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ABSTRACT: The zinc-dependent metalf$Hactamases are a group of bacterial enzymes that pose a threat
to the future efficacy of present-day antibiotics. Their mechanism is poorly understood, and there are no
clinically useful inhibitors. While most members of the group contain two tightly bound zinc ions in their
active sites, th&acillus cereuenzyme has a much lower affinity for its second zinc (Zn2), thought to

be due to the presence of Argl21 immediately beneath the floor of the active site (cf. Cys/Ser/His121 in
the bizinc enzymes). Crystal structures of the Arg121Cys mutant dB tleereusb69/H/9 enzyme were
solved at pH 7.0, 5.0, and 4.5, each in the presence of eithef2@r 20 mM Zr¢* to generate the
mono- and bizinc forms, respectively. Surprisingly, the structure of the active site was unaffected by the
mutation; a network of ordered water molecules replaced the interactions made by the arginine side chain,
and the occupancy of Zn2 appeared minimally changed. As the pH was lowered, Zn2 moved away from
one of its ligands, Asp120, but was “tracked” by two others, Cys221 and His263. Furthermore, the hydroxide
ion (and proposed nucleophile f@rlactam hydrolysis) was bound to Znl at pH 5 and above but absent
at pH 4.5. This provides experimental evidence for an earlier proposed mechanism in which protonation
of Asp120 and the Znl-bound hydroxide are the two events that lead to the loss of activity at low pH.

p-lactamases are enzymes capable of hydrolyzing thebeen made in identifying molecules that inhibit the class B
cyclic amide bond of thg-lactam ring that is a structural  enzymes (e.g., refs1—14 and references therein), there are
feature of commonly used antibiotics such as penicillins, as yet no clinically useful inhibitors available. The increasing
cephalosporins, and carbapenems. Hydrolysis inactivatesprevalence of the metallg-lactamases, combined with the
these compounds, agidactamase production is an important  |ack of clinically effective inhibitors, is of increasing concern
contributor to the increasing problem of bacterial resistance to the medical community3( 15).
to antibiotics 8, 4).

Four classes @8-lactamase enzymes have been identified
(5—7). Classes A, C, and D comprise the sefAactamases
that rely on a catalytic serine residue for activity and for
which a clinical inhibitor, clavulanic acid, is availabl8)(
Class B is comprised of the metajblactamases that depend
on Zr¢* ions for activity @, 10). While some progress has

The metallog-lactamase fronBacillus cereudelongs to
the B1 subclasslj. Crystal structures for five enzymes from
this subclass have been solved: Bcll fréncereus(16—

19), BlaB from Chryseobacterium meningoseptic&0),
CcrA from B. fragilis (21—23), IMP-1 from Pseudomonas
aeruginosg24), and VIM-2 fromP. aeruginosgPDB code
1KO3). These structures reveal a remarkable degree of
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It has been suggested that a positively charged argininet e 1. Crystal-Soaking Details

residue (Arg 121) located in the floor of the Bcll active site
is responsible for the reduced affinity for Zn27( 21, 22).

In CcrA, where two high-affinity metal-binding sites are
present, residue 121 is a cysteine. While a"Nen was
tentatively identified in the active site of CcrA, close to the
position occupied by the guanidinium group of Arg121 in
Bcll, its position is actually further away from the Zn2 site
than Arg121 in Bcll and it is not thought to exert any affect
on Zn2 affinity as a resul(l, 22). Likewise, in IMP-1, with
two high-affinity metal-binding sites, residue 121 is a serine
and the NZ atom of a lysine residue present in the active
site is also further away from Zn24). The two other B1
subclass enzymes for which structures are known, VIM-2
(PBD code 1KO3) and BlaB2(Q), have an arginine at
position 121. In these structures, Zn2 was refined with 80%
occupancy and a temperature factor either similar to (VIM-
2) or greater than (BlaB) that for Zn1.

To determine whether Arg121 is indeed responsible for
the reduced affinity of the Zn2 site in Bcll 569/H/9, an
Arg121Cys mutant (hereafter R121C) has recently been
characterized, with activityk{,) determined for benzylpeni-
cillin hydrolysis in the presence of 2o0M and 1 mM Zr*
over a pH range of 4:57 (31). We now present crystal-
lographic data for both mono- and bizinc forms of the Bcll
R121C mutant over the same range of pH values. While the
affinity for Zn2 in this mutant is comparable to the wild-
type enzymedl), significant structural changes were found
to occur in the active site as the pH is lowered, which provide
insights into the mechanism of this enzyme. Because the
activity profile of the R121C mutant is very similar to that
of wild-type Bcll (31) and the Cys mutation itself did not

in the conformations of neighboring residues, it is expected
that the observed pH-dependent changes will also occur in
the wild-type enzyme.

MATERIALS AND METHODS

Crystallization Expression and purification of the R121C
mutant has already been describdd) (Crystals were grown
using the hanging drop vapor diffusion method. The reservoir
solution contained 700L of 100 mM Tris-HCl at pH 4.5
5, 70-75% (v/v) saturated (N.SOy, 1 mM DTT or 1 mM
TCEP-HCI, 2 mM ZnS@, and 0.1% (w/v) Nahl The drops
contained 1.55 uL of protein solution at a concentration
of 2.7 mg/mL, to which an equal volume of reservoir was
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pH ZnSQy reducing
dataset/soak(+0.2) concentration agent
Ccm7 7.0 20 mM 1mMDTT
Cmb5 5.0 20 mM 1mMDTT
Cm4.50x 4.5 20 mM 1mMDTT
Cm4.5 45 20 mM 1 mM DTH 1 mM TCEP-HCI
CuTox 7.0 20uM 1 mMDTT
Cu50x 5.0 2uM 1 mMDTT
Cu4.50x 45 2QuM 1mMDTT
Cu4.5 45 2uM 1 mMDTT + 1 mM TCEP-HCI

soaking solutions were exchanged with cryoprotectant solu-
tions comprised of the soaking solution components and 18%
(v/v) glycerol, after which the crystals were mounted in nylon
loops and flash-cooled in liquid nitrogen.

Data Collection and Processin@he data were processed
with DENZO (32) and the CCP4 suite of program33}.
Data processing statistics are summarized in Table 2.

Structure Determination, Model Building, and Refinement.
Structures were solved using 1BC2 as a starting model. All
ions and solvent molecules were removed from the model,
and Argl21 was mutated to Ala. Electron density was
typically present for residues 349 and 66-291. In cases
where electron density allowed further building of the main
chain, residues were included as Gly or Ala, unless sufficient
density was present for the entire side chain. Refinement
was performed using CN34). Cycles of refinement were
alternated with rounds of manual model building with
QUANTA (35) usingoa weighted 2F,| — |F¢| and |Fo| —
|F¢| electron density maps. All ligand topology and parameter
files used for refinement were obtained from the HIC-Up
database36). Protein topology and parameter files distrib-

Yited with CNS were edited to include values for oxidized

Cys residues (CEA and CSD). A total of 5% of reflections
was used to calculate tH&.e value throughout the refine-
ment process, with the exception of two final rounds of
refinement where all reflections were used. The two NCS-
related molecules of the asymmetric unit (termed A and B)
were refined independently, and with the exception of
residues adopting alternative conformations where an oc-
cupancy of 50% was assigned to each conformer, all atoms
(including the ZA" ions) were refined with an occupancy
of 100%. The final models were analyzed using PROCHECK
(37), SFCHECK 88), and CNS 84). In all structures, Asp84
adopts a forbidden conformation, but this was also found in
wild-type Bcll. Refinement and final model statistics are

added. After 1 day, the drops were streak-seeded from asummarized in Table 3. All figures were produced with

crystal of the wild-type enzyme grown as described previ-
ously (18). The drops were kept at a temperature of 291 K
(£0.5 K). The crystals had a trigonal morphology and were
up to 150um in length. Single crystals were harvested after
a period of 2-4 months into mother liquor solution.

Crystal Soaking and Cryocoolin@nce harvested, crystals
were soaked for 42 h in solutions of 100 mM Tris-HCI,
75% (v/v) saturated (Np,SO, containing ZnS@ 1 mM
DTT alone or additionally with 1 mM TCEP-HCI, and 0.1%
(w/v) NaNs. The concentration of ZnSQOn the soaking
solutions was controlled to manipulate zinc occupancy in
the active site, and the pH of the solutions was adjusted to
pH 4.5, 5, or 7 £0.2) (Note that crystals only grow at a pH
of 4.5-5). Details for each soak are given in Table 1. The

PyMOL (39).
RESULTS

Structural Effects of the Cys MutatioBuperposition of
the polypeptide backbone atoms of all refined structures with
wild-type Bcll (PDB code 1BC2) revealed that the Cys121
mutation had not caused any overall structural changes [e.qg.,
root-mean-square deviation (rmsd) between structure Cm7
molecule B and 1BC2 is 0.38 A]. Cys121 adopted the same
conformation in all structures, and this was found to be the
same as that adopted in Ccr&l( 22). Because Arg121 in
wild-type Bcll is important for maintaining structural
integrity in the active site by forming a salt bridge with
Asp84 and a hydrogen bond with Aspl12Q8), it is
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Table 2: Data-Processing Statistics

dataset Cm7 Cmb5 Cm4.50x Cm4.5 UTOX Cu50x Cud.50x Gi4.5

beamline, ID13, ESRE D141, ESRP ID13,ESRE 14.2, SR8 9.6, SRS 14.2, SR8 ID13,ESREP 14.1, SRS
synchrotron source

space group P3:21 P3:21 P3:21 P3,21 P3:21 P3,21 P3:21 P3:21

unit cell a=b= a=b= a=b= a=b= a=b= a=b= a=b= a=b=
dimensions (A) 67.311 67.535 67.309 67.300 67.391 67.866 67.578 67.250

c=178.010 c=178.712 c=177.604 c=177.183 ¢=178.530 ¢c=178.470 ¢c=178.769 c=177.800

resolution limit (A) 2.0 1.8 2.3 2.4 2.9 2.3 2.1 25

number of 37787 43889 20328 18 697 10943 21917 28 092 16 423
unique reflections

outer shell (A) 2.041.97 1.85-1.80 2.36-2.30 2.46-2.40 2.98-2.90 2.36-2.30 2.15-2.10 2.57+2.50

completeness (%), 99.9[99.9] 98.7[98.7] 98.1[95.8] 99.0[99.0] 99.4[99.3] 99.9[99.9] 98.9[92.2] 98.5[99.5]
overall [outer shell]

multiplicity, 111[9.9] 6.8[4.9] 3.5[3.5] 5.2[5.2] 2.9[3.0] 6.4 [6.5] 4.9[3.8] 4.3[4.3]
overall [outer shell]

I/o, overall 4.4[1.1] 9.5[3.6] 5.3[1.6] 5.7[1.8] 4.5[1.7] 6.9 [3.2] 9.4[4.0] 6.0[2.2]
[outer shell]

Rsym (%), overall 10.7[55.4] 5.3[18.5] 15.2[51.0] 9.4[36.8] 13.2[37.7] 8.4[22.2] 6.1[18.3] 10.5[32.4]
[outer shell]

Ranom (%), overall 3.9[25.2] 2.4[10.5] n/a n/a n/a 3.5[9.2] n/a n/a

[outer shell]

2 ESRF, European Synchrotron Radiation Facility, Grenoble, Fr&®®&S, Synchrotron Radiation Source, Daresbury Laboratory, U.K.

Table 3: Refinement Statistics

dataset Cm7 Cmb5 Cm4.50x Cm4.5 UTdX Cu50x Cud.50x Q4.5

resolution range (A) 58.722.00 55.96-1.80 9.96-2.30 58.72-2.40 16.69-2.90 41.88-2.30 59.76-2.10 58.72-2.50
number of reflections 71090 82 092 20 328 18 697 10943 40 700 28 092 16 423
per asymmetric unit

number of protein atoms 3443 3370 3359 3356 3357 3378 3358 3361

number of water molecules 515 494 369 304 216 304 348 288
averageB factor 2151 20.46 18.38 23.47 21.17 19.33 19.06 22.66

for protein atoms (A
Reryst (%) (all reflections) 17.21 18.28 18.19 17.87 18.56 18.21 19.04 18.49
Riree (%) (5% of reflections) 20.85 20.21 23.87 22.44 24.75 22.27 22.20 23.74
oa coordinate error (A) 0.20 0.17 0.25 0.26 0.29 0.23 0.18 0.28
rmsd, bond lengths (A) 0.007 0.006 0.007 0.007 0.007 0.006 0.008 0.007
rmsd, bond angles (deg) 1.39 1.34 1.37 1.32 1.39 1.34 1.34 1.33

remarkable that there are no significant structural changeshedral arrangement, and Zn2 is coordinated in a distorted
in the active site of the R121C mutant, not even at residuestrigonal bipyramidal arrangement by Aspl120, Cys221,

Asp84 or Aspl120.
Environment of Cys121As expected, mutation of the

His263, Watl, and either a glycerol molecule (glycerol 8,
molecule A) or a second water molecule (W362, molecule

larger, positively charged Arg residue to Cys created a cavity B). Given the very short ZnO distances of 1.89 and 1.99
in the floor of the active site of the Bcll mutant. In CcrA, a A (Table 4), Watl is almost certainly an hydroxide ion, as
possible Na ion adjacent to the naturally occurring Cys121 discussed earlier in relation to the wild-type structuk8)(
lies close to the position occupied by the guanidinium group Watl is more symmetrically placed in this structure than in
of Arg121 in Bcll (21, 22). No Na' ion was detected in the  wild-type Bcll (Table 4), but this is because the lower pH
Bcll R121C structure, and instead, a network of water of the latter (pH 5.4) causes movement of Zn2 away from
molecules populates this cavity. In particular, a water Znl, as will be described below for the mutant structures.
molecule was identified in a position equivalent to either  The temperature factors for Zn2 in Cm7 (52 and 49rA
the NH1 or NH2 atoms of Argl21 (Figure 1), forming molecules A and B) were higher than those for Znl (both

hydrogen bonds with Ser69 {Q Asp120 (@&2), and Gly262

22 R?), as seen in wild-type Bclli(7, 18). In our studies,

(carbonyl oxygen) and preserving the architecture of the we have set all zinc ion occupancy values to 100% and
active-site floor. Nevertheless, the lengths of these hydrogenrefined their temperature factors. This provides a combined
bonds (average 3.0 A) and the temperature factors of themeasure of the degree of mobility and level of occupation

water molecules [average 40*Acompared with 23 Afor
the guanidinium group atoms in wild-type Bcll (1BC2,
2BC2, 3BC2, and 1BVT) and 10%%or Na* in CcrA from
B. fragilis (1ZNB and 2BMI)] implies that there may be less
rigidity in the active site of the mutant enzyme.

The Actve Site: Cm7At pH 7, the optimum for Bcll
activity, and with a ZnS@ concentration of 20 mM, the
active site of the R121C mutant contains two?Zrions

at each site. The Znl and Zn2 temperature factors are
therefore consistent with the lower affinity for Zn2§).
Furthermore, because the temperature factor for Zn1 €2 A
is almost identical to the average temperature factor for
protein atoms in the structure (21.%)Athis demonstrates
100% occupancy at this site.

Cmb5.At pH 5 and a ZnS@concentration of 20 mM, the
active site also contains two Znions (Figure 2B). Znl

(Figure 2A). Znl is coordinated by His116, 118, and 196 coordination was unchanged, but at the Zn2 site, the distance
and a water molecule/hydroxide (labeled Watl) in a tetra- to Asp120 @2 had increased (3.91 and 3.38 A in molecules
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Ficure 1: Active-site floor of the R121C mutant. The cavity created
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B, Figure 2D) bridged the Zn ions, although not at the same
location as Watl (ZntCl-, 2.76 A; Zn2-ClI-, 3.12 A).

Zn2 was again found to have moved away from Zn1 and
Asp120 (Zn2-062, 3.79 A in molecule A and 3.81 A in
molecule B; Table 4), and Cys221 and His263 again tracked
this movement. This shift in Zn2 position at low pH is shown
in Figure 3.

CuT7ox.At a Zr?™ concentration of 2@M, only one zinc
ion (Znl) was found in the active site (Figure 4A), with the
same coordination as in the bizinc structures. Cys221 was
found to be oxidized (CSD species in Figure 4A), probably
as a result of crystallization at lower pH before adjustment
to pH 7. This structure is important because it demonstrates
that, in the absence of Zn2, Watl is bound to Znl exactly
as in the bizinc structure at this pH (Cm7 structure; Figure
2A).

Cu50x. At pH 5 with a ZnSQ concentration of 2«M
and only 1 mM DTT as a reducing agent, Cys221 was again
oxidized with only Zn1 present in the active site (Figure 4B).
Its coordination, including Watl, was exactly the same as

by the mutation, immediately underneath the active site, is populatedfor the monozinc structure at pH 7.0.

by water molecules (red spheres, YWA) as shown here for structure

Cm7 molecule B. Some variation is seen in the other structures
but a water molecule (W1) lies close to the position occupied by

the NH2 atom of Arg121 in wild-type Bcll, forming hydrogen
bonds to the other water molecules and to Ser6g, (@t shown),
Aspl120 (®2), and Gly262 (carbonyl oxygen). The position of
Arg121 in wild-type Bcll (1BC2 molecule A) is shown in purple.
Znl and Zn2 are indicated by yellow spheres.

A and B, compared with 2.59 and 2.84 A at pH 7). These

increases are substantially greater than the combined

coordinate error in the two structures (0.37 A) and mean
that Asp120 can no longer act as an effective ligand for Zn2.

In contrast, the Zn2Sy (Cys221) and Zn2Ne2 (His263)

distances are unaltered with the change in pH, and thes

ligands track the movement of Zn2 (Table 4).

While the temperature factors for Znl at pH 5 (30 and 24
A?) are comparable with those at pH 7, the Zn2 values are

much higher (82 and 1192ATable 5). This most likely

reflects a lower occupancy of Zn2 caused by a partia
oxidation of Cys221, because in the Cm4.5 structure in which
no oxidation occurs (see below), the Zn2 occupancies ar
the same as those at pH 7. Despite possible partial oxidation,
of Cys221 in this structure, tracking of Zn2 is still observed,
because a fraction of molecules in the crystal still contains

Zn2 and Cys221 in its reduced form.

Cm4.50xAt pH 4.5, despite the presence of 1 mM DTT,
Cys221 was clearly oxidized with two additional oxygen
atoms and was refined &cysteinesulfinic acid (CSD) in
molecule A, as shown in Figure 2C, and Sdydroxy-

cysteine, with one additional oxygen atom, in molecule B.

e

Cu4.50x. At pH 4.5, 20uM ZnSO,, and 1 mM DTT,

'Cys221 was oxidized t&-hydroxy-cysteine in both mol-

ecules (CEA in Figure 4C) and only Znl was present. In
molecule A, Watl was found with a high-temperature factor
(40 A?), while in molecule B, it was absent altogether (Figure
4C), consistent with the Cm4.5 and Cm4.50x structures.
There was however a slight increase in the Zhdand
distances in this structure (Table 4), and also in the
temperature factors for Zn1 (Table 5), not seen in the Cm4.5
structures nor @4.5 (see below). Interestingly, His263
adopted an alternative conformation in this structure, with
the side-chain rotated away from the active site (Figure 4C).
This has already been observed in monozinc wild-type
structures (Fabiane, unpublished; PDB code 2BC2) and is
therefore unrelated to the mutation.

Cu4.5. Addition of 1 mM TCEP-HCI at pH 4.5 with 20
uM ZnSQO, prevented oxidation of Cys221 in molecule B

| but notin molecule A, and while both molecules bound only

Znl, Watl was present in molecule A but absent from B

e(Figure 4D; as in @4.50x). The temperature factors for Zn1

were lower and the ligand distances were shorter than those
in Cu4d.50x, in line with those found in all of the other
structures (Tables 4 and 5).

DISCUSSION

Zrét Occupancy in the Acte Site.While some members
of the metallog-lactamase family contain two tightly bound
zinc ions, Bcll is active with a single zinc ion (Zn1) liganded
by three histidine residues and the presumed nucleophilic

Only Zn1 was present in each molecule. While its protein water/hydroxide moiety (here termed Watl). Activity is
ligands were unchanged from pH 7, Watl was missing from enhanced when the second site (Zn2) is occupied, bound by

both molecules.

Aspl120, Cys221, and His263, but its role in the mechanism

Cm4.5.Because DTT failed to protect Cys221 against is unknown. Because the two zinc-binding sites in Bcll have
oxidation at lower pH, TCEP-HCI was also added, and this very different macroscopic binding constarfisZ7, 40), we
successfully maintained Cys221 in the reduced state. At pHhave been able to determine structures with either one or

4.5 in the presence of 20 mM Zng@nd 1 mM TCEP-

two zinc ions bound by altering the zinc concentration.

HCI, both Znl and Zn2 were present (Figure 2D), with Recently, it has been suggested that the active site of
temperature factors comparable to those at pH 7 (Table 5).monozinc Bcll contains a single Znion equally distributed
However, Watl was still absent at this pH. Instead, a glycerol between the Zn1 and Zn2 site40}, but we have found no
molecule (in molecule A) and a chloride ion (in molecule evidence for this in the crystal structures. In all of the
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CsD

Asp120

Ficure 2. Electron density for the 20 mM 2h R121C Bcll structures. (A) Cm7 molecule B. Density is present for twé 4ons. Znl

is coordinated by three His ligands and Watl. Zn2 is coordinated by Asp120, Cys221 (not shown), His263, Watl, and W362. Density is
contoured at 1.®. (B) Cm5 molecule B. Coordination of Zn1 is the same as in Cm7. Zn2 is coordinated by Cys221 (not shown), His263,
Watl, and an azide ion. Density is contoured ab1(C) Cm4.50x molecule A. Znl is coordinated by three His ligands, but Watl is
absent. Cys221 is oxidized to CSD (two oxygen atoms), and His263 adopts the “in” conformation. Density is contoured@} C:i04.5

molecule B. Zn1 is coordinated by three His ligands, but Watl is absent, replaced byam @hat bridges Zn1 and Zn2. Coordination of

Zn2 is completed by Cys221 (not shown), His263, and W2. Density is contoured at Cabr code: ZA" (yellow), water (red), Ci

(green), azide (blue), and protein atoms (black). All density is shown ugingeighted F.ns — Fcac €lectron density maps. For clarity,
His116 is not shown.

structures reported here, both Znl and Zn2 were refinedindicative of a lower occupancy and/or greater mobility at
assuming an occupancy of 100%. The temperature factorsthis site, but the low temperature factors for Znl in all of
(which cannot be refined independently of occupancy at this these bizinc structures imply full occupancy at that site and
resolution) therefore reflect a combined measure of the also preclude exchange.

degree of mobility and level of occupation at each site. Role of Arg121lt has been suggested that this arginine
Temperature factors close to 21.3, Ahe average value for  residue, lying immediately below the Zn2 site, is responsible
the protein atoms of the structure, therefore correspond tofor the lower affinity for the second zinc ion, because in
approximately 100% occupancy. Higher values (and poten- Bcll, VIM-2, and BlaB, there is crystallographic evidence
tially lower occupancy) are recorded for some of the forlower occupancy. In contrast, CcrA and IMP-1 have two
monozinc structures (Table 5), but in none of these is density high-occupancy Zn sites and residue 121 is cysteine and
detectable at the Zn2 site that would suggest exchange. Inserine, respectively. It was surprising, therefore, that the
the bizinc structures, Zn2 temperature factors are higherR121C Bcll mutant displayed affinities for Zn1 and Zn2 that
(Table 5), as observed in earlier Bcll structurdg,(18), were minimally changed from those of the wild typ#l).
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Table 4: Active-Site Interatomic Distances Compared to 1BC2 (A)
1BC2 Cm7 Cmb5 Cm4.50x Cm4.5 UZox Cu50x Cu4.50x Gi4.5
A B A B A B A B A B A B A B A B A B

Zn1—Ne2 (His116) 227 224 211 218 222 224 208 224 221 228 203 222 217 232 257 261 235 225
Zn1—No1 (His118) 195 216 186 2.02 201 206 195 216 198 221 196 201 210 219 241 274 2.04 2.46
Zn1—Ne2 (His196) 2.00 211 206 210 207 212 220 211 204 215 208 209 231 208 253 235 207 213
Znl—Watl 190 190 1.89 1.99 208 2.04 2.07 207 216 212 219 2.29
Znl—27Zn2 3.65 4.36 3.63 3.59 4.25 4.16 3.96 4.09

Zn2—Watl 248 3.06 213 233 297 282

Zn2—002 (Asp120) 2.75 290 259 2.84 391 3.38 3.79 3.81

Zn2—Sy (Cys221) 191 198 237 215 224 221 2.44 2.46

Zn2—Ne2 (His263) 259 245 250 249 252 224 244 232

Watl-0d1 (Aspl120) 2.79 2.84 2.60 2.75 2.61 2.62 2.87 297 268 250 3.01 2.63

Table 5: Temperature Factors for Znions (A2) A
Znl Zn2 Znl  Zn2

Cm7 (A, B) 22,22 52,49 @rox(A,B) 24,27
Cmb5 (A, B) 30,24 82,119 (Hox(A,B) 29,28
Cm4.50x (A, B) 21,18 @4.50x (A, B) 53,49
Cm4.5 (A, B) 26,24 47,43 @&A5(A, B) 28, 37

However, the temperature factors of the Cm7 and Cm4.5 His116

structures show that the occupancy of Zn2 is either similar
to or slightly greater than that in wild-type BclL®). It is His263
therefore possible that Arg121 may indeed play a role in
affecting Zn2 affinity.

Arg121 appears to contribute to the orientation of Asp120
in wild-type Bcll (17, 18). It was therefore a further surprise
to find the conformation of Asp120 unchanged in all of the
R121C mutant structures solved, but a network of water
molecules populating the cavity created by the mutation
formed equivalent hydrogen bonds to Asp120. Even as the B
pH was lowered, Asp120 remained equally well-defined,
implying that its protonation state (as discussed below) rather
than its conformation was responsible for any loss of enzyme
activity and affinity for Zn2. However, Arg121 may affect
the K, of Asp120. Mutation of Arg121 to Cys may account
for the shift of the acidic limb of the pH rate profile of the
R121C mutant31); the presence of arginine may thus serve
to extend the useful pH range of the enzyme.

Oxidation of Cys221Attention was first drawn to the
oxidation of this active-site residue and Zn2 ligand when
the structure of the apo form of Bcll was solved at 2.5 A
resolution (7); oxidation was subsequently observed in
monozinc Bcll structures (PBD codes 2BC2 and 3BC2) and
the VIM-2 metallog-lactamase fron®. aeruginosg1KO2).
The process of Cys221 oxidation is not thought to abolish
enzyme activity. Whe_n _Crystals of the R121C mutant WEIe kguRe 3: Shift in position of Zn2 at lower pH. (A) Superposition
treated in a manner similar to those later observed to containof the Cm5 and Cm4.5 structures on Cm7 (on the basis ofall C
oxidized Cys221 and then soaked in a solution containing positions) reveals that, while Zn1 and its ligands superpose well,

the chromophoric substrate nitrocefin, they were found to Zn2, Cys221, and His263 do not. (B) Same as in A, viewed after
contain an active enzyme. rotation by~90° clockwise about a vertical axis in the plane of

) o . the paper. Cys221 and His263 clearly “track” the movement of
While all of the bizinc structures reported here contain an zn2 away from the active site in Cm5 and Cm4.5. Color code:

unoxidized Cys221, the converse is not true; not all of the Cm7 molecule A (blue), Cm5 molecule A (yellow), Cm5 molecule
monozinc structures contain an oxidized Cys221. The fact B (green), Cm4.5 molecule A (pink), and Cm4.5 molecule B
that, in the G4.5 structure, Cys221 is oxidized in one (PUrPl€).

molecule but not in the other, while both contain only one  Effect of pH on the Acte Site.Lowering the pH from 7
zinc ion, implies that it is not oxidation of this residue that to 4.5 causes a loss of enzyme actividjl,(41, 42), and the
causes the loss of Zn2. Instead, it is the loss of Zn2 from structures reported here reveal that, while there are only very
the active site that leaves Cys221 vulnerable to oxidation. small if any changes at the Zn1 site, there are very significant
This observation is consistent with the conclusions of Carfi and progressive changes involving both Zn2 and the nucleo-
et al. (L7). philic water/hydroxide (Watl). Zn1 temperature factors and

His118

Cys221

His263

Asp120
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A _ B

CsD

Zn1

His263 His263

FIGURE 4: Electron density for the 20M Zn?" R121C Bcll structures. (A) £70x molecule A. Density is present for Znl and Wat1.
Cys221 is oxidized to CSD (two oxygen atoms), and His263 adopts the “in” conformation. Density is contoured. §B)L @u50x
molecule B. Coordination of Znl is the same as u76x. Cys221 is again oxidized to CSD, with His263 adopting the “in” conformation.
Density is contoured at 100 (C) Cu4.50x molecule B. Zn1l is present, but Watl is absent. Cys221 exiShydroxy-cysteine (CEA; one
oxygen atom), and His263 adopts the “out” conformation. Density is contouredat(DPCu4.5 molecule B. Zn1 is present, but Watl
is absent. Cys221 is unoxidized, and His263 adopts the “in” conformation. Density is contoured. &dld code: ZA" (yellow), water
(red), and protein atoms (black). All density is shown usingweighted Fqps — Fcac €lectron-density maps. For clarity, His116 is not
shown.

ligand distances are essentially the same in all of the bizinc are accompanied by corresponding shifts in two of its ligands,
structures (Tables 4 and 5), and although some of theCys221 and His263, which thus “track” the movement of
monozinc structures show higher Znl temperature factorsZn2 (Figure 3 and Table 4). Asp120, in contrast, remains
and ligand distances at pH 4.5, this is more pronounced infixed. This strongly suggests that protonation of Asp120 is
the oxidized structure (@1.50x) than that in the unoxidized the cause of these pH-dependent changes in the Zn2 position
structure (@4.5), suggesting that it may not simply be a and argues against an earlier proposition that protonation of
pH effect. Cys221 and/or His263 might be the cause of the affinity

The effect on Zn2, however, is a progressive shift away changes at the Zn2 sita?).
from Znl and Aspl120 as the pH is lowered. This can be The other pH-dependent change involves Watl, which is
seen in the comparison of the bizinc structures in Figure 3, still present in the bizinc structure at pH 5 (Figure 2B) but
and at pH 4.5, the Zn2002 (Asp120) distances are almost lost at pH 4.5 (parts C and D of Figure 2; in the latter
4 A, too long for a metatligand bond, compared with 2:8 structure, it is replaced by a chloride ion, presumably required
2.9 A at pH 7 (Table 4). These shifts in the position of Zn2 to bridge the two zinc ions, and by glycerol in the other
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molecule in the asymmetric unit). In the monozinc structures, ACKNOWLEDGMENT

Watl is similarly present at pH 5 (Figure 4B) but lost at pH
4.5 (parts C and D of Figure 4). Indeed, the ZWatl
distance progressively increases from 2.07 to 2.29 A as the
pH decreases from 7 to 4.5 (Table 4). Although these
individual shifts are less than the coordinate error, the trend
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is consistent with protonation of Watl/hydroxyl ion. A° REFERENCES

glycerol molecule bridging the two zinc ions was observed
in the structure of FEZ-1, a B3 subclass metg@itactamase
from Fluoribacter gormanii(43), where it was suggested
that the glycerol molecule had displaced Watl from the active
site. However, from the series of structures reported here,
we conclude that Watl is protonated at lower pH and leaves
the active site, replaced in some cases by an alternative
species. (In fact, of the eight enzyme molecules determined
at pH 4.5, with four crystal structures each with two
molecules in the asymmetric unit, Watl was only present in
molecules A of @4.50x and @4.5, whereas Watl was
present in all 16 molecules solved at pH 7 and 5.)

The structures reported here thus imply that the two most
likely protonation events occurring at lower pH in Bcll
involve Asp120 and Watl, with the former leading to a
movement of Zn2 away from Znl and Asp120 and the latter
leading to the loss of the presumed nucleophilic hydroxide
moiety as a water molecule.

Correlation with a Proposed Mechanism for Bdlounaga
et al. @2) have proposed a mechanism for Bcll in which
enzyme activity requires that both Watl and Asp120 are
deprotonated, with the former acting as a nucleophilic
hydroxide moiety and the latter acting as a general base,
accepting a proton from the attached hydroxyl group. The
pH rate profiles of both wild-type Bcll42) and the R121C
mutant B1) show a gradient of 2 in the region between pH
4.5 and 7, indicating that two basic residues are essential
for catalytic activity. [The pH rate profile for wild-type Bcll
was obtained by a plot of 108c./Km for benzylpenicillin
and cephaloridine hydrolysis over a pH range efld.5,
with a Zr** concentration 10-fold greater than that of the
enzyme 42). The pH rate profile for the R121C mutant was
obtained by a plot okcs for benzylpenicillin hydrolysis in
the presence of 20M and 1 mM Zr#* over a pH range of
4.5-7 (31).]

Bounaga et al. tentatively identified the basic species, each
with a pK, of ~5.6, as Watl and Aspl2@Z2). Although
this is a high K, value for the latter, the crystallographic
data presented here, in particular the movement of Zn2 away
from Asp120 and the loss of Watl from the active site as
the pH is lowered from 7 to 4.5, are consistent with these

two assignments and support the notion that these are the ;¢

two basic species essential for activity.

Although we have provided structural evidence for the
identity of the two key species required for enzyme activity
in Bcll, the role of Zn2 in catalysis is still unclear. One
suggestion is that it interacts with the substrél8),(and
certainly, the movement of Zn2 at lower pH, as observed
here in the R121C mutant, may interfere with this interaction.
Alternatively, like Argl21, Zn2 may affect theKp of
Aspl120. Only the structure of a substrate complex will
definitively answer this question.
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