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ABSTRACT: The inhibitory effect of a variety of thiol compounds on the function of binuclear metallo-
pB-lactamases, with a particular focus on IMP-1 fréteeudomonas aerugingshas been investigated.

Thiol inhibitors, depending on their structural features, fall into two categories, one in which inhibition
at neutral pH was instantaneous and the other in which inhibition was time-dependent. While mercaptans
with anionic substituents in the vicinity of their SH groups exhibited the former type of inhibition, neutral
thiols appear to induce a slow, time-dependent isomerization of the initially formed EI complex to a
tighter EI* complex. Kinetic parameters describing the latter process were obtained by fitting progress
curves of substrate hydrolysis using standard and numerical procedures. The failure of charged thiols to
exhibit slow binding is suggested to be due to a rapid isomerization of the initial EI complex. Slow
binding in the case of neutral thiols was observed only below pH 8. Studies on the pH dependence of
catalysis by IMP-1 revealed that (i) enzyme inactivation at low pH is a slow process with presumably
two groups with a s of ~5.2 in the protein being responsible for the loss of activity, (ii) inhibition by
thiols is independent of pH between pH 5 and 9, and (iii) an apparent enhancement of the catalytic activity
of IMP-1 by thiols occurs at pH<5. The last mentioned phenomenon is explained by a model in which
mercaptans retard the proton-dependent isomerization of the enzyme. Studies on the thiol-mediated
inhibition of the binuclear forms oBacteroides fragilig§CcrA) andBacillus cereugBcll strain 5/B/6)
metallof-lactamase have revealed that while CcrA was instantaneously albeit moderately inhibited by
mercaptans, Bcll mimicked IMP-1 in its interaction with thiols. These differences are proposed to be due
partly to the structural divergence of these proteins in the vicinity of Zn2.

p-Lactamases, enzymes capable of deactivadiferctam to utilize mostj-lactams, including clavulanic acid, peni-
antibiotics by hydrolysis of their endocyclic amide bond, cillanic acid sulfones ¥0), and carbapenemsll, 12),
have been identified as one of the major factors contributing g-lactam antibiotics resistant to most class A, C, and D
to the emergence of microbial resistance fedactam enzymes, as their substrates.
antibiotics (—3). To date, four distinct classes of these  While most MBLs isolated to date are encoded by
enzymes, designated-#D, have been identified4j. While chromosomes, some, such as the IMP and VIM enzymes
enzymes of the A, C, and D families rely on the function of found in certain strains d?seudomonas aerugingsaerratia
a serine residue as a nucleophile in their catalytic mechanismmarcescensand other Gram-negative bacteria, are of plas-
(5), the members of class B are metalloproteins requiring midic origin (12). On the basis of differences in their primary
one or two Zn(ll) ions for their functiong( 7). structures, MBLs have been classified recently into three

Initial efforts directed toward the identification of either subgroups3). While the B1 subfamily comprises some of
naturally occurring or synthetic inhibitors of class A enzymes the most extensively investigated enzymes (the commonly
resulted in the selection of penicillanic acid sulfones (e.g., employed abbreviations given in parentheses) such as those
sulbactam and tazobactam) and clavulanic atijds), for from Bacteroides fragiliCcrA), Bacillus cereugBcll), P.
achieving the extended use/@factam antibiotics in clinical ~ aeruginosa(IMP-1 and VIM-1), Chryseobacterium menin-
therapy ). More recently, metallg-lactamases (MBL3) gosepticun{BlaB), andChryseobacterium indologenésiD-
have received considerable attention in view of their ability 1), subclass B2 enzymes are found only in certain strains of
AeromonagCphA and ImiS) an®erratia(Sfh-1). The most
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prominent members of subfamily B3 enzymes are those fromincidence of microbial resistance f®lactam antibiotics.
Stenotrophomonas maltophil{al) andLegionella gormanii Besides confirming the importance of the thiol function for
(FEZ-1). Crystal structures of several MBLs have been effecting the inactivation of IMP-1, these studies have
reported, including those of CcrA, Bcll, IMP-1, and L1, revealed the kinetics of the inhibition process to be governed
revealing the overall protein fold to be similat4—18). by other functional groups present in its vicinity.

A common feature to all MBLs investigated so far
concerns the presence of two distinct Zn(ll) binding sites EXPERIMENTAL PROCEDURES
(6). In CcrA (14), IMP-1 (17), and the binuclear form of
Bcll (16), one of the two Zn(ll) ions is coordinated by three
histidine residues [His116, His118, and His196, numbering
according to the recently proposed classfBactamase
numbering schemelB)], constituting the His, kK or Znl
site. The second Zn(ll) ion is ligated by Asp120, Cys221,
and His263 as well as a water molecule (DCH or Zn2 site).
In addition, a second water molecule is shared by both
Zn(ll) ions (presumably as a bridging hydroxide ion),
resulting in a distorted tetrahedral coordination sphere for
Znl and a trigonal bipyramidal arrangement for Zn2. This
bridging hydroxide ion appears to serve as the nucleophile
in the cleavage of thg-lactam bond. In the structure of the
mononuclear form of the Bcll enzyme, the Zn(ll) ion resides
in the His site, tetrahedrally coordinated by its three histidine
residues and the nucleophilic hydroxide idi®)

Materials Nitrocefin was obtained from Oxoid (Basing-
stoke, U.K.). 1,2-Ethanedithialnese2,3-dimercaptosuccinic
acid (DMSA), methyl thioglycolate, and tris(2-carboxyethyl)-
phosphine (TCEP) hydrochloride were purchased from Fluka
(Buchs, Switzerland). ACV was purchased from Bachem
(King of Prussia, PA). All other reagents were analytical-
grade and were obtained from Sigma-Aldrich (St. Louis,
MO). All buffers and solutions were prepared with Milli Q
water (Millipore, Bedford, MA).L-Leucinethiol and 4-mer-
captobutyric acid were generated by reduction of their
oxidized forms (both purchased from Sigma-Aldrich) with
TCEP @7). pCIP4 was kindly provided by M. Galleni
(Laboratoire d’Enzymologie et Centre d’lftgerie des
Protenes, Institut de Chimie, Universitde Ligge, Ligge,
Belgium). Purified metallg3-lactamase fromB. fragilis
The number of zn(ll) ions involved in the protein's (CcrA) was a gift from B. Rasmussen (Wyeth-Ayerst, Pearl

catalytic mechanism appears to depend on its origin. ForR'Ver'_ '_\IY)_'

instance, the enzyme fromeromonas hydrophilCphA) Purification of IMP-1 and Bell Metz_allq@-lactamases

is catalytically competent only with the metal’s presence in IMP-1 was expressed iEscherichia coliBL21(DE3) car-
one of these location€0). In contrast, other MBLs such as  'Ying pCIP4 and purified as reported by Laraki et @8)(
CcrA, Bell, IMP-1, and L1 are capable of functioning as 1he homogeneity of the protein was confirmed by SDS
binuclear metalloenzymes. Although the mononuclear coun- PAGE according to the method of Laemmigj. The
terparts of these enzymes have been shown to be catalyticallynolecular mass of purified IMP-M; = 25 112+ 1 Da, as
competent as well, the binding of a second Zn(ll) ion is determined by ESI-MS) was in agreement with that deduced

accompanied by a moderate enhancement of catalytic activity"om its amino acid sequencdg). The concentration of the
(21—26). Despite the noted similarities among CcrA, IMP- €nzyme was determined from its absorbance at 280eum (
1, L1, and Bell with respect to their metal requirement = 44380 M* cm™). Bcll [from strain 5/B/6 £0)] was
activity relationship, only the former three have been €xpressed as a glutathioBaransferase fusion protein .
classified as “binuclear” enzymes since they are capable of¢0li DH5a and was purified as described previoushp)
binding both Zn(Il) ions with high affinity 18, 25, 27, 28). Metallo3-lactamase Assay3 he spectrophotometric pro-
In contrast, Bcll binds one of the two Zn(ll) ions much more cedure involving the use of the chromophoric substrate,
tightly than the otherZ3), and thus has been categorized as hitrocefin 61), was employed for the measurement of
a “mononuclear” enzyme. p-lactamase activity with the aid of a Cary5 spectrophotom-
A number of compounds have been examined for their eter (Varian, Mississauga, ON). The following stock solutions
ability to serve as inhibitors of MBLs, and these include Of reagents were prepared: (i) nitrocefin (2 mM) in Hepes
trifluoromethyl alcohols and ketone29), hydroxamates30), (25 mM, pH 7.3) containing DMSO [5% (v/v)] and (ii)
thiols (31—35), thioester derivatives3@, 36—38), cysteinyl IMP-1 (0.4uM) in Hepes containing Zngl(100 xM) and
peptides 89), biphenyl tetrazoles4Q, 41), mercaptocar-  BSA (100ug/mL). Inclusion of BSA in the latter solution
boxylates 9, 35), 13-methylcarbapenem derivative$( 43), was found to minimize the denaturation of IMP-1 when
2,3-disubstituted succinic acid derivativeg4y, tricyclic present at low concentrations, thus allowing for a reliable
natural products45), and sulfonyl hydrazonest6). Most and reproducible assessment of its catalytic actidg).(A
of these compounds have been shown to exert their adversdypical assay procedure was as follows. An aliquot (86D
effects only on a limited number of MBLs. Thus, there is a 0f IMP-1in Hepes (50 mM, pH 7.3) was placed in a cuvette
critical need for the development of broad-spectrum inhibitor- and allowed to equilibrate at 25 or 3C€ (depending on the
(s) of MBLs with potential application in clinical therapy, experiment) for 1 min. The reaction was initiated by the
an objective which may be more readily achievable with an addition of an aliquot (5@L) of a nitrocefin stock solution.
insight into the mechanism of interaction of small molecule The final concentrations of substrate, IMP-1, and BSA in
inhibitors with these enzymes. the assay were lQ@M, 4 nM, and 1ug/mL, respectively.
Current investigations concern an examination of a variety The progress of nitrocefin hydrolysis was monitored by
of structurally distinct mercaptans for their ability to function recording the increase in the absorbance at 482 nm.
as inhibitors of MBLs, with IMP-1 serving as the prototype In the experiments designed to assess the pH dependence
of this family of enzymes. The choice of IMP-1 was of enzymatic activity, either in the presence or in the absence
motivated by its rapid dissemination via facile horizontal of thiols, Hepes was replaced in the assays with AMT, a
gene transferl2), a feature contributing to the ever-growing three-component buffer system consisting of acetic acid (50
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mM), MES (50 mM), and Tris (100 mM), to achieve a Scheme 1: Isomerization Model for Slow-Binding
constant ionic strength of 0.1 over the pH range of 4:5 Inhibition?
9.0 62). IMP-1 was found to be stable in this pH range.

LY by
Thus, the enzyme preexposed to pH 4.5 for 10 min was found E<o BES —> E+P

-1
to exhibit, after being assayed at pH 7.3, the same activity k:;["k-s
(£7%) as that maintained at pH 7.3. Bl <4 Ep*
Estimates of steady state kinetic parameters for the sl’z;;v

hyquIySIS .Of. .mtroceﬂr.] Ku and keay) Were. determmed by aE represents the free enzyme, S the substrate, P the product, and
fitting the initial velocity data to the MichaelisMenten I the inhibitor, and ES, El, and EI* are the enzyrgibstrate, enzyme

equation using the software package Grafit 4.0 (Erithacus inhibitor, and isomerized enzyménhibitor complexes, respectively.

Software Ltd., Staines, U.K.). The slow step in this model is the final isomerization step.
Determination of 1G, Values ICsp values (concentration '
. L. L. fa:x=1,R,;=0H SH
required to effect 50% inhibition of enzyme activity) were s(/CHZ)'\fo 1b:x =1, Ry = OCHs R, 6aR =H
determined by preincubating IMP-1 (4 nM) in Hepes (50 R ROt ' 6b:R, = CH,SH
mM, pH 7.3) with the desired thiol for 1 min at 3@ prior fe:x=3,Ry=0H
to the initiation of the assay by the addition of nitrocefin. HO., g
Since it was necessary to use TCEP (0.25 mM) in experi- o Ry OH £SH 7
ments involvingL-leucinethiol and 4-mercaptobutyric acid, \HLR. 2b: Ry = NHCH,COH HO
this reagent was routinely employed in the assays with other SH SH
thiol compounds. TCEP, which not only generates the thiol o ,[ 8
) N .o ~_Ry 3aR=OH +H;N” ~coo.
function from a disulfide precursor but also ensures its integ- ~ HS 3b:Ry =NH;
rity (47), was found to have no adverse effect on IMP-1's
catalytic activity. For the determination of 4€values, the R,  4aRi=Rp=H o 9
steady state rate of hydrolysis of nitrocefin was determined R|W)\SH 4b:Ry =R, =COH +HaN
. . . . 4c: Ry =H, R2=CHOH
in the presence of several concentrations of the desired thiol. SH 4d: R, = H, R, = CH,SOH
A plot of activity (steady state rate) versus inhibitor concen- 020 S
tration provided the basis for the assessment of thg IC SH NHy+  HN
values. Ry 5a:R,=COH,R,=Rs=H o 10
. . . . . . s Ry = 3 = = N
Estimation of Kinetic Parameters for Slow-Binding Inhibi- Ry ety =ﬂﬁ§2§2cc§i|_£=mz COp
tors. A model, analogous to that proposed for the action of R, \ka

slow-binding inhibitors %3, 54), was employed to analyze
the thiol-induced inhibition of nitrocefin hydrolysis by IMP-1

(Scheme 1). _ _ various concentrations. The assays were initiated by the
On the basis of the assumption that (i) ES reaches theqdition of enzyme (0.5 nM) to a mixture of nitrocefin (200

steady state instantaneously, (ii) the magnitudegfk-1, uM) and thiol (no preincubation)Ks, ks and ks were

ksl, andk_3 are much greater than those szand'kfm (“"). determined with Grafit 4.0 by fitting the progress curves to

ks> k-4, and (iv) the depletion of free substrate is negligible, egs 1-4 using Marquardt’'s algorithm for nonlinear regres-

Morrison and Walsh4) have shown that the progress curve gjgn 65). VmaxandKy were determined as described above.

Is defined by the following equation: Progress curves were also fitted by numerical solutions

Ficure 1: Structures of thiol compounds.

(vo — vo)(1 — e of the set of simultaneous differential equations that math-
P=ytd 2 1) ematically describe the model presented in Scheme 1. The
S . . .
k computations were performed with the aid of the freeware

whereg is the initial andvs the steady state velocity of the program Gepa3| 3.2156, 5.7)’ which IS ava|la_1ble_ on the
reaction and is the exponential decay constant. When the Internet (http_.//www.gepa3|.or_g). _The Isomerization model
reaction is started by the addition of enzyme, the expressionsWas en_tered into the program in S|mplg Che.”?'ca' terms (e.g.,
of vo. ve andk are E + S=ES, ES— E + P, etc.) along with initial values for
o rs the rate constants and concentrations of all species. Fitting
VS by nonlinear regression was achieved using the Marqtardt
V0T ST K (1+ 17K (2 Levenberg minimization algorithnbE).
M 3

ESI-MS Electrospray ionization mass spectrometry (ESI-

Vinad MS) studies were performed on a Micromass Q-Tof2 mass
Vs = St K(1+ K" 3) spectrometer (Micromass, Manchester, U.K.) equipped with
m( ) a Z-spray electrospray ionization source as described previ-
C— 17K, @ ously @5).
=k, t+tkyF—s—""— 4
YL+ SRy 1K, RESULTS
where Kz (=k-3/ks) is the dissociation constant of the El Effect of Thiols on the Catalytic Function of IMP-The
complex andK; [=k_4Ka/(k-4 + ky)] is the overall dis- interaction of IMP-1 with mercaptans, structures of which
sociation constant. are shown in Figure 1, was investigated by monitoring the

Progress curves of substrate hydrolysis were recorded ateffect on its catalytic activity. In these studies, IMP-1 was
25 °C in AMT buffer (pH 7.3) in the presence of thiol at preincubated with the desired thiol compound for 1 min prior
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Table 1: Inhibition of IMP-1 by Thiols in Hepes (50 mM, pH 7.3) 0.15
at 30°C :
|C5o ~
thiol compound feature (uM)®  volve® g 0.10
la mercaptoacetic acid a 1.3 1.0 Q
1b methylmercaptoacetate n 12 0839 N
1c N-(methyl)mercaptoacetamide n 12 0:8B9 3
1d 3-mercaptopropionic acid a 170 0.95 < 0.05
le 4-mercaptobutyric acid a 128 0.55
2a 2-mercaptopropionic acid a 45 1.0
2b o-mercaptopropionyl glycine a 15 0.7 0
3a mercaptoethanol n 200 0.6
3b 2-aminoethanethiol (cysteamine) c 120 1.0 . .
4a 1,2-ethanedithiol n 6 05 time (min)
4b me(sDeﬁg-A(i|mercaptosuccm|c acid a 20 10 Ficure 2: Influence of mercaptoacetic acitlg) and benzylmer-
) captan 6a) on the enzymatic activity of IMP-1. All assays were
4c 2,3-dimercapto-1-propanol (BAL) ~ n 13 07 performed in Hepes (50 mM, pH 7.3) at 28 with nitrocefin (0.2
4d 2,3-dimercaptopropanesulfonic acid a 1 10 mM) as a substrate and IMP-1 (0.8 nM). The progress of nitrocefin
(DMPS) b ic acid hydrolysis was monitored at 482 nm: (1) control with no mercaptan
gg‘ g'_t:r?“rﬁgf’g% eh':ezno(;‘l: aci na 2%%0 11(')0 present and (2) in the presencelaf (10 uM). The profile is the
5c 2-nitro-5-thigbenzoic acid a >500 1.0 same whether the enzyme is preincubated Witlor exposed to it
6a benzylmercaptan n 5 025 in the presence of substrate. (3) The enzyme was preincubated with
6b 1.2-benzenedimethanethiol n 23 025 6a(10uM) for 1 min prior to addition of substrate. (4) The enzyme
7 DIT n 10 05 was exposed téa (10 uM) in the presence of substrate.
8 L-cysteine a,c 1050 1.0 i ) . . .
9 L-leucinethiol c 75  0.90.95 filtration and (ii) ESI-MS analysis of the protein after removal
10 ACV a.c 20 0.85 of the inhibitor under nondenaturing conditior25) revealed
11 NaS n 20 10 the presence of both of its Zn(ll) ions. A noted diminution

2 Associated charged functional group(s) present in the thiol com- in the extent of inhibition exerted by dithiols in the presence
s e o S e an i o ane s 271 nthe assay (data ot showr) appears o b related
(unchargc’ad’) functional groupICso values were detgrmiﬁéd frorry1 the to the',r inherent ability to S,C"’Weng,e the eXtran,eous divalent
recorded steady state rates)(of substrate hydrolysis. The precision ~Metal ions, a feature that will result in a concomitant decrease
of the 1G;, determinations was within the range #f10%. ¢ Ratio of in their effective concentration.
the initial to steady state rate of substrate hydrolysis. A notable aspect of thiol-induced inhibition of IMP-1

concerns the time needed to attain the steady stateugte (
to the determination of the protein’s catalytic activity by the of hydrolysis of nitrocefin. In the case of thiols of high
introduction of the substrate, nitrocefin. The reaction was inhibitory potency (with the exception dfa, 2a, 4b, and
monitored in an effort to assess the steady state rgjef 4d), the progress curve of nitrocefin hydrolysis was char-
hydrolysis of the substrate. Such measurements performedacterized by a “lag” phase prior to the attainmentvgf
in the presence of the thiol compound at several fixed (Figure 2). For the sake of clarity, the quotietyvs, where
concentrations provided the basis for the estimation of the v is the initial rate of substrate hydrolysis, is proposed to

ICso value recorded in Table 1. provide a quantitative measure of the lag noted in the case
Among the compounds listed in Table 1, mercaptoacetic of each of the thiol compounds, and these values are
acid (La), 3-mercaptopropionic acid (), 2-mercaptopropi-  presented in Table 1. Thus, a value of 1.0 for this quotient

onic acid @a), mercaptoethanoBg), and DTT {7) have been denotes the absence of a lag in the progress curve of substrate
previously shown to serve as inhibitors of IMP-1 frdsn hydrolysis (Figure 2), and this situation is observed in the
marcesceng33). The observations recorded in the current case of such potent inhibitors &g, 2a, 4b, 4d, and11. The
investigations are in general agreement with the above lower the value of the quotient, the longer the period required
findings, with compoundda, 2a, and7 serving as more  to attain the steady state rate of hydrolysis. On the basis of
effective inhibitors tharid and3a. Interestingly, the simplest  this criterion, compound$a and 6b exhibited the most
thiol compound, hydrogen sulfide (& serving as its  pronounced lag among the compounds that were examined.
source), functioned as a potent inhibitor of IMP-1, while The phenomenon of a lag in IMP-1-catalyzed reactions
thiocyanate was devoid of such activity. Benzylmercaptan performed in the presence of these and other thiols (see Table
(6a) proved to be one of the most potent inhibitors among 1) is not restricted to nitrocefin serving as a substrate. This
the thiols investigated in this study. feature is also noted in reactions with either benzylpenicillin
Although compounds with two thiol functions are capable (PenG) or cephalosporin C as the substrate for the enzyme
of serving as bidentate ligands for Zn(ll) and other ions, a (data not shown).
feature that has been exploited in the case of BAL, DMSA, Scrutiny of the features of the various thiols and their
and DMPS to alleviate heavy metal poisonisg,(59), their inhibitory effect reveals the following. (i) In the case of thiol
potency as inhibitors of IMP-1 was not superior to that noted compounds with a-carboxylate or anionic function as in
in the case of monothiol counterparts (see Table 1). 1a, 2a, 4b, and4d, the steady state was reached immediately
Furthermore, inhibition of IMP-1 by dithiols does not appear after the initiation of the assay (i.e:p = vs). (ii) In other
to involve the removal of the metal ion from the protein since instancesy, was found to deviate fromrs, the extent of
(i) the inhibition could be reversed with full restoration of which was influenced by the location of the anionic func-
catalytic function upon removal of the inhibitor by centrifugal tion (if present) relative to that of the thiol in the compound.
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Table 2: Parameters for Inhibition of IMP-1-Mediated Nitrocefin
24 0pM Hydrolysis by Compoun®a
20} numerical solution
% 161 43uM parameter fitto eqs +-4 start end (fitted)
el [E] (nM) 0.5 0.5 0.5 (fixed)
g 12} 8.5 uM [S] (uM) 200 200 200 (fixed)
3 13 uM Kwm (uM)P 12.0 (fixed) - (13.6)
S sl H b -
& 20 uM Vimax (4M/s) 0.138 (fixed) - (0.138)
ki (uM~ts™h) - 100 100 (fixed)
Ar ki(sh - 1000 1078+ 6
0 . | | | A | ko (s7Y)P 276 276 276 (fixed)
0 30 60 90 120 150 180 ks (uM s - 100' 100 (fixed)
time (s) koz(sY) - 122 133.3+ 2.3
ks (x 1% s7Y) 3.24+0.32 3.24 2.75:0.12
Ficure 3: Inhibition of IMP-1 as a function of the concentration kog (x1Ps™) 1.35+0.08 1.35 1.11%0.04
of benzylmercaptan. All assays were performed in AMT buffer (pH Kz (uM) 1.22+0.04 - (1.33)
7.3) at 25°C. The concentrations of the substrate and enzyme were K} (uM)° 0.36+0.05 - (0.38)

0.2 mM and 0.5 nM, respectively. The reaction was initiated by
the addition of enzyme to a mixture of substrate and thiol at the

g)o ndcaetgtrz(a)tillgtr; \I/Cgrlgitgl?e:;rt]etdhgvggur()es ';O:l%\:,v::?gri{)? %'fd ltgg((le?’n?at(ison by numerical solution of sets of differential equations with the aid of
! p ry 9.9 P 'Gepasi 3.21 as outlined in Experimental Procedur&xperimentally

only every 20th data point (10 s interval) is shown as a filled circle. S . S
The continuous curves represent the best fit of the progress curves(’bserveOI values.The ovgraIL inhibitor dlssomatlog constant was
to eqs -4 (see Experimental Procedures). calculated from the relatioi] = k- sKg/(k-4 + kq). ¢ The rates of

formation of the enzyme-substrate (ES) and the enzyme-inhibitor (EI)

. . complexes were assumed to be diffusion-controlled=f ks = 10°
Thus, vo was found to decrease relative i@ with the M1 s (60). ¢ Value estimated from the relatidn; = Kyk, — ko.

enhanced distal character of the anionic function (as in the f value estimated from the relatidns = Ksks. ¢ Values in parentheses
case oflecompared tdaor 1d, Table 1), a feature reflected ~ were calculated from the determined kinetic parameters.
in a more pronounced lag in the substrate hydrolysis profile.
(i) In accordance with the above-mentioned criterion, steady state rater{ > vs). Both v and vs were found to
neutral thiols were found to exhibit the most pronounced decrease with the increments in the concentration of the
lag in the substrate hydrolysis profile as demonstrated in themercaptan, a feature consistent with the proposed isomer-
cases of4a, 6a, 6b, and7 (Table 1). (iv) Masking of the  ization model (see egs 2 and 3). The kinetic paramédtgrs
negative charge of the-carboxylate function irla or 2a, k-4, and K3, the dissociation constant for the enzyme
as in the case of ester derivativéb and 2b or amide inhibitor complex (El), were obtained by fitting the progress
derivative 1c, resulted in both a diminution of inhibitory  curves to eq 1 (see Experimental Procedures), and the values
potency and the appearance of a lag. (v) Amino group(s) are given in Table 2.
tended to diminish the inhibitory potency of the compound A good fit of the data (Figure 3, solid lines) was obtained.
(as is the situation witBb and8). (vi) Aromatic compounds  However, an examination of the observed valuesiand
with thiol substituents §a—c) were found to be poor k_,revealed the former to be only 2.4 times as large as the
inhibitors of IMP-1. latter (Table 2). This feature is not in full conformity with
Mode of Inhibition As shown in Figure 2, the progress the premise thaks > ks, which formed the basis for the
curves of nitrocefin hydrolysis in the presence of some thiols model (see egs-14). Hence, progress curves were also
with a-anionic substituents (e.gla) were linear [i.e., the  analyzed by fitting the data to a set of differential equations
initial rate of hydrolysis being the steady state ratg € that describe the isomerization model (see Experimental
vg)], while those recorded with neutral thiols (e.§a) Procedures). The salient feature of this approach concerns
exhibited a pronounced lag prior to attainment of the steady its ability to fit the data to the model without the imposition
state rateip < vs). Such a phenomenon in the latter cases of any constraints on the relationship betwdgrand k.
required the preincubation of the enzyme with the inhibitor The rate constants andk_, as well as the calculated values
prior to the introduction of the substrate. In contrast, when for K; and K} obtained by numerical solution are very
the enzyme was exposed to the inhibitor in the presence ofsimilar to those determined by fitting the progress curves to
the substrate, a “burst” phase, in which the initial rate eqs -4 (Table 2).
progressively declined toward the steady state rate, was noted In summary, progress curve fitting, both to egs4land
(Figure 2, line 4). These results are typical of those expectedwith numerical methods, yield similar results with relatively
from slow-binding inhibitors of the enzym&g, 54). In view low standard deviations, suggesting that benzylmercaptan is
of the relatively high concentrations (several orders of a slow-binding inhibitor of IMP-1 and that the slow step is
magnitude over that of the enzyme) required to achieve the isomerization of the initially formed EI complex as
detectable inhibition, thiols do not appear to be tight-binding depicted in Scheme 1.
inhibitors of IMP-1. pH Dependence of Reactions Catalyzed by IMR-&tudy
To determine the validity of the mechanism depicted in of the influence of pH on the catalytic activity of IMP-1
Scheme 1 in accounting for the inhibitory action of neutral may provide an insight into the nature of functional group-
thiols, IMP-1-mediated hydrolysis of nitrocefin was exam- (s) that may play a pivotal role in the catalytic mechanism
ined in the presence of several concentration$afThe of the protein. Furthermore, since mercaptans are weak acids,
results are shown in Figure 3. In all instances, the initial their interaction with the enzyme may depend not only on
burst in the rate of the reaction was followed by a slower their ionization state(s) but also on those of the functional

2 The kinetic parameters were obtained from best fits of the recorded
progress curves (shown in Figure 3) to egs4lusing Grafit 4.0 and
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Ficure 5: Inhibition of IMP-1 by benzylmercaptan. Influence of
pH on the lag phase. Assays were performed in AMT buffer at the
desired pH and 28C. The reaction was initiated by the addition
of nitrocefin (0.2 mM) to IMP-1 (4 nM), which had been preex-
posed to the thiol (1&M) for 1 min. The progress of nitrocefin
hydrolysis was followed at 482 nm at the indicated pH. The profile
formed the basis for the estimation of the initi@h)(and steady
state ¢s) rates of hydrolysis. The inset shows a plotvgfvs as a
function of pH. The continuous curve represents a best fit (with
Grafit 4.0) of the data to the HenderseHasselbalch equation.

Ficure 4: Influence of pH on IMP-1-catalyzed hydrolysis of
nitrocefin, both in the absence and in the presence of benzylmer-
captan. Assays were performed in AMT buffer at the desired pH
and 25°C. The reaction was initiated by the addition of nitrocefin
(0.1 mM) to IMP-1 (4 nM), which had been preexposed to the
buffer in the absencdl) or presence®) of benzylmercaptan (10
uM) for 1 min. The data shown represent the steady state rates of
substrate hydrolysis recorded at 482 nm. The inset shows the
relationship between log../Kv (the ratio of kinetic parameters
given in M1 s71) and pH in the absence of thiol (DixetwWebb
plot). The continuous curve represents the best fit (with Grafit 4.0)

of the observed data to a model in which two functional groups, enzyme’s activity at pH<5.0. This phenomenon appears to
g;;g?gg{ ';?ar (;?"g -llfssia(c):.té)v;%ratr)%ttr)]eér:gu%rgtonatm)( with an be an inherent feature of all thiol compounds (be they neutral
or charged), since it was not observed in studies with benzyl-

group(s) of IMP-1. In light of these considerations, the cata- penicillin, used as a competitive inhibitor, and sulfonyl hydra-
Iytic activity of the enzyme was examined over the pH range zones, recently shown to function as mixed-type inhibitors
of 4.5-9.0, both in the absence and in the presence of theof IMP-1 (46). The extent of enhancement of the enzyme’s
thiol inhibitor, with nitrocefin serving as the substrate. In catalytic function caused by the thiol appears to be related
the latter instancesla and 6a served as the prototypes of to its inhibitory potency at pH>5.0. The above facets of
thiol inhibitors. The results that were obtained are presentedthe interaction of IMP-1 with thiols are presented below.
below. Interaction of IMP-1 with Thiols at pH 59. At a final

A study of IMP-1-catalyzed hydrolysis of nitrocefin in the concentration of 1M in the assay, thioba (prototype of
absence of thiol inhibitors revealed the enzyme to be neutral thiols, which show a lag in the substrate hydrolysis
maximally active between pH 6 and 9, with only a marginal profile at pH <8) was found to effect an70% decrease in
enhancement being noted with increments in pH in this range.IMP-1's catalytic activity. This estimate of the extent of
At pH <6, a sharp decrease in catalytic activity was noted, inhibition was obtained by a comparison of the steady state
with a total loss of activity at pH<4.5 (Figure 4). These rate of substrate hydrolysis observed in the presence of the
findings are in general agreement with those recorded for inhibitor with that noted in its absence. Tiée-mediated
IMP-1 derived fromS. marcescen@3, 61). Analysis by the inhibition of IMP-1 appeared to be independent of pH over
Dixon-Webb method §2) confirmed that the catalytic the range of pH 59 (Figure 4). As noted in an earlier sec-
efficiency, kealKy, Of the protein remains unaffected by pH tion, the IMP-1-catalyzed hydrolysis of nitrocefin in the pres-
over the range of pH-69 (Figure 4, inset). A plot of log-  ence of6aor other neutral thiols is characterized by an initial
(keafKm) was characterized by an acidic limb (p¥6) with lag at pH<8.0 (i.e., vy < vg). In an effort to determine the
a slope of approximately 2, consistent with the simultaneous influence of the pH on the magnitude of the lag, both
protonation of two functional groups of IMP-1. Thus, the andvswere recorded as a function of pH. At pH8.0, the
pKa values of these two functional groups appear to be closeinitial rate represented the steady state raigvé = 1),
to each other. Since a similar phenomenon has also beernndicating the absence of a lag in the substrate hydrolysis
reported with Bcll 82), such a dependence of the enzyme’s profile (Figure 5).
catalytic function on the ionization state of two functional A decrease in the pH of the assay medium was ac-
groups is not unique to IMP-1, although it has been pointed companied by a progressive diminution in bathand vs,
out that caution is warranted in the interpretation of the pH as well as a concomitant decrease in the quotigng. Thus,
dependence of the catalytic function of enzym@&3).( the estimated values af/vs at pH 5.0 and 8.0 were found

As noted earlier, thiol compounds are weak acid§;[p to be~0.05 and 1.0, respectively. A plot e§/vs versus pH
9—11 (64)] and hence can be expected to remain protonated (Figure 5, inset) yielded a sigmoidal profile reminiscent of
at pH <8. On the basis of this feature, one could expect the that of the ionization state of a functional group with an
ability of thiols to inhibit IMP-1 to remain unaffected over apparent g, of 6.9. To the best of our knowledge, no such
the pH range of pH 458. However, a study of the correlation betweeny/vs and the ionization state of the
interaction of IMP-1 with mercaptans over this pH range enzyme’s functional group has been documented. Similar
has revealed a unique feature, which becomes apparent whestudies withla, the prototype of thiol compounds with an
experiments are performed at pkb.0. This aspect can be a-anionic substituent, revealed the substrate hydrolysis
described as follows. Mercaptans, which serve as inhibitors profile to be linear over the range of pH-8, observations
of IMP-1 over the pH range of-59, appear to enhance the in conformity with those documented in the previous section.
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A | —_ Table 3: Influence of the Experimental Protocol and Substrate
061 2 Concentration on the Catalytic Activity of IMP-1 at pH 4.7
g 05¢ protocof [nitrocefin] («M) activity®
a %4 B 100 1.0
< 03¢t B 25 2.0+ 0.2
@ I C 100 2.8+ 0.2
2 02 c 25 11401
0.1 3, D 100 0.5+ 0.05
0 0 1 2 3 g a Experimental protocols: (B) IMP-1 at pH 4.7 for 1 min prior to
time (min) initiation of the assay by addition of substrate, (C) IMP-1 exposed to
pH 4.7 in the presence of thiol compoufid (10 M) for 1 min prior
to addition of nitrocefin, and (D) IMP-1 at pH 4.7 for 1 min, followed
015t B 5 by incubation with6a (10 uM) for an additional 1 min prior to the as-
- ’ say described above. The concentration of nitrocefin in the assay was
g as indicated abové.Activity values shown are relative to that observed
~ 010} . in the assay using 100M nitrocefin and experimental protocol B.
g
2 005l to pH 4.7 for 1 min, followed by its incubation with the
< 3 thiol for an additional 1 min, prior to the initiation of the
0 assay by the introduction of the substrate.
0 1 > 3 The results obtained under protocols A and B are shown
time (min) in Figure 6A. In the former instance, the initial rapid rate of

FiGURE 6: Interaction of IMP-1 with thiols at pH<5.0. Assays substrate hydrolysis, which was close to that observed with
were performed in AMT buffer (pH 4.7) at 2&, using nitrocefin the enzyme at pH 7.0, declined slowly toward the steady
(0.1 mM) as the substrate and IMP-1 (4 nM). The stock solution state rate that can be attained 6 min after the initiation of
of the enzyme (0.4M) was maintained in AMT or Hepes buffer  the assay (Figure 6A, curve 2). The final steady state rate
at pH 7. The progress of substrate hydrolysis was followed at 482 corresponded closely to that expected in the assay at pH 4.7
nm: (A) (1) IMP-1 at pH 7.0 (control), (2) IMP-1 (initially at pH . . - . : .
7.0) added to nitrocefin in AMT buffer at pH 4.7 (protocol A),  (identical with that shown in Figure 4). The observations
and (3) enzyme exposed to AMT buffer (pH 4.7) for 1 min prior recorded under protocol B demonstrate that, in the absence
to the addition of nitrocefin (protocol B) and (B) (3) same as in of substrate, the pH-dependent diminution of catalytic
panel A, (4) IMP-1 incubated witBa (10 «M) for 1 min in AMT function of the enzyme is rapid, as indicated by the very

buffer prior to the addition of substrate (protocol C), (5) same as . .
4, except forLa (10 M) in the place of benzylmercaptan, and (6) low rate of hydrolysis (Figure 6A, curve 3). In protocol C,

IMP-1 exposed to AMT buffer (pH 4.7) for 1 min, followed by  the rate of hydrolysis observed in the presence of the thiol
incubation of the enzyme witha (10 M) for an additional 1 min, is considerably higher (with increases of approximately 3-
prior to the addition of substrate (protocol D). and 5-fold in the presence 6f and 1a, respectively) than
that noted in its absence (Figure 6B, curves 4 and 5).
Interaction of IMP-1 with Thiols at pH<5.0. When studies Furthermore, the initial lag, recorded wibla at pH <8, was
were extended to slightly below pH 5.0, mercaptans were a|so observed at pH5. Similar studies witt8a, a very weak
found to be devoid of an adverse effect on IMP-1's catalytic inhibitor, resulted in only a marginal enhancement of IMP-
activity, a phenomenon which has also been noted previously1's activity (data not shown). Thus, the ability of thiol
(339). However, as the pH was further lowered, thiols compounds to enhance the activity of IMP-1 at pt$.0
appeared to enhance the activity of IMP-1, since the steadywould appear to be correlated with their inhibitory potency
state rate of substrate hydrolysis was significantly higher than at physiological pH. As stated earlier, the presence of the
that noted in the assay performed under identical conditionsthiol at the time of the enzyme’s exposure to pH 4.7 was an
except for the omission of the thiol compound. This absolute requirement for observing the phenomenon, since
beneficial effect was restricted to a very narrow pH range it was not apparent in protocol D. Under the latter experi-
of 4.5-4.9, since it was not observed at pH.5 (conditions  mental conditions, mercaptans were found to serve as
which led to the total loss of catalytic activity), and it was inhibitors, with a 50% decrease in activity being noted
stringently dependent on the experimental conditions that (compare curves 3 and 6 of Figure 6B).
were employed. The four distinct protocols;-B, used in In an effort to identify the basis for the thiol-mediated
these studies are described below. While the first two enhancement of IMP-1's Cata|ytic activity, the steady state
protocols served as controls (in the absence of thiol), the rate of hydrolysis of nitrocefin was examined as a function
latter two involved the participation of mercaptans. A thiol-  of its concentration at pH 4.7 both in the absence (according
induced enhancement of IMP-1’s catalytic action could be to protocol B) and in the presence (as per protocol Baof

observed only with procedure C. In the former instance, IMP-1 was found to be prone to
In protocol A, IMP-1, initially at pH 7.0 (Hepes of AMT  substrate inhibition, a feature not prevalent at pH (data
buffer medium), was introduced to nitrocefin (10M) at not shown). The observed 2-fold increase in the activity of

pH 4.7 and the progress of the reaction was monitored. In IMP-1 upon reducing the substrate concentration from 100
protocol B, IMP-1 was exposed to pH 4.7 for 1 min prior to to 25uM in the assay (Table 3) would appear to lend further
the initiation of the assay by the addition of the substrate. In support for the phenomenon of substrate inhibition at pH
protocol C, IMP-1 was exposed to pH 4.7 in the presence <5. When similar experiments were performed in the
of the thiol compound for 1 min prior to the addition of presence oba (the enzyme preexposed to the thiol as per
nitrocefin. In protocol D, the enzyme was initially exposed protocol C), the results were as follows. (i) Substrate
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inhibition was not observed in the assays carried out at aScheme 2: Proposed Pathway for the pH Dependence of
nitrocefin concentration of 10@M, and (i) at lower substrate ~ Catalytic Function of IMP-1

concentrations (2&M), the thiol reverted to its inhibitory

function (Table 3). El* EHI* A
A qualitative “minimal” model that may account for the | |

above-noted observations is depicted in Scheme 2. For the EI EHI

sake of clarity, this scheme is presented in two parts (panels J[H JI+I

A and B), with the latter representing an overall view of the E+H — EH slow EH**

phenomenon. The vertical pathway from E in panel A N*S ”+s

corresponds to the isomerization process proposed earlier ES EHS

(Scheme 1). Upon exposure of IMP-1 to pH 4.7 in the 1 l

presence of nitrocefin, as per protocol A, the enzyme is E+p EH+P

presumed to become rapidly protonated [presumably at a

location distant from the active site of the protein, as has EI* EHI* B

been suggested for the protonation of carbonic anhydrase I [

(69)], to yield EH. Since the enzyme’s activity immediately E EHI EH*T

after its exposure to pH 4.7 is close to that observed at pH Hﬂ Hﬂ J[ﬂ

7, EH is suggested to be catalytically competent. The E4H —— EH <% pur — EH©

progressive decline of this initial activity toward the steady s Jf*s

state value (reached aftet6 min) appears to be indicative H+S I

of a slow isomerization of EH to EH**. In view of the loss ES EHS EH'S —EH"+P

of enzymatic activity upon protonation of either of the two l l JPS

functional groups in the protein (see Figure 4), the EH** E+P EHE EHS,

species would be cata!ytically inert. The_observation thatthe .., clarity, the pathway is presented in two panels (A and B). Panel
steady state rate of nitrocefin hydrolysis after exposure of g an extension of the version in panel A, represents the complete
IMP-1 to low pH in the absence of the substrate, as per pathway, which also accommodates the phenomenon of substrate
protocol B, is achieved instantaneously is in agreement with inhibition (see the text).
this proposal since the initial presence of the substrate ) .
(protocol A) or thiol (protocol C) would lead to a diminution ~ Of CCrA, with 1Cso values of 0.95 and 0.17 mM being noted
of the concentration of free EH and thus to a decrease in thefor 1a and 6a, respectively. Furthermore, whéa served
rate of isomerization to EH**. The “retardation” of the @as the inhibitor, the lag phase in the substrate hydrolysis
isomerization of EH to EH** in the presence of thiols profile was observed in the case of Bcll, but not with CcrA.
(protocol C) may thus provide the basis for the observed The influ_ence of pH oba-mediated inhibition of nitrocefin
enhancement of the enzyme’s activity when exposed to thehydrolysis by both Bcll and CcrA was assessed at pt86
inhibitor prior to the addition of nitrocefin. These studies reveale_d .tha.t the sybs_trate hydrolysis profile
The model presented in panel A of the above scheme, in the case of CcrA exhibits Iln_ear kinetics (no lag) reg_ardlgss
however, fails to accommodate the basis for the enzyme©f the pH of the assay medium. In contrast, the situation
becoming susceptible to substrate inhibition. This phenom- With Bcll was similar to that noted in the case of IMP-1,
enon, which could be observed only under protocol B (see with the lag in t_he substrate hyqroly3|s profile becoming more
Table 3), points to the existence of an additional intermediate, Pronounced with the decrease in the pH of the assay medium.
EH*, in the isomerization process, with a branched pathway
that accounts for the noted substrate inhibition. Finally, DISCUSSION
observations recorded with protocol D suggest that prein- The rapid dissemination of some MBLs such as IMP and
cubation of IMP-1 at pH 4.7 prior to the exposure to thiols VIM via facile horizontal gene transfer to organisms inher-
would generate EH* and EH**, the former species being ently incapable of producing such enzymes poses a serious
inhibited not only by substrate but also by thiol compounds problem to the continued use g@lactam antibiotics in
(vertical upper pathway originating from EH?*). clinical therapy 28, 66). Furthermore, both the recent
Thiol-Mediated Inhibition of CcrA and Bcll (strain 5/B/  production of an Asn233Ala mutein of IMP-1 with superior
6). Studies were extended to include CcrA and recombinant catalytic efficiency 66) and the emergence of spontaneous
Bcll (strain 5/B/6) to determine if the above recorded facets IMP-1 variants [the latest being IMP-10 at the time of
of the interaction of IMP-1 with thiols are typical features submission of this repor6{)] with just one or two amino
of MBLs. It is pertinent to note that ESI-MS analysis of the acid substitutions underscore the imminent threat of MBLs
latter enzyme under nondenaturing conditions revealed thatsuch as IMP-1 to the efficacy gf-lactam antibiotics in
the protein contains two Zn(ll) ions (data not shown). Thus, combating bacterial infections.
Bcll, like CcrA and IMP-1, appears to be binuclear. Compounds with thiol function(s) have received consider-
The 1Gy values for the inhibition of both enzymes by thiols able attention as inhibitors of MBLs in view of their affinity
la and 6a (prototypes for negatively charged and neutral for divalent metal ions. The thiol inhibitors used in this study
mercaptans, respectively) were recorded under conditionswere found to fall into two distinct categories. In the case
analogous to those in experiments with IMP-1. These studiesof the first type, the inhibition was instantaneous and the
revealed thafla and6a are fairly potent inhibitors of Bcll,  substrate hydrolysis profile was linear with time and
with 1Cso values of 30 and 2M, respectively. In sharp  unchanged over the pH range of8. Mercaptans in this
contrast, both compounds were found to be weak inhibitors category are characterized by the presence of a proximal
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Scheme 3: Proposed Pathways in the Isomerization of the IMPhibl Inhibitor CompleR

P e e e e e e = e = - - 1
I E | A
' His Asp 1 His. ?er His '/«sp
! ~Cys 1 RSH  Hisui .Cys Hisw i o Cys
I H'S‘Zn,\o_,zAg' == o —=| "“m—oH
| Hi / 1 \ “NHis H,0 His/ i \ His His/ . / His
i ° H  OH ! H SR H—S
] / R
: ' "
| N W ! El B
| H,0 JEK : His ;/Asp
s .wCys
1 | HIS\Zn_ OH 2\ .
! i " 2.7 His
| ES | His S
I R
| His, 7‘3" :_
isa, i WwCys L - oo o
e ! C
: His/ % ; Hs _ ,_ ., _ L E+ PI His ;\sp
~ i G Cys
| O N F--—-===- ! HISN 20— g— 215
| Asn ' R OH,
| o i
! I
_____________ ElI*

2 The initial step of substrate hydrolysis, based on the mechanism proposed for TxtA4}, is given in the dashed box at the left.

anionic function as inla or 2a. In contrast, the mode of cycle is completed by the cleavage of the i bond of the
inhibition of IMP-1 by the second group of thiols, which substrate leading to the generation of an anionic intermediate,
comprise neutral thiols (e.ga,b) and compounds in which  its subsequent protonation by solvent water, and finally the

the anionic function is farther from the thiol group (e.be, release of the product with the concomitant restoration of
and 2b), was found to be pH-dependent. While at pt8 the enzyme to its resting state. The initial events of substrate
inhibition was instantaneous (linear substrate hydrolysis hydrolysis, i.e., the binding of the substrate on Zn2 with
profile), it was found to be time-dependent at pt8. concomitant rupture of the-OH bridge, serve as a precedent

Analysis of the kinetics of inhibition by this latter type of ~ for proposing an analogous event in the interaction of IMP-1
mercaptan revealed the process to be consistent with a modevith thiol inhibitors as described below (Scheme 3).
which involves the rapid formation of an enzymiahibitor One could envisage the mercaptan inhibitor to bind to Zn2
complex (EI), followed by its isomerization to a relatively by displacing its apical water ligand without perturbing the
more stable species, EI* (see Scheme 1). This phenomenon:-OH bridge between the metal ions, generating the initial
is analogous to that documented in the case of capt@®il (  EI complex. The displacement of the apical water molecule
a potent thiol inhibitor of Zn(ll)-containing angiotensin con- by an inhibitor molecule can be expected to be rapid, since
verting enzyme, and some thiol inactivators of leucine amino- the process is analogous to that involved in the binding of
peptidase®9, 70), a binuclear Zn(ll) protein. Isomerization the substrates’@, 73). The slow isomerization of El to EI*,
has also been reported to occur in the inhibition of other after the rupture of thex-OH bridge, may involve a
metalloproteins such as arginase. In the case of this binucleaiconformational change of the enzyme accompanying the
Mn(1l) enzyme, boronic acid inhibitors have been shown to orientation of the un-ionized thiol inhibitor toward the Zn-
exhibit slow binding kinetics at pH-9 (71), in contrast to bound hydroxide ion so as to facilitate an energetically
the above-noted situation with the thiol-mediated inhibition favorable H bond (Scheme 3, panel A). Such a rearrangement
of IMP-1, which acquires slow binding character at pi8. would result in a tighter binding of the inhibitor to IMP-1,

The proposals advanced herein to account for the “slow @ feature that is likely to retard its dissociation from the
binding” of neutral thiols to IMP-1 rely on precedents in- €nzyme at pH<8.
voked not only in the catalytic mechanisms of other relevant  Alternatively, the apparent Ky of 6.9, noted in the
metalloenzymes but also in the initial stages of substrate experiments on the pH dependence of the slow-binding
hydrolysis by CcrA, a dizinc MBL. Thus, it is appropriate process, may indeed be a reflection of a change in the
to examine the early events of the mechanism proposed forionizability of the Zn-bound thiol function d8a relative to
CcrA-mediated hydrolysis of nitrocefin72—74), which, that noted in its free form g, ~ 9.4 (64)]. Such diminution
briefly stated, are as follows. (i) In the resting state, the two in pK, values of mercaptans upon ligation to Zn(ll) or other
Zn(lIl) ions of the enzyme are bridged by a hydroxide ion. metal ions has been widely noted in both model compounds
(i) The binding of the substrate occurs by the replacement (75, 76) and proteins{7, 78). Furthermore, the deprotonation
of the apical water molecule on Zn2 with the nitrogen of of a Zn-bound thiol has been suggested to be associated with
theg-lactam ring. (iii) The interaction of Zn1-bound hydrox- the slow step in the inhibition of aminopeptidase by mercap-
ide, formed as a consequence of a rapid substrate-inducedans €9). Analogously, the deprotonation of the Zn-bound
rupture of theu-OH bridge, with Asp120 results in its appro- thiol in IMP-1 may follow rapidly a slow rearrangement of
priate orientation for nucleophilic attack on the carbonyl the enzyme to facilitate such an event, with the concomitant
function to form a tetrahedral intermediate. The catalytic rupture of theu-OH bridge (Scheme 3, panel B).
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Another alternative to be considered is based on observa- In the case of CcrA, the positive charge does not arise
tions of the crystal structure of IMP-1 in complex with a from the side chain of an amino acid residue, but instead is
mercaptocarboxylate inhibitor, which indicate a displace- provided by a sodium ion, which appears to be inflexible
ment of the hydroxide moiety bridging the protein’s two by being bound to five oxygen atoms derived from one
Zn(ll) ions by au-SR bridge 17). It is conceivable that  carboxylate oxygen atom of Asp84, two main chain carbonyl
the rapid displacement of the apical water molecule by the oxygen atoms, and two water moleculéd)( It is conceiv-
thiol inhibitor is accompanied by a slow step in which the able that the inflexibility of the sodium ion binding site
u-OH bridge is replaced with a-SR bridge (Scheme 3, prevents optimal electrostatic interactions between the en-
panel C). Since the formation ofiaSR bridge is likely to zyme and the inhibitor. This feature may account for thiols
involve the nucleophilic attack of the thiol in its depro- such aslaand6anot serving as effective inhibitors of CcrA.
tonated form on Zn(ll), such a process might be rapid at  Studies on the interaction of MBLs with substrates have
high pH. focused on the later stages of the catalytic cycle, which

Thiols with proximal anionic groups such &a or 2afail influence the overall rate of the catalytic process. The initial
to exhibit slow-binding kinetics, but behave as potent events (formation of ES), however, have not been investi-
reversible competitive inhibitors, regardless of the pH of the gated in detail. The analogous interactions between MBLs
assay medium. It is possible that the proximal anionic and inhibitors, which mimic, at least initially, those between
function (either a carboxylate as ira or 2a or a sulfonate the enzymes and normal substrates, are also worthy of
moiety as indd in the thiol inhibitor) serves as an additional detailed consideration. The observations recorded herein
binding determinant, allowing for an acceleration of the suggest that such interactions may be much slower and may
isomerization process. Thus, the anionic thiol inhibitors may therefore play an important role in the overall inhibition
be considered similar to normal substrates, which possessrocess (e.g., classical vs slow-binding). Thus, the identifica-
an analogous carboxylate group and appear to induce a rapidion of the initial stages of MBEthiol inhibitor interactions
rearrangement to facilitate the formation of the ES complex may constitute a first step in unraveling the subtle complexi-
(Scheme 3). Consequently, the anionic group of the inhibitor ties of such processes.
may interact with a positively charged amino acid residue
and/or with one of the Zn(ll) ions in the protein. While the ACKNOWLEDGMENT
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been observed in the crystal structure of IMP-1 in complex
with a mercaptocarboxylatel 7), crystallographic analysis
of succinic acid derivatives bound to the enzyme indicates
the interaction of one of the inhibitor's carboxyl functions
with both the side chain of Lys224 and Zn24j.

To explore the generality of the above-noted features in
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