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Abstract: Acyl phosph(on)ates are shown to inhibit serfhlactamases and provide a new source of relatively
stable complexes. Thus, benzoyl phenyl phosphate, benzoyl phenylphosphonate, and dibenzoyl phosphate
react with the class @-lactamase oEnterobacter cloaca®99 at micromolar concentrations to form an acyl
enzyme of half-life about 40 s. The phosphonate reacts further more slowly to produce a much more inert
complex. Dibenzoyl phosphate reacts with the class A TEMctamase to form an acyl enzyme of half-life

abou 8 s and, more slowly, reaching completion after an average of about 80 turnovers, a more inert complex,
of half-life about 2 h. The acyl phosphonates thus represent a new starting point for the de¢signtafmase
inhibitors and perhaps of antibacterial agents.

Introduction the acyl phosph(on)ateés The important distinction between
There has been a recent resurgence of the threat to human RCONH

health by bacteridarising from their steadily improving ability

to evade and resist presently available antibiotics and, in W ,ﬂ’ Icl)

particular, the8-lactams? Much of the bacterial resistance to ZP—L R—C—O—P-(O)R'

the latter antibiotics still stems from tifelactamases, enzymes Y |

produced by bacteria which cataly2dactam hydrolysis. The (o} 0

processes of mutation and natural selection continue to give 1 2

rise to extended-spectrufhlactamases with greater specificity ) o
toward moderng-lactamst® Although several3-lactamase 2 and the previously describellis that the former have the

inhibitors are currently available to asgistactam antibioticg;8 potential to formbothacyl and phosphor(on)yl enzyme species.
new classes of-lactamase inhibitors and, indeed, antibiotics We describe here three prototypical examples 2of the
are clearly desirable. compounds$8—>5, where slowly turned-over forms of both types

Some years ago now, research in this laboratory led to a new
class of serines-lactamase inhibitors, the phosphonate mo- P9 ¢ 9 O
noester monoanions of structufe (where L is a leaving Ph—C=0—P—OPh  Ph—C—0— ll’_”h Ph_C‘O—“’—OCOPh
group)?1°These compounds inhibi-lactamases by phospho- (l)- o o
nylation of the active site serine hydroxyl gréfp2 and thereby 3 4 s
produce transition state analogue structdfesStructure-
activity studie&*!4.15have indicated that the leaving group ability of intermediate can be found. Tifelactamases shown in this
of L is an important element in the inhibitory powerbf That study to be affected b§—5, those ofEnterobacter cloacaf99,
notion has now led to a new group Bflactamase inhibitors, ~ atypical class (3-lactamase, and of the TEM-plasmid, a class
— . . . A B-lactamase, are both of considerable clinical significénce.
E_maciﬁrrﬁ)sr‘;%gwgs?:;gﬂféggf’”e' (860) 685-2629. Fax: (860) 685-2211. A recent report from this laboratory described the properties of
(1) Davies, JNature 1996 383 219-220. 6, a cyclic variant of this type of inhibito¥® The present paper

(2) Courvalin, P.J. Antimicrob. Chemothefl996 37, 855-869. extends and generalizes that result.
(3) Waley, S. G. InThe Chemistry off-Lactams Page, M. I., Ed.;

Chapman & Hall: London, 1992; pp 19228. o o
(4) Davies, JSciencel994 264, 375-382. Np?
(5) Sirot, D.J. Antimicrob. Chemothefl995 36 (Suppl. A), 19-34. [So
(6) Medeiros, A. A.Clin. Infect. Dis 1997, 24 (Suppl. 1), S19-45. (o)
(7) Pratt, R. F. InThe Chemistry gf-Lactams Page, M. I.. Ed.; Chapman

& Hall: London, 1992; pp 229271. 0
(8) Coleman, KExp. Opin. Inest. Drugs1995 4, 693-704.

(9) Pratt, R. FSciencel989 246, 917-919. 6
(10) Rahil, J.; Pratt, R. FBiochemistryl992 31, 5869-5878. . R . .
(11) Chen, C. C. H.; Rahil, J.; Pratt, R. F.; Herzberg,JOMol. Biol. The classical-lactamase inhibitors inactivafelactamases
19?132)23L4,b1k65- &78[5 il E MM b C. Rahil 3 Pratt R by reacting with them to form inert acyl enzyme specieA.
0ODKOVsKy, E.; blllings, . M.; Moews, P. C.; Ranil, J.; Pratt, R. .

F.: Knox, J. R Biochemistryl994 33, 6762 6772. new source of relatively stable e}cyl (and/or phosphor(on)yl)
(13) Rahil, J.; Pratt, R. FBiochemistry1994 33, 116-125. enzymes, and one clearly susceptible to much structural elabora-
(14) Rahil, J.; Pratt, R. FBiochem. J1993 296, 389-393. tion, represents the novel finding of this paper.

(15) Li, N.; Rahil, J.; Wright, M. E.; Pratt, R. F. 199ioorg. Med.
Chem.1997, 5, 1783-1788. (16) Pratt, R. F.; Hammar, N. J. Am. Chem. S0d.998 120, in press.
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Experimental Section v = e M )

Enzymes and Substrates.The s-lactamases of the TEM-2 plasmid
and fromE. cloacaeP99 were purchased from the Centre for Applied Essentially the same procedure was used to obtain rates of hydrolysis
Microbiology and Research (Porton Down, Wilts, U.K.) and used as of transient intermediates in the cases3ef5 with the P99 enzyme
supplied. Cephalothin was a gift from Eli Lilly and Co. Benzylpeni- and of5 with TEM. The velocity of cephalothin hydrolysis increased
cillin was purchased from Sigma Chemical Co. with time due to hydrolysis of the intermediate. Rate constants for
Synthesis of Acyl Phosph(on)ates. Sodium Benzoyl Phenyl  this hydrolysis were obtained by the fitting of absorbance data to eq 2,
Phosphate 3. This compound was prepared by a modification of the
method employed by Jencks and Carriuolo for the synthesis of acetyl A _ — Keeturd
phenyl phosphat¥. Thus, to a solution of 2.0 g (7.8 mmol) of disodium A=Ay = v+ (0/Keum(1 — € ) @)
phenyl phosphate (Aldrich Chemical Co.) in 15 mL of water, cooled
in an ice bath, was added 3.5 g (15.8 mmol) of benzoic anhydride WhereA, is the initial absorbance; the initial rate,v. the final rate
(Acros Organics) dissolved in 10 mL of pyridine, dropwise with stirring. ~ after return of activity was complete, atkgwm the rate constant for
After 25 min, the reaction mixture was extracted three times with diethyl return of activity. In the cases @fwith the P99 enzyme an8l with
ether and the aqueous phase then freeze-dried. The solid residue wa3EM, a more complicated reaction scheme involving competing

recrystallized twice from water and characterized by NMR speétda: ~ turnover and inhibition was required (see Scheme 1). To obtain rate
(?H,0) 6 7.27 (t,J = 7.5 Hz, 1H), 7.29 (dJ = 7.5 Hz, 2H), 7.44 (t, constants (includinga: and Ky,) under these circumstances, the
J = 7.5 Hz, 2H), 7.60 (t]J = 7.5 Hz, 2H), 7.75 (tJ = 7.5 Hz, 1H), absorbance of the inhibitor with time in the presence of the enzyme

8.10 (d,J = 7.5 Hz, 2H);3'P @H,0) 6 —14.4. No resonances other ~Was monitored and the data were analyzed by means of the FITSIM
than these were observed in the spectra. The compound was thus aprogram:*

least 95% pure, with respect to its organic and phosphorus content. . .

The presence of impurities below this level however cannot give rise Results and Discussion

to ?edpbseévationi‘, gﬁscri:’ehd bel!]OW.t 4Th q ¢ Laird Acyl phosph(on)ates such &s-5 can be readily prepared,
odium Benzoyl Fhenylphosphonate 4.1he procedure of Lair e.g., see the Experimental Section, and form convenient stable

and Spenc€ appeared, in our hands, to yield the diester dibenzoyl
phenylphosphonate, mp 16406 °C (recrystallized from acetoni- salts. They are remarkably stable at neutratPf (pseudo-

trile): H NMR (C?HCly) 6 7.50 (t,J = 7.5 Hz, 4H), 7.59 (tJ = 7.5 first-order rate constants of hydrolysis®#5in 20 mM MOPS,

Hz, 2H), 7.68 (m, 3H), 8.13 (dJ = 7.5 Hz, 4H), 8.15 (m, 2H)?P pH 7.5, were 1.6x 1077, 8.3 x 1075 and 7.8x 1077 s

NMR (C2HCl;) 6 7.20. This diester was dissolved in 1:1 acetone/ respectively; the comparable value for benzylpenicillin is 1.5

water and titrated to a stable pH 7 endpoint over 30 min with sodium x 107° s71) but more labile at alkaline pH, presumably through

bicarbonate. Acetone was then removed by rotary evaporation and thenucleophilic attack at the carbonyl grogpsimple alkyl and

residual agueous solution freeze-dried. The required product was ary| phosph(on)ate monoanions are extremely stable to nucleo-

purified by elution with water from a Biorad P-2 columit NMR philic cleavage in alkaline solution. Second-order rate constants

(*120) 6 7.54 (1, = 7.5 Hz, 2H), 7.55.7.65 (m, 3H), 7.67 1) = 7.5 of alkaline hydrolysis of3—5 were 0.32, 0.090, and 1.5%

5'1;’ ;H)F‘a 76'370()(12’]9:307.5'}!11@?:okrzwzﬁfﬂcvi ?A'/ig éclgo_ng ?oz’trfeHl‘ame M~1, respectively. These rate constants can be compared with
z R that for benzylpenicillin, 0.1 s ML The acyl phosph(on)-

degree as. . . . . :
Sodium Dibenzoyl Phosphate 5. This compound was prepared ~ ates are however quite labile to aminolysis by primary amifes,

analogously ta3, beginning with disodium hydrogen phosphate and 8S are penicilling®
benzoic anhydride in a 1:2 molar ratio. The product was recrystallized ~ Typical class A and @-lactamases, the TEM{2-lactamase,

twice from water, with a final melting point of 195197°C: *H NMR and thes-lactamase oE. cloacaeP99, respectively, were found
(*H20) 7.55 (t,J = 7.5 Hz, 4H), 7.72 (t) = 7.5 Hz, 2H), 8.09 (d to catalyze the hydrolysis &5 (and of other analogous acyl
= 7.5 Hz, 4H);*P NMR (H,0) 6 —17.9. Anal. Calcd for @Hio- phosph(on)ates) to benzoate and phosph(on)ate. The products

NaQ:P: C,51.24; H, 3.07; P, 9.44. Found: C,51.46; H, 2.80; P, 9.29. coyld be readily identified intH NMR spectra of reaction
Analytical and Kinetic Methods. The concentrations of stock mixtures. It is clear however from thi. and K, values
:{'aztg";?n:g'C“t'ons were determined spectrophotometritali§teady o sonta in Table 1 that these compounds are poor substrates
parameters were directly obtained3and 5 with the - . .
of these enzymes, especially with respedtte which, for good

P99 f-lactamase and foB and 4 with TEM by the method of 00 -
Wilkinsor?® from spectrophotometric initial velocity measurements. A Substrates, may exceed 1000 ¢see data for benzylpenicillin

Hewlett-Packard HP8452A spectrophotometer was routinely employed. In Table 1). Nonetheless, it is a little surprising that compounds

The wavelengths employed were 244 ntve = 8720 cnt M~1), 252 as nonspecific in structure a3—5 are substrates at all.

nm (Ae = 2375 cnt M~Y), and 248 nm e = 14 440 cm* M~1) for Previously studied ester substrates incly@édctamase-specific
3-5, respectively. All kinetics experiments were performed at@5 amido side chains in their structurkss

in 20 mM MOPS buffer, pH 7.5. Important questions of course in each case are whether the

Second-order rate constants of irreversible inhibition were obtained enzyme is catalyzing an acyl or phosphor(on)yl transfer reaction
from incubation mixtures of appropriate concentrations of enzyme and and then whether a covalent acyl or phosphor(on)yl enzyme
inhibitor where that of the latter much exceeded that of the former intermediate, respectively, is involved. These questions will
(pseudo-first-order conditions). Aliquots of these were diluted into be addresse,d below ' '

assay mixtures containing the substrate cephalothin at saturating . .
concentration (1 mM), and the residual enzyme activity was determined ~ Of greater interest than the above-mentioned steady-state

spectrophotometrically from the initial rates of substrate turnover. Rate Parameters was the observation that in several instances there
constants were then obtained from eq 1 wheis the initial rate of was evidence that the intermediates involved only slowly
cephalothin consumption in the assay at any timehe rate at time (seconds to minutes) led back to free enzyme: when small
zero k the second-order rate constant of inactivation, laitige inhibitor aliquots of reaction mixtures were added to assay solutions
concentration.

(21) Zimmerle, C. T.; Frieden, Biochem. J1989 258 381-387.

(17) Jencks, W. P.; Carriuolo, J. Biol. Chem1959 234, 1272-1279. (22) Chantrenne, HBiochim. Biophys. Actd948 2, 286-293.

(18) Laird, R. M.; Spence, M. J. Chem. Soc., Perkin Trans.1®73 (23) DiSabato, G.; Jencks, W. B. Am. Chem. Sod.961, 83, 4400~
1434-1436. 4405.

(29) Xu, Y.; Soto, G.; Hirsch, K. R.; Pratt, R. Biochemistry1996 35, (24) Kluger, R.; Tsui, W.-CJ. Org. Chem198Q 45, 2723-2724.
3595-3603. (25) Page, M. |Adv. Phys. Org. Cheml987, 23, 165-270.

(20) Wilkinson, G. N.Biochem. J1961, 80, 324-332. (26) Govardhan, C. P.; Pratt, R. Biochemistryl987, 26, 3385-3395.
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Table 1. Rate Constants for Turnover 8f5 by f-Lactamases and for Inhibition

3 4 5 BF

P99j-Lactamase
Keat (579 0.017+ 0.002 0.020+ 0.002 0.017+ 0.002 54
Kreturn (S73) 0.017+ 0.003 0.015+ 0.004 0.024+ 0.003 d
Km (uM) 28+0.2 29+ 1.6 43+£0.3 0.89
KealKm (ST M~1) 6070 6900 3950 6.% 107
k (stM™Y b 70+ 26° b d
k (s™Y) d very slow d d

TEM S-Lactamase
Keat (579 0.012+ 0.002 (7.8£0.8) x 1074 0.06= 0.001 2000
Kreturn (57 d d 0.09+ 0.03 d
Km (uM) 12004+ 200 410+ 60 50+ 10 20
kealKm (ST ML) 10 1.9 1200 Ix 108
k (sTM™Y 0.2+0.1 1.6+0.3 14.3+ 2.6 d
k(s <10 <10 (1.0£0.1)x 10 d

2The enzyme was assumed to be 60% acfivé Little or no inactivation.¢ Partition ratio [i.e., K.a/Km)/ki] = 99. 9 Not applicable ¢ Partition
ratio 84.f Benzylpenicillin, a good substrate. Data taken from ref 29.

Scheme 1
1.3} K
A E+]l === E[ —> E+P )
m
L k; .
1.2 E+]— E-1 X E+P (i)
Scheme 2
1.1 | 1 | 1 1 1 k3[H,0] E + POH
0 1 2 3 4 5 6 c /
E+1 El ——= E-I
11\ B K,

T

1.0 k4[MeOH] E + POMe

Table 1. This result indicates the presence of a transiently stable

Absorbance
o
[(e]
T

08 intermediate species in these cases. All precedent with these
07 enzyme3’ would suggest that a covalent acyl or phosphor(on)-
) ) , . . yl enzyme intermediate is involved. The breakdown of this
0 200 400 600 800 1000 intermediate must be rate-determining to steady-state turnover,
as shown by the coincidence &fx and krewm values. Acyl
100\ C phosph(on)ates therefore may also act as covalent inhibitors of

09k p-lactamases.
In two combinations, that of with the P99 enzyme an8

0.8 with TEM, a two-phased reaction, the second leading to a more
0.7 r inert enzyme-inhibitor (E—I) complex, was observed, sugges-
06 tive of competing or branched pathways. Parts B and C of
05 | L 1 ‘ Figure 1 show for example bursts of turnover 4fand 5,

o 50 100 150 200 reflecting around 100 and 80 turnovers per enzyme molecule,

Time (min) respectively, and leading to more slowly hydrolyzing species.

Figure 1. (A) Return of activity of the P9%-lactamase (0.37M) Measurements of absorption Vs time as the phosph(on)ates were
after inactivation by incubation witl3 (1.5 mM) for 20 min. The converted to products were fitted to Scheme 1 by means of the

absorbance of cephalothin at 288 nm as a function of time is shown FITSIM program?
after addition of an aliquot of the reaction mixture to a cuvette  An alternative scheme wherein-is derived from branching
containing cephalothin (1 mM). The increase in slope with time reflects of El could not be distinguished on the basis of the kinetic data
the increase in enzyme activity. (B) Burst of turnover observed on available at present. All of the rate constants described above
reaction of the P9%-lactamase (1.3«tM) with 4 (240 uM). The are collected in Table 1.
absorbance ot at 250 nm as a function. of time.is shown. After ca. Noticeable first in Table 1 is the similarity ¢.a andkeetwm
(1((:))0 étrrg?v;rfutrZifgf{;e ésocgg:’zr;isr;”éor:;’eg‘j:)fﬁgesmuEsle)duentfor 3—5 with the P99p-lactamase. This suggests that the
steady-state reaction observed on reaction of the Peattamase (2.5 transient intermediate discussed above, of half-life of about 40
uM) with 5 (770uM). The absorbance & at 288 nm as a function of S, IS common to the three Compqu'ri.h‘SS. A benzoyl enzyme
time is shown. is therefore the most likely possibility, rather than a phosphor-
(on)yl enzyme which would be different for each compound
containing a good substrate, a delay was observed in return ofand most likely hydrolyze to restore free enzyme at different
full enzyme activity. For example, Figure 1A shows data from rates. In accord with this proposition, the rate of reactio8 of
such an experiment involvin@ and the P993-lactamase. with the P99 enzyme under saturating conditions (0.37 mM)
Similar results were obtained fdrand5 with the P99 enzyme.  increased linearly with methanol concentration (data not shown)
First-order rate constanksmfor this reaction could be obtained as would be expecté¥for an acyl enzyme (Scheme 2, where
as described in the Experimental Section and are presented irPOH and POMe represent the hydrolysis and methanolysis



Inhibition of Sering3-Lactamases by Acyl Phosph(on)ates

Scheme 3

(6]
I

EOH+ PhCO—O—P—(O)R—> E-OCOPh + R(O)PO;~

l H,0

EOH + PhCO,’

o

products, respectively). From the slope of the line, the partition
ratio ky/ks was determined to be 23.6. This response to methanol
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Scheme 4
E - OH + PhCO,’
HZO T kca(» krelum

E - OH + (PhCOO0),PO, — E-0O-COPh + PhCOOPO,”

|

ke
E' - OCOPh — E - OH + PhCOy
H0

is exactly as observed for more specific depsipeptide substrates

such as7, where theks/ks ratio was found to be 28.4 1.21°

PhCH,CON

I~

co,

Further, a'H NMR study of reaction betwee® (5.6 mM)
and the P99-lactamase (1%M) in 2H,O containing 2.5 M
[2H4]methanol showed the appearance of methyl benzaate (
7.52 (t, 2H), 7.65 (t, 1H), 8.01 (d, 2H)), benzoate®.45 (m,
3H), 7.82 (d, 2H)), and phenyl phosphate?®.08 (t, 1H), 7.18
(d, 2H), 7.32 (t, 2H)) as products, where the ratio of methyl

Benzylpenicillin is believed to form an acyl enzyme with the
P994-lactamase of structu&® Acyclic depsipeptide substrates
such as7 most likely form acyl enzymes of similar structure,
9.1926 The P99 enzyme catalyzes hydrolysis of these acyl

coy, ;\
)

(6]
(0] I [
E

PhCH,CONH PhCH,CONH

NH

oo

9

enzymesg and9, in the deacylation step of turnover, with rate
constants K3[H,0]) of 54 s1 20 and 125 s1,1° respectively.

benzoate to benzoate was approximately 1.2:1, correspondingThese values can be compared with that of 0.02fer the

to aks/ks ratio of 27. These observations strongly indicate that
turnover of 3—5 by the P99j-lactamase involves an acyl-

benzoyl enzyme derived froB+5. It is clear that the specific
acylamido side chain of and 8, which is thought to be

transfer reaction (Scheme 3) and an accumulating acyl enzymehydrogen-bonded into the active st contributes signifi-

intermediate. In terms of the rate constants of Scheme 2,
therefore k, > ks andkeat = ks [H20].

The surprising ability oB—5 to be substrates of this enzyme
certainly must involve the negative charge on the phosph(on)-
ate leaving group. This factor must be important for initial
binding and for the acylation step. 4-Nitrophenyl benzoate, an
ester with a leaving group ofiq comparable to that @ or 4,
but uncharged, was turned over by the PRRctamase much
more slowly thar8—5 with a value ofkea/Kr, of 9.5 s M~1
(Km > 30 uM; measurements at higher concentrations were
precluded by substrate insolubility). This would most likely
reflect a much largeK, value for 4-nitrophenyl benzoate since
keat would probably be the same as 8+5; i.e., keat = ks =
0.015 s If keq for 4-nitrophenyl benzoate were 0.015%s
thenKy = 140 mM; cf. the micromolar values f@—5. The
negative charge on the leaving group 3a5 may well be
important in interactions with the positively charged residues
of the P993-lactamase active site during the acylation $&f3.

cantly to the deacylation rate, presumably with respect to the
optimal orientation of the acyl group with respect to the catalytic
machinery.

In contrast to the situation with the P@Blactamase3 and
4 do not form transiently inhibited species on turnover by the
class A TEMf-lactamase despite the fact that there is slow
turnover as with the former enzyme. Presumably with the latter
enzyme, assuming an acyl-transfer mechanism, acylation is rate-
determining, a situation more commonly observed with the TEM
than the P9@-lactamasé! In each case a very slow, essentially
irreversible inactivationlf) is also observed. Such a reaction
is also seen betweef and the P99 enzyme. This may well
reflect phosphor(on)ylation of the active site serine, a reaction
more facile for phosphonates than phosphétes.

The interaction of the TEMB-lactamase witts however is
much more interesting and unexpected. Both turnover and
inhibition are more rapid than withand4. A return of activity
experiment withb indicates the presence of a slowly dissociating

Specific phosphonate monoester monoanions are thought to becomplex of half-life around 10 s; the lot, is also suggestive

inhibitors of this enzyme for similar reasoHsand natural

of an accumulating intermediate. Transition to a more inert

B-lactam substrates also carry a carboxylate on the leavingspecies occurs (Figure 1C), after about 80 turnovers on average.
group. On the other hand, it appears that although the presencd his complex, with a half-life of around 2 h, is however more
of a negative charge appears to be important, other factors mustabile than the final inert species slowly derived fr@and4.

also be involved. The hydrolysis of benzoyl (mono)phosphate
was not catalyzed by the P98lactamase to any detectable

A possible sequence of reactions to rationalize these observations
is given in Scheme 4IH NMR and UV spectral studies of the

extent above background hydrolysis. This result suggests thatreaction of5 with the TEM enzyme support the proposition

the leaving group ability of the phosph(on)ate may also
contribute to the acylation rate; th&pvalues of a protonated
phosphate dianion and the trianion are around 7 and 12,
respectively (the K. of benzoyl phosphate monoanion, the
conjugate acid to the leaving group frdnis 4.6%).

(27) Curley, K.; Pratt, R. FJ. Am. Chem. S0d.997, 119, 1529-1538.

(28) Satchell, D. P. N.; Spencer, N.; White, G. Biochim. Biophys.
Acta1972 268 233-248.

that benzoate and benzoyl phosphate are the products of both
phases of turnover. As with the P99 enzyme, hydrolysis of

(29) Xu, Y.; Soto, G.; Adachi, H.; van der Linden, M. P. G.; Keck, W.;
Pratt, R. F.Biochem. J1994 302 851—856.

(30) Oefner, C.; D’'Arcy, A.; Daly, J. J.; Gubernator, K.; Charnas, R.;
Heinz, I.; Hubschwerlen, C.; Winkler, J. Wature (London)199Q 343
284—288.

(31) Matagne, A.; Misselyn-Bauduin, A. M.; Joris, B.; Erpicum, T.;
Granier, B.; Free, J.-M.Biochem. J199Q 265 131-146.
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benzoyl monophosphate does not occur at any significant ratemodification3® Indeed, Song and Klug&mprepared the penicil-

at the TEMg-lactamase active site. lin derivative 10 and found it to be an inactivator of the TEM
Precipitation of the enzyme by trichloroacetic acid (5%) PhCH,CON

during the second and slower phase of turnoveb @Figure

1C) yielded a protein sample that contained little or no free

phosphat® (nor did a sample of the native enzyme precipitated o N
from phosphate buffer). Dissolution of the precipitated protein COZ—III’—OMc
from the reaction mixture with in 0.5 M NaOH followed by 10 o

incubation at 37°C for 15 h (conditions found to release
phosphate from serine phosphate resi#f)esso yielded no
phosphate. It seems unlikely therefore that the inert complex
of the enzyme wittb arises from active site phosphorylation;
i.e., the slowly reactivating species is unlikely to be-@—
PO,"—OCOPh, and thus must also represent an acyl enzyme
species (as implied by Scheme 4). It is well-known that long-
lived acyl enzymes of class A-lactamases undergo partitioning
into more inert forms, probably by way of conformational
transitions’ The present case may represent a further example
of this phenomenon. Benzoyl transfer to another active site
residue is also possible.

The striking result with regard to the TEglactamase is
the accumulation of slowly hydrolyzing acyl enzymes. Rate
constants of breakdown for the faster and slower turning over
species were 0.06 and 1.0 10 s71, respectively. For
comparison, it may be noted that the rate constant for deacylation
of the acyl enzyme derived from a good substrate benzylpeni-
cillin is 1500 s1,34from cefoxitin, a TEM resistant cephamycin,
4 x 102 s713 and from clavulanic acid, g-lactamase
inhibitor, 3.8 x 107357138 Thus, the stability of the more inert
complex from reaction of the TEM-lactamase witlb is greater
than those from these currently employed inhibitors. Breakdown Acknowledgment. This research was supported by the
of the complex of the cyclic phosphaeis somewhat slower ~ National Institutes of Health Grant Al 17986.
(8.3 x 1075 s for reasons discussed elsewhtre. JA9741537

It should be noted that acyl phosphates have been employed (38) (a) Ramponi, G.; Manao, G.; Camici, Biochemistry1975 14,

previously for the inactivation of enzym&sand for protein 2681-2685. (b) Kern, D.; Lorber, B.; Boulanger, Y.; Geige Btochemistry
1985 24, 1321-1332. (c) Ueno, H.; Pospischil, M. A.; Manning, J.; Kluger,

p-lactamase. The mechanism of action of this compound
however appears to be quite different from that of the
compounds reported in the present paper. BHactamase
catalyzes3-lactam hydrolysis irl0 rather than acyl phosphate
hydrolysis as demonstrated here ®r5. Inactivation by10

was suggested to occur by acylation of enzyme amine groups
during -lactam turnover. Enzyme-catalyzed hydrolysis of an
acyl phosphate appears unusual except, of course, by acyl
phosphatase! This enzyme catalyzes a phosphoryl-transfer
rather than acyl-transfer reaction, howetfr.

Acyl phosph(on)ates therefore have the potential to form tight,
presumably covalent, and long-lived inhibitory complexes with
serine -lactamases. It will be interesting to find whether
generally or specifically more potent analogues can be obtained
by structural variation. The possibility of DD-peptidase inhibi-
tion (i.e., antibacterial agents) is also intriguing. Compounds
3 and 5, for example, do inactivate the DD-peptidase of
Streptomyces R6hlthough more slowly than the P$Blac-
tamase. The central structural theme of these inhibitors seems
well-suited for application of the methods of combinatorial
chemistry.
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