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ABSTRACT. X-ray absorption spectroscopy was used to investigate the metal-binding sites of ImiS from
Aeromonaseronii by. sobriain catalytically active (1-Zn), product-inhibited (1-Zn plus imipenem), and
inactive (2-zn) forms. The first equivalent of zinc(ll) was found to bind to the consensusi@n The
reaction of 1-Zn ImiS with imipenem leads to a product-bound species, coordinated to Zn via a carboxylate
group. The inhibitory binding site of ImiS was examined by a comparison of wild-type ImiS with 1 and

2 equiv of bound zinc. 2-Zn ImiS extended X-ray absorption fine structure data support a binding site
that is distant from the active site and contains both one sulfur donor and one histidine ligand. On the
basis of the amino acid sequence of ImiS and the crystal structure of CphA [Garau et al. J20B)

Biol. 345 785-795], we propose that the inhibitory binding site is formed by M146, found on the B2-
distincta3 helix, and H118, a canonical Zhigand, proposed to help activate the nucleophilic water. The
mutation of M146 to isoleucine abolishes metal inhibition. This is the first characterization of ImiS with
the native metal Zn and establishes, for the first time, the location of the inhibitory metal site.

The f-lactamases, by conferring resistance to the most members of the metall@-lactamase family belong to Group
heavily prescribed antibiotics, pose an ever-increasing threatB2, found chiefly inAeromonasspecies 13, 14). The B2
to human health, as more and more pathogenic organismsnzymes share 11% sequence identity with Group B1, but
obtain them. The majority of-lactamases [ca. 800%, only 1 equiv of zinc is required for full activity. The B2
classes A, C, and DO1f] utilize a serine side chain to perform  enzymes also show very narrow substrate profiles, almost
a nucleophilic attack on thg-lactam ring, converting it to  exclusively hydrolyzing carbapenems.

an inactive, ring-opened form. Metalfbtactamases (MLs! Considerable information exists regarding the B1 and B3
class B) require one to two Zn ions for full activitg<5). enzymes, including X-ray diffractiorl6—29), spectroscopic
Unlike the serine-active lactamasespM have no known (9, 30—42), mechanistic43—59), and computational studies
clinically effective inhibitors. (60—72). The B2 enzymes are less well-characterized, with

In general, the MLs exhibit broad substrate profiles, comparably fewer physicochemical studies availaB@—
although all show some preference for different classes of 81). Recently, the first crystal structure of a B2 enzyme was
substrates. The FLs are divided into three subclasses based reported 82). The structure of CphA fromAeromonas
on sequence homology and substrate affinily Group B1 hydrophila unexpectedly showed that the first, hydrolytic
enzymes share 23% sequence identity, reach full activity equivalent of zinc binds to the consensus ite, in contrast
with 2 equiv of zinc, and preferentially hydrolyze penicillins  to the B1 and B3 subclasses in which the primary, hydrolytic
and cephalosporins [representative examples include Bcllzinc binds to the Znsite @1, 42).

from Bacillus cereus(7, 8) and CcrA from Bacteroides The X-ray structure§2) and a previous extended X-ray
fragilis (9, 10)]. Group B3 lactamases display similar absorption fine structure (EXAFS) study7 of CphA are

characteristics, including a requirement for two Zn ions, ¢yrrently the only direct examinations of a Bactamase
while conserving only 9 amino acids and preferring cephalo- iy jts catalytically active, monozinc form. A similar binding
sporins as substrates [representative examples include Liite on the basis of cobalt substitution, has been predicted
from Stenotrophomonas maltophilid1) and GOB from ¢4 |mis from Aeromonagseronii, which shares 98% amino
Elizbethkingia meningiosepticud2)]. The most unusual  4¢iq sequence identity with Cph&g). An alternative model,
suggesting that the catalytic metal ion is either labile
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. Wa'l‘ﬁirﬂ%\f’;’s\:gw Mexico. (76, 79). At present, the only structural information regarding
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and nuclear magnetic resonance (NMR) data were interpretecholding S andAE, constant, while varyingR.sando,é. Fits

as indicative of a remote>7 A) binding site for the
inhibitory metal ion. To examine the generality of the metal

to unfiltered data gave similar results.
Multiple-scattering contributions from histidine ligands

site reported for CphA within Group B3-lactamases,  were approximated by fitting FEFF calculated paths, derived
detailed structural information is needed on the metal-binding from the Crysta"ographic coordinates of Zn(Mehn‘t)) the
sites of more B2 enzymes. In this paper, we present EXAFS experimental EXAFS of Zn(Melmg) (84). The best fits
characterization of catalytically active, monozinc ImiS and resulted in four prominent multiple-scattering features (rep-
its product complex with hydrolyzed imipenem. The dizinc resenting 140 total scattering paths); paths of similar overall
forms of both the wild-type and a mutant enzyme are also |ength were combined to match these four featu4&s The
examined, defining for the first time the location of the combined paths were used to fit protein data, fixing the
inhibitory binding site. number of imidazole ligands per metal ion at integral or half-
integral values, while varying.s ando,£. The uncertainty

in the number of histidines, determined in this way, is
estimated to bet:0.5.

EXPERIMENTAL PROCEDURES

One- and two-Zn forms of wild-type ImiS were prepared
and characterized kinetically according to published proce- RESULTS
dures {8). Using the PAGE-purified oligonucleotide primers
and the overexpression plasmid for ImiS (pET26b-imiS) as  Previous steady-state kinetic studies have shown that the
a template, the ImiS mutant was generated using therecombinant ImiS utilized for the present studies displays
Quikchange site-directed mutagenesis kit, according to thecatalytic constants similar to those found for native In¥8)(
instructions of the manufacturer. The primers used for the and CphA ¥3) and that ImiS shows a preference for
mutagenesis studies were M146lFor, GCCCAGTCGCTCT- carbapenem substrates, typical of class B2L® The first
TGATCAGATCCCGGGT,; and M146IRev, ACCCGG- equivalent of Zn binds to ImiS with Kq < 2 nM (78). The
GATCTGATCAA GAGCGACTGGGC. DNA sequencing  addition of a second equivalent of zinc was found to non-
of the mutatedmiSgene using T7for (TAATACJACTCAC-  competitively inhibit the enzyme, with i; of 15+ 4 nM
TATAgg) and T7rev (CJATCAATAACGAQTCQCC) as  (78). These results confirm that the recombinant ImiS used
primers was used to confirm the presence of the intendedfor the present EXAFS studies binds the first equivalent of
mutation and the absence of other, unintended mutations.zn" in the active site and the second equivalent at the
These DNA sequences were analyzed on a Perkin-Elmer ABlinhibitory site.

3100 genetic analyzer. To test for the overexpression of Resting, Monozinc Enzym&he EXAFS data for the
mutants, the mutant plasmids were transformed B&%  hydrolytically active, monozinc form of ImiS (1-Zn ImiS,
cherichia coliBL21(DES3) cells and small-scale cell cultures Figure 1) show an asymmetric first shell, centereR &t o
were grown. Metal content and steady-state kinetic constantsy, 1.5 A with a significant shoulder to high&. Single-
were determined as previously report@@)( scattering fits, summarized in Table 1, using only low-Z
Samples for EXAFS (32 mM) were prepared with 20%  scatterers refine to an average of 4 N/O scatterers (fit 1-1)
(v/v) glycerol as a cryoprotectant, preloaded in Lucite at a distance of 2.08 A; distinct oxygen and nitrogen shells
cuvettes with 6um polypropylene windows, and frozen could not be resolved. Inclusion of a sulfur donor improves
rapidly in liquid nitrogen. X-ray absorption spectroscopy the fit residual 20-fold (fit 1-2), clearly demonstrating that
(XAS) data were measured at the National Synchrotron Light the first, catalytically relevant Zn ion coordinates the
Source (NSLS), beamline X9B, using a Si (111) double- cysteinate of the Zrsite. The multiple-scattering fit in Figure
crystal monochromator and a Ni-focusing mirror for har- 1 is the sum of single-scattering contributions (3N/O, 1S)
monic rejection. Data collection and reduction were per- and one rigid imidazole ligand (fit 1-3). While Asp120 is
formed according to published procedurd®, (83). X-ray expected to be a ligand to the Zn ion, inclusion of aZh
absorption spectra of each ImiS variant were measured on(carboxylate) interaction did not significantly improve the
two individually prepared samples (8 scans per sample). Thefit. This is not uncommon, given the complexity of the
two datasets for each variant were compared. In each casemultiple-scattering fit 42). Attempts to include a ZnZn
the two datasets gave comparable results; they were averagednteraction, consistent with the formation of a dinuclear
and it is the averages that are presented here. cluster @2, 83), resulted in arincreasein the fit residual,
The resultingy(k) EXAFS data were fit ¢9 degrees of ~ suggesting that distributed or scrambled binding of Zn does
freedom for single-scattering and 30 degrees of freedom for Ot occur.
multiple-scattering fits) using the nonlinear least-squares Enzyme-Product ComplexThe B2 lactamases are known
algorithm contained in IFEFFIT, interfaced with SixPack to display product inhibition 18, 82). It was therefore
(Sixpack is available free of charge from http://www- possible to prepare a product complex of ImiS with the
ssrl.slac.stanford.eduswebb/index.htm). The scale factor, hydrolyzed product of its reaction with imipenem. In the
S, andAE, were calibrated by fitting experimental data for crystal structure report for Cph/®), it was suggested that
compounds of known structure, holding all other parameters the Zn ion was five-coordinate, with a ligand set comprised
fixed. Models used for calibration wetetrakis1-methyl- of the three constitutive protein ligands and both the N4
imidazole zinc(ll) perchlorate, Zn(Melm)for Zn—N inter- nitrogen atom, formerly part of thg-lactam ring, and an
actions and tetramesitylthiolate zinc(Il), Zn(Sme&r Zn—S oxygen atom from the auxiliary carboxylate. In the reaction
scattering. The optimum value afE; was—21 eV for both; scheme that was proposed, the final complex was four-
scale factors were ZaN = 0.78 and Zar-S = 0.91. Fits coordinate, with the nitrogen atom having been protonated
were carried out for all reasonable coordination numbers, and released. A minimal change is seen in the X-ray
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of gravity of the FTs main peak shifts to higherwith little
change in the outer shell scattering. The best first shell fit,
utilizing all low-Z scatterers, consists of an average of 4 N/O
scatterers per zinc ion at a distance of 2.10 A (fit 3-1);
separate nitrogen and oxygen shells could not be resolved.
Inclusion of 0.5 sulfur ligands, maintaining the cysteinate
ligand to the catalytic metal with no heavy scatterers coordi-
nated to the inhibitory metal, results in a significant improve-
ment in the fit residual (84%) but gives an unreasonably low
Debye-Waller factor for the sulfur (3« 108 A?). However,
increasing the sulfur coordination number to 1 restores the
Debye-Waller factor while improving the fit residual by
86% (compare fit 3-1 to 3-2 in Table 1). Increasing the sulfur
coordination number in half-integer increments beyond a
value of 1 did not further improve the fit residual and resulted
in unreasonabl®,sando,Z (not shown), suggesting that the
inhibitory metal also coordinates one sulfur atom. The outer
shell scattering for 2-Zn ImiS is nearly indistinguishable from
that of 1-Zn ImiS and is best modeled with an average of 1
histidine ligand per zinc ion (Figure 4). Inclusion of a-Zn

Zn interaction or a ZaCco, resulted in unreasonable
distances and failed to improve fit residuals.

The EXAFS data for 2-Zh—ImiS indicate that the coordi-
nation sphere of the second, inhibitory zinc ion includes one
sulfur ligand and one histidine residue. Given the surprisingly
large amplitude of the sulfur scattering observed for the Zn-
inhibited enzyme, we sought to identify the source through
mutation. Only one cysteine residue is present in the amino
acid sequence of ImiS, and that cysteine coordinates the
catalytic metal ion. We therefore turned our attention to the
FiIGURe 1. Fourier transforms (A) of experimentaf-weighted four methionines present: M43, M72, M146, and M283)(
EXAFS data (B) for 1-Zn ImiS-t) and best fit ©). The slight increase in ZaS distance from 1-Zn (2.28 A) to
absorption near edge structure (XANES) between 1-Zn ImiS 2-Zn ImiS (2.33 A) is consistent with an average of an equal
and the 1-Zn ImiS product complex (Figure S1 in the number of thiolate and thioether donors in 2-Zn ImiS.
Supporting Information), indicating that the average Zn Because ImiS and CphA sharé®8% sequence identity, the

3N/O + 1S (1 His)

1 k)

10 12

2 4

6 8
k@AY

environment in the two forms is similar. EXAFS data for
the enzyme-product complex of 1-Zn ImiS with hydrolyzed
imipenem (Figure 2) indicate that the primary coordination

crystal structures of CphA and CphA plus biapenesf) (
were used as a guide in locating the inhibitory metal site.
As detailed in the Discussion below, M146, which is con-

sphere is generally the same as it is in the resting enzyme.tained in a loop that encloses the active site when the sub-
Single-scattering fits to the first shell, using only low-Z strate binds, appeared the most likely candidate. We therefore
scatterers, refine to an average of four nitrogen/oxygen prepared the isoleucine mutant of M146. The M146] mutant
donors at 2.07 A (fit 2-1), nearly identical to 1-Zn ImiS (fit bound the hydrolytic metal ion with &; < 2 nM and
1-1). The addition of one sulfur ligand at 2.30 A leads to a exhibited steady-state kinetic constant&gf= 197+ 11 st
93% improvement in the first shell fit (compare fit 2-2 to andK, =103+ 12 M at pH 7.0 when using imipenem as
2-1). A small rearrangement in the outer shell scattering is the substrate, only slightly less effective30%) than the
apparent in both thé&- and R-space data, but there is no wild-type enzyme 18). Metal analyses showed that the
increase in intensity. The best fit, presented in Figure 2 (fit mutant is isolated with 1 equiv of Zrbound. Unlike wild-
2-3), consists of a first shell of three N/O and one S donor, type enzyme, which was inhibited by nearly 70% when
with multiple-scattering contributions from one coordinated incubated with 20 nM Zf, the M146] mutant showed no
histidine. Inclusion of carboxylate carbon scattering or outer measurable decrease in activity with 20 nM"Zn
shell scattering from another ring structure (as would be XANES spectra for the wild-type and mutant enzymes
anticipated for the coordination of the product through the show a dramatic increase in white line absorption upon
N4 nitrogen) did not improve the fit. Thus, the ImiS plus mutation of M146 to isoleucine (Figure S1 in the Supporting
imipenem product complex is more consistent with the end- Information), suggesting the second equivalent of Zn coor-
stage complex proposed but not observed for Cp83. ( dinates multiple water ligands and may be hexa-aquo in the
Zinc-Inhibited Enzymé@.he addition of a second equivalent mutant solution. A comparison of the EXAFS data for wild-
of Zn'" to 1-Zn ImiS affords the Zn-inhibited form of the type 2-Zn ImiS and the mutant, 2-Zn ImiS (M146l), shows
enzyme. The two give nearly identical XANES spectra, aside a dramatic effect of the mutation on the average primary
from a small shift £¢0.3 eV) to lower energy and slightly  coordination sphere of Zn (Figure 5). The first shell features
more intense white-line absorption with the additional Zn are nearly restored to those of the wild-type enzyme, with a
(Figure S1 in the Supporting Information). When the EXAFS slightly lower amplitude in the higR shoulder, previously
of 1-Zn and 2-Zn ImiS was compared (Figure 3), the center ascribed to Zr-S scattering. Single-scattering, first shell fits
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Table 1: EXAFS Curve Fitting Results for 1-Zn and 2-Zn Forms of fniS

model Zn-N/O Zn—S Zn—HisP R¢ Ry
1-Zn ImiS
1-1 4 N/O 2.07 (5.6) 244 255
1-2 3N/O+1S 2.01(4.5) 2.28 (2.4) 13 73
1-3 3 N/O+ 1S+ 1 His 2.01 (4.5) 2.28 (2.3) 2.92(12),3.18 (8.7), 4.07 (12), 4.46 (14) 30 47
1-Zn ImiS+ imipenem
2-1 4N/O 2.07 (5.8) 316 317
2-2 3N/O+1S 2.02 (2.9) 2.29 (1.6) 26 79
2-3 3N/O+ 1S+ 1His 2.02 (3.0) 2.29 (1.4) 2.90 (3.6), 3.09 (3.5), 4.02 (36), 4.44 (10) 31 42
2-Zn ImiS
3-1 4 N/O 2.10(1.3) 90 120
3-2 3N/O+1S 2.04 (3.5) 2.33(3.9) 14 54
3-3 3 N/O+ 1S+ 1 His 2.04 (3.6) 2.33(3.8) 3.01(2.9), 3.16 (0.4), 3.96 (7.6), 4.51 (27) 20 46
2-Zn ImiS (M1461)
4-1 4N/O 2.06 (7.0) 185 195
4-2 4N/O+05S 2.02 (5.4) 2.29 (1.6) 19 84
4-3 3N/O+1S 2.02 (2.5) 2.29(9.4) 16 86
4- 4 N/O+ 0.5 S+ 0.5 His 2.02 (5.5) 2.28 (3.6) 2.88 (6.4), 3.11 (2.4), 4.16 (10), 4.42 (12) 29 36

aDistances (A) and disorder parameters [in parentheseg,0-2 A2)] shown derive from integer or half-integer coordination number fits to
filtered EXAFS datak = 1-12.4 A%, single scatteringR = 0.7—2.45 A (fits 1-1, 1-2, 2-1, 2-2, 3-1, 3-2, 4-1, 4-2, and 4-3); multiple scattering,
R = 0.1-4.4 A (fits 1-3, 2-3, 3-3, and 4-4)P. Multiple-scattering paths represent the combined paths described in the Experimental Procedures.
¢ Goodness of fit R for fits to filtered data andR, for fits to unfiltered data) defined as 10®Ll{ [Re(icacd|? + [Im(xica|cd)\2})/(zi“=1{ [Re(riony|?
+ [Im(xiob9|3), whereN is the number of data points.

—1-Zn ImiS
—2-7n ImiS

3N/O+ 1S (1 His)
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kA Ficure 3: Fourier transforms (A) of experiment&f-weighted

FIGURE 2: Fourier transforms (A) of experimenti$-weighted EXAFS data (B) for 1-Zn (black line) and 2-Zn (gray line) ImiS.

EXAFS data (B) for the 1-Zn ImiS imipenem product complex . . . . . .
(—) and best multiple-scattering fit). results in a 90% improvement in the fit residual, with a much

more reasonable Deby&Valler factor (fit 3-3). The Zr-S
to the 2-Zn ImiS (M146l) EXAFS, using only low-Z distance in the mutant is restored to that observed for wild-
scatterers, shows an average of 4 N/O at 2.06 A (fit 3-1). type 1-Zn ImiS, consistent with the loss of the thioether
Inclusion of one sulfur ligand per Zn ion improves the fit ligand. While the two fits are statistically similar, we favor
by 92%, although the DebyaNaller factor is a bit large  the model that includes 0.5 S per Zn, owing to the dramatic
(fit 3-2). Reducing the sulfur contribution to 0.5 S per Zn change that accompanies the mutation and the similarity of
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FIGURE 4. Fourier transforms (A) of experimentaf-weighted Ficure 5: Fourier transforms (A) of experimentaf-weighted
EXAFS data (B) for 2-Zn ImiS+) and best multiple-scattering  EXAFS data (B) for 1-Zn ImiS (gray line), 2-Zn ImiS (thin black
fit (). line), and 2-Zn ImiS (M1461) mutant (thick black line).

the EXAFS of the mutant to that of the wild-type 1-Zn of the hydrolyzed product. The intensity of the outer shell
enzyme. The outer shell scattering is qualitatively affected, scattering is also unchanged in the enzympeduct complex

although quantitative assessment beyond the presence oFT. This eliminates the possibility of product coordination
1 £ 0.5 His ligands per Zn ion is difficult. The multiple-  via theS-lactam nitrogen, which is part of a five-membered
scattering fit shown in Figure 6 represents the sum of 4 N/O ring that remains intact in the hydrolyzed product. The
and 0.5 S in the first shell, with outer shell scattering from presence of an additional, coordinated rigid ring structure

0.5 histidine imidazoles per zinc ion. would be expected to give rise to outer shell scattering, simi-
lar to that from an additional histidine. While the scattering
DISCUSSION pattern apparent in Figure 2 is altered relative to the resting

1-Zn ImiS.Single-scattering fits to the EXAFS data of €nzyme, they exhibit nearly identical amplitudes. An EP
1-Zn ImiS show that the first equivalent of zinc is bound to complex, which was offered on the basis of stopped-flow
three nitrogen/oxygen donors and one sulfur ligand. This kinetics and rapid-freeze quench EPR studies, has recently
result, in addition to the presence of one coordinated histi- Peen hypothesized that is consistent with these &g (
dine, as indicated by the multiple-scattering fit, supports the  This result is in apparent contrast to the enzympeduct
conclusion that the first equivalent of ¥rbinds at the structure determined for CphA with biapeneBg), which
consensus Znsite. These findings are in agreement with proposed a hydrolyzed biapenem structure that coordinates
the crystal structure of CphA8pR), suggesting that this  zinc in a bidentate fashion, via both tj§elactam nitrogen
binding mode is general for the class B2 carbapenemasesand the auxiliary carboxylate function. While the EXAFS
The EXAFS are also consistent with the metal-binding site data presented here cannot distinguish between the carboxyl-
determined by UV-vis, EPR, and NMR studies of cobalt- ate generated by hydrolysis or the peripheral carboxylate, it
substituted ImiS79), demonstrating that the first equivalent clearly does not support bidentate coordination. Given the
of cobalt occupies the same binding site as the first equivalent98% sequence homologg%), it is unlikely that there are
of zinc in ImiS. significant differences in the substrate-binding pocket. The

1-Zn ImiS Plus Imipenent.he EXAFS of the enzyme structures of imipenem and biapenem (Chart 1) are suffi-
product complex of 1-Zn ImiS with imipenem reveals a first ciently similar that they should be expected to produce
shell distance (2.07 A) that is the same as the resting enzymesimilar product complexes. The EXAFS data are more
indicating similar coordination numbers in both complexes. consistent with the end-stage product complex, in which the
The implication of this observation is monodentate binding j-lactam nitrogen has been protonated, that was proposed
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A 2 increasing the number of S per Zn to 1 improves the fit
residual by a factor of 7. Comparing the outer shell scattering
of 1-Zn ImiS to 2-Zn ImiS indicates that the average number
of histidines per zinc is also approximately the same. The
small but measurable increase in the white line intensity for
the 2-Zn derivative suggests that the remainder of the

4N/O+0.55 (0.5 His) coordination sphere of this metal is mostly solvent.

A remote binding site for the second, inhibitory equivalent
of metal was previously suggested for the 2-Co analogue of
ImiS, on the basis of EPR, NMR, and optical spectroscopy
(79). The EXAFS data for 2-Zn ImiS are consistent with a
remote binding site, on the basis of the lack of an obvious
metal-metal interaction and the presence of a sulfur ligand
in the coordination sphere of the inhibitory metal ion (Zn
binding at the Zn site would be expected to display tetra-
coordination, including three histidine ligands). The amino
acid sequence of ImiS requires that the sulfur ligand in the
inhibitory site must come from methionine, because only one
Cys is present and it is coordinated to the hydrolytic metal
ion.

The four methionines present (M43, M72, M146, and
M252) were considered in the context of the crystal structures
of CphA with and without biapenen8®). Each was exam-
ined for location relative to the active site, their effect (if
any) on substrate binding, and their distance to nearby histi-
dines residues. M252 was immediately discounted because
of its distance from the active site and from the nearest
-4 1 histidine residue¥20 A). M43 and M72 are both conserved

> 6 M 10 12 in class B1 and B3 KLs, which maintain activity upon
k@A™ binding a second zinc(ll) ion. Therefore, their involvement

FiIGURE 6: Fourier transforms (A) of experimenti$-weighted in zinc inhibition was considered unlikely. M43 is14 A

EXAFS data (B) for 2-Zn ImiS M1461 mutant—) and best from the active site and is within 10 A of H96, but neither

multiple-scattering fit ©). M43 nor H96 participate in substrate binding or the proposed

Chart 1 hydrolytic mechanism80, 82). M72 is ca. 13 A from both

the zinc ion and H263, which coordinates the active Zn ion

and helps stabilize the intermedia8®{82). However, M72
N. _NH is most likely too distant from H263 for a second zinc(ll)
| N/ 57NN ion to bind both H263 and M72. We see no evidence that

o/ H263 dissociates from the first Zn ion (this is the only

CO,H histidine coordinated by the hydrolytic metal ion). Therefore,

imipenem both M43 and M72 were dismissed as potential ligands of
the inhibitory zinc ion.

The remaining methionine, M146, is located on the

)\ N\ elongateda3 helix (formed by residues R140.161) that
N / S 1!1\/N is unique to class B2 fLs. In contrast to reported B1 and

R+a @A)

OH

OH

0/ B3 structures 16, 19, 20, 22, 28), this extended helix is
COH located near the active-site groove and contains hydrophobic
biapenem residues that appear to help define the active 8B (M146

is near the beginning of this helix, directly behind H118,

by Garau et al.§2) but not observed. This may reflect an which has been proposed to activate the hydrolytic water
inability of CphA to transfer a proton to the bound intermedi- molecule through a hydrogen-bonding interaction.
ate in the crystal. We see no evidence of inactivation as was Mutation of M146 to isoleucin@abolishesnhibition by a
seen previously for CphA with moxalactam, where the 3 second equivalent of Zn and has a profound effect on the
leaving group reacted with the active-site cystein&®.( EXAFS, as shown in Figure 5 and Table 1. Given the

Inhibitory Zn Site. A comparison of the EXAFS FTs for  specificity with which wild-type ImiS binds the second Zn,
the active, monozinc and inhibited, dizinc forms of ImiS it seems unlikely that it is nonspecifically bound in the
shows a dramatic change in the average first shell uponmutant. The XANES of the mutant shows a dramatic increase
binding the inhibitory Zn ion (Figure 3). Single-scattering in white line absorption, suggesting that the second equiva-
fits indicate the presence of a coordinated sulfur in the lent of Zn coordinates multiple water ligands (Figure S1 in
primary coordination sphere of both metal ions. Without a the Supporting Information). The EXAFS of the 2-Zn M146|
heavy atom coordinated to the inhibitory metal ion, the mutant clearly indicates a loss of a sulfur ligand. We propose
expected average coordination number is 0.5 S per Zn;that the inhibitory zinc ion binds to both M146 and H118 in
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Scheme 1
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wild-type ImiS. The consequences of this binding mode are
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coordination could also turn H118 away from the active site,
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molecule, further inhibiting catalysis. The location of this
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