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ABSTRACT
The possible conformations of clavulanic acid and penicillin were analysed by semiempirical

potential energy calculations.
puckered conformation.

The oxazolidine ring of clavulanic acid favours only cne type of
On the other hand, the thiazolidine ring of penicillin favours two types

of puckered conformations similar to those observed: in ampicillin and penicillin G or V.in the solid
state. The present study predicts that both these conformations can coexist in solutien 1n agreement

with the NMR results.

Comparison of the possible confermations of penicillin with that of clavu-

Janic acid indicates that the C; puckered conformation of the thiazolidine ring (as in penicillins G or
V in the solid state) is important for the binding of penicillin with f-lactamases. e

INTRODUCTION

ENICILLIN is one of the widely used antibiotics
to combat many bacterial diseases. However,
in recent years its use has been limited by the emergence
of resistant bacteria. These strains achieve their
resistance mainly by producing p-lactamases which
inactivate the antibiotic by hydrolysing the lactam
peptide bond before the antibiotic reaches the target
enzyme (transpeptidase).

Recently we have studied the binding specificity
of transpeptidase by theoretical methods and have
shown that for optimal binding with the enzyme, the
aminoacyl and the carboxyl groups should assume
specific conformations=3. For the binding specificity
of B-lactamases, such an information is not available.
Recent observation that clavulanic acid is a potent
inhibitor of various p-lactamases indicates that to
bind with B-lactamases the aminoacyl group of the anti-
biotic is not as essential as the lactam ring and the
carboxyl group. Since the carboxyl group of peni-
cillin can assume different orientations due to different
modes of puckering of the thiazolidine ring4 it is not
known which of these forms is essential for binding
with B-lactamases. In order to understand this, a
detailed analysis of the conformational flexibility of
the five membered ring in clavulanic acid and peni-
cillin was made by semiempirical potential energy
calculations, and, the results are presented in this
paper. These studies are important for the design
of a suitable f-lactam compound active against resistant
bacteria. :

METHODS
Nomenclature

The numbering of the atoms and the dihedral angles
in clavulanic acid and penicillin are shown in Fig. 1.
R, and R, (Fig. 1) were treated as methyl groups for

: FiG. 1. Numbering of atoms and dihzdral ang]esv'
in (a) clavulanic acid and () peaicillin.

calculational simplicity. The tersional angles a,, a,
and a; (in clavulanic acid) specifies the relative ori:mta-
tion of the planes (C;, O;, C,), (C,, C,;, N,) and (N,,
C;, C;, C,) respectively with respect to the reference
plane (C,, Ny, C;). Hence in this notation a, and ¢4
define the conformation of the five membered ring anﬁ
a, defines its orientation with respect to the lactam




ring. In the initial conformation (¢, = a, = a; = 0)
all the ring atoms (O,, Cs; C,, N,, C;, C; and C;) are
in one plane as in Fig. 1 a. Clockwise rotation about
the virtual or real bonds (indicated by arrows) looking
along C,-C,, C,-N, and N,-C; is considered as

positive for the dihedral angles a;, a, and a,; The

definition of the torsional angles (</;, 3) which define
the orientation of the carboxyl group is according to
the IUPAC-TUB nomenclature. Similar definition
holds good for penicillin also. The superscript ‘c’
in (¢;, ;) refers to clavulanic acid. Similarly ‘A’

in (g ?, 1//?) refers to the artibiotic penicillin.
Enérgy Calculations

The total conformational energy (V....) of a molecule

can be expressed as
Y = YN L g T Voor

TOT

TOT

where
Vs is the non-bonded interaction energy,
V.,is the electrostatic interaction energy,
Vg is the energy due to bond angle strain and

V.o 18 the torsional potential energy.

The form of the functions and the parameters used

to calculate V., V., V,and V,, are described else-
where®~".

NB? TOR

Since our main aim is to study the flexibility of the
five membered ring, the lactam ring was fixed in a
planar conformation®®1? and the energy of the mole-
cule was calculated as a function of (a., a,).
dihedral angles were varied in the range — 60° to
+ 60° at 10° intervals and at each grid point, the energy
was minimized with respect to (a,, f-, f,)in clavulanic
acid and (a;, « ‘:‘, B, B») in penicillin. In beth these
compounds Yy, or x‘bﬁ‘ was fixed at 30° which is the
preferred value in simple peptides2:3. Iso-energy
contours of these molecules on the (a;, a,) plane are
shown in Figs. 2 and 3. The projection diagrams
of the minimum energy conformers are shown in

Fig. 4 a, b, c. The values of a,, ¢5 or 9’2 correspond-
ing to the minimum energy and solid state conforma-

tions are given in Table I.
RESULTS AND DIscuUsSION

Figure 2 shows a single minimum for the oxazolidine
ring ‘of clavulanic acid indicating that the ring is highly
rigid and favours only one type of conformation.
The energy minimum occurs at (a;, a,) = (10°, — 10°).
In the solid state the ring assumes a conformation
around (10°, — 20°) and js very close to the energy
minimum. However, the solid state conformation
has about 2 kcal. mole~! higher energy than the energy
minimum which may be compensated by lattice energy
in the crystal. The relative orientations of the two
rings (a3) and the orientation of the carboxyl group
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Fic. 2. Iso-energy contours for clavulanic acid in
kcal. mole-1. @ —Global minimum; Jg—solid state
conformation.
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FiG. 3. Tso-energy contours for penicillin in kcal.
mele=1. In region I the thiazolidine ring is in the C,
puckered conformation and in region II it is in the C;

puckered ccnformation. @ —Global minimum. Solid
state conformations of the thiazolidine ring in ampi-
cillin trihydratc (m); ampicillin anhydratc ([J);

penicillin V (A) and penicillin G (A ).

((i);) as predicted from theory are in agreement with
the crystal structure results (Table I).

Figure 3 shows two minima for the thiazolidine
ring of penicillin. The global minimum occurs at
(ay, a,) = (40°, 10°) in region I and tbe local minimum
at (— 10°, — 25°) in region II. The solid state cop-

formations of the thiazolidine ring as observed in
ampicillins%™® fe]l in region I and that of penicillin
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vary. The values of (as. (j)’;) at the minimum energy
conformations are very close to the experimental
values (Table I). The influence of the thiazolidine
ring puckering on the preferred orientation of the
aminoacyl group i’ not significant and the latter favours
a conformation around 4)‘;‘ = 170°. Interestingly, this
is the conformation required for optimal binding with
transpeptidase® 2.

f——-—*%g FiG. 4. Projection diagrams of clavulanic acid (a), LTl ;I:ABtLEﬁl . ; e A

s and penicillin in the C, (b) and Cj (¢) puckered confor- qlngcd G slie e of s an f’g ord,
in keal, = mMmations. ~ Relative orienta- Orientation of
in the C2 | G or V%° in region II. When the ring assumes a bt,lonl,Of ?he the carboxyl
in the C3 | conformation in region I the C, atom is puckered and Ieyolozing group ;
100 50]‘4 in region II the C; atom is puckered. The barrier system (180-a) (¢5 or b2)
In ampi= | petween the twe minima is small (4-5 kcal. mole-1) Molecule =
atc ()5 | and the ring can easily flip over from one conformation Calcu- Experi- Calcu- Experi-

to the other. The global minimum in region I has lated® mental® lated® mental®
: about 0-5 kcal. mole~! lower energy than the minimum : % z . :
nent with | jn region II. Therefore, conformations in region 1 will Cla\./g]a.mc e ia: 120 148° 161
: ey Penicillin

o predominate at equilibrium. In other words, the (Ca piickored) 143° 1470 : :
“3201.“11“6 population of the C, puckered conformation will be Peni(%lﬁn Z 111 113
oceurs al | higher than that of the C; puckered conformation in © e 113° 119° . :
MINIMMUNL | golution, This agrees with the recent NMR studies!3. 3p Hesor - 161 158
state coP- | Depending upon the mode of puckerin i ; P

S g the relative a—Corresponding to the minimum ‘en
’Sel‘cld_”’v“ orientations of the lactam and the thiazolidine rings malt)jonq . =80 conlor
penicillin s.

(a3) and the orientation of the carboxyl group (92) b—Data taken from References 4, 9 and 12,




It is interesting to note that clavulanic acid which
exists in only one type of conformation is a potent
inhibitor of p-lactamases. This suggests that thie
molecule has the right conformation to interact with
these enzymes. Comparison of the favoured conforma-
tions of penicillin with that of clavulanic acid indi-
cates that the relative orientations of the bicyclic ring
system and the orientation of the carboxyl group of
the former are very similar to the latter when the
thiazolidine ring is in the C3 puckered conformation
(Table I and Fig. 4). This suggests that for optimal
binding with p-lactamases the thiazolidine ring cf
penicillin should assume a conformation in region II
(C3 puckered form). As pointed out in our earlier
papers®?, to bind with transpeptidase also the thiazo-
lidine ring should assume a similar conformation. As
mentioned already, in solution, the population of this
conformation will be small for penicillin compared to
clavulanic acid since the latter favours only one type
of conformation. This may explain the competitive
inhibitory property of clavulanic acid.

Experimental studies indicate that the rate of hydro-
lysis of the lactam peptide bond by p-lactamases is
very slow in clavulanic acid compared to that in peni-
cillin. It is not clear at this stage whether the presence

of the aminoacyl group or the flexibility of the five
membered ring is required for this reaction to take

place.
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