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ABSTRACT

Type I phosphomannose isomerases (PMIs) are zinc-depend-
ent metalloenzymes involved in the reversible isomerization
of D-mannose 6-phosphate (M6P) and p-fructose 6-phos-
phate  (F6P). 5-Phospho-p-arabinonohydroxamic acid
(5PAH), an inhibitor endowed with nanomolar affinity for
yeast (Type I) and Pseudomonas aeruginosa (Type 1I) PMIs
(Roux et al., Biochemistry 2004; 43:2926-2934), strongly
inhibits human (Type I) PMI (for which we report an
improved expression and purification procedure), as well as
Escherichia coli (Type I) PMI Its K; value of 41 nM for
human PMI is the lowest value ever reported for an inhibitor
of PMI. 5-Phospho-p-arabinonhydrazide, a neutral analogue
of the reaction intermediate 1,2-cis-enediol, is about 15 times
less efficient at inhibiting both enzymes, in accord with the
anionic nature of the postulated high-energy reaction inter-
mediate. Using the polarizable molecular mechanics, sum of
interactions between fragments ab initio computed (SIBFA)
procedure, computed structures of the complexes between
Candida albicans (Type I) PMI and the cyclic substrate f-D-
mannopyranose 6-phosphate (f-M6P) and between the
enzyme and the high-energy intermediate analogue inhibitor
5PAH are reported. Their analysis allows us to identify
clearly the nature of each individual active site amino acid
and to formulate a hypothesis for the overall mechanism of
the reaction catalyzed by Type I PMIs, that is, the ring-open-
ing and isomerization steps, respectively. Following enzyme-
catalyzed ring-opening of ;-M6P by zinc-coordinated water
and GlInl111 ligands, Lys136 is identified as the probable cata-
lytic base involved in proton transfer between the two carbon
atoms C1 and C2 of the substrate b-mannose 6-phosphate.
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INTRODUCTION

Phosphomannose isomerases (PMIs, E.C. 5.3.1.8) are
metal-dependent aldose-ketose isomerases involved in the
reversible isomerization of D-mannose 6-phosphate
(M6P) to D-fructose 6-phosphate (F6P) in prokaryotic
and eukaryotic cells.] PMIs have a substrate specificity
for B anomers, namely, 3-D-mannopyranose 6-phosphate
(B-M6P) and B-p-fructofuranose 6-phosphate (3-F6P) as
depicted in Figure 1.2 Indeed, a-M6P is a known weak
inhibitor of yeast PML3 From sequence alignments and
physicochemical and kinetic characterizations, it has been
proposed that PMIs comprise three families of proteins:
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Figure 1

Reversible interconversion of M6P and F6P catalyzed by
phosphomannose isomerases. Only -anomers are reported to be
substrates of the enzymes.

Type I, Type 11, and Type III families.# Members of each
family share little or no sequence identity with members
of the other two families, except for a very small con-
served amino acid sequence motif, which makes up part
of the active site.] A fourth type of PMI might be pro-
posed within the phosphoglucose isomerase (PGI, E.C.
5.3.1.9) superfamily, where several aerobic crenarchaeons
have been shown to display an atypical dual-specificity
PGI/PMIL>0 Type I PMIs are homologous zinc-depend-
ent monofunctional enzymes that catalyze the single re-
versible isomerization reaction of M6P to F6P and
include proteins from Saccharomyces cerevisiae,4’7_10
Candida albicans,&ll_14 Homo sapien5,4 Escherichia
coli,!> and  Salmonella typhimurium,16 among others.
Although F6P is a substrate for glycolysis and gluconeo-
genesis, production of M6P is the first step of the man-
nose metabolism pathway which generates guanosine-
diphosphate-p-mannose (GDP-D-mannose), the precur-
sor of several mannosylated structures such as fungi cell
wall components and bacterial exopolysaccharides.!”
Indeed, PMI activity was reported to be essential for the
survival or pathogenesis of bacteria including Mycobacte-
rium smegmatis'® and Pseudomonas aeruginosa,1® the
protozoan parasite Leishmania mexicana,?0 and yeasts
including S. cerevisiae,2! C. albicans,22 Cryptococcus neo-
formans,23 and Aspergillus nidulans.24 Although the
amino acid sequence of human PMI shares significant
identity with those of some pathogenic organisms, we
reported the hypothesis that a bitherapeutical approach
combining the enzyme inhibitor and pD-mannose should
alleviate the side-effects of PMI inhibition in humans.2>
Consequently, at least in some cases, PMI can be consid-
ered as a potential target for the development of antibac-
terial, antiparasitic, and antifungal agents. The design of
such efficient and/or species-specific PMI inhibitors of
medical relevance would be much facilitated by more in-
formation about the enzyme mechanism of action and
the structure of the active site. As detailed below, despite
recently reported computational?® and structurall® stud-
ies on PMIs that led to controversial mechanistic conclu-
sions, such information is currently incomplete, and
the reaction mechanism still needs to be clarified. On the
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basis of new inhibition and theoretical studies as well as
on previously reported studies in the literature, our con-
tribution intends to identify all the active site residues
and to propose a role for each of them in the reaction
mechanism catalyzed by Type I PMIs.

The reversible isomerization reaction between M6P and
F6P catalyzed by PMI proceeds through a proton transfer
between the two oxygen atoms O1 and O2 and a hydrogen
transfer between the two carbon atoms C1 and C2 of the
substrate. The latter could proceed either through a
“hydride shift mechanism” as reported to occur in the cor-
responding reactions catalyzed by xylose isomerase27—31
and rhamnose isomerase,32 or through a “proton transfer
mechanism” via a 1,2-cis-enediol(ate) high-energy inter-
mediate (HEI) as observed for triosephosphate isomerase
(TIM)33 and phosphoglucose isomerase (PGI).34’35 In
the case of yeast Type I PMI, Gracy and Noltmann first
argued in favor of a proton transfer mechanism in 1968.
From pK, measurements, a histidine residue was proposed
as the catalytic base involved in such a transfer.36:37
Thereafter, other studies have confirmed that the Type I
PMIs catalyzed isomerization reaction proceeds through a
proton transfer mechanism and thus involves a 1,2-cis-ene-
diol(ate) HEI as depicted in Figure 2, although the nature
of the catalytic base involved in this transfer has not been
further discussed. The hydride shift mechanism was
rejected on the basis of the temperature dependence of the
isotope effect observed for the hydrogen transfer-exchange
ratio.38 Tritium exchange data? also supports an enediol
mechanism. The pro-S hydrogen on C1 of F6P has been
shown to be abstracted during catalysis by PMIs.39 More
recently, PMI from E. coli in D,O has been shown to incor-
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Figure 2

The postulated 1,2-cis-enediol(ate) high-energy intermediate (HEI)
thought to be involved in the PMI catalyzed reversible isomerization of
M6P to F6P is shown with the HEI analogue inhibitors evaluated: 5-
phospho-p-arabinonohydroxamic acid (5PAH), here depicted as its
hydroximate form, and 5-phospho-p-arabinonhydrazide (5PAHz).
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porate deuterium at Cl of the substrate, showing proton
exchange to occur between C1H of F6P and the solvent.40
Surprisingly, a recent computational study of Type I
human PMI argues in favor of a hydride shift mechanism
for the hydrogen transfer between the two carbon atoms
C1 and C2 of the substrate.2® This mechanistic hypothesis
is in disagreement with the generally accepted proposition
for PMIs detailed above. Analysis of the figures in the
report by Xiao et al. suggests that one possibility for the
differences in the conclusions might originate from their
apparent use of a-D-mannopyranose 6-phosphate, a
known yeast PMI inhibitor, instead of the true cyclic sub-
strate B-D-mannopyranose 6-phosphate and L-altrose 6-
phosphate instead of b-mannose 6-phosphate.

A high-resolution X-ray crystal structure of the Type I
PMI from C. albicans (CaPMI, PDB ID code 1PMI),
with no substrate or inhibitor bound at the active site,
was reported more than 10 years ago.l? The structure
enabled the identification of the location of the active
site including the zinc metal cofactor binding site. How-
ever, the role of the individual active site amino acids in
the isomerization mechanism of M6P to F6P could not
be defined. The crystal structures of Type I PMI from
Bacillus subtilis with a sulfate ion bound (PDB ID code
1QWR),4! of Type II apo PMI from Helicobacter pylori
(PDB ID code 2QH5),42 and of Type I PMI from Arche-
oglobus fulgidus (PDB ID code 17X5)43 were also depos-
ited, however not described in the literature. In the B.
subtilis PMI structure, the sulfate ion interacts with resi-
dues Lys93, Argl93, and Arg207, which correspond to
GInlll, Arg304, and Lys310 in CaPMI, respectively.
Recently, structures of the Type I PMI from S. typhimu-
rium (StPMI) bound to metal atoms and substrate, to-
gether with several bound ethylene glycol molecules, were
also reported.1® With the substrate not directly bound to
the zinc atom, the StPMI-Zn-F6P structure (PDB ID
code 3H1Y) notably led the authors to identify His99,
His131, Lys132, and Asp270 (corresponding to His113,
His135, Lys136, and Asp300 in CaPMI, respectively) as
the active site residues that could be involved in the ring-
opening and isomerization steps of the substrate.l0
Although a detailed mechanism was not given, the
authors suggested that the mechanism probably follows
the previously proposed cis-enediol mechanism that
includes proton transfer between C1 and C2 atoms of
the substrate. However, the proposed binding site of the
substrate F6P is different from that previously proposed
by us# and others,!2 and notably does not involve
Arg274 (Arg304 in CaPMI), a well-conserved residue
among Type I PMIs that was shown to be an active site
residue of CaPMI.13 No other crystal structure of a PMI
enzyme is available, except for those of the crenarchaeons
PGI/PMI enzymes, which are likely to be very different
from the Types I, I, and III PMIs.>>0

We previously reported strong inhibition of Type I S.
cerevisiae PMI (ScPMI) by 5-phospho-p-arabinonohy-

droxamic acid (5PAH, Fig. 2), an inhibitor designed as an
analogue of the postulated 1,2-cis-enediol(ate) high-energy
intermediate (HEI, Fig. 2), whereas 5-phospho-p-arabino-
nate (5PAA) did not inhibit the enzymes.45 These studies
led us to propose a general mechanism for the isomeriza-
tion step catalyzed by Type I ScPMI that highlighted a
likely catalytic role of the Zn cofactor, rather than only a
structural role.4> At that time, we proposed that the sub-
strate 3-M6P and its corresponding 1,2-cis-enediolate HEI
were bidentately coordinated to Zn, in accord with the ini-
tial mechanistic hypothesis reported by Gracy and Nolt-
mann.3% However, we recently calculated that effective
binding of the substrate 3-M6P to the catalytic site of
CaPMI occurs through binding of the hydroxyl group on
C1 of the substrate to the Zn(II)-bound water molecule.2>
We also showed that 5PAH binds through its hydroxamate
function to the zinc cofactor in a monodentate manner
rather than in a bidentate manner.44 Although the zinc
cofactor can still have a catalytic role, the initial mechanis-
tic hypothesis we proposed is not in accord with these
recent theoretical studies. Sagurthi et al. also reported that
the metal atom plays a role in substrate binding and is im-
portant for stabilizing the intermediates formed during ca-
talysis.10 In the absence of a high-resolution X-ray struc-
ture of the enzyme complexed to a HEI analogue inhibitor,
a mechanism highlighting the nature and role of the active
site residues directly involved at the transition state
remains to be proposed.

The polarizable molecular mechanics procedure sum
of interactions between fragments ab initio computed
(SIBFA)46 was used to study the PMI-inhibitor interac-
tions.#4 This procedure was formulated and calibrated
on the basis of ab initio quantum chemistry (QC).
Although QC is a widely used procedure for computation
of intermolecular interactions, it cannot be applied rou-
tinely to proteins with currently available software. In
addition, and to our knowledge, the SIBFA software is
the only presently available method to study metallopro-
teins with an appropriate handling of polarization and
charge-transfer contributions involving a metal cation. It
was previously applied successfully to various polyligated
Zn(II) complexes47—54 and provided intermolecular
interaction energies with relative errors <3% when com-
pared with QC computations on model complexes.” As
mentioned above, we recently reported the SIBFA molec-
ular modeling studies of the enzyme CaPMI complexed
with 5PAH or 5PAA,%4 and with the substrate B—M6P.25
In these preliminary studies, which were not devoted to
an investigation of the catalytic mechanism, the three-
dimensional structure of the apoenzyme Type I CaPMI
(441 residues) was used as a starting point to generate a
“SIBFA” 164-residue model of the enzyme based on a 15
A proximity criteria to Zn(II), and thereafter the different
complexes of the model with the inhibitors.

Type I PMIs have been shown to have very similar
characteristics with a high level of sequence identity in
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the region of the active site,b8 which suggests conclu-
sions that may be drawn from C. albicans PMI can most
likely be applied to other Type I PMIs, including yeast
and S. typhimurium PMlIs, and human and E. coli PMIs
studied herein. To clarify the reaction mechanisms of the
ring-opening step of the substrate 3-M6P and of the sub-
sequent M6P to F6P reversible isomerization catalyzed by
Type I PMIs, we report here improved “up-to-date”
SIBFA energy-minimized structures of, respectively, the
substrate B-anomer of M6P, namely B-D-mannopyranose
6-phosphate (B-M6P), and of the HEI analogue inhibitor
5-phospho-D-arabinonohydroxamate (5PAH, Fig. 2), at
the active site of CaPMI. These theoretical structures use
the same 164-residue model of CaPMI previously con-
structed, but include an additional limited array (9 and
11, respectively) of highly polarized discrete water mole-
cules in the binding site. Indeed, the importance of such
arrays has been recently demonstrated as they are essen-
tial to the modulation of selectivity in a metal binding
site®® and as their explicit inclusion in the model is
mandatory for performing quantitative docking studies®”
because a sole continuum representation of solvation
cannot account for the experimentally observed trends.

We also wish to develop here such mechanistic consid-
erations in relation to a kinetic study of the Type I E. coli
PMI and the Type I H. sapiens PMI (HsPMI), for which
we also report an improved method for expression and
purification. In addition to the kinetic evaluation of
5PAH on EcPMI and HsPMI, we report the kinetic anal-
ysis of 5-phospho-D-arabinonhydrazide (5PAHz, Fig. 2)
on both enzymes. 5PAHz is a good inhibitor of PGI, an
aldose-ketose isomerase that also uses a proton transfer
mechanism but does not contain a metal cofactor at the
active site. It had been previously designed in our labora-
tory to better mimic the neutral 1,2-cis-enediol HEI
rather than the anionic 1,2-cis-enediolate HEI postulated
to be involved in the corresponding F6P to G6P isomeri-
zation.”8 Because both PGI and PMI catalytic mecha-
nisms are predicted most likely to involve an analogous
HEI, we thought it would be interesting also to evaluate
5PAHz on both Type I PMIs. Altogether, we present here
a hypothesis of the overall mechanism for the B-M6P to
B-F6P reversible isomerization reaction catalyzed by Type
I PMIs based on inhibition studies and polarizable mo-
lecular modeling.

MATERIALS AND METHODS

Materials

The disodium salts of 5-phospho-D-arabinonohydroxa-
mic acid (5PAH) and 5-phospho-D-arabinonhydrazide
(5PAHz) were synthesized according to reported proce-
dures.?8-01 M6P was purchased as the barium salt and
converted to the sodium salt by ion-exchange chroma-
tography with a Dowex™-50X4-400 resin. Purified water
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(18.2 MQ), used for the preparation of the buffer, was
obtained by filtration through a Milli-Q device (0.22
um) from Millipore. All other commercial chemicals and
biochemicals were of reagent grade from Sigma-Aldrich®™
Chemical Company and used without further purifica-
tion. All solutions and enzyme aliquots were stored at
—20°C, except the buffer solution, which was stored at
4°C, and the NADP" solution, which was freshly pre-
pared before use.

Construction of E. coli expression vector for
human phosphomannose isomerase

A mammalian expression plasmid, pcDNA3.1/GS, contain-
ing the gene for human phosphomannose isomerase was pur-
chased from Invitrogen (Carlsbad, CA). For expression in
bacteria, the HsPMI gene was transferred to an E. coli expres-
sion vector. First, the gene was amplified by PCR using pri-
mers that replaced seven rare codons to more common co-
dons. The substitutions did not affect the amino acid
sequence. The primers used were: Forward primer 5 ATTG
TTCATATGGCGGCGCCGCGCGTGTTCCCGCTGAGCTGT
GCGGTGCAGCAGTATGCCTGGGGGAAGATGGGTTCCA
A CAGC 3’ (the start site is underlined, and the bases
that were changed are highlighted in bold); reverse primer
5" ATTGTTGGATCCTTACAGCAGACAGCAGGCACGGAA
TATCAGCAGGTCC 3'. A second PCR step was performed
to add the restriction sites Ndel and BamHI on the 5" and 3’
ends of the gene, respectively, a sequence encoding a hexa-
histidine tag on the protein’s C-terminus, and a stop codon.
The hexa-histidine tag aids in purification and detection of
the expressed protein. The primers used were: Forward
primer FHB8 5 TGCTCTTCATATGGCCGCCTCCGCGAG
TATTCC 3'; reverse primer FHB9 5 CGGGATCCTTA
GTGGTGGTGGTGGTGGTGCAGCAGACAGCAGGCACG
GAATATCAG 3'. A 1300 bps PCR product was obtained,
purified using a PCR product purification kit (Qiagen,
Valencia, CA), and digested with Ndel and BamHI restric-
tion enzymes (Gibco-Invitrogen, Carlsbad, CA). This
digested DNA fragment was ligated into the Ndel-BamHI
site of vector pLEX (Invitrogen, Carlsbad, CA), and the
resulting HsPMI expression plasmid is referred to as
pFBPMI. HsPMI protein expression is under the tight reg-
ulation of the P; promoter. The DNA sequence of the
insert was checked for mutations.

Expression and purification of human
phosphomannose isomerase

pFBPMI was used to transform GI724 competent cells
(Invitrogen, Carlsbad, CA). The transformation mixture
was plated onto RM-agar plates containing 100 pg/mL
ampicillin and incubated at 30°C (RM-agar plates, 1 L:
20 g Casamino acids, 100 mL 10X M9 salts, 1 mL 1M
MgCl,, 25 mL 20% glucose, 1 mL 100 mg/mL ampicillin,
15 g agar). Starter cultures were grown overnight in RM
media, and larger cultures were grown in induction me-
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dium (1 L induction medium: 2 g Casamino acids, 100
mL 10X M9 salts, 1 mL 1M MgCl,, 25 mL 20% glucose,
1 mL 100 mg/mL ampicillin). The culture was grown at
30°C until the ODgs5, reached 0.5. Protein expression was
induced by adding 1-tryptophan to a final concentration
of 100 pg/mL. The culture was grown for a further 4 h
at 37°C, and the cells were harvested and frozen at
—80°C until further use. A total of 50 g of cells, obtained
from 9 L of culture, were thawed on ice and resuspended
in 200 mL ice cold binding buffer (0.02M sodium phos-
phate buffer, pH 8.0, 0.5M NaCl, 5 mM imidazole).
Complete™ EDTA-free protease inhibitor tablets (Roche,
Nutley, NJ) were added to the binding buffer before use.
The cells were lysed by sonication and centrifuged at
10,000¢ for 30 min at 4°C to remove cell debris. The
cleared supernatant was filtered through a 0.22-pm filter
(Millipore) and loaded onto a 5-mL HiTrap metal chelat-
ing FPLC column (Amersham Pharmacia, Piscataway,
NJ) charged with nickel. The HsPMI eluted at ~0.1M
imidazole concentration using a linear gradient of imid-
azole. The fraction containing HsPMI was dialyzed
against 50 mM Tris-HCl, pH 8.0 and then filtered and
loaded onto an FPLC Q-sepharose column (Amersham
Pharmacia, Piscataway, NJ). The protein eluted at
~0.15M NaCl concentration using a linear gradient of
NaCl. The fraction containing active enzyme was dialyzed
against 50 mM Tris-HCI, pH 8.0. Approximately 7 mg of
pure protein was obtained per 9 L of culture.

Instruments

UV absorbance measurements were made with a Safas
190 DES spectrophotometer equipped with a Julabo ther-
mostat regulation device, using 1 mL Brand polystyrene
disposable cuvettes with a 1-cm optical path.

PMI assays using the PGI/GGEPDH coupled
enzyme method

Human and E. coli PMI activities were assayed spectro-
photometrically at 340 nm using a coupled enzyme assay
with PMI activity coupled to the activities of yeast PGI and
yeast D-glucose-6-phosphate dehydrogenase (G6PDH), fol-
lowing a procedure adapted from the literature.”>02 Both
auxillary enzymes were added in excess so that the rate-
limiting reaction was the PMI-catalyzed isomerization of
M6P to F6P. Careful control experiments were conducted
to check this assumption by adding further excess of the
auxillary enzymes (5- and 10-fold) in the absence and
presence of the inhibitor at its highest concentration. The
activity measurements were made using the multicuvettes
mode with the temperature held at 25°C. Specific activities
were measured using a substrate concentration of at least 5
times the corresponding K, value. In the case of human
PM]I, the assay mixture contained, in a volume of 1 mL: 50
mM HEPES buffer, pH 7.1, previously sterilized and fil-

tered (0.22 pm); 20—100 uM M6P sodium salt (100 mM in
buffer); 5 mM MgCl, (500 mM aqueous solution); 0.4 mM
NADP™ sodium salt (40 mM in buffer, freshly prepared);
0.6 unit G6PDH (5.2 mg lyophilized protein in 707-pL
water; a 5-pL aliquot was diluted to 500 pL with buffer just
before use); 0.6 unit PGI (4.4 mg lyophilized protein in
830 pL water, and dilution before use of a 5 puL aliquot to
500 pL with buffer); 0-0.08 uM 5PAH or 0-0.7 uM 5PAHz
(100 mM aqueous solutions appropriately diluted 10-
10,000 times). Following preincubation in the spectropho-
tometer compartment until no further increase in absorb-
ance due to substrate occurred (6—7 min), the reaction was
initiated by the addition of 0.005 unit of human PMI. In
the case of E. coli PMI, the enzymatic assay was identical
excepted for the following values: 0.2-0.6 mM M6P; 0.6
units G6PDH; 0.6 unit PGI; 0-0.3 pM 5PAH or 0-2 pM
5PAHz; 0.006 unit PMI (10 pL commercial solution
diluted 10,000 with buffer). The rate of absorbance change
due to NADPH formation (¢ = 6220M ' cm™ ') coupled
to M6P isomerization was then measured. PGI and
G6PDH activities were assayed with F6P and G6P, respec-
tively, using a related protocol, which is described in Refs.
58 and 63. Duplicate kinetic data were analyzed by double
reciprocal plots of the initial reaction velocity versus M6P
concentration measured at various inhibitor concentra-
tions. Linear least squares fit to the observed data using the
Michaelis-Menten equation for competitive inhibition
allowed secondary graphical representation of the slope as
a function of inhibitor concentration, from which was
obtained the value of the inhibition constant (K;). Units of
enzyme activity are defined as micromoles of substrate
converted per minute at 25°C under the assay conditions
described. All the results reported below were validated by
carefully controlled experiments designed to check that the
PMI-catalyzed step was indeed the one inhibited by the
evaluated inhibitor or, in other words, that the PMI step
was rate determining, even at the highest inhibitor concen-
tration used. So, in the conditions we used, neither PGI
nor G6PDH is inhibited by the targeted molecule with
respect to the inhibition of PMI.

The SIBFA interaction energy formulation

SIBFA is a highly accurate molecular mechanics/molec-
ular dynamics (MM/MD) procedure formulated on the
basis of ab initio quantum chemistry (QC), and validated
by numerous QC tests on model complexes. Currently,
the most widely used approach to model the electrostatic
properties uses atom-centred charges that are derived by
fitting to the ab initio molecular electrostatic potential.
However, a much more accurate representation uses mul-
ticentre multipoles derived from ab initio molecular wave
functions. The SIBFA molecular mechanics procedure
provides a very promising way to calculate refined scor-
ing functions. The SIBFA intermolecular interaction
energy Ej, is formulated as a sum of five contributions
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denoting the electrostatic multipolar Ey;rp+, short-range
repulsion E.,, polarization E,,, charge transfer E., and
dispersion Eg;sp, contributions, respectively:

Eine = Eyvres + Erep + Epol + Eq + Edisp

The detailed analytical forms of these contributions
have been reviewed.4® SIBFA enables an accurate calcula-
tion of the electrostatic contribution to the intermolecular
interaction energy from a multipolar expansion of the elec-
tronic distribution (Eyrrp+) up to quadrupoles. Such multi-
poles are located on the atoms and on the barycenters of
the chemical bonds of the constitutive molecular frag-
ments, and Eyyrp+ is corrected at short-range to take pene-
tration effects into account.%4 Overall, SIBFA’s total energy
function is fully separalble64 as each of the different contri-
bution matches its QC counterpart65’66 enabling direct
validation tests of SIBFA by parallel QC computations.

On the basis of a 15 A proximity criterion to Zn(II),
we previously created a “SIBFA” 164-residue model pro-
tein of the original tri-dimensional crystal structure of
CaPMI (PDB ID code 1PMI) reported by Cleasby
et al.12 The model protein was assembled with the stand-
ard library of its constitutive backbone and side-chain
fragments, encompassing the internal coordinates and the
distributed multipoles and polarizabilities. The truncated
model protein minimized structure, which showed no
corresponding differences when compared with the inte-
gral protein minimized structure, was used for SIBFA cal-
culations on previous CaPMI-ligand complexes.#4 The
same truncated model of CaPMI is used in the present
study, except that additional “discrete” water molecules
have been included so that energy calculations and struc-
tures obtained are different than we previously reported.
Indeed, energy-minimization (EM) is performed, to relax
the ligand-protein (L-P) complex in the framework of
the SIBFA potential. Automatic location of a “discrete”
number of structural water (W) molecules around the
accessible polar sites of the L-P complex is done next,
using an algorithm due to Claverie et al.%7 and interfaced
in the SIBFA software. In a previous study, the number
of nine “discrete” water molecules was shown to be suffi-
cient so as to create an adequate network around the
malonate-based phosphate surrogate of B-M6P.25 EM is
then restarted, first on the water variables, and next
upon relaxing the entirety of relevant variables of the
L-P-W complex. Details of the EM procedure using
SIBFA can be found in the Supporting Information.

RESULTS

Expression and purification of human
phosphomannose isomerase

Recombinant expression and purification of HsPMI was
reported previously.4 We report herein an improved
method that yields ~7 times more protein than previously
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Table |
Inhibition of the M6P to F6P Isomerization Catalyzed by Human and
E. coli PMIs*

Inhibitor Parameter Human E. coli
None K (uM) 43 +3 330 + 30
Keat (s71) 36 + 1 23 +1
Keat/ Ky (MM 1 s71) 840 + 80 70 + 9
5PAH K (nM) 0.041 + 0.006 0.08 + 0.01
K/ K 1000 =+ 200 4100 =+ 900
5PAHz K (nM) 0.6 + 0.1 20 + 0.2
K/ K 70 + 20 160 + 30

K; values were determined using the PGI/G6PDH coupled enzyme assay (see
Materials and Methods for details on kinetic assay conditions).

reported, and at ~99% purity (SDS PAGE gel of purified
HsPMI can be found in Supporting Information Fig. S1).
The previously reported purification method yielded 3.3 mg
of HsPMI from 160 g of E. coli cells and required an ammo-
nium sulfate precipitation step and seven column chroma-
tography steps. The new purification method described
herein makes use of a 6-histidine affinity tag and involves
just two chromatography steps: metal affinity chromatogra-
phy and a Q-sepharose anion exchange column. The new
method also results in a much better yield of protein, 7 mg
of pure, active human PMI from ~50 g of E. coli cells.

Kinetic parameters of human and E. coli PMI

The values of K, ke, and ke /Ky, for the M6P to F6P
isomerization reaction were measured for both recombi-
nantly expressed and purified HsPMI and commercial EcPMI
and are reported in Table I. The K, values of 43 and 330 pM
that we determined for HsPMI and EcPMI, respectively, are
in the range of the value of 230 uM previously reported for
HsPMI in 50 mM Tris-HCI pH 8.8 The k. /K,, ratios of 840
and 70M ' min~" for HsPMI and EcPMI, respectively, deter-
mined for the M6P to F6P isomerization reaction, are less
than one order of magnitude different from the value
reported for SCPMI of 165M ' min~ 143 Comparison of all
these k., /Ky, values for Type I PMIs with the corresponding
value determined for Type II PMI from P. aeruginosa of
0.030M ' min™~ 43 supports the hypothesis that Type I PMIs
appear to be much more efficient catalysts than Type II PMIs
for the reaction in the M6P to F6P direction, with Type 1
PMIs from eukaryotes being more efficient than the bacterial
Type I PMIs. This large efficiency difference between Type I
and Type II PMIs is consistent with the fact that, from a met-
abolic point of view, these two types of enzymes preferentially
catalyze the reaction in opposite directions: Type I PMIs con-
sume M6P as a substrate, whereas Type II PaPMI produces it
for the alginate biosynthetic pathway.

Inhibition of human and E. coli PMI

The 1,2-cis-enediol(ate) HEI analogue inhibitors eval-
uated in this study, namely 5-phospho-p-arabinonohy-
droxamic acid (5PAH) and 5-phospho-D-arabinonhydrazide
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which gives —K; for the intercept.

(5PAHz), are depicted in Figure 2. Their inhibitory efficien-
cies were determined with the three enzymes coupled assay
for Type I PMIs and are reported in Table I.

The two new inhibitors of HsPMI, 5PAH and 5PAHz,
behave as competitive inhibitors of the enzyme with
respect to M6P isomerization [Fig. 3(A,B)] with K /K;
ratios of 1000 and 70, respectively. In the case of 5PAH,
the K; value of 0.041 pM is the lowest value ever
reported for the human enzyme, as well as for any PMI.
As previously observed for ScPMI and PaPMI,45 5PAH
appears to be a strong competitive inhibitor of the
human enzyme. The large value of the K, /K; ratio sug-

gests that the inhibitor structure is more closely compa-
rable to the high-energy intermediate structure than the
substrate structure. SPAH thus behaves as a stable high-
energy intermediate analogue inhibitor of the M6P to
F6P isomerization reaction. 5PAHz also behaves as a
strong competitive inhibitor of HsPMI activity with a K;
value of 0.6 pM. However, the K. /K; ratio value of 70
indicates that 5PAHz is about one order of magnitude
less efficient than 5PAH.

5PAH and 5PAHz also behave as two new competitive
inhibitors of EcPMI [Fig. 3(C,D)], with respective K; val-
ues of 0.08 and 2.0 pM. Although 5PAH is a much stron-
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ger inhibitor than 5PAHz, with K. /K; ratio values of
4100 and 160, respectively, both compounds can be con-
sidered to be good HEI analogue inhibitors of the M6P
to F6P isomerization reaction catalyzed by EcPMI.

Sequence alignment

Results of the inhibition studies on HsPMI and EcPMI
reported in Table I and comparison with those previously
reported on ScPMI4® clearly show that all Type I PMIs
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and was illustrated with ESPript (similarity calculations parameters used: type = % of equivalent residues; global score = 0.8).7

studied behave relatively similarly. Even though Type I
PMIs from C. albicans, S. cerevisiae, H. sapiens, E. coli,
and S. typhimurium share only 19% amino acid sequence
identity (28% identical or strongly similar), the active
site amino acids are conserved (Fig. 4 and Supporting In-
formation Fig. S2). More importantly, those active site
residues in the theoretical model of CaPMI that interact
(within 2.4 A) with the zinc metal cofactor and the cyclic
substrate 3-M6P (Fig. 5) or the HEI analogue inhibitor
5PAH (Fig. 6) are 100% conserved. This observation sug-
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Ser109

His285
Ser109

Figure 5

Representation of the active sites of the lowest energy models of Type I PMI from C. albicans complexed with the cyclic substrate 3-D-mannopyranose 6-
phosphate (3-M6P) obtained through SIBFA computations, in which either a cationic (A) or a neutral (B) Lys136 side chain is considered respectively. The
models show the zinc-bound water molecule and GIn111 postulated to be involved in ring-opening of the cyclic substrate. The zinc metal cofactor is depicted
as a sphere, plain lines indicate coordinating bond interactions, and the dashed lines indicate hydrogen bond interactions. The lengths of potential hydrogen
bonds and of coordinating bonds are shown (in Angstroms) next to the dashed and plain lines, respectively. DS Visualizer 20,71 Pov-Ray 3.6,/2 and Gimp

software were used to prepare the figure. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Representation of the active site of the lowest energy model of Type I PMI from C. albicans complexed with the HEI analogue inhibitor 5PAH obtained
through SIBFA computations. The model shows Lys136 to be ideally situated for proton transfer between the C1 and C2 atoms of the corresponding
linear substrate M6P or F6P. The zinc metal cofactor is depicted as a sphere, plain lines indicate coordinating bond interactions, and the dashed lines
indicate hydrogen bond interactions. The lengths of potential hzdrogen bonds and of coordinating bonds are shown (in Angstroms) next to the dashed

and plain lines, respectively. DS Visualizer 2. 0,1 pov- Ray 3.6,
gests we can generalize the conclusions about mecha-
nisms drawn from inhibition and molecular mechanics
studies of CaPMI to the other Type I PMIs considered
herein, and notably to human PMI.

p-MGBP and SPAH binding in the CaPMI
active site

Besides the crystal structures of StPMI which were very
recently reported by Sagurthi ef al,16 the crystal structure of
CaPMI reported by Cleasby et al. (PDB ID code 1PMI) is
one of the few PMI structures described in the literature.12
Because we did not succeed in obtaining high-resolution
crystal structures of PMI complexes, the polarizable molecu-
lar mechanics procedure SIBFA40 was used here to analyze
the structural and energetics aspects of 3-M6P and 5PAH
binding to a 164-residue model of CaPMI including an addi-
tional array of highly polarized discrete water molecules in
the binding site. The SIBFA procedure was previously
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and Gimp 2. 0o’

3 software were used to prepare the figure.

applied successfully to study several inhibitor-metalloprotein
complexes,2>>44,47-50,53,74 We ysed the three-dimensional
structure of the Type I C. albicans PMI'2 as a starting point
to generate a theoretical model of the enzyme, and thereafter
the different complexes of the model with the substrate or
the inhibitor and the array of discrete water molecules.

The active sites of the lowest SIBFA energy-minimized
representations of C. albicans PMI complexed with
B-D-mannopyranose 6-phosphate (-M6P), including a
zinc-bound water molecule plus an array of nine water
molecules, are depicted in Figure 5(A,B), in which either a
cationic or a neutral Lys136 side chain is considered, respec-
tively. In these similar energy-minimized structures, the zinc
metal cofactor has a coordination number of five. The
ligands are arranged around the metal ion as a distorted tri-
gonal bipyramid. A water molecule is bound to Zn(II),
which is also liganded by four side chain atoms from the
protein, Gln111 Oel, His113 Ne2, Glul38 Oel, and His285
Ne2. A very similar zinc environment is found in the
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Figure 7

Structural alignment of the active site residues of the SIBFA-computed model structures of CaPMI complexed to 3-M6P (green or light gray) and
of the apoenzyme (red or dark gray). The zinc metal cofactor is depicted as a large sphere and the water molecule as a smaller %Jhere. The dashed

lines indicate hydrogen bond interactions for the CaPMI-B-M6P energy-minimized structure. DS Visualizer 2.0,71 Pov-Ray 3.6,

and Gimp 2.073

software were used to prepare the figure. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

reported crystal structure of CaPMI.22 1t is important in
this respect that a correct pentacoordination of zinc was
retained at the outcome of EM without enforcing any zinc
ligand distances, as is the case with most classical force
fields. The zinc-bound water molecule further forms two
hydrogen bonds with the oxygen atoms of Glu138 and with
the hydroxyl group on Cl of B-M6P. Glul38 forms addi-
tional H-bonds through its O¢2 oxygen atom with Lys136
and the hydroxyl group on C2 of B-M6P. The O atom of
the C3 hydroxyl has a weak H-bond (dO—H = 2.7 A) with
one H atom of the protonated Lys136 residue Figure 5(A).
The O atom of the C4 hydroxyl is H-bonded to a water
molecule. The ring oxygen atom on C5 of 3-M6P is H-
bonded to the NH, group of GIn111, a residue thus likely to
be involved in the ring-opening step of 3-M6P. The phos-
phoryl group of 3-M6P forms hydrogen bonds to the side
chains of Ser109, Arg304, Lys310, and a water molecule. The
phosphate ester oxygen atom on C6 appears also intramo-
lecularly H-bonded to the hydroxyl group on C4. Ser109
further interacts through its side chain O atom with the side
chain amino group of GInl11, and Lys310 with two water
molecules. The nine discrete water molecules are distributed
in three arrays of three water molecules each: at the entrance
of the binding pocket between Aspl7 and the phosphate
group of 3-M6P, between Lys310 and Asp300, and between
Lys310 and Glu48, the latter being part of a network involv-
ing successively Glu48, Lys100, Glu294, and Tyr287 (not
shown). The overall energy-minimized structure depicted in
Figure 5(A) is similar to the corresponding energy-mini-
mized structure we reported without the array of discrete
water molecules2> except for the phosphoryl group of the

substrate and the amino side chain group of Lys310, which
moved by 0.3 and 0.2 A, respectively. The similarity indi-
cates the limited perturbation of the structures by the polar-
ized discrete water molecules. On the other hand, they were
found to play an essential role in the comparative energy
balances of complexation of competing ligands (Gresh et al.,
in preparation). However, superposition of the model with
the structure of the apoenzyme (PDB code 1PMI) shows a
rather significant displacement of Arg304 and Lys310 to-
ward the phosphoryl group of the substrate upon binding
of B-M6P to the enzyme active site (Fig. 7).

The active site of the SIBFA energy-minimized structure
of C. albicans complexed with the anion hydroxamate
5PAH, including the array of 11 water molecules, is repre-
sented in Figure 6. It is noted that only a cationic Lys136
side chain is now considered. This could occur by proton
abstraction from the 5PAH hydroxamic acid moiety which,
having a pK, of 9.6, is predominantly in its acid form
when uncomplexed in aqueous solution. Zn(II) is fivefold
coordinated. The ligands are arranged around it at the
apexes of a distorted trigonal bipyramid. The hydroxamate
moiety of the inhibitor is bound in a monodentate mode to
Zn(Il) through its N-connected O atom. Zn(II) is also
liganded by four side chain atoms from the protein, Gln111
Ocl, Hisl13 Ne2, Glul38 Oc¢l, and His285 Ne2. A similar
zinc environment is found in the reported crystal structure
of CaPMI, excepted that a water molecule is found in place
of the N-connected O atom of 5PAH.22 The carbonyl O
atom on C1 of 5PAH (which corresponds to the O atom on
C2 of the substrate) forms two hydrogen bonds to Lys136, a
residue which appears to be a possible candidate for proton
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Figure 8

Structural alignment of the active site residues of the SIBFA-computed model structures of CaPMI complexed to 3-M6P (green or light gray) and
to 5PAH (red or dark gray). The zinc metal cofactor is depicted as a large sphere and the water molecule as a smaller sphere. The dashed lines
indicate hydrogen bond interactions for the CaPMI-5PAH energy-minimized structure. DS Visualizer 2.0,71 Pov-Ray 3.6,72 and Gimp 2073
software were used to prepare the figure. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

transfer between the two carbon atoms C1 and C2 of the
substrate M6P or F6P. Lys136 is also hydrogen bonded to
Glul38 Oe¢2. The distances from the Lys136 side-chain N
atom to the C1 and N atoms of 5PAH are 3.4 and 3.8 A,
respectively. These are notably shorter than the correspond-
ing distances from the Glul38 Oe2 and Oe€l atoms, which
amount to 4.4 and 4.0 A and to 4.9 and 4.0 A, respectively.
These structural data suggest that proton transfer should
involve Lys136 rather than Glu138. This is supported by the
pK, values of these residues reported below. The phosphoryl
group of 5SPAH forms hydrogen bonds to the side chains of
Ser109, Arg304, and Lys310, and a water molecule. The O
atom on C4 of 5PAH interacts with the side chain amino
group of GInl111. It should be noted that the latter O atom
corresponds to the ring O atom on C5 of the substrate 3-D-
mannopyranose 6-phosphate (3-M6P) or 3-p-fructofura-
nose 6-phosphate (B-F6P), which supports the model that
Glnl111 is a good candidate to be a catalytic residue involved
in the potentially enzyme-catalyzed initial ring opening step.
The hydroxyl group on C4 of the inhibitor could also be
intramolecularly hydrogen bonded to the O atom on CI.
Ser109 further interacts through its side chain O atom with
the side chain amino group of GInl1l. Ten of 11 discrete
water molecules are part of an array of hydrogen bonds
involving Aspl7, Trpl8, Lys310, Asp300, and His54 (not
shown) in the vicinity of the hydroxyl groups on C2 and C3
and of the phosphoryl group of 5PAH. The other water
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molecule forms hydrogen bonds with the backbone NH
group of Serl09 and the phosphoryl group of 5PAH. The
oxygen atom of the hydroxyl group on C3 of 5PAH is H-
bonded to a water molecule. Although no strong interac-
tions could be detected for the hydroxyl group on C2 with
active site residues or water molecules, it could be weakly
hydrogen bonded to Lys100, a residue being part of a net-
work involving successively Glu48, Lys100, Glu294, and
Tyr287 (not shown). Superimposition with the SIBFA
energy-minimized structure of CaPMI complexed to
B-M6P shows a significant move of the O1 oxygen atom of
the ligand toward the zinc metal cofactor, as well as of the
zinc metal cofactor itself (0.7 A), His113 and Lys136 toward
the ligand. These movements result from the strong interac-
tions of the substrate in a high-energy intermediate form, as
mimicked by 5PAH, with PMI along with the removal of
the Zn(II)-bound water molecule (Fig. 8).

DISCUSSION

In this study, we report the kinetic evaluation of two
HEI analogue inhibitors, 5PAH and 5PAHz, on two Type
I PMIs: commercially available EcPMI and recombinant
HsPMI, which was overexpressed and purified through a
much more efficient procedure than previously
reported.# This improved procedure allowed us to obtain
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large amounts of HsPMI for studies of its kinetics and
inhibition studies. It may also facilitate structure-activity
studies, in particular through X-ray -crystallography,
although our attempts to grow crystals did not lead to
successful results yet.

As we reported before for the Type I ScPMI and Type
II PaPMI catalyzed isomerisation reactions of M6P to
F6P,45 5PAH is also the strongest competitive inhibitor
ever evaluated for both Type I HsPMI and bacterial
EcPMI. Whatever PMI is considered, the high K, /K; ra-
tio values we determined (Table I) suggest a much stron-
ger structural analogy of the inhibitor with the reaction
HEI than with the substrate M6P or F6P. In addition, it
is interesting to note that we report higher K./K; ratio
values for bacterial PMIs from E. coli and P. aeruginosa,
4100 and 18,250,4° respectively, than for eukaryotic
enzymes from yeast and human, 14104> and 1000,
respectively. Although the ratio is only slightly larger for
the bacterial over the eukaryotic enzymes, which indi-
cates a rather high degree of homology of the active site
of PMIs whatever type or source is considered, these
results for 5SPAH are encouraging for the future develop-
ment of molecules of therapeutic interest targeting bacte-
rial PMIs.

Comparison of the K; values of 5PAH and 5PAHz on
both human and E. coli PMIs reported in Table I shows
that 5PAHz is much less efficient than 5PAH as an inhib-
itor of the enzyme catalyzed isomerization of M6P to
F6P (Table I). The ratio K; (5PAH)/K; (5PAHz) is in the
range of 20, which corresponds to a 1.8 kcal mol !
increase in the binding affinity of 5PAH versus 5PAHz
for the enzyme active site. The pK, value of 5PAHz is
not available, but hydrazides are known to have such val-
ues above 15, as compared with 5PAH for which we
reported a pK, value of 9.6.4> Consequently, 5SPAHz is
neutral in solution and most likely at the enzyme active
site, whereas 5PAH is partly anionic in solution and
most likely anionic at the enzyme active site, that is, in
its hydroxamate or hydroximate form as we previously
proposed for the PGI catalyzed reversible isomerization
of G6P and F6P.%8 It seems likely that electrostatic stabi-
lization of a 1,2-cis-enediolate HEI plays a significant role
in the catalytic mechanism of PMI, a hypothesis also for-
mulated in the case of the TIM catalyzed reversible isom-
erization of dihydroxyacetone phosphate and glyceralde-
hyde 3-phosphate.33 In the case of Type I PMIs, the ani-
onic nature of the HEI is further supported by the Lewis
acid character of the enzyme active site zinc cofactor and
the nearby cationic residue Lys136-NH;™".

In an attempt to propose an overall mechanism for
the M6P to F6P reversible isomerization catalyzed by
Type I PMIs, we should first consider the question of
whether the enzyme active site binds the cyclic or linear
form of the substrate M6P. To date, no crystal structure
of a PMI-M6P complex is available to answer this ques-
tion. However, based on the following observations, we

propose the hypothesis that the enzyme active site recog-
nizes the cyclic form of the substrate preferentially to its
linear form. First, PMIs use a sugar substrate that exists
in solution overwhelmingly in the hemi-acetal ring form.
To our knowledge, the amount of M6P present in solu-
tion in the open-chain form is not available, but a value
for the free aldehyde form of mannose in solution is esti-
mated to be about 0.064%!”° Phosphorylated sugars are
known to mutarotate faster than the corresponding non-
phosphorylated sugars, so it has been assumed that about
50 times as much open chain form of the phosphorylated
hexoses could be present in solution than of the free sug-
ars.30 In our hands, °C NMR analysis of M6P in D,0
did not detect any of the linear form. Hence, considering
that probably much less than 3% of the M6P present in
aqueous solution is linear, it is difficult to conceive, from
an efficiency point of view, that the enzyme will exclu-
sively use this minor form. Second, the a anomer of D-
mannopyranose 6-phosphate (a-M6P) is a weak inhibi-
tor of the enzyme, whereas the B anomer (3-M6P) is a
substrate.2 Thus, if the linear form of M6P were the only
form of the substrate to bind to the enzyme active site,
both a-M6P and B-M6P would behave similarly. Third,
we also investigated the SIBFA energy-minimized struc-
tures of CaPMI complexed to the cyclic «-M6P and lin-
ear M6P (data not shown). The energy balances resulted
in a significant preference favoring the complex of f3-
M6P isomer with CaPMI (Fig. 5) over that of the a-
M6P isomer (work in preparation). Consequently, it
seems reasonable to propose that the true M6P substrate
of PMIs is the cyclic substrate 3-M6P. Because the sub-
strate must be in the open-chain form for proton transfer
to occur between Cl1 and C2, the above hypothesis
implies that the enzyme catalyzes a second activity, that
of ring-opening, before the isomerization step itself.
Comparison to other aldose-ketose isomerases like xylose
isomerase, 2931 phosphoglucose isomerase,/0~78 and
phosphoribose isomerase,”? for which an enzyme-cata-
lyzed ring-opening step of the corresponding substrate
has been demonstrated, is also in accord with a similar
PMlI-catalyzed primary step with the cyclic substrate B-
MG6P or B-F6P.

As we previously reported, initial binding of the cyclic
substrate 3-M6P does not imply displacement of the
zinc-bound water molecule observed in the crystal struc-
ture of the free enzyme reported by Cleasby et al.12
However, a significant displacement of two cationic resi-
dues of the binding pocket, namely Lys310 and Arg304,
is observed upon binding of the substrate in a classical
induced-fit mechanism (Fig. 7). The substrate 3-M6P is
thus strongly stabilized at the binding site of CaPMI
through interaction of its phosphoryl group with residues
located at the entrance of the binding cleft including
Ser109, Lys310, and Arg304, as well as a water molecule.
For reasons unclear to us, Sagurthi et al also reported
binding of the cyclic substrate B-F6P to StPMI, also a
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Type I PMI in a different binding site which notably
does not involve Arg304.16 However, Arg304 was firmly
identified as a residue of the active site of CaPMI by
enzyme inactivation using phenylglyoxal in absence of
substrate. On the contrary, coincubation of the enzyme
with substrate was reported to protect the enzyme from
this inactivation, suggesting a direct interaction of
Arg304 with the substrate.13 Furthermore, the reported
structure of Type I phosphate-bound B. subtilis PMI
clearly shows interaction of inorganic phosphate with
Argl93, the residue equivalent to Arg304 in CaPM1.41
We have attempted to perform new energy-minimiza-
tions of CaPMI complexed with B-M6P in the binding
site identified for B-F6P on the StPMI structure.16 We
tried using SIBFA as well as the Accelrys CFF9180 classi-
cal force-field. Severe steric clashes were invariably
encountered, which prevented us from obtaining any
meaningful structure. The models represented in Figure 5
also show the highly conserved GInlll binding through
its side-chain amide group to the O5 ring oxygen atom
of the substrate 3-M6P. Hence, we propose that Glnll1l
is involved in the enzyme-catalyzed ring-opening step
through interaction of its amide side-chain group with
the oxygen atom of the pyranose ring of the cyclic sub-
strate. GIn111 would thus facilitate ring-opening of the
substrate with the assistance of the zinc-bound water
molecule. Following ring-opening, a change in the con-
formation of M6P would allow the oxygen atom on Cl
to displace the zinc-bound water molecule so that the
C1—C2 part of the substrate is in a position suitable for
the second enzyme activity, isomerization, to take place.
The mechanism of the isomerization step could be
described based on the model of a detailed view of the
HEI analogue inhibitor (5PAH) complexed to the active
site zinc of the Type I PMI from C. albicans (Fig. 6). All
the active site residues of Type I PMIs mentioned in this
study are conserved, as shown by the sequence alignment
in Figure 4. The lowest SIBFA energy-minimized struc-
ture obtained for the CaPMI-5PAH complex clearly
shows the hydroxamate inhibitor bound in a monoden-
tate mode to the zinc cofactor. This model first highlights
the importance of the hydroxyl groups of C2 and C4 of
5PAH which correspond to C3 and C5 of the substrate.
These hydroxyls are in the vicinity of Lys100 and GInl111,
respectively. The only hydroxyl group not engaged in
hydrogen bonding with an active site residue is the one
on C3 of 5PAH, corresponding to C4 of the substrate
MG6P. It is nevertheless bound to a water molecule itself
interacting, through three other water molecules, with
the conserved Trpl18. This observation suggests that mod-
ification of the inhibitor at this position could be envi-
sioned to increase the inhibition efficiency and species se-
lectivity. A neutral Lys136 appears as the best candidate
for the active site catalytic base of Type I PMIs thought
to be involved in the proton transfer between C1 and C2
of the substrates. As shown in Figure 6, Lys136 is the
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closest residue to the N and C1 atoms of 5PAH, which
correspond to the Cl and C2 carbon atoms of the sub-
strate, respectively. Within the class of aldose-ketose iso-
merases, however, identifying a lysine residue as the
probable catalytic base involved in the proton transfer
between the two adjacent carbons of the substrates cata-
lyzed by Type I PMIs is unique. Indeed, except in the
case of aldose-ketose isomerases that proceed through a
hydride shift mechanism, like xylose isomerase, a gluta-
mate residue has always been identified as the catalytic
base for aldose-ketose isomerases that proceed through a
proton transfer mechanism like triosephosphate isomer-
ase and phosphoglucose isomerase.

Because of its strong interaction with the zinc cation
and Lys136, Glul38 displays a PROPKASL:82 calculated
pK, value of —7.0 £ 0.9, which indeed makes this resi-
due very unlikely to act as a base in the ring opening
step of the substrate, nor in the proton transfer between
C1 and C2 of the substrate. Consequently, ring-opening
of the substrate at the active site might indeed occur in a
concerted manner with the assistance of the zinc-bound
water molecule and Glnll1l. Interestingly, the calculated
pK, value for Lys136 with PROPKA gives 7.6 + 0.9,
which is about three pK, units below the value in aque-
ous solution. Lys136 could thus be easily deprotonated at
physiological pH or at pH of PMI activity (range 6.5-8)
or can even be nonprotonated. Indeed, we have per-
formed a SIBFA modeling study of the enzyme-substrate
complex with a neutral Lys136 [Fig. 5(B)] that shows no
differences when compared with the complex with a pro-
tonated Lys136 [Fig. 5(A)]. Lys136 is too far from the
anomeric OH group of the substrate and from the zinc-
bound water molecule to be involved in the ring-opening
of the substrate. On the other hand, a neutral Lysl136-
NH, residue is likely to be involved in proton transfer
between the Cl and C2 carbon atoms of the substrate.
This step would involve the 1,2-cis-enediolate HEI and a
protonated Lys136, as mimicked by our model depicted
in Figure 6 of CaPMI complexed with the anion hydrox-
amate 5PAH. It should be added that Gracy and Nolt-
mann reported that, from the pH dependence of the ki-
netic parameters, pK, values of 6.6 and 7.8 for the free
enzyme and of 6.4 and 8.1 for the enzyme-substrate
complex had been determined for two ionizable groups
involved in substrate binding and catalysis. The pK, val-
ues of 6.6 and 6.4 had been attributed to a histidine resi-
due, but this seems very unlikely considering that the
PROPKA calculated values for the two His active site res-
idues, namely His113 and His285, are —1.5 and —0.8,
respectively. The second pK, value corresponds to the
calculated Lys136 pK, of 7.6 + 0.9.

In view of our results, the proposed multistep mecha-
nism of the M6P to F6P reversible isomerization reaction
catalyzed by Type I PMIs is depicted in Figure 9 and is
detailed below. The numbering of the steps refers to the
M6P to F6P direction of catalysis. The consideration of a
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The proposed multistep mechanism of the M6P to F6P reversible isomerization reaction catalyzed by Type I PMIs (the numbering of the steps
refers to the M6P to F6P direction of catalysis). (1) Ligand binding and ring opening: Assisted by the zinc-bound water molecule and GInl11,
displacement of electrons and protontropy between the oxygen atoms O1 and O5 induce cleavage of the C1—O5 bond and generate the open form
of M6P. (2) Conformational change and water displacement: following displacement of the zinc-bound water molecule, zinc coordination of the O1
oxygen atom of M6P allows favorable interaction of its hydroxyl group on C2 with the nearby Lys136. (3) Isomerization: the neutral Lys136-NH,

2

residue thereafter abstracts the hydrogen on C2 of M6P to yield the first 1,2-cis-enediolate HEI stabilized through interaction with Zn
(4) Protontropy: proton transfer between O1 and O2 yields the second 1,2-cis-enediolate HEL (5) Product formation: linear F6P is

Lys136-NH; ™.

o
and

formed by protonation of the C1 carbon atom of the HEI on its Si face by Lys136-NH; ", yielding Lys136-NH,. (6) Ring closure and product
release: upon entry of a new water molecule and cyclization, 3-p-fructofuranose 6-phosphate (B-F6P) is released from the active site upon binding

of B-M6P. ACD/Chemsketch software was used to prepare the figure.

neutral Lys136 residue is justified by its calculated pK,
value, implying a stabilization of the neutral form possibly
coexisting with the cationic one. It is also consistent with
the result by Gracy and Noltmann. Figure 5(A,B) also
show that in their complexes with 3-M6P, the side chains
of the cationic and of the neutral Lys136 residue occupy
similar positions. (1) Ligand binding and ring opening: the
cyclic substrate B-pD-mannopyranose 6-phosphate (B-

M6P) binds to the zinc-bound water molecule through its
O1 oxygen atom and to Glul38 through its C2 hydroxyl
group, to Glnl111 through its ring O5 oxygen atom, and to
Ser109, Arg304, and Lys310 through its phosphoryl group.
In a probably concerted mechanism, and with the favor-
able assistance of GInl11 and the zinc-bound water mole-
cule, displacement of electrons and protontropy between
the oxygen atoms Ol and O5 induce cleavage of the
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C1—O5 bond and generate the open form of M6P. (2)
Conformational change and water displacement: following
displacement of the zinc-bound water molecule, zinc coor-
dination of the Ol oxygen atom of M6P allows favorable
interaction of its hydroxyl group on C2 with the nearby
Lys136. (3) Isomerization: the neutral Lys136-NH, there-
after abstracts the hydrogen on C2 of M6P to yield the first
1,2-cis-enediolate HEI stabilized through interaction with
Zn*" and Lys136-NH;*. (4) Protontropy: proton transfer
between O1 and O2 yields the second 1,2-cis-enediolate
HEI also stabilized through interaction with the metal
cofactor and Lys136-NH;". (5) Product formation: linear
F6P is formed by protonation of the C1 carbon atom of
the HEI on its Si face by Lys136-NH;", yielding Lys136-
NHo,. (6) Ring closure and product release: upon entry of a
new water molecule and cyclization, 3-p-fructofuranose 6-
phosphate (3-F6P) is released from the active site upon
binding of 3-MG6P.

In conclusion, our inhibition and theoretical studies of
Type I PMIs reported here allowed us to identify the active
site residues and to propose a role for each of them in the
enzyme catalyzed reversible ring-opening and isomeriza-
tion reactions of B-M6P to 3-F6P. We are aware that some
parts of the mechanism, which are based on relative move-
ments (or distances) between residues and substrate, lack
the required dynamic information. However, as far as we
know, molecular dynamics on metalloproteins is not possi-
ble at the present time, although it is currently a subject
under study in our group with SIBFA.
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