Biochemistry2007,46, 11361-11368 11361

Overcoming Resistance fLactamase Inhibitors: Comparing Sulbactam to Novel
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ABSTRACT. Amino acid changes at Ambler position R244 in class A TEM and $Hsctamases confer
resistance to ampicillin/clavulanate Salactampj-lactamase inhibitor combination used to treat serious
infections. To gain a deeper understanding of this resistance phenotype, we investigated the activities of
sulbactam and two novel pengfdactamase inhibitors with 3hybridized G carboxylates and bicyclic

R1 side chains against a library of SH3/lactamase variants at the 244 position. Compared to SHV-1
expressed iEscherichia coliall 19 R244 variants exhibited increased susceptibility to ampicillin/sulbactam,
an important difference compared to ampicillin/clavulanate. Kinetic analyses of SHV-1 and three SHV
R244 (-S, -Q, and -L) variants revealed tkefor sulbactam was significantly elevated for the R244
variants, but the partition ratioksafkinace Were markedly reduced (13 060 <500). A timed inactivatior

mass spectrometry analysis of SHV inhibited by sulbactam showed that $-selamase was unmodified

at 15 min. A parallel experiment with R244S demonstrated 70 andt 83Da fragments of sulbactam
covalently attached to thg-lactamase. We also observed that Kevalues of penem4 and 2 were
increased for R244 variants compared to those for SHV; however, these inhibitors effectively restored
ampicillin susceptibility in vitro. Compared to that of sulbactam,khgkinact values of penems for SHV-1

and R244S were lowg2), and unfragmented adducts of each penem were covalently attached to SHV-1
and R244S when studied using the timed inactivatiorass spectrometry method. The R244S mutation
affectsf-lactamase inactivators differently, but resistance can be overcome by designing penem inhibitors
with strategic chemical properties that improve affinity and impair turnover.

SB-Lactam antibiotics (e.g., penicillins, cephalosporins, and cephalosporins active againgtlactamase-mediated resis-
carbapenems) are bactericidal agents that target penicillintance in common enteric bacilll( 2, 4).

binding proteins (PBPS)the essential enzymes in cellwall 5 actamase inhibitors preserve the clinical utility of
biogenesis. The use gHlactams in the clinic is constantly  penicilins by inactivatings-lactamases and allowing the
threatened by the ever-expanding numberg-ictamases, g |actam to reach the PBPs. Thr@dactamase inhibitors
now numbering more than 700 unique enzymes (EC 3.5.2.6).5re commercially available: clavulanate, tazobactam, and
Divided into four classes (AD) based on amino acid  gyhactam (Figure 1). Thg-lactamp-lactamase inhibitor
homology, f-lactamases demonstrate a diverse substratesoymjations (amoxicillin/clavulanate, ticarcillin/clavulanate,
specificity (1). The most commonly encountergtlacta-  5mpicillin/sulbactam, cefoperazone/sulbactam, and piper-
mases |rEscher|ch|a colandKlebsiella pneumoma(?TEM acillin/tazobactam) are widely used to treat complicated
and SHV, respectively) are class A enzym@sd). Single- — jnfections due tg-lactam resistant organisms. Unfortunately,
amino acid ;ubstltutlons in the TEM and SW""C‘?‘W"?‘SGS resistance t@-lactamp-lactamase inhibitor combinations is
are responsible for the current shortage of penicillins and growing clinical problem that is increasingly important
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maintained in ElectroMAX DH10B Tl cells (Invitrogen,
Carlsbad, CA)21), served as the template for all mutagen-
eses at Ambler position R244 described previoush).(

Antibiotic SusceptibilityMinimal inhibitory concentrations
(MICs) were determined by the agar dilution method, using
a Steer’s Replicator that delivers“16fu per 10uL spot.
Susceptibilities of sulbactam (Pfizer, La Jolla, CA) and
penemdl and2 (Wyeth Pharmaceuticals, Madison, NJ) were
determined by increasing the concentration of inhibitor in
the presence of 50g/mL ampicillin. Reported values are
the most frequent MIC observed (mode) in at least three
separate experiments.

Protein Expression and Purification. E. c@H10B cells
containing theblaspy-1 andblaspy r2a4s,-0, and—L geNES in
pBC SK(-) were grown overnight in SOB medium, har-
vested by centrifugation at 4C, and frozenS-Lactamase

B-lactamase inhibitors, sulbactam, and clavulanic acid, as well aswas liberated using stringent periplasmic fractionation with

the novel inhibitors, penemband 2.

p-lactamases and showed that 15 variants at R244 exhibite
increased resistance to clavulanaté)( We also observed

that the kinetic basis of the clavulanate resistant phenotype

was a decreased affinity of the enzymes for clavulanate (60
1000-fold increases iK;), presumably through the loss of
bonding to the @carboxylate. Interestingly, we also detected
an increase in the rates of inactivatidg{;) and, in some
cases, increases in the partition ratiQadkinac) among
clavulanate resistant mutants.

40 ug/mL lysozyme and 1 mM EDTA (pH 7.8). Preparative

d’soelectric focusing was performed with the lysate in a

Sephadex granulated gel using ampholines in the pH range
of 3.5-10 (Amersham Biosciences) as previously described
(22). The protein was eluted and dialyzed with 20 mM
diethanolamine buffer (pH 8.5). The protein concentration
was assessed with a Bio-Rad (Hercules, CA) protein assay
with bovine serum albumin standards. The purity>&5%

was determined using 10% SB®AGE.

Kinetics.Kinetic constants of thg-lactamases chosen for

To gain deeper insight into the basis of resistance to the study (SHV-1 and R244S, -Q, and -L)owere measured
B-lactamase inhibitors among class A enzymes that haveby continuous assays at room temperature®busing an

substitutions at Ambler position R244, we studied the Agilent (Palo Alto, CA) 8453 diode array spectrophotometer.
phenotypic properties and steady state kinetic interactions The kinetic parameters were obtained with a nonlinear least-
of a commercially available sulfone inhibitor, sulbactam Squares fit of the data using Origin 7.5. Detailed descriptions
(Figure 1), against the wild type (WT) and three clavulanic Of the assays performed and data analysis were previously
acid resistant variants of SHV-1 with substitutions at the 244 Published 16).

position (R244S, R244Q, and R244L). Since our analysis Mass Spectrometryor intact protein mass spectrometry,
of the turnover of Meropenem with SHV-1 and R244 variants 40 M SHV-1 or R244S was incubated for 15 min with and
highlighted the importance of the interaction of R244 with without the addition of 40 mM sodium sulbactam, or 20 mM
the G carboxylate, we were also compelled us to examine peneml or 2. Each sulbactam reaction was terminated by
investigational penem-typlactamase inactivators (penems the addition of 1/10 volume of 1% trifluoroacetic acid, and

1 and 2) against these clavulanate resistant SHV-type the mixture was immediately desalted and concentrated using
B-lactamasesi). Penemd and2 were chosen because they a C; ZipTip (Millipore, Bedford, MA) according to the

possess an $pybridized carboxylate at thes@osition and
a bicyclic R side chain and differ from clavulanate,

manufacturer’'s protocol. Reactions with penems were not
terminated with the addition of acid, as this precipitated the

sulbactam, and tazobactam in their mechanism of inactivationsamples. These were desalted “as is” using.aZPTip.

of class Ap-lactamasesi(/—19).

Our studies reveal that sulbactam is a poor inhibitor of
WT because of an extremely high partition ratio, as also
documented for the TEM-f-lactamaseZ0). Substitutions

Samples were then placed on ice and analyzed within 10
min.

Spectra of the intact SHV-1 and SHV R244S proteins were
generated on an Applied Biosystems (Framingham, MA)

at R244 in SHV reverse this phenotype, restoring some Q-STAR XL quadrupole time-of-flight mass spectrometer

susceptibility, but not to clinically effective levels. We also
show that penem& and 2 are able to lower the minimum
inhibitory concentrations, MICs, of ampicillin against WT
and R244 mutants of SHV-1. By elucidating the interactions
of these mechanism-basgdactamase inactivators against
WT and inhibitor resistant variants of SH¥lactamase at
the 244 position, we obtained important insights into novel
drug design.

MATERIALS AND METHODS

Plasmids and Mutagenesidlasyy-1, subcloned into
phagemid vector pBC SK{) (Stratagene, La Jolla, CA) and

equipped with a nanospray source. Experiments were per-
formed by diluting the protein sample with acetonitrile and
1% formic acid to a concentration of M. This protein
solution was then infused at a rate of @&/min, and data
were collected for 2 min. Spectra were deconvoluted using
Analyst from Applied Biosystems.

Structure AnalysisProtein Data Bank coordinates of SHV
were examined using ViewerLite (Accelrys, San Diego, CA).
The following Research Collaboratory for Structural Bioin-
formatics Protein Data Bank entries were analyzed: 2A3U
(SHV E166A with sulbactam)23) and 2A49 (SHV E166A
with clavulanate) Z3).
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Table 1: MICs (micrograms per milliliter) oE. coli DH10B
Containing SHV-1 and All 19 Variants at Arg234

ampicillin® clavulanaté® sulbactard peneml?® penem2?

Arg  >16384 2 256 0.25 2
Ala 256 4 32 1 8
Asn 256 4 32 0.5 8
Asp 2 N/Ad N/AY  N/AC N/Ad

Cy® 128 2 32 0.5 8
Gln 1024 16 64 1 16
Glu 256 8 32 1 8
Gly® 256 4 32 0.5 8
His? 1024 8 64 2 16
lle 256 8 16 1 16
Leu® 128 16 32 1 16
Lys 2048 8 128 0.25 4
Met 512 16 64 1 16
Phe 256 816 32 1 16

Pro 1 N/A N/AY  N/AC N/Ad

Sep 1024 8 32-64 2 16

Thr 512 8 32 1 16
Trp 8 N/Ad N/AY  N/Ad N/Ad

Tyr 128 16 16 1 8
val 128 8-16 32 1 16

aInhibitors were evaluated in the presence ofi®&@mL ampicillin.
Bold type denotes variants chosen for kinetic analys&ubstitutions
found clinically in TEM. ¢ Previously publishedl). ¢ Mutants had a
MIC of <50 ug/mL ampicillin and so could not be tested.

RESULTS

Antibiotic Susceptibility.To assess the impact of each
amino acid substitution on the in vivo kinetic behavior of
SHYV S-lactamase, we first determined MICs. Listed in Table
1 are the results of our susceptibility testifig.coliDH10B
cells containing blasyy-1 encoded in the pBC SK{)
phagemid vector exhibit robust levels of resistance to
ampicillin (> 16000ug/mL). High-level resistance to ampi-
cillin/sulbactam was also demonstrated (&3mL ampicillin
and 256ug/mL sulbactam). In contrast, 18 of 19 SHV-1
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values &50 ug/mL ampicillin/8 ug/mL penen®) compared
to a MIC of WT (50ug/mL ampicillin/2 ug/mL penem?2)
(Table 1).

Kinetic Behaior of Clavulanate Resistant-Lactamases
with Sulbactam and Penerfi@nd?2. Because of their clinical
importance and high ampicillin/clavulanate MICs, we chose
R244S, -Q, and -L for further kinetic characterizati@,(
25). In light of our susceptibility testing, finding an elevated
sulbactanK; against these three variants was unanticipated
(Table 2). In competition reactions with nitrocefin, we
observed that the dissociation constants for the preacylaction
complexes were increased -2840-fold, despite the MIC
result that all variants were shown to be more susceptible to
sulbactam.

Substitutions at Ambler position 244 also drastically
altered the enzyme’s ability to hydrolyze sulbactam. SHV-1
exhibited a very high partition ratio for this sulfonk.4/
Kinact = 13000 £+ 100) with ket = 730 &+ 4 s In
comparison, all three R244 clavulanic acid resisjaufec-
tamases exhibited partition ratios 8600, the lowest being
that of the R244S enzym&{/kinact = 100). After accounting
for increasedkinact values among the mutants, we observed
that theko values for sulbactam were decreased-%6-
fold. This reduction in catalytic efficiency contributes to the
increase in susceptibility.

The K; values of penem& and2 were in the nanomolar
range for WT SHV-13-lactamase (14 2 and 48+ 4 nM,
respectively) (Table 3). In parallel with our observations with
sulbactam, we again observed a loss of affinity among the
mutants at position R244. There was an-280-fold (14
nM — 3.9 uM) and 90-260-fold (48 nM— 12.5 uM)
increase inK; for penem1 and 2, respectively. The most
striking feature of the penem inhibitors, however, is an
extremely low rate of turnover when tested against the
selected enzymes. Both penefinand2 exhibited partition

variants with substitutions at position 244 expressed in this ratios Keafkinac) Of 2 for SHV-1 and 1 for R244S, -Q, and
uniform genetic background were more susceptible to -L (Table 3). The resultinda values 0.4 s%) are lower

ampicillin and sulbactam than SHV-1 (Table 1). ORlycoli
DH10B with R244Kg-lactamase (MIG= 50 ug/mL ampi-
cillin/128 ug/mL sulbactam) maintained resistance compa-
rable to that of WT (MIC= 50 ug/mL ampicillin/256ug/

than those seen for clavulanate or sulbactam.

Mass Spectrometry of SHV-1 and R244S with Sulbactam
and the Penem InhibitorsTo discern the nature of the
intermediates of inactivation by sulbactam and the penem

mL sulbactam). In general, the reduction in resistance to theinhibitors in the reaction pathway of SHV-1 and R244S, we

ampicillin/sulbactam combination was-2-fold. The most

performed electrospray ionization mass spectrometry (ESI-

sulbactam susceptible mutants demonstrated a sulbactanMS). When sulbactam was being studied, a 1000:1 molar

MIC of 16 ug/mL when combined with ampicillin, 529/
mL. This pattern of increased susceptibility tg-dactamase
inhibitor is in sharp contrast to what was observed with
ampicillin/clavulanate 16).

Compared to clavulanate and sulbactam, pefeisan
extremely potent inhibitor of SHV-1. Peneinat 0.25u9/
mL lowered resistance to ampicillin . coli DH10B cells
expressing SHV-1 (Table 1). Although all variants at position
244 were shown to be more resistant to perfethan WT
expressed irE. coli (the pattern seen for clavulanate), the
level of resistance remained much lower than that for
ampicillin/sulbactam (MICs ranged from 0.06 to only:g/

ratio of this inhibitor, I, to enzyme, E, was prepared, and
the reaction proceeded for 15 min before being terminated
with trifluoroacetic acid. In the case of SHV-1, we observed
a predominance of unmodifigétlactamase at the predicted
molecular mass of 28 872 3 Da (Figure 2). Minor peaks
include adducts oA + 71+ 3, A + 90+ 3, A + 115+

3, A+ 142 + 3, andA + 228 + 3, most of which have
been previously documentesl (4, 26). A markedly different
result is seen when the inactivation of R244S is studied.
Using an |:E ratio of 1000:1, the predominant intermediates
are theA + 70 &+ 3 andA + 88 + 3 Da adducts, with minor
peaks representing adducts/®f+ 105+ 3, A + 131+ 3,

mL). The highest degree of resistance was seen with theandA + 202+ 3 Da. We did not detect unmodified R244S

R244H and R244S variants (5@/mL ampicillin/2 ug/mL
peneml). Penen® combined with ampicillin was also more
effective than sulbactam with ampicillin but was less potent
than peneni against the R244 mutants. Fifteen of 20 variant

f-lactamase (28 80& 3 Da) after inactivation with sulbac-

tam for 15 min.
Because of the greater affinity and lower partition ratios
of the penem inhibitors for SHV-1, we inactivated WT and

pB-lactamases with substitutions at R244 had elevated MIC R244S using a 500:1 I:E ratio. Unlike our observations with
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Table 2: Kinetic Properties of SHV-3-Lactamase and Variants at Ambler Position R244 for Sulbactam and Clavidlanate

SHV-1 R244S R244Q R244L
Sulbactam
Ki (uM) 8.6+0.7 2404 20 510+ 34 1200+ 100
Kinact (571 0.056+ 0.003 0.13:0.01 0.14+0.01 0.194+0.03
Kinac/Ki (uM~1s71) 0.00654 0.0006 0.00054- 0.00006 0.0002% 0.00003 0.00016- 0.00003
KeafKinact 130004+ 100 100+ 10 500+ 20 3004+ 20
Keat (S7Y) 730+ 40 13+ 2 70+ 6 574 10
Clavulanaté
Ki (uM) 14+0.04 63+ 3 85+ 7 360+ 20
Kinact (574 0.04+ 0.002 0.09+ 0.005 0.094+ 0.007 0.14-0.01
Kinac/Ki (uM~1s71) 0.04+ 0.003 0.0014+ 0.0001 0.001H 0.0001 0.0003% 0.00003
KeafKinact 60+ 10 50+ 10 180+ 10 5504+ 30
Keat (s72) 2.4+0.4 4.5+0.9 1942 61+6
aSee also refl6.
Table 3: Kinetic Properties of SHV-3-Lactamase and Variants at Ambler Position R244 for Pefieand Penen?
SHV-1 R244S R244Q R244L
Penenmil
Ki (uM) 0.014+ 0.002 1.14+0.1 1.2+ 0.1 3.9+ 04
Kinact (573 0.17+0.01 0.15+ 0.01 0.144+0.01 0.15+ 0.02
Kinac/Ki (uM~1s7%) 12.3+ 1.6 0.1440.02 0.12+0.01 0.038+ 0.007
Keal Kinact 2+1 1+1 1+1 1+1
Keat (573 0.35+0.17 0.15+ 0.07 0.14+ 0.07 0.15+ 0.08
Penen
Ki (nM) 0.048+ 0.004 444 0.6 4.64+0.3 12,5+ 0.7
Kinact (571) 0.186-+ 0.008 0.159 0.007 0.140+ 0.009 0.116+ 0.007
Kinac/Ki (uM~1s7%) 3.94+0.3 0.0374 0.002 0.03H-0.003 0.0093E 0.0008
KeafKinact 2+1 1+05 14+ 05 14+ 05
Keat (S73) 0.37£0.19 0.16+ 0.08 0.144+ 0.07 0.12+ 0.06

sulbactam and clavulanate, we did not see evidence offinding that sulbactam, a sulfone, is readily hydrolyzed by
inhibitor fragmentation with the penems (Figure 3). For both SHV-1 (kat = 730 + 40 s). This ke may be the
penemsl and 2 with SHV-1 and R244S, we observed biochemical basis for the elevated MIC valug9)( By
adducts ofA + 307+ 3 for peneml andA + 321+ 3 for substituting Ser for Arg at position 244, we see a 56-fold
penen®. In addition, uninhibited enzyme is not present after reduction ink., for sulbactam; this decrease is accompanied
incubation with eitheis-lactamase for 15 min. Curiously, by a more efficient inactivation of thg-lactamase (a 10-
there appear to be smaller peaks that correspond to multiplefold difference inkinao/K;). We emphasize that although R244
penem adducts for each enzyme (Figure 3). substitutions decrease the rate of hydrolysis of sulbactam,
the opposite is seen for clavulanate; R244S, R244Q, and
R244L hydrolyze clavulanate from 1.9- to 25-fold faster than
WT. It is remarkable that the same substitutions can have

sulbactam in this panel of ampicillin/clavulanate resistant such opposite effects on the turnover of these two inhibitors

isolates containing SH¥-lactamases with substitutions at (26).
R244 is intriguing. Eighteen of 19 substitutions at R244 lead ~We compared the data obtained in this study with similar
to f-lactamases with increased susceptibility to ampicillin/ analyses performed that examined the inactivation of the
sulbactam by two or more dilutions. Equally surprising were TEM R244S, -C, and -H (TEM-30, -31, and -51, respec-
our results with penent and, to a lesser extent, pen@n tively) f-lactamases with sulbactai®( 27). Although these
the analysis of Meropenem inactivation of R244S, -Q, and investigations also elucidated elevatéq values, it is
-L variants of SHV predicted that penem inhibitors may nhoteworthy that the R244 substitutions in TEM lead to
not be effective because of the position of thetsybridized ~ A-lactamases with 3-fold reductions in their sulbactakac
carboxylate at the Cposition K; values were increased Values. This markedly contrasts with our data with SHV,
1000-fold). which demonstrate a 2-fold increase irkinact for sulbactam

To understand the mechanistic basis of this phenotypic for the variants that were studied. These considerations,
behavior, we compared the dissociation constants for the0mbined with our previous kinetic data for clavulanate,
preacylation complexes of SHV-1, R244S, R244Q, and indicate that the “enzymatic machmery‘" of these two class
R244L f-lactamases against each inhibitor. Our data show A f-lactamases is distinctly different visws inhibitors.
that the principal consequence of R244 substitutions in SHV-  These kinetic observations are supported by timed mass
type-lactamases that were studied is an increasg wialues spectrometry studies that mapped the inactivation of WT and
for sulbactam 16, 20, 27). This observation is also common R244S by sulbactam. After a 15 min inactivation, the mass
among IRTS-lactamases as well as other SHV variafis ( spectroscopic analysis of the 1000:1 sulbactam/SHV-1
28, 29). To analyze the inactivation process further, we next mixture revealed a large, dominant peak at 28 872 Da,;
examined the partition ratio. Of central importance is our multiple small peaks suggesting adducts at¥8, 90+ 3,

DISCUSSION

The paradoxical increased susceptibility to ampicillin/
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Deconvoluted ESI MS spectrum of intact SHV-1

Deconvoluted ESI MS spectrum of intact SHV-1 reacted with sulbactam for 15 minutes
28872 £ 3 Da 26372+ 3 0a SHV-128872 + 3 Da
Mass Adducts
+71+3
. . +90+3
= £ +115+3
3 5 +142+£3
2 z +228+3
()] []
= 2
kS B 29013 +3 Da
& & '
28962 ¥ 3 Da
4 28987+ 3 Da
28943 29100+ 3 Da
NV N -
Mass, amu Mass, amu
Deconvoluted ESI MS spectrum of intact R244S
Deconvoluted ESI MS spectrum of intact R244S reacted with sulbactam for 15 minutes
28803 + 3 Da 288911 3 Da R244S 28803 + 3 Da
N
Mass Adducts:
z > +70 £3
2 2 +88 £3
% g +105+3
= - +131+3
g > 28873 + 3 Da +202+3
© ® N
© [}
04 14
28908 + 3 Da
Y 28934 + 3 Da
¢ 29005+ 3 Da
"AJ AN"\J -
Mass, amu Mass, amu

FiGURE 2: Deconvoluted ESI-MS spectra of SHV-1 (WT) and R2#4Bctamase reacted with a 1000:1 sulbactam/enzyme mixture for 15
min. Notice that at this time point most of the SHV-1 is unmodified while all of the R244S has multiple adducts.

115+ 3, 142+ 3, and 228t 3 Da are also noted. In contrast, effect on sulbactam hydrolysis by increasing critical hydro-
when the R244S variant was inactivated, we found primarily gen bond distances. Even though the resulting MICs against
70+ 3 Da (28 873t 3 Da) and 88+ 3 Da adducts (28 891  ampicillin/sulbactam when R244 is substituted are lower, the
+ 3 Da) which we assign to the aldehyde and semialdehydelevel of resistance remains too high for the combination to
intermediates, respectively. Of note, similar products were regain therapeutic efficacy.

seen in the inactivation of S130G with tazobactam and o, the pasis of our studies of Meropenem inactivation of

clavulanate §). . . L . SHV-1 and R244S, we next explored the interactions of
. (?Iges about th_e basis of this dynamic d'ffefe"‘?e_ M hovel inhibitors with sp hybridized carboxylates at the;C
inhibitor 'gurnover in SHV can be gleaned from examining position. We observed that the dissociation constants for the
the atomic structures of the SHV E16GAlactamase with preacylation complexes of penerisand 2 for inhibitor

g]nedtrgglskr)gggpr:n(eFiISLEiremfg;att;Spgfegl?Xutlr?gﬁiti(\l/: e'ggzr:g ‘E’A) resistant SH.Vﬁ—Iactamases with substitutions at R244 are
31). Interpretation of these two structures reveals that R244 n the_lmlN 1mj|Ecr(<)) TOI&r ra:gflgv‘g _thoe.roel?sin?).os?zr;;iéjmt
contributes to the structural stability of tfiesheet “network” Rﬁ‘“s o thekc. uM). it s, A it 9 "
that comprises the “right side” of the binding site pocket. change in thec, or partition ratios. As a resufl, peneras
This is accomplished through hydrogen bonding interactions and'2 were ab!e to re;tpre the ;usqunbﬂny .Of ampicillin
of the R244 side chain with the side chain of N276 and the ;glglcr:;nisgg“ containing the inhibitor resistant SHY

backbone amide of G236, as well as hydrogen bonding
interactions between the backbones of R244 and L265 Evidence of inhibitor fragmentation or deacylation is
(Figure 4). Removing these stabilizing contacts in R244S is lacking when mass spectrometry studies are performed,; this
predicted to enlarge the active site pocket. We also note thatfinding is consistent with our kinetic analysis that indicated
sulbactam is oriented differently in the active site pocket aremarkably low rate of inhibitor turnover. In this analysis
compared to clavulanate; clavulanate is slanting toward the (Figure 3), we observe that only the 3873 and 321+ 3

B3 -sheet network, while sulbactam is positioned straight Da adducts are formed. We also suspect that there is
out of the active site pocket (Figure 4). Disruptions in the nonspecific (or non-active site) binding of a second inhibitor
B-sheet network, which coordinate a water molecule that may molecule to the WT and R244%lactamase. In each of the
be repositioned into the active site with the binding of either 15 min deconvoluted spectra, we observe a minor £1%
clavulanate or sulbactam, are more likely to have an adverseand 643+ 3 Da adduct to th¢g-lactamase enzymes.
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Deconvoluted ESI MS spectrum of intact SHV-1 Deconvoluted ESI MS spectrum of intact R244S
28872 + 3 Da 28803 + 3 Da
Z z
= =
c <
[0} (0]
E E
@ Q
2 =
ko kS
[0] Q
14 14
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Ficure 3: Deconvoluted ESI-MS spectra of SHV-1 and R2#48ctamase reacted with 500:1 pengéfenzyme and 500:1 penedenzyme

mixtures for 15 min. At this time point, unreacted SHV-1 or R244S is not observed. The mass spectrometry analysis of the reaction
indicates that the inhibitor covalently attaches to the enzyme without fragmentation, which is seen with sulbactam. Interestingly, there is
some evidence of the addition of multiple inhibitor molecules. As stated in the text, we interpret this as representing nonspecific addition.

To explain these results, we advance that two important the H bonding interactions of the;€arboxylate K; increases
properties of these investigational penems are responsibleéfrom 1 to >1000uM). Second, penem inhibitors and 2
for their low K; and partition ratios. First, the bicyclic R1 follow a different path to inactivation in serirfelactamases
side chain may compensate for the loss of the interactions(17, 32). Unlike clavulanate and sulbactam which undergo
of the G carboxylate with R244. Using previous atomic secondary ring opening, formation of the linear imine and
structure determinations and molecular modeling studies ascistransenamine on their way to the final products of
a foundation for this statement, we propose that favorable inactivation, penem4 and 2 acylate thes-lactamase and
m—z interactions with the aromatic side chain of Y105 and likely undergoendo trig cyclization. This results in the
the R1 side chain occufl). To contrast, clavulanate and appearance of a seven-membered cyclic adduct (Figure 5)
sulbactam lack R1 side chains and are highly dependent in(18). The rapid formation of a seven-membered cyclic
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Ficure 4: Molecular representation of SHV E166A with thians
enamine intermediate of clavulanate (top) and sulbactam (bottom)
(based upon PDB coordinates 2A49 and 2A3U, respectively).
Important residues for interactions with R244 (green) are shown,
and the inhibitors are highlighted in yellow.

Ficure 5: Proposed mechanism of inactivation of pengmvith

WT and R244Sg-lactamase. Here, we illustrate thendo trig
cyclization of peneml with SHV-1. This pathway results in an
enzyme adduct equal to the size of the unfragmented inhibitor
molecule.

enamine within the active site may also displace the catalytic
water molecule and reduce the rate of turnovet, (8).

Biochemistry, Vol. 46, No. 40, 200711367

In conclusion, the main challengesirdactamase inhibitor
development are (i) discovering why single-amino acid
changes alter inhibitor affinity and turnover and (ii) develop-
ing novel inhibitors with activity against a broad spectrum
of inhibitor susceptible and resistant enzymes. Future
advances in inhibitor design against these versgtikecta-
mases must incorporate strategies that address each of the
key structural features of these diverse proteins as well steps
in enzymatic inactivation. Considered together (high affinity,
formation of a stable acyl enzyme within 15 min, and
excellent in vivo efficacy), the chemical features of these
investigational penems gives impetus for future clinical
development. As such, compounds with these properties may
make a significant impact on the development of “second-
generation” inhibitors that target resistgitactamases.
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