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Structural role of the active-site metal in the conformation
of Trypanosoma brucei phosphoglycerate mutase
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Phosphoglycerate mutases (PGAMs) participate in both the glycolytic and
the gluconeogenic pathways in reversible isomerization of 3-phosphoglycer-
ate and 2-phosphoglycerate. PGAMSs are members of two distinct protein
families: enzymes that are dependent on or independent of the 2,3-bisphos-
phoglycerate cofactor. We determined the X-ray structure of the mono-
meric  Trypanosoma brucei independent PGAM (ThiPGAM) in its
apoenzyme form, and confirmed this observation by small angle X-ray
scattering data. Comparing the 7hiPGAM structure with the Leish-
mania mexicana independent PGAM structure, previously reported with a
phosphoglycerate molecule bound to the active site, revealed the domain
movement resulting from active site occupation. The structure reported
here shows the interaction between Asp319 and the metal bound to the
active site, and its contribution to the domain movement. Substitution of
the metal-binding residue Asp319 by Ala resulted in complete loss of inde-
pendent PGAM activity, and showed for the first time its involvement in
the enzyme’s function. As ThiPGAM is an attractive molecular target for
drug development, the apoenzyme conformation described here provides
opportunities for its use in structure-based drug design approaches.

Database

Structural data for the Trypanosoma brucei 2,3-bisphosphoglycerate-independent phosphoglyc-
erate mutase (IPGAM) has been deposited with the Research Collaboratory for Structural
Bioinformatics (RCSB) Protein Data Bank under code 3NVL.
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* ThiPGAM and TbiPGAM bind by x-ray crystallography (View interaction)

Introduction

Phosphoglycerate mutases (PGAMs, EC 5.4.2.1) cata-
lyze the reversible isomerization of 3-phosphoglycerate
(3PGA) and 2-phosphoglycerate (2PGA) in the glyco-
lytic and gluconeogenic pathways. Two evolutionarily
of PGAM have been described:

distinct classes

Abbreviations

cofactor (2,3-bisphosphoglycerate)-dependent APGAMs
and cofactor-independent iPGAMs [1]. iPGAMs are
monomeric metalloenzymes with an absolute require-
ment for divalent metals that belong to the alkaline
phosphatase superfamily and comprise a phosphatase

2PGA, 2-phosphoglycerate; 3PGA, 3-phosphoglycerate; PGAM, phosphoglycerate mutase; dPGAM, 2,3-bisphosphoglycerate-dependent
PGAM; iPGAM, 2,3-bisphosphoglycerate-independent PGAM; SAXS, small-angle X-ray diffraction.
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and a transferase domain [2,3]. dPGAMs are usually
dimeric or tetrameric, are not metalloenzymes belong-
ing to the acid phosphatase superfamily. iPGAMs
transfer the phospho group from 3PGA to
2PGA through a phosphoserine intermediate, while
dPGAMs use a histidine residue as the transfer inter-
mediate [4].

As mammalian cells only possess a dPGAM [5],
whereas many pathogenic bacteria and protists possess
an iPGAM, the latter has been proposed as a potential
drug target for infectious diseases caused by these
microorganisms [6-10]. At present, no potent and
selective iPGAM inhibitors are known. Moreover,
rational design of inhibitors based on molecular target
structures has not yet proved feasible. iPGAM struc-
tures for the tropical parasite Leishmania mexicana [11]
and various Bacillus species [3,6,12] co-crystallized with
their natural substrates 3PGA/2PGA have been
reported. When the active site is occupied by the sub-
strate, the ligand is buried and is therefore inaccessible
to the solvent. The only available ligand-free iPGAM
crystal structure, from Bacillus anthracis (BaiPGAM)
(PDB accession code 2IFY), shows an open conforma-
tion that is different from holoenzyme structures. In
this structure, there is a large separation between the
two domains, and the catalytic residues are exposed to
the solvent in a shallow polar site. Structural and
molecular dynamic assessment between the two Bacil-
lus iIPGAMSs was previously performed, leading to the
conclusion that BaiPGAM may have crystallized in a
conformation that is somewhat different from the most
favored one [6].

Trypanosoma brucei, which only possesses an
iPGAM (ThiPGAM) [13], belongs to the same Trypan-
osomatidae family as the Leishmania species. T. brucei
is a parasitic protist that causes African trypanosomia-
sis, which is also called sleeping sickness in humans
(caused by sub-species T. b. gambiense and T. b. rho-
desiense) and ‘nagana’ in cattle (caused by the sub-spe-
cies T. b. brucei), with devastating consequences for
human health and livestock production in Africa. As
for all mammalian pathogens of the Trypanosomatidae
sub-species, lack of safe and effective drugs and the
spread of strains resistant to the available drugs are
driving the need for identification and characterization
of biochemical targets as well as development of new
drug candidates. Previous work has shown that ThiP-
GAM is essential for the viability of both the blood-
stream [8] and procyclic insect [14] forms of T. brucei,
reinforcing the potential of the enzyme as a therapeutic
target.

To further investigate 7hiPGAM, the recombinant
enzyme was crystallized in the absence of 3PGA/2PGA,
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and its structure was solved at 2.3 A resolution.
ThiPGAM was found in a novel open conformation in
which the domains are slightly separated, distinct from
that reported for the BaiPGAM apoenzyme structure.
In the new ThiPGAM structure, the residue Asp319
from the transferase domain coordinated with the metal
ion of the phosphatase domain. The Asp319 residue
was replaced by Ala by site-directed mutagenesis, lead-
ing to complete loss of the enzyme activity. In this way,
we show for the first time that the interaction of Asp319
with the ThiPGAM metal ion is crucial for enzyme
function. These data contribute to a deeper understand-
ing of the flexibility and conformational changes of
iPGAMs, shedding light on the functional and structural
roles of the metal atom in these enzymes. Additionally,
the ThiPGAM structure offers a new opportunity for
structure-based drug design approaches.

Results and Discussion

Protein isolation and characterization

The ThiPGAM protein was expressed and purified to
homogeneity by immobilized metal affinity and size-
exclusion chromatography. The purified protein eluted
in size-exclusion chromatography experiments as a
56 kDa monomer. Determination of its kinetic param-
eters for the substrate 3PGA resulted in a K, value
of 148 £ 17.7 uM and Vi, and kg, values of 19.6 +
0.8 pM'min~' and 3226 s™', respectively. These para-
meters are consistent with those previously reported
and within the range for iPGAMs from other organ-
isms [13], indicating that the recombinant ThiPGAM
represents the natural enzyme. In our assays, the
specific activity of ThiPGAM at 37 °C in the presence
of cobalt was approximately 3 thousand International
Units (IU) mg™", which represents a sevenfold increase
in enzymatic activity compared previously published
results [2], probably due to different experimental con-
ditions.

Previous studies showed that ThiPGAM was inacti-
vated by metal-chelating agents such as EDTA, and
reactivated by addition of divalent metals [13,15].
In vivo, Mg*>* and/or Zn>" bound to the active site
[2]. However, the presence of Co>" led to hyperactiva-
tion of the enzyme in vitro, demonstrating that Co>"
has a high affinity for the enzyme compared to other
metal ions. Additionally, in our crystallization experi-
ments, we observed that divalent metal ions favor crys-
tal growth, especially when cobalt was present. These
observations indicate that metals play an essential role
in iPGAM function as well as the enzyme conforma-
tion, as previously thought [2,6].

FEBS Journal 279 (2012) 2012-2021 © 2012 The Authors Journal compilation © 2012 FEBS 2013


http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2IFY

Structural role of the active-site metal

Crystal structure

The best crystallization conditions were achieved when
8 mg'mL™" recombinant ThiPGAM in 20 mM Tris/
acetate/EDTA pH 7.4, 50 mm NaCl and 10 um CoCl,
was mixed 1:1 with precipitant solution comprising
0.05 M ammonium sulfate, 0.1 M Bis/Tris pH 6.1 and
25% w/v poly(ethylene glycol) 3350. Needle-like crys-
tals of approximately 1.2 x 0.1 x 0.1 mm, belonging to
monoclinic space group P2, with unit cell parameters
of a=6267TA, b=28566A, ¢c=109.11A, p=
102.2° were obtained. Statistical analysis of the merged
reflections indicated that the collected dataset is best
described as having a limiting resolution of 2.3 A, with
a total of 196 486 recorded reflections merged to
46 642 unique reflections. The overall completeness
and Ryeree correspond to 92.7% and 10%, respectively
and 82.8% and 66% respectively, in the last shell.

Using the phosphatase and transferase domains of
LmiPGAM (Protein Data Bank ID 3IGY) indepen-
dently as search models, we solved the ThiPGAM
structure by molecular replacement at 2.3 A (Table 1).
The asymmetric unit comprises two ThiPGAM mole-
cules related by a twofold non-crystallographic axis
that contact each other at two distinct regions: one in
a loop of the phosphatase domain, and the second in
the transferase domain (Fig. 1A). PISA was used to
investigate the molecular interaction surface of the
macromolecular complex [16]. The calculate interface
area was 760 A%, containing approximately 20 amino
acids residues of each molecule that participate in four
hydrogen bonds and one salt bridge. This analysis sug-
gests that the monomer appears to be the biological
relevant form as this interface is too small to favor the
formation of a dimer in solution.

Two metal sites (M1 and M2) containing cobalt ions
are present in the phosphatase domain of the 7bhiP-
GAM structure (Fig. 1C). Likewise, the transferase
domain contains a sulfate ion bound to a polar site
exposed to the solvent (Fig. 1B), formed by residues
His135, Vall34, Argl65, Aspl66, Arg201, Arg208,
Arg281, Asp283 and Arg284. Additionally, a previ-
ously unknown cavity is formed between the TbhiP-
GAM transferase and phosphatase domains. The
ThiPGAM transferase and phosphatase domains, con-
nected by two interdomain loops, have an o/f topo-
logy, with B-strands surrounded by a-helices (Fig. 1B).
Individual alignment of the ThiPGAM and LmiPGAM
domains resulted in a root mean square deviation
(Ca-RMSD) of the phosphatase domain of 0.47 A,
and a Co-RMSD of the transferase domain of 0.33 A.
Notwithstanding the domain similarity, overall struc-
ture alignment of ThiPGAM and LmiPGAM resulted
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Table 1. Data collection and refinement statistics. Values in paren-
theses are given for the highest resolution shell (2.42-2.3 A°). The
Riee factor was calculated from a 5% subset of reflections
removed randomly before the refinement.

Parameter Value
Data collection
Wavelength (A) 1.4586
Resolution range (A) 36.5-2.3
Total/unique reflections 196 486/46 642
Completeness (%) 92.7 (82.8)
Renerge 0.10 (0.66)
Redundancy 4.2
Mean I/c (/) 9.2 (2.2)
Crystal
Space group P2,
Cell dimension (A)
a 62.67
b 85.66
c 109.11
B () 102.2
Model refinement
R factor/ Ry.ee factort 0.16/0.21
RMSD bond length (A) 0.004
RMSD bond angle (°) 0.8
Protein atoms 8518
Solvent atoms 237
Metal ions (Co®*) 4
Mean B-factor (A?) 36.5
PDB entry 3NVL

R free-factor — calculated from a 5% subset of reflection removed
randomly before the refinement.

in a Co-RMSD of 8.32 A. This indicates that the two
molecules (7HiPGAM and LmiPGAM) have many dif-
ferences, as shown in Fig. 3. Additionally, structural
alignment of BaiPGAM and ThiPGAM demonstrates
that these two apoenzyme structures also show signifi-
cant differences (Fig. 3). In this case, the overall align-
ment resulted in a Co-RMSD of 10.96 A, with
Co-RMSDs of 0.94 and 1.14 A for alignment of the
phosphatase and transferase domains, respectively.

In addition to the conformational discrepancy
between the BaiPGAM and ThiPGAM apoenzyme
structures, an interaction was observed between the
two domains of ThiPGAM through coordination of
the M1 metal site (phosphatase domain) by Asp319
(transferase domain), as show in Fig. 1B,C. This
Asp319-metal interaction is apparently responsible for
restricting the conformational flexibility of the enzyme
and stabilizing the structure, consistent with the obser-
vation that the presence of divalent metal ions favored
crystal growth in the crystallization experiments.

The conformational discrepancy between the ligand-
free and ligand-bound forms of iPGAM corroborates
the idea that iPGAMs have flexible hinges connecting
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Fig. 1. Crystal structure of ThiPGAM. (A) The asymmetric unit is formed by two ThiPGAM molecules (colored blue and green). A 90° rota-
tion showing the electrostatic surface of the monomer reveals that the contact area (highlighted) is predominantly polar. (B) The ThiPGAM
monomer is formed by the transferase and phosphatase domains connected by interdomain loops. A sulfate atom is bound to the transfer-
ase domain. Residue Asp319, located in a transferase domain loop, forms an electrostatic interaction with the cobalt ion located in the phos-
phatase domain. The diagram below is a representation of the amino acid sequence, colored according to the domain to which the residues
belong. (C) Metal sites M1 and M2 are shown together with the residues that coordinate to the metal ions, colored according to their corre-

sponding domains.

the phosphatase and transferase domains, and con-
firms that the mechanism of reaction for these enzymes
requires a substrate-induced conformational change to
accommodate the active site substrate [12,15].

Small-angle X-ray scattering (SAXS)

As note above, the ThiPGAM crystallographic struc-
ture comprises two molecules in the asymmetric unit
(Fig. 1A). However, PISA analysis and size-exclusion
chromatography suggest that the enzyme behaves as a
monomer. These contradictory results do not exclude
possible transient dimer formation. To address this
issue, we investigated the recombinant THiPGAM in
solution by small-angle X-ray scattering (SAXS) exper-
iments. The SAXS data revealed little interparticle
interaction (Fig. 2A); additionally, the gyration radius
(Rg) was similar (27.7 + 0.2 A) at all protein concen-
trations measured, leading to the conclusion that
increasing the protein concentration does not result in
TbiPGAM oligomerization.

Comparison of the experimental SAXS and distance
distribution function [P(r)] curves for ligand-free ThiP-
GAM with the theoretical SAXS and P(r) curves gen-
erated for the dimer and monomer was performed
(Fig. 2B), and a better fit to the theoretical curve was
found for the monomer. Additionally, the distance dis-
tribution function P(r) shows that, under the experi-
mental conditions, 7hiPGAM has a shape similar to
the monomeric form, consistent with the conclusions
from size-exclusion chromatography experiments
and PISA contact area analysis that ThiPGAM is a
monomer.

Having established that each molecule of the asym-
metric unit represents a monomer, we investigated
whether conformational changes resulting from active-
site occupation of iPGAMs could be detected in solu-
tion. Initially, we compared the P(r) and scattering
curves from the monomeric structures of LmiPGAM
(closed conformation), BaiPGAM (open conformation)
and ThiPGAM (open conformation), which share
highly conserved domain topologies (Fig. 2C). This
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ing curves for ThiPGAM at various concentrations revealed that the
hows the absence of sample aggregation. (B) Superposition of exper-

imentally and theoretically generated curves for the dimer and monomer of ThiPGAM indicates that the recombinant enzyme is in the mono-

meric form in solution. (C) Superposition of theoretically and experi

mentally generated scattering curves for ThiPGAM, BaiPGAM and

LmiPGAM indicates that the ThiPGAM open conformation was found in solution in the absence of substrate (or product). Examination of the

P(r) curve shows that BaiPGAM has a shape that is not observed for th

comparative analysis shows that the experimental
curves fit slightly better the ThiPGAM theoretical
curve (see y° in Fig. 2C). Although different conforma-
tions may be present in solution due to the domain
flexibility of the apoenzyme iPGAM, apparently giving
rise to a residual systematic error in curve fit, the P(r)
curves show that the shape of ThiPGAM differs from
BaiPGAM and also from LmiPGAM. As expected, the
B. anthracis enzyme has two well separated bodies
(represented by the transferase and phosphatase
domain), and LmiPGAM has a globular shape. The
ThiPGAM experimental P(r) curve shows that the pro-
tein domains are separated, but they are not as distant
as observed for BaiPGAM (Fig. 2C). We conclude that
the degree of flexibility of iPGAM:s is constrained, cor-
roborating the idea that Asp319-metal interaction
restricts the conformation flexibility of the enzyme.
Additionally, these results suggest that the open con-
formation observed in the crystallographic structure
of ThiPGAM is likely to be the biologically relevant
conformation.

Ligand-induced conformational changes

Ligand-induced conformational changes of ThiPGAM
and LmiPGAM were characterized using the DynDom

2016 FEBS Journ

e experimental ThiPGAM curve.

program [17,18]. Superimposing the phosphatase
domains (Fig. 1B), a 66.8° rotation and 0.8 A transla-
tion was observed between the transferase domains of
both iPGAMs (Fig. 3). Residues 87-89 and 328-335,
located in the interdomain loops (Fig. 1B), are subject
to large changes in the phi (¢) and psi () torsion
angles to accommodate the domain movement.

The iPGAM active site comprises residues from
both domains, and the catalytic residues are in close
proximity to each other in the closed conformation.
However, in the open conformation, the catalytic resi-
dues from the phosphatase and transferase domains
are farther apart, exposing catalytic residues of the
transferase domain to the solvent (Fig. 1B). Interest-
ingly, the catalytic residues from the phosphatase
domain involved in the M1 metal interaction are
apparently unable to interact with ligands due to
Asp319 coordination (Fig. 1B,C), but the M2 metal
site remains available to interact with small molecules.

The Asp319-metal interaction prevents binding of
molecules to catalytic residues of the phosphatase
domain. This idea is reinforced by a previous study in
which the ability of diethyl pyrocarbonate to irrevers-
ibly modify histidine residues was studied [19].
Complete diethyl pyrocarbonate protection of the
catalytic histidine residues was reported in the presence

al 279 (2012) 2012-2021 © 2012 The Authors Journal compilation © 2012 FEBS
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0 LJT-!IPGAM 7, TbiPGAM

Enzyme-ligand
complex form

66.8°

Ligand-free

Fig. 3. Structural comparison of ThiPGAM and BaiPGAM (open
conformations) and LmiPGAM (closed conformation). (A) Structures
of iPGAMs in various conformations. The phosphatase and transfer-
ase domains are colored dark and light gray, respectively. (B) The
hinge axis is represented by the arrows. The phosphatase domain
(dark gray) was kept fixed, and the transferase domain (light gray)
was allowed to rotate along the hinge axis from the closed to the
open structure, performing a 66.8° rotation as indicated by the
curved arrow. (C) Superposition of the two molecules, highlighting
the conformational discrepancy between the open (light gray) and
closed (dark gray) conformations.
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of 3PGA. This result is in agreement with the
ligand-bound conformation of the previously solved
iPGAM structures, in which all catalytic residues are
buried and not exposed to solvent. Furthermore, in the
absence of ligands, only two catalytic histidines
(His136 and His467) are modified by diethyl pyrocar-
bonate [19], equivalent to the transferase domain
His135 and the M2 site of the phosphatase domain
His466 in the ThiPGAM structure. This behavior can
be explained by the ThiPGAM conformation described
here, whereby stabilization of the open structure result-
ing from interaction of Asp319 with the M1 metal pro-
tects the catalytic residues His495 and His428, but not
His466 (Fig. 1C).

As the only catalytic residues available to interact
with small molecules are those from the transferase
domain, it is reasonable to speculate that the reaction
of iPGAMSs proceeds by substrate binding to transfer-
ase catalytic residues of the free enzyme. This substrate
binding induces domain movement and trapping of the
substrate in the active site of the closed conformation.
Intramolecular transfer of the phospho group is
accomplished through transitory formation of a phos-
phoserine intermediate, with the glyceric acid remain-
ing bound to the enzyme until re-phosphorylated.
Subsequently the product is released, leaving the pro-
tein in the open conformation.

The residues His135 and His466, as well as Asp319,
are conserved in all available Trypanosomatidae
iPGAM sequences (Fig. 4), and both histidines are
essential for the enzyme’s function [20]. These observa-
tions confirm that the apoenzyme ThiPGAM structure
is biologically relevant, and thus we decided to inves-
tigate the relevance of the M1 metal-Asp319
interaction.

In the holoenzyme iPGAMs, the residue correspond-
ing to Asp319 in 7hiPGAM is exposed to the solvent
and distant from the active site. However, in the apo-
enzyme ThiPGAM, rotation of the transferase domain
brings Asp319 close to the M1 site, allowing coordina-
tion of the M1 metal. Here, we demonstrate that sub-
stitution of Asp319 by Ala (ThiPGAM-D319A) yields
a soluble mutant with abolished enzyme activity
(Fig. 5). Thus, we conclude that the M1 metal-Asp319
interaction plays a structural role in ThiPGAM that is
crucial for enzyme function. As previously discussed,
the flexibility of apoenzyme iPGAMs is limited by the
M1 metal-Asp319 interaction. It is hypothesized that
an analogous result would be observed for other pro-
teins of this enzyme class. However, Mg>" and/or
Zn*" (not Co®>") are the biologically relevant metal
ions in vivo. Given this evidence regarding the struc-
tural role of metals for the iPGAMs, other biophysical

FEBS Journal 279 (2012) 2012-2021 © 2012 The Authors Journal compilation © 2012 FEBS 2017
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Tb iPGAM 100—SGEIFTSEGYRYLHGAFSQ—PGRTLHLIGLLSDGGVESRDNQVYQILKHAG—149
Tc 1PGAM 101—TGEIFTSDGYRYLHGAFSQ—PGRTLHLIGLLSDGGVESRDNQLYEIINHAS—lS0
Lb iPGAM 1017SGDIYTSEGYRYLHGSFCK*EGSTLHLIGLLSDGGVESRDNQLYPIIEHAV715O
Ld 1iPGAM 101—SGEIFTGEGYRYLLGAFSK—EDSTLHLIGLLSDGGVESRDNQIYSIIERAA—150
Lm 1iPGAM 101-SGEIYTGEGYRYLHGAFSK-EGSTLHLIGLLSDGGVHSRDNQIYSIIEHAV-150
Lmj iPGAM 10l—SGEIYTGEGYRYLLGAFTK—EGSTLHLIGLLSDGGVESRDNQIHSIIEHAA—150
An 1PGAM 98—KGELGKVDNIVASFKRAKEG—NGRLHLLGLVSDGGVESNITHLVGLLKVAK—147
Pm 1PGAM 108—DGSMFKSKNFTHIVDELKDGSGRTLHLFGLLSDGNIESNIAHVEKIVKEVA—lSQ
oo, . A R R HH HE
Tbh 1iPGAM 300—FNRVRLPK—VRYAGMMRYDGELGIPNNFLVPPPKLTRTSEEYLIGSGCNIF—349
Tc 1PGAM 301—FNRVRVPK—VRYAGMMRYDGBLGIPNNFLVPPPRLSRTSEEYLVGSGCNIF—350
Lb 1iPGAM 301—FDRVRVPK—VRYAGMMRYDGELGIPNNFLVPPPKLACVSEEYLCGTGLNIF—350
Ld 1PGAM 30l7FDRVRVPK*VRYAGMMRYDGELGIPNNFLVPPPKLTRVSEEYLCGSGLKIF*}50
Lm 1iPGAM 301—FDRVRVPK—VRYAGMMRYDGELGIPNNFLVPPPKLTRVSEEYLCGSGLNIF—350
Lmj 1PGAM 30l—FDRVRVPK—VRYAGMMRYDGBLGIPNNFLVPPPKLTRVSEEYLCGTGLQIF—350
An 1PGAM 286—KPEFPYPKDIHITTMTRYKTBYTFPVAF——PPQHMGNVLAEWLGKKDVKQC—334
Pm 1PGAM 319—FDRRNAPK—VDYYGMLIYDNEQMIPKQSLAPNPDISHVLSEYMLAQGVKMY—368
* * . * * . * . * * . * e . .
Tb 1PGAM 450—KEAVDSVNGVFLITADEGNSDDMVQRDKKGKPVRDAEGNLMPLTSHTLAPV—500
Tc 1PGAM 451—KEAVDAVNGVFLITADEGNSDDMAQRDKKGKPILGKDGKVLPLTSHTLAPV—501
Lb iPGAM 4517KEAVDSVNGVFIVTADEGNSDDMAQRDKKGKPMKDEKGNVLPLTSHTLAPV*501
Ld 1iPGAM 451—KDAVDNVNGVFIVTADEGNSDDMAQRDKKGKPIKDGKGNVLPLTSHTLSPV—50l
Lm iPGAM 451-KDAVDSVNGVYIVTADHGNSDDMAQRDKKGKPMKDGNGNVLPLTSHTLSPV-501
Lmj iPGAM 45l—KDAVDSINGVFIVTADEGNSDDMAQRDKKGKPMKDEKGNVLPLTSHTLSPV—501
An 1PGAM 434—YEACKKHGYILFITADEGNAEEMLT —————————— EKG--TPKTSHTTNKV-472
Pm 1PGAM 4707VEAVTARNGIVVITAD§GNCEEM 7777777777 KDKKGNI--KTSHTLNAI-508
* k k% .

. % . Sk kK Kok Kk .

Lk *

Fig. 4. Sequence alignment of 2,3-bisphosphoglycerate-independent phosphoglycerate mutase (iPGAM) enzymes. The His135, Asp319 and
His466 (numbering from ThiPGAM) residues are underlined. Shown are Tb iPGAM from T. brucei (XP_823027.1); Tc iPGAM from T. cruzi
(XP_820347.1); Lb iPGAM from L. braziliensis iPGAM (XP_001569313.1); Ld iPGAM from L. donovani iPGAM (ADG96010.1); Lm iPGAM
from L. Mexicana iPGAM (CAD66620.1); Lmj iPGAM from L. major iPGAM (XP_001687258.1); An iPGAM from Aspergillus niger iPGAM
(XP_001397611.1); Pk iPGAM from Perkinsus marinus iPGAM (XP_002774075). Numbers in parentheses are National Center for Biotechnol-
ogy Information accession numbers. *, identical residues; ., conserved residues.

Michaelis-Menten data
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Fig. 5. Enzyme kinetics data for wild-type and mutant D319A
forms of TbhiPGAM, confirming that the interaction between
Asp319 and the M2 metal site is crucial for enzyme function. Even
by increasing of the mutant enzyme concentration to 100 nwm, there
is no detectable catalytic activity.

2018

and biochemical studies should be performed to
confirm this hypothesis. Interestingly, the M1 site of
trypanosomatid and plants has been described as the
only site of iPGAMs found to contain a metal under
physiological conditions [11].

Together, the data presented here reveal the ligand-
induced conformational change during enzymatic
catalysis of iPGAMs, and the new apoenzyme struc-
ture may contribute to efforts in to design iPGAM
inhibitors with potential for clinical development as
new trypanocidal drugs.

Experimental procedures

TbiPGAM expression and purification

Escherichia coli BL21(DE3) strain cells harboring the
recombinant pET28a-ThiPGAM [13] plasmid were culti-
vated at 37 °C in Luria—Bertani broth containing
30 pgmL™" kanamycin and 1 M sorbitol until an attenu-
ance of 0.8 (at 600 nm) was reached. The culture was
subjected to a heat-shock process [21] followed by over-
night induction with isopropyl thio-p-D-galactoside. Cells
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were harvested by centrifugation (800 g for 15 min at 4 °C)
and suspended in 30 mL of lysis buffer containing 50 mm
NaH,PO,/NaOH pH 7.0, 0.6 M NaCl, 1 mm KH,POy,,
5 mm MgCl,, 10 mM imidazole, 0.5 mM Tris(2-carboxyeth-
yl)phosphine/HCI, 0.4 mM phenylmethanesulfonyl fluoride,
10 uM leupeptin, 1 puM pepstatin, and 10% glycerol. Cell dis-
ruption was achieved using a French Press cell disrupter (one
cycle, 20 000 psi). Benzonase and protamine sulfate were
added, and the cell lysate was clarified by centrifugation at
2000 g for 30 min at 4 °C. ThiPGAM was purified to homo-
geneity using 1 mL metal affinity resin (Talon; Clontech,
Mountain View, CA, USA) pre-equilibrated with the lysis
buffer, and the recombinant ThiPGAM was eluted using
lysis buffer containing 50 mM imidazole. The sample con-
taining ThiPGAM was dialyzed in buffer A containing
50 mM triethanolamine/HCI1 (TEA) pH 7.5, 150 mm NaCl
and 10 pM CoCl,. Purified THiPGAM at 5 mgmL™' was
analyzed by size-exclusion chromatography using a Superdex
200 GL 10/30 column (GE Healthcare, Piscataway, NIJ,
USA) in buffer A at a flow rate of | mL-min™".

Enzyme kinetics

The ThiPGAM activity was measured by coupling the
isomerization of 3PGA to 2PGA to lactate dehydrogenase
using enolase and pyruvate kinase. NADH consumption
was monitored at 37 °C in a 96-well plate reader, measur-
ing the decrease in absorbance at 340 nm, with a final assay
volume of 0.2 mL per well. The reaction mixture contained
0.1 M triethanolamine (pH 7.4), 0.1 M NaCl, 1 mM MgSQy,,
I mMm ADP, 0.5 mm NADH, 10 pm CoCl, and 20 IU in
mgmL™" of the auxiliary enzymes lactate dehydrogenase,
enolase and pyruvate kinase. All reagents were purchased
from Sigma-Aldrich (St Louis, MO).

Determination of the K, for 3PGA for ThiPGAM was
performed using an enzyme concentration of 0.1 nM, and
varying the concentration of 3PGA from 1 mm to 7.8 um
(serial dilution). Data were obtained from three indepen-
dent experiments. The Michaelis-Menten constant was
estimated by fitting a curve by non-linear regression.

Crystallization and data collection

ThiPGAM crystallization conditions were screened using a
Honeybee 931 robot (Genomic Solutions Inc., Ann Arbor,
MI, USA) and eight Hampton Research (Aliso Viejo, CA,
USA) and Qiagen Inc. (Valencia, CA, USA) screening kits
at 18 °C. The best ThiPGAM crystallization conditions,
after refinement of the initial conditions, were 18 °C using
droplets of 3 uL protein solution at 8 mgmL™" in 20 mm
Tris/acetate/EDTA pH 7.4, 50 mm NaCl, 10 um CoCl,
and 3 pL reservoir solution containing 0.05 M ammonium
sulfate, 0.1 M Bis/Tris pH 6.1, and 25% w/v poly(ethylene
glycol) 3350 by the hanging-drop method. A total of 300
images with 0.7° rotation were collected using the
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WO1B-MX2 beamline of the Brazilian National Laboratory
of Synchrotron Light (Campinas, Brazil) using a MAR
Mosaic 225 CCD detector (Marresearch GmbH, Norder-
stedt, Germany) at 135 mm distance (Table 1).

Structure determination and refinement

Diffraction data were indexed and integrated using MOS-
FLM [22] and scaled using SCALA [23] from the CCP4
suite [24]. The structure was initially solved by molecular
replacement with Phaser [25], using the transferase and
phosphatase domains of LmiPGAM (Protein Data Bank
ID 3IGY) independently as the search models. Refinement
was performed using a combination of PHENIX [26] and
REFMAC [27]. Model building was performed using Coot
[28]. The final structure was refined to 2.3 A resolution. All
statistics are shown in Table 1.

Small-angle X-ray scattering

SAXS data were collected using the D02A-SAXS2 beam
line of Brazilian National Laboratory of Synchrotron Light
with a sample-to-detector distance of 1.543 m, 1.488 A
wavelength and 300 s exposures at ThiPGAM concentrations
0f2.5,5.0 and 10.0 mg'mL™" in 50 mm TEA pH 7.5, 150 mm
NaCl, 10 um CoCl, and 5% glycerol. Scattering from the
buffer was measured and subtracted from the protein sample
data, and the images were integrated using FIT2D ver-
sion 12.077 (http://www.esrf.fr/computing/scientific/ FIT2D/)
to obtain the scattering curves.

PRIMUS [29] was used to assess interparticle interfer-
ence, evaluate aggregation and determine the gyration
radius (Rg) by the Guinier method [30]. GNOM 4.5 [31]
was used to obtain the distance distribution function P(r)
and Rg in real space by indirect Fourier transform. Finally,
Crysol [32] was applied to evaluate the theoretical solution-
scattering curve of ThiPGAM, LmiPGAM and BaiPGAM
monomers, using the available crystallographic structures.

Site-directed mutagenesis

Substitution of Asp319 for an Ala residue, generating clone
ThiPGAM-D319A, was performed using a QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA,
USA), according to the manufacturer’s instructions, with
primer pairs D319A_f (5-GATGCGCTACGATGGTGCG
TTGGGTATTCCTAACAAC-3") and D319A_r (5-GTTG
TTAGGAATACCCAACGCACCATCGTAGCGCATC-3).
Underlining indicates the mutation site.
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