporated. The crude material was purified by column chromatography 

(CH2Cl2:MeOH, 96:4) to yield 8 as a clear yellow oil (703 mg, 80%). Rf = 0.63 (silica gel, 95:5 

CH2Cl2:MeOH). 1H NMR (300 MHz, CDCl3) δ 7.42 (d, J = 9.0 Hz, 2H, ArH), 7.17 (d, J = 9.0 Hz, 

2H, ArH), 4.17, 4.09, 3.95, 3.88 (four m, 12H, diastereotopic POCH2CH3), 3.68 (t, J = 24.0 Hz, 

1H, P2CH), 1.30, 1.24, 1.12 (three t, J = 6.0 Hz, 6H + 6H + 6H, POCH2CH3). 13C NMR (75 MHz, 

CDCl3) δ 150.3 (CArOP), 131.9 (t, J = 6.0 Hz, CHAr), 127.0 (CAr), 120.1 (CHAr), 64.7, 64.7, 63.6, 

63.5, 63.1, 63.0 (6 x CH2), 44.9 (t, JCP = 132.0 Hz, CH), 16.3, 16.2, 16.1 (6 x CH3). 31P NMR (121 

MHz, CDCl3, 85% H3PO4) δ 18.29 (2 P), -6.60 (P). HPLC: Tr = 3.52 (96% rel. area). MS (ESI+) 

[M + H]+ 517.2, [M + Na]+ 539.1. HRMS (ESI+) calcd for C19H35O10P3Na [M + Na]+ 539.1335, 

found 539.1333.

Materials. Fru(1,6)P2, glycerol-3-phosphate dehydrogenase and triose-phosphate isomerase 

were purchased from Sigma-Aldrich. NADH was from Roche Diagnostics. All other chemicals 

and materials were obtained from Sigma-Aldrich, Fisher Scientific, Bioshop Canada, and GE 

Healthcare Life Sciences.
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Purification and Crystallization. Expression and purification of recombinant native (WT) 

rabbit muscle aldolase was performed as described previously27,69 using Escherichia coli strain 

BL21-SI for overexpression of the recombinant protein (Invitrogen). Enzyme concentration was 

determined using an extinction coefficient of 0.91 cm mg-1 mL at 280 nm.70 The native enzyme 

was crystallized by vapor diffusion from a 1:1 mixture of protein solution (10 mg/mL in 20 mM 

Tris-HCl, pH 7.0) and precipitant buffer (18% polyethylene glycol 4000 in 0.1 M Na-HEPES, pH 

7.5) that was equilibrated against a reservoir of precipitant, as described previously.27

Crystallographic Data Collection and Processing. Aldolase crystals were soaked for either 30 

min or 60 min in crystallization liquor containing one of the following ligands (1 (NA-P2), 2 

(PNAB), 3 (NAB), or 4 (PBB)) at 1, 5, or 20 mM (final concentration in the mother liquor). Prior 

to flash-freezing in liquid nitrogen, crystals were cryoprotected by briefly soaking in a mother 

liquor solution containing 15% (v/v) glycerol and ligand at an appropriate concentration. Data for 

1 was collected at beamlines X25 and X29 of the National Synchrotron Light Source at 

Brookhaven National Laboratories. The remaining datasets were collected from single crystals at 

beamline 08ID-1 or 08B1-1 of the Canadian Light Source, Saskatchewan, Canada. A native data 

set was also collected as a control. All data sets were processed with HKL2000,71 and the data 

reduction results are shown in Table 4.
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Table 4.  Data Collection and Refinement Statistics

Structure ALDOA-1 ALDOA-2 ALDOA-3 ALDOA-4
Data Collection

PDB code 5TLZ 5TLE 5TLH 5TLW
Resolution range (Å) 44.04  - 1.97

(2.04  - 1.97)a
32.34  - 1.58
(1.63  - 1.58)a

43.74  - 2.20
(2.28  - 2.20)a

43.66  - 2.29
(2.34  - 2.26)aSpace group P 21 P 21 P 21 P 21

Unit cell a (Å), b (Å), c (Å), 
β (°)

83.3 103.6 84.5 
98.7

83.7 103.7 84.5 
98.8

83.6 103.1 84.9 
98.9

83.9 102.7 84.9 
98.5 

Wavelength (Å) 1.1 0.9795 0.9795 0.9795
Total / Unique reflections 277501 / 86719 

(2998)
541509/185199 
(18609)

332045 / 69202 
(6418)

192056 / 59193 
(2927)Multiplicity 3.2 2.9 (2.4) 4.8 (4.4) 3.2 (2.6)

Completeness (%) 0.87 0.94 (0.97) 0.96 (0.92) 0.88 (0.44)
Average I/σ(I) 20.07 13.96 (1.46) 6.50 (2.88) 5.87 (1.78)
Wilson B-factor 21.83 18.22 24.98 28.71
Rmerge b 0.052 0.03856 (0.71) 0.1792 (1.175) 0.1541 (0.9413)
Rmeas 

c - 0.0465 (0.8927) 0.1996 (1.321) 0.1823 (1.175)
CC1/2 - 0.999 (0.575) 0.986 (0.684) 0.982 (0.485)
Refinement 

Rwork (%) d 0.1287 (0.2041) 0.1314 (0.2630) 0.1504 (0.2169) 0.1521 (0.2236)
Rfree (%) e 0.1665 (0.2705) 0.1576 (0.2862) 0.1880 (0.2606) 0.1922 (0.2918)
Number of atoms 12322 13159 11644 11402
  macromolecules 10644 10801 10662 10654
  ligands 184 120 140 104
RMSD (bond length) (Å) 0.006 0.008 0.005 0.004
RMSD (angles) (o) 0.76 0.92 0.86 0.63
Ramachandran favored (%) 98 98 98 97
Ramachandran allowed (%) 2 2 2.1 2.5
Average B-factor (Å2) 29.13 26.99 32.02 37.80
a All values in parentheses are given for the highest resolution shell; b Rmerge = ∑hkl∑i│Ii(hkl) – Īi(hkl)│/ ∑hkl∑iIi(hkl), with i 
running over the number of independent observations of reflection hkl; c Rmeas = ∑hkl(n/(n-1))1/2∑n

i=1│Ii(hkl) – Īi(hkl)│/ 
∑hkl∑iIi(hkl); d Rwork = ∑hkl║Io(hkl)│–│Ic(hkl)║ /  ∑hkl│Io(hkl)│; e Rfree = ∑hklϵT║Io(hkl)│ – │Ic(hkl)║ /  ∑ hklϵT│Io(hkl)│, where 
T is a test data set randomly selected from the observed reflections prior to refinement. Test data set was not used throughout 
refinement and contains a minimum of 2000 unique reflections (or 5%) (the smaller value is selected).
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Structure determination and refinement. Crystal structures were determined by molecular 

replacement with PHENIX72 Phaser-MR73 using the native aldolase homotetramer structure as a 

reference model [Protein Data Bank (PDB) entry 1ZAH]. Refinement and model building were 

performed with phenix.refine74 and Coot75 respectively. Data quality and resolution cut-off was 

assessed using correlation-coefficient-based criteria, CC1/2.76 Ligand fitting and interpretation 

was performed by a combination of simulated annealing Fo – Fc omit maps and feature-enhanced 

sigma-A weighted 2Fo – Fc maps77 that were calculated in the final round of refinement. All 

difference density maps (Fo – Fc) shown in the paper correspond to simulated annealed Fo – Fc 

omit maps. Ligand coordinate and restraints were generated using PHENIX eLBOW.78 Final 

model statistics were calculated with MolProbity79 and are shown in Table 4. The coordinates and 

structure factors of the crystallographic structures have been deposited in the Protein Data Bank 

(PDB entries: 5TLE, 5TLH, 5TLW, 5TLZ). All figures were prepared using PyMOL 

(http://www.pymol.org).80 

Structures requiring modeling of multiple conformations of ligand in the active site were 

prepared by the following sequence: occupancies of the multiple conformations were determined 

using a triplicate convergence test performed by setting arbitrary initial occupancies to three 

different values and averaging the refined occupancies.

In order to calculate electrostatic surface potentials, the Adaptive Poisson-Boltzmann Solver 

(APBS) software package was used.81,82 The structure was prepared for APBS with the automated 

pipeline provided by PDB2PQR,83,84 which adds any missing hydrogens, determines side-chain 

pKas, and assigns force field parameters for atom charge and radius (PARSE force filed was 

selected by default).
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Activity assays. Aldolase cleavage activity was determined using a coupled assay system 

involving triose-phosphate isomerase and glycerol-3-phosphate dehydrogenase (TIM/GDH) by 

following NADH oxidation at 340 nm using a Varian Cary 300 UV-Vis spectrophotometer 

thermostated at 25 °C.85 Activity was measured by the addition of aldolase to a solution containing 

substrate (FBP) made up in assay buffer (50 mM Tris-Acetate, pH 7.5, 1 mM EDTA, 0.3 mM 

NADH, and containing coupling enzymes (5 μg/mL GDH and 0.5 μg/mL TIM) to a final volume 

of 1 mL). All kinetic values reported comprise a minimum of three independent assays, including 

the inhibition studies. The raw kinetic data is freely available upon request from the authors.

Kinetic methods: (A) IC50 determinations. IC50s for aldolase inhibition by 2 were measured 

in activity assay conditions described above with concentrations of 2 ranging from 0.01 μM – 20 

μM and a substrate (FBP) concentration of 10 μM. Aldolase was pre-incubated for 0 – 180 min 

with 2 prior to activity determination. IC50s were calculated using full 4 parameter IC50 model in 

GraFit Data Analysis Software.86 For all calculations, the y-range was 5 – 6 U/mg, slope factors 

were ~1.5, and Chi2 ~1.5 – 3.

Kinetic methods: (B) Slow-binding Inhibition. Slow-binding inhibition was analyzed 

according to Scheme 2 assuming rapid formation of an enzyme inhibitor complex (EI) that can 

undergo slow rotational isomerization to a second enzyme inhibitor complex (EI*).45,87 All rate 

steps are assumed to be fast relative to k+4 and k-4. For this kinetic sequence, Ki* represents the 

overall inhibition constant, and Ki the dissociation constant for the Michaelis complex EI.

Scheme 2. General mechanism for describing slow-binding inhibition.

E  +  S ES E  +  Products
+
 I

EI EI*

k+1

k  -1

k+2

k+4

k -3 k+3

k -4
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     𝐾m =  
𝑉𝑀[𝑆]

𝐾𝑀 +  [𝑆] 𝐾i =  
𝑘 ―3

𝑘 +3
𝐾 ∗

i = 𝐾i 
𝑘 ―4

(𝑘 +4 + 𝑘 ―4) 

The slow-binding inhibition constants for inhibitor 2 were determined by non-linear regression 

analysis of progress curves measured in the presence of 20 – 200 μM FBP and 0.5 – 75 μM of 2. 

Slow-binding inhibitors are characterized by an initial burst of reaction followed by a slower 

steady state where progressive curves exhibit asymptotic behavior. All progressive curves were 

analyzed according to eq. 1, which was fitted using GraFit Data Analysis Software v.6.0.12 

yielding kinetic parameters , , and , described by eq. 2 – 4 below. Linearized Dixon plots 𝑣𝑜 𝑣𝑠 𝑘𝑎

derived from these parameters were then used to determine Km, Ki as well as k+4 and k-4. 

(1)[𝑃]𝑡 = 𝑣𝑠𝑡 +  
(𝑣𝑜 ―  𝑣𝑠)(1 ― 𝑒

― 𝑘𝑎𝑡
)

𝑘𝑎
+𝐶

  (2)𝑣𝑂 =
𝑉𝑚[𝑆]

𝐾𝑚(1 +
[𝐼]
𝐾𝑖) +  [𝑆]

(3)𝑣𝑆 =
𝑉𝑚[𝑆]

𝐾𝑚(1 +
[𝐼]

𝐾 ∗
𝑖

) +  [𝑆]

(4)𝑘𝑎 = 𝑘 ―4 + 
𝑘 +4[𝐼]

𝐾𝑖(1 +
[𝑆]
𝐾𝑚) +  [𝐼]

Kinetic methods: (C) Competitive Inhibition. The inhibition constant (Ki) for compound 4 

were determined from double-reciprocal plots of initial rates measured in the presence of 5 – 200 

μM FBP and 10 - 200 μM inhibitor at constant enzyme concentration (0.01 μg/mL).
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Kinetic methods: (D) Dual Competitive Inhibition. For compound 3, inhibition kinetics were 

analyzed using a dual reversible linear inhibition model described previously.46 The following 

equation used in the GraFit Data Analysis Software v.6.0.12 to analyze the inhibition data:

     (5)𝑣 =  
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚(1 +
[𝐼]
𝐾𝑖

+
[𝐼]

𝐾′𝑖
+

[𝐼][𝐼]

𝐾𝑖𝐾′𝑖
)

where Ki and Ki’ represent the inhibition constants for the two competitive binding sites. Assay 

conditions were the same as described for competitive inhibition.

Cellular growth inhibition tests. HeLa cells and HEK293 were selected for the in vivo growth 

inhibition assays. Cells were seeded into 6-well plates at densities of 2 x 105 cells/plate (HEK293) 

and 3 x 105 cells/plate (HeLa) (final volume 2 mL). Cells were cultured using DMEM and 

maintained at 37 oC/ 5% CO2 for 24, 48 or 72 h. Treated cells received a final dose of 0.1, 1.0 or 

10 µM of filter-sterilized 2. Cells were harvested by first washing cells with pre-warmed PBS and 

detached using trypsin (0.5 mL x (0.05% trypsin for HEK293 and 0.25% for HELA cells)). Trypsin 

was diluted by addition of 1.5 mL growth medium (DMEM). Cells were transferred to 15-mL 

conical tubes and centrifuged at 200 x g for 5 min. Cells were resuspended in 0.5 mL of pre-

warmed growth medium. A 1:1 mixture of the cell suspension was mixed with Trypan Blue 

exclusion solution for subsequent total cell counting with a hemocytometer. The average number 

of cells was the result of counting three replicates in two independent experiments.
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 Active site comparisons of aldolase A in complex with 1-2 and FBP, comparison of 

aldolase A binding with 3 and NASEP, inhibition kinetics for 2-4, HPLC assessment and 

1H and 13C NMR spectra of 2-4 (PDF)

 PDB ID Codes: 5TLZ (ALDOA-1), 5TLE (ALDOA-2), 5TLH (ALDOA-3), 5TLW 

(ALDOA-4). Atomic coordinates and experimental data are accessible on the Protein 

Data Bank.

 Molecular strings formula for 1-4 as well as respective Ki against aldolase A and mode of 

inhibition (CSV)
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