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In spite of the great advances made over the past fifteen
years, the mode of action of B~lactam antiviotics at the cellular
and molecular levels remiins a problem of enorimous complexity. Mul-
tiple membrane-bound enzymes exhibiting ansagonistic activities and
widely varying sensitivities to g~lactam antiblotics are involved
in the crosslinking step of cell wall biosynthesis. In parallel to
this, bacteria possess multiple membrane=-bound penicillin binding
proteins exhibiting widely varying melecular weights and affinities
to g-lactam antibiotics. Genetic and biochemical studies are being
applied to define the in vive function and enzymatic activity of
these membrane-bound penicillin binding proteins and penicillin-
sensitive enzymes, and %o elucidate the mechanism(s) through which
inactivation of one or several of these receptors causes inhibition
of bacterial growth, induces cellular morphelogical abnormaliéies
and results in killing and cellular lysis of the sensitive bacteria.
In turn, biochemical and biophysical studies are also beling applied
to unravel the mechanistic properties and functioning of the nem-
brane~bound enzymes (DD-carboxypeptidases/transpeptidases) that are
the primary targets of the p-lactam antibiotics.

The DD-carboxypeptidases/transpeptidases catalyse attack, by a
suitable exogenous nucleophile (HY), of the carbonyl carbon of the
D-Ala~D-Ala amide bond of L~R-U-Ala~D-Ala terminated peptides (ror\
example, the tripeptide AczuL—Lys-D-Ala-D—Ala; Fig. 1}. They also
use, as carbonyl donor, the endocyclic amide bond which is exposed
on the « face of the penicillins and Aa—cephalosporins\in a positioen
roughly equivalent to that of the D-Ala-D-Ala amide bond (Fig. 1).
This latter reaction, however, stops, at least for some time, at an
abortive level, thus causing enzyme inactivation.

In analogy with the usual proteases which can operate by four
different mechanisms (the serine~, thicl-, acid- and metallo-prote-
ases), the DD-carboxypeptidases fall into at least two classes of
enzymes dependirg upon their distinctive mechanistic properties.
The 38,000-Mr R61 (from Streptomyces R611!»2, the 33,000-Mr R1g

S
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(from Actinomadura R39)%»* and two 40,000-42,000-Mr Bacilli DD-
carboxypeptidasess are serine~enzymes. The 18,000-Mr G DD~carboxy -
peptidase (from Streptomyces albus G)®,7 is a metallo (Zn++) en-
Zyme. Preliminary data suggest that the 43,000-Mr DD-carboxypepti~-
dase of Streptococcus faecalis ATCC 97908 and the 25,000-Mr DD-

carbexypeptidase of B. coagulans? aight be thiol~enzymes.
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Figure 1

Cbtaining the DD~garboxypeptidases in a truly water-soluble
form, and frem this in a crystalline state, is all the more impor-
tant in order to understand the substrate — and drug — receptor
tystems at the molecular level and in terms of three-dimensional
structures. DD-carboxypeptidases that are loosely bound to the
plasma membranes can be solubilized by treating bacteria with the
Rivi fractionator, by converting bacterial cells into protoplasts
or by submitting the isolated membranes to osmotic shocks. Ysually,
bBD-carboxypeptidases that are firmly bound to the membranes can be
solubilized only with the help of detergents. In two cases, however,
such enzymes have been converted by controlled proteolysis into
shortened, water-scluble proteins without affecting the enzyme acti~
vity and the penicillin binding capacity of the parent molecules®?!0,
Treatment of membranes with 2,3-dimethylmaleic anhydride has also
given rise to water-soluble and enzymatically active preparationsil.
Finally, various strains of Actinomycetes spontanecusly release DD=
carboxypeptidases in the external medium during grewth. The R81, R39
and G DD~carboxypeptidascs are secreted enzymes!?, The meshanism{s)
of enzyme excretion is under current stuly. At this time, the se-
rine-R561 enzymel? and the metalio (Zn*') G enzymel® are the only uwo
DD=cartexypeptidases that are available in crystalline forms.
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The Serine DD-Carboxypeptidases

The simplest model which expresses the reactions catalysed by
the serine DD-carboxypeptidases (E) on a given carbonyl doner (C)
and in the presence of a suitable exogenous nucleophile (HY) is

K Kk Ky
E +C ot EC —2p E-C¥ — & E + CH-Y (1)
(+HY)

with E.C = first stolchiometric complex; E-C¥ = acyl-enzyme inter-
mediate; C*-Y = reaction products; K = dissociation constant; k

and k, = Tirst order rate constants. Reaction between the carbonyl
donor and the enzyme active serine residue leads to the [ormation
of a covalently ester-linked L-R-D-alanyl- or penicilloyl {cecphale-
sporoyl)-enzyme complex E-C#; in turn, transfer of the acyl group
to HY leads to enzyme regeneration and release of the reaction pro-
ducts.

L-R-D=-Ala-D=-Ala terminated peptides that have high substrate
activities characterize themselves by high k./X and high k, values
(Fig. 2). With HY = H,0 , the reaction products are D-Ala and a
shortened L-R-D-Ala peptide. With HY = NHZ—R', the reaction pro-
ducts are D-Ala and a modified L-R-D~Ala-CONH-R' peptide.

The two reactions may occur concomitantly and compete with each
otherl?,

X
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Pigure 2
In turn, g~lactam antibiotica‘that are good enzyme inactivators
characterize themselves by high k3/K and low ku values (FPig. 3.
When used at a 10 uM concentration (which is usually lower than the
K vzlue), a p-lactam compound that exhibits, for a given enzyme, 2
k3/K value of 1,000 %1571 or moreTand a X, value of 1 «x 107472 or
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less, immobilizes 99 £, or mone, of the enzyme at the ateady state
and the time required for the reaction to reach 95 X of the steady
state is about 5 min or lessa.

M\j + enZyme l v‘}.enZyme
N‘» initial binding g
COO- coo*
>,
-—-—-.i’_...._.......,. {= -—/%—_b
acylatien by Z - FNa_ deacylation by HY
enZyme ¢ (very slow process)
1
coo™
Figure 3

The amino-acid ‘sequences around the active serine residue have
been established by submitting isolated [1“C]benzylpenicilloyl-
enzyme complexes to proteolytic degradations. Study of L-~R-D-alanyl-
enzyme complexes has been made possible by using as carbonyl donor,
the depsipeptide Acz—L»Lys-DnAla-D—lactate (instead of the usual
Ac —L«Lys-D—Ala—D—Ala tripeptide), under which conditions the k3
term is markedly inereased and becomes nigher than the kn term so
that the Acz—L Lys=-D=-alanyl-enzyme complexes accumulate. with the
two Bacilli'® and the R61!€ DD-carboxypeptidases, the penicilloyl
and Acz-L-Lys~D—alanyl Eroups were shown to be covalently bound to
the same enzyme serine residue.

The interaction between pericillin and the s-lactamgse I of B.
¢ereus and that of Escherichia coli RTEM also involves a serine pe~
sidhe, ang this serine residue is conserved in the g-lactamages (eor

known sequences} of Staphylococcus aureus and B. licheniformisl?,
The gerine g-lactamases and the serine DD-carboxypeptidases differ
from each other at least in two respectd. The g~iactamasess do not
use L-R~D-Ala-D-Alz terminated peptides as carbonyl donors and the
k4 term of the reaction on goed g-lactam substrates is very nigh.
Whether or not the DD~carboxypeptidases and the g-lactamases are
Structurally related enzymes will remain debated as long as the pri-
mary sequences of the DD-cardboxypeptidases are not known. At this
time, alignment of the active serine residue in the four DD-carboxy~-
beptidases and the four B-lactamases shows an obvious nomology onrly
between the g-lactamases or between the two Bacilli DD-carboxypepti-
dases (Table 1)}.
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Table 1. Amino-acid sequences around the serine active residue.

DD-Carboxypeptidases from
Streptomyces R61%
Actinomadura R39“
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X-Ray structure analyses at S K resolution of the R61 DD-car~
boxypeptidasel® and the RTEM!® and other serine g-lactamases have
been, or are close to be, completed. As long 23 the X-ray analyses
have not been done at a higher resolution, the results presently
available unfortunately reveal little of biochemical interest. One
should mention, however, that the g-lactam o-iodopbenylpenicillin
has been successfully diffused in a native c¢rystal of the R61 en-
zyme. On the dasis of the difference Pourier map, the site of inter-
action is well visualized as a 22 3 segment elongated in the y di-
rection of the mapl®. Interestingly, another peak is observed at
similar x and y coordimates but at a lower z coordinate; it is most
likely associated with a conformational change induced im the native
structure upon interaction with this penicillin.

The 38,000-Mr R61 and 53,000-Mr R39 DD-carboxypeptidases cha-
racterize themselves by a very uneven distribution of the basic
(Arg + Lys)} amino-acid residues (non-published reaylts). As a conse-
qQuence, trypsin proteolysis releases from each enzyme three large
segments (or core peptides) of about 50-60 , 75-80 and 100-120 re-
sidues, and a series of short peptides which altogesher comprise
virtually all the potential points of attack by trypsin (but repre-
sent only 30 % of the R&L protein and 53 % of the R3$ protein). To
all appearances, the active serine residue is released as part of a
amall peptide in the case of the R3Y enzyme and remains part of one
of the core peptides in the case of the R6! enzyme. Although the
R61 and R39 enzymes have similar turnover numbers {1050 and 3300
min'l, respectively) on the standard tripeptide Acz-f,-Lys—D-Al;-i‘--
Ala, they show variaticns in their specificity profiles for carbg-
nyl donor peptides. Mofeover, they difrfer from each other witu rec-
pect to their requirements for complex amino compounds as nuclec-
philic acceptors in trenspeptidation reactions, and their
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sensitivities to s-lactam antibictiesl2, In particuiar, the R39S en-
zyme is much more sensitive to the action of a-lactam antibioties
than the R6L enzyme.

An examination of the kinetic parameters of the reactions ca-
talysed by tne R62 and R}9 enzymes on various peptide substrates
and g-lactam inactivators has bLeen of great assistance in inter-
preting the underlying functioning of the enzyme active centersi?d®el
With g~lactam antibiotics, not only the k, term of the reaction,
but the K and k3 parameters (or at least the k3fK ratio) could be
measured directly. With peptide gubstirates, it was assumed that the
initial binding was a rapid equilibrium process and that cnzyme acy-
lation was the rate limiting step of the reaction. Under these cone
ditions, Km and Vmax become equivalent to K and k3 x Eo, respecti-
vely. Wishin the limits of these approximations, the experimental
data led to the conclusions discussed below. The same conclusions
probably apply to the Bacilli DD-carboxypeptidases23, and, as shown

by extensive studies?%~26 o the presumed SH DD-carboxypeptidase
of 5. faecalis.

Acylation of the Enzyme Active Serine Residue (Enzyme Binding
Site n°1). As shown in Table 2, S-amincpenicillanic acid and T-
aminosephaleosporanic acid nave low proprensities to acylate the
active serine residue of the enzymes (low kBJK values). With &(7)g
substituted perieillins and a®-cephalosperins, the k3/K ratic va-
lues widely vary depending on both the antibiotic and the enzyme
under consideration. {Note that irrespective of the antibioties,
the k3/K ratio values arc always higher or much higher with the R39
enzyme than with the RE1 enzyme.) In all cases, however (Table 3),

K

Table 2. Enzyme acylation : E + C ~51i—- E-C=
RE1 enzyme ky /K R39 enzyme ST

. w1gml . w171
B-APA 0.2 T-ACA (20°C) 200
Cephalexin 4 6-APA 900
T-ACA 14 Carcvenicillin (20°C) 3,000
Cloxacillin 30 Cephalexin (20°C) 3,000
Nitrocefin (10°C) 460 Cloxaeillin 15,000
Carbenicilizin 200 Cerhalothin > 70,000
Cephalothin 3,000 Benzylpenicillin 300,000
Benzyl- . 1h,0%0 Nizrorefin {10°0) = 3,000,000

penicillin (590 )

(At 8 7.3 and 37°C unless stherwise indicated.)
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X X
: —— 3 -
Table 3. Enzyme acylation : E + € == E.C —2 E-C®
Enzyme Antibiotic K (=M) k3 (s~ i )]
6-APA 1 0.0002
Carbenicillin 0.11 0.09
R61 Ampicillin 7 0.8
Benzylpenicillin 13 (25°C) 180 (25°C)
R39 Cephalosporin C 0.19 (20°C)| 13 (20°C)

(At pH 7.5 and 37°C unless otherwise stated.)

binding occurs with the same poor efficiency (K = 0.1 - 13 mM). The

structure of the 6{7)3 substituent has thus little influence on the

initial binding to the enzymes while that part of the molecule which
is mainly involved in the process is the bicyclic fused ring system.
The occurrence of an intact B~lactam ring is an essential structural
feature but thiazolidine or dihydrothiazine may occur at the C-ter-

minal position of the g~lactam molecules.

As shown in Table &, Ac-D-Ala-D-Ala 1s a very poor sudbstrate
of the R39 and R61 enzymes. In fact, this dipeptide behaves as an
inhibiter for the hydrolysis of Ac2~L-Lys-D—Ala—D~A1a (the stan-
dard substrate} by the R61l enzyme. Substrate activity entirely de-
pends on the occurrence at the L-center of L-R=-D-Ala-D-Ala termi-
nated peptides of a side chain exhibiting the proper size, charge
and conformation. Whether the peptide has high or low substrate
activity (Table 5), enzyme binding occurs with the same poor effi-
ciency (Km = 10-35 @M with the R61 enzyme; 0.2-2.5 mM with the B39
enzyme; assuming Km is equivalent to K). Hence, the side chain at
the L center of the peptide has little influence on tne initial
binding to the enzymes while that part of the molecule which is
mainly involved in the process is the C-terminal D-Ala=-D-Ala dipep-
tide. The occurrence of a D-Ala residue at the penultimate position

Table 4. Efficacy of hydrolysis.

. Activity as substrate (%)
£5
Peptic R61 enzyme H39 enzyme
, nonsubstrate <1
Ac-D-Ala-D~Ala innibitor
Acz—L»Ala-vﬂ-Ala»D-Ala 1.4 <1
Acz-L-Aabu*D—Ala»u-Ala [+] 15
a
Ac.-L=0Orn +~D-Ala~D-Ala 50 5
2 202 0
Acz-L-Lys-D-Ala*J-Ala pes ] .

(At pH 7.5 and "%, and at a 0.% mm peptide ConCentratlon..
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Table §. Efficacy of hydrolysis.

RE1 enzyme R39 enuyme i
Peptide ? ks
eptides (gﬁ) i:;g;ger (£ﬁ> ;ﬁﬂ;;gir
{min *) (min ™)
AcB—L—Lys+D-Ala*D-Ala 12 3,300 0.8 1,050
Acz-L-Lys*D~Alavu-Leu 10 200 0.7 700
Ac,-L-Lys=D-Ala=Gly 35 750 2.5 300
Acz-L-LyS*D—AlawL-Ala nonsubstrate nonsubstrate
Rcz-L-Lys—D-Leu~D—Ala nonsubstrate nonsubstrate
Acz-L—Lys~GIy¢D—A1a 15 [ nonsubstrate
Ac=-L-Lys+D-Ala-D-Ala 15 15 D.2 2,100
éc

(At pH 7.5 and 37°C).

is an essential structural feature but D-amino-acids other than D-
alanine or glycine can occur at the C-terminal position of the pep-
tide (although often at the expense of substrate activityl.

Conversion of the bound peptide or the bound penicillin (a3-
cephalosporin) inte a reacti#e serine directed reagent thus requires
the occurrence of a suitable lateral chain at the L-center of the
peptide, or the 6(7)p position of the g-lactam ring. The simplest
interpretation is that by interacting with some specific amino-acid
groupings (enzyme binding sites n®2), such side chains induce spe-
cific conformational changes in the protein which in turn cause a
much increased electrophilic character of the carbonyl carbon of
the penultimate D-Ala or the 8-lactam ring??. Hence both efficacy
and specificity in enzyme acylation are mainly governed by the side
chains under consideration. That conformational changes occur during
enzyme acylation is supported by the observations that penicilloyl-
ation of the R61 enzyme causes fluorescence quenching and alterations
in the CD spectrum of the protein??. X-Ray crystallographic studiesl®
{see above) lead to the same conclusions.

In spite of the aforementioned similarities, enzyme acylation
by L~R-bD-Ala-D~Ala terminated peptides and enzyme acylation by peni-
¢illins and a’-cephalosporins differ from each other in, atv least,
two respects : i} the D-Ala-D-Ala amide bond is, of course, planar
while the g-lactam nitrogen is pyramidal. Non-planarity can be ex-
cressed by the distance i between the apex and the base of the
srigdnal pyramid, where N 1Is at the apex and its three carbon
substituents at the corners of the base. in a’-cephalosporins and’
zenicillins, h is about 0.24-0.32 and G.38-0.50 A, respectively.
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It thus appears that the peptidez overcome a much higher barrier

to reaction with the enzymes than the penicillins or A3-cephalospo-
rins; ii) Effective side chains in the peptides or in penicillins
and s3-cepbalosporins are completely structurally unrelated. These
two observations suggest that the aering DD-carboxypeptidases may
have two distinct binding sites n®2, feor bound peptides and bound
p-lactam compounds, respectively.

Enzyme Deacylation. Deacylation of L-R-D-alanyl-enzyme com-
plexes is a rapid process; it is assumed not to be rate limiting
and watepr can serve as a non-specific acceptor. The serine Di~-car-
boxypeptidases (at least the R61 and R39 enzymes), however, ponsess
highly structured amine acceptor aites which enable them to perform
specific transpeptidase activities?®~32. steady state kinetic stu-

dies suggest that Lhe transpeptidation reactions follow an ordered
pathway in which binding of the exogencus amino nucleophile HY oc=-
curs before binding of the carbonyl carbon donori? so that reaction
(1) is probably an oversimplification and should De replaced by

P z;x ShEecry (@)
*c c=

In aqueous media and with D-Ala or Gly as amino acceptors, hydroly-
sis and transpeptidation interfere with each other on a simple com=-
petitive basis. In the presence of increasing concentrations of ;
more complex amino compounds related to wall peptidoglycan, not only
is hydrolysis progressively inhibited but transpeptidation, after
rising to a maximum, is in turn progresaively inhibited so that,

eventually, the enzymes can be frozen in a non-aperaticnal state¥ 3,

Complex amino compounds may thus act as modulators of the enzyme

activity, a property which may be of biclogical significance.
Deacylation of the penicilloyl (cephalosporoyl)-enzyme ¢om-

plexes is a slow process and, as a consequence, g~lactam antiblotics

Table 6. Stability of complexes.

Enzyme Antibiotic Ha%é;i§fe Ky (s~
Benzylpenicillin 80 1.4 x 10‘&

R61 7=ACA 3 ‘.4 x 1072
Cephalosporin C 10,000 1 = 10‘6
Benzylpenicillin 4,100 2.8 x 10:2

R39 T=ACA 11,600 1.1 = 10,
Cephalosporin 38,000 3 x 107 '

(At pH 7.5 and 37°C).

[EE
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behave az suicide substrates (Table 6). (Note tnat the complexes

formed with the R3% enzyme are always more or much more stable than
those formed with the Rb61 enzyme.) It has been proposed?? that for-
mation of the ester linkage between C(7) [C(B)] of the peniciilin
{cephalosporin) molecule and the active serine residue (binding

site n°1) not only requires interaction between the 6{7)8 substi-
tuent and the enzyme binding site n®2, but also involves interaction
between the monocyelic thiazolidine (dihydrothiazine) ring and an-
other enzyme binding site n®3. The three dimensional disposition of
these three enzyme sites appears to be an important parameter that
governs the stablility of the complex and the fate of the bound meta-
belite. Such a model well explains the wide variations in complex
stability that are observed depending on the enzymes and the -
lactam compounds (Table 6) and the fact that, depending on the en-
zymes and the procedures used, denaturation of the penicilleyi-
enzyme complexes may increase or decrease their half-lives (Table 7).

In all cases, however, breakdoewn of such denatured complexes results
in the release of penicilloate.

Table 7. Half-lives of acyl-enzyme complexes. Nature of the break-
down products.

Native 80 min PAG + FPA
Denatured by :

o - heat (100°) 80 hrs penicilloate
Penlcilloyl- - heat + trypsin 35 hrs penicilloate
R61 enzyme s

- 6 M guanidine-HCl| several s
compley. in water days penicilloate
~ 6 M puanidine-HCl . penicillonte
in methanol 100 min (a~methyl ester)
. Native 70 hrs PAG (+ FPEA )
Penicilloyl~
R3S enzyme Denatured by ; o
camplex - heat (100%) 10 hrs penicilloate
- heat + trypsin very labile penicilloate
PAG = phenylacetylglycine; FPA = N-formyl-D-penicillamine

The "enzyme catalysed™ fragmentation of the penicillin mole-
cule is carried out by C(5)}-C({6)} cleavage and protonaticn at C(6)
of the enzyme-bound penicilloyl moiety3*~ 28 (Pig. 4). The mechanisn
of the reaction is unknown, but it has been established that : i}
fixation of one-hydrogen atom on C(6) is made at the expense of H,0;
ii) the primary fragment which arises from the thiazolidine part of
the molecule is an unidentified compound Z which, with a half-life
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RCONH RCONHE
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by I
CH mZ:rme CH3
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1 Hz HN.—---CH
o=C &oo~
[} \Lyme
deacylalion
l(kaNHQ#I
RCONH‘C!?OO"
ar + snZymsa
RCONHCHCO-NH-R'

Pigure &

of 10-15 min at 37°C and pH 7.5, is further processed to give riase
to free N-formyl-D-penicillamine; and iii) the fragmentation re-
action is the rate limiting step of complex breakdown.

Since the N-acylglyecyl-enzyme compleXx, once formed by C(5)-
C(6) cleavage, is susceptible to immediate attack by H,0 or a sui-
table NHz-R' amino nucleophile (with release of N-acylglycine or
both M-acylglycine and an H-acylglycyl—CONH R' compound, on a com-
petitive basis), it follows that the thiazelidine {(dihydrothiazine)
ring must play an important role in stabilizing the original peni-
¢illoyl (cepbalosporoyl) complex. This suicide mechanism may be
extremely efficient (high k3/K and low Ky values) and may occur in
the virtual absence of normal turnover. Few g-lactam compcunds are
also suicide substrates of the serine B-lactamases3?®. Even in the
most févorable cases, g-lactamase inactivation is a rather rare
event which occurs concomitantly with nermal turnover.

Reaction with s-Lactam Compounds Other than Peniciilins and
a3-Cephalosporins. The antibacterial inactivity of the carba-l1-
penems in which the g-lactam nitrogen is extremely pyramidal {(h =
0.54 A), is probably due to their high propensity "to react with
any nucleophiie they may encounter with the result that they never
reach the enzyme target‘23 Conversely, one may hypothesize that the

virtual antibacterial inactivity of the s2-cephalosporins which
have less ring strain (b = 0.06-0.10 A) than the a3-cephalosporins,
is due to their inability to overcome the height of the tarrier to
reaction with the enzyme. However, both the follewing g2« and -
cephalosporins {they are gifts from Prof. H. Vanderhaegne, Repa
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CEH -CH.,-CONH C.H.~-CH, -CONH
5 2 \ S 6“5 2 s
and
09~n———N CH3 o ’/// CH3
COOH cooH

Inatitute, leuven) react with the R6i enzyme (at pH 7.5 and 37°¢)
with the same (rather low) kSIK value (60-70 M~ 3'1) but the kh
value i considerably higher with the al-derivative (3 x 1075~ ;
half-life of the complex : 230 8) than with the s?-derivative

(5 x 10~ s_l; haif-life of the complex : 40 hrs). Hence, in this
case, the poor inactivating property of the AZ2-cephalosporin {when
compared with the corresponding s¥-cephalosporin) is due to

a noﬁ-negligible turnover of the molecule.

Some of the recently discovered 2-penems and l-carba-2-penems
with no or very simple side chains, exhibit antibacterial activi-
ties. Since the non-planarity of their g-lactam nitrogen (h =
0.43~0.50) i3 considerably more pronounced than in penicillins and
A3-cephalosporins (but less prencunced than in carba-l-penems), one
could alsc hypothesize that binding of the nucleus itself to at
least some enzyme receptors may cause rapid acylation of the enzyme

active centers. Interestingly, and as observed by using the iocdine
test, the following 2-pcnem

{(a gift from Drs I. Ernest and

N // ' H.R. Pfaendler from the Wood~- .
- R i
Soon ward Research Institute, Basel)
behaves as a substrate of the RE1 enzyme (Xm = 85 uM ; k =

Y app cat "
2.7 min 7) and the R39 enzyme (Kmap = 4 oM Ko,p = 0.42 min™1),
Note the low Kma b values. At this time, it is not known whether
enzyme acylation or enzyme deacylation is the rate limiting step

of the reaction.

The Metallo (Zn'") DD-Carboxypeptidase

Trhe 18,000-Mr G DD-carboxypeptidase effectively hydrolyses Ac2-
L-Lys~D-Ala-D~Ala, although with a turnover number one order of mag-
nitude smaller than those of the R61 and R39 serine DD~carboxypepti-
dases (Table 8). In marked contrast with the R61 and R39 enzymes,
however, the G enzyme i) utilizes only H20 as nuc¢leophilic acceptor
and is thus unable to catalyse transpeptidation reactions®?; ii)
exhibits high endopeptidase activities“l; iii) is highly resistant

te inactivation by ¢-lactam antibiotics®? “3; and iv) possesses one
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Table 8. Hydrolytic activity on Ac,y-L-Lys-D-Ala-D-Ala.

Enzymes ¥m (mM) Turnover number (min~t)
53,000-Mr R39 0.8 1,050
38,000-Mr R61 10 3,300
18,000-Mr G 0.3 150

(At pH 7.5 and 37°C).

equiv. of bound zn** ion’ . The apoprotein binds the Zn++ jon with

an association constant of about 2 = 101& mt {(a value close to
that found with EDTA) and this 2n”* ion cofactor is required for
enzyme activity on Acz—L-Lys—D-Ala-D-Ala. The Co** ion alsc binds
astoichiometrically to the O apoenzyme, a feature "which should per-
mit study by NMR of the amino-acid residues that must serve as li-
gands of the cofactor ion. The G DD-carboxypeptidaae may be the
counterpart of the metallo (Zn'') B~lactamase I of B. cereus®,*3
Hopefully, the amino acid seguences of the G DD-carboxypeptidase
(B. Joris; in preparation) and the g-lactamase II (R.P. Ambler;
personal communication) will be known in a near future.

The 4.5 ; resolution structure analysis of the ¢ enzyme*® has
revealed that the enzyme molecule can be inscribed in a 48 R x
34 K x 28 R ellipsoid and consists of two globular domains. The
largest domain possesses a region of very high electron density,
most likely the Za** ion ¢ofactor, in the vicinity of which occurs
a deep cleft (20 R x & R x 6 K) whieh roughly cuts the domain in
two parts. Although at this time the mechanistic properties of the
G enzyme are unknown (metalloproteases operate on sensitive sub-
strates without forming transitory acyl-enzyme intermediates),
erystallographic studies have permitted visualization of the enzyme
active center. The dipeptide Ac-D-Ala-D-Glu (2 competitive inhibitor
of the hydrolysis of AcZ-L-Lys-Dvila—D—Ala)*7 was successfully dif-
fused in a native enzyme crystal and the difference Fourier map cal-
culated at 4.5 K . The site of interaction is visualized as a 12 ;
segment of difference density elongated in the y direction of the
map, inside the cavity and close to the Zn** ion site (Fig. 5).

The G enzyme has the same general substrate requirements for
L-R-D-Ala-D-Ala terminated peptides as the R61 and R39 serine DD~
carboxypeptidases. In particular, the activity of the G enzyme is
modulated by the structure of the side chain at the L position of
the peptide substrate (Table 9), suggesting that the G enzyme pos-
sesses an effective binding site n°2 for bound peptides.
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Figure 5

A view of the mo-
del of the G enzyme,
with the active cen-
ter in white and as
constructed from

the electron densi-
ty map.

nable 9. Efficacy of hydrolysis by the Za** ¢ pD-carvoxypeptidase.

Turnover
Peptides Km (m#) number
(min™1)
AcE-L—LyS*D-Ala*D-Ala 0.3 150
AcE-L-Lys*D—Ala»U-Leu 0.3 50
Acz-L~Lys*D—A1a*Gly 2.5 90
Acz-L—Lys+D-Ala+L—Ala nonsubstrate
AcZ-L—Lys~D—Leu+D—A1a nonsubstrate
Acz-L—Lys»GIy*D—Ala 15 150
Aca-L-AQbu+D—Ala*D—Ala 0.6 38
Ac~L-Ala-D-Ala-D-Ala 3.3 0.6
Ac=Gly-D=Ala-u-Ald 1.1 1.7
Ac-D-Ala-D«Ala nonsubstrate inhibitor
Ac-L-Lys=+D=-Ala~D-Ala 6.0 18
*c
H

(Arv pH 7.5 and 37°C).

Kinetically, the interaction between the G enzyme and phenoxy-
methylpenicillin, cephalothin and cephalosporin C proceeas accor-
ding to reaction (1)“3. g-Lactam antibiotics, however, are extreme-
iy weak inactivators (Tzble 10), not that binding (K) is less effi-
¢ient, at least with a*-cephalosporins, than that measured with the
serine DD-carboxypeptidases, but because, irrespective of the
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structure of the 6(7)8 substituent, the k3 term of She reacticn is
very low. This very low ability of the G enzyme to convert the pe-
nicillins and s%-cephalosporins into reactive enzyme center directed
reagents suggests that this enzyme lacks binding site n®°2 for g~
lactam compounds. AS a consequence, the propensity of benzylpeni-
¢illin to react. with the G enzyme is only about 10-100 times higher®
than that observed with lysozyme or insulin*® {and 10% to 10! times

lower than that observed with the R61 and R39 enzymes respectively).

Yet, removal of the zn*? ion from the G enzyme results in an apo-
protein .which is as resistant to penicillin action as any common
protein or large polypeptide?»*8. -
Table 10. Reaction of the zn™t 6 enzyme with S-lactam antibiotics:
X K
3

E + C === E.C —=» E-C¥ .

Antibiotic K@) | ks (375 | okgsx e7ls™h
Phenoxymethyipeniciliin ] 150 g x 1074 0.005
Cephalesporin C 1.6 1 » 1078 0.05
Cephaloglycine 3.5 | 5 x 207 0.06

(At pH 7.5 and 37°C).

kg/K values smaller than 2 x 1079 M 15! have been found with
6-APA, benzylpenicillin, carbenieillin, methicillin, oxaciilin,
cloxacillin, 7-ACA, cepbalothin, nitrocefin and cefoxitin.

The complexes E«C* formed under conditions of high antiblotic
concentrations and prolonged incubation times at 37°C  exhibit nigh
stabilities (Table 11). Spontaneous breakdown, in water, of the na-
tive complex formed with benzylpenicillin causes the release of
benzylpenicilloate®, suggesting that in complex EI* the enzyme is
penicilloylated. The G enzyme thus appears to behave as a g-lacta-
mase §f very low efficiency. Its turnover number on benzylpenieillin
iz about 35 x 106 fold lower than that observed with the true exo-
cellular g-lactamase which 13 alsc excreted by Streptomyces albus G.

Table 11. Half-iives of complexes E-C*.

Antibiotic Ha%i;iife Xy, (371)
Benzylpenicillin 180 6.4 x 1077
Phenoxymethylpenicillin 130 9 x 1077
Cephalothin 350 3.3 % 107°
Cephalosporin € 150 5 x 1072

(At pH 7.5 and 37°C).
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Finally, formation of complex E£-C¥ with the G enzyme (i.e.
enzyme acylation ?) probably occurs at the enzyme active center.
The B-lactam para-iodo-g-phenylacetylaminocephalosporanic acid was
successfully diffused into a native enzyme erystal*®. Although the
difference Fourier synthesis at L.5 A resplution was rather noisy,
the highest peak found in the map was also located in the enzyme
cavity close to the zn** ion site. In agreement with this view, 7-
aminocephalosporanic acid competitively inhibits the hydrolysis of
Acz-L-Lys-o-Ala—D-Ala (J.A. Kelly; unpublished results). Surpri-
singly, however, inhibition by cephalesporin C is noncompetitive®s,
At this time, tne resscn why these two B-lactam compounds bebave
differently is not understood.

Other Possible Classes of DD-Carboxypeptidases

Low concentrations of para—chloromergzribenzoate inhibit the
enzyme activity of the DD-carboxypeptidase 1A of Escherichia coli
on L-D-D-Ala-D-Ala terminated peptides but not its ability to bind
penicillin*?. The interpretation has been that one enzyme SH group,
not involved in the formation of the presumed acyl-enzyme complexes,
is essentizl only for the deacyiation processes which are thus se-
lectively prevented from occurring in the presence of the tiel re-
agent. More recently, it has been observed that both enzyme acti-
vity and penicillin binding capacity of the membrane-bound 43,000~
Mr DD-carbexypeptidase of Streptococcus faecalis ATCC 97§0 and its
30,000-Mr water=-soluble derivative obtained by trypsin treatment of
the membranes, are inhibited by low dose levels of para-chleromer-
curibenzoate, suggesting that this DD-carboxypeptidase might be a
thiel enzymed. The 29,000-Mr DD~carboxypeptidase of B. coagulans
might also belong to this class of enzymesS, Further experiments,
however, are required to confirm this possibility since chemical
reagents of this type might be directed towards some satellite ami-
no-acid residues which operate in conjunction with the serine re-
sidue or the 2Zn** cofactor and its ligands, in the enzyme active
centers.

Conclusions

Knowledge of the active centers of the Dp-carboxypeptidases,
the primary targets of penicillin, has just emerged from darkness.
The data obtained with the few enzymes examined show that mechanis-
tieally different DD-carboxypeptidases exist, and shed some light
on the molecular mechanisma which underly the bewildering variations
that the penicillin receptors exhibit with respect to their sensiti-
vities to g-lactam antibiotics. -
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