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Abstract

Despite decades of intense study, the complementarig¢lattams forg-lactamases and penicillin binding proteins is
poorly understood. For most of these enzyng$actam binding involves rapid formation of a covalent intermediate.
This makes measuring the equilibrium between bound and&ileetam difficult, effectively precluding measurement

of the interaction energy between the ligand and the enzyme. Here, we explore the energetic complementarity of
B-lactams for the3-lactamase AmpC through reversible denaturation of adducts of the enzymg-sittams. AmpC

from Escherichia coliwas reversibly denatured by temperature in a two-state manner with a temperature of (fig)ting

of 54.6°C and a van't Hoff enthalpy of unfoldingAH, ) of 182 kca)/mol. Solvent denaturation gave a Gibbs free
energy of unfolding in the absence of denaturi@®>°) of 14.0 kcaymol. Ligand binding perturbed the stability of

the enzyme. The penicillin cloxacillin stabilized AmpC by 3.2 keabl (AT,,, = +5.8°C); the monobactam aztreonam
stabilized the enzyme by 2.7 k¢atol (AT,, = +4.9°C). Both acylating inhibitors complement the active site. Sur-
prisingly, the oxacephem moxalactam and the carbapenem imipenem both destabilized AmpC, by thélkadl,, =

—3.2°C) and 0.7 kcalmol (AT,, = —1.2°C), respectively. Thesg-lactams, which share nonhydrogen substituents in

the 67)a position of theB-lactam ring, make unfavorable noncovalent interactions with the enzyme. Complexes of
AmpC with transition state analog inhibitors were also reversibly denatured; both (¢thgophene-2-boronic acid
(BZBTH2B) and p-nitrophenyl phenylphosphonaiNPB stabilized AmpC. Finally, a catalytically inactive mutant of
AmpC, Y150F, was reversibly denatured. It was 0.7 koal (AT,, = —1.3°C) less stable than wild-typ€NT) by

thermal denaturation. Both the cloxacillin and the moxalactam adducts with Y150F were significantly destabilized
relative to their WT counterparts, suggesting that this residue plays a role in recognizing the acylated intermediate of
the B-lactamase reaction. Reversible denaturation allows for energetic analyses of the complementarity of AmpC for
B-lactams, through ligand binding, and for itself, through residue substitution. Reversible denaturation may be a useful
way to study ligand complementarity to oth@dactam binding proteins as well.

Keywords: B-lactam;B-lactamase; AmpC; denaturation; enzyme stability; penicillin binding protein; protein stability

The interactions ofg-lactams with3-lactamases and penicillin  zymes; this is especially true @-lactamasegHall & Knowles,
binding proteins(PBPS have been studied intensely for decades1976; Christensen et al., 199@onsequently, many mechanistic
(Strominger & Tipper, 1965; Hall & Knowles, 1976; Fisher et al., aspects of3-lactamases and PBPs are well understood. Paradox-
1980; Ishiguro et al., 1997; Li et al., 1997ot only are these ically, little is known about the energies of binding@factams to
proteins medically important, they are, in many ways, model enthese cognate enzymes.

Our ignorance of the energies of binding@factams to serine
B-lactamases and PBPs is a consequence of their mechanism of
Reprint requests to: Brian K. Shoichet, Department of Molecular binding. The first encounter complex betweeg-tactam and the

Pharmacology & Biological Chemistry, Northwestern University, 303 E. : : : oy
Chicago Avenue, Chicago, lllinois 60611-3008; e-mail: b-shoichet@nwu.edufenzyme is rapidly transformed into an acyl adduct by nucleophilic

Abbreviations:AC,, change in heat capacity at constant pressi@; attack of_the catalytic _serine on th_e glectrophilic lactam carbonyl
Gibbs free energy of unfoldingdG,2°, Gibbs free energy of unfolding in ~ carbon(Fig. 1). Measuring the equilibrium between the bound and
the absence of denaturadtHyy, van't Hoff enthalpy of unfoldingAS,,  free B-lactam is thus difficult. This effectively precludes measur-
entropy of unfolding; BZBTH2B, benZb)thiophene-2-boronic acidC, ing binding affinity by standard techniques, since affinity can only

midpoint concentration; CD, circular dichroism; G¢HCI, guanidinium - . -
hydrochloride; PBP, penicillin binding protein; PNPP, p-nitrophenyl be determined at equilibrium. FBrlactams binding t@-lactamases

phenylphosphonat@, temperature of melting; UV, ultraviolet; WT, wild- @nd PBPs, Ki values are only apparent; the true binding constants
type. are unknown.
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Fig. 1. Simplified mechanism of Amp@-lactamaseA: Ser64 of AmpC attacks the carbonyl carbon of the ingatactam antibiotic.
B: The acyl intermediateC: The hydrolyzed3-lactam antibiotic and the regenerated AmpC enzyme.

Differential protein stability can measure the thermodynamicand also transition state analod@dg. 3). This allows us to deter-
complementarity of a ligand for an enzyme and does not depend omine differential energies of unfoldingt\AG,) and hence the en-
measuring the equilibrium between bound and free lig&uhell- ergetic complementarity of these ligands for the enzyme. We also
man, 1976. The binding of a ligand to an enzyme will perturb the investigate the effects of mutation of a key catalytic residue on the
stability of that enzyme to denaturation, typically by stabilizing it. internal stability of the enzyme and on its function. Unexpectedly,
The stability difference between the saturated ligand-enzyme comwe find that the well knowB-lactams moxalactam and imipenem
plex and the enzyme alone quantitatively measures the noncovaestabilize AmpC on complex formation. Such destabilization has
lent energetic complementarity between ligand and enzyvizeton surprising implications for enzyme-substrate recognition in this
& Matthews, 199%. Rather than measuring the equilibrium be- highly studied system.
tween bound and free ligand, this involves measuring the equilib-
rium between the folded and unfolded forms of both the free
enzyme and the enzyme add(Etg. 2). This technique is reliable
as long as denaturation is reversible and two-state, and the inteji_-WO state. reversible thermal denaturation of AMpC
action between the adduct and the unfolded protein is negligible, ! P

. . . and AmpC Y150F
Indeed, similar denaturation studies were used to measure the com-
plementarity of transition state analogs for a clasg-factamase = AmpC was denatured by temperature in 50 mM KPi, 200 mM
(Rahil & Pratt, 1994. Although denaturation was not reversible in KCI, 38% ethylene glycol, pH 6.8, as monitored by far-UV CD
this system, the increases in the temperatures of melting correlatedFig. 4A). The melting behavior was fit using a two-state analysis
with the expected binding energies. program(Kirchhoff, 1993 to give an averag#,, of 54.6°C and

Reversible denaturation seems well-suited for studying thean averageAH,y of 182 kcaymol at a ramp rate of ZC/min
thermodynamic complementarity betweenBdactamase and a (Table 1.

B-lactam. Since denaturation does not break covalent bonds, the To interpret melting thermodynamically, it is important to de-
differential energy of unfolding between @-lactam-bound en- termine the reversibility and two-state behavior of the protein.
zyme and the apo-enzyme reflects the noncovalent interaction emfter thermal denaturation of AmpC, the sample was immediately
ergy between the enzyme and Bwactam. The differential stability cooled; 91% of the folded CD signal returned. TBdactamase
between the apo- angtlactam-bound enzyme has the same sensectivity against the cephalosporin cephalothin prior to denaturation
as the differential stability between a wild-type and a mutantwas equal to the activity after renaturation. Both experiments in-
enzyme—both reflect differential noncovalent interactions. dicate that the thermal denaturation of AmpC is reversible.

Here, we investigate the reversible denaturation of the class C To determine whether the melting of AmpC could be described
B-lactamase AmpC. We compare the thermodynamic unfolding ofis two-state, we compared the denaturation monitored by CD at
the WT enzyme to the unfolding of its adducts with sevgBeldctams 223 nm, which measures secondary structure, to the denaturation

Results

B-lactam

AmpC ~tapid AmpC*B-lactam————# AmpC-B-lactam—— AmpC + product

rapid slow
temperature temperature
or Gdn-HCl or Gdn-HC1
Unfolded AmpC Unfolded AmpC-B-lactam

Fig. 2. MeasuringB-lactam binding affinity for AmpC by differential stability. The Amp@B-lactam represents the first encounter
complex; the AmpQ3-lactam represents the acyl adduct.
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Fig. 3. Six inhibitors of AmpCg-lactamase{A) cloxacillin; (B) aztreonamjC) moxalactam;(D) imipenem(A—D are acylating
inhibitors); (E) PNPP, an irreversible transition state analog; €RdBZBTH2B, a reversible transition state analog.

monitored by near-UV CD, a measure of tertiary structure, and byCD). This denaturation, however, was reversible in 50 mM KPi,
fluorescence excitation. When monitored by near-UV CD at800 mM KCI, 45% ethylene glycol. Under these conditions, the
270 nm, theT,, was 54.2C, and theAH\y was 174 kcaimol denaturation as followed by near-UV CD had,gof 49.3°C and
(Fig. 4B) (Table 1. These values closely resemble those returneda AHy,, of 182 kcaymol as compared to the far-UV CD, which had
by far-UV CD (Table 1. We note that the denaturation followed by aT,, of 49.6°C andAHy of 185 kca)/mol. Thus, the denaturation
near-UV CD was not fully reversible, presumably reflecting the as followed by near-UV CD provides similar thermodynamic val-
relatively high concentration required for this low sensitivity tech- ues as those observed with far-Uv CD. When monitored by fluo-
nique (32—-42 ug/mL vs. 5-13 ug/mL required in the far-UV  rescence excitation at 227 nm in our standard 38% ethylene glycol

Table 1. Thermodynamic quantities determined by thermal denaturation
of AmpC and Y150F

Tm AHyny AS, AAG2
Technique (°C) (kcal/mol) (kcal/moleK) (kcal/mol)
AmpC Far-UV CD 54.6+ 0.2 182+ 9.3 0.56+ 0.03 —
Near-UV CD 54.2+ 0.5 174+ 39 0.56+ 0.13 —
Fluorescence 54.£ 0.5 183+ 39 0.56+ 0.12 —
Y150F Far-UV CD 53.3+ 0.1 215+ 15 0.66+ 0.04 -0.7+0.1°

aDetermined by the method of SchellméBecktel & Schellman, 1987 AAG, = ATn,-ASyr.
bA negativeAAG, means a decrease in stability as indicated by a decrease ,the
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586 A buffer, the averagé&,, was 54.TC, and the averageH,,; was 183
e kcal/mol (Fig. 4C) (Table 1. The denaturation was reversible as
’ monitored by return of fluorescence signal after quick cooling.
TheT,, andAHy values determined by thermal denaturation of
AmpC appear to be independent of spectral technique. We note
that theT,, values were slightly dependent on the rate of temper-
ature increase; between 1.52GYmin, theT,, increased monoton-
ically (from 54.5°C at a temperature ramp rate of 1G/min to
55.2°C at a rate of 4C/min). Conversely, tha Hy values did not
vary, within the range of experimental error, as the ramp rate was
altered. Taken together, these data suggest that AmpC denatures in
a reasonable approximation to the reversible, two-state ideal.
AmpC Y150F was also denatured by temperatiig. 5. The
T Of this protein was reduced by °G compared to AmpC WT,
to 53.3°C, with aAHyy of 215 kca)/mol (Table 1. This suggests
- that AmpC Y150F is 0.7 kc@ol less stable than WT. Upon quick

CD at 223 nm (mdeg)

28.4 35.8 43.2 50.5 57.9 652 cooling after denaturation, 87% of the folded CD signal returned.
Temperature (°C)

Thermal denaturation with inhibitors

1.29
To assess noncovalent interaction energies, adducts of AmpC were

denatured by temperature. AmpC WT in complex with cloxacillin
was reversibly denatured by temperatiFég. 6). Compared to
AmpC alone, thd,, was increased by 5°&€, a stabilization of 3.2
kcal/mol (Table 2. Aztreonam also stabilized the complex; the
increased by 4.9C, equivalent to an increase in stability of 2.7
kcal/mol. AmpC WT in complex with moxalactam was also re-
versibly denatured by temperatuféig. 6). In this case, th@,,was
decreased by 3°Z, a destabilization of 1.8 kcahol. AmpC in
complex with imipenem was reversibly denatured by temperature;
the T, was decreased by 1°2, a destabilization of 0.7 kcahol
(Table 2.

One concern we had was that the covalent enzyme-inhibitor
adducts might break down over the course of the thermal denatur-
ation. This would affect the resulting folding analyses. To inves-
tigate this question, we looked at the enzymatic activity of the

CD at 270 nm (mdeg)
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Fig. 4. Thermal denaturation of AmpC as monitored by various techniques Temperature (°C)

as analyzed by EXAM. The dotted lines indicate asymptotes of the upper

and lower baselines and the tangent to the profile at its midpoint; the solidrig. 5. Reversible, two-state thermal denaturation of AmpC and Y150F as
line indicates the least-squares fit to the da¢achhoff, 1993. Values are  monitored by far-UV CD at 223 nm. Values are given in Table 1. Solid
given in Table 1A: Far UV CD.B: Near-UV CD.C: Fluorescence. circles indicate AmpC WT; open circles indicate AmpC Y150F.
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Table 2. Changes in the Jand AAG, values of AmpC and Y150F when denatured
in the presence of various inhibitors

AmpC WT AmpC Y150F
(T = 54.6°C; AHyy = 182 kcaymol) (T = 53.3°C; AHyy = 215 kcaymol)

AT AHyy AAG2 ATn AHyy AAG,?

(°C) (kcal/mol) (kcal/maol) (°C) (kcal/mol) (kcal/mol)
+Cloxacillin +5.8+ 0.1 177+ 11 +3.2+0.2 -1.8+0.1 184+ 21 -1.2+0.1
+Aztreonam +4.9+ 0.2 181+ 3 +2.7+ 0.2 N.DP N.D. N.D.
+Moxalactam -3.2+0.1 200+ 15 -1.8+0.1 -4.0+0.1 207+ 39 —-26=+0.2
+Imipenem -1.2+0.1 156+ 6 —-0.7+ 0.07 N.D. N.D. N.D.
+PNPP +25+ 0.1 187+ 11 +1.4+0.1 —-0.1+0.2 194+ 13 -0.1+0.2
+BZBTH2B +3.0+ 0.2 181+ 9 +1.7+0.1 -0.1+0.3 184+ 56 -0.1+0.3

2Determined by the method of SchellméBecktel & Schellman, 1987 AAG, = ATy ASypo-enzyme
bNot determined.

enzyme-moxalactam mixture before thermal denaturation and theSolvent denaturation
after denaturation and renaturation. Cephalothin, which is highly. . . .
labile to uninhibited AmpC, was used as a substrate in these reTo further investigate two-.state behawc_)r, AmpC WT was revers-
actions. AmpC was highly and equally inhibited before denatur-Iny dena_ltured by GdrHCl in 50 mM KPi, 100 mM KCI, pH 6.8
ation and after renaturation. Since uninhibited AmpC is fully activePUffer (Fig. 7A). The Gy, ,:’Vgs 1.43 M GdRHCI, themvalue was
after renaturation, this suggests that the adducts are stable 8 keaf/molM; the AG,=" was 14.0 kca}dmpl (Table 3. The
denaturation. enatured samples fully ref_olded upon dilution. _

Complex formation with transition state analogs stabilized AmpC. AmpC Y150F was reversibly denatured by GHICI (Fig. 7B).
The irreversible transition state analog, PNPP, increaset,thy Here, theC, decregsed to 1.32 M G@HCI, and them-value was
2.5°C, a stabilization of 1.4 kcgol (Table 3. BZBTH2B, a 7.4 kcaymol M. Using the averagervalue method of Pagd 995,

. i, . . hich is less sensitive to variations in thevalue and is consid-
reversible transition state analog, increasedithiey 3.0°C, equiv- w ; .
alent to a stabilization of 1.7 kgérhol (Table al&y g ered more reliable, th&AG!2° is thus—1.0 kca)/mol vs. AmpC

AmpC Y150F was also denatured in the presence of these inWT (Table 3. This value compares to G, of —0.7 kcay/mol

hibitors. Cloxacillin decreased thg, by 1.8°C, a destabilization de'toc\ermgt\els_rby thermial deqﬁttuk:at.lon. ible inhibitor PNPP
of 1.2 kcaf/mol. Moxalactam decreased tfig by 4.0°C, a desta- mp In complex wi e Irreversibie inhibitor was

bilization of 2.6 kcalmol. There were n@,, changes when either also denatured by GdHCI (Fig. 7C). The Cy, was increased to

H,0 ;
PNPP or BZBTH2B was incubated with AmpC Y150Fable 2. 26 M GAnHCI. The AAG, " is thus+1.2 kcaj/mol vs. AmpC
WT (Table 3. This compares to AAG, of +1.4 kcaymol deter-

mined by thermal denaturation.
The apparent monotonic relationship betweeyG, values de-

1.4- termined by thermal and solvent denaturation, and their close quan-
1 titative correspondence, are further evidence that thermodynamic
quantities are being measured. Because these thermal and solvent
denaturation experiments take place in different buffers and at

different temperatures, we do not expect theG,, values to cor-
respond exactly.

Discussion

Complementarity oB-lactams and other ligands to AmpC

Fraction of Protein Folded

Someg-lactams bind to and significantly stabilize AmpC. This is
true for cloxacillin and aztreonam, which hav&G, values of

~0.44+———————————— 11— +3.2 and+2.7 kca)/mol, respectively. Surprisingly, sorgelactams
200 25 30 35 40 45 50 55 60 65 70 bind to and significantly destabilize AmpC. Moxalactam and imi-
Temperature (°C) penem destabilize the enzyme by 1.8 and 0.7 Aual, respec-

tively. All four compounds are effective inhibitors of AmpC, but

Fi%]& Revler?ible, th‘St?t‘;e tlhe'm_"ﬁ'_ denaturat_iton gf k’)“mfpcuv\‘fc?:;onfrthey have dramatically different effects on enzyme stability. What
Wi moxalactam, ana wi cloxaclllin as monitore: y 1ar- a |S the key to thelr |nh|b|t|0n Of Ampc,)

223 nm. Values are given in Table 2. Solid circles indicate AmpC WT. o .
Open circles indicate AmpC with moxalactam. Open triangles indicate 1 heseB-lactams inhibit AmpC by forming a stable acyl adduct
AmpC with cloxacillin. with the enzyme, blocking the active site. Although we think of
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Given that the covalent bond is central in the inhibition of AmpC,
it becomes clear that the secondary interactions, the noncovalent
interactions, can be either favorable or unfavorable. The increase
in thermodynamic stability that we see when AmpC bi@dactams
such as cloxacillin and aztreonam indicates that favorable nonco-
valent interactions between the inhibitor and the enzyme have
formed. Conversely, moxalactam and imipenem form long-lived
covalent adducts with AmpC, but their net noncovalent inter-
actions with the enzyme are unfavorable. A covalent inhibitor can
either stabilize or destabilize an enzyme. By studying the revers-
ible denaturation of3-lactam-AmpC adducts, we can distinguish
for the first time between covalent inhibitors that complement the
binding site, and those that do not.

To what interactions can the destabilization caused by moxa-
lactam and imipenem be attributed? Both have an unusual non-
hydrogen substituent in the(Ba-position of the lactam ring;
this is a methoxy in the case of moxalactam and an hydroxy-
ethyl in the case of imipeneriFig. 3. This is in contrast to
prototypical B-lactams, which have a hydrogen in this position.
The largea-face substituent may explain the destabilization of
the complex. This suggestion is consistent with recent structural
studies of the complex between tiglactamase TEM-1 and
imipenem(Maveyraud et al., 1998 In this structure, imipenem
binds to TEM-1 in an unusual conformation, with the lactam
carbonyl oxygen 3.7 A from its normal location in the hydro-
lytic binding site (Fig. 8) (Strynadka et al., 1992; Maveyraud
et al., 1998; Usher et al., 1998In this conformation, several
favorable interactions between the acyl adduct and the enzyme
are lost. These include two hydrogen bonds between enzyme
main-chain nitrogens and the lactam carbonyl oxygen of the
adduct, which are conserved in every other sefAactamase-
adduct structure. Bound imipenem presumably adopts this un-
usual configuration to avoid steric clashes between iis 6
substituent and the enzyme that would occur if it bound in the
canonical configuration. By forcing the acyl group to rotate out
of the hydrolytic binding site, the &&hydroxyethyl group deac-
tivates the imipenem adduct against hydrolytic attdtkavey-
raud et al., 1998 A similar conformational change in AmpC
would explain the lack of reactivity of the acyl adducts of moxa-
lactam and imipenem and their destabilization of the enzyme.

If imipenem and moxalactam do adopt this unusual conforma-
tion in AmpC, it would explain why thes@-lactams are good
inhibitors (or poor substratgsof both class A and class C
B-lactamases. It has been proposed that tfi®d6 substituents
reduce the reactivity of the acyl adducts by displacing the hy-
drolytic water of class AB-lactamases, which comes from the
a-face of the ring. However, in class B-lactamases such as
AmpC, the hydrolytic water is thought to attack from the oppo-
site face of the3-lactam ring—the3-face (Bulychev et al., 1997
Both the structural data in class@lactamases and the thermo-
dynamic data presented here suggest that the inhibition of these
two classes of3-lactamases by (&)a-substituted3-lactams, such

Fig. 7. Solvent denaturation of AmpC WT alone, AmpC Y150F alone, and as imipenem and moxalactam, occurs by the same mechanism—

AmpC WT with PNPP by GdrHCI at 25°C. Values are given in Table 3.

A: AmpC WT. B: AmpC Y150F.C: AmpC WT with PNPP.

displacement of the electrophilic acyl center from the point of
hydrolytic attack.

The interactions of AmpC with two transition state analogs were
also studied. In complex with both PNPRahil & Pratt, 1994, an

inhibitors as forming favorable noncovalent interactions with theirirreversible inhibitor, and BZBTH2BWeston et al., 1993 a re-

target enzymes, this need not be true for an inhibitor that actsersible inhibitor, AmpC was stabilized. This suggests that the
covalently. The covalent bond between the enzyme and inhibitor ienzyme’s active site is complementary to the transition state of the
sufficient to halt the enzyme'’s action.

reaction, as expectgdRahil & Pratt, 1994



1822 B.M. Beadle et al.

Table 3. Thermodynamic quantities determined by solvent denaturation byHBZin

Cnm mvalue AGH2® AAGH©"

(M) (kcal/mol M) (kcal/mol) (kcal/mol)
AmpC WT 1.43+ 0.03 9.8+ 0.8 140+ 1.1 —
AmpC Y150F 1.32+ 0.03 7.4+ 0.5 9.7+ 0.7 -1.0+0.4
AmpC WT + PNPP 1.56+ 0.04 8.6+ 0.6 13.4+ 1.0 -1.2+05

aDetermined byAG!'*® = C,,-m-value.

PDetermined by the method of Pad®95: AAG{2° = (Cin,; — Ciy,,) - [(Mrvalueyt + mrvalueny/2].
Due to the variability in then-values, this method is more reliable thAAG!'>° values determined by
direct subtraction oAG/'2° values.

The stability of Y150F and its adducts anism of AmpC, presumably by interacting with the transition
fstate. Unexpectedly, our data suggest that Tyrl50 also interacts,

A controversial aspect of the AmpC mechanism is the role o ither directly or indirectly, with the acyl adduct ground state. In

Tyr150. Substitution of this residue by a Phe reduces the activity oi
- § : -ray crystal structures of AmpC, Tyr150 forms hydrogen bonds
AmpC by 1,000-10,000-foldDubus et al., 1995 and the residue with catalytic residues Lys67, Lys315, and Ser@dbbkovsky

has been proposed to play a role in transition state recognition . . : .
(Oefner et al., 1990; Lobkovsky et al., 1990n the other hand, Ztﬁl'élggt?\}:;r:gr etal., 19pdhis residue may help organize the
the hydrolysis of somg-lactams is only slightly affected by the P '
Tyr to Phe substitutioiDubus et al., 1994 and other groups that
might take the role of this residue in transition state stabilization
have been proposd@ulychev et al., 1997

We found that the Y150F mutant enzyme is destabilized bySerineB-lactamases and PBPs play key roles in antibiotic resis-
cloxacillin, contrary to the stabilization seen in WTable 2. tance and antibiotic action and have been intensely studied. Be-
Compared to the WT adduct, the Y150F-cloxacillin adduct is de-cause these enzymes form covalent intermediates gvitictam
stabilized by 4.4 kcalmol. This suggests that Tyrl50 is involved substrates and inhibitors, the energetic complementarity of these
in the recognition of the acyl intermediate. Further clues to the roleenzymes for their cognate ligands is not well understood. The
of Tyrl50 come from the interactions between the Y150F mutanthermodynamic stability of Amp@3-lactamase in its bound and
and the norm-lactam inhibitors. Native AmpC is stabilized by free forms allows us to determine the energetic complementarity of
both BZBTH2B, a reversible transition state analgeston etal.,  B-lactams for this enzyme. As expected, AmpC forms favorable
1998, and PNPP, an irreversible transition state andRghil & noncovalent interactions with thglactams cloxacillin and aztre-
Pratt, 1994. Conversely, the Y150F enzyme is not stabilized by onam, which are widely used in antibiotic chemotherapy because
either compound, suggesting that the mutant enzyme interacts poorbf their stability toB-lactamases. AmpC also forms favorable non-
with these two potent inhibitors. These results support earlier studeovalent interactions with the transition state analogs PNPP and
ies that show that Tyr150 is a key residue for the hydrolytic mech-BZBTH2B. Unexpectedly, AmpC is destabilized by tiglactamase

Conclusions

Ala237@N

SerT0@N SerT@MN

Fig. 8. Crystal structures of the acyl adducts between TEl-tactamase andA) penicillin G (Strynadka et al., 1992and (B)
imipenem(Maveyraud et al., 1998Carbon atoms are colored gray, oxygen atoms red, nitrogen atoms blue, and sulfur atoms yellow;
in each figure, the lactam carbonyl oxygen is colored magextdn the penicillin G-TEM-1 structure, the lactam carbonyl oxygen

is bound in the hydrolytic binding site, making hydrogen bonds with the backbone nitrogens of Ser70 and Bla237%he
imipenem-TEM-1 structure, the imipenem has twisted so that the lactam carbonyl oxygen is now 3.7 A from the position its
prototypical position in the hydrolytic binding site. The R2 side chain of imipenem has been removed from this figure for clarity. This
figure was generated using the MidasPlus display prodiféenrin et al., 1988
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stable”B-lactams moxalactam and imipenem, which are also widelyof 50 mM KPi, 100 mM KCI, pH 6.8; reversibility was judged by
used antibiotics because of their stability felactamases. The the return of the folded CD signal at the appropriate wavelength.
ability of imipenem and moxalactam to resist hydrolytic deacyla-

tion may be because of their adoption of a strained conformatiolCD measurements

in the active site of th@-lactamase, which removes their electro- cD . " ied out i 3 1715 ¢ |

philic centers from the point of hydrolytic attack. Moxalactam and . texpe_trrl]me? S WeFr:_T_ gagzgwfu Iltn a ﬁascic: i fpec ropto ?r_

imipenem are good inhibitors because they are activated electr meterwith a Jasco ) petlier-efiect lemperature control-
er. Quartz cells wh a 1 cmpath length from HellmgJamaica,

philes; overall, they do not complement the enzyme. .

The ability to reversibly denature AmpC provides an energetic'\.Iew York)_were used for all experiments. Fpr thermal denatura-
component to the structure-function studies of this enzyme. It shoulo"S: an in-cell tfamperature probe and stirbar were used. The
be possible to measure the binding affinities of m@rAnctams to program EXAM(Kirchhoff, 1993 was used to calculate &, and

AmpC or deacylation deficient mutant AmpC enzymes by deter-AHVH values fgr the thermal denatu_rz_:\tlons. EXAM p(_erforms a
least-squares fit of the two-state transition model, in which the two

mining changes in the melting temperatures. This would allow for .

structure-activity relationships that are based in energies of binditg"’lgtes Ef the prt(_)telrtl are fullly tfoclid_edtr?n(tj fl;”y upf?:]ol(eg;:'zr’\}loff, |
ing. It would also allow for an energy-based dissection of residue-= 3th rrch]r estima Es ‘Te IS e_t In the ‘3 est. nthe f aEa y-
ligand and residue—residue interactions, the latter of which speaﬁes’ e change in heat capacity upon denatur&liGh) for eac

to the internal stability of the enzyme. Similar studies may peSNZYMe 1S used as one fitting parameter; it was set to 6.0/'kcal

useful for PBPs, which, like AmpC, are intensely studied becausé’noI K for (_aach enzyme. Expenmental_ deterr_nnnaﬂon ofaly f_or
of their role as targets of antibiotic chemotherapy. AmpC using thermal denaturation with various concentrations of

Gdn-HCI was consistent with this valu@lata not shown This
AC, value is also consistent with those methods based on the size

Materials and methods and percent hydrophobicity of the enzyrtiill et al., 1989. A
AC, value of 5.1 kcalmol K was calculated using a method based
Enzyme preparation on the number of amino acids in the enzyfiyers et al., 1995

AmpC WT was expressed and purified as descritigsher et al., The AHy andT,, values are affected only slightly by varying the

1998. AmpC Y150F was made by oligonucleotide directed mu-AICp V"?"“‘?' ?‘ff‘d thle (;I:fferelnccla b((ejtwelen 51 an|_c|i 6.0 /k;)al K
tagenesisKunkel et al., 198Yand expressed using the same method@ters Insigni |cant_y the calculated va “e?'m Ay, andAS,. .

as WT. To isolate the mutant enzyme, tEecherichia colicells Solvent denaturations were analyzgd using the program Kaleida-
were resuspended in 10 mM Tris-HCI pH 7, lysed by sonication,Gr"’“Oh frlom Synergy _Softv;a;r@Rk:ea;_dlnlg, Pennsty)/lvagw_t he f Vv
and then ultracentrifuged. The supernatant was filtered and loaded Samp ezszv;ere Zn:;gnltore_ horh eh'f:ah contentl y Ch I'Ont € ar-L(j
onto an S-sepharose column previously equilibrated with 10 mn €9ion a_t or 232 nm W'F the hig erwave engt €Ing use to
Tris-HCI. The protein was eluted with a 10100 mM Tris-HCl reduce light absorption by ligand solutions; the behavior was iden-
gradient. The protein eluted at approximately 55 mM Tris-HCI.t'Ca_l at the two wavelengths. The samples_ were monitored for
Protein concentration and purity were determined as described fdpruary structure by CD in the near-UV region at 270 nm at an

wild-type (Usher et al., 1998 Unless otherwise indicated, each enzymg concentration of 32-42g/mL, a fourfold higher con-
enzyme was studied at a concentration of 5xtgmL centration than necessary for far-UV CD or fluorescence, owing to

the low sensitivity of the near-UV CD. Thermal melting was per-
formed at ramp rates of €/min unless otherwise indicated. Re-
Buffer preparation versibility was judged using two criteria: the return of the original

Each buffer was prepared using ACS reagent grade potassiut%D_ s_ignal_ upon quick cqoling and comparison of th_e enzyme’s
chioride (KCI) from Sigma ChemicalSt. Louis, Missouii and activity prior to denaturation and then after renaturation.
potassium phosphatéPi) from Aldrich Chemic,aI(Milwaukee Incubation experiments with cloxacillin, moxalactam, PNPP from
Wisconsin in deionized wateXMilliQ ). The pH of each buffer Sigma Chemical, aztreonam from ICN Pharmaceuticaista Mesa,

was adjusted by dropwise additioh®N HCI or 10 N NaOH from California), and imipenem were done by mixing the protein solu-

Aldrich Chemical. Spectroscopic grade ethylene glycol from Sigme{[ion and the inhibitofin 70-100-fold excessn a microfuge tube.

Chemical was also used. Ethylene glycol improved the reversibil2\" allqggt of this |ncubat|op mlxturg was added to 3.5 mL of
ity of unfolding, presumably by reducing aggregation of the de_pre-eqmllbrated buffer solution; melting was performed as usual.
natured state. Thermal denaturation took place in 50 mM KPi,
200 mM KClI, 38% ethylene glycol, pH 6.8, unless otherwise in-P

dicated. This percentage of ethylene glycol gave robust, apparent ;gﬁ_ﬁgg(ef'g" folr_ PNPP, pre;lncha.tlor) Izrs]ted th'\rlee dﬁw‘th
two-state, reversible thermal denaturation. Lower amounts of eth- » from Lancaster SynthesisVindham, New Hamp-

ylene glycol reduced the reversibility of the thermal melts. shire no pre-incubation was necessary; the enzyme and inhibitor
For solvent denaturation. stock solutions of 6.3 M guanidiniumWere added simultaneously to the buffer solution; the final concen-

hydrochloride(Gdn-HCI) were made by addition of biotechnology Lratign of BdeTﬂzg’ vhva”s 28'4;'\/" ﬁAG“ va|1lues w?re determipﬁq
grade GdnHCI from Amresco(Solon, Ohig to 50 mM KPi, y the method of Schellman for all complexes of enzyme with in-

100 mM KCI, pH 6.8 buffer, and readjustment of the pH to 6.8. Thehlbltor and also mutant enzyméBecktel & Schellman, 1987
stock was kept at20°C until gsed. Denaturation buffers were pre- AAG, = ATy ASupo-enzyme (1)
pared by adding the appropriate amount of 6.3 M G#f@l stock to

50 mM KPi, 100 mM KCI, pH 6.8 to produce a given concentration In this study, increases in tfig, indicate stabilization, correspond-
of Gdn-HCI; there was no change in the buffer or salt concentra-ing to a positiveAAG, value, and decreases in tAg, indicate
tions. For renaturation, the sample was diluted twofold by additiondestabilization, giving a negativeAG,, value.

For some ligands, acylation was slow; we report the largest re-
roducible AT,,,, which occasionally demanded substantial pre-
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Fluorescence measurements Bulychev A, Massova |, Miyashita K, Mobashery S. 1997. Nuances of mech-

) ) anisms and their implications for evolution of the versatile beta-lactamase
Fluorescence experiments were performed in a Jasco J-715 spec- activity: From biosynthetic enzymes to drug resistance facfofsn Chem
tropolarimeter with a peltier-effect temperature controller and an_ So¢ 11976197625

xcitation fluor n ttachment. Thi llowed to monit rChristensen H, Martin M, Waley S. 1990. Beta-lactamases as fully efficient
exciatio uorescence attachment. S allowed us 1o monito enzymes. Determination of all the rate constants in the acyl-enzyme mech-

thermal behavior by CD and fluorescence simultaneously. An in-  anism.Biochem J 26@53—861.
cell temperature probe and stirbar were used. AmpC samples wefll KA, Alonso DO, Hutchinson K. 1989. Thermal stabilities of globular pro-

; ; AT teins. Biochemistry 286439-5449.
excited at 227 nm. Thermal melting was performed as IndlCate%ubus A, Normark S, Kania M, Page MG. 1994. The role of tyrosine 150 in

for the CD measurements. Reversibility was judged by the return ~ caaiysis ofg-lactam hydrolysis by AmpQ3-lactamase fronEscherichia
of the fluorescence signal upon quick cooling. coli investigated by site-directed mutageneBiechemistry 338577-8586.
Dubus A, Normark S, Kania M, Page MG. 1995. Role of asparagine 152 in
catalysis ofB-lactam hydrolysis byE. coli AmpC B-lactamase studied by
Solvent denaturations site-directed mutagenesBiochemistry 347757-7764.
Ferrin TE, Huang CC, Jarvis LE, Langridge R. 1988. The MIDAS display
AmpC, Y150F, and AmpC with PNPP were denatured with  system.J Mol Graph 613-27.

Gdn-HClin 50 mM KPi, 100 mM KClI, pH 6.8 buffer at 2%. For Fisher J, Belasco JG, Khosla S, Knowles JR. 1980. Beta-lactamase proceeds via
’ ' ) ) an acyl-enzyme intermediate. Interaction of Eecoli RTEM enzyme with

AmpC with PNPP, the enzyme was incubated with the inhibitor for  cefoxitin. Biochemistry 12895-2901.
three days prior to solvent denaturation. For all three studies, sepall A, Knowles JR. 1976. Directed selective pressure on a beta-lactamase to

arate buffer samples were prepared for each -G concentra- ﬁl’;?:ﬁez?ggg“'g&fha”ges involved in development of enzyme function.
tion in microfuge tubes. The appropriate énzyme or solution Wa%shiguro M, Tanaka R, Namikawa K, Nasu T, Inoue H, Nakatsuka T, Oyama Y,

added, and the samples were incubated aC2fr 24 h. The CD Imajo S. 1997. 5,&is-penems: Broad-spectrum antimethicillin-resistant
signal of the enzyme was measured at 223 nm. To determine Staphylococcus auredgta-lactam antibiotics Med Chem 42126-2132.

AG"° the Gibbs energy of unfolding at zero denaturant, and thé(irchhoffW. 1993. EXAM: Atwo-state thermodynamic analysis program. Gaith-
v S ershurg, Maryland: NIST.
m-value, the dependence af5, on GdnHCI concentration, the  ynkel TA, Roberts JD, Zakour RA. 1987. Rapid and efficient site-specific

data were plotted in KaleidaGrafgBynergy Softwareand ana- mutagenesis without phenotypic selectibfethods Enzymol 15367—382.

! . L inhibition of serine beta-lactamases by phosphonate mono-eBiexg
squares fit to the following equation: Med Chem 51783-1788.
Lobkovsky E, Billings EM, Moews PC, Rahil J, Pratt RF, Knox JR. 1994.

. . . — H20 . Crystallographic structure of a phosphonate derivative ofeheerobacter
| = (me-[D] +y) + (My[D] + yo) expl(—AG, =~ + Med [DD/RT) cloacaeP99 cephalosporinase: Mechanistic interpretation of a beta-lactamase
1+ exp((—AG/2° + my[D])/RT) transition state analo@iochemistry 3%762—6772.
Lobkovsky E, Moews PC, Liu H, Zhao H, Frere JM, Knox JR. 1993. Evolution
2 of an enzyme activity: Crystallographic structure at 2 resolution of cepha-

losporinase from the ampC gene®f cloacaeP99 and comparison with a
wherel is the ellipticity; y, yu, M, andm, are the intercepts and class A penicillinaseProc Natl Acad Sci USA 901257-11261.

. . . Maveyraud L, Mourey L, Kotra LP, Pedelacq J, Guillet V, Mobashery S, Sa-
slopes of the folded and unfolded baselines, reSpeCtm%"MS the mama J. 1998. Structural basis for clinical longevity of carbapenem antibi-

mvalue; and D] is the concentration of GAHCI. Error estimates otics in the face of challenge by the common class A beta-lactamases from

are listed in the tables. The values were used to calculate a mid- the antibiotic-resistant bacterid. Am Chem Soc 128748-9752.

point concentration of denaturatidiC,,) from the mvalue and Morton A, Mgtthews BW. 1995. S_pecmcny of I|gan‘d binding in a buried non-

AGH0 (Pace, 1988 pglar cavity of T4 lysozyme: Linkage of dynamics and structural plasticity.

u ' Biochemistry 348576—8588.
Myers JK, Pace CN, Scholtz JM. 1995. Denatunantalues and heat capacity
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ing. Protein Sci 42138-2148.
Oefner C, D’Arcy A, Daly JJ, Gubernator K, Charnas RL, Heinze |, Hub-
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