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ABSTRACT: The phosphomannose isomerases (PMI) comprise three families of proteins: type |, type I,
and type lll PMIs. Members of all three families catalyze the reversible isomerizatioan@dinnose
6-phosphate (M6P) armifructose 6-phosphate (F6P) but share little or no sequence identity. Because (1)
PMis are essential for the survival of several microorganisms, including yeasts and bacteria, and (2) the
PMI enzymes from several pathogens do not share significant sequence identity to the human protein,
PMIs have been considered as potential therapeutic targets. Elucidation of the catalytic and regulatory
mechanisms of the different types of PMIs is strongly needed for rational species-specific drug design.
To date, inhibition and crystallographic studies of all PMIs are still largely unexplored. As part of our
research program on aldesketose isomerases, we report in this paper the evaluation of two new inhibitors
of type | and type Il PMIs from baker’s yeast aRdeudomonas aerugingsaspectively. We found that
5-phosphae-arabinonohydroxamic acid (5PAH), which is the most potent inhibitor of phosphoglucose
isomerase (PGI), is by far the best inhibitor ever reported of both type | and type Il PMI-catalyzed
isomerization of M6P to F6P. 5PAH, which has an inhibition constant at least 3 orders of magnitude
smaller than that of previously reported PMI inhibitors, may be the first high-energy intermediate analogue
inhibitor of the enzymes. We also tested the related molecule 5-phasphabinonate (5PAA), which is

a strong competitive inhibitor of PGI, and found that it does not inhibit either PMI. All together, our
results are consistent with a catalytic role for the metal cofactor in PMI activity.

Originally discovered from baker’'s yeast in 1950),( OPO,% OPO52
phosphomannose isomerase (PMHC 5.3.1.8) catalyzes the HO o PMI o._ OH
reversible isomerization af-mannose 6-phosphate (M6P) H%&OH = HO oH
and p-fructose 6-phosphate (F6P; Figure 1), with a high OH
specificity for theg-anomer of each substrat2<4). In all V6P FoP

eukaryotes and prokaryotes investigated so far, the enzyme o _
has been reported to play a crucial role in botmannose EIGUEE 1:hRever5|ble_|nterconver3|(())n|of F6P and M6P catalyzed
metabolism and the supply of the activated mannose donorrgp%rt%%ptg @:gﬂ%ﬁﬁ;g?gﬁﬁf‘énzr;ny%*?(ranose anomers are
guanosine diphosphatemannose (GDB-mannose), which

is a required reactant for the biosynthesis of many manno- PMI PMM GMP
sylated structures, including glycoproteins, glycolipids, and, FéP M6P MIP == GDP-D-Mannose
in the case of microorganisms such as fungi, cell wall GTP  PPi

components. In addition, GDB-mannose is a precursor for - Fgure 2: GDPo-mannose biosynthesis pathway from F6P. The
PMI and GMP activities of type Il PMIs are indicated in bold letters.

T This research was supported in part by a grant from the American
Heart Association to CJJ.
* To whom correspondence should be addressed. T88 16915 gther activated nucleotide sugars that are also involved in

63 11. Fax: +33 1 69 15 72 81. E-mail: lasalmon.icmo.u-psud.fr. . . . .
+ Universite Paris-Sud XI. the synthesis of various glycoconjugates. Following PMI-

§ University of lllinois. catalyzed isomerization of F6P to M6P and subsequent
! Abbreviations: 5PAA, 5-phospho-arabinonate; 5SPAH, 5-phos-  conversion of M6P ta-mannose 1-phosphate (M1P) by

pho-b-arabinonohydroxamic acid; CF, cystic fibrosis; FéFructose ; ;
6-phosphate; G6P:-glucose 6-phosphate; GDP, guanosine diphosphate; phosphomannomutase (PMM), incorporation of GTP by
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phate; G6PDHp-glucose-6-phosphate dehydrogenase; HERER- mannose (Figure 2).
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in amino acid sequence between the PMIs from pathogens Due to the level of amino acid sequence identity10%)
and humans. Indeed, unless the growth medium is supple-among type | PMIs from pathogenic microorganisms such
mented withb-mannose, PMI has been found to be essential as bacteria, yeasts, aitl sapiensit appears that it might

for the survival of cells fronSaccharomyces cersiae (5), be difficult to achieve species-specific inhibition of a fungal
Candida albicang6), andMycobacterium smegmaf{g) and or bacterial type | PMI. On the other hand, no sequence
important for the virulence of the protozoan parasigsh- identity is found between type | and type 1l enzymes, except

mania mexicané8). PMI is also needed for the development for a very small conserved amino acid sequence motif, which
of mucoid strains ofPseudomonas aeruginoshat cause makes up part of the active site in the crystal structi@. (
recurrent and life-threatening lung infections in cystic fibrosis Therefore, specific inhibition of the PMI activity, while
(CF) patients. The serious lung infections are a major causeleaving the human type | protein unaffected, should be
of the decreased life expectancy of CF patients. PMI has achieved more easily for type Il than for type | pathogenic
been found to be essential in the production of the exo- proteins 27). This suggests the possibility of rational design
polysaccharide alginated), which coats the bacteria and of potent and highly species-specific inhibitors against the
protects them from antibiotics and the host's immune system.targeted PMIs from pathogens.

In most human tissues, the bulk of the central metabolite  As matters stand, elucidation of the catalytic and regulatory
M6P that is utilized for glycoprotein synthesis is likely not mechanisms of type | and type Il PMIs is strongly needed
derived from G6P but originates from efficient uptake of for rational drug design. To date, inhibition and crystal-
D-mannose in serum through a specific mannose transporterjographic studies of all PMIs are still largely unexplored.
followed by phosphorylation by hexokinase). In humans,  Hence, as part of our program of study of aldeketose
a deficiency of PMI activity leads to carbohydrate-deficient isomerases, we report in this paper a potent competitive
glycoprotein syndrome type 1b (CGDS 1b), a severe inhibitor for isomerization of M6P to F6P by both typeS.(

metabolic disorder with hepatigntestinal presentatiori(, cerevisiae) and type Il P. aeruginosh enzymes. The
12), that is however today successfully treated by oral competitive inhibitor, designed as an analogue of the
p-mannose 13). postulated high-energy intermediate, is by far the strongest

From sequence alignments and physicochemical andever evaluated on a PMI, with inhibition constant values in
kinetic characterization, a classification of PMIs has been the nanomolar range. In addition, further inhibition studies
proposed by Proudfoot et al14). Type | PMIs, which  on both PMIs and comparison to kinetic studies of phos-
include proteins fromAspergillus nidulansC. albicans phoglucose isomerase are consistent with a catalytic role for
Escherichia coli Homo sapiensSalmonella entericaS. the metal cofactor.
cerevisiae (15, 16), Caenorhabditis elegan$treptococcus
mutans(17), and Cryptococcus neoformand8), are ho- MATERIALS AND METHODS

mologous monofunctional enzymes catalyzing the single ) o .
isomerization reaction. The type | PMI isolated frodn Materials. The disodium salt of 5-phosphmarabinono-

cerevisiae in 1968 (19) has been shown to be a zinc- nydroxamic acid and the trisodium salt of 5-phospho-
dependent metalloenzyme, with one metal atom per molecule@rabinonate were synthesized according to the reported
of the 45 kDa monome2(). A high-resolution X-ray crystal proceduresZ9—31). M6P was purchas_ed as the barium salt
structure of the type | PMI fron€. albicansis the only 30~ and converted to the sodium salt by ion-exchange chroma-
structure of a PMI reported to dat@l). A pocket on the  tography with a Dowex-50x4400 resin. PMI fromP.
surface that is very likely to be the active site and a zinc €ruginosawas overexpressed and purified as previously
metal cofactor binding site have been identified; however, described  32). Purified water (18.2 Np), used for the
the roles of the individual active site amino acids and zinc Preparation of the buffer, was obtained by filtration through
ion in the catalytic mechanism are still not known. a Milli-Q device (0.22um) from Millipore. All other
Type Il PMIs are bifunctional enzymes possessing both commercial chem|cals gnd b|och.em|cals were of reagent
PMI and GMP activities (Figure 2) in separate catalytic 9rade from Sigma-Aldrich Chemical Co. and were used
domains. In some species the PMI and GMP domains arew[thout further purification. All solutions and enzyme
found as separate proteins7|. Type Il PMIs reported so allquots were stored at20 °C, except the buff_er solutlon,
far are found only in some bacteria, includiRgaeruginosa ~ Which was stored at 4C, and the NADP solution, which
(9), Xanthomas campestrig2), Acinetobacter calcoaceticus ~Was freshly prepared prior to use.
(]_7), Rhodospiri”um rubrun(23), Acetobacter Xy|inu|’(24), Instruments.UV absorbance measurements were made
Salmonella typhimuriuni25, 26), andHelicobacter pylori with a Safas 190 DES spectrophotometer equipped with a
(27). A recently reported sequence alignment and databaseJulabo thermostat regulation device, using 1 mL of Brand
search reveals that all type Il PMI/GMP bifunctional proteins Polystyrene disposable cuvettes of 1 cm optical path.
share a high degree of sequence identity and contain three PMI Assays Using the PGI/G6PDH Coupled Enzyme
highly conserved amino acid sequence motifs. PMI activity Method. Yeast andP. aeruginosaPMI activities were
in type 1l enzymes uses Zhas the metal cofactor but also  spectrophotometrically assayed at 340 nm using a coupled
can use other divalent cations, TpMg?*, Mn?*, Ca&", or enzyme assay with PMI activity coupled to the activities of
Ni?*, depending on the enzyme source. The PMI domain of yeast PGI and yeastglucose-6-phosphate dehydrogenase
the bifunctional enzymes still conserves the zinc binding (G6PDH), following a procedure adapted from the literature
amino acid motif QXH also seen in zinc metalloenzymes, (19, 33). Both auxiliary enzymes were added in excess so
although the reason the PMI domain is not specific fot'Zn  that the rate-limiting reaction was the PMI-catalyzed isomer-
has not been elucidated?). So far, only one type Ill PMI ization of M6P to F6P. Careful control experiments were
has been reported, froRhizobium melilot(28). conducted to check this assumption by adding further excess
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of the auxiliary enzymes in the presence of the inhibitor at 7 0, 1: |nnibition by 5PAH and 5PAA of the M6P to F6P
its highest concentration. In some cases, this enzymatic assaysomerization Catalyzed by Yeast aRd aeruginosaPMIs
could not be used for the PMI assays, so instead the

. . . inhibitor parameter yeast PRIl P. aeruginosé@®MIP
colorimetric assay described below was employed. The
activity measurements were made using the multicuvette "¢ Em g?'};'c)c g'olilzi 0.013 c?'c%eizo 005
mode with the temperature held at Z5. Specific activities kc:l{Km (MM-1s Y 165+ 34 0.030+ 0.004
were measured using a substrate concentration of at least 55PAH K (uM)© 0.0864 0.015 0.1370.012
times the correspondinig, value. In the case of yeast PMI, KKe 1410 18250
the assay mixture contained, in a volume of 1 mL, 50 mM SPAA 'Ig:g E/:n'\ﬂ/?)d g:ésféc-?.oos g(')lf%t 0.014

HEPES buffer, pH 7.1, prevjously sterilized anq filtered (0.22 = Soecific activive (48 £ 3) < 10= umt oL Speciic acivi
pm), 0.05-2 mM M6P sodium salt (100 mM in buffer), 5 _ (g.g + 0.7) x 1{;5(unit/4l_)j. : Using the PGIGEPDH coupled
mM MgCl; (500 mM aqueous solution), 0.4 MM NADP  onzyme assay.Using the TBA colorimetric assay. See Materials and
sodium salt (40 mM in buffer, used up to 2 weeks after Methods for details on kinetic assay conditions.
preparation), 0.63 unit of G6PDH (6 mg of lyophilized
protein in 816uL of water; a 10uL aliquot was diluted to
100uL with buffer just prior to use), and 0.6 unit of PGI (2
mg of lyophilized protein in 50@L of water and dilution
prior to use of a 1Q«L aliquot to 100uL with buffer). The
5PAH inhibitor was included at final concentrations of
0—0.254M 5PAH (100 mM aqueous solution appropriately
diluted 10, 100, or 1000 times). Following preincubation in
the spectrophotometer compartment until no further increase
in absorbance due to substrate occurreetq@min), the
reaction was initiated by the addition of 0.006 unit of PMI
(32.5 uL of commercial solution diluted to 10@L with
buffer and further dilution of a &L aliquot to 500uL with
buffer prior to use). In the case &f. aeruginosaPMl, the
enzymatic assay was identical except for the following ResuLTS
values: 0.4-3.5 mM M6P, 6.3 units of G6PDH, 6.0 units of
PGI, and 0.006 unit of PMI. The 5PAH inhibitor was Kinetic Parameters of Type | and Type Il PMI$he values
included at final concentrations of-®.8 uM 5PAH. The of K, Keay andkea/Kn, for the M6P to F6P isomerization
rate of absorbance change due to NADPH formatior( reaction were measured for both commercial yPMI and
6220 Mt cm™) coupled to M6P isomerization was then recombinantly expressed and purified PaPMI and are reported
measured. PGI activity was assayed analogously with F6Pin Table 1. Considering the different conditions used for the
as described elsewhei®4( 35), as well as G6PDH with G6P.  kinetics assays, th&; values of 0.12 and 2.5 mM we
Triplicate kinetic data were analyzed by double reciprocal determined for yPMI and PaPMI, respectively, are in the
plots of the initial reaction velocity versus M6P concentration range of those previously reported, 0.65 mib)(and 3.03
measured at various inhibitor concentrations. Nonlinear least-mM (9), respectively. Also, comparison of thie./Kn
squares fit to the observed data using the Mitikad/enten parameters indicates that type | yPMI is a much more
equation for competitive inhibition allowed secondary graphi- efficient catalyst than type || PaPMI for the reaction in the
cal representation of the slope as a function of inhibitor M6P to FEP direction. This is consistent with the fact that
concentration, from which was obtained the value of the the two enzymes catalyze the reaction in different directions
inhibition constantk;). Units of enzyme activity are defined in their respective biochemical pathways. yPMI catalyzes
as micromoles of substrate converted per minute at@5  the reaction in the M6P to F6P direction for M6P utilization.
under the assay conditions described. PaPMI catalyzes the reaction in the F6P to M6P direction
PMI Assays Using the TBA Colorimetric Methoteast in the alginate biosynthesis pathway. It has been suggested
andP. aeruginos@MI activities were spectrophotometrically that PaPMI has evolved to be well suited for alginate
assayed using the thiobarbituric acid (TBA) colorimetric production, not fom-mannose utilization9).
method adapted from the procedures first reported by Design of the InhibitorsOn the basis of biochemical
Percheron36) and Zender and co-worker87). In the case  characterization of PMI, including isotopic exchange studies
of yeast PMI, the assayed mixture contained, in a final (15, 38) and affinity labeling and mutagenesi9( 40), the
volume of 1 mL, 50 mM HEPES buffer, pH 7.1, 0.2 mM reversible isomerization mechanism of M6P to F6P (Figure
M6P (a concentration close to th&, value was chosen), 1) has been proposed to involve proton transfer between
and 5 mM MgC}. Inhibitors were used at the following carbon atoms C2 and C1 and between oxygen atoms O2 and
concentrations: 5PAH at-0150 nM or 5PAA at 6-15 mM. O1. Thus, the mechanism for interconversion of F6P and
Following preincubation at 28C for 15 min, the reaction =~ M6P by PMI shares important similarities with the mecha-
was initiated by the addition of 0.006 unit of PMI. Precisely nism for the interconversion of G6P and F6P by PGI.
5 min later (initial rate conditions), the reaction was stopped However, there are also important differences: (i) PMI
by the addition of 2 mL of a 0.01 M thiobarbituric acid requires the presence of a metal cofactor at the active site
solution in concentrated HCI (prepared daily), yielding a total for activity, and (ii) thepro-Shydrogen of F6P is transferred
volume of 3 mL. After being heated to 8C for 6 min, the in PMI, while it is the pro-R hydrogen in PGI 41).
reaction mixture was cooled to room temperature in arrice  Nevertheless, both enzyme mechanisms may very likely

water bath and under running water. After the reaction was
stopped with TBA (90 min), the amount of F6P formed was
measured from the absorbance of the TBA adduct at 434
nm [e measured= (53 &+ 2) x 10° M~ cm Y. Graphical
representation of the initial rate of formation of F6P as a
function of the inhibitor concentration allowed the determi-
nation of the IG, value (inhibitor concentration that gives
an initial rate equal to 50% of the rate in the absence of
inhibitor). In the case dP. aeruginos@MI, the colorimetric
assay was identical except for the following reagent and
inhibitor concentrations: 2.5 mM M6P and 5PAH at®00

nM or 5PAA at G-20 mM.



Potent Competitive Inhibition of PMI
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Ficure 3: Postulated 1,2is-enediolate high-energy intermediate
(HEI) thought to be involved in the reversible isomerization of M6P
to F6P catalyzed by PMIs and the two HEI analogue inhibitors
evaluated: 5-phospho-arabinonohydroxamic acid (5PAH, here
depicted as its basic hydroximate form) and 5-phospfawabinon-
ate (5PAA).

involve an identical 1,Zis-enediol (or 1,2is-enediolate)
high-energy intermediate (HEI)38). Although several
competitive inhibitors reported in the literature were evalu-
ated on PMIs from various sources, including 4-phospho-
p-erythrose {4, 42), 5-phosphate-arabinose 14), and
1-phosphate-fructose 43), none of them displayed K;
value lower than 4M or a K/K; ratio higher than 15, so
no PMI inhibitor reported to date can be considered to be a
good high-energy intermediate or transition state analogue
inhibitor. Consequently, we selected 5-phospharabinono-
hydroxamic acid (5PAH) and 5-phospbearabinonate
(5PAA), the two most efficient inhibitors of PGI reported
in the literature 29, 30, 35, 44), as good candidates for strong
inhibition of the PMI-catalyzed isomerization of M6P to F6P
(Figure 3). The two PGI inhibitors were evaluated on both
the type | PMI from S. cereisiae (yPMI), which is
commercially available, and the type 1l PMI from.
aeruginosa(PaPMI), which was recombinantly expressed
and purified 9, 32). Enzyme activity was measured accord-
ing to two different procedures adapted from the literature
as described in Materials and Methods: (i) the PGI/G6PDH
coupled enzyme methoB3) for determinations of th; in

the case of 5PAH and (ii) the thiobarbituric acid colorimetric
(TBA) method @86, 37) for determinations of the 1§ for
both 5PAH and 5PAA. Results of these inhibition studies
are reported in Table 1.

Inhibition of PMIs by 5PAHIn the case of 5PAH, double
reciprocal plots of initial reaction velocity versus substrate
(M6P) concentrations obtained with various concentrations
of the inhibitor are depicted in Figure 4 for (a) yPMI and
(b) PaPMI. 5SPAH appears to be a strong competitive inhibitor
of both enzymes wittK; values of 86 and 137 nM (Table
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Ficure 4: Inhibition of PMIs from (a) yeast and (IB). aeruginosa

by the high-energy intermediate analogue 5-phosplasabinono-
hydroxamic acid (5PAH) using the PGI/G6PDH coupled enzyme
assay method (see Materials and Methods for details on kinetic
assay conditions). Double reciprocal plot of the initial reaction
velocity versus M6P concentration obtained at various concentra-
tions of inhibitor 5PAH: (a) ) no inhibitor, ©) [I] = 0.05uM,
(®)[1] =0.10uM, (O) [I] =0.15uM, and (v) [I] = 0.20uM; (b)

(®) no inhibitor, ©) [I] = 0.20uM, (M) [I] = 0.50uM, and ©)

[I] = 0.80uM. In the inserted secondary plot, the values of the
slopes K'm/Vmay Of the straight lines in the primary graphs were
plotted against the inhibitor concentrations, which gives; for

the intercept.

1), respectively, overwhelming reported inhibition constants coupled enzymes PGl and G6PDH (about 0.6 unit). In
of known PMIs inhibitors by about 3 orders of magnitude. addition, we carefully performed control experiments de-
While not conclusive, values of 1410 and 18250, respec- signed to check that the PMI-catalyzed step was indeed the
tively, for the calculated binding ratik,/K; are consistent  one inhibited by 5PAH or, in other words, that the PMI step
with 5PAH behaving as a stable high-energy (or activated) was rate-determining, even at the highest inhibitor concentra-
intermediate analogue inhibitor of the M6P to F6P isomer- tion employed (0.3:M). As shown in Figure 5, yPMI activity
ization reaction. Our two reportad, values for 5PAH are increases linearly upon use of 5 and 10 equiv of enzyme
in the same range for both the type | and type Il enzymes. units, while yPMI activity does not change upon use of 5
However, the higheK, value for M6P with PaPMI than  and 10 equiv of PGI or G6PDH units. This graph proves
with yPMI (2.5 vs 0.12 mM, respectively) results in a higher that, in the conditions we used, neither PGl or G6PDH is
Kw/Ki ratio that shows that inhibition of the M6P to F6P significantly inhibited by 5SPAH with respect to the inhibition
isomerization by 5SPAH affects more specifically the type Il of PMI. TheK; values we determined for 5PAH were further
than the type | enzyme (Table 1). confirmed through the use of the TBA colorimetric assay,
Because PGI, which is one of the coupled enzymes which gave us Ig values in the same range, i.e., 136 and
involved in the enzymatic procedure used for the determi- 169 nM for yPMI and PaPMI, respectively. This colorimetric
nation of PMI activity, is known to be strongly inhibited by method allowed us to determine PMI activity by quantitative
5PAH (30), we used a 100-fold excess (in units) of the analysis of the amount of F6P produced as a function of
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Ficure 5: Control experiments for the inhibition assays of the
yPMI-catalyzed isomerization of M6P (0.1 mM) to F6P by 5PAH
(0.3 uM). Increasing numbers of enzyme unit equivalents were
used: ©) PMI (0.006, 0.03, and 0.06 unit, using 0.6 unit of PGI
and 0.63 unit of GGPDH) &) PGl (0.6, 3, and 6 units, using 0.006
unit of PMI and 0.63 unit of G6BPDH), anddj G6PDH (0.6, 3,
and 6 units, using 0.006 unit of PMI and 0.6 unit of PGI).

9 10

time and without the use of any coupled enzyme, notably
PGI. The method, which we have adapted from the literature
(see Materials and Methods for details), was first reported
by Percheron in 1962 for the quantitative analysis of fructose
and fructofuranosides36) and was thereafter improved by
Zender and co-workers for the analysis of the fructose and
insulin levels in plasma and urin@&%). Finally, we have
performed a theoretical study of the inhibition of only the
enzyme PGI by 5PAH according to the equation:
[EN* — (K + [Elo + [1Q[EN + [El[,=0 (1)
Knowing theK; value of 5PAH on yeast PGI [200 nN3(Q)]
and the initial concentration of the enzyme in the conditions
used for the yPMI and PaPMI kinetic assays §[E]18 and
180 nM, respectively), eqs -2 allow us to plot the
calculated fractions of the PGBPAH Michadis complex
([EI)/[E] o), free 5PAH ([I]/[1]0), and free PGI ([E)/[E]) as a
function of the initial concentration of 5PAH (f)] as
represented in Figure 6. At the highest 5PAH concentration

[EN] =Y,(K; + [E]l,+ [, —
JI<+ [Elo + 1107 — 4ELT)
1 =0, - [EN (3)
[E] = [E], — [EN ()

used (300 nM) in our inhibition studies of PMIs using the

coupled enzyme assay, Figure 6 shows that free PGl accounts, . - 7- Graphical determinations of th

for about 41% (yPMI) and 49% (PaPMI) of the initial PGl

concentration, which means that the activity of free PGl is
still in 41- and 490-fold excess of the amount of yPMI and
PaPMI, respectively. Also, the fractions of free 5PAH are

Roux et al.
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Ficure 6: Calculated fractions of the PGBPAH Michadis
complex @, a), free 5PAH @&, O), and free PG1 @, O) as a
function of the initial concentration of the inhibitor ([SPAg)lffor
the enzymatic evaluation of yPMI (filled symbols) and PaPMI
(empty symbols) activities.
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values for the
inhibition of (a) yPMI and (b) PaPMI by 5PAH using uncorrected
(®) and correctedr{) values of the inhibitor concentrations.

from the corresponding LineweaveBurk primary graphs)

97% and 70% of the initial concentration, respectively. as a function of the uncorrected (or initial) and corrected
Accordingly, Figure 7 shows the secondary graphical rep- 5PAH concentration for both yPMI (Figure 7a) and PaPMI
resentations of the slopén'/Vmax (previously determined  (Figure 7b) activity measurements. In both cases, the same
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Ki value is obtained from the intercept whether uncorrected M6P. To our knowledge, no enzymatic assay that would

or corrected 5PAH concentrations are used, further confirm-

ing the validity of the conditions we used in our kinetic
assays using the coupled PGI/G6PDH method.

PMI Inhibition by 5PAAThe results of inhibition studies
with 5PAA are quite different from the results with 5SPAH
on both yPMI and PaPMI. In constrast to 5PAH, the
respective Ig values of 3.6 and 20 mM we obtained (Table
1) indicate that 5PAA is surprisingly not an inhibitor of either
PMI studied.

DISCUSSION

In this inhibition study of type | yPMI and type 1l PaPMI,
we have found 5PAH (Figure 3) to be the most potent
competitive inhibitor of the M6P to F6P isomerization
reaction catalyzed by a PMI (Figure 1) ever reported in the
literature, withK; values in the submicromolar range (Table
1). While the value of the binding rati/K; itself does
not prove an inhibitor to be a high-energy intermediate (or

allow the measurement of PMI activity in the F6P to M6P
direction has yet been reported in the literature. Development
of such a new enzymatic assay could be soon under
investigation in the laboratory.

The fact that 5PAA is not an inhibitor of the M6P to F6P
isomerization reaction catalyzed by either PMI is perhaps
the most significant finding of our study. This very surprising
but interesting result contrasts to the case of PGI where
5PAA is a known strong competitive inhibitoR%). At the
same time, 5PAH is a strong competitive inhibitor of both
PMI and PGI. We propose that such differences in the
inhibition properties of 5PAA and 5PAH on the correspond-
ing isomerization reactions catalyzed by PMI and PGI
support a catalytic role of the PMI metal cofactor, which is
absolutely required for the activity of the enzymes. In
contrast, PGl does not use a cofactor. Comparison of our
results to the reported inhibition study of rabbit muscle
triosephosphate isomerase and yeast class Il fructose-1,6-
bisphosphate aldolase by their corresponding hydroxamate

a transition state) analogue inhibitor, our results are consistentand carboxylate inhibitors, namely, phosphoglycolohydrox-
with the hypothesis that SPAH may behave as such. Indeed,amate and phosphoglycolat5], is quite interesting. Like
other hydroxamate inhibitors considered to be high-energy pGj, triosephosphate isomerase is not metal dependent and

intermediate analogue inhibitors of the corresponding al-
dose-ketose isomerizations were reported in the literature;
binding ratios of 155 (triosephosphate isomeradé), (513
(phosphoglucose isomerasaP), and 50000 (xylose isomer-

is inhibited by both the hydroxamate and carboxylate
compounds with binding ratios of 155 and 77 (versus
dihydroxyacetone phosphate), respectively. The mechanism
of the aldolization reaction catalyzed by the yeast class Il

ase) ¢6) were reported for phosphoglycolohydroxamate a|dolase, a zinc-dependent metalloenzyme like PMI, has also
versus dihydroxyacetone phosphate, SPAH versus F6P, antheen shown to involve an enediolate activated intermediate.
threonohydroxamate versus xylose, respectively. The PMIS’ |, this case, phosphoglycolohydroxamate was reported as a
strict specificity for M6P (or F6P) prevents an analysis of strong inhibitor of the enzyme, while phosphoglycolate did
theKin/kear values for additional substrates and Kievalues  not inhibit the yeast aldolase at all, with binding ratios versus
of the corresponding hydroxamate analogues that might gihydroxyacetone phosphate of 40000 and 0.6, respectively.
enable us to more ConCIUSiVEIy state the nature of the PMI As for PMI, the reason the Carboxy|ate ana|ogue did not
inhibitor 5SPAH, as was done in the case of the phosphora-jnhibit the zinc aldolase is not clear. However, in the case
midate transition state analogue inhibitors of thermolysin of the inhibition of the latter enzyme by the hydroxamate
(47). However, because 5PAH is also the strongest known gnalogue, the reported high-resolution crystal structure of
inhibitor of the analogous G6P to F6P isomerization reaction g. coliclass II fructose-1,6-bisphosphate aldolase in complex

catalyzed by PGIs30), our results strongly support the jith phosphoglycolohydroxamate (PDB code 1B57) clearly
model that both the PMI and PGl isomerization mechanisms shows chelation of the catalytic zinc cofactor by the

involve an identical 1,Zis-enediol(ate) high-energy reaction
intermediate.

The close similarity oK; values obtained for both PMIs
for 5PAH and 5PAA suggests that the type | and type Il

hydroxamate functior4@). Such similarities in the inhibition

of the non-metal-dependent triosephosphate isomerase and
PGI, compared to that of the zinc-dependent yeast aldolase
and PMI, seem to us quite remarkable. In fact, recent

active sites for the M6P to F6P isomerization reaction share theoretical calculations reported zinlydroxamate com-

some structural similarity. This result is surprising since

plexes to be much more stable than the corresponding-zinc

sequence alignments and database searches reported in tlearboxylate complexed9). In addition, most of the peptide

literature show that the PMI domain of the type Il bifunc-

derivatives reported in the literature as strong inhibitors of

tional enzymes shares no sequence identity with type |the zinc matrix metalloproteinases are hydroxamate deriva-
proteins, except for a very short consensus sequence of ningives 60). Consequently, our inhibition results are consistent
amino acids. The amino acids in this consensus sequencavith a model for the M6P to F6P isomerization reaction

make up a small part of the active site of the typ€.l

albicansPMI crystal structureX(7, 21, 27). At the same time,

the K/K; ratios reported in Table 1 favor 5PAH versus M6P
binding to type Il PaPMI more than to type | yPMI by about
1 order of magnitude. However, from a physiological point
of view, the above results might not be prohibitive for the
identification of a species-specific inhibitor of PaPMI versus
type | human PMI if it is confirmed that the type Il enzyme
is mainly involved in the reverse conversion of F6P to M6P
(9). Obviously, 5PAH would also have to be evaluated on
type | and type Il PMI-catalyzed isomerization of F6P to

mechanism in which the metal cofactor would behave
catalytically rather than structurally (Figure 8), in accord with
the initial mechanistic hypothesis reported by Gracy and
Noltmann 61). While the catalytic base in that model was
one of the imidazole groups in the active site, froi,p
measurements, the structural study on PMI fil@nalbicans
was not conclusive as to which amino acids are essential to
the reaction21). The multistep mechanism can be described
as follows: enzyme catalyzed or spontaneous ring opening
of the cyclic substrate M6P (step not represented) would first
give the open chain form of M6P, which interacts with the
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Ficure 8: Proposed mechanism for the M6P to FEP reversible isomerization catalyzed by PMIs [after Gracy and Na&thahowing
a catalytic role for the metal cofactor (represented as a gray circle). Possible structures of the potent inhibitor SPAH as mimics of the
postulated 1,Zis-enediolate high-energy intermediates are depicted to the right of the figure.

active site metal cofactor through its oxygen atoms O1 and to explain why 5PAA does not inhibit the PMIs could be
02 (upper left corner of Figure 8). Subsequent polarization that the carboxylate part of the molecule is involved in a
of the C2-02 and C+0O1 bonds by the metal ion acting as highly unfavorable interaction with one of the active site
a Lewis acid would decrease thEgof the C2-H group and  anionic residues, for example, one of the glutamates seen in
facilitate its deprotonation by a nearby basic residue to give the reported crystal structure 6f. albicansPMI (21).

the first 1,2¢is-enediol or, more likely, a 1,2is-enediolate Much remains to be done in order to improve our
reaction intermediate stabilized by the metal ion cofactor. knowledge of the PMI isomerization mechanism. For ex-
Following a proton transfer between O2 and O1 to give the ample, and in contrast to type | PMIs being reported as zinc
second 1,Zis-enediolate high-energy intermediate, also metalloenzymes, the reason the PMI domain of type Il PMlIs
stabilized by the metal ion cofactor, protonation on gie  (PMI/GMPs) does not bind 2n specifically is unknown
face of carbon atom C1 by the nearby protonated residue(27). This could be highlighted through metal exchange and
would give the open form of F6P. The open form of F6P physicochemical investigations. Undoubtedly, further work,
thereafter undergoes ring closure to give the final cyclic form including site-directed mutagenesis and high-resolution dif-
of F6P. Another argument in favor of a catalytic role for the fraction and molecular modeling studies of the PNAPAH
metal cofactor is that PMIs are known to have no anomerasecomplexes, should provide important information to address
or epimerase activity, in contrast to PG2j. Indeed, this these questions.
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