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Summary — Geometry optimization, superimposition searches and conformational analysis carried on several lactam antibiotics
show that reactivity with the active-site serine penicillin-binding proteins is related to a particular spatial disposition of 2 flanking
functional groups — namely a C=0 or C-OH on 1 side and a carboxylate on the other — with respect to the central scissile amide
bond. Such a binding entity is found in one of the most stable conformers of the tripeptide diacetyl-L-Lys-D-Ala-D-Ala conferring
substrate activity, and in benzylpenicillin, cephapyrin, thienamycin, y-lactam, the 6-spiro-epoxypenicillin S and in one epimer of lacti-
vicin, conferring inactivating potency. This binding entity generates a particular electronic distribution and the fact that it is conserved

in compounds belonging to very different chemical families strongly suggests that it is an important feature required for enzyme reco-
gnition.

Résumé — Analyse conformationnelle d’antibiotiques B et y-lactamiques. L’ étude par optimisation de géométrie, superposition et
analyse conformationnelle réalisée sur plusieurs antibiotiques a noyau lactame montre que leur réactivité vis-a-vis des protéines liant
la pénicilline et possédant une sérine active dépend de la disposition spatiale particuliére des groupements fonctionnels C=0 ou
C-OH et carboxylate de part et d’autre de la liaison amide sensible. Ce miotif existe dans I'un des conforméres les plus stables du
tripeptide substrat diacétyl-1-Lys-D-Ala-D-Ala et dans les inhibiteurs benzylpénicilline, céphapyrine, thiénamycine, ¥lactame, ainsi
que-dans I'un des épiméres de la 6-spiroépoxypénicilline et de la lactivicine. Ce motif génére une distribution électronique trés parti-
culiére et le fait qu’ il soit conservé dans des composés appartenant a des familles chimiques trés différentes suggere fortement qu’il

constitue une caractéristique nécessaire a la reconnaissance enzymatique.
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The targets of the B-lactam antibiotics in susceptible
bacteria are membrane-bound proteins, collectively
designated as penicillin-binding proteins. The bacteria
also produce defensive enzymes, the [-lactamases,
which hydrolyse the antibiotics into biologically
metabolites. The penicillin-binding proteins and the
majority of the B-lactamases react with the B-lactam
antibiotics via formation of an acyl enzyme in which
the carbonyl of the amide bond of the B-lactam ring

becomes ester-linked to a serine residue. The acyl "

enzyme formed by reaction with the penicillin-
binding proteins is essentially hydrolytically inert
while that formed by reaction with the B-lactamases is
very short-lived {1, 2]. ;

The penicillin-binding proteins have specific func-
tions in cell division, cell elongation and determi-
nation of cell shape [1, 2]. Some of them catalyse key
reactions in wall peptidoglycan metabolism. In these
reactions, the R-L-Xoo-D-alanyl moiety of R-L-Xoo-
D-alanyl-D-alanine-terminated peptidoglycan precur-
sors is sequentially transferred to the essential serine

residue (with formation of a serine ester-linked acyl
enzyme) and from this, either to water (DD-carboxy-
peptidation reaction) or a suitable amino acceptor (DD-
transpeptidation reaction). Though the D-alanyl-D-
alanine peptide bond in non-cyclic carbonyl donors
and the endocyclic amide bond in the B-lactam anti-
biotics are thus functionally equivalent, there has
been, for many years, a widely held view according to
which the non-planarity of the B-lactam nitrogen atom -
would play a role in biological reactivity as a tran-
sition state ‘analogue. This assumption might explain
why the reactivity of the endocyclic CON unit is
important but not essential [3]. Moreover, antibac-
terial monocyclic B-lactams and bicyclic and mono-
cyclic y-lactams are known, suggesting that the good-
ness-of fit of the molecules in the enzymes active sites
is the essential feature for biological activity.

The molecules selected for this study are shown in
figures 1 and 2. The tripeptide diacetyl-L-Lys-D-Ala-
D-Ala (fig 1) is a substrate analogue while the lactams
(fig 2) are suicide substrates of various penicillin-
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Fig 1. Structure of the tripeptide substrate analogue.
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Fig 2. Structures of the selected lactams with atom num-
bering and dihedral angle labelling. The black arrow shows
the scissile amide bond.

binding proteins. These lactams are also substrates
and/or inactivators of some [-lactamases. All these
molecules possess on both sides of the scissile amide
C4=05 bond, C10=011 (or C10-O11H) and C1 OOH
functional groups whose spatial disposition has been
explored by methods of theoretical chemistry, super-
imposition searches and conformational analysis.
Since the compounds studied belong to distinct
chemical families, the presented atom numbering is
arbitrary; it has only been used here for the sake of
uniformity.

Materials and Methods
Selected lactams (fig 2)

Benzylpenicillin from the penams family was used as a refer-
ence. From its crystal structure, it is known that the thiazoli-
dine ring can adopt 3 different puckerings depending on which
the sulfur or 1 of the carbon atoms of the cycle comes out of
the mean plane [4]. The 6-amino acyl side chain is extended in
the complex formed with procaine and folded in the potassium
salt [5]. Penicillin has also been the subject of theoretical
studies. In particular, Rao [6] attempted to determine the mini-
mum energy conformation of several antibiotics, Cohen [7]
emphasized the pseudoaxial-pseudoequatorial relationships in
the conformational variations of the penam nucleus, and Wolfe
et al [8] investigated penicillin conformations in'solution using
molecular mechanics. Existence of a global minimum where
the penicillin adopts a compact structure was proposed (in
which, on the convex face of the molecule, the N8H9C10011
amide group is exposed to interactions with proteins). -

Cephapyrin was selected as a member of the 3-cephems
family. Its crystal structure is known [9].

Like benzylpenicillin, the 6-spiro-epoxypenicillins [10], and
thienamycin [11] are bicyclic B-lactams. In 6-spiro- €poxypeni-
cillins, where the conformation of the C6 side chain is frozen
by the configuration of the epoxy cycle, the § isomer is biologi-
cally active while the R isomer is not. In turn, the carbapenem
thienamycin bears an isopropylalcohol on the B-face of the
molecule.

The y-lactam in which a benzyl group replaces the phenoxy
group of the original compound studied by Baldwin [12] is also
bicyclic but, in this compound, the scissile amide bond is in a
5-membered ring which itself is fused to a thiazoline moiety
(the double bond of which was thought to be important to
enhance the reactivity of the y-lactam ring).

Lactivicin [13] possesses 2 cycles which are not fused to
each other. The scissile amide bond-containing isoxazolidinone
is substituted by a lactone on N3.1In solution, the 2 epimers a
and b occur in a = 1 to 1 molar ratio. The crystal structure of
aminolactivicinic acid is known [14]. This molecule whose
side chain is limited to an amino group, adopts a zwitterionic
form and the crystal structure is stabilized by intermolecular
hydrogen bonds.

Computational methods

All the degrees of freedom of the compounds were fully opti-
mized within the MNDO quantum chemistry framework [15]
using the link 402 of the GAUSSIAN 86 program [16], except
for lactivicin to which the MONSTERGAUSS program [17]



was applied at the ab initio STO-3G level (the reason for this is
that a study of the chemical reactivity of isoxazolidinone deri-
vatives is in progress in the laboratory). Moreover, the consist-
ency between semiempirical MNDO and minimal basis set
STO-3G results was checked as described in the literature [18].
The guess geometry used as a starting point for the optimiz-
ation procedure rested upon the available X-ray data and/or
standard parameters of smaller compounds. From the quantum
chemistry optimized geometry, conformational analyses around
torsional angles were performed using the molecular mech-
anics program MM2 [19] keeping all the other degrees of free-
dom unchanged. Geometrical adjustment and dynamic fit were
included in the graphic ULYSSE package from this laboratory
(improved version of the PAKGGRAPH program) [20]. It was
run on a Data General MV7800 computer with an attached
graphic processor GDC2400.

Results
Optimized geometries and conformational analysis

Figure 3 shows the optimized geometries of the
lactams studied. Optimization of lactivicin gives rise
to a cisoid configuration of the 2 substituents of the
isoxazolidinone, which configuration is more stable
by 2.77 kcal/mol than transoid configuration. In the
cisoid diastereoisomers a and b, the 6-acetylamino
side chain has the same orientation but the carboxy-
late at position 2 points to different regions of space,
compound b being more stable by 1.44 kcal/mol than
compound a.

The conformation of side chains on C6 depends on
the values of several dihedral angles (fig 2). In benzyl-
penicillin, the y-lactam and lactivicin, the amide bond
is in the transplanar conformation (® = 180°).
Geometry optimization yields a ¢ value of 175° for
the 3 compounds and a y value of 75° for benzylpeni-
cillin and the y-lactam.

The optimized ¢ and ) values correspond to the
minima of the conformational maps. As illustrated
with benzylpenicillin, plots of energy as a function of
¢ and x gives maximum stability for ¢ values ranging
between 140° and 300° (with ¥ = 75°) and for 3
discrete x values (with ¢ = 175°) (figs 4a, b). Two-D
map contouring at levels of 0.5, 3, 5 and 10 kcal/mol
above the minimum energy (fig 4c) allows
identification of 3 main stable conformers having a
common ¢ value of = 175° and x values of 70° (a
value which is very similar to that found by MNDO
optimization), 180° and 285°, respectively. The
¢175°~%70° conformer is more stable than the 2
others by 1.1 kcal/mol and the energy barrier between
the 3 conformers does not exceed 3 kcal/mol. The y-
lactam behaves in the same way (not shown). The 3
most stable conformers have a common ¢ value of
170° and a ) value of 75°, 190° and 270°, respective-
ly. In lactivicin, the permitted values of ¢ range from
170° to 300° (fig 4d).
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The orientation of C10-O11 in the 6-spiro-epoxy-
penicillins depends on dihedral angles referred to as
‘9> and “y’. ‘¢’ is frozen to 140° in epimer § and
— 2.9° in epimer R.Rotation around Y generates
minima at — 100° and - 122° for the optimized
epimers S and R, respectively.

The orientation of the OH group at position 11 in
thienamycin is governed by ‘¢’. Optimized geometry
and conformational analysis yields a ‘¢’ value of 75°,
which is also that found in the crystal structure.

Rigid fit

Pair-wise superimposition of the optimized structures,
using benzylpenicillin as a reference, were carried in
order to obtain the best possible fit between either
atoms N3C40S5C6C7 (referred to as the S atom fit) or
atoms C2N3C405C6C7 (referred to as the 6 atom fit).
For the pairs benzylpenicillin-y-lactam and benzyl-
penicillin-lactivicin (epimers a and b), the sum of the
squared distances between corresponding atoms was
minimized (table I) in order to achieve a common
orientation of the skeletons.

Whether the 5 atom fit or the 6 atom fit is used
(fig 5), the carbonyl of the scissile amide groups
superimpose almost exactly. Moreover, the distances
between fitted pairs of atoms are of the same order of
magnitude and never exceed 0.5 (table I).
Depending on the kind of fit, however, the central
nuclei are rotated by about 10° (fig 5). Consequently,
the 5 atom fit yields a better match between the
carbon atoms C6 and, conversely, the 6 atom fit gives
a better match between the sulfur atoms (of benzyl-
penicillin and y-lactam) and, of course, the carbon
atoms C2 and the carboxylates.

A view of benzylpenicillin (fig 6a) and cephapyrin
(fig 6b) (chosen as model of the 3-cephems) along the
plane of the B-lactam ring shows that the carboxylates
do occur on the same face of the molecules but are
distant from each other by more than 1.5 A. This
difference is a direct consequence of the hybridization
character of C2 which is sp3 in the penams and sp2 in
the 3-cephems. Similarly, the unsaturated bond in the
thiazoline ring of the y-lactam compels the carboxyl-
ate to adopt a position which resembles that found in
cephapyrin (not shown). Finally, lactivicin epimer b
(fig 6d) — but not epimer a (fig 6c) — has its carboxyl-
ate oriented in a way that also resembles that found in
benzylpenicillin and, much better, in cephapyrin. On
this basis, epimer b is assumed to be the biologically
active form of lactivicin.

Dynamic fit

As a result of the 5 atom fit, the distances between
each of the atoms C10 and O11 in benzylpenicillin
and in the other compounds are respectively equal to:
0.26 and 0.56 A for lactivicin epimer b, 0.59 and
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Fig 3. Stereoview of the optimized geometries of the selected lactams.
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Fig 4. Energy (kcal/mole) as a function of the dihedral
angles that govern the conformation of the side chain at C6
of benzylpenicillin (a, b, ¢) and lactivicin (d). In figure c,
the energy contour levels are 10 (—), 5 (—e—e—), 3 (= — -)
and 0.5 kcal/mol (eee)

0.89 A for the 6-spiro-epoxypenicillin §, 0.42 and
1.30 A for thienamycin, 0.76 and 1.16 A for the y-
lactam and 1.73 and 3.65 A for the 6-spiro-epoxy-
penicillin R.

In those cases where the distances exceed 1 A, a
dynamic fit was performed using the program
ULYSSE, by rotating the C6 side chains to minimize
the distance between each pair of the carbonyl
oxygens OI1 and by calculating for the adjusted
geometry, the loss of MNDO energy. As a result of
this fit, the distances are equal to 0.42 and 0.85 A for
the pair benzylpenicillin-thienamycin (at the expense
of 1.54 kcal/mol), and 0.37 and 0.37 A for the pair
benzylpenicillin-y-lactam (at the expense of 0.56 kcal/
mol). In contrast, the side chain of the biologically
inactive 6-spiro-epoxypenicillin R can never adopt an
orientation similar to that found in benzylpenicillip,
C10 and OI1 distances remaining larger than 2.8 A.
In a similar way, using X-ray data of other spiro-
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Lactivicin b

Fig 5. Pair-wise superimposition of the nucleus of benzyl-
penicillin and those of y-lactam and lactivicin epimers a and
b (unfilled bonds). Superimposition was carried using the 5

- atom fit (left) and the 6 atom fit (right). For details, see text.

Table I. Distances (A) between pairs of atoms by reference
to benzylpenicillin.

Atoms 5 atom fit 6 atom fit
Y-lactam lactivicin lactivicin Yylactam lactivicin lactivicin
a b a b

Cc2 - - - 0.11 0.14 0.19
N3 0.45 0.38 0.38 0.08 0.14 0.15
C4 0.09 0.09 0.08 0.07 0.06 0.07
05 0.11 0.13 0.11 0.11 0.16 0.19
Cé6 0.09 0.08 0.07 0.45 0.45 0.46
c7 0.50 0.42 0.41 0.45 0.41 0.41

TA2A)2 0.49 0.35 0.34 0.44 0.44 0.48
C1 2.57 297 2.68 1.82 291 1.91
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Fig 6. Orientation of the C10-O11, C4-O5 and Cl-OO
bonds (in black) in benzylpenicillin (a), cephapyrin (b),
lactivicin epimer a (c) and epimer b (d). All the molecules
are viewed along the N3-C5-C7 plane. R = acyl side chain
on C10; R' = alkyloxy substituent of cephapyrin.

epoxy derivatives, Shute [21] showed that the avail-
able conformational space for the side chains of the
3R- and 3S-anilides is mutually exclusive and that the
conformational space for the more flexible benzyl-
penicillin can accomodate the side chains of both the
constrained spiro derivatives.

Figure 7 shows the final results of the superimpo-
sition. In benzylpenicillin, the 6-spiro-epoxypenicillin
S, thienamycin, the y-lactam and lactivin epimer b, the
C4=05 carbonyl of the scissile amide groups on the
one hand, and the C10=011 (or C10-OH11) groups
on the other superimpose remarkably well, while at
the other end of the molecules, the carboxylates are at
least similarly oriented. The same type of fitting was
carried with the non-cyclic tripeptide diacetyl-L-Lys-
D-Ala-D-Ala, a substrate analogue of the low-M, DD-
peptidases/penicillin-binding proteins. Figure 7 also
shows that in one of the most stable conformers of
this tripeptide, previously designated BB*B* [22], the
carbonyl of the L-Lys-D-Ala bond, that of the scissile
D-Ala-D-Ala bond and the carboxylate, superimpose
almost perfectly with the equivalent atom groupings
of benzylpenicillin.

Structure—activity relationships

As shown by the data of table II, the value of the di-
hedral angle between the plane O11C405 and the
plane C405C1 exhibits minor variations, from 175 to
195°, in all the compounds studied except in the 2
biologically inactive compounds lactivicin epimer a
(230.9°) and 6-epoxy-spiropenicillin R (217.6°). The
atomic distance 05-O11 vary from 4.70 to 5.85 A, in
all the compounds studied except in 6-epoxy-spiro-

penicillin R (3.74 A). Finally, depending on the type
of structure in which N3 is involved, the distance O5-
C1 varies from 2.75 to 4.25 A. These O5-C1 distances
and those reported by Cohen {7] emphasize the inci-
dence of the thiazoline ring conformation. In the 3
penam optimized structures studied here, the ‘C3 con-
formation’ of the fused ring [4] generates a distance
05-C1 of about 4.2 A which characterizes the pseudo-
axial conformation described by Cohen. However, the
pseudoequatorial conformation which is assumed to
be the energetically accessible ‘active conformation’
(by about 0.7 kcal) is induced during formation of the
acyl enzyme (as shown in a model of methanolysis
which is under current study in this laboratory).

From the foregoing, it thus follows that biological
activity, whether as inactivator or as substrate, essen-
tially rests upon an almost coplanar disposition of
atoms O11, O5, C4 and C1 and is compatible with
05-011 distances ranging from 4.70 to 5.85 A, O5-
C1 distances ranging from 2.75 to 4.25 A and C1-O5-
O11 angle values of 95-133°.

Discussion

The lactam antibiotics and D-alanyl-D-alanine-termin-
ated substrates have a common backbone R-CONH-
C-CON-C-COOH where CON is the electrophilic
center involved in the nucleophilic attack by the
active-site serine of the DD-peptidases/penicillin
binding proteins. Geometry optimization, superimpo-
sition searches and conformational analysis carried on

Table II. Spatial disposition of atoms O11, O5 and Cl1 in
the lactam inactivators and the tripeptide Ac,-L-Lys-D-Ala-
D-Ala substrate. .

Compound Distance Distance Dihedral angle Angle
05-011  05-C1 011-C4-05-C1 011-05-C1
(A) (A) (9 (%)
Benzylpenicillin 5.16 4.16 177.4 100.8
6-spiro- 5.85 4.20 184.6 95.3
epoxypenicillin §
6-spiro- 3.74 4.21 217.6 120.0
epoxypenicillin R
Thienamycin 4.70 3.57 175.4 106.7
Cephapyrin 5.12 3.35 174.8 118.0
y-lactam 4.88 3.06 1953 112.7
Lactivicin 4.98 3.49 230.9 96.7
epimer a
Lactivicin 5.01 2.75 188.6 1334
epimer b
Acy-L-Lys-D-Ala-D-Ala 4.88 4.25 187.1 108.2

conformer BB*B* [19]
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Fig 7. Superimposed stereoviews of benzylpenicillin (unfilled bonds) and 6-spiro-epoxypenicillin S (a), 6-spiro-epoxygenicillin
R (b), thienamycin (c), y-lactam (d), lactivicin b (e) and Ac,-L-Lys-D-Ala-D-Ala conformer BB*B* (f). The R substituent on

| C10 is represented by a black ball.

antibiotics belonging to different chemical families
(penicillins, 6-epoxy-spiropenicillin S, cephalo-
sporins, thienamycin, y-lactams and lactivicin) lead to
the suggestion that carbonyl donor activity requires a

particular spatial disposition of the R-CO-NH moiety
and the COOH function with respect to the central
CON scissile amide group. The same preferred spatial
disposition is found in all the lactams studied and in
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one of the most stable conformers of the tripeptide
Ac,-L-Lys-D-Ala-D-Ala substrate analogue. Given the
particular electronig distribution that these functional
groups generate, which itself gives rise to a negative
electrostatic potential of defined shape and volume
[23], one can speculate that this common feature is an
essential component of the binding entity involved in
enzyme recognition, . :

It is well-known in B-lactam medicinal chemistry
that enzyme recognition depends very much on the
nature of the R side chain, which R side chain is
differently oriented in the lactams and the D-alanyl-D-
alanine-terminated peptides (fig 7). The occurrence of

“distinct enzyme subsites may explain the development

of resistance in important bacterial pathogens such as
Staphylococcus aureus, Streptococcus pneumoniae,
Neisseria gonorrhoeae and Streptococcus faecium
[24-30], by the evolution of altered penicillin-binding
proteins that have greatly reduced their affinity for the
lactam antibiotics without impairing their ability to
process their structurally-analogous normal substrate.
Conversely, it may also explain the fact that penicil-
lin-binding proteins exist which have no function in
peptidoglycan metabolism and act only as penicillin-
signal transducer for the synthesis of intracellular
proteins (B Joris, P Ledent, T Kobayashi, JO Lampen,
JM Ghuysen, submitted).
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