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ABSTRACT. PSE-4 is a class f#-lactamase produced by strainsRfeudomonas aeruginoaad is highly

active for the penicillin derivative carbenicillin. The crystal structure of the wild-type PSE-4 carbenicillinase
has been determined to 1.95 A resolution by molecular replacement and represents the first structure of
a carbenicillinase published to date. A superposition of the PSE-4 structure with that of TEM-1 shows a
rms deviation of 1.3 A for 263 & atoms. Most carbenicillinases are unique among clagdactamases

in that residue 234 is an arginine (ABL standard numbering scheme), while in all other class A enzymes
this residue is a lysine. Kinetic characterization of a R234K PSE-4 mutant reveals a 50-fold reduction in
kealKm and confirms the importance of Arg 234 for carbenicillinase activity. A comparison of the structure
of the R234K mutant refined to 1.75 A resolution with the wild-type structure shows that Arg 234 stabilizes
an alternate conformation of the Ser 130 side chain, not seen in other ctatctamase structures. Our
molecular modeling studies suggest that the position of a bound carbenicillin would be shifted relative to
that of a bound benzylpenicillin in order to avoid a steric clash between the carbericitbmboxylate

group and the conserved side chain of Asn 170. The alternate conformation of the catalytic Ser 130 in
wild-type PSE-4 may be involved in accommodating this shift in the bound substrate position.

S-Lactam antibiotics inhibit the penicillin binding proteins and SHV enzymes have increased the substrate spectrum of
(PBPs) of bacteria, which catalyze the cross-linking of pep- class Ap-lactamases to include cephalosporins. The class
tidoglycan. Inhibition of this reaction results in the formation A enzymes are 29 KDa proteins that are found in both Gram-
of weakened cell walls in growing bacteria and ultimately negative and Gram-positive bacteria and can be either
leads to cell lysis. The most common resistance mechanismplasmid or chromosomally encoded.

in bacteria againgt-lactam compounds is the production of PSE-4 is a class f-lactamase4) produced by certain
p-lactamases, periplasmic enzymes that hydrolyze andsirains ofPseudomonas aerugingsa Gram-negative op-
inactivate/-lactams {—3). On the basis of their primary  portunistic pathogen that has become a significant problem
sequencesj-lactamases can be grouped into four classes: iy nospitals worldwide). PSE-4 and other carbenicillinases
A, B, C, and D. The class B enzymes are metalloenzymes re classified as group Zelactamases?) and show activity
that require one or two zinc ca_tlons for activity. The class igward the penicillin derivatives) carbenicillin (Figure 1)

A, C, and D enzymes are serine hydrolases. The class Cequal to or higher than that for aminopenicilling, (7).
enzymes are primarily chromosomally encoded and are activecarpenicillin was first introduced in 1967 and was able to
against cephalosporins. Members of class D are penicillinase%afe|y and effectively combaP. aeruginosainfections;
that are uniquely able to hydrolyze oxacillins. Clinically the however, resistance was soon report@®d PSE-4 was first
most prevaleng-lactamases are the class A enzymes, which jsojated from the carbenicillin-resistant strain Dalgleish in
are mainly penicillinases, but point mutations in the TEM 1gg9 (L0, 11) and is the most commonly occurrirftjlac-
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thiogalactopyranoside; MOPS, 3-morpholinopropanesulfonic acid; PSE, . . L .
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Ficure 1: Structures of penicillin G (a) and carbenicillin (b).
Carbenicillin contains an additional carboxylate at theosition
indicated by the arrow.

Residue 234 is located within the binding pocket near the
nucleophilic Ser 70. Previous molecular modeling studies
have suggested that Arg 234 in PSE-4 may be involved in

substrate recognitiond). Mutagenesis studies in the class
A enzyme TEM-1 have also implicated a role for the K234R
substitution in the hydrolysis afi-carboxypenicillins 23,

24) in addition to other residues conserved in carbenicilli-

nases. To clarify the role of the conserved arginine in carbe-
nicillinases and to identify other structural features important

for carbenicillinase activity, we have initiated crystallographic

studies of the PSE-4 enzyme. The 1.95 A wild-type structure

and the structure of a R234K mutant refined to 1.75 A

presented here provide the first structural data on a carbe

nicillinase. Our kinetic and structural analyses of the wild-

type and R234K mutant enzymes reveal unique features in

PSE-4 that are likely important for carbenicillin hydrolysis.

MATERIALS AND METHODS

Enzyme PurificationThe PSE-4 enzymes were expressed
from pET30a-based constructs Escherichia colistrain
BL21 2DE3. The K234R PSE-4 mutant was obtained with
the replacement mutagenesis meth@8) (using the fol-
lowing primer: 3-GCCAGCACCTGAGCGATCCGCAAT-
GTTCCA-3.

The cells were grown in Aharonowitz mediur2gj with
1 g of glycerol, 2.5 g of Casamino acid (Sigma), and 128
mg of ampicillin per liter. A 20 mL overnight culture was

Lim et al.

Table 1: X-ray Data Statistics
wild-type R234K

space group P4,2,2
temperature (K) 100
resolution (A} 25-1.95(2.02-1.95) 25-1.75(1.81+1.75)
observations 208 439 162 602
unique reflectionrs 21 494 29 406
completeness (%) 99.5 (96.5) 99.5 (98.6)
averagd/o(1)? 33.0(8.3) 25.4 (3.4)

Reym(1)2P 0.059 (0.219) 0.056 (0.359)

aValues in parentheses correspond to the highest resolution shell.
PReym = Yllav — lil/S1i, where |4 is the average of all observa-
tions, ;.

All protein purification was carried out at”€. The sample
was loaded at 2 mL/min onto a Q-sepharose FF (Pharmacia)
column (1.5 cmx 10 cm) preequilibrated with 20 mM Tris,
pH 8. The column was then washed overnight with 800 mL
of the same buffer at 1 mL/min. This washing step improved
the purity of the subsequently eluted fractions. The protein
was eluted with a linear gradient o200 mM NacCl at 1
mL/min over a volume of 100 mL. Protein concentration in
the eluate was monitored by UV absorbance at 280 nm. Peak
fractions were analyzed by SDS-PAGE. Fractions with the
highest purity were pooled and concentrated to 0.5 mL by
ultrafiltration (Millipore Ultrafree-15, 5 KDa MWCO). The
sample was then loaded on to a sephacryl-100 column (3
cm x 80 cm) preequilibrated with 150 mM NacCl in 50 mM
Tris, pH 8. The protein was eluted at 0.8 mL/min, and peak

fractions with the highest purity as shown by SDS-PAGE

were pooled, concentrated to 0.5 mL, and filtered through a
0.1 um filter. Final protein concentration was determined
by measuring UV absorbance at 280 nm6i M guanidine
hydrochloride using an extinction coefficient of 1.031¢dm
for a 1 mg/mL solution as estimated from the mature amino
acid sequence (Expasy ProtParam web pajg 2§]).
Approximately 15 mg of enzyme was obtainednfrd L of
culture.

Crystallization Bipyramidal crystals of wild-type PSE-4
measuring up to 0.6 mm in length were grown using the
hanging drop vapor diffusion method by mixingu8 of a
10 mg/mL protein solution with luL of well solution
consisting 6 2 M ammonium sulfate, 50 mM MOPS, pH
6.4, and 100 mM MgGl Crystals appeared after-2 days
and grew to maximum size after—2 weeks at room

first pelleted by centrifugation and resuspended in 1 mL of temperature. The R234K mutant crystals were grown in a
fresh medium. The washed cells were then used to inoculatesimilar manner but with 0.1 M sodium acetate, pH 4.5, as

four 1 L cultures. The cultures were grown at 32 with
vigorous shaking to an optical densifi{o) of approximately
0.5. The cultures were then induced with 1 mM IPTG and
grown for an additionla4 h atroom temperature.

Both mutant and wild-type PSE-4 enzymes were purified

the buffer. A qualitative test with nitrocefin showed that
residual wild-type PSE-4 enzyme in the mother liquor was
enzymatically active.

X-ray Data Collection Data were collected at 100 K
(Oxford Cryostream) with amR-axis llc detector mounted

using an osmotic shock protocol, followed by anion exchange on a Rigaku RU-200 X-ray generator (50 kV, 100 mA) with

chromatography and gel filtration. The cells were pelleted,
resuspended in 80 mL of 20% sucrose in 33 mM Tris, pH
8, with 1 mM EDTA, and incubated at room temperature

Osmic focusing mirrors. Crystals were cryoprotected by
stepwise transfer to a solutiorf 8 M ammonium sulfate
and 35% sucrose and mounted on the goniometer while

for 10 min. The cells were then pelleted and resuspended inblocking the cryostream. The data were processed using the

40 mL of ice cold deionized D with vigorous shaking and
vortexing. After incubation on ice for 10 min, the cells were
centrifuged at 500§ for 15 min. The supernatant was then
further centrifuged at 200@0for 30 min. Stock buffer

HKL package 29) and programs from the CCP4 software
suite @0). The statistics are summarized in Table 1. On the
basis of systematic absences, the crystals belonged to either
space groupP4,2,;2 or P432;2 with unit cell dimensions

solution (1 M Tris, pH 8) was added to the supernatant to a (wild-type) ofa=b = 95.157 A anct = 62.793 A and one

final concentration of 30 mM.

molecule per asymmetric unit with\&, of 2.45 A¥Da (31).
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FIGURE 2: Representative SigmaA-weighteB.2— F. electron density37) in the active site region contoured at :%®nd to a resolution
of 1.95 A. This figure was created with XtalVievd§) and Raster3D56). Unless otherwise stated, all other figures were created with
Molscript (57) and Raster3D.

Enzyme KineticsKinetics were measured at 3C in 50 XtalView suite 38). Each refinement cycle consisted of
mM sodium phosphate buffer, pH 7.0y & 1 mL cuvette positional minimization, simulated annealing, and individual
reaction volume with a Cary 1 spectrophotometer (Varian, B-factor refinement using a maximum likelihood target and
Mississauga, Ont.). Hydrolysis for ampicillia € 912 M data from 25 to 1.95 A. Water molecules were added with
cmt) and carbenicillin€ = 1190 M~ cm™1) was monitored the automated waterpicking protocol in CNS and manually
at 232 nm. Penicillin G{= 546 M~ cm1) was monitored inspected for reasonable hydrogen-bonding geometry and
at 240 nm. Kinetic paramete¥s.xandK,, were determined  electron density. The final model includes all atoms from
by rates of hydrolysis calculated from the initial velocity in residues 24 to 290, 300 waters, and a sulfate anion. The
the linear portion, with the same cuvette and a least-squaressulfate group was positioned between Ser 130 and Arg 243
calculation. The concentration of wild-type PSE-4 was 3.2 in the active site region to account for density that could
nM for the ampicillin and carbenicillin assays and 3.6 nM not be modeled with any other known component of the
for the penicillin G assay. The concentrations of R234K crystallization conditions (Figure 2). THg-factors for the
mutant PSE-4 were 40, 500, and 10 nM for the assays with sulfate atoms were initially fixed at 17.72/as estimated
ampicillin, carbenicillin, and penicillin G, respectively. from the Wilson plot 80). The occupancy of the sulfate
Concentrations of the substrates tested varied from 10 to 500group was then refined to 0.47, following which tRdactors
uM. All experiments were carried out in triplicate. Analysis of the sulfate atoms were refined individually to a range of
of enzyme kinetic data was done with the Leonora software 22.4-28.1 A2 Significant residual density remained around
for robust regression analysis of enzyme data and a bi-the sulfate atoms, which was not readily interpretable. The

weighting regression syster3d). The values for the wild-  model refined to an overaR-factor of 0.167 with a free

type enzyme with carbenicillin and ampicillin were obtained R-factor of 0.213 and shows good stereochemistry with no

from a previous study3Q3). residues in the disallowed regions of the Ramachandran plot
(39).

RESULTS The refined model of the wild-type enzyme (protein atoms

Structure DeterminatiarThe structure was determined by ©nly) and with Arg 234 replaced by alanine was used for
molecular replacement with the program AMoRé)( using initial refinement against the R234K data. After rigid body

data from 150 4 A and an integration radius of 25 A. A refinement, simulated annealing, and individugfactor
search model was constructed from the TEM-1 native 'efinement, difference density for the Lys 234 side chain
structure 85), which shares 44% sequence identity with PSE- Was clearly visible and_ unambiguously modeled. Refinement
4. Side chains in the TEM-1 structure were altered with the WaS completed after inclusion of 258 waters and a sulfate
program O 86) to match the wild-type PSE-4 sequence and &nion (modeled similarly as the sulfate in the wild-type

were manually adjusted to sterically favorable conformations. Structure). The rms deviation from the wild-type structure
A rotation search yielded a top solution with a correlation 'S 0-30 A for all protein atoms (2035 pairs). The refinement
coefficient of 14.0%, which led to a convincing translation statistics for the wild-type and R234K mutant structures are

solution in space group4:2:2 (but not inP452;2) with a summarized in Table 2.

correlation coefficient of 37.4% and anfactor of 50.1%.

These scores were improved to 53.6% and 45.1%, respec—DISCUSSION

tively, after rigid body refinement. Overall Structure The overall structure of PSE-4 is similar
Structure Refinemen®n the basis of difference densities to those of other class g-lactamases and consists of an

in the initial electron density maps calculated with the phases o/8 domain and a predominantty-helical domain (Figure

from the TEM-1 molecular replacement solution, the model 3). The a/f domain contains a central five-stranded anti-

was manually corrected using @6). The model was then  parallelg-sheet witha-helices on both sides. The active site

subjected to iterative cycles of refinement in the program is located at the interface between the two domains. The

CNS 37) and manual fitting with the program XFIT in the  program ALIGN @0) was used to superimpose the.@ace
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Table 2: Structure Refinement Statistics

Lim et al.

[35, 47]), Ser 130 (proton transfer between the thiazolidine
N4 and Lys 73), Glu 166 (possible general base for acylation

?ggtﬁlflgg&f hidfactor 8:;2; 8:%18 or deacylation35, 48]), Asn 170 (cqordination of deacylating
rms deviations from ideality water), and Arg 234 (depression of Ser 138 p A
bond lengths (A) 0.0075 0.0097 superposition of these residues with the corresponding
bo”f' angles (de%) 8-37 8-37 residues in native TEM-1 shows a rms deviation of 0.4 A
ZCSrZég?ﬁgﬁ’gr((A‘if’) 20.2 20.9 for 47 pairs of main chain and side chain atoms (Figure 4b).
no. of non-hydrogen atoms ~ 2057/300/5 2050/258/5 Small but significant differences between PSE-4 and the

(protein/solvent/sulfate)

2 CrystallographicR-factor, R = 3 [|Folpkny — [Felmknl/ 2 [Folhk,
where|F,| is observed structure factor amplitudls| is the calculated
structure amplitude from the model, and (h,k,l) are the reflection indices.
Data in the full resolution range were used for refinement witfi=no
cutoff. P Calculated from 5% of reflections excluded from refinement.

Sy

Ficure 3: Overall structure of PSE-4.-Helices are labeled from
hl to h11, whileg-strands are labeled from s1 to s5. The active

other class A penicillinases center around interactions from
the unique Arg 234. The Arg 234 side chain is hydrogen-
bonded to Wat 10 and the side chain hydroxyl of Ser 130.
Ser 130 in the wild-type PSE-4 structure is uniquely observed
in two alternate conformations (Figures 2 and 4b), which
were each modeled with 50% occupancy. Batactors for

the two conformers both refined to 14.9.An all other class

A f-lactamase structures, the conformation of the Ser 130
side chain is such that thg values are in the range of
—120.5 to —163.5 (—153.4 in PSE-4). The alternate
conformer of the Ser 130 side chajn & —69.7) in PSE-4

is stabilized by hydrogen-bonding to thegNand Ny, atoms

of Arg 234 with distances of 3.0 and 2.9 A, respectively.

Relative to Lys 234 in other class B-lactamases, Arg
234 in wild-type PSE-4 is restricted in its ability to hydrogen
bond with substrate, as hydrogen bonds are only favorable
in the plane of the arginine guanidium group (Figures 2 and
4b). It therefore seems unlikely that the reduction in
carbenicillinase activity by the R234K mutation in PSE-4
results from loss of substrate interactions with Arg 234. This
is consistent with our kinetic data, which shows that the

site is indicated by a ball-and-stick representation of the Ser 70 R234K mutation has little effect on th&;, for carbenicillin

side chain.

of PSE-4 with those of other class A enzym&treptomyces
albusG (41), Enterobacter cloaca&lMC-A (42), Escheri-
chia coli (strain TUH12191) TOHO-1 43), Klebsiella
pneumoniae&SHV-1 (44), Staphylococcus aurelBC1 @5),
Bacillus licheniformis749/C @6), andE. coli TEM-1 (35)
p-lactamases. The program identified equivaleat&@oms

(Table 3). This also agrees with the crystal structure of the
TEM-1—penicillin G acyl-enzyme intermediate, which showed
that Lys 234 also makes only a minor electrostatic contribu-
tion to substrate binding3f).

The wild-type and R234K mutant PSE-4 structures differ
only in the local region of residue 234, with the remainder
of the protein being essentially unchanged (Figure 5a).

using a structure-based alignment, for which the rms devia- Weaker density is seen for Wat 10 in the mutant structure

tions are given in Table 4. A comparison of the. @ace of
PSE-4 with that of TEM-1 shows significant deviations at
regions distant from the active site (the N- and C-termini,
residues 5659, residues 8791, residues 226230, and

(26.7 £2), which likely results from replacement of the Arg
234 Ne by the Lys 234 ©. The loss of the Arg 234 i
creates a void in the R234K PSE-4 mutant that is filled by
Wat 52 B-factor = 19.7 A?), which is not present in the

residues 25%258). Differences are also observed at residues wild-type structure. Relative to Lys 234 in other class A

97—-103 and 116-116, which are located on the hettioop

region adjacent to the substrate binding pocket. However,

the core structure including the substrate binding cavity is
well conserved (Figure 4a).

structures, the conformation of Lys 234 in the R234K PSE-4
mutant is unusual (Figure 5b) and positions the side chain
N¢ atom further away from the active site so that it is

hydrogen-bonded to the backbone oxygen of Thr 126 (2.9

Active Site The positions and orientations of the conserved A) and Wat 52 (2.7 A). It is not clear from the available
catalytic residues in the wild-type PSE-4 structure are similar structural data what factors stabilize the unusual conformation
to those of other class B-lactamases and consist of Ser 70 of Lys 234 in the PSE-4 R234K mutant, although it does
(nucleophile), Lys 73 (potential general base for acylation not seem to result from the presence of Wat 52. Wat 52 is

Table 3: Effect of R234K Mutation of-Lactam Hydrolysis

wild-type? R234K
Kca{Km Kca[Km (X 1fst /,LM _1)
Km (uM) Keat (579 (x1stM™Y Km (uM) Keat (579 [relative to wild-type]
carbenicillin 68+ 4 1200+ 120 17+ 2 129+ 62 57+ 11 0.4+ 0.2 [0.02]
ampicillin 33+ 3 1170+ 130 35+ 5 74+ 11 840+ 70 11+ 2[0.3]
penicillin G 57+ 8 890+ 40 16+ 2 1004+ 40 430+ 70 4+ 2[0.25]

aValues for carbenicillin and ampicillin hydrolysis (wild-type) were obtained from an earlier s@@y (
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Ficure 4: Comparison of the PSE-4 and TEM-1 structures. (a) Superposition ofdhet@ns of PSE-4 (thick trace) and TEM-1 (thin
trace). The rms deviation for 261 pairs ofi@toms is 1.27 A. Residues 568, 226-228, and 256256 show the largest deviations. Ser

70 indicates the location of the active site. (b) Superposition of the active sites of wild-type PSE-4 (thick rendering) and TEM-1 (thin

rendering).

Table 4: Superposition of Wild-Type PSE-4 with Other Class A
fB-Lactamase Structures

no. of Co. atoms rms deviations

PBD code aligned A
S albusG 1BSG 257 2.1
NMC-A 1BUE 257 2.2
TOHO-1 1BZA 255 2
SHV-1 1SHV 264 1.9
PC1 3BLM 249 2.7
749/C 4BLM 253 2
TEM-1 ref35 261 1.3

hydrolysis, the acyl-enzyme intermediate of PSE-4 with
carbenicillin was modeled using the TEM=penicillin G
complex structure (Figure 6). The penicillin G atoms were
positioned into the active site of PSE-4 by superimposing
the TEM-1 Ser 70 atoms onto those of PSE-4. A carboxylate
group was then added to thex@tom of penicillin G, using

an ideal model of carbenicillirbQ) as a guide. The resulting
model shows the carbenicillim-carboxylate in a steric clash
with the Asn 170 M, (1.7 A), a highly conserved residue
in class ApS-lactamases. The Asn 170 side chain forms a
hydrogen-bonding network (observed in the vast majority

not hydrogen-bonded to any other atom and therefore doesOf class A structures to date) with the side chain carboxy-

not provide any bridging interactions that would help to
anchor the Lys 234 Kl The conformation and hydrogen-

late of the proposed general base for deacylation, Glu 166,
and the proposed deacylating water. Disruption of this hydro-

bonding pattern of Lys 234 in the R234K PSE-4 mutant 9en-bonding network is energetically unfavorable and would
seems possible in other class A structures but is apparentlydisplace or eliminate the proposed deacylating water. Elimi-

not favored.

Lys 234 in the R234K PSE-4 mutant may still act to lower
the K, of Ser 130, since the Lys 234{No Ser 130 @
distance (3.0 A) is still within the range observed in other
class A structures (2-63.0 A). Interestingly, the side chain
of Ser 130 in the R234K PSE-4 mutant is in a single
conformation g, = —146.6, B-factor= 19.6 A?), the most
significant structural difference resulting from the R234K
substitution in PSE-4.

Model of the AcyEnzyme Intermediatd o visualize the

nation of this water in an N170Q mutant of the PGac-
tamase reduced the steady-state rate of nitrocefin hydrolysis
by 800-fold 61). Thus, thea-carboxylate of carbenicillin
cannot be accommodated simply by movement of the Asn
170 side chain, and the position of carbenicillin in the PSE-4
substrate binding cavity is likely shifted relative to penicillin

G in TEM-1. Given that Ser 130 is the only residue in a
position to act as a proton donor to the substrate thiazolidine
N4 during the acylation ste39), the alternate conformation

of Ser 130 in wild-type PSE-4 may accommodate the shifted

relevance of the Ser 130 alternate conformer in carbenicillin position of the carbenicillin thiazolidine N4.
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Ficure 5: Comparison of the active site region of the R234K PSE-4 mutant with the wild-type PSE-4 and TEM-1 structures. (a) Superposition
of the active site region near residue 234 of the wild-type (thick rendering) and R234K mutant (thin rendering) PSE-4 structures. Density
for Wat 10 is markedly reduced in the R234K mutant structure. Wat 52 is only seen in the R234K mutant. (b) Superposition of the active
site region near residue 234 of the R234K PSE-4 mutant (thick rendering) and TEM-1 (thin rendering). The position of the TEM-1 Lys 234

N¢ atom is similar to those of other class/Alactamases.

Ficure 6: Model of the acyl-enzyme intermediate of PSE-4 with
carbenicillin. The carbenicilloyl moiety is shown with purple
carbons. Thex-carboxylate is in a steric clash with Asn 170.

Similar to both the wild-type and R234K mutant PSE-4
enzymes (Table 3), TEM-1 exhibits comparablg values
for benzylpenicillin and carbenicillin (24 and 14M,
respectively 24]). The low rates of carbenicillin hydrolysis
(relative to those for benzylpenicillin) for TEM-1 and the
R234K PSE-4 mutant are largely due to ldwy values. In
the case of TEM-1, thé&., for benzylpenicillin (1200 st)
and carbenicillin (1203) differed by an order of magnitude

conformation of Ser 130 being the key difference between
the wild-type and R234K mutant PSE-4 structures.

Kinetic studies of a K234R TEM-1 mutant, which showed
a 6-fold increase ik for carbenicillin with essentially no
change in the, for benzypenicillin, confirmed the impor-
tance of Arg 234 in catalyzing carbenicillin hydrolys&4j.
However, increases in th€, values for carbenicillin (13-
fold) and benzylpenicillin (10-fold) indicate that the K234R
substitution in TEM-1 resulted in changes in the substrate
binding pocket that impaired overall substrate bindiag) (
Differences between the TEM-1 and PSE-4 structures must
account for the inability of TEM-1 to fully accommodate
an arginine at residue 234. Indeed, these differences may
even involve residues distant from the active site, as was
found to be the case with trypsin, for which mutations outside
of the active site and S1 regions were necessary to introduce
partial chymotrypsin activity§2). Given that certain struc-
tural features important for carbenicillinase activity may be
very subtle, directed evolutiorb8, 54) may provide an
efficient means to identify mutations in TEM-1 that would
confer high levels of carbenicilliase activity, particularly for
positions distant from the active site and for which the con-
tributions are less apparent from crystal structures. Such an
approach was successful in isolating a TEM-1 triple mutant
with a greater than 2000-fold increasekn/Kn for cefo-

(24). That for these enzymes the rate of carbenicillin taxime 65). PSE-3 and AER-1 do not contain the K234R
hydrolysis seems to be more dependent on turnover ratesubstitution and provide further examples of the importance
rather than on substrate affinity is consistent with the of other factors for carbenicillinase activity. It will be
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Ficure 7: Comparison of the electrostatic surfaces of PSE-4 (a)
and TEM-1 (b). Carbenicillin is shown in stick rendering with

yellow carbon atoms. Negatively charged areas are shown in red,
positively charged areas in blue, and neutral areas in gray. This

figure was prepared with GRASB).

interesting to see if alternate conformations of Ser 130 are
also present in the K234R TEM-1 mutant, and perhaps in
PSE-3 and AER-1, in which an alternate conformer of Ser

130 may be stabilized in a different way.

Thr 104 and Gly 240 are conserved in all carbenicillinases
(4, 13—19), with the exception of PSE-3, in which residue

104 is proline and residue 240 is seriRd)( The conserva-

tion of these residues suggested a role for Thr 104 and Gly
240 in carbenicillin hydrolysis or binding. The analogous
residues in TEM-1 are negatively charged (Glu 104 and Glu
240) and thus may disfavor carbenicillin binding due to
charge repulsion with the-carboxylate group (Figures 4b
and 7). However, the side chain carboxylates of both Glu

104 and Glu 240 in TEM-1 are ové A away from the

modeled carbenicillim-carboxylate, suggesting that charge
repulsion from these groups likely plays a minor role. This
is consistent with mutagenesis experiments in TEM-1 which
showed that the E104T and E240G substitutions do not

significantly affectk.,: and K, values for the hydrolysis of
carboxypenicillins 24).

To determine the precise mode of binding of carbenicillin
and the relevance of the Ser 130 alternate conformations in
PSE-4, a crystal structure of the acyl-enzyme intermediate
will be required. Efforts are currently underway to trap the
acyl-enzyme intermediate using a deacylation-defective

Biochemistry, Vol. 40, No. 2, 200401

mutant as was accomplished with an E166N TEM-1 mutant

(39
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