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ABSTRACT: Kinetics studies in homogeneous aqueous solution showed that solubilized penicillin-binding
protein 2a (sPBP2a) of methicillin-resistédtaphylococcus aurelja bacteriabo-peptidase) was inhibited

by the amphiphilic glycolipid antibiotic moenomycin. Inhibition at the peptidase site was determined by
competition experiments between moenomycin and the chromog#taatam nitrocefin. Under conditions

of high salt concentration (1 M NaCl), pseudo-first-order rate constants for the reaction of moenomycin
with sPBP2a leading to inhibition of acylation by nitrocefin varied with moenomycin concentration in a
biphasic fashion. At low moenomycin concentratiorn2Q «M) little inhibition occurred, but at higher
concentrations a linear increase in rate constant with moenomycin concentration was observed, yielding
a second-order rate constant of inhibition of 120 B~1. Since the cmc of moenomycin under these
conditions was shown to be ca. 20/, the inhibition was concluded to arise from reaction of sPBP2a
with a moenomycin micelle. Protein fluorescence studies showed a pseudo-first-order decrease in
fluorescence on reaction of the protein with moenomycin. The variation of this rate constant with
moenomycin concentration was consistent with reaction of a moenomycin monomer with the protein
with a second-order rate constant of 65081 ~1. This monomer reaction did not occur at thepeptidase

site since its rate was unaffected by prior acylation of the enzyme by benzylpenicillin; nor did it inhibit
reaction at that site bg-lactams. Under low salt conditions (0.175 M NacCl) where reaction could be
studied over a greater range of monomer concentrations since the cmc was g/, 12@ilar reactions

were involved. Under these circumstances, inhibition was concerted with the reaction of moenomycin
monomers, although fast premicellar aggregation of moenomycin with the protein also occurred. All
moenomycin interactions with sPBP2a were reversible, as revealed by detergent-extraction chromatography.
Lower limits to moenomycin off-rates and equilibrium dissociation constants weres .G~ s and

1.2uM, respectively. Other amphiphiles did not react in exactly the same manner as moenomycin, indicating
some degree of specificity in reactions of the latter. sPBP2a did not have detectable affinity for lipid
surfaces (Triton X-114 and phosphatidylglycerol vesicles). A general scheme for reaction of moenomycin
with sPBP2a is proposed.

The bacteriabp-peptidases or penicillin-binding proteins  weights around 70 K and include PBP2 and PBPE ofoli
(PBPs} are the targets of the-lactam antibiotics1), which as archetypal examples.
are still our best weapon against bacterial infections. These As these PBPs are membrane-bound in vivo and occur
enzymes, which catalyze the last steps of peptidoglycanonly in small quantities (ca. 100 copies/cell & coli for
(bacterial cell wall) biosynthesis, are located on the outer class A and B enzymed)), they have been difficult to study
leaf of the bacterial cell membrane. The high molecular in detail, both structurally and functionally. In recent years
weight PBPs have recently been classified by Ghuysen intohowever, water-solubilized constructs, lacking N-terminal
two groups, based on amino acid sequence, molecular weightmembrane anchors, have proved to be useful for molecular
and function 2, 3). Class A enzymes, of molecular weights  studies. Many of th&. coli PBPs have been thus solubilized
around 90 K, include PBP1a and PBP1kEstherichia coli for example. A 3.5 A resolution crystal structure is available

and are known to catalyze both the transglycosylase andfor one such enzyme, PBP2x Sfreptococcus pneumoniae
transpeptidase reactions of peptidoglycan synthesis. Itis the(s).

latter of these reactions of course that is specifically inhibited 5 medically important class B PBP is PBP2a of

by f-lactam antibiotics. Class B PBPs have molecular giaphylococcus aureuhis enzyme is resistant to most of
the currently employeds-lactam antibiotics and is the

T This research was supported by the National Institutes of Health,

Grant Al-17986. primary determinant of MRSA (methicillin-resistar8.
L Abbreviations: PBP, penicillin-binding protein; sPBP2a, solubilized aureug (6). Wu et al. ) and, independently, Frank et al.
penicillin-binding protein 2a ofStaphylococcus aureuRSA, me- (8) have created a solubilized version of this enzyme

thicillin-resistantS. aures; ANS, 8-anilino-1-naphthalenesulfonic acid; ; ; ;
CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate; (SPBP2a) by deletion of a 22 amino acid sequence from the

PG, phosphatidylglycerol; PE, phosphatidylethanolamine; cmc, criical N-terminus. We have studied the reactivity and specificity
micelle concentration. of sSPBP2a against a seriesbfactams and potential acyclic
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substrates and inhibitor8)( Toney et al. {0) have described Purification of sPBP2aThe mecA (pET11d) T7 poly-
application of a filter-binding assay to obtain the binding merase expression plasmid harboring the sPBP2a gene, from
constants of severd-lactams to sPBP2a. which the N-terminal 22 amino acids containing the putative
Moenomycin,l, is an inhibitor of the final transglycosylase membrane anchor was removed, has been described previ-
reaction of bacterial peptidoglycan biosynthedi§)(It has ously @). sPBP2a was overexpressedHscherichia coli
transformed with the mecA (pET11d) plasmid and purified

N HO/@HYO\ by ion exchange and gel filtration chromatograpBy 9).
N\n/O !

sy | The concentration of sSPBP2a was determined by measuring
o o E/P\;H\/\° N | the absorbance at 280 nm and using a previously established
Q y g o o] nhac (8) extinction coefficient (81290 cmt M~%). The final
° HN—OHJ°° Fo - sample of sSPBP2a was greater than 95% pure as judged by
ﬂoé&/ﬁﬁﬁm 1 SDS—polyacrylamide gel electrophoresis (SBBAGE) and
o NHAG Coomassie blue staining. ContaminatioryBlactamase was

o ] ) determined to be insignificant as indicated by the turnover
been shown to inhibit class A PBPs and, in particular, PBP1arate of benzylpenicillin. Stocks of sSPBP2a were stored at 4
and PBP1b oE. coli (12, 13), probably as an intermediate  °C in 25 mM HEPES, pH 71 M NaCl, and 0.01% sodium
or transition state analogu&4). Its specificity for the enzyme  5zide.
is thought to reside in the sugar residug4, (L5) while the Vesicle PreparationLarge unilamellar vesicles of PG,
hydrocarbon tail may hold the antibiotic in place in the gijther alone or in the presence of moenomycin, and, in the
bacterial membranelg), as is thought to occur with the  ¢case of fluorescence experimenté;dansylphosphatidyl-
peptidoglycan monomer unit, one substrate of the transgly- ethanolamine were prepared as follows. Dry samples were
cosylation reaction. Although the preponderance of recent mixed and dissolved in 0-20.6 mL of methanol. Samples
evidenceg, 3, 17) suggests that class B PBPs do not catalyze \yere then vacuum-dried as thin films in small centrifuge
the transglycosylase reaction, they mustpaspeptidases,  types. The thin lipid film was resuspended in 25 mM HEPES
specifically interact with peptidoglycan structural elements pffer, pH 7.0, containing 0.175 M NaCl and extruded 29
and, presumably, analogues thereof. We describe in this papefimes through a 100 nm membrane using the LipoFast-Basic
our observations of the interactions between moenomycin membrane extruder (Avestin) according to the manufacturer's
and sPBP2a of MRSA. This is of specific interest and also instryctions. Stock vesicle solutions prepared for the inhibi-
as a general model study of interactions between a solubilized;jgn experiments were generally 30 mM lipid and 0.145
PBP and a membrane-directed ligand. M—1.45 mM moenomycin. Final concentrations of 2 mM
EXPERIMENTAL PROCEDURES lipid a_md 0.0+-0.1 mM moenomycin were used in each

experiment.

Materials. The mecA (pET11d) expression plasmid was  These solutions containing large unilamellar vesicles were
generously supplied by Merck Research Laboratories, Rah-too turbid for fluorescence experiments. Therefore, small
way, NJ. Moenomycin was a kind gift from Hoecht Marion unilamellar vesicles were prepared from the large vesicle
Roussel, Frankfurt am Main, Germany. Nitrocefin was solutions by sonication on ice using a probe sonicator. Stock
purchased from UniPath. Ultrapure sodium dodecyl sulfate vesicle solutions made for the fluorescence experiments were
(SDS) was purchased from American Bioanalytical. A generally 116-84 mM lipid, 1% fluorescent lipid, and 3.5%
fluorescent phospholipid, diacil-(5-(dimethylamino)naph- ~ moenomycin. Final concentrations of 1 mM lipid, 0.01 mM
thalenyl-1-sulfonyl)sn-glycero-3-phosphoethanolamine, tri-  fluorescent lipid, and 0.035 mM moenomycin were used in
ethylammonium saltN-dansylphosphatidylethanolamine), each experiment. Samples containing the fluorescent lipid
was obtained from Molecular Probes. The fluorescent probe were excited at 345 nm for direct fluorescence measurements
8-anilino-1-naphthalenesulfonic acid (ANS) was obtained (emission maximum 520 nm) or at 288 nm for energy
from Aldrich, and 1-palmitoyl-2-oleoy$nglycero-3-phos-  transfer measurements. Emission wavelengths of-460
pho+ac-(1-glycerol), sodium salt (PG), from Avanti Polar nm were monitored.

Lipids. Benzylpenicillin,L-a-lysophosphatidybL-glycerol Determination of Spectrophotometric Kinetic Parameters.
palmitoyl (LysoPG)L-a-lysophosphatidylethanolamine pal- Absorption spectra and spectrophotometric reaction rates
mitoyl (LysoPE), bacteriorhodopsin, bovine serum albumin were measured by means of Perkin-Elmer Lambda 4B and
(BSA), 3-[(3-cholamidopropyl)dimethylammonio]-1-pro- Hewlett-Packard 8452A spectrophotometers. Unless stated
panesulfonate (CHAPS), and Triton X-114 were purchased otherwise, all reactions described in this paper were per-
from Sigma. Sodium deoxycholate was from Schwarz/Mann. formed at 37°C in a volume of 0.1 mL in 25 mM HEPES
The 7.5% SDS-Tris denaturing polyacrylamide gels were buffer, pH 7.0, and either 0.175 or 1.0 M NaCl. Stock
purchased from Bio-Rad laboratories. Extracti-Gel D resin solutions of nitrocefin were made fresh as previously
was purchased from Pierce. described9). Stock solutions of moenomycin, LysoPG, and

Concentrated nitrocefin stock solutions were made as SDS were made up in reaction buffer and storeet 20 °C.
previously describeddj and the concentrations determined  The rate of reaction between sPBP2a and nitrocefin was
using a previously established extinction coefficient at 386 determined by monitoring the change in the absorbance of
nm (20 370 Mt cm™! (18)). Stock solutions of LysoPE were  nitrocefin at 482 nm upon acylation of SPBP 2% (at 482
prepared in 90% ethanol. Stock solutions of all other nm = 16 000 cm* M~1). The second-order rate constant
compounds were made up fresh in reaction buffer. The for acylation by nitrocefink,) was taken to be 53.25M !
concentrations of moenomycin stocks were determined using(9). The pseudo-first-order rate constants for the reaction
an extinction coefficient of 26 600 M cm™* at 259 nm 19). between sPBP2a and moenomydip-{ were measured by
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Scheme 1 obtained at 37C at an excitation wavelength of 370 nm
and emission wavelengths of 46600 nm. Fluorescence

kn
E+N EN titrations were performed by the addition of small aliquots

E+M—Y 0 v of the amphiphile solution to a solution of ANS (@M or
‘ 10uM) in 25 mM HEPES buffer, pH 7, and either 0.175 or
E+N——= E+P 1.0M NaCl. Corrections were made for dilution of the ANS

) ” ) ) i probe. Maximal emission intensities were plotted versus the
direct competition with nitrocefin for sPBP2a (Scheme 1). -qcentration of surfactant, and two straight lines were drawn
The change in absorbance at 482 nm with time was fitted y, ., the points. The cmc for each surfactant was taken
to eq 1, wherek, is the pseudo-first-order rate constant for y, e ‘the concentration at which the two lines intersected.
The emission intensity change upon addition of each surf-

_ — (K + Ky )t
A= Ag+ e Eolkd(ky + Ky )IIL — € "+ actant solution was shown not to be time dependent.
koNoEREot (1) Triton X-114 Phase Partitioning of SPBPZEhe detergent
) ) _ _ binding properties of sSPBP2a were assessed by Triton X-114
acylation by nitrocefin at the concentratiblg (20—-200.M) phase partitioning, as previously described for integral

employedky- is the pseudo-first-order rate constant for the  memprane proteins by Bordie24) and forE. coli PBP1b
reaction of sPBP2a with moenomyciiy, is the initial by Wang et al. 23). Protein samples (24 uM) were
enzyme concentration {43 M), andk, is the second-order prepared on ice in 200L of 25 mM HEPES, pH 7, 0.175
rate constant for the nonspecific enzyme-catalyzed hydrolysisy; NaCl. and 1% Triton X-114. A cushion (304L) of 6%

of nit_rocefin ©). The second-order rate co_ns_tahiu)(for (wiv) sucrose, 25 mM HEPES, pH 7, 0.175 M NaCl, and
reaction between sPBP2a and moenomycin in 1.0 M NaCl g o594 Triton X-114 was placed in a 1.5 mL plastic centrifuge
was calculated by fitting the kinetic data to eq 2, whktge tube. The clear protein sample was placed on top of the
. cushion and the resulting suspension incubated for 5 min at
K- = k(Mo = cmc) @ 37 °C. The cloudy solution was centrifuged at 8Qft room
temperature, and the upper agueous phase was removed to
a new tube and received another aliquati of 20% Triton
X-114. The mixture was reclarified on ice for 5 min and
then again overlaid on the same sucrose cushion, incubated
5 min at 37°C, and recentrifuged for 5 min. The aqueous
(detergent-poor) phase was then placed in a clean tube, given
a final rinse with 2% Triton X-114, and recentrifuged without
a cushion. Protein from both the detergent-rich and detergent-

nitrocefin as described above. oor samples was precipitated with 7 volumes of acetone
Determination of Spectrofluorimetric Kinetic Parameters. oo P AS precip .
on ice for 30 min and collected by means of a 15 min

Spectrofluorometric measurements were performed using acentrifugation (12000 rpm) at room temperature. These
Perkin-Elmer MPF 44A spectrofluorimeter in cuvettes hold- . : e X
ing either 0.1 or 0.4 mL reaction volumes. The pseudo-first- samples along with the final wash pellet were d'SSOIVeg n
order rate constants for the reaction between sPBP2a an %”S‘L ;ggD?'samﬁ”% %%féi/r (b12.5 mr'\f Tr'ISBIpH B 205;5 /OM
moenomycin or the lysophospholipids were measured di-  £:970 GIycerol, ©.- o bromophenot biue, .25 M
rectly by monitoring changes in the fluorescence of SPBPZa_ﬁ-mercaptoethanol), boiled for 5 min, and analyzed together

The intrinsic fluorescence of sPBP2a was determined by with an input protein sampl_e on a 7.5% SDBA.GE gel
exciting samples at 288 nm and measuring the emission atand’ after development, stained with Coomassie blue.
335 nm as previously describe®) (Changes in fluorescence ~ Remeal of Moenomycin by an Extracti-Gel D Column.
due to the interaction with moenomycin were measured A 215ulL sample of 4.uM sPBP2a in 25 mM HEPES, pH
during reaction of SPBP2a (AM) with various concentra- 7, and 1 M NaCl was incubated at 3T with 100 uM
tions of moenomycin (8400uM). Apparent first-order rate ~ moenomycin. An 8QL sample was removed after 30 min
constants for the decrease in fluorescence were calculatedtnd checked for inactivation at 3T by addition of 2QuL
by fitting the change in the relative fluorescence with time of nitrocefin (final concentration of 5@M) as described
to a single-exponential equation. A second-order fitting above. The remaining 136L of sample was applied to a
procedure was employed for moenomycin concentrations 1.0 mL Extracti-Gel D detergent-removing column equili-
below 10uM. brated with 25 mM HEPES, pH 7, dril M NaCl at room
Fluorescence Energy Transfer Experimeritee 0.1 mL temperature. The protein was eluted from the column in the
samples of small unilamellar PG vesicles containing the same buffer in 106120 uL fractions. The concentrations
fluorescent lipid (1%) and in some cases moenomycin (up of moenomycin and of protein in each fraction were
to 3.5%) were excited at 288 nm in the presence gL determined from the absorbance at 259 and 280 nm and the
sPBP2a, 25 mM HEPES, pH 7.0,chtt M NaCl at 37°C. extinction coefficients for moenomycin and sPBP2a at those
The emission was monitored from 460 to 600 nm and the wavelengths. The quantity of moenomycin which was not
maximum at 520 nm followed as a function of time. absorbed by the column was determined by runninga135
Determination of Critical Micelle ConcentrationsAll of 100uM moenomycin on a separate column. The activity
critical micelle concentrations (cmcs) were measured by of the sPBP2a in the peak fractions was determined by
enhancement of the fluorescence of the anionic probe ANSmeasuring the rate of reaction with a0 nitrocefin at 37
(20, 21). Fluorescence spectra and intensities of ANS were °C as described above.

is the concentration of total moenomycin employed and the
critical micelle concentration (cmc) was taken to be is 20
uM (see below). The second-order rate constant for the
reaction between sPBP2a and moenomycin in 0.175 M NaCl
was calculated directly (see below).

The reactions between sPBP2a and lysoPG or other
amphiphiles were also monitored by direct competition with
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RESULTS AND DISCUSSION 0.075

As will become clear from the results described below
and the subsequent discussion, the reaction between sPBP2a
and moenomycin is complicated by the tendency of the latter,
with its detergent-like amphiphilic structufie to aggregate
in aqueous solution. This aggregation has been previously
observed but not studied in detail. Light scattering experi- 0025 |— .-
ments (9) indicated a particle weight in aqueous solution Ve
at pH 7 of up to 70 000 and thus an aggregate, presumably 4
a micelle, of some 40 moenomycin monomers. Since %,
moenomycin is an anionic amphiphile, its cmc is strongly
dependent on salt concentratid¥). In this work we have
employed two concentrations of sodium chloride, 0.175 M
(“low salt” henceforward) and 1.0 M (“high salt”) in order
to more effectively study the reaction of moenomycin with
sPBP2a both below and above the moenomycin cmc. We
have attempted to merge the results from these two regimes
into a general picture of the moenomycin/sPBP2a inter-
action.

At high salt concentration, moenomycin appeared to
competitively and irreversibly inhibit acylation of thep-
peptidase site of sPBP2a by nitrocefin. Application of 0
Scheme 1 to the spectrophotometric data (Figure 1A) led to
the relationship between the pseudo-first-order rate constant
of reaction of moenomycin with sPBP2a and the moeno-
mycin concentration shown in Figure 1B. Two phases of
reaction appear to occur. At moenomycin concentrations
below about 2«M, the rate of inhibition is very small, while
above this concentration the rate appears to increase linearly
with moenomycin concentration. The apparent second-order
rate constant from the linear phase was (#85) s* M1,

The likely source of the discontinuity evident in Figure
1B is found in Figure 1C, which shows the fluorescence : |
intensity of ANS (10uM) as a function of moenomycin o5 0.02 0.04 0.06 0.06
concentration. Again a discontinuity at moenomycin con-
centration of about 2QM is observed, one that in this case
can be interpreted as due to cooperative micelle formation FIGURE 1. (A) Absorbance changes at 482 nm as a function of

; : : time on reaction of sPBP2a (2:@V) with nitrocefin (50uM) in
with a cmc of 20uM. The same result was obtained if 1 the absence (solid line) and presence (dashed line) of moenomycin

#M ANS was employed. Thus, inhibition by moenomycin  (40,M). (8) Observed pseudo-first-order rate constants for reaction
of the acylation of sPBP2a by nitrocefin likely involves of sPBP2a (2:M) with moenomycin, as measured by competition
interaction of each sPBP2a molecule with a moenomycin with nitrocefin (50 «M). (C) Fluorescence emission intensity
micelle. Note that the absorption spectrum of nitrocefin was changes at 495 nm (excitation at 370 nm) on titration of ANS (10
not affected by moenomycin at the concentrations employedﬁ]Ml) (‘)N :\t,lh ,\rggnomyc'n' The above experiments were conducted
in the experiments shown in Figure 1 and thus sequestration '
of nitrocefin by moenomycin micelles is unlikely to explain  concentration are shown in Figure 2B. It is noticeable that
the results. [The absorption spectrum of nitrocefin is medium these rate constants are greater than the inhibition rate
(solvent) sensitive; for example, in ethanol and acetonitrile, constants of Figure 1 and do not increase linearly with
less polar solvents than water, as would be the interior of a moenomycin concentration but rather increase in a hyperbolic-
micelle, blue shifts of 6 and 11 nm, respectively, were |ike manner with apparent saturation above 0.4 mM moeno-
observed.] A reduction of effective nitrocefin concentration mycin. These differences clearly indicate the presence of a
by sequestration in moenomycin micelles would also lead different mode of interaction of moenomycin with sPBP2a
to smaller pseudo-first-order rate constants of reaction of than that described above.
nitrocefin with sPBP2a rather than larger as observed (Figure Consideration of Figure 2B and Figure 1C together
1A,B) and as required by Scheme 1. The inhibition reaction suggests that the change in protein fluorescence represented
was unaffected by the presence of M¢5 mM). in Figure 2A arises from reaction of sSPBP2a, not with a
Further insight into the interaction of moenomycin with  moenomycin micelle but with a monomer. Some reaction
sPBP2a is afforded by an examination of the effect of with a small oligomer is also possible (see below). The rate
moenomycin on protein fluorescence. As seen in Figure 2A, of reaction with a monomer would be expected to increase
addition of moenomycin to sPBP2a led to a first-order time- linearly with concentration below the cmc, but the slope
dependent decrease in protein fluorescence. First order ratavould then decrease to zero above the cmc, as observed
constants for this process as a function of moenomycin (Figure 2B). The concentration of monomers is believed to

o
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Scheme 2
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o from the initial slope and may reflect the presence of some
© dimer or oligomer reaction.
The reaction leading to the protein fluorescence change
002 1= @ of Figure 2A has further complications however. Figure 2C
shows the amplitude of the fluorescence change is a function
001 . of moenomycin concentration. This result is inconsistent with
a reaction scheme composed of a simple one-step irreversible
o | L | 1 reaction or an irreversible step preceded by one or more
0 0.1 02 0.3 04 equilibria. Also inconsistent with the data is a one step
Moenomycin Concentration (mM) monomer binding equilibrium since saturation in monomer
s binding is not possible above the cmc where the concentra-
c © © tion of monomers does not change. The data of Figure 2B,C
therefore seem best accommodated by Scheme 2, where the
binding of a monomer M leads to a complex EM, which
0= o ‘ promotes fast equilibrium aggregation of moenomycin on
© the protein. The latter process, perhaps by means of a protein
conformational change (E E'), is accompanied by partial
5 guenching of protein fluorescence. It saturates as micelles
become the dominant form of moenomycin above the cmc
(20 uM).
I I L 1 It is necessary also to relate the slower inhibition reaction,
0 0.1 02 03 0.4 shown to involve moenomycin micelles, with Scheme 2. This
Moenomycin Concentration (mM) can be done either by means of a linear sequence (Scheme

FIGURE 2: (A) Protein fluorescence emission change at 335 nm 3), Where the inactive (toward acylation by nitrocefin)
(excitation at 288 nm) as a function of time on reaction of sPBP2a €nzyme, EMM M*, arises directly from reaction of EIM

(1 uM) with moenomycin (40uM). (B) Observed pseudo-first-  with a moenomycin micelle, M*, or in a branched, noncom-
order rate constants for reaction of sPBP2a1) with moeno-  petitive fashion (Scheme 4), where the reactions at low
mycin as determined from protein fluorescence changes (A) in the moenomycin concentration and the inhibition are com-

absence of benzylpenicillin)) and after acylation of sPBP2a by .
100 uM benzylpenicillin @). Also shown @) are rate constants pletely unrelated. As discussed below, Scheme 3 may be the

measured by changes in ANS (M) fluorescence emission. The  better model. The distinction between the second and third
solid line is a hyperbola fitted to the protein fluorescence daja (  steps of Scheme 3 is demonstrated by the fact that addi-
(Shee text). (C) Amp“tfud;Bgfzthe pr_OLei“ ﬂUOfeSC_e”CTeh emilgjion tion of benzylpenicillin to a reaction mixture after 4.5 half-
e e 00 g iMes of the protein fluorescence quenching feacton gives
conducted in 1.0 M NaCl. rise to a fluorescence increase from the acylation reaction
(9). An almost full burst of reaction with nitrocefin is also
remain close to constant above the cmc while that of micelles observed at this stage. If the two steps were not distinct, no
will increase linearly 24). The second-order rate constant such fluorescence increase on addition of penicillin or
for reaction of a monomer with sPBP2a would then be (650 absorption change on reaction with nitrocefin would be
+ 130) st ML This value is taken from the slope at zero expected.
moenomycin concentration of a hyperbola fitted by a In either Scheme, 3 or 4, E, EM andNBM, represent
nonlinear least-squares procedure to the fluorescence dat@nzyme forms that react with nitrocefin at comparable rates.
of Figure 2A. The same fitting procedure yields a value of This is also true with benzylpenicillin since the protein
0.041 s' at the apparent saturation level. If this reaction fluorescence increase produced by acylation with benzyl-
involved only monomers, a second-order rate constant shouldpenicillin (9) can be observed after formation of EM and
also be obtained by division of this plateau value by the cmc. E'MM, but prior to reaction with M*. It is striking however
This procedure yields a second-order rate constant f 2  that reaction of sSPBP2a with benzylpenicillin does not change
10°s1 M1 This value is clearly greater than that obtained the rate of the protein fluorescence event on addition of

Observed Rate Constant (sec1)

Fluorescence Amplitude
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Ficure 3: Observed pseudo-first-order rate constants for reaction 50
of sPBP2a (M) with moenomycin, as measured by competition B
with nitrocefin (O) and by protein fluorescenc@). Also shown
(®) are rate constants measured from changes in ANSu{p
fluorescence. These experiments were conducted in 0.175 M NaCl.
40

moenomycin (see Figure 2A), although the amplitude of the
change is somewhat increased (not shown).

The interpretation of events offered above is supported
by observations under the low salt regime. A pseudo-first-
order decrease in protein fluorescence was also observed 30
under the latter conditions. A plot of the pseudo-first-order
rate constants vs moenomycin concentration is shown as
Figure 3. The relationship may well be linear, yielding an

apparent second-order rate constant of (6300) s M. Ficure 4: (A) Fluorescence emission spectra under low salt
; ; ; : P conditions (a) of ANS (1@M) in the presence of sSPBP2a 4M)
Itis noticeable that this value is very similar to that deduced (b) of sample a immediately after addition of moenomycin (15

for reaction of monomeric moenomycin under high salt uM) and (c) after the time-dependent reaction had proceeded to
conditions. It seems likely that the same reaction is involved. completion. The exitation wavelength was 370 nm. (B) Fluorescence
The linearity of Figure 3 and the derived moenomycin emission changes at 490 nm as a function of time on reaction of
monomer reactivity correlate well with the fact that the cmc le> OBPNZIa%_M) with moenomycin ((1151'\/')5“ the presence Otf AINF?
of moenomycin was shown by titration against ANS (data Eb) o ()é) inlsigfaresen s the lime dependence ot the spectral change
not shown) to be ca. 1260M at 0.175 M NacCl, i.e., higher
than the highest concentration of moenomycin employed in Scheme 5
the experiments of Figure 3. Thus, under the experimental fast
conditions of Figure 3, the concentration of moenomycin E+nM
monomersvould increase linearly with total moenomycin
concentration. These findings at low salt concentration several points to note here. First, the fluorescence of ANS
strongly support the proposition that the moenomycin reac- in solution is not affected by either sPBP2a or by moeno-
tion leading to quenching of the protein fluorescence mycin below its cmc. Therefore the immediate ANS spectral
predominantly involves moenomycin monomers. change on addition of moenomycin to the protein is sug-
A feature of the reaction of moenomycin under low salt gestive of some degree of fast association of moenomycin
conditions that at first seems discordant with the high salt with the protein to form a complex that binds ANS rapidly,
results is that the interpretation of the latter seemed to requireprior to the slower reaction of Figure 3. Second, the
further moenomycin aggregation to achieve the fluorescencesubsequent time-dependent enhancement of fluorescence
quenching (Scheme 2), where this requirement was evident(Figure 4B) is suggestive of a rearrangement of the initial
in the variation of the extent of quenching with moenomycin complex, possibly involving protein conformational change
concentration (Figure 2C). In contrast, the extent of quench- and coordinated reorganization, or perhaps further aggrega-
ing at low salt appeared to be independent of moenomycin tion, of moenomycin. Similar observations were made under
concentration and comparable to the maximum change athigh salt conditions. It is important to note that the pseudo-
high salt. The latter suggests that the change in the proteinfirst-order rate constant of the slow step here, when
represented by EM~ E'MM,, of Scheme 2, and requiring monitored by ANS fluorescence, is the same, within experi-
additional moenomycin aggregation, must also have occurredmental uncertainty, as that observed by protein fluorescence
at low salt at moenomycin concentrations between 10 andin the absence of ANS (see relevant points in Figures 2B
80 uM. The presence of such aggregation was tested byand 3). This result provides evidence that the ANS event is
incorporation of a probe, ANS, into the system. not influenced by the presence of ANS; i.e., ANS is, at this
Figure 4A shows fluorescence emission spectra giIl0 level at least, an inert probe.
ANS in the presence of sPBP2a alone under low salt The observations described in the last paragraph suggests
conditions, immediately after addition of moenomycin (15 the scenario of Scheme 5 for the low salt reaction. Resolution
or 40uM) to this mixture, and then again after completion of the differences between Schemes 2 and 5 will be addressed
of a time-dependent change in the spectrum. There arebelow.

Fluorescence Intensity

l { | 1
4 8 12 16
Time (min)

EM,+M 2 o EMM,
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First however, it should be noted that moenomycin also
produces a competitive inhibition of acylation of tbe-
peptidase site by nitrocefin and benzylpenicillin at low salt
just as it did at high and despite the fact that at low salt,
with moenomycin concentrations below the cmc, there would
be few micelles availabtecf. Schemes 3 and 4. The rate
constants measured for this inhibition of the nitrocefin

Biochemistry, Vol. 38, No. 32, 19990539

For example, passage of a solution (0.135 mL, high salt) of
the moenomycin/sPBP2a complex (containing 0.54 nmol of
protein and 13.5 nmol of moenomycin) through an Extracti-
Gel D column yielded 89% recovery of 9400% active
(toward acylation by nitrocefin) sPBP2a. The fractions
containing the active enzyme contained 0.48 nmol of protein
(estimated by absorbance at 280 nm) and 0.29 nmol of
moenomycin (estimated by absorbance at 258 nm). In a
control experiment without protein, the same fraction con-
tained 0.27 nmol of moenomycin. Thus essentially no
moenomycin remained associated with the protein after
passage through the detergent-binding column and therefore
the binding between moenomycin and sPBP2a and the
inhibition reaction must be noncovalent.

Passage of a mixture of SPBP2au@) and moenomycin
(60 uM) through a Sephadex G50 column (340.5 cm)
also led to separation of most of the ligand from the protein.
The leading fractions of PBP2a, emerging after ca. 15 min,
retained approximately 0.5 moenomycin molecules/sPBP2a.

reaction are also shown in Figure 3. These appear to indicateThis suggests a minimum off-rate for any bound moenomy-
a reaction rate somewhat slower than the fluorescence changein of 7.7 x 104 s,

at low moenomycin concentrations, suggesting the require-

ment for more moenomycin, but comparable to it at higher

Specificity of the Moenomycin ReactioReaction of
sPBP2a with Amphiphiledn view of the mechanism of

concentrations, suggesting that at these concentrations thenoenomycin interaction with sPBP2a described above,
rate-determining steps of the two processes are the sameinvolving aggregation of a significant number of moenomy-
This can be represented as a progression from Scheme 6 atin molecules with the protein, the issue of specificity arose.

low moenomycin concentration, wheréMVl .+, represents
the enzyme unreactive wifltlactams, to Scheme 7 at higher

Do all amphiphiles react with sPBP2a in this manner? Two
long chain (C16) lysophospholipids, lysoPE and lysoPG,

moenomycin concentrations. It might also be noted that underwere chosen to test since they are known to form micelles

low salt conditions, in the presence of moenomycin, protein
precipitation did not occur after acylation by nitrocefin as it
did in the absence of moenomyci®)( This observation is

also suggestive of significant interaction between moeno-

mycin and sPBP2a.
Scheme 6 is obviously very similar to Scheme 3 which

(25). Further, the headgroups are typical of bacterial mem-
brane lipids 26) and the latter compound, like moenomycin,
has a negatively charged headgroup. At a concentration of
20uM (most likely above the cmc in each ca@b)) neither
compound affected the nitrocefin reaction with sPBP2a at
either low or high salt. At higher concentration (100 and

represents the high salt situation except that the further345 uM), the lysoPG did tend to inhibit the nitrocefin

aggregation leading to inhibition in the latter involves the
binding of monomers or oligomers while in the latter the
binding of a micelle. Noncompetitive slow binding of

reaction (3-4-fold) but not competitively and not irreversibly
since the amplitude of the nitrocefin reaction increase8-2
fold. The rate of inhibition of sPBP2a by moenomycin was

monomers/oligomers at low salt, analogous to that of micelles not affected however. The presence of the phospholipid,
at high salt in Scheme 4, might represent an alternative to unlike moenomycin, did not affect precipitation of the protein

Scheme 6, but the similarity of the rate constants for

after acylation by nitrocefin at low sal®). Under both high

fluorescence changes and inhibition at low salt does argueand low salt conditions, the lysophospholipid (12@) gave

for the linear process, at least under those conditions.
Finally, it should be noted that the presence of fast
moenomycin binding under high salt conditions was also

rise to a very slow decrease in protein fluorescence with time.
Sodium dodecyl sulfate (5200 uM, at high salt, where
the cmc was determined to be 1M by titration against

demonstrated by the ANS probe. The results were similar ANS) appeared to cause an increase in the rate of sPBP2a

to those at low salt. In particular, at high salt, a first-order

acylation by nitrocefin (3-4-fold) with no effect on the

time-dependent enhancement of ANS fluorescence was alscamplitude of the reaction. It subsequently caused precipitation
observed, where the rate constants matched those of thef the protein, independent of the presence of nitrocefin.
protein fluorescence change (see relevant points in FigureSodium deoxycholate (0.48 mM) and the zwitterionic

2B). Thus expansion of Scheme 2 to Scheme 8 is necessarydetergent CHAPS (0.32, 1.6 mM), both at concentrations

The additional moenomycin (as a micelle) required to effect
enzyme inhibition at high salt may reflect the greater stability
of the protein under these conditior®.(The faster inhibition
at low salt (compare Figure 1B with Figure 3) may also
reflect this point.

Reversibility of the Moenomycin/sPBP2a Reactidk-

below their respective cmcs, did not affect the rate of the
nitrocefin reaction with sPBP2a. CHAPS did not, unlike
moenomycin, affect the protein fluorescence.

Although there may well be interactions between sPBP2a
and detergents in general, those tested above do not seem to
reproduce the characteristics of the moenomycin reaction.

though the complex interaction between moenomycin and Affinity of sPBP2a for Lipid Surfacesihe affinity of
sPBP2a proceeds to apparently irreversible inhibition of the sPBP2a for lipid surfaces was assessed, employing two such
DD-peptidase site, the interaction between the protein andsurfaces, Triton X-114 micelles and PG vesicles. Triton
moenomycin is probably noncovalent and can be reversed.X-114 at 37°C separates into two phases, one detergent rich
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and the other detergent poor. Water-soluble proteins shouldScheme 9

partition into the latter, and lipophilic proteins, into the M M,

former 22, 23). For example, in our hands, SBRAGE E+nM == EM, EMM, =——

analysis showed that essentially all of the soluble protein

bovine serum albumin partitioned into the latter phase while EMM M* oM M
the intrinsic membrane protein bacteriorhodopsin was found o o

in the former. Even in 4% Triton X-114, essentially all of inactive

enzyme

sPBP2a was observed (SBBAGE electrophoresis) in the
detergent-poor phase (data not shown). This suggests that . . . .
the surface of SPBP2a does not contain a membrane- eneral Discussionlhe experiments described above lead

association region. Such a site has been found by this method® SChe”.‘e 9 as a conceptual framewgrk. for the complex
on the class A penicillin-binding protein PBP1b Bf coli aggregation process_of_ moenomycin binding to SPBI_DZa, a
even after removal of the N-terminal transmembrane anchorPr0¢€ss gradually building up from monomer or premicelle

by proteolysis 23). PBP2 ofE. coli however did not exhibit oligomer interaction with the pmte"f‘ to, at moe”O”?yC".‘
such a site 23) concentrations above the cmc, association of the protein with

) o i a micelle M*. Although initial moenomycin binding does
Solutions containing P'G v'e5|cles (1.54 mg/mL; 2 mM) not appear to affect thep-peptidasef-lactam-binding) site,
were prepared by extrusion in low salt buffer (see EXperi- |ater  aggregation, probably following a conformational
mental Section), in the presence and absence 6L00uM ~ change to the protein, does disrupt it, effectively irreversibly.
moenomycin. Neither _the vesicles alone nor the vesicles gnedded in this sequence of events is one unique event,
containing moenomycin had any effect on the rate or 5nharently involving the reaction of a monomeric moeno-
amphtude of the reaction between sPBP2a anq mtroc_efln. It mycin with the protein and which may be seminal to a protein
seems likely from these results that moenomycin was indeedqntormational change (characterized by significant quench-
incorporated into the vesicles. Structural studies have jng of the protein fluorescence) and probably to inhibition
dfemonstrated the afflr_uty of moenomycin for phospholl_p|d of the po-peptidase site. In this scheme, the bindingbf
bilayers @7). The vesicles, with or without moenomycin,  5nq M may be random rather than sequential and so might,
had no effect on protein fluorescence. although perhaps less likely, the binding of M*. It is not
PG vesicles (1 mM) containing a fluorescent probe, known just how many separate binding sites for moenomycin
N-dansylphosphatidylethanolamine, 4/, with and without might be involved. Although it is reasonable to assume that
moenomycin (35uM) were also prepared. The dansyl the uniqgue monomer M might interact at a specific site, the
fluorescence emission (520 nm) of these preparations wasaggregation represented by the binding of.Mand M*
not affected by sPBP2a (&M) either at an excitation  might well occur at a common site or area on the protein
wavelength of 345 nm or at 288 nm. The former wavelength surface. It seems that neither of these moenomycin binding
monitors the environment of the dansyl group directly while regions directly overlaps with thep-peptidase site, and thus,
the latter was used in order to detect protein to vesicle energythe inhibition of the 8-lactam reaction by moenomycin
transfer such as would likely occur on protewesicle micelles must arise by indirect means.

contact 8). It is important to realize that Scheme 9 is meant to be
These observations provide further evidence that sPBP2avery general, in the sense that it is likely that it will change
has little general affinity, in the absence of its N-terminal in quantitative detail with reaction conditions. It is clear from
peptide, for lipid surfaces. Further, the results show that the present work for example that different steps become
moenomycin in a phospholipid bilayer is not available to more or less important depending on the moenomycin
sPBP2a. This includes availability not only for the interac- concentration relative to the cmc. The latter is of course
tions that involve aggregation of moenomycin, a result that dependent on the salt concentration. It is also likely that the
is perhaps not surprising, but also for the monomer interac- nature of aggregates, including micelles, of moenomycin
tion. changes with salt concentratio®4, both for moenomycin

An effect produced by CHAPS probably relates to the @lone and in its protein complexes.
vesicle results described above. Although, as mentioned It is also important to note that many of the elements of
above, CHAPS alone had no effect on the reaction of sSPBP2aScheme 9 are well-known from studies of the interactions
with nitrocefin under high salt conditions, it did, at 0.32 and of other proteins with amphiphiles. For example, progressive
1.6 mM, below the cmc (determined by titration against ANS and often positively cooperative binding of amphiphiles to
to be 3.5 mM in 1 M NacCl), progressively diminish the extent proteins is well-known 30—33). This aggregation often
of inhibition by moenomycin. A titration of moenomycin  begins well below the cmc of the ligand, i.e., as protein-
(0—80 uM) against a mixture of 1@M ANS with 1.6 mM induced aggregation of ligand monomers or premice8ds-(
CHAPS showed the presence of mixed micelles of moeno- 39). Sparingly water-soluble organic dyes, including ANS,
mycin and CHAPS down to at least BV of the former. have been found to partition into these complex@s; 40—
Apparently sPBP2a is unable to extract moenomycin from 42). Specific enzyme inhibition by micelles has also been
this mixed micelle just as it could not from a vesicle. Sodium reported 43), as is occlusion of inhibitors in mixed micelles
deoxycholate did not have this effect. It is likely that the (44, 45). The change in conformation of an enzyme by
negatively charged moenomycin has less tendency to as-nteraction with a micelle (containing a competitive inhibitor)
sociate with the negatively charged deoxycholate than with has been documented in detail in the case of phospholipase
the zwitterionic CHAPS. Moenomycin is known to associate A2 (46—48). The binding of amphiphilic inhibitors at more
with SDS micelles however20). than one site on an enzyme has also been repof@d (
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The second-order rate constant for reaction of monomeric An i
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mportant next step to better assess the specificity of the

moenomycin with sPBP2a was found to be ca. 650\ . moenomycin structure would involve a study of the reaction
It is noteworthy that the comparable figure for benzyl- of PBPs with delipidomoenomycirb9).

penicillin was only 12 st M™% The latter value clearly

illustrates the resistance of sBP2g3tactams 9). Combina- ~ ACKNOWLEDGMENT
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