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ABSTRACT. Serine -lactamases are inhibited by phosphonate monoesters in a reaction that involves
phosphonylation of the active site serine residue. This reaction is much more rapid than the hydrolysis of
these inhibitors in solution under the same conditions. f&ctamase active site therefore must have

the ability to stabilize not only the anionic tetrahedral transition states of the acyl transfer reactions of
substrates but also the pentacoordinated transition state(s) of phosphyl transfer reactions. A series of
p-nitrophenyl arylphosphonates have been synthesized and the rate constants for their inhibition of the
class Cp-lactamase oEnterobacter cloacad®99 determined. There is no direct correlation between
these rate constants and the dissociation constants of analogous aryl boronic acids, where the latter are
believed to generate good tetrahedral transition state analogue structures. Thus, the mode of stabilization
of pentacoordinated phosphorus transition states by ilaetamase active site is qualitatively different

from that of tetrahedral transition states. Molecular modeling suggests that the difference arises from
different positioning of the side chain and of one of the oxygen ligands. In principle, the quality of the
stable tetrahedral phosphonate complex as a transition state analogue structure can be assessed from the
effect of its formation on the stability of the protein. Phosphonylation of the/RB&tamase, however,

had little effect on the stability of the protein, as measured both by thermal and guanidine hydrochloride
denaturation. Consideration of the results of similar experiments wittstAphylococcus aureu®C1
p-lactamase, where considerable stabilization is observed in thermal melting and, to a lesser degree, in
formation of the molten globule in guanidine hydrochloride, but not in the complete unfolding transition

in guanidine, suggests that results from the method may be strongly influenced by the interactions of the
ligand with its environment in the unfolded state of the protein. Thus, quantitative estimates of the quality
of a covalently bonded transition state analogue cannot generally be achieved by this method.

There is now a substantial history of application of the Scheme 1
concept of the transition state analogue to enzyme inhibitor Kea Koy
design (). The general idea that, just as enzymes tightly E+S =———= ES% —— E.p EI

bind specific transition states, so too will they tightly bind K.} “ - /

stable molecular analogues of these fleeting species was .
introduced by Pauling?) and elaborated by Wolfende8)( E+8§* E+1
Although it might seem unlikely that a perfect transition state i, - .
analogue could be synthesized as a stable molecule, it appeart fg%ﬁgﬁ&,{?ﬁgﬂg:g(j'ng by the same amount as it does
that a number of quite good approximations have been found 94

). | o | OAG" = 0AG, 1)

The quality of such an inhibitor, that is, the degree to
which it resembles the transition state, can be judged by a The free energies of eq 1 may be obtained experimentally

thermodynamic criterion (Scheme 1, where S and P are thefrom egs 2 and 3; the latter assumes that, in the case under
substrate and product, respectively, of the enzyme EjES

the transition state of the enzyme-catalyzed reactiéris S OAG" = —RT6 Ink /K, (2)
the transition state of the noncatalyzed reaction, and | is the
potential transition state analogue inhibitor). If 1 were a O0AG, =RT4 InK, (3)

perfect transition state analogue, then eq 1 should apply; that

is, a perturbation of the system should change the free energyconsiderationgAG,* = —RT ¢ In K" = 0 (). The pertur-
bation involved could be either physical or chemical; those
: X : most used to date involve perturbation of the structure of
T This research was supported by National Institutes of Health Grant the inhibitor &) or of the enzyme®)
Al-17986. : . "
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pB-lactamases 9—13). Crystal structures ofs-lactamases  Scheme 2

complexed with boronic acids show that the latter form AGHy

tetrahedral complexes with the active site serine hydroxyl Ex + S == Eps' Ex-l
group, as would be expected of compounds yielding transi-

tion state analogue complexe®4{-16). Simple aryl bor- “ AG% ﬂ AG AG% ﬂ
onates are quite effective inhibitors of clasgactamases Ey + S Ey-s* Byl
(12, 13, 17). This is somewhat surprising because aryl AGH,

boronates do not closely resemble classjgdctam sub- . o ] .
strates. Recently we showed, however, that a series of aroy(different distribution of charges in the pentacoordinated

phosph(on)ates, are substrates of the clasgdactamase ~ SPecies may lead to a differential effect. In this paper we
use an extension of eq 1 to quantitatively investigate this

I(I) |(|7 issue.
x/@—C—O—P—(O)Ar As discussed previously2p), the extension of eq 1 to
(l). covalently bonded transition state analogues involves deter-
1 mination of 6AG, from the effect of the inhibitor on protein

stability [Scheme 2, wherdG*y and AG*, represent the
of Enterobacter cloaca®99 by virtue of favorable interac-  free energies of formation of the transition state from a
tion between the phosph(on)ate leaving group and the activesubstrate on reaction with the native enzyme (catalyzed) and
site (18, 19). Further, aryl boronates behave thermodynami- unfolded enzyme (uncatalyzed), respectively, &} and
cally (eq 1) as good analogues of a transition state for AG%, represent the free energies of unfolding the free enzyme
turnover ofl. Since the rate-determining step for turnover and the enzyme bound to the transition state, respectively;
of 1 is deacylation, it seems reasonable that the boronateAG*, can therefore be obtained from measurements@f,,
adducts2 are analogues of the deacylation tetrahedral AG*,, andAGj (22)]. The usefulness and generality of this
intermediate3 and associated transition states. approach is further explored in this paper, where the quality

of stable tetrahedral phosphonate complexes as transition

OH o state analogues is assessed.
X du X & MATERIALS AND METHODS
2 3 The class @-lactamase oEnterobacter cloaca®99 and
the class Aj-lactamase oBtaphylococcus aured®C1 were
obtained from the Centre for Applied Microbiology and
Research (Porton Down, Wiltshire, U.K.) and used as

received. The substrate cephalothin was a gift from Eli Lilly
and Co.; benzylpenicillin was purchased from Sigma Chemi-

The P99p-lactamase is also irreversibly inhibited by
phosphonate monoesteds These give rise to tetrahedral
structuresb (20), which are thought to be good transition
state analogue2{—23). The phosphonate monoanioAs

0 o] cal Co. Naphthalene-2-boronic acitsnitrobenzeneboronic
R/Ar—{:l'—OAr’ R,Ar_{!_osﬂ acid, benzothiophene-2-boronic acid, and biphenyl-4-boronic
] | acid were purchased from Lancaster, gAagitrobenzenebo-
0 4 0 5 ronic acid was purchased from CombiBlocks. Benzenebo-

ronic acid,p-nitrophenyl phenylphosphonate, and the chemi-

are generally quite inert to nucleophiles, much more so than cals for synthesis were obtained form Aldrich Chemical Co.
comparable acyl derivatives. Their facile reaction with the ~ MNitrophenylphosphonic acid was prepared by nitration
class CB-lactamase active site indicates that the latter must of phenylphosphonic aci@{) andp-nitrophenylphosphonic

tightly bind the presumably pentacoordinated intermediate acid by reaction op-nitrobenzenediazonium tetrafluoroborate

and/or transition state8 of the phosphonylation reaction. ~With PCh in the presence of cuprous bromide, followed by
hydrolysis 8). Naphthalene-2-phosphonic acid and biphen-

¥0Ser yl-4-phosphonic acid were prepared from the corresponding
Loor bromides by reaction with triethyl phosphite in the presence
RIA—— PE of nickel chloride R9); the resulting diethyl phosphonates
5\0’ were purified by distillation and hydrolyzed to the corre-
6‘(:) Ar sponding phosphonic acids in concentrated hydrochloric acid.

Benzothiophene-2-phosphonic acid was prepared by reaction
of benzothiophene with butyllithium at40 °C, followed
Serine proteases are also inhibited by (neutral) phosphylby diethylphosphoryl chloride3Q); the resulting diester was
species and must also tightly bind pentacoordinated transitionhydrolyzed to the phosphonic acid as abgwditrophenyl
states. The structural and functional basis for this stabiliza- esters of the phosphonic acid31—P6, were prepared by
tion, for either class of enzyme, is not completely understood direct condensation gb-nitrophenol with the acids in the
(20, 24—26). A relevant question, however, is whether the presence of trichloroacetonitrile81, 32) and purified by
interactions that stabilize the tetrahedral transition states andrecrystallization from water or by Sephadex G-10 or LH-20
transition state analogues are the same as those stabilizinghromatography. The final compounds were pure, as judged
the pentacoordinate species. Both are oxyanions which mayby *H and 3P NMR spectra. Sodiumnm-nitrophenyl N-

in principle, be electrostatically stabilized by the same active (phenylacetyl)aminomethylphosphonal, was available
site functional groups. On the other hand, the somewhatfrom previous research in this laborato2).

6
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Kinetics.The second-order rate constants for inactivation -lactamase, although different temperatures were employed
of the P993-lactamase bp-nitrophenyl phosphonates could (see below).
be obtained either from determinations of enzyme activity = ThermodymamicsThermal melting experiments were
as a function of time after enzyme and inhibitor were mixed performed employing a Hewlett-Packard 8452A diode array
or directly by spectrophotometry, by monitoring release of spectrophotometer equipped with a temperature controller
p-nitrophenoxide. The two methods gave the same valuesand Peltier junction temperature-controlled cuvette holder;
for the rate constants, within experimental error, so the directthe cuvette contained a temperature sensor and magnetic
spectrophotometric method, being more convenient, wasstirrer. Solutions of the P98-lactamase (1.4 mL, 1,0M)
routinely employed. Typically, enzyme from a concentrated in 50 mM phosphate buffer containing 800 mM potassium
stock solution was added to a solution of the phosphonatechloride and 45% (v/v) ethylene glyc@3) were stirred (400
inhibitor in 20 mM MOPS buffer, pH 7.5, 25°C (total rpm) and heated at a rate of 0°8/min, and absorption
volume, 30QuL; final enzyme concentration,/8M; inhibitor spectra (226320 nm) were recorded at 0¥ intervals.
concentration, 58500uM). The pseudo-first-order release The absorbances at 280 nm were plotted as a function of
of p-nitrophenoxide was monitored at 400 nm (Hewlett- temperature, giving smooth, reversible melting curves where
Packard HP8453 spectrophotometer). Pseudo-first-order ratehe midpoint temperature$,,, were independent of protein
constants were obtained from nonlinear least-squares fittingconcentration (0.52.0 uM). T, values and enthalpies of
of the data, and thence, second-order rate constants from plotsnelting were then obtained from fitting these data to eq 5
of these constants versus inhibitor concentration. The latter(34) by means of the Kaleidograph nonlinear least-squares
were linear, indicating the absence of significant noncovalent
binding between enzyme and inhibitors at the concentrations A=[(N+yT) + (U+zT)expal/[1 + expa] (5)
of the latter employed.

Aryl boronic acids are known to be competitive inhibitors Program. In eq 5a = AHq[(T/Tm) — 1)/RTandAHn is the
of class CB-lactamasesl(7). Inhibition constants for the aryl ~ €nthalpy of melting af,. The other terms in eq 5 describe
boronic acidsB1-B6 and the P99p-lactamase were the Imgar changes & with T before _and after the melting
determined as follows. Aliquots (6L) of a stock solution ~ transition. The free energy of melting at 4C was then
(1 uM; stabilized with 1% bovine serum albumin) of the Calculated by means of eq 84), where the heat capacity
P99 p-lactamase were added to cuvettes containing the
substrate cephalothin (200M) and boronate inhibitor (6 AG=AH(1 - T/T,) + ACJ[T = T,, = TIn(T/T))] (6)
200 uM) in 25 mM MOPS buffer, pH 7.5, 25C, total
volume 1.0 mL. Initial rates were then determined spectro- change AC,, was assumed to be constant over the temper-
photometrically at 278 nm. Plots of initial rates versus ature range under consideration. A value of 15 cal-deg
inhibitor concentration were fitted to a competitive inhibition per residue was assumed €, (35); the P993-lactamase
equation (eq 4) by a nonlinear least-squares procedure tocontains 360 residues, and thusC, = 5.4 kcal deg™.
obtainK; values; theK, value of cephalothin was taken to Average values of,, and AG from at least three separate
be 20uM. experiments are reported.
To prepare the inactivated P89actamase, a solution of

Vo= Vimad SI{K(1 + [I/K) + [ST} (4) the enzyme (2Q«M) was incubated with the phosphonate
(50—200 uM) for at least 10 inactivation half-lives. The
residual activity was assessed spectrophotometrically against
cephalothin. Subsequently, the solution was dialyzed over-
night against deionized water af@. The concentration and
activity (essentially zero) of the enzyme were then deter-
mined spectrophotometrically and the thermodynamics of
thermal melting examined as described above, where the
enzyme was diluted into the MOPS buffer.

A number of rate measurements were also carried out in
a buffer consisting of 50 mM phosphate, 800 mM potassium
chloride, and 45% (v/v) ethylene glycol (Aldrich, spectro-
photometric grade), pH 7.538). Steady state kinetics
parameters in this solvent were obtained spectrophotometri-
cally for cephalothin hydrolysis at both 25 and 4D. These

parameters were then used to obtéivalues for the boronic The thermal melting behavior was also studied by circular

acids under the respective conditions. dichroism (CD); CD spectra were obtained from a Jasco
The rate of thermal denaturation of the R®®actamase  3-810 spectropolarimeter. Samples of the enzyme or inacti-
was determined from fluorescence measurements from ayated enzyme (1.eM) in the ethylene glycol-containing
Fluoromax-2 spectrofluorimeter. A small aliquot of the puffer were heated in 2.5C increments at a heating rate of
enzyme (final concentration, OuM) was added to a cuvette 14 °C/h with 5 s delay times. The CD signal intensity at
containing MOPS buffer that had been temperature equili- 220 nm was then plotted against temperature, giving smooth
brated at 60°C. The ensuing solution was excited at 280 melting curves. These data were also fitted to eq 5. Guanidine
nm and the fluorescence emission intensity at 350 nmM hydrochoride (Fluka) stock solutions (7.4 M) were prepared
monitored as a function of time. The rate constant for by a literature method3@). The native P9@-lactamase (5.1
denaturation was then obtained by fitting these data to an,Mm), in 20 mM MOPS buffer at pH 7.5, was incubated for
equation for a single-exponential decay. This experimentwas24 h to reach equilibrium with a number of different
also performed with enzyme that had been inhibited®PBy  concentrations of guanidine hydrochloride. CD spectra of
Essentially the same procedure was employed for the PClthe solutions were then recorded at @5 Plots of the CD
signal at 220 nm versus guanidine hydrochloride concentra-
L Abbreviations: CD, circular dichroism; MOPS, 3-morpholinopro-  tion yielded smooth denaturation curves. These data were
panesulfonic acid. fitted, following the method of Pac8&3, 37), to eq 7, yielding
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| = (N + U exph)/(1+ expb) (7) Scheme 3
— o 0
AGd B mcm (8) Ar—l[L—OAr’ +E-OH —— Ar—u’—O—E + ArOH

AGq, the free energy of denaturation at zero guanidine (l). o
concentration, anan, the parameter describing the linear

increase oAGy with guanidine concentration; the midpoint  pg, Inactivation was correlated with release of 1 equiv, with
guanidine concentration of the transitio@,, was then respect to enzyme, op-nitrophenol. It was assumed,
obtained from eq 8. In eq B,= (—AGq + M[D])/RT, where  reasonably from all precedenf(( 21), that this inactivation

D is the denaturant, guanidine hydrochloride. These mea-derives from phosphonylation of the active site serine

surements were also made with enzyme inhibitedy hydroxyl group (Scheme 3). Second-order rate constints,
The denaturation of the PCi-lactamase in guanidine  for this inactivation reaction at 25C are given in Table 1.
hydrochloride at 25°C in 20 mM MOPS buffer, pH 7.5, These data show that the phosphona®ds-P6 rather

was also studied by circular dichroism, essentially as slowly inactivate the class Enterobacter cloacad?99
described above. The protein concentration wag®12and  s-Jactamase. These compounds are much less reactive (some
the CD signal at 220 nm was analyzed. Inactivation of the 10¢-fold) with the enzyme than the related acyl phosphates
PC1p-lactamase by7 (5 mM) was achieved essentially as 1, acting as acylating agents. This is due, to some extent, to
described above for the P99 enzyme; CD measurements othe much more favorable interaction of the phosph(on)ate
its denaturation in guanidine hydrochoride were then ob- |eaving group of1 with the enzyme 19) than the p-

tained, as described. nitrophenol of P1—P6. P1—-P6, however, are comparable
The unfolding of the PCP-lactamase and its complex

with P7in guanidine hydrochloride were also studied by UV

spectroscopy. The native enzyme samples, after dilution into @X Oz@x X

the MOPS buffer (final enzyme concentration, 1@Md), o

were incubated with various concentrations of guanidine  P1,B1 P2, B2 > p3,B3

hydrochoride for 10 min (the first transitiersee below-
reached equilibrium in this time frame), and UV spectra were X
recorded. The differenceA¢s¢/Azse) — (Azzd/A2se)°], Where @@—x @:>—x
the latter term refers to the initial spectrum at zero guanidine

concentration, was plotted as a function of guanidine  p4 p4 P5, B5 P6, B6
hydrochloride concentration and fitted to eq 7. A similar

procedure was used for the inactivated enzyme although the

position of equilibrium was more slowly reached in that case o

and so the spectra were recorded after 24 h. px= f_o—@_Noz

Molecular Modeling. The computations were set up o

essentially as previously describezB( and run on an SGI ) )
Octane 2 computer with Insight 1l 2000 (MSI, San Diego, to 1 as phosphylating agents. Also presented in Table 1 are

CA). The starting point for the simulations was the crystal the thermodynamic reversible inhibition constants for the aryl

structure of the P9@-lactamase with a phosphonate inhibitor POronic acidsB1-B6 under the same conditions. These
covalently bound to the active serine residue [PDB entry compounds rapidly _and _rever3|bly _|nh|b_|t _the enzyme,
1BLS (20)]. The phosphonate ligand in this structure was forming complexes with micromolar dissociation constants.
replaced by7 and 8, representing the four- and five- A plot of the derived free energies of activation of the
coordinated phosphonate ligands, respectively. Structures an@hosphonates in thelr reaction with enzyme versus the free
partial charges for these species were derived from MNDO €N€rgies of formation of the structurally analogous boronate

calculations (MOPAC 6.0) on an appropriate liganded com_ple_xe_s is given in_l_:igure 1. Itis clear from Table_l that
tripeptide @3). In the case of the complex of the enzyme the intrinsic electrophilicity of the phosphonyl group is not

with five-coordinated phosphorus, the positions of the & dominant contributor to the dispersionkof/alue (see, for
phosphorus atom and the atoms bound to it were fixed, sinceexam,ple’ the relativie values f0|P2 andES), So a correction
molecular mechanics parameters for this type of structure OF this has not been made (i.e., referring back to Scheme 1
were not available. The dianion Bf(with neutral Tyr 150)  a1d €d 2 with S as the phosphonate, itis assumed that in the

o -
was chosen because it represents a close analogue of thresent Cas®AG," is small); in any event, any such
intermediate immediately formed on general base (Tyr 150 correction WOUld. _b(_a.largely offset by.corr(_espondmg changes
anion) catalyzed attack of the serine hydroxyl group on P1. " tf;}e eIectrophll!cmeIs of'the ?OLon'C acids. )
Crystallographic waters and a 15 A sphere of water, centered, | nermodynamic Ealuation of the Pentacoordinated In-
at Ser 64 Q, were included in the model. A short molecular (€rmediate/Transition Statelf the phosphonateseland
dynamics run (20 ps) to relax the local structure was followed Poronatesd inactivate the enzyme according to Scheme 4,
by molecular mechanics energy minimization on a typical
snapshot.

B: X = B(OH),

Scheme 4

k
E+lp —— Elp

RESULTS AND DISCUSSION

The class @-lactamase oEnterobacter cloacaP99 was E+1y
inactivated irreversibly by the aryl phosphonate esirs

Ely
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Table 1: Rate and Equilibrium Constants for Inhibition of the B9%actamase by Aryl Phosphonates and Boronates &C25

ki AGH Ki AG
phosphonate (stM (kcal/mol) boronate (uM) (kcal/mol)
P1 2.90+0.14 17.7+0.1 B1 5.80+ 1.20 7.5+ 0.1
P2 10.8+ 1.1 16.9£ 0.1 B2 2.03+0.39 8.2+ 0.2
P3 109+ 8 15.4+ 0.1 B3 2.70+0.78 8.0+ 0.3
P4 64.9+ 3.9 15.8£ 0.1 B4 0.82+ 0.07 8.7 0.1
P5 511+ 34 15.9+ 0.1 B5 0.654+ 0.25 8.9+ 0.4
P6 10.3+ 1.4 16.9£ 0.1 B6 0.19+ 0.03 9.6+ 0.2

structures’ and8 obtained as described in the Materials and

—— .
2 L s _‘; Methods. The structures show that both the four- and five-
% 15 - 5 Ph
g o2 T o
§ 1 4 Ph—P
~ _P —
% i Ph / X2 |\0'
2 6 EO OE
7 8
| | |
1 15 2 coordinated phosphorus anions, where the phosphorus is
3AG (kcal/mole) covalently bonded to Ser 64,Ocan interact in an apparently

FicURe 1: Plot of the free energy perturbation produced by aromatic favorable fashion with the active site. In each case, one PO
substitution on the rates of inhibition of the PB9actamase by ~ oxygen (PQ") occupies the oxyanion hole (hydrogen-bonded
p-nitrophenyl arylphosphonates versus that produced by the sameto Ser 64 NH and Ser 318 NH) while the other (PPDis
substitutions on the dissociation constants of aryl boronates. Thetightly hydrogen-bonded to Tyr 150 OH. In each case, Lys
reference compounds aRl and B1, respectively. The diagonal 67 NB-+ is hvd bonded fo Ser 6 @hd the side ch '
line represents the fit of eq 1 to the data. Hs™ is hydrogen-bonded to Ser 64 1€ side chain
carbonyl of Asn 152. All of the above interactions are typical
and if the transition staté interacts with the enzyme of phosphoryl derivatives of this enzym@l( 23). The
analogously to the tetrahedral add@tthen eq 1 should  phenoxide leaving group of the five-coordinated structure
hold, where the free energies of binding in this case are givenis directed out of the active site into solution and does not

by egs 9 and 10. A plot adAG* versusoAG, is shown in interact with the active site functional groups. The latter
finding is in agreement with experimen38). The major
SAG = —RTS In k; 9) differences between the structures of Figure 2 lie in the
positions of the P@ oxygen atom and the direction of the
O0AG,=RTd InK, (10) C—P bond in the phenyl side chain. The positioning of the

former, enforced by the occupation of the oxyanion hole by
Figure 1. Clearly, is it not well-described by a straight line PQ,, leads to a movement of Tyr 150, and the backbone
of slope+1. The analogous plot for aryl boronates and aroy! loop supporting it, further away from the B-2 strand, in effect

phosphate substrates is linear and of unit sld. ( opening up the active site. The different orientation of the
We conclude from the results described above that the phenyl ring would ensure that any substituents on it, as in
pentacoordinated phosphonyl transfer transition Staig P2—P6, would, in general, interact differently with the

in general, stabilized by the enzyme in a somewhat different residues surrounding the active site than those on the
way than are tetrahedral species (boronate adddietsd analogous tetrahedral adduct. Cooperative interaction be-
tetrahedral transition stat&sderived from substrates). To  tween these interactions and the loop bearing Tyr 150 could
gain some insight into this difference, structural issues were certainly lead to a different linear free energy relationship
addressed. Some relevant experimental data were alreadyn equivalent perturbation of the four- and five-coordinated
available. Shoichet and co-workers have obtained crystalphosphorus adducts or, as observed experimentally in this
structures of two simple aryl boronates, tneaminophenyl work, between the five-coordinated phosphorus and four-
and 2-benzothiophene derivatives, in complexes with a classcoordinated boron adducts. It seems likely that if the aryl
C p-lactamase5, 16). They found, as anticipated, that, in group were placed in the leaving group site rather than in
each case, the boron was covalently bonded to the activethe side chain site, the aryl group and one phosphoranyl
site serine Q. On the other hand, the two complexes differed oxygen would again be in different positions than they would
in the orientation of the aryl group. In the former case, the be in a tetrahedral structure.
aryl group occupied the area of the active site that would be It is possible that the poor correlation observed in Figure
occupied by the leaving group of a normal substrate, while, 1 may arise from the tendency of the aryl groups of some
in the latter, it occupied the usugtlactam side chain site.  boronate complexes and corresponding phosphonate transi-
Computational analysis suggested that other aryl groupstion states to occupy different sites (see above). It seems
would also distribute themselves between the sit&. ( likely that the aryl groups of tetrahedral phosphonate and
Informed by these results, we undertook molecular model- boronate complexes would occupy the same site because of
ing of tetracoordinated and pentacoordinated phosphonateheir structural similarity, but it is possible that, in some
adducts. We arbitrarily chose to position the aryl group in cases, the intermediate pentacoordinated phosphonate com-
the side chain site. Figure 2 shows energy-minimized plex would assume the alternative orientation. It is possible
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Thr 316

Thr 316
Lys 67

G Gly 317
N7
Tyr 150 ly

Ser 318 \-—\_( Ser 318

Lys 315
Lys 67
Tyr 15 Ser 64 Gly 317 Tyr 150
PS5
Asn 152 Asn 152

Thr 316 Lys 67 Thr316

Gly 317

Ser 318 Ser 318

Ficure 2: Stereoviews of energy-minimized model structures of pentacoordinated (lower pair) and tetrahedral (upper pair) phosphorus
species which may occur on reaction of the P9&ctamase with arylphosphonates.

to draw a straight line of slope approximatehi through Table 2: Thermodynamic Data for Inhibition of the P99
four of the six points in Figure 1. This would leave the points #-Lactamase by Aryl Phosphonates and Boronates &40

for P3andP6 as distinctive outliers. Even taking into account Tm AGp Ki AGp
the issues of ligand orientation discussed above, it is difficult phosphonate (°C)  (kcal/mol) boronate (uM)  (kcal/mol)
to achieve the dispersion obtained without a number of ad P1 52.1+0.1 85+03 Bl 54+12 6.14+0.1
hoc assumptions. The simpler interpretation, taken above, Eg gggi 8-2 g-gi g-g Sg g;i ig g-gi 8-3
that thg penta- ar_ld te_tracoordmated species interact differ- PA 535105 99+ 02 B4 T7AL05 73+0.1
ently with the active site, seems at least as likely. PS5 520+01 85+03 B5 127414 7.0+0.1
Thermodynamic &aluation of the Stable Tetracoordinated P6 52.3+0.1 7.2+01 B6 32+02 79401

P7 53.0£ 0.1 9.7+£0.2

Phosphonyl ComplexTo evaluate the tetracoordinated native  50.2£ 0.3 7.9+ 0.2

phosphonyl derivative5 of the P99 g-lactamase as a
tetrahedral transition state analogue structdreG, of eql

must be obtained from the effect of the phosphonylation on ethylene glycol because, as Shoichet and co-workers have
enzyme stability 22). In principle,0AG, values determined  found 33), class CS-lactamases appear to melt reversibly
in this way should linearly correlate wihAG* values from in this medium; in purely aqueous media, the melting is
an analogous series of substrates or, alternatively, WAtG, clearly irreversible. Typical melting curves from these
values from a series of rapidly reversible transition state experiments are shown in Figure 3. The bororgtealues
analogue inhibitorS. PreViOUSly, in a Study inVOIVing the CIaSS were determined in the aqueous ethy'ene g|yco| medium at
A Staphylococcus aureu8Cl f-lactamase 22), we used 40 °C, a temperature close to the melting point, so that the
the former correlation, but the latter was more convenient extrapolation of thermodynamic parameters with temperature
in the present case; the latter does require, however, a veryyould be minimal.
well-defined series of good transition state analogue inhibi- The data of Table 2 show that the boronates should
tors as a reference set. In the present study, we employedstapilize the enzyme, via Scheme 5, by&kcal/mol at 40
the aryl boronates for this purpose, since their complexes,°c  depending on the substrate. This seems a reasonable
2, appear to be good analogues of the transition state for theygjue for a transition state analogue of a nonoptimal substrate.
hydrolysis of the aroyl derivatives ¢i-lactamases derived  The phosphonate data, however, are more problematic. First,
from the aroyl phosphated ). the data show that the aryl phosphonate adducts have melting
Table 2, therefore, shows the results of experiments with points very close to that of the native enzyme. Second, when
the P99 -lactamase to obtain data for the correlation free energies of melting at AC were calculated (Table 2),
described above. The thermal melting experiments, to they also showed only small differences from that of the
determine the effect of phosphonylation on protein stability, native enzymethe phosphonates appear to stabilize the
were carried out in an aqueous/organic medium containing enzyme by<3 kcal/mol, and in one casg, the adduct is
50 mM phosphate, 800 mM potassium chloride, and 45% less stable than the native enzyme. These results suggest that
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Ficure 4: Denaturation of the P98-lactamase (open circles) and
020 L its P7 derivative (closed circles) monitored by circular dichroism
' / at 220 nm. The points are experimental data, and the lines are
j‘ derived from fitting the data to eq 7.
0.16 -
o1s Nmowf"/ . J P7, which is thought to produce a close analogue of the
45 47 a9 51 53 55 57 transition state for hydrolysis of some good substra2€s-(
Temperature (°C) 23), does not appear to affect the stability of ffactamase

Ficure 3: Thermal melting curves, monitored spectrophotometri- any more than do the less speciftl—P6 (Table 2). A

cally at 280 nm, for the P98-lactamase (A) and itB7 derivative similar phenomenon has been noticed by Shoichet e39).. (
(B). The points are experimental data, and the lines are derivedwith the TEM 3-lactamase, a class A enzyme homologous
from fitting the data to eq 5. Other examples are shown as tg PC1.

Supporting Information. Further evidence of the problem is observed in Figure 4,

Scheme 5 where guanidine hydrochloride denaturation, monitored by
AGY, circular dichroism, of the P9®¥-lactamase and it$7
Ey + 1 === EyI derivative is shown. The result is similar to that from the
thermal denaturation experiments: the (specific) phosphonate
1 AG® P7 had only a small effect on the stability of the enzyme

Cm (midpoint concentration) values were H70.3 M and
2.0 &+ 0.2 M, respectively, for the native enzyme and its
the interpretation of this protein stability data is not as Phosphonate derivative, and the respective free energies of
straightforward as previously thougt2). denaturation at zero guanidine concentration weret8100

The phosphonate data of Table 2 are very strikingly kcal/mol and 8.7 0.6 kcal/mol. It is noticeable, however,

different from previous results with phosphonate adducts of that themvalues derived from these experiments (eq 8), 4.7
anothers-lactamase4?). Thermal melting of the complex  kcal/(mol M) and 4.35 kcal/(mol M) for the native enzyme
between the class A PGi:-lactamase an&7 showed that and itsP7 derivative, respectively, are rather low for a protein
the phosphonate increased the melting temperature by 13f the size of the P9B-lactamase33, 40). Given that the

°C with a concomitant stabilization of the enzyme of some System was at equilibrium at all guanidine concentrations,
15 kcal/mol. Although 15 kcal/mol is certainly suggestive as the spectral evidence suggested, a possible explanation
of the afﬁnity of an enzyme for a transition state of an of the low m values would be that, under the conditions
effectively catalyzed reaction, 0.75 kcal/mol (average of data €mployed, the unfolding process in guanidine hydrochoride
for P1—P6) certainly is not. One difference between the two actually consists of two steps with some significant ac-
studies, although not one that was anticipated to be signifi- cCumulation of an intermediatet{). Even if this were true,
cant, is that the greatest effects in the previous study involvedhowever, the results indicate that the phosphonate does not
phosphonates such & that Containg-|actamase-speciﬁc markEdly stabilize either the initial state or the intermediate.
amido side chains. To assess any effect of this difference, Thus, these results seem to imply that, if the phosphonates
the covalent adduct of the P9%lactamase and7 was are indeed good transition state analogues, the differential
prepared. This phosphonate inactivates the f&&tamase interaction energies between the ligand and its environment,
much more rapidly than the PC1 enzyme and thus might be Where the latter is initially the enzyme, are conserved in the

expected to interact with the active site more strongly. The end states of both thermal and guanidine hydrochloride-
induced denaturation.

Ey + 1

PhCH,CONH In view of these results, we returned to the P€lacta-
o mase. TheP7 derivative of this enzyme was prepared, and
//"\ both it and the native enzyme were denatured in guanidine
o) 0 hydrochloride. The results of this experiment are shown in

Figure 5. When the denaturation was monitored by far UV
NO, circular dichroism (loss of secondary structure), panel A, the
results were the same as those described above for the P99
P7 derivative was melted under the same protocol as j-lactamase; viz., the phosphonate has little apparent effect
described above, yielding®, value of 53.0+ 0.1°C (AT, on enzyme stability@n, values were 1.6- 0.2 M and 1.8+
= 2.8+ 0.3°C) and a free energy of melting of 947 0.16 0.3 M, respectively, for the native enzyme and phosphonate
kcal/mol at 40°C. Surprisingly, therefore, the phosphonate derivative). On the other hand, panel B of Figure 5 shows

P7
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4000 * the enzyme active site and the phosphonate are lost on
thermal unfolding [although thermally “unfolded” proteins
are known to often retain considerable structutB, @6)].
If the interactions between the phosphonate and its largely
aqueous environment after unfolding were not strongly
structure specifie-differences could also be dampened by
compensation phenomena [e.g. enthalpy/entropy compensa-
tion (47-50)]—then the observed phosphonate structure-
specific stabilization of the protein would be achieved. In
the molten globule where all of the structure-specific
interactions between ligand and protein may not be lost, the
apparent stabilization of the protein by the ligand may be
smaller, as observed. The binding of specific ligands to
molten globules is not unknowrb).
Also related to these results is the observation thaPthe
phosphonate adduct of the P@ilactamase is kinetically
' : ' ' ' considerably more stable to thermal denaturation than the
o o5 1 15 2 25 3 apoenzyme. At 57C in MOPS buffer, the rate constant for
[Guanidine Hydrochloride] (M) denaturation of the phosphonate derivative was 4% 3
FIGURE5: Denaturation of the PCA-lactamase (open circles)and S - Under the same conditions, the apoenzyme denatured
its P7 derivative (closed circles), monitored by circular dichroism too rapidly to be observed by manual mixing methods (rate
at 220 nm (A) or by UV absorption at 276 nm (B). The points are constant > 0.1 s1); at 45 °C, the rate constant for
experimental data, and the lines are derived from fitting the data yanaturation of the apoenzyme was %.8072 s™L. Specific
toeqr. ligand—enzyme interactions must be lost, to some degree,
Scheme 6 at least, in the transition state for denaturation. It is possible,
Ey Ex Ey Fherefore, that thils transitipn state resemble; Fhe final state
in thermal unfolding; that is, it is a late transition state. In
contrast, the rate constants of melting of the p98ctamase
and itsP7 derivative at 60°C were 5.7x 104 st and 5.0
x 10 s, respectively. The ligand-specific interactions
must be conserved in the thermal denaturation transition state
for this enzyme, just as they were in the final state. These
results from kinetics measurements therefore appear to
correlate with the thermodynamic observations made with
the respective enzymes.

3000

2000

-[6],30 (deg.cm2.dmol-1)

AA/A,

that if unfolding is monitored by the UV absorption of
aromatic residues (286 nm), a distinct stabilization of the
protein by the phosphonate is demonstrated. Valugs,of
and the free energy of the transition for the native enzyme
were 0.5+ 0.1 M and 1.3+ 0.2 kcal/mol, respectively, and
those for the phosphonate were #68.2 M and 2.8+ 0.4
kcal/mol, respectively. This stabilization is, however, much

less than that observed in the thermal melting experiment The situation for the PC1 enzyme at high guanidine

(22). , hydrochloride concentrations must be different from that after
Pain and co-workers have shown that the Pddctamase  thermal unfolding. One must assume that, for both the P99
unfolds in guanidine hydrochloride in two clearly defined 5nq pc1g-lactamases, strong ligand-specific interactions
steps (Scheme 6). The first, which can be monitored by UV yjth the environment, still including the protein perhaps, are
spectroscopy, as employed above, involves expansion of thgetzined after “complete” unfolding in guanidine hydro-
protein and exposure of the aromatic residues to solvent; acporide. A solubility experiment did, in fact, demonstrate
molten globule & is formed. Loss of enzyme activity is  gjgnificant interaction between a phosphonate monoanion and
correlated with this transition. At higher guanidine concen- he mixed aqueous environments employed in the experi-
trations, secondary structure is lost, as revealed by the faronts described above. In this experiment, 50 mg of
UV circular dichroism changesiz—44). 2-naphthalene phosphonic acid was suspended in each of 1
The new results with the PCB-lactamase suggest a mL of MOPs buffer, pH 7.5, 1 mL of MOPS buffer also
solution to the problem encountered above, viz., that of the containing 2.5 M guanidine hydrochloride, and 1 mL of 50
apparently unpredictable magnitude of enzyme stabilization mM phosphate buffer, pH 7.0, containing 800 mM KCI and
by the phosphonates. 45% ethylene glycol. The samples were incubated for 24 h,
In principle, the method of assessing the effect of putative with occasional vortex mixing, and absorption spectra of the
transition state analogues on protein stability described abovesupernatant were then taken. The concentrations of the
would be rigorous if the enzymeanalogue complex revers-  phosphonic acid in the respective solutions were 15.7, 0.5,
ibly unfolded to a product where the analogue did not interact and 2.4 mM. Hence, there were, in fact, appreciable inter-
with its environment in a ligand-specific fashion. In reality, actions between an aryl phosphonate monoanion and guani-
this situation is not strictly possible, although an approxima- dine hydrochloride, on one hand, and the ethylene glycol
tion to it might occur where structure-specific contributions solvent, on the other. Selectivity in these interactions be-
were only a small part of the total energy of interaction of tween different aryl groups could, partly at least, offset the
the ligand with the environment in the unfolded state. Such stabilization differences afforded by the native enzyme active
an approximation must occur in the final state achieved on site.
thermal melting of the phosphonate complex of the PC1 Finally, there remains the case of the thermal unfolding
enzyme 22). Presumably, the specific interactions between of the P99p-lactamase where the phosphonate has little
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effect. In this instance, also, one must suppose that theSUPPORTING INFORMATION AVAILABLE
structure-specific interactions between the phosphonate and
its environment remain largely intact in the reversible end
product state achieved. Since this result was also obtained{z1
when the transition was monitored by far UV circular
dichroism, it seems likely that most of the original protein
structure, including secondary structure, must be lost in the
final states. Thus, specific interactions must remain betweenREEERENCES
the ligand and either the unfolded protein or the solvent
(agqueous ethylene glycol). The contrast between these results
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ble of the parameters derived from fitting these data to eq
5. This material is available free of charge via the Internet
at http://pubs.acs.org.

1. Radzicka, A., and Wolfenden, R. (1995) Transition state and
multisubstrate analog inhibitord/ethods Enzymol. 24284

and those of boronic acid dissociation from the protein in 312.
the same solvent, where ligand-specific interactions must be 2. Pauling, L. (1948) Chemical Achievement and Hope for the Future,
largely lost, is striking. The difference may result from the Am. Sci. 3650-58.

: 3. Wolfenden, R. (1972) Analog approaches to the structure of the
presence of a negative charge on the phosphonate but not ™ ;. <iion state in enzyme reactiodc. Chem. Res., 8.0—18.

on the neutral boronic acid. 4. Wolfenden, R. (1976) Transition State Analog Inhibitors and

; ; Enzyme CatalysisAnn. Re. Biophys. Bioeng. ,5271-306.
There are certainly a considerable number of examples of 5. Bartlett, P. A., and Marlowe, C. K. (1983) Phosphonamidates as

protein stabilization by covalently bonded ligands, but there ™ yransition-state analog inhibitors of thermolysBipchemistry 22
are few known to us where the degree of stabilization can 4618-4624.
be quantitatively predicted and therefore where the results 6. Phillips, M. A., Kaplan, A. P., Rutter, W. J., and Bartlett, P. A.

- . - (1992) Transition-state characterization: a new approach com-
can be tested against expectations. Such calibrated examples bining inhibitor analogs and variation in enzyme structure,

as we are aware of are transition state analogues where the  Biochemistry 31959-963.
expected stabilization can be estimated, as described above, 7. Kraut, J. (1977) Serine proteases: structure and mechanism of

TR catalysis,Annu. Re. Biochem. 46331—358.
from substrate turnover kinetics. One example where a 8. Hiratake, J., and Oda, J. (1997) Aminophosphonic and aminobo-

Sig_niﬁcf"‘m amount of transition state bin_ding is apparently ronic acids as key elements of a transition state analog inhibitor

visible is thep-nitrophenylphosphoryl derivative of chymo- of enzymespBiosci. Biotechnol. Biochem. 6211-218.

trypsin 22). Another example is that of dehydroquinase, 9 Kier_le_h_ P. A-,Banthalea/, 1569?97(1%? Reversible inhibitors of
. . . ) peniciliinasesiochem. J. — .

where a reaction |nte_rmed|ate/t_ran3|thn stat(_e.anglogue was ;. Crompton, I. E., Cuthbert, B. K., Lowe, G., and Waley, S. G.

attached by borohydride reduction. This modification mark- (1988) f-Lactamase inhibitors. The inhibition of serifidacta-

edly stabilized the enzyme to heat, guanidine hydrochloride, mases by specific boronic aciddiochem. J. 251453-459.

i ; i 11. Martin, R., and Jones, J. B. (1995) Rational design and synthesis
and proteolysis §2). Enzyme-substrate intermediates, of of a highly effective transition state analog inhibitor of the

p-lactamases, for example, appear to be either stabilized or  RTEM-1 s-lactamaseTetrahedron Lett. 368399-8402.

destabilized with respect to the apoenzymg, (39); one 12. Weston, G. S., Biajuez, J., Baquero, F., and Shoichet, B. K.
would expect stabilization by good (specific) substrates. (1998) Structure-Based Enhancement of Boronic Acid-Based
Inhibitors of AmpCp-Lactamase]. Med. Chem41, 4577-4586.
13. Tondi, D., Powers, R. A., Caselli, E., Negri, M.-C., Blaez, J.,
CONCLUSIONS Costi, M. P., and Shoichet, B. K. (2001) Structure-based design
) o ) ) and in-parallel synthesis of inhibitors of AmpgzlactamaseChem.
The class @B-lactamase active site interacts in a different Biol. 8, 593-610.

fashion with four- and five-coordinated ligands. Both are 14 ?trénézgggé')\‘-sf- . Mafgim Fij-:a]eﬂse”vf- E., tGOI?}M" ?‘tf_‘d Jones,
. PP [ g . b. ructure-basea design of a potent transition state
stabilized significantly but by quantitatively and qualitatively analog for TEM-18-lactamaseNature Struct. Biol. 3688—695.

different interactions. There is therefore more than one way 15, usher, K. C., Blaszczak, L. C., Weston, G. C., Shoichet, B. K.,
to occupy this active site with anionic ligands and produce and Remington, S. J. (1998) Three-dimensional structure of AmpC

effective inhibition. This conclusion is in accord with the p-lactamase fromEscherichia colibound to a transition-state

. - . . . . analogue: possible implications for the oxyanion hypothesis and
experimental finding that five- or six-coordinated vanadium for inhibitor design,Biochemistry 37 16082-16092.
complexes are submicromolar inhibitors of the RBfac- 16. Powers, R. A., Biequez, J., Weston, G. S., Morosini, M.-A.,
tamase %3, 54). This information may inform further Baquero, F., and Shoichet, B. K. (1999) The complexed structure
inhibitor desian and antimicrobial activity of a nofi-lactam inhibitor of AmpC
n gn. pB-lactamaseProtein Sci. 8 2330-2337.

In general, it seems at present that the method of 17.Beesley, T., Gascoyne, N., Knott-Hunziker, V., Petursson, S.,

: : " Waley, S. G., Jaurin, B., and GrundstrpT. (1983) The inhibition
thermodynamic evaluation of covalently bonded transition of class Cf-lactamases by boronic acid&iochem. J. 209229

state analogues by means of eq 1 and protein stability 233.
measurements is not quantitatively rigorous, since the nature 18. Li, N., and Pratt, R. F. (1998) Inhibition of SerifieLactamases
i ; ; TR by Acyl Phosph(on)ates: A New Source of Inert Acyl [and
and extfent (éf |nteract.|0n of the analcégluebwnh the en(\jllr(_)rr;1 Phosph(on)yl] Enzymesl, Am. Chem. Soc. 1282644268,
ment after denaturation cannot readily be estm_wate - € 19. Kaur, K., and Pratt, R. F. (2001) Mechanism of Reaction of Acyl
more commonly employed case of noncovalently interacting Phosph(on)ates with thé-Lactamase oEnterobacter cloacae
transition state analogues seems better behated)( 20 ;9?1,'IBI\?CherCTIi’trytt‘lo;Glg_(Tf:QzZl).M A
: H . Ranil, J., an ratt, R. . echanism ofr Innipition o e
probal_)ly, to some degree at least, bec_ause the final environ- class Cf-lactamase oEnterobacter cloaca®99 by phosphonate
ment is the same (purely aqueous) in both the substrate monoestersBiochemistry 315869-5878.
(0AG*) and inhibitor PAG)) measurements. The caveats 21. Lobkovsky, E., Billings, E. M., Moews, P. C., Rahil, J., Pratt, R.
F., and Knox, J. R. (1994) Crystallographic Structure of a
produced by these resul-ts presumably apply generally to.the Phosphonate Derivative of tlenterobacter cloaca®99 Cepha-
thermodynamic evaluation of covalent adducts of proteins losporinase: Mechanistic Interpretation ofd.actamase Transi-

by denaturation studies. tion-State AnalogBiochemistry 336762-6772.



Evaluation of a Transition State Analogue

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Rahil, J., and Pratt, R. F. (1994) Characterization of covalently
bound enzyme inhibitors as transition-state analogs by protein
stability measurements: Phosphonate monoester inhibitors of
p-lactamaseBiochemistry 33116-125.

Curley, K., and Pratt, R. F. (1997) Effectiveness of Tetrahedral
Adducts as Transition-State Analogs and Inhibitors of the Class
C p-Lactamase oEnterobacter cloaca®99,J. Am. Chem. Soc.
119 1529-1538.

Kovach, I. M. (1997) Structure and dynamics of serine hydrolase-
organophosphate adducfs,Enzyme Inhib. ,2199-208.

Bencsura, A., Enyedy, J. Y., and Kovach, I. M. (1996) Probing
the Active Site of Acetylcholinesterase by Molecular Dynamics
of Its Phosphonate Ester Adducis Am. Chem. Soc. 118531~
8541.

Slater, M. J., Laws, A. P., and Page, M. I. (2001) The Relative
Catalytic Efficiency of3-Lactamase Catalyzed Acyl and Phosphyl
Transfer,Bioorg. Chem. 2477—95.

Kosalapoff, G. M. (1948) Synthesis of aromatic phosphonic acids
and their derivatives. Il. Some halobenzene derivatideg\m.
Chem. Soc. 7,03465-3467.

Williams, A., Naylor, R. A., and Collyer, S. G. (1973) Bacterial
alkaline phosphatase. lll. Kinetic studies with substituted phenyl
phosphates and structurally related inhibitads,Chem. Sog.
Perkin Trans. 225-33.

Grabiak, R. C., Miles, J. A., and Schwenzer, G. M. (1980)
Synthesis of phosphonic dichlorides and correlation of their
phosphorus-31 chemical shift8hosphorus Sulfur,9197—202.
Thames, S. F., Edwards, L. H., Jacobs, T. N., Grube, P. L., and
Pinkerton, J. (1972) Organosilicon compounds. XVII. Introduction
of the dialkyl phosphonate and dialkyl thiophosphonate moieties
on an organosilicon substituted heterocyclic systériieterocycl.
Chem. 91259-1263.

Wasielewski, C., Hoffman, M., Witowska, E., and Rachan, J.
(1976) Aminophosphonic acids. Part VIII. Application of trichlo-
roacetonitrile for preparation ofi-aminophosphonic acid mo-
noestersRocz. Chem. 501613-1620.

Rahil, J., and Pratt, R. F. (1991) Intramolecular participation of
the amide group in acid- and base-catalyzed phosphonate mo-
noester hydrolysis). Chem. Soc., Perkin Trans, 247—950.
Beadle, B. M., McGovern, S. L., Patera, A., and Shoichet, B. K.
(1999) Functional analyses of Ampg&lactamase through dif-
ferential stability,Protein Sci 8, 1816-1824.

Guillaume, G., Vanhove, M., Lamotte-Brasseur, J., Ledent, P.,
Jamin, M., Joris, B., and Fre, J.-M. (1997) Site-directed
mutagenesis of glutamate 166 in tydactamases. Kinetic and
molecular modeling studied, Biol. Chem 272, 5438-5444.
Schellman, J. A. (1987) The thermodynamic stability of proteins,
Annu. Re. Biophys. Biophys. Cher6, 115-137.

Fasman, G. D. (1975CRC Handbook of Biochemistry and
Molecular Biology 3rd ed., Vol. 1, p 405, CRC Press, Cleveland,
OH.

Pace, C. N. (1986) Determination and analysis of urea and
guanidine hydrochloride denaturation curvidy. Enzymal131,
266—-280.

Rahil, J., and Pratt, R. F. (1993) Structueetivity relationships

in the inhibition of serinef-lactamases by phosphonic acid
derivatives,Biochem. J296, 389-393.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Biochemistry, Vol. 43, No. 30, 2008673

. Wang, X., Minasov, G., and Shoichet, B. K. (2002) Noncovalent

interaction energies in covalent complexes: TEM-lhctamase
andg-lactams,Proteins: Struct., Funct., Genet. 486—96.

Myers, J. K., Pace, C. N., and Scholtz, J. M. (1995) Denaturation
m values and heat capacity changes: Relation to changes in
accessible surface areas of protein unfoldifrgtein Sci. 42138-
2148.

Spudich, G., and Marqusee, S. A. (2000) Change in the Apparent
m Value Reveals a Populated Intermediate under Equilibrium
Conditions inEscherichia colRibonuclease HBiochemistry 39
1167711683.

Robson, B., and Pain, R. H. (1976) The mechanism of folding of
globular proteins. Equilibria and kinetics of conformational
transitions of penicillinase from Staphylococcus aureus involving
a state of intermediate conformatiddipchem. J. 155331—344.
Mitchinson, C., and Pain, R. H. (1985) Effects of sulfate and urea
on the stability and reversible unfolding @gflactamase from
Staphylococcus aureusmplications for the folding pathway of
pB-lactamasey. Mol. Biol. 184 331-342.

Uversky, V. N., Semisotnov, G. V., Pain, R. H., and Ptitsyn, O.
(1992) ‘All-or-none’ mechanism of the molten globule unfolding,
FEBS Lett. 31489-92.

Dill, K. A., and Shortle, D. (1991) Denatured states of proteins,
Annu. Re. Biochem 60, 785-825.

Griko, X. V., Freire, E., and Privalov, P. L. (1994) Energetics of
the a-Lactalbumin States: A Calorimetric and Statistical Ther-
modynamic StudyBiochemisty 33, 1889-1899.

Lumry, R., and Rajender, S. (1970) Enthatgntropy compensa-
tion phenomena in water solutions of proteins and small mol-
ecules: a ubiquitous property of watdiopolymes 9, 1125-
1127.

Gilli, P., Ferretti, V., Gilli, G., and Borea, P. A. (1994) Enthatpy
entropy compensation in drug-receptor bindidgPhys. Chem

98, 1515-1518.

Cooper, A. (1999) Thermodynamic analysis of biomolecular
interactions,Curr. Opin. Chem. Biol3, 557-563.

Hefter, G., Marcus, Y., and Waghorne, W. E. (2002) Enthalpies
and Entropies of Transfer of Electrolytes and lons from Water to
Mixed Aqueous Organic Solvent€hem. Re. 102 2773-2825.
Iglesias, M. M., Elola, M. T., Martinez, V., Fink, N., and
Wolfenstein-Todel, C. (2003) Identification of an equilibrium
intermediate in the unfolding process of galectin-1, which retains
its carbohydrate-binding specificitiiochim. Biophys. Acta 648
164-173.

Kleanthous, C., Reilly, M., Cooper, A., Kelly, S., Price, N. C.,
and Coggins, J. R. (1991) Stabilization of the shikimate pathway
enzyme dehydroquinase by covalently bound ligahdBiol.
Chem. 26610893-10898.

Bell, J. H., Curley, K., and Pratt, R. F. (2000) Inhibition of Serine
Amidohydrolases by Complexes of Vanadate with Hydroxamic
Acids, Biochem. Biophys. Res. Commun. 2332-735.

. Bell, J. H., and Pratt, R. F. (2002) Mechanism of Inhibition of

the f-Lactamase oEnterobacter cloaca®99 by 1:1 Complexes
of Vanadate with Hydroxamic Acid8iochemistry 414329-4338.

BI1049309B



