THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 36, pp. 31232-31240, September 9, 2011
Printed in the US.A.

The Trypanocidal Drug Suramin and Other Trypan Blue
Mimetics Are Inhibitors of Pyruvate Kinases and Bind to the

Adenosine Site™

Received for publication, December 14, 2010, and in revised form, June 6, 2011 Published, JBC Papers in Press, July 7,2011, DOI 10.1074/jbcM110.212613

Hugh P. Morgan®, lain W. McNae*, Matthew W. Nowicki*, Wenhe Zhong®, Paul A. M. Michels®, Douglas S. Auld’,
Linda A. Fothergill-Gilmore*, and Malcolm D. Walkinshaw*'

From the *Structural Biochemistry Group, Institute of Structural and Molecular Biology, University of Edinburgh, King’s Buildings,
Mayfield Road, Edinburgh EH9 3JR, Scotland, United Kingdom, the SResearch Unit for Tropical Diseases, de Duve Institute and
Laboratory of Biochemistry, Université catholique de Louvain, Avenue Hippocrate 74, B-1200 Brussels, Belgium, and the "National
Institutes of Health Chemical Genomics Center, National Human Genome Research Institute, National Institutes of Health,

Rockville, Maryland 20850

Ehrlich’s pioneering chemotherapeutic experiments pub-
lished in 1904 (Ehrlich, P., and Shiga, K. (1904) Berlin Klin.
Wochenschrift 20, 329 —362) described the efficacy of a series of
dye molecules including trypan blue and trypan red to eliminate
trypanosome infections in mice. The molecular structures of the
dyes provided a starting point for the synthesis of suramin,
which was developed and used as a trypanocidal drug in 1916
and is still in clinical use. Despite the biological importance of
these dye-like molecules, the mode of action on trypanosomes
has remained elusive. Here we present crystal structures of sur-
amin and three related dyes in complex with pyruvate kinases
from Leishmania mexicana or from Trypanosoma cruzi. The
phenyl sulfonate groups of all four molecules (suramin, Ponceau
S, acid blue 80, and benzothiazole-2,5-disulfonic acid) bind in
the position of ADP/ATP at the active sites of the pyruvate
kinases (PYKs). The binding positions in the two different
trypanosomatid PYKs are nearly identical. We show that sura-
min competitively inhibits PYKs from humans (muscle, tumor,
and liver isoenzymes, K; = 1.1-17 um), T. cruzi (K; = 108 um),
and L. mexicana (K; = 116 pm), all of which have similar active
sites. Synergistic effects were observed when examining sura-
min inhibition in the presence of an allosteric effector molecule,
whereby IC;, values decreased up to 2-fold for both trypanoso-
matid and human PYKs. These kinetic and structural analyses
provide insight into the promiscuous inhibition observed for
suramin and into the mode of action of the dye-like molecules
used in Ehrlich’s original experiments.

Therapies against trypanosomatid-borne diseases have evolved
from the historic work of Paul Ehrlich (1), who was the first to
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provide a rationale for a chemotherapeutic approach in the treat-
ment of infectious diseases. He used a series of naphthalene dyes
related to trypan red and trypan blue (see Fig. 1a) and demon-
strated that they had trypanocidal activity. Trypan blue success-
fully cleared trypanosomatid infections in mouse models but were
not successful in other mammals. Ehrlich noted in his mouse trials
where he tested over 50 related diazo dyes that mice treated with
trypan red retained a red color for weeks and even months. This
side effect was a significant drawback to its use in human therapy,
and the search for a colorless analog was pursued by chemists at
Bayer, who synthesized Bayer 205, now known as suramin (see Fig.
1c), which is still used in the treatment of human African trypano-
somiasis (sleeping sickness) caused by the parasitic protist Trypa-
nosoma brucei (2). Additional uses for suramin have been explored
in the treatment of human cancers (3) and HIV infection (4),
where it was the first drug to show antiviral activity (5). It is evident
from the mass of literature that suramin is a promiscuous inhibitor
of many enzymes and receptors and shows a range of interesting
clinically relevant effects (6, 7). Despite following none of the cur-
rently accepted criteria for drug-likeness (8), suramin and a num-
ber of diverse analogues (9, 10) are still of clinical interest in an ever
growing repertoire of diseases (11-13).

Suramin has been characterized as an inhibitor of T. brucei
and mammalian glycolytic enzymes (14-16) and has been
shown to inhibit all seven of the T. brucei glycolytic enzymes
isolated from glycosomes (peroxisome-like organelles specific
for kinetoplastid protists that harbor the first seven glycolytic
enzymes converting glucose into 3-phosphoglycerate) with
IC,, values between 3 and 100 um (15). The three glycolytic
enzymes found in the cytosol (phosphoglycerate mutase, eno-
lase, and pyruvate kinase (PYK)? (17)) were not examined in
these experiments. The importance of glycolytic enzymes for
the viability of T. brucei has been confirmed by RNAi knock-
down of glycosomal and cytosolic enzymes (including PYK)
with consequent death of the parasite (18, 19).

2 The abbreviations used are: PYK, pyruvate kinase; LmPYK, L. mexicana PYK;
TcPYK, T. cruzi PYK; LPYK, human liver PYKisoenzyme; M1PYK, human mus-
cle PYK isoenzyme; M2PYK, human embryonic/tumor PYK isoenzyme;
F16BP, fructose 1,6-bisphosphate; F26BP, fructose 2,6-bisphosphate; BDS,
benzothiazole-2,5-disulfonic acid; PTS, 1,3,6,8-pyrenetetrasulfonic acid;
DMSO, dimethyl sulfoxide; r.m.s., root mean square; h, human.
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PYK catalyzes the final reaction of glycolysis in which P-enol-
pyruvate and ADP are converted into pyruvate and ATP. All
trypanosomatid PYKs share a high degree of sequence identity
(73— 80%), with highly conserved active and allosteric effector
binding sites (supplemental Fig. S1). We have previously char-
acterized the structure of PYK from the trypanosomatid para-
site, Leishmania mexicana (LmPYK), a homotetrameric
enzyme (20) in which each monomer of 498 residues is com-
posed of four domains (see Fig. 2a). Adjacent C-domains form
the C-C or “small” interface, and bordering A-domains form
the A-A or “large” interface. The B-domain acts as a mobile lid
atone end of the («/B)g-barrel A-domain, and the active site lies
in the cavity between them.

Here we report the x-ray structures of four chemically related
dye-like molecules including suramin in complex with L. mexi-
cana or Trypanosoma cruzi PYKs. These structures all share
similar binding modes, overlapping with the site of the adenine
ring of ADP/ATP at the active site. The structural data in com-
bination with detailed biochemical studies of the interaction of
suramin with three human PYK isoenzymes and with two par-
asite PYKs improve our understanding of the polypharmacol-
ogy of suramin (7) and provide potential scaffolds for the devel-
opment of more potent isoform-specific analogues. The
structures provide an interesting link to Ehrlich’s groundbreak-
ing work over a century ago and show one way in which the
phenylsulfonate dyes used in the original work interact with a
trypanosomatid protein. Indeed, despite the ubiquitous use of
such dyes as biological markers and the uninterrupted use of
suramin as a prescription drug since 1916, there has previously
been very little information on the nature of the interactions of
this important class of phenylsulfonates with biological macro-
molecules. The structural and binding data presented here are
consistent with the phenylsulfonate moieties acting as adeno-
sine analogues.

EXPERIMENTAL PROCEDURES

Expression, Purification, Crystallization, and Data Collection—
LmPYK was overexpressed in Escherichia coli and purified as
described previously (20), and TcPYK was overexpressed in
E. coli and purified as described (see supplemental text T1).
Purified LmPYK and TcPYK samples (30 mg ml~" in 20 mm
triethanolamine-HCI buffer (pH 7.2)) were diluted to 7-15 mg
ml ™! using 20 mM triethanolamine-HCI buffer (pH 7.2). For
co-crystallization experiments, the following concentrations of
ligands were added to the protein sample: (a) LmPYK-1,3,6,8-
pyrenetetrasulfonic (PTS) acid (1 mwm, final concentration is 0.5
mM in the crystallization drop) and suramin (2 mu, final con-
centration is 1 mm in the crystallization drop); (b) LmPYK-acid
blue 80 ((LmPYK-AB80) ~250 um, based upon 40% purity, final
concentration is ~125 um in the crystallization drop); (c)
LmPYK-benzothiazole-2,5-disulfonic acid (1 mwm, final concen-
tration is 0.5 mm in the crystallization drop); (d) LmPYK-
Ponceau S and LmPYK-acid blue 25 (1 mm Ponceau S and 500
uM acid blue 25 (based on 50% purity), the final concentration
in the crystallization drop is 500 and 250 M, respectively); and
(e) TcPYK-Ponceau S (1 mu, final concentration is 0.5 mm in
the crystallization drop). Crystals of both LmPYK and T¢PYK
complexes were obtained at 4 °C by vapor diffusion using the
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hanging drop technique. The drops were formed by mixing 1.5
wl of protein solution with 1.5 ul of a well solution, composed of
7-16% PEG 8000, 20 mM triethanolamine-HCI buffer (pH 7.2),
50 mm MgCl,, 100 mm KCl, and 10-25% glycerol. The drops
were equilibrated against a reservoir filled with 0.5 ml of well
solution. Crystals grew to maximum dimensions after 1 week.
Prior to data collection, crystals were equilibrated for 14 h over
a well solution composed of 9-14% PEG 8000, 20 mM trietha-
nolamine-HCl buffer (pH 7.2), 50 mm MgCl,, 100 mm KCl, and
25% glycerol, which eliminated the appearance of ice rings.
Intensity data were collected (¢ scans were 0.2° over 100°) at the
Diamond synchrotron radiation facility in Oxfordshire, UK on
beamline 103 from a single crystal flash-frozen in liquid nitro-
gen at —17 °C. Data were then processed with MOSFLM (21)
and scaled with SCALA (22).

Structure Determination—The LmPYK structures were
solved by molecular replacement using the program PHASER
(23). A monomer from the previously determined tetrameric
structure of LmPYK ((1PKL (24)) was divided into two search
regions. Region 1 (residues Pro-87—-Pro-187, which is equiva-
lent to a complete B-domain) and region 2 (residues 1-86,
188 —481, and 489 —498) served as search models. The resulting
model was divided into three rigid body domains (B-domain =
87-187, A-domain = 1-86 and 187-356, C-domain = 358 —
498) and subjected to 10 cycles of rigid body refinement using
the program REFMAC (25). The TcPYK-Ponceau S structure
was solved using an identical method to that of LmPYK, and the
sequence was adjusted using COOT to correspond with the
published T¢PYK amino acid sequence (accession number
EFZ25721.1). When appropriate, ligands and water molecules
were added to the models. Models were then subjected to cycles
of restrained refinement with manual adjustments to ligands
and side chains using the program COOQOT (26). Figures were
generated using PyMOL (27). A more detailed description of
the refinement processes for each of the different LmPYK and
TcPYK crystal structures can be found in the supplemental
material.

The atomic coordinates of the LmPYK-PTS/suramin (3PP7),
LmPYK-AB80 (3QV6), LmPYK-BDS (3QVS), LmPYK-Pon-
ceau S (3QV7), and the TcPYK-Ponceau S (3QV9) complexes
have been submitted to the Protein Data Bank (PDB). Superpo-
sitions of PYK structures were performed using both PyMOL
and CCP4 superpose (27, 28).

Suramin Inhibition Assays—LmPYK inhibition was moni-
tored by either a luciferase (as described previously (29)) or a
lactate dehydrogenase-coupled assay. For the lactate dehydro-
genase assay, the following was added to a 1-ml cuvette: 780 ul
of assay mix (1X assay buffer (50 mm triethanolamine buffer,
pH 7.2,100 mm KCl, 3 mm MgCl,, 10% glycerol), 0.2 mm NADH
(Roche Applied Science, 128023), 3.2 units/ml lactate dehydro-
genase (Sigma, 61309)), 1.6 units/ml LmPYK (one unit will con-
vert 1.0 wmol of P-enolpyruvate to pyruvate per min at pH 7.0 at
25 °Cin the absence of fructose 2,6-bisphosphate (F26BP)), 10%
DMSO, and 200 ul of an inhibitor solution (made up with 1X
assay buffer and 10% DMSO). The mixture was incubated for 5

3 Assay mix and working stocks of ligands (including inhibitor dilution series)
were made fresh on the same day the assays were performed.
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min before the reaction was started by the addition of 20 ul of
20 mm P-enolpyruvate and 10 mm ADP (final concentration =
0.4 mm P-enolpyruvate (Sigma, 79430) and 0.2 mm ADP
(Sigma, A4386), made up with 1X assay buffer and 10%
DMSO). The substrate concentrations used for the inhibitor
assay were subsaturating, unlike in the standard activity assay in
which 2.5 mm P-enolpyruvate and 2.0 mm ADP are used (30).
The mixture was gently agitated, and the decrease in absorb-
ance at 340 nm was measured for 2 min (using LAMBDA Bio,
PerkinElmer Life Sciences).

The initial rate was then calculated using the UV kinlab soft-
ware module. A control rate with no inhibitor present was also
determined. The rate for each inhibitor assay was expressed as
a percentage of the control assay. Despite considerable light
absorbance at 340 nm resulting from high concentrations of
suramin (>100 uMm), the data still showed inhibition of 22 and
40% at 50 and 100 uM concentrations, respectively. K; values
were calculated using the IC,-to-K; server (31). The results
provided are for competitive inhibition with ADP using the
following parameters: for LmPYK and Tc¢PYK, [E] = 0.1 nm,
[Sapp]l = 0.1 mMm, K, (ADP) = 0.26 mm, IC,, = 160 um for
LmPYK and 150 um for TcPYK; for human PYKs (hPYKs),
[E] = 0.1 nM, [Sxpp] = 0.1 mm, K,,(ADP) = 0.1 mm, IC,, =
values shown in Fig. 3, ¢ and d. IC,, values were determined by
fitting the data to Equation 1 (a four-parameter logistic model)
using the KaleidaGraph version 3.6 software (Synergy Software,
Reading, PA).

a+ (b—a)/(1+10"((x—c) Xd)) (Eq. 1)
where a is the maximum response; b, is the baseline response; ¢
is the drug concentration that provokes a response halfway
between baseline and maximum; and d is the slope. The con-
centrations of PYK samples were determined at A,z using € =
20480 M~ ' cm ™ '. Suramin was screened against lactate dehy-
drogenase in the absence of PYK to avoid a false positive.

RESULTS AND DISCUSSION

Identification of Phenyl Sulfonate Dye-like Molecules as
Ligands of Trypanosomatid PYKs—An analysis of the ATP
binding sites observed in the x-ray structures of PYKs from a
number of different species showed conserved positions for
bound sulfate ions (32), corresponding to the phospho posi-
tions of ATP bound to R-state LmPYK (20). A pharmacophore-
searching approach was used as a drug discovery strategy to
identify small molecules with a similar distribution of charged
groups. Searching the small-molecule database EDULISS (33)
of ~5 million compounds identified a series of sulfono group-
containing molecules, many of which are reminiscent of trypan
blue and other trypanocidal azo dyes used in Ehrlich’s original
mouse experiments (1) (Fig. 1). One particular family of acid
blue compounds selected by the search (e.g. acid blue 120, 129,
and 161) has a substructure similar to Cibacron blue (Fig. 1f),
which has previously been used to purify PYKs by affinity chro-
matography (34). Co-crystallization studies of four of the mol-
ecules identified in the search (Fig. 1, b—e) are described below.
The designed synthesis of the drug suramin in 1916 was based
on the molecular scaffold of the trypan blue series. We there-
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fore asked the question whether LmPYK (which has 74%
sequence identity with T. brucei PYK (ThPYK)) would also bind
suramin.

Trypanosomatid PYKs Co-crystallized with Phenyl Sulfonate
Dye-like Molecules Adopt Inactive Conformations—Co-crystal-
lization trials of LmPYK with trypan blue (Fig. 1a) yielded only
microcrystals; however, trials with AB80 (Fig. le) resulted in
crystals that diffracted to 2.85 A resolution. One of the smaller
sulfono group compounds, benzothiazole-2,5-disulfonic acid
(BDS, Fig. 1), was also successfully co-crystallized. In addition,
both Tc¢PYK and LmPYK were crystallized in the presence of
the diazo dye, Ponceau S (a stain commonly used for the revers-
ible staining of protein bands on nitrocellulose membranes)
(Fig. 1d). LmPYK in the presence of 1 mm suramin (Fig. 1c)
yielded poor quality crystals that diffracted weakly to a resolu-
tion of 5-7 A and contained at least one exceptionally long
(>700 A) cell edge, similar to that seen for the LmPYK-F26BP
complex (20). The addition of 1,3,6,8-pyrenetetrasulfonic acid
has been shown to improve the LmPYK crystal quality by pro-
viding a helpful non-covalent cross-link within the crystal lat-
tice (35), and 0.2 mm PTS was therefore included in the crystal-
lization conditions with suramin. The structure of the LmPYK,
PTS, and suramin complex was determined at 2.35 A resolution
(see Table 1 for data collection and refinement statistics). See
supplemental text T2 and supplemental Fig. S4 for more
detailed descriptions of the sulfonic acid complexes.

The A- and C-domains (residues 18 — 86 and 188 —480) of the
LmPYK-PTS/suramin, LmPYK-AB80, and LmPYK-BDS
tetramers were superimposed onto the inactive LmPYK 1PKL
(24) structure (chains E, F, G, and H), resulting in r.m.s. fits for
all C* atoms of 0.83, 0.96, and 0.76 A, respectively, indicating
that all sulfonic acid complexes were in a similar inactive
(T-state) conformation (20).

Suramin, AB80, Ponceau S, and BDS Binding Sites Overlap
with the ATP Sites of Trypanosomatid PYKs—Within the com-
plex (LmPYK-PTS/suramin), electron density for suramin was
observed in both active sites of the asymmetric unit, although
only one of the two monomers exhibited strong and unambig-
uous difference density, which could be modeled as the naph-
thalene-1,3,5-trisulfonic acid group of one-half of the symmet-
rical suramin molecule (Fig. 2b), with the remaining disordered
portion pointing outward toward the solvent. The interactions
between the naphthalene-1,3,5-trisulfonic acid group of sura-
min and the A-domain of LmPYK are shown in Fig. 3a. A com-
parison of suramin binding with that of ATP binding observed
in LmPYK-ATP/oxalate/F26BP (PDB ID = 3HQP) (Fig. 3e)
shows that the two ligand binding sites overlap. Although F, —
F, electron density was observed in both active sites, only sura-
min bound to chain A was well defined. In the active site of
chain B, the F, — F,_ electron density was ambiguous, indicating
that suramin may be bound in more than one conformation. Of
the three negatively charged sulfono groups of suramin bound
to the active site, only two provide hydrogen-bond interactions
(Fig. 3a), although there is a general area of positive charge
surrounding the sulfono groups within the binding cleft (Fig.
3f). LmPYK forms a single interaction with the sulfono group
(ii) through Lys-335 (Fig. 3a), but the majority of interactions
involve the sulfono group (i), through three hydrogen bonds. In
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FIGURE 1. Trypan dyes and other sulfonic acid compounds have similar structural features. g, two-dimensional representation of one symmetrical half (as
indicated by the dashed symmetry line) of trypan blue and trypan red (trypan red contains one additional sulfono group, indicated by red lettering). b, BDS bound
in the active site of LmPYK (i). The BDS molecule is shown with an unbiased F, — F_electron density map contoured at 3 o (green). Hydrogen bonds are shown
as dashed red lines, and stacking interactions are shown as dashed purple lines. c, one symmetrical half of the colorless trypan analog, suramin. d, co-crystal (i) of
Ponceau S bound in the active site of TcPYK (ii). e, co-crystal (i) of LmPYK and the AB80 molecule. f, a superimposition between dye-like molecules and suramin.
Common groups superimpose onto the structure of suramin, highlighting the chemical relationships within the series of molecules. This figure highlights
two-dimensional chemical similarities and not necessarily three-dimensional binding similarities (as illustrated by the shaded ellipses in panels a-e). g, a
superimposition between Cibacron blue (a molecule commonly used for affinity purification of PYK) and AB80. Shaded ellipses in panels a-e highlight key
binding characteristics observed in the LmPYK-sulfonic acid structures obtained: site S1, pink ellipse, a sulfono group (S,) is observed bound in a near identical
position in all complexes; site S2, green ellipse, a stacking interaction with His-54 is conserved in all structures; site S3, green ellipse, a second stacking interaction
with Tyr-59 and Pro-29 is observed for suramin, Ponceau S, and AB8O; site S4, blue ellipse, a hydrogen bound acceptor/donor is also commonly observed. In the
LmPYK-Ponceau S, the azo group forms a hydrogen bond via the hydroxyl group of Tyr-59. Only microcrystals were obtained with trypan blue, but the common
PYK binding characteristics are also observed. Suramin and trypan blue are symmetrical molecules, and only half the molecule is shown (as indicated by the

dashed symmetry lines).

addition, His-54 stacks above the ring system of the naphtha-
lene-1,3,5-trisulfonic acid group with the NH group of the side
chain pointing toward the sulfono group (ii). The remaining
hydrophobic ring of suramin is held in place through stacking
interactions with Pro-29 and Tyr-59 (Fig. 34), found outside the
deep binding cleft (Fig. 3f).

Within the LmPYK-ABS8O structure, only the active site of
one of the two monomers exhibited strong and unambiguous
difference (F, — F,) density corresponding to one complete
AB80 molecule (Fig. 2c). B-factors for the AB80 molecule were
similar to those observed for the protein (Table 1). In the
LmPYK-BDS structure, F, — F, electron density corresponding
to the BDS molecule was clear (supplemental Fig. S2), and the
BDS molecule was clearly observed in all active sites within the
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asymmetric unit. Ponceau S was bound in near identical posi-
tions within the active sites of both LmPYK and T¢PYK (Fig. 1d
and supplemental Fig. S2d), with the sulfono groups bound to
site S1 occupying a similar position to that observed in all other
structures described (Fig. 1, pink ellipse).

The four conserved ligand recognition features observed in
the structures are highlighted in Figs. 1 and 2d by shaded
ellipses. In site S1, a sulfono group (indicated by S;)) mimics the
a-phospho group of ATP, forming at least one hydrogen bond.
In site S2, an aromatic ring system stacks above His-54. In site
S3, aromatic rings form stacking interactions with Pro-29
and/or Tyr-59. In site S4, a hydrogen bond acceptor or donor
forms a hydrogen bond via a water to the backbone carbonyls of
Asn-51 and His-54 in the suramin structure (Fig. 3a).
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TABLE 1
Data collection and refinement statistics
Values in parentheses are for highest resolution shell.

LmPYK-suramin LmPYK-AB80 LmPYK-BDS LmPYK-Ponceau $* TcPYK-Ponceau S
Data collection
Space group 1222 Cc2 1222 Cc2 Cc2
Cell dimensions
a, b, c(A) 123.8,129.5, 165.8 130.1, 127.5,118.2 120.6, 131.3, 167.6 182.1, 164.8, 123.4 113.2, 121.83, 96.54
a, B,y() . 90.0, 90.0, 90.0 90.0, 116.2, 90.0 90.0,90.0, 90.0 90.0, 115.8, 90.0 90.0, 109.81, 90.0
Resolution (A) 2.35 2.85 2.45 2.70 2.1
Rinerge (%) 5.8 (35.2) 8.3 (54.1) 9.4 (56.2) 12.3 (54.2) 9.2 (47.9)
1I/al 22.0 (4.5) 11.8 (2.5) 14.7 (4.6) 102 (2.1) 9.4 (2.4)
% of completeness 98.2 (96.9) 98.3 (97.6) 100.0 (100.0) 99.6 (99.0) 98.2 (88.6)
Redundancy 6.5 (6.5) 4.6 (4.5) 7.3 (7.5) 3.7 (3.5) 6.3 (3.9)
Refinement statistics
Resolution range (A) 44.7-2.35 86.1-2.85 103.4-2.45 21.1-2.7 53.2-2.1
Ryoud Riyee 19.1/23.1 23.5/26.7 23.4/26.6 21.5/24.4 19.8/24.9
No. of atoms
Protein 7530 6745 6775 13502 6863
Ligands 72 85 33 199 128
K" 4 4 0 8 2
Water 433 106 210 652 464
Average B-factors (A%)
Protein 40.5 72.5 52.1 45.0 31.0
Active site ligand" 106.8 67.9 92.9 43.5 29.9
Water 39.6 61.7 46.2 36.3 35.1
r.m.s. deviations
Bond lengths (A) 0.02 0.01 0.01 0.01 0.02
Bond angles (deg) 1.69 0.87 1.26 0.86 1.92
Ramachandran
Allowed (%) 97.0 (952/981) 97.3 (853/877) 96.4 (849/882) 97.7 (1737/1778) 96.9 (865/893)
Generous (%) 99.8 (979/981) 99.8 (875/877) 99.8 (880/882) 99.8 (1774/1778) 99.8 (891/893)
Disallowed (%) 0.2 (2/981) 0.2 (2/877) 0.2 (2/882) 0.2 (4/1778) 0.2 (2/893)

“ LmPYK-Ponceau S was crystallized in the presence of acid blue 25 (see supplemental text Tland supplemental Figure S4).

? B-factors are for ligands bound to the active site in a similar manner.

Suramin Binds with Up to 2-Fold Higher Affinity to Effector-
bound PYKs—The strongly colored dye-like compounds AB80
and Ponceau S absorb light at wavelengths required for the
available kinetic assays and make it impractical to determine
IC,y/K; values accurately. For this reason, only suramin was
taken forward for kinetic studies. We have measured suramin
inhibition for three hPYK isoenzymes (with IC,, values of 20,
33,and 2.2 uMm and K; values of 10, 16.5, and 1.1 puM for M1, M2,
and L isoenzymes, respectively) and for two trypanosomatid
enzymes, LmPYK (Fig. 3¢c) and TcPYK (supplemental Fig. S3)
(with IC,, and K values of ~155 and 112 uM, respectively). To
confirm these results, LmPYK inhibition was also monitored by
an unrelated lactate dehydrogenase-based assay, which gave
very similar results (supplemental Fig. S3).

The natural effector for h(M2PYK and hLPYK is fructose 1,6-
bisphosphate (F16BP), whereas the effector for LmPYK is
F26BP (36-38). We observed a 2-fold reduction in the K; value
for suramin when effector is present for both hM2PYK (K;
decreases from 16.5 = 0.4 to 8.5 £ 0.2 um) in the presence of
F16BP and LmPYK (K decreases from 115.6 * 2.6 to 57 * 1.2
uM) in the presence of F26BP. The presence of F16BP has no
measurable effect on the K values of hLPYK (~1 um) and
hM1PYK (~9.5 um) (Fig. 3d). The latter result is perhaps
expected as hM1PYK is constitutively active and not regulated
by occupancy of the effector site.

LmPYK-PTS/suramin is in the inactive conformation, which
isinherently flexible when compared with that of the more rigid
effector-bound active conformer, locked by the F26BP effector
molecule (LmPYK-F26BP (20)). The flexibility of the inactive
conformation is likely to contribute to the differential binding
of suramin to the active sites (Fig. 3b). The relationship between
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enzyme flexibility and differential binding of active-site ligands
has also been observed for oxalate and ATP binding in the
absence of the effector molecule (20, 39), whereby ATP is either
completely absent or bound in a different position within the
active site. When the enzyme is stabilized by the effector mol-
ecule, it is inherently more rigid and adopts the optimal confor-
mation for binding substrates. It is only within this rigidified
effector-bound structure that all active-site components
occupy near identical positions within all four active-site clefts
of the PYK tetramer (20). The difference in conformational
flexibility between effector-bound and unbound states also pro-
vides an explanation for the different K values observed for
oxalate inhibition of human M2PYK, in the presence (K, = 24
uM) and absence (K; = 220 um) of the effector molecule (37).
Consideration of in vivo conditions in human serum has
important implications for PYK inhibitors acting like suramin.
The binding affinity for suramin is lower (K; = 1-17 um) when
compared with that measured for the natural substrate ADP
(100 uM (40)). Furthermore, the ADP concentration in which
PYK operates in vivo is ~50 uM (total cytosolic ADP = 300 um
(41) and free cytosolic ADP = 50 um (42)), but suramin can
achieve serum levels as high as 352 um (43) and cellular levels
(in certain compartments) in excess of 150 um (44). Moreover,
effector-bound PYK is a better representation of iz vivo condi-
tions as effector levels are likely to be saturating in trypanoso-
matids (where F26BP concentration = 15-50 umol/g of pro-
tein (~85 uM) (45)) and in human cells (where F16BP
concentration can reach 5 mm in cancer cells but is only 50 um
in non-cancerous cells (46)). The tighter binding found for both
suramin and oxalate inhibitors in the presence of effector sug-
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FIGURE 2. Structures of LmPYK-suramin and LmPYK-AB80 complexes. g, the LmPYK-suramin tetramer in which the domains have been colored to aid
identification (green, A domain; blue, B domain; red, C domain; yellow, N-domain). b, enlargement of the active site of the LmPYK-suramin structure. Suramin is
shown by cyan sticks and corresponds primarily to one symmetrical half of the suramin molecule. The position of the suramin molecule is shown by an unbiased
F, — F.electron density map contoured at 2 o (orange). A K™ ion is shown as a purple sphere. ¢, AB80 bound in the active site of LmPYK. The AB80 molecule is
shown with an unbiased F, — F_ electron density map contoured at 2.5 o (green). d, the LmPYK-AB80 monomer (colored gray) superposed onto the LmPYK-
suramin structure (colored yellow); the orientation is identical to that of panel c. Overlapping binding characteristics of the sulfono group-containing molecules
highlight key groups required for inhibitor binding; for clarity, only suramin and AB80 are shown. The four key binding characteristics observed in the LmPYK
and TcPYK sulfonic acid structures are highlighted with colored ellipses as described previously in the legend for Fig. 1: site S1, pink ellipse, a sulfono group (5,)
is observed bound in a nearidentical position in all complexes; site S2, green ellipse, a stacking interaction with His-54 is conserved in all structures; site S3, green
ellipse, a second stacking interaction with Tyr-59 and Pro-29 is observed for suramin, Ponceau S, and AB8O; site S4, blue ellipse, a hydrogen bound acceptor/

donor is also commonly observed. Hydrogen bonds are shown as dashed red lines, and stacking interactions are shown as dashed purple lines.

gests that inhibitor assays for allosterically regulated forms of
PYK should be carried out in the presence of effector.

Mode of Action of Suramin-like Phenyl Sulfonates—Suramin
is known to interact with a diversity of targets, but x-ray crystal
structures of suramin-target protein complexes have been
determined for only five proteins (supplemental Table S1),
three of which are enzymes. None of these enzymes binds ATP/
ADP, which is unexpected as the chemotherapeutic effects of
suramin are often attributed to its ability to inhibit the binding
of ATP and other nucleotides (47). There is evidence to show
that the trypanocidal action of suramin results from the inhibi-
tion of ATP production by glycolysis (48), an enzymatic path-
way that has evolved to bind phosphometabolites. Although the
binding mode has previously remained elusive, it is not surpris-
ing that suramin and the chemically related AB80 and BDS
molecules are found to occupy ADP/ATP binding sites, which
are present in many glycolytic enzymes, and may explain the
promiscuous behavior of this compound class.

SEPTEMBER 9, 2011 «VOLUME 286+NUMBER 36

To examine binding modes, the LmPYK-PTS/suramin,
LmPYK-PTS/AB80, and LmPYK-PTS/BDS monomers (resi-
dues 18-86 and 188-480, excluding the B-domain) were
superposed onto the LmPYK-ATP/oxalate/F26BP (PDB ID =
3HQP) structure, with an r.m.s. fit for the Ca atoms of the A-
and C-domain core of 0.50 A. It is clear from Fig. 3e that sura-
min occupies the adenosine binding site and blocks ADP/ATP
binding. Similar positions are observed for AB80, Ponceau S,
and BDS binding (supplemental Fig. S2¢). In all PYK structures
presented here, the adenine and ribose positions overlap with
the dye molecules, but only the interactions of the a-phospho
group are mimicked by one of the sulfono groups. The x-ray
structure shows that the bulk of the suramin ring system steri-
cally hinders the molecule from penetrating further into the
active-site cleft and occupying the 8 and y ATP-phospho posi-
tions. The adenine moiety actually makes very few interactions
with LmPYK (20), in part explaining the relatively weak K, value
(K, = 116 um) and high B-factor (~100 A?) of suramin. Both
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FIGURE 3. Suramin inhibition of PYK is enhanced in the presence of the activator molecule. g, a schematic drawing showing the interatomic distances
(givenin A, dotted black lines) for the interactions shown in Fig. 2b). The solid purple lines indicate stacking interactions. Residues involved in ATP binding (orange
box) and not involved (green) have been indicated. Only one symmetrical half of the suramin molecule is shown (as indicated by the dashed symmetry line).
b, schematic representation of the inactive LmPYK-suramin structure. Suramin is unambiguously (yellow lozenges) bound to one of the chains in the asymmetric
unit (two chains outlined in black) but is disordered (blue square) in the adjacent chain, separated by the large (A-A) interface. A crystallographic two-fold axis
running along the small interface generates two more chains (purple outlines), forming the biologically relevant tetramer structure. See Ref. 20 for schematics
of the enzyme in its other conformations. c and d, concentration-response curves observed for the titration of suramin against PYK activity in the absence (c)
and presence (d) of activator (F16BP for human PYKs, F26BP for LmPYK), using a luciferase-based assay. The values are expressed *+ S.D. Suramin showed no
inhibition in the control assay of luciferase activity alone. All assays were performed in triplicate. e, the binding of suramin prevents ADP/ATP binding in
trypanosomatid PYKs. The R-state LmPYK-ATP/oxalate/F26BP monomer (colored blue, PDB ID = 3HQP) was superposed onto the inactive LmPYK-suramin
structure (colored green). The A- and C-domains (residues 18 -86 and 188 -480) of both structures were superposed (r.m.s. fit of the C-a atoms of domains A
and Cis 0.50 A). The superpositions of the ATP and suramin molecules clash, indicating a clear mechanism of competitive inhibition. f, the electrostatic surface
of the suramin binding site, showing areas of positive charge (blue), which interact with the negatively charged sulfono groups of suramin. Two hydrophobic
groups (Pro-29 and Tyr-59) provide further stability, helping to hold the molecule in the ATP/ADP binding site.

AB80 (Fig. 2d) and Ponceau S (supplemental Fig. S2d) show

AB80, Ponceau S, BDS, and ATP/ADP binding in LmPYK are
stronger electron density and bind in a similar position to that

all fully conserved in both T. brucei and T. cruzi PYKs (supple-

of suramin, with key groups providing identical interactions
with the protein (Fig. 1). The residues involved in suramin,
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mental Fig. S1), suggesting that suramin would also inhibit both
these PYKs. This was confirmed using the lactate dehydroge-
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nase-linked enzyme assay, whereby 7cPYK was shown to be
inhibited by suramin with an IC, of 150 um (supplemental Fig.
S3). It is noteworthy that all the ligands described here share
common characteristics and can all be adequately superim-
posed onto the structure of suramin (Fig. 1f). It may therefore
be hypothesized that all the molecules are likely to bind to sim-
ilar protein binding sites, which indeed appears to be the case
for LmPYK.

The Trypanosomatid PYK Complexes Provide a Template for
Inhibitor Design—Affinity values for suramin inhibition are
noticeably different for human (K values are 10.0, 16.5, and 1.1
uM for M1PYK, M2PYK, and LPYK, respectively) and parasite
(K; value for LmPYK and TcPYK = ~112 um) PYKs. Such dif-
ferences in ligand affinities suggest that it may be possible to
exploit the amino acid differences around this suramin/dye
binding pocket (supplemental Fig. S2b) to design and develop
species-specific small-molecule inhibitors. The efficacy of
inhibitors could be further enhanced by the concomitant use of
PYK activators (Fig. 3, ¢ and d). The very different activation
mechanisms of LmPYK and hM2PYK tetramers (20, 49) may
provide another handle for designing species-specific inhibi-
tors. For LmPYK, the allosteric T- to R-state switch is charac-
terized by a rigid body rotation of the A- and C-domains, which
are locked in the active state by effector binding. This contrasts
with the T- to R-state switch for hM2PYK, which involves a
switch from inactive dimer to active F16BP-stabilized tetramer.

Suramin has been shown to accumulate in acidic compart-
ments of mammalian cell lines reaching levels >150 um (44),
which is above the K; for all effector-bound PYKs. It is also
noteworthy that although both human and trypanosomal PYKs
are inhibited by suramin, a clear cell uptake/entry mechanism
for this highly charged molecule remains controversial. It is
thought that suramin uptake in trypanosomatids occurs via
receptor-mediated endocytosis and is not principally mediated
via a lipoprotein-specific receptor as initially proposed, but by
an as yet unidentified receptor (50). The fact that suramin-like
dye molecules bind in a similar manner to both TcPYK and
LmPYK is also of potential importance as this is the first dem-
onstration of a molecule possessing cross-reactivity against
similar trypanosomatid targets and highlights the potential of
creating a general trypanosomatid inhibitor. It is now over 100
years since the discovery of the trypanocidal effects of azo dyes
and the subsequent development of suramin (51). The struc-
tural and kinetic results presented in this study show one aspect
of its remarkable polypharmacology and provide a template for
the design of new generations of inhibitors with improved
specificity.
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