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ABSTRACT: A series of acyl phosph(on)ates has been prepared to more closely examine the details of the
interactions of this class of molecule witllactamases. In general, they were found to react with the
class Cp-lactamase oEnterobacter cloaca®99 in two ways, by acylation and by phosphylation. The
acyl-enzymes generated by the former reaction were transiently stable with half-lives of between 3 and
45 s, of comparable lifetime therefore to those generated by the inhififaigtams cefotaxime, cefuroxime,

and cefoxitin. On the other hand, phosphylation led to a completely inactive enzyme. In general, the
second-order rate constants for acylatikya/Km) were larger than for phosphylatiok); As expected on
chemical grounds, phosphylation was found to be relatively more effective for the phosphonates than the
phosphates. The acyl phosphates were much more effective acylating agents however. The acylation reaction
was found to be enhanced by hydrophobic substituents in both the acyl and leaving group moieties. Thus,
the most reactive compound in this series was bditopphene-2-carbonyl’zhaphthyl phosphate with

aKm value of 0.154M and akc4;0f 0.2 s°1; keafKn is therefore 1.3« 10° s M~1, making this compound

the most specific acyclic acylation reagent for fhilactamase yet described. Significant substrate inhibition

by this compound suggested that further binding regions may be available for exploitation in inhibitor
design. A linear free energy analysis showed that the transition states for acylatiorpaattiiamase by

aroyl phosphates are analogues of the corresponding aryl boronic acid adducts. Molecular modeling
suggested that the aroyl phosphates react with thesH86tamase with the aroyl group in the side chain/

acyl group site of normal substrates and the phosphate in the leaving group site. In this orientation, the
phosphate leaving group interacts strongly with Lys 315.

Bacterial resistance t8-lactam antibiotics arises largely o) 0 0 0
because of the susceptibility of these molecules to hydrolysis @_%_O_g_o_@ @}'3_ o—b
catalyzed bys-lactamasesl). The problem of thes-lacta- I (I)_
mases ing-lactam chemotherapy has been met, with con- 1 © 2

siderable success in the short term, by application of
f-lactamase-resistafitlactams and gf-lactamase inhibitors.  tamase active site, with greatest reactivity against a typical
The p-lactamase inhibitors in current clinical practice, class Cj-lactamase. In this paper, we expand on the theme
however, for example, clavulanic acid, penicillanic acid of 1 and2 in a structure/activity study and explore more
sulfone, and tazobactam, another penicillanic acid sulfone, fully the mechanism of reaction of these molecules with a
are themselves-lactams, and thus, like thitlactam-resistant  class Cp-lactamase.

pB-lactams, are susceptible to hydrolysis by the mutant

B-lactamases selected for Bylactam chemotherapy(3). EXPERIMENTAL PROCEDURES

Thus, new chemical classes of antibiotic gfdactamase
inhibitor are of continued interest. Recent research in this
laboratory &) has identified simple acyl phosph(on)atés,
and?2, as a new class of molecules that interact covalently
with the active sites of-lactam-recognizing enzymeg-(
lactamases and the DD-peptidases of bacterial peptidoglycarﬁ
biosynthesis; the latter enzymes are the targefs-lattam
antibiotics).

Preliminary investigation4) suggested that these molecules
have the ability to both phosphylate and acylate gHac-

Materials. The 3-lactamase oEnterobacter cloaca®99
was obtained from the Centre for Applied Microbiology and
Research (Porton Down, Wiltshire, U.K.) and used as
received o-Chymotrypsin, electric eel acetylcholinesterase,
ovine intestine mucosal phosphodiesterase, and other
iochemical reagents were obtained from Sigma Chemical
Co. Cephalothin was a gift from Eli Lilly and Co. Chemical
reagents for synthesis were generally purchased from Aldrich
Chemical Co. Benzdjthiophene-2-carbonyl chloride was
obtained from Maybridge Chemical Company Ltd, Cornwall,
U.K. Aryl boronic acids were purchased from Lancaster. The

T This research was supported by National Institutes of Health Grant Bradford assay reagerf)(was purchased from Bio-Rad.
Al-17986. .
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Table 1: Analytical Wavelengths and Rate Constants of Scheme 1
Background Hydrolysis of the Acyl Phosph(on)ages19 Koo
compound  wavelength (nm) Ae M~tcm™) (ko x 107s™%)2 E+S= ES E+P
m
3 244 9610 3.74 «
4 244 7800 2.97 T ,
5 240 8260 0.97 EI > E+P
6 260 4470 45.8
7 240 5250 22.2 Scheme 2
8 294 11890 19.8 Keat
9 264 250 132.0 ca
10 294 11840 5.7 E+l—==H E+P
11 294 12850 1.4 m
13 244 5580 5.8 k.
14 296 9280 7.1 E+] —= E-1I
15 244 10710 14.3
16 244 9140 11.7 k,
17 240 16060 6.6 [——P
18 240 6350 7.9
19 244 6150 1.34 (cephalothin). Initial velocities of cephalothin [200/4, K,
2 Rate constant for spontaneous hydrolysi8-e19in 20 mM MOPS = 20 uM (8), monitored at 278 nm] hydrolysis in the
buffer, pH 7.5, at 25C. presence of several concentrations of each acyl phosph(on)-

ate were fitted to eq 1 (which assumes a competitive

and benzoy! or a substituted benzoyl chloride (6.0 mmol) relationship between the inhibitor | and the substrate S) by
were stirred together in acetonitrile (15 mL) overnight under & nonlinear least squares procedure to obaiwhich was
nitrogen at room temperature following the procedure of taken to be equal i for the phosph(on)ate as a substrate.
Laird and Spence6]. The resulting reaction mixture was
added dropwise into a stirred solution of sodium bicarbonate v =Ky, + [SPHKLA + [IVK) +[S]} (D)
(3.0 mmol) in HO (2.0 mL) at 0°C. Stirring was continued
for 30—45 min at room temperature. More acetonitrile (50 In eq 1,» represents the initial velocity in the presence of
mL) was added to the solution, which was then cooled for the inhibitor andy, that in its absence.
1 h at 0°C. The precipitate that appeared was collected and Rates of breakdown of transiently stable intermediates to
recrystallized from water to give the pure sodium salt of the restore free enzyme were obtained in the case of acyl
acyl phosph(on)ate (5550% vyield). All of the compounds  phosphatel3 and acyl phosphonate$5 and 16 from
were synthesized using the above procedure except forincubation of mixtures of appropriate concentrations of
sodium 2,6-dimethylbenzoyl phenyl phosphate where the enzyme and inhibitor (the concentration of the former much
silver salt of 2,6-dimethylbenzoic acid and phenyl dichlo- less than that of the latter). After two minutes of incubation
rophosphate were stirred together to give the correspondingat room temperature, aliquots of these reaction mixtures were
diester. The diester was hydrolyzed to give the desired diluted into assay cuvettes containing the substrate cephal-
sodium salt of the monoester as described above. othin at essentially saturating concentration (1 mM). The rate
Sodium Benzoyl p-Nitrophenyl Phosph&8. 'H NMR of cephalothin hydrolysis, as monitored at 288 nm, increased
(®*Hx0) 6 7.43 (d,J = 8.8 Hz, 2H, AHCO), 7.56 (tJ=7.5 with time due to breakdown of the intermediate to free
Hz, 2H, AHCO), 7.74 (t,J = 7.0 Hz, 1H, AHCO), 8.07 enzyme. Rate constants for this return of activiky,were
(d, J = 7.7 Hz, 2H, AHOP), 8.28 (d,J = 8.3 Hz, 2H, obtained by fitting the experimental data to Scheme 1 using
ArHOP); 3P PH,0) 6 —15.67;vmax (KBr) 1717s (G=0). the numerical simulation/least-squares fitting program Dynafit
Anal. calcd for GsHgNNaO;P: C, 45.24; H, 2.63; N, 4.06;  (9). In this scheme, S represents cephalothin, El the transient

P, 8.97. Found C, 45.31; H, 2.87; N, 4.17; P, 9.12. intermediate whose chemical nature is discussed below, and
Characterization of the other compounds prepared is P and Ptheir respective hydrolysis products. For the fitting
presented as Supporting Information. procedure, values d& andK, for cephalothin were fixed

Analytical and Kinetic MethodsAbsorption spectra and  at 250 s and 20uM, respectively. The value d.. was
spectrophotometric reaction rates were measured with aobtained from progress curves for hydrolysis of cephalothin
Hewlett-Packard 8452A spectrophotometer. The concentra-(1 mM) alone in the presence of the P99 enzyme (5 nM).
tions of stock enzyme solutions were obtained spectropho- The K, value of cephalothin was taken to be 20 (8, 10.
tometrically (7). All kinetics experiments were performed In the cases 06, 7, 13, and the acyl phosphonat&5—
at 25°C in 20 mM MOPS bulffer, pH 7.5. Steady-state kinetic 19, a more complicated reaction scheme involving competing
parameters were obtained as described below. Thkys, turnover and inhibition was required (see Scheme 2). To
values for compound3—5 and8—11 were obtained spec- obtain the inactivation rate constank)(and ke the
trophotometrically, at the wavelengths listed in Table 1, from absorbance of the inhibitor, I, (several concentrations in
total progress curves. In these experiments, the initial separate experiments) with time in the presence of the
concentration of the compounds was typically between 30 enzyme was monitored, and the data were analyzed by means
and 100uM to obtain a good estimate &y Since theky, of the Dynafit program g). For each compound,, was
values of all of the compounds were too low to be determined fixed at the value obtained from above (see Table 2). For
directly from these progress curves, they were obtained as13, 15, and16, k.o was fixed at the value obtained from the
inhibition constantsk;) from experiments where the acyl above return of activity experiment. A slightly more com-
phosphates were used to inhibit turnover of a good substrateplicated scheme (Scheme 5, see discussion) was used to fit
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Scheme 3 for alkaline hydrolysis £2.5) (13). The rationale for this

o X o . procedur_e is thap is a measure qf_the effective chargg on
Art_OP + ROH e PO 4+ Al OR — the reacting molecul_g in the transition sta;g)( Under acid
H,0 conditions, the transition state will be positively charged and
under alkaline conditions the transition state will be negative.
Under neutral conditions where water is the nucleophile and
acid/base catalyst, the charge on the transition state will lie

the progress curves of compoutid with enzyme. In this  penyeen these two extremes. Since we were unable to find
case, the values & andKs; were fixed during this fitting. 5 gjrectly applicable value for this parameter from the

The value oKy, was obtained from the inhibition experiment jierature, the average of the two extremes was taken as a
described above. The value ¥f; was obtained from initial reasonable estimate. This correction was applied] % and

ArCO, + ROH + PO’

velocities of turnover ofl4 at high concentrations {5120 13. An 0-OMe o value 0f—0.39 (15) was taken to calculate
#M) using eq 2 which is appropriate, in terms of Scheme 5, e correction term fod3. A correction for the electronic
under these conditions. effect of the benzothiophene groupXfwas obtained using
data for the hydrolysis of the methyl esters of heterocyclic
v = Voo (1 + [/ K) ) ooy y y

carboxylates 16). No correction (with respect td) was
applied in the case dfl. Similarly, the reaction attributed
the equilibrium constanK, involves alcoholysis of aroyl
phosphates. Substituents in the aroyl moiety of these
molecules would be expected to have little effect on the
equilibrium constant of the reactioi®) and thuso In K,
was taken to be zero. From this analysis, the corrections (
In k,) applied were 0,-2.07,—1.89,—0.60, 0, and+1.04
to the data for compoundd4, 6, 7, 10, 11, and 13
respectively.

IH NMR Turnaer ExperimentA solution of 6 (1 mM)
in 20 mM sodium bicarbonate inJ was prepared and its
NMR spectrum was taken. To this solution, the P99
p-lactamase (0.55 mg, 1M) was added and another NMR
spectrum was obtained after 20 h. Another samplé (it
mM) was prepared in 20 mM sodium bicarbonate igOD
and 2.5 M CROD. After taking an NMR spectrum of this
sample, the P98-lactamase (0.58 mg) was added and a final
NMR spectrum obtained after 20 h.

The solid line shown in Figure 3 was obtained from Dynafit
(9), using the parameters of Scheme 5 obtained in this way.
Inhibition constants for aryl boronic acids were obtained
from measurements of initial velocities of cephalothin (200
uM) hydrolysis in the presence of several concentrations of
each boronate; competitive inhibition was assunted.
Compound 6 was also tested as an inhibitor and/or
substrate ofi-chymotrypsin, acetylcholinesterase, and phos-
phodiesterase. To test for inhibitias;chymotrypsin (1Q«M)
was incubated witlé (1 mM) in 0.1 M Tris-HCI buffer, pH
7.8, at 25°C. The enzyme was assayed spectrophotometri-
cally (410 nm) against succinyl-Ala-Ala-Pro-Ppaiitro-
anilide (2) as a function of time. Similarly, acetylcholinest-
erase and phosphodiesterase were also testedswithus,
acetylcholinesterase (@M) and phosphodiesterase M)
were incubated witlé (1 mM) separately in 20 mM MOPS
buffer, pH 7.5, at 25°C. The enzymes were assayed
spectrophotometrically against acetylthiocholine iodide (250
nm) and big§-nitrophenyl) phosphate (398 nm), respectively. Ph.osph.orus Assa_y%he P_998—.Iact.amase (1 mL, 12M)
Controls without inhibitor were also followed in each case. W3S inactivated by incubating it with the phosphates43

Turnover of6 by a-chymotrypsin, acetylcholinesterase, and mM) for 10-15 h or phosphonates (0.5 mM) for-2 h, at

phosphodiesterase was determined from the spectrophoto-room temperature in both cases. These concentrations and

metric progress curves of reaction ®fwith each of these times Wtere b?s_redbr)n 2caFI’cuIta'§|ons detrr:ved f“’”_‘ .tth? Ié'r;et'c
enzymes separately. parameters of Table 2. Protein was then precipitated from

Linear Free Energy Correctionghe parameterk, and the solution by the addition of trichloroacetic acid (5%) to
K, of egs 9 and 11 (see Results ;amd Discussion) relate toit and allowing the resultant mixture to stand in an ice bath
n

the reactions of Scheme 3 (see also Scheme 7). They wiIIfor 3.0 'min. The mixture was t'hen ceptrifuged and the 'solid
vary, in principle, with the aroyl group, largely due to precipitate was washed four times with 5% aqueous trichlo-

electronic effects. This variation was taken into account by roacetic acid. The S(.)I'd protein was t_hen redissolved n LN
means of egs 3 and 4. In these equatidas, and Ko NaOH and the alkaline solution was incubated overnight at

represent the rate and equilibrium constants for the reference37 OC.:' It was then neutralized witl N HCI. The resulting
compound where aroy! is benzoyl, and theerm represents solution was assayed for phosphate by the procedure of Hess

the correction for the electronic effect of other aroyl groups. and Derr (8). A mixture of sodium phenyl pho_sphate with
the enzyme was used as a control and sodium phosphate

Ink,=Ink,,+dInk, (3) was used as a standard. Protein concentration was measured
’ using the Bradford assap)(with the natives-lactamase as
INK,=InK,,+dInK, (4) the standard. This assay procedure yielded anomalous results

with 14, as described in Results and Discussion. These arose
These correction terms for each aroyl group were estimatedbecause of precipitation of the hydrolysis productlef
from linear free energy relationships taken from the literature. 2-naphthyl phosphate, on acidification of the reaction mixture
The reaction attributed to the rate constininvolves the with trichloroacetic acid. An alternative procedure was
hydrolysis of alkyl benzoates in neutral water. The effect of therefore tried where the protein was isolated and washed
aromatic substituents on this rate constant is given by thetwice by ultrafiltration before acidification.
Hammett equatiod In k, = pAo. The value ofp for this Phosphorus was assayed in phosphonate complexes by the
correction was approximated by the average ofdhalues procedure of Kapoulas et all9). Thus, the P9@-lactamase
for acid-catalyzed hydrolysis of alkyl benzoateg€)(03) and (1 mL, 12.1uM) was inactivated by incubation withs (0.5
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mM) for 1 h atroom temperature. After the precipitation 1)

and washing of the protein with trichloroacetic acid, it was (") 0 I R

redissolved in 10QiL of 70% HCIQ, and heated at 160 P )l\ Ph—0~ F\o/ :

170 °C for 3 h. After the solution was restored to room "1 © CI)N?l Ph ONa

temperature, 20QuL of H,O was added. The resulting

solution was assayed for phosphate as described aboveRr, = p-nitrophenyl 3 R, = p-nitrobenzoyl 6

Phenylphosphonic acid was used as the standard. m-nitrobenzovl 7
Computational MethodsThe computations were set up Z-naphthyl 4 Y

essentially as previously describe2D) and run on an IBM n-hexyl 5 cinnamoyl 8

3CT computer with INSIGHT 11 97.0 (MSI, San Diego, CA).

The starting point for the P98-lactamase structural simula- o phenylacetyl 9

tions was th_e c_rystal structure of the enzyme wlth a 8 0 benzo[b]thiophene-2-carbonyl 10

phosphonate inhibitor covalently attached to the active site R |\O)'\ Ph

serine residue (PDB file 1bl&]1). This was transformed into > ONa 4-biphenylcarbonyl 11

the benzoyl-enzyme tetrahedral intermedi&@g, with the )

leaving group (phenyl phosphate) still attached, by means R; = p-nitrophenyl 15 2.6-dimethylbenzoyl 12

of the Builder module of INSIGHT Il. MNDO charges were . o-methoxybenzoyl 13

employed for the benzoyl phenyl phosphate ligand, while m-nitrophenyl 16

charges on the protein were assigned by INSIGHT II. The 2-naphthyl 17

enzyme-ligand complex was then hydrated by a 15 A sphere Q 0

of water centered at the active site serine Dwo different 4-biphenyl 18 2N 7
orientations, the benzoyl side chain placed in the leaving O (leE? S
group site and the benzoyl group placed infakactam side n-hexyl 19

chain site, were separately employed as starting structures 14
for dynamics runs. From the results of molecular dynamics _
runs of up to 20 ps at temperatures of 300 and 1000 K, likely ~R€actions of Acyl Phosph(on)atéis. neutral agueous

conformations of the side chain and leaving group were Solution, these compounds are, as previously nalgddther
assessed. During the dynamics runs at 300 K, the “gand,surprlsmgly stable._ The rate constants for their spontaneous
water, and the protein were permitted to move. At 1000 K, hydrolysis, determined spectrophotometrically (Table 1), in
the protein backbone was restrained and the water was2C MM MOPS buffer, pH 7.5, are also given in Table 1,
omitted. In these calculations, Lys 67 and Lys 315 were fom which half-lives of between 0.6 and 80 days can be
cationic, Tyr 150 was neutral, and the tetrahedral intermediatec@/culated. The shorter half-lives correspond to compounds
was dianionic (phosphate and oxyanion). Significantly ywth eIectrqn-W|thrayvmg acyl substltuentg, as, for example,
populated conformations were chosen from these runs, and" 6 and with aliphatic rather than aromatic acyl groups, as,
the energy of each was minimized in the CV force field by for example, in9. This pattern of reac'tlwty rather suggests
means of 1000 steps by the method of steepest descent@ydrolysis by attack of water/hydroxide at the acyl rather
followed by 2000 steps of conjugate gradients. In this than the phosphyl center.

minimization procedure, the entire system, protein, ligand, *H NMR studies showed that addition of the P89ac-

and water, was freed from constraint. The final derivative tamase to compound3—19 led to hydrolysis of these

of the energy with respect to structural perturbation was then compounds. For example, in the case &f the NMR

in the range of 0.020.03 kcal/A. Bond distances and Spectrum after the enzyme-catalyzed reaction, showed the
interaction energies, including those of all nonbonded presence of phenyl phosphate7.08 (t,1H), 7.18 (d, 2H),
interactions, could then be obtained from the minimized 7.33 (t, 2H)] andp-nitrobenzoated 7.98 (d, 2H), 8.27 (d,
structures by means of the Discover program. Residues2H)]. Reaction of6 in the presence of the P$Blactamase
included in theE;, calculations were Ser 64, Lys 67, Tyr and 2.5 M?H;-methanol, yielded a third product, identified
150, Asn 152, Lys 315, Thr 316, Gly 317, and Thr 318. by comparison of its spectrum with that of an authentic
These have previously been shown to contribute the mostsample, adHs-methylp-nitrobenzoated 8.17 (d, 2H), 8.30

to discrimination between tetrahedral ligand20)( The (d, 2H)], where the ratio of the latter fpnitrobenzoate was
debenzoylation tetrahedral intermedia®was treated inthe ~ approximately 1:1. This strongly suggests that turnoves of

same way. by the P99j-lactamase involves an acyl (rather than a
phosphoryl) transfer reaction and thus an acyl-enzyme
RESULTS AND DISCUSSION intermediate. Methanol is well-known to act as an alternative

The molecules synthesized to expand our understandingntcleophile toward the acyl-enzymes that accumulate during
of the affinity of the prototype compounds and 2 for turnover off-lactams 22) and depsipeptide28) by class
B-lactam-recognizing enzymes have the structide49. C p-lactamases.

These were prepared as the sodium salts as described above These compounds were also found to interact with other
in Experimental Procedures. Thus, reaction of a silver hydrolases. For example, chymotrypsin slowly catalyzed the
phosph(on)ate with an acyl chloride (2 eq) or of a silver hydrolysis of 6, with formation of a transiently stable
carboxylate (2 eq) with a phosphoryl chloride led to the intermediate which hydrolyzed with a rate constant of10
diacyl phosph(on)ate. This was not isolated but hydrolyzed s™*. This intermediate is presumabfynitrobenzoyl chy-
immediately to the anion of the mono-acyl compouBet ( motrypsin for which Vishnu and Caplow report a hydrolysis
19). rate constant of 9.1x 10 s! at 25 °C (24). Acetyl
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1.00 T T

of these parameters f@&—19 are given in Table 2. Also
presented in this Table are the previously acquired dgta (
for compoundsl and 2.

Compounds3—5 and8—11 were completely turned over
by the enzyme with no inactivation observed, at least at acyl
phosphate concentrations up to @8l. On the other hand,
inactivation was observed by the phosph&ieg, 12—14,
and the phosphonateks—19. To determine whether the
inactivation reaction involved phosphylation of the enzyme,
phosphorus analyses of the inactivated enzymes were
performed. All precedents would suggest that the active site
serine (Ser 64) would be the site of any such phosphylation
(21). Thus, enzyme inactivated by an acyl phosphate was
precipitated by trichloroacetic acid, washed, redissolved in
1 M sodium hydroxide, and incubated at 37 overnight to

10 x Time (sec)

Ficure 1: Inactivation of the P98-lactamase (45 nM) bg. Shown

are changes in the absorption 6f as a fraction of the initial . . -
absorption 1, 40 uM; O, 70 uM; A, 100uM), as a function of ~ release phosphate from the active site serig, @6).
time. The initial burst indicates turnover & by the enzyme, Similarly, the inactivated enzyme after treatment with an acyl

decreasing to zero with time. The slow rates at long times representphosphonate was analyzed for phosphorus. In this case,
tﬂe Is_,pontaneous lhy?m')(’js]'cs 6f Tshehpomtz are experimental and  tregtment with perchloric acid1@) rather than sodium
the lines were calculated from Scheme 2. hydroxide was used to release phosphate.

cholinesterase and phosphodiesterase turned ®veore The results from the phosphorus assays suggest that the
rapidly, with k./Km values of 80 and 5800 & M™! instances of irreversible inactivation of the P@®actamase
respectively. Acyl phosphates in general are thus not specificby 3—19 arose by enzyme phosphylation. The native enzyme
substrates/inhibitors ¢f-lactamases. and a sample incubated with 3.7 mM phenyl phosphate
Spectrophotometric studies showed that reaction of the contained no phosphorus. On the other hand, enzyme
p-lactamase witl8—19 led to either complete hydrolysis of  inactivated by the same concentratiorbafontained, in two
the acyl phosph(on)ate or to complete inactivation of the determinations, 1.09 and 1.14 atoms of phosphorus per active
enzyme, depending on the compound involved and its site (these figures assume an enzyme 65% acfdg; A
concentration relative to that of the enzyme. For example, similar value (1.29) was obtained froih The assay with
Figure 1 shows the absorption changes of various concentrathe phosphonate$5 and 16 revealed 1.32 and 1.28 phos-
tions of 6 on addition of thep-lactamase. The burst phorus atoms per active site, respectively. In contrast, the
corresponds to turnover of ca. 90 molecules pér molecule enzyme inactivated byl4 contained 9.9 and 10.5 (two
of enzyme. After the burst, the enzyme was inactive and the determinations) atoms of phosphorus per molecule of
subsequent slow decrease in absorption corresponds t@enzyme. We believe that the latter result reflects incomplete
spontaneous hydrolysis d@. These data were fitted to removal of the very hydrophobid4 and its hydrolysis
Scheme 2 as described in Experimental Procedures, yieldingproduct 2-naphthyl phosphate by the washing procedure used.
values forke,: for turnover and for inactivation. The values ~ When the enzyme was washed twice by ultrafiltration, the

Table 2: Rate Constants for Turnover bf19 by the P995-Lactamase and for Inhibition

compound structure Keat (5712 Km @M)2  kealKm x 1074 (sTM7H2 ki (sTIMY)2 Ki (uM)®
1° PhOP(Q")OCOPh 0.017 2.8 0.607 0 581.2
2 PhP(Q")OCOPHh 0.020 2.9 0.690 70
R;OP(G,")OCOPh
3 Ri=p-nitrophenyl 0.011Gt 0.0002 1.8£ 04 0.644 <2¢
4 R;=2-naphthyl 0.013+ 0.001 0.7+ 0.2 1.75 <1e
5 Ri=n-hexyl 0.0110+ 0.0003 8.8£ 1.3 0.125 <1e
PhOP(Q")OR,
6 R,=p-nitrobenzoyl 0.17 0.06 2.7+ 05 6.27 700t 100 2.0+ 04
7 Rz=m-nitrobenzoyl 0.2H-0.02 2.7+1.2 7.88 440+ 60 2.7+0.8
8 R,=cinnamoyl 0.05Qt 0.001 1.7+03 3.04 <1e
9 R>=phenylacetyl 0.26@- 0.002 8.3+ 1.2 3.10 <0.04
10 R>=benzop]thiophene-2-carbonyl 0.1£0.01 0.64+ 0.07 23.2 <5e 0.19+ 0.03
11 R,=4-biphenylcarbonyl 0.023: 0.001 0.33+ 0.04 6.83 <3 0.65+ 0.25
1 R,=2,6-dimethylbenzoyl 209+ 15
13 R>=0-methoxybenzoyl 0.06€ 0.005 109+ 13 0.0562 3.66004 15.7+£31
14 Ri1=2-naphthyl
R,=benzop]thiophene-2-carbonyl 0.26 0.04 0.15+0.01 131 1813t 3
RsP(0,")OCOPh
15 Rs=p-nitrophenyl 0.018t 0.004 144+ 16 0.0125 25t 3
16 Rs=m-nitrophenyl 0.014+ 0.002 78+ 15 0.0179 65t 19
17 Rs=2-naphthyl 0.019t 0.002 35t 4 0.0551 115+ 5
18 Rs=4-biphenyl 0.018t 0.001 13+ 3 0.117 8%+ 4
19 Rs=n-hexyl 0.011+ 0.001 47+ 3 0.0226 11.H0.1

2 These constants refer to the parameters of SchermmBibition constant for the analogous aryl boronic a¢idaken from ref4. ¢ No turnover
observed® Limits estimated by assuming no more than 10% inactivation during the experiment.
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Scheme 4
1.44
E-OH + R/ArCO - OPO, (O)R/Ar E-OH. R/ArCO-OPO, (O)R/Ar'
S
k
l kl 2
E-OCOR/Ar + RYAr(Q)PO;H
E-OPO, (O)R/Ar + R/AICO, l . 1.40
3
A

E-OH + R/ATCO,’

1.36
phosphorus incorporation fell to 3.9 atoms/molecule. The
more complicated kinetics of turnover b4 (see below) also
probably relate to the hydrophobicity @#.
Compoundl2, where acylation (and deacylation) would 1.32
be sterically hindered, showed slightly different behavior than

the others of Table 2. Thg-lactamase was slowly and _ .
ireversibly inactivated by this compound, but the protein ZEuE %, BTSS0S 0 BIFEAGRTE B 2R of
produced by this reaction contained no phosphorus. The inerteephaiothin at 288 nm as a function of time is shown after addition
derivative thus appears to be an acyl-enzyme. Apparently, of an aliquot (22uL) of the reaction mixture to a cuvette containing
although acylation of the enzyme t{ is slow, deacylation  cephalothin (1 mM, 1.0 mL). The increase in slope with time reflects
's even slower. the e was caleuiated from Scheme 1. The dashed Staignt ine
. : the line was ca .
. The experiments reported ab_ove suggest that the '.nterac'represents the activity of the enzyme with cephalothin alor?e.
tion of the P995-lactamase with acyl phosphates likely
follows the paths shown in Scheme 4. In principle, the state initial rates of substrate disappearance unger &,
noncovalent intermediate could partition to give both turn- conditions. As part of the present work, we checked whether
over and inactivation. But given that turnover involves acyl amino acids could also accelerate deacylation of the aroyl-
transfer and inactivation phosphyl transfer at Ser 64, the enzymes that arose by reaction of the P99 enzyme with
separate paths of Scheme 4 seem more likely. typical acyl phosphates. Reaction of bdt{50 uM) and 6
Kinetics of the Reactions between Acyl Phosph(on)ates and(50 uM) was accelerated by-alanine (6-200 mM) but not
the g-LactamasePrevious experiments have indicated that by L-alanine. Thus stereospecific aminolysis of aroyl-enzyme
the rate of turnover ol and2 at saturating concentrations derivatives can also occur. More interestingly however,
by the P99-lactamase is limited by deacylation, i.Ra = reaction of6 was not accelerated lmphenylalanine (650
ks (Scheme 2)4). The evidence for this included the close mM). The latter amino acid is a much better acyl-acceptor
similarity of k.o values for 1 and 2, corresponding to  thanp-alanine when the acyl group is the more enzyme-
deacylation of a common benzoyl-enzyme intermediate, andspecificN-(phenylacetyl)glycyl 28). This unexpected result
the acceleration in rates produced by the addition of the was expanded by examination of the effecbafmino acids
alternative nucleophile methanol. It can be seen from Table on reaction of10 (12 uM) in the presence of the P99
2 that thek.o; values for all the benzoyl phosph(on)atgs,5 p-lactamase. In this case, the observed rate was not acceler-
and15—19, are very similar to each other and to thoselof ated by eithem-alanine (6-200 mM) or p-phenylalanine
and 2. This strongly suggests that deacylation is rate- (0—50 mM); presumably, aminolysis of the acyl-enzyme did
determining for these compounds also. This conclusion is not occur in these cases. The stereospecific aminolysis
further supported by the observation of a delayed return of reaction at this active site must therefore involve subtle
activity on diluting reaction mixtures 08—19 with the interactions between the enzyme and both the acyl group
pB-lactamase into a substrate solution as described in theand thep-amino acid.
Experimental Procedures. Figure 2, for example, shows the Thus, acylation of the P98-lactamase by—19 produces
results of such an experiment witl, where the calculated  a transiently stable (half-lives vary from 2.7 to 45 s) acyl-
rate constant for return of activity was 0.0138.sThe close enzyme species, stable enough to quite seriously discommode
similarity between this value and thatlgf; for this substrate ~ the enzyme. The lifetimes of these acyl-enzymes are of
(Table 2) is strong evidence for accumulation of a covalent comparable magnitude to those generated by reaction of the
acyl-enzyme. Finally, the steady-state hydrolysid0f{12 P99 s-lactamase with the inhibitorg-lactams cefotaxime,
uM) was accelerated by methanol<@.5 M) to an extent  cefuroxime, and cefoxitin, for exampl29). A number of
similar to that forl (data not shown). Numerical treatment the acyl phosph(on)ates also irreversibly inactivate the
of these data by the usual meth@V) yielded a partition enzyme by phosphylation. Acylation ratdg.(Kn) are, in
ratio, methanolysis vs. hydrolysis, for the acyl enzyme of general, considerably larger than phosphylation rakgs (
25+ 2. This is the same, within experimental uncertainty, even for the phosphonates where more efficient phosphyla-
as the values obtained wifh(4) and withN-(phenylacetyl)- tion might have been expected. Inactivation of the enzyme
glycyl depsipeptides??). The acyl-enzyme derived frodD by acylation thus seems the more effective strategy.
is therefore as accessible to methanol as those from these Some trends emerge from the data of Table 2. The more
other substrates. electron-withdrawingp-nitrophenyl phosphate leaving group
The acyl-enzymes derived from reaction of the P99 of 3 than that ofl does not significantly affect the acylation
p-lactamase with acyclic depsipeptides can also be specif-rate k.a/Km). This rate, however, is increased by the larger,
ically intercepted by-amino acids to give peptide products more hydrophobic 2-naphthyl phosphate leaving group of
(28). The presence af-amino acids also increases steady- 4. The aliphatic hexyl phosphate leaving group, present in

Time (s)



4616 Biochemistry, Vol. 40, No. 15, 2001 Kaur and Pratt

Scheme 5
15 H k
E+1 El —2» E+P
Kn

v 2108 10 EI+I [EI
(?As'1) ¥

sl E+1 -5 . E-I

[ ]
I —-———ko—> P
0 L L

o] 50 100
Acyl Phosphate 14 Concentration (uM)

Ficure 3: Substrate inhibition of the P9%lactamase (0.12M)
by 14. The points are experimental and the line is calculated from
Scheme 5.

compounds ofl4, viz. 4 and 10, did not show any sign of
substrate inhibition at concentrations up to M. The
aggregation problems d# could probably be alleviated by
hydrophilic substituents on one or both of the aromatic rings.

The Relationship between Aroyl Phosph(on)ates and Aryl
the acyl phosphatg and the acyl phosphonat®, produced Boronates: Linear Free Energy Relationshidhe ability
a less effective acylating agent than the parent benzoylof aroyl phosph(on)ates to efficiently acylate the P99
compoundsl and2, respectively. An electron withdrawing  j-lactamase points to significant affinity between these
group on the acyl moiety, as and7, did produce faster ~ compounds and the active site. As discussed previodly (
acylation, but also, by a similar factor, a faster deacylation part of this affinity certainly arises from interactions between
(kead. The larger, more hydrophobic acyl side chains on the active site, which is significantly positively charg@d)(
8—11, particularly on the benzothiophene derivativ@ did and the negatively charged phosph(on)ate leaving group.
increase the acylation rate over thatlofSteric hindrance  Beyond this, however, it seems that aromatic acyl groups
of the acyl group by the ortho-substituents preseriidand also have a positive influence on the interaction, during
13significantly impeded acylation. Although deacylation of acylation at least. This is an interesting result because of
the o-methoxy derivative, as i3, actually appeared to be the significant difference in structure between these acyl
faster than the unsubstituted benzoyl-enzyme, the 2,6-groups and the acylamido substituents of specific substrates.
dimethyl substitution pattern presentli, strongly depressed It does however correlate with the known affinity of class C
deacylation (and acylation). The phosphates were, in general 5-lactamases for aryl boronic acids, ArB(QHJThe inhibi-
much more effective acylating agents than the phosphonatestory ability of these latter compounds agaifstactamases
This difference may reflect the poorer leaving group in was first demonstrated by Waley and co-worked$) (and
phosphonates (higher conjugate adid, palues) and/or their  has been recently extended by Shoichet and co-workéys (
different distributions of negative charge and hydrophobic 32, 33). The latter group has produced two crystal structures
surface. of aryl boronates bound to a classfdactamase32, 33).

The major conclusion from the above, at least with respect These structures demonstrate that the boronates are bound
to the development of a more effective reagent, was that as tetrahedral, presumably anionic, adducts to the active site
hydrophobic substituents, on both the acyl group and the serine (Ser 64 (). Furthermore, one of the boronate
leaving group, enhanced acylation. These leads were com-hydroxyls occupies the oxyanion hole of tfidactamase
bined and the molecul&4 was prepared. Gratifyingly, the  active site which, in the P99 enzyme, is composed of the
contribution of the acyl group and the leaving group appeared backbone NH groups of Ser 64 and Ser 324)( The
to be additive with the result tha#, with akea/Km of 1.3 x boronate complex can be seen as a transition state analogue
10° st M1, is the best of the compounds yet investigated, for the hydrolysis of aroyf-lactamases (Scheme 6). Thus
and in fact the most active acylating agent of this enzyme the complementarity of the boronate studies and the present
yet discovered, with the exception of the better bicyclic work is evident.
pB-lactams 29, 30). Dissociation (inhibition) constants for complexes of bo-

Reaction of 14 with the P99 g-lactamase was more ronic acids containing the same aryl groups as compounds
complicated than observed with the other compounds. Figurel, 6, 7, 10, 11, and 13 were determined and are given in
3 shows a plot of initial velocity vs. concentration for this Table 2. The most effective boronate inhibitor [as demon-
compound. There is clear evidence of substrate inhibition. strated by Shoichet et all) and hence incorporated into
The data of Figure 3 were fitted to Scheme 5 as describedthis study in10 and 14] and also the most specific aroyl
in the experimental section. The value of the substrate phenyl phosphatek{/K.) was the benzothiophene deriva-
inhibition constant,Kg, thus obtained, was 3& 4 uM. tive. The relationship between the aroyl phosphate turnover
Although this is 2 orders of magnitude greater thankhe parameters and boronate binding can be seen from the
for productive binding, it still represents impressive affinity thermodynamic cycle depicted in Scheme 7. In Scheme 7,
for the enzyme by a second molecul€eldf The results from  ROH represents a small molecule aliphatic alcohol with
the phosphate assay on the enzyme inactivateti4bgiso comparable nucleophilicity to the active site serine hydroxyl
suggested that nonproductive association may occur. It isof the j-lactamase. The upper pathway represents the
perhaps not surprising that a molecule as hydrophobiglas nonenzymatic route of hydrolysis of aroyl phosphate to
might find more than one binding site on a protein, but itis products mediated by the alcohol ROH. The alcohol reacts
certainly interesting that its binding at a site other than the with the substrate and displaces the phosphate leaving group
active site leads to inhibition of the enzyme. The “parent” PO yielding the intermediate alkyl ester ArGR. This then
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Scheme 6
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hydrolyzes in the second step of the reaction, by way of the £ KK,
transition state shown, to the hydrolysis products. A similar K™= Kt /K (5)
cal m

double displacement reaction occurs in the enzyme-catalyzed

lower pat_hway where nucleophilit_: attack on the _SUbStrate According to transition state theory, eq 6 is true, and therefore
by the active site serine hydroxyl displaces the leaving group eq 7 follows.

and forms the acyl-enzyme ArGE. In the second step, the

acyl-enzyme is hydrolyzed, passing through the transition K:ﬁ/K* = k /K, (6)

state shown, to products, including the regenerated enzyme. cat a

Since deacylation is rate-determining for this substrste, . kK,

encompasses formation of the acyl-enzyme. K'= k. /K (7
al m

This scheme represents the relationships between the
uncatalyzed and enzyme catalyzed reaction in terms ofn eq 7,k, represents the second order rate constant of the
transition state theory. This approach for an enzyme- uncatalyzed reaction of the substrate with the alcohol ROH
catalyzed reaction with a covalent intermediate was proposedand k.4 represents the first-order catalytic constant of the
by Lienhard 84) and subsequently affirmatively reviewed enzyme-catalyzed reaction. If it is assumed that adducts of
by Wolfenden 85) and by Kraut 86). In the presentinstance, aryl boronates with thes-lactamase closely resemble,
the uncatalyzed reaction is divided into two steps to allow structurally and electronically, the transition states for
the transition state comparison to be as close as possible. Irdeacylation of the analogous aroyl-enzymes, then the equi-
accordance with transition state theory, formation of the librium of Scheme 8 will be a direct analogue of the reaction
transition state in each case is represented as a pseudowith equilibrium constank* of Scheme 7. The linear free
equilibrium process. The constakf however does not energy relationship of eq 8 would then follow; in this
formally represent a dissociation process but rather anequation,o refers to analogous structural perturbations in
equilibrium constant expressing the relative affinity of a the acyl phosphonates and boronates such as, in this case,
transition state for two catalysts, an alcohol and fHec-
tamase §5). The degrees of bond making and breaking an
the positions of the protons in these transition states is not OH (|3H

meant to be defined in Scheme 7. E—O—BZAr +HOH E—OH + HO—B=—Ar

The thermodynamic cycle of Scheme 7 leads directly to |
eq 5. OH OH

d Scheme 8
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InkK; The points corresponding to m- and p-substituted benzoyl
Ficure 4: (A) Correlation between the rates of acylatiég.(Kr,) derlvaélve4s (Comrpl)ounldls 6, 7, and11, W;:h Or(ﬁmlate va]ugs
of the P99B-lactamase by acyl phosphatéss, 7, 10, 11, and13, around —4 on the plot) appear to show little variation,

and the dissociation constants of analogous aryl boronate complexeglthough those arising from the perhaps more sterically
(Kj). The points are experimental and the line shows the fit to eq demanding compoundt) and13 do have different values.
9. (B) Correlation between rates of turnoveg,j by the P99 |f gnly the upper right point (corresponding 18) is omitted,
frlactamase of the above acyl phosphates and the boronate, gy aight line of slope 0.38 & 0.82) is obtained. Despite
dissociation constants. . . . . .
this, we think that these data are best interpreted to indicate
variation in the aromatic ring of the acyl group and aryl that in the simplen- andp-substituted benzoyl systems, In
boronate. Ke — In Kj (eq 11) is close to constant and thus that the
substitutions affect the acyl-enzyme and the deacylation
SInK =451n K 8) transition state to a similar extent. A combination of these
interpretations of Figure 4, panels A and B, would yield the
From eqgs 7 and 8, eq 9 follows. free energy profile for acyl phosph(on)ate turnover shown
in Figure 5, where structural perturbations in the aryl group
0 [In(k.{K,) — In(k,K)] = =3 In K'=-61In Ki (9 are close to uniformly expressed along the reaction coordi-
nate, i.e., the strength of binding of the aryl group to the
A plot of [In(kea/Km) — In(kaKp)] vs In K; would then be  enzyme does not change significantly along the reaction
expected to yield a straight line of slopel. Scheme 7 also  coordinate, a uniform binding situation.
generates eq 10. Although Scheme 7 was proposed quite some time ago
N for enzymes employing a covalent intermediate, it appears
K" = Kg(k/Kea) (10) to have seen little application to real data. In contrast, the
analogous scheme for noncovalent intermediates has been
Given egs 8 and 10, eq 11 follows. Plots of the left-hand widely used to assess the quality of transition state analogue
. inhibitors (see reB7 for an early example). It is gratifying
O[In k= Ink] =0 [In Ky —InK'] = therefore to be able to provide an example of the former
o[In Ky —InKj] (11) type. Another example, published very recently, is that of
Pressmore and Raine38], who investigated the validity of
sides of eqs 9 and 11 vs. K are shown in Figure 4. The vanadate complexes as transition state analogues of ribonu-
corrections to terms on the left-hand sides of these equationsclease. In this case, the enzyme rather than the inhibitor was
arising from electronic effects, kK, and Ink,, respectively, subject to perturbation. Although the interpretationkgf
were calculated as described in Experimental Procedures. AKy, in general is still under discussioBY—41), the existence
least-squares straight line of slop€el.02 ¢ = 0.978) is of linear free energy correlations that can be interpreted in
drawn through the points in the former plot (Figure 4, panel terms of Scheme 7 and its analogues is not. Interpreted in
A). This fit suggests that eq 9 and Scheme 7 do accommodatgerms of Scheme 7, the present results show that aryl
the data. This result shows that the effects of structural boronates, which are well-establish@tactamase inhibitors,
perturbations in the aromatic ring of the boronates on the react with the P9®-lactamase to yield good analogues of
strength of their binding to the enzyme are very similar to the transition states for turnover of aroyl phosph(on)ates by
those produced by the same perturbation in the aroyl this enzyme.
phosphate on achieving the acylation transition state (vs. free Structural Models A final important issue is that of the
enzyme and ligand); thus, the boronic acid adducts do orientation of acyl phosph(on)ates as substrates in the active
resemble the transition states for turnover of benzoyl site. A specificf-lactamase substrate is oriented primarily
substrates. On the other hand, the plot ofkdna —In k,) vs by interactions with the enzyme of the amido side chain,
In K; (eq 11, Figure 4, panel B) shows considerable scatter.the carbonyl oxygen of the scissile bond, and the leaving
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FiGURE 6: Stereoviews of optimized acylation tetrahedral intermediate structures formed on interaction of {faP@®nase with the
acyl phosphatd.. Upper pair: The aroyl group in the leaving group site (“up”) and the phosphate leaving group in the side chain site
(“down™). Lower pair: The inverse orientation with the aroyl group down and the leaving group up.

group carboxylateQ1, 42). Since acyl phosph(on)ates lack minimized structures achieved by these prodecures, corre-
two of these three features, the preferred and productivesponding to the two alternative orientations of the substrate,
dispositions [which might be different for individual acyl are shown in Figure 6, where the lower pair has the aryl
phosph(on)ates] of these molecules in the active site are notgroup of the benzoyl moiety in the side chain site and the
self-evident. The modeling studies and crystal structures of upper pair has it in the leaving group site. The substrate
Shoichet et al. 11, 32, 33) who have addressed the same appears to be quite well accommodated in the active site in
issue, are clearly relevant, at least with respect to the both orientations. In both cases the oxyanion is in its hole,
deacylation step. The boronate modeling studies suggestedlthough more tightly in the former case, and the aromatic
that the phenyl group and substituted phenyl groups could, rings are adjacent to the hydrophobic residues Tyr 150, Tyr
perhaps equally well, occupy either the side chain or leaving 221, Leu 119, and Leu 293. In the former case (Figure 6,
group sites of a normal substrate, whereas larger aryl groupsJower pair), Ser 64 Qappears to be hydrogen-bonded to
such as biphenyl or benzothiophene, should prefer the sidethe ammonium group of Lys 67, as seen in previous models
chain site. The crystal structure of the-aminobenzene  of the tetrahedral intermediated43), and the phosphate
boronic acid complex revealed the aryl group in the leaving oxygen atoms are hydrogen-bonded to Tyr 150 OH and Lys
group site 82) while that of the benzothiophene-2-boronic 315. The structure could be seen as an analogue of the
acid demonstrated that it lay in the side chain s&8).( transition state for either formation or breakdown of the
Our computer modeling experiments, carried out as tetrahedral intermediate during acylation. In the alternative
described in Experimental Procedures, were designed toorientation (Figure 6, upper pair), Tyr 150 seems hydrogen-
compare the two possible orientations of the acylation bonded to Ser 64 Owhile the ammonium group of the Lys
tetrahedral intermediat2l, both qualitatively, in terms of 67 is within hydrogen-bonding distance of the bridging
the nature of the interactions with the enzyme, and quanti- phosphoryl oxygen and Asn 152 within that of a nonbridging
tatively, in terms of the relative interaction energies between phosphoryl oxygen.
ligand and enzyme in the two orientations. The final, energy- A choice between the above two alternatives is not easily
made by inspection of Figure 6. The orientation shown in

Cl" ([f Figure 6, lower pair, seems the more likely however on the
C—O0—P—0— O basis of the following two points. First, calculation shows
(I) (l)» that the interaction energies between substrate and protein,
Nger Eint, Which also take into account intrasubstrate and intra-

21 protein interactions 20), are considerably larger for the
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orientation of Figure 6, lower pair, than for that of Figure 6, of the future design of inhibitors for these enzymes.
upper pair 590 kcal/mol and-557 kcal/mol, respectively;  Mechanistically, the aroyl phosph(on)ates can be thought of
the difference appears to derive mainly from the electrostatic as substrates whereof the aryl boronate inhibitors are
interaction between the phosphate group and the positivetransition state analogues. The aromatic ring of the aroyl
charge of Lys 315). Second, the modeling and crystal group seems to be rather uniformly bound along the
structure of aryl boronates by Shoichet et 4l1,(32, 33) acylation-deacylation reaction coordinate, as illustrated by
show that although smaller aroyl groups may fit into the Figure 5. Models of these compounds at the active site, based
active site in either orientation, larger ones, and in particular on the available crystal structures of the enzymes and their
the benzothiophene derivatives such as present in compoundaryl boronate complexes suggest that the more likely mode
10 and 14, should only fit in the orientation of Figure 6, of binding and reaction has the acyl group in the side chain
lower pair because of steric problems in the alternative mode.site and the phosph(on)ate group in the leaving group site.
The linear correlation of Figure 4 suggests that there is no It seems possible that sufficiently active compounds of this
difference in mechanism between the smaller and larger aroyltype might be achievable for possible clinical application
groups and thus it seems likely that acylation of the although their susceptibility to other hydrolases would have
p-lactamase by acyl phosphonates involves the mode ofto be controlled by careful design.
binding indicated by Figure 6, lower pair.

From the point of view of deacylation, the orientation of ACKNOWLEDGMENT
the aroyl group in the acyl-enzyme that would derive from
the tetrahedral intermediate of Figure 6, lower pair, also
seems better since it allows the incoming water to attack
from the same direction, catalyzed by Tyr 150, as in normal

We are grateful to Mr. Rajesh Nagarajan who synthesized
the phosphonic acids employed in the synthesekbefl18;
the details of these syntheses will be published elsewhere.

substrates. SUPPORTING INFORMATION AVAILABLE
0 Characterization data for the compounds19. This
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