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Abstract

DFT calculations based on the hybrid functional B3LYP/6-31+G� were used to study the alkaline hydrolysis of an

aza-clavulanic acid, which results from the substitution of the carbon atom at position 6 in clavulanic acid by a nitrogen

atom. The presence of the nitrogen atom endows the compound with special properties; in fact, once formed, the

tetrahedral intermediate can evolve with cleavage of the N4–C7 or N6–C7 bond, which obviously leads to different

reaction products. These differential bond cleavages may play a central role in the inactivation of b-lactamases, so the
compound may be a powerful inactivator of these enzymes.

� 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

b-Lactam antibiotics are currently the most

widely used antimicrobial agents by virtue of their

high efficiency, broad spectrum and low toxicity.
Their antibacterial action relies on the acylation of

so-called �penicillin binding proteins� (PBPs),

which constitute an enzyme group involved in the

formation of the bacterial cell wall [1].

Although bacteria resistant to this type of an-

tibiotic have been known to exist since shortly

after its inception in clinical practice, it is in recent

years that, possibly through their massive misuse
[2], the number of bacterial strains resistant to the

action of b-lactams has grown to an alarming ex-
tent [3].

The primary defensive mechanism of the bac-

teria involves the production of b-lactamases [4,5];
these enzymes use an acylation–deacylation
mechanism to hydrolyse the b-lactam ring before

the antibiotic can reach its target and render it

inactive against PBPs [6].

A number of approaches have been developed

to overcome the effects of these enzymes that in-

clude the use of compounds such as tazobactam,

sulbactam or clavulanic acid, which are powerful

inhibitors of b-lactamases despite their low – if any
– antibacterial activity [7]. These compounds,

which act by irreversibly inhibiting the enzymes,

are always administered in combination with

other, effective, compatible antibiotics. Specifi-

cally, the inhibitory mechanism of clavulanic acid

involves the cleavage of the C5–O1 bond after the
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acyl–enzyme complex is formed; this hinders the

deacylation reaction, which would develop to

completion in the presence of an appropriate

substrate [8].

Based on the values of structural parameters

obtained from semi-empirical calculations, Nangia
et al. [9–11] inferred that aza-b-lactam structures

could be potential antibacterial agents, which was

subsequently confirmed experimentally [12]. The

antibacterial properties of aza-b-lactams originate
from the formation of carbamoyl–enzyme com-

plexes, which are more stable than penicilloyl–

enzyme complexes and were originally reported by

Ghosez et al. [13–15] in their studies on bicyclic
imidazolidinones (aza-c-lactams).
In recent work on b-lactam structures where the

carbon atom next to the b-lactam carbonyl group

was substituted by an oxygen, nitrogen or sulphur

atom, we found the nucleophilic attack of the

hydroxyl group on the b-lactam carbonyl to yield

products possessing the chemical reactivity re-

quired from effective antibacterial agents capable
of inhibiting b-lactamases. In these compounds,

the formation of the tetrahedral intermediate al-

lows the system to evolve via the cleavage of the

lactam C7–N4 bond or the C7–X6 bond (with

X ¼ O, N or S), which produces especially stable

carbamoyl structures. In most cases, the C5–S1
bond is also broken, similarly as in clavulanic acid

[16–18].
Based on structural (particularly electrostatic)

parameters for these compounds calculated by

distributed multipole analysis (DMA) and their

comparison with those for other penicillins, ceph-

alosporins and clavulanic acid, these substituted

b-lactams must behave more similarly to an in-

hibitor than to an effective antibacterial agent [19].

In this work we studied the alkaline hydrolysis
of a compound (a), in Scheme 1, with a molecular

structure similar to that of clavulanic acid which

retained the oxygen atom at position 1 in the

oxazolidine ring but had the carbon at position 6

substituted by a nitrogen atom. The study was

based on theoretical calculations at the B3LYP/

6-31+G� level, which allowed the effects of the sub-

stitution on the chemical reactivity of the com-
pound to be exposed. The structural and DMA

parameters for the compound were compared with

those for penicillin G and clavulanic acid. Based

on the electrostatic parameters, the compound

possesses an enzyme affinity similar to that of

clavulanic acid; however, its increased number of

potential cleavage sites results in also increased

chemical reactivity and inhibitory power.

2. Methodology

The ab initio calculations were carried out at

the B3LYP/6-31+G*//B3LYP/6-31+G* levels. The

incorporation of diffuse functions is especially

relevant in the calculation of anionic system [20].
All the energies in the text include the ZPE cor-

rection. The transition states were characterized by

exhibiting just one imaginary frequency. IRC cal-

culations of the former transition states were per-

formed to confirm all the transition states

proposed in this study.

The calculations were performed on IBM SP2

and SGI Origin 200 computers running the
GAUSSIANAUSSIAN 98 program [21].

We compared the structural similarity between

the molecule studied with penicillin G and cla-

vulanic acid by minimizing the root-mean-square

(rms) distances between specified pairs of atoms

that are expected to be in the same position in the

active site. The sequence that we used for the

structural overlays was the O8–C7–N4–C3–C11–
ðO12O13Þ, present in all the structures studied. The
rms separations of the atoms of the studied se-

quence has been calculated by the Chem3D soft-

ware package [22].

The electrostatic similarity is likely to be more

important that the finer details of steric overlap.

The electrostatic models were derived from the

SCF wavefunction of the molecules (RHF). Each
wavefunction was represented by sets of multi-

poles up to the hexadecapole at each atomic site,

obtained by a DMA. These calculations were

carried out running the CADPAC ab initio pro-

gram suite [23]. The electrostatic potential was

examined at fixed distances outside the van der

Waals surfaces of the molecules, as defined by the

Pauling radii, and the minima of electrostatic po-
tential were determined by minimizing the inter-

action energy of a single positive point charge
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(radius 0.5 �AA) with each molecule, using hard-

sphere repulsion between sites with nonzero van

der Waals radii, using the ORIENT software

package [24]. We compared, through the use of

rms separations of the positions of the minima

calculated by the Chem3D software package, the
electrostatic potential of the structure studied with

that the penicillin and the clavulanic acid.

3. Results and discussion

Scheme 1 shows the overall mechanism for the

hydrolysis of aza-clavulanic acid (a), as well as the
traditional numbering convention for these com-

pounds. Fig. 1 shows the corresponding reaction

profile.

The presence of the two nitrogen atoms next

to the carbon in the b-lactam carbonyl group

increases the amount of positive charge on the

Fig. 1. Reaction profile of the alkaline hydrolysis of the aza-

clavulanic acid (molecular energies are relatives to the reactants).

Scheme 1. Structures corresponding to the reactants, intermediates, transition states and final products of the reaction of alkaline

hydrolysis of the aza-clavulanic compound at B3LYP/6-31+G* level.
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carbon and results in a slightly favoured attack of

the hydroxyl group relative to clavulanic acid

[17,25]. As shown in a number of theoretical

studies on the hydrolysis of carbonyl groups

[20,26], the attack of the hydroxyl group in the gas

phase is subject to no potential barrier until the
tetrahedral intermediate (b) is formed. This inter-

mediate can evolve with cleavage of the N4–C7

bond (as in clavulanic acid and most penicillins

and cephalosporins) to form compound c, where

the b-lactam cycle is open and the b-lactam ni-

trogen protonated. This process exhibits a low

activation energy (3.14 kcal/mol, Table 1).

The transition state that connects these two
compounds, bc, clearly exhibits a hydrogen bond

between N4 and H23 (2.063 �AA) that facilitates the
subsequent transfer to the nitrogen atom after the

b-lactam cycle is opened.

Compound c possesses a substantial amount of

negative charge on O1, N4, C5 and N6, consistent

with its tendency to evolve spontaneously, with no

energy barrier, to compound d, which has both
cycles open and is the most stable of all com-

pounds in the reaction scheme. The presence of N6

results in much easier cleavage of the O1–C5 bond

than in clavulanic acid [17,25]. Because such a

cleavage is involved in the permanent inactivation

of b-lactamases by clavulanic acid [8], aza-clavul-

anic acid can be expected to be a much more

powerful inactivator than clavulanic acid. The end

product d is stabilized by the formation of three

intramolecular hydrogen bonds, viz. a strong one

between O22 and H23 (1.970 �AA), and two weak ones
of H10 with O1 (2.405 �AA) and O12 (2.325 �AA).
Compound d can be obtained via a different

reaction pathway. Thus, if the proton cannot be

transferred to the b-lactam nitrogen during open-

ing of the ring owing to an inappropriate orien-

tation, the five-membered ring breaks in order to

neutralize the resulting negative charge on the ni-

trogen atom (e). This process is subject to an ac-

tivation energy of 9.48 kcal/mol. If the hydroxyl of
the acid group of e is rotated, the proton, H23, is

transferred to the b-lactam nitrogen. As can

clearly be seen from Fig. 1, the former pathway is

the more energetically favourable.

The presence of a heteroatomat position 6 allows

the tetrahedral intermediate to also evolve with

cleavage of theN6–C7 bond, a process that is subject

to no activation energy (see Fig. 1). The resulting
product, f, has a weak hydrogen bond (H19–O1,

2.065 �AA) and a very strong one (H23–N6, 1.620 �AA).
The formation of the latter facilitates the conversion

of f into g via the transfer of H23 to N6, which neu-

tralizes the charge on this nitrogen atom. Again, the

process is subject to no activation energy.

Table 1

Principal bond distances (�AA), energies, charges, and imaginary frequencies of all compounds of the alkaline hydrolysis of the

aza-b-lactam acid

Distances a b be e bc c d bh h f fh g

C7–N4 1.4224 1.6126 2.2153 3.0815 2.0195 3.0744 3.0123 1.4502 1.3818 1.3713 1.3721 1.4434

N6–C7 1.4212 1.5770 1.4470 1.3515 1.4964 1.4575 1.4785 2.1158 3.0208 2.9794 3.0199 3.0758

N6–C5 1.4758 1.4486 1.4637 1.4410 1.4498 1.4026 1.3486 1.4138 1.2972 1.3475 1.3247 1.4504

C5–O1 1.4102 1.4875 1.5679 2.7707 1.5146 1.5865 2.7682 1.5264 2.553 1.5421 1.8790 1.4576

C2–O1 1.3936 1.3581 1.3425 1.2674 1.3519 1.3382 1.2709 1.3434 1.3029 1.3596 1.3277 1.3636

C5–N4 1.4656 1.4318 1.3759 1.2631 1.4045 1.4212 1.3059 1.4516 1.4092 1.4930 1.4575 1.4409

O22–H23 – 0.9716 0.9714 0.9731 0.9781 1.9886 1.9704 0.9715 0.9798 1.0550 0.9978 2.0237

H23–N6 – 2.5766 3.1321 3.0641 2.5317 2.4317 2.4971 3.1637 2.0745 1.6201 1.8650 1.0298

H23–N4 – 2.2691 3.1613 3.8359 2.0627 1.0264 1.0222 3.1319 2.3358 2.2445 2.2932 2.5605

H19–O1 4.6164 3.4324 3.4651 3.5848 3.4343 3.4826 3.5497 3.5490 1.8108 2.0646 1.9428 3.5993

DE (kcal/mol) 0 )24.269 )14.787 )49.098 )21.127 )77.828 )84.237 )15.462 )53.653 )53.493 )51.813 )67.365
QðO1Þ )0.27 )0.32 )0.35 )0.64 )0.32 )0.31 )0.65 )0.36 )0.70 )0.46 )0.54 )0.37
QðN4Þ )0.06 )0.15 )0.15 )0.20 )0.32 )0.39 )0.5 0.14 0.02 )0.15 )0.11 )0.23
QðC5Þ 0.08 )0.09 )0.24 0.15 )0.05 )0.33 0.23 )0.24 0.05 0.10 )0.05 )0.10
QðN6Þ )0.63 )0.63 )0.48 )0.60 )0.53 )0.61 )0.69 )0.79 )0.68 )0.93 )0.79 )0.79
QðC7Þ 0.79 0.44 0.47 0.70 0.49 0.69 0.68 0.58 0.81 0.84 0.85 0.80

Imaginary

frequencies

(cm�1)

– – 138.7 i – 156.9 i – – 354.2 i – – 101.4 i –
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Compound f can also evolve with cleavage of

the O1–C5 bond, which yields h; this is similar to d:

it has both rings open and the negative charge,

which is localized primarily on O1, is partially

stabilized by formation of a hydrogen bond with

H10 – with a low energy barrier (1.68 kcal/mol).
The tetrahedral intermediate could also yield h

via a TS (bh) involving the simultaneous opening of

the two fused rings. However, as can be seen from

Fig. 1, this process is energetically unfavourable.

The nucleophilic attack of the hydroxyl group

(Fig. 1) on the b-lactam carbonyl yields two main

end products, namely: g, which is subject to no

energy barrier, and d, which exhibits a low barrier
(3.14 kcal/mol).

Chemical reactivity is not the sole factor that

dictates the antibacterial or b-lactamase inhibitory
properties of b-lactams. The three-dimensional

structure and, especially, the distribution of the

electrostatic potential, are also significant to the

enzymatic recognition of the compound. Thus,

molecules with a similar electrostatic potential
distribution are known to be able to interact with

the same receptor [27], so such a distribution can

be used to predict the suitability of a given com-

pound as substrate for a specific enzyme – even if

the active site for the enzyme is unknown. The

DMA, the most widely used method for examining

electrostatic similarity, has previously been applied

to b-lactams [19,28,29].
Aza-clavulanic acid exhibits two minima on the

carboxyl group (a, b), three on oxygen atoms [viz.
one each onO1 (g),O8 (d) andO18 (f)] and twoothers

on N4 (c) and N6 (e) (see Fig. 2 and Table 2). The

electrostatic potential distributions for penicillin G

and clavulanic acid are substantially different. The

former exhibits two minima at position 4 and min-

ima f and g are not associated to oxygen atoms.

Similarly, the latter does not exhibitminimum e as it

lacks the side chain or N6 in clavulanic acid. It
should be noted that the minima on the carboxyl

group are much stronger in aza-clavulanic acid and

clavulanic acid than they are in penicillin G.

Direct inspection of the structures and electro-

static potential minima only provides qualitative

indications of similarity between molecules. In

order to derive quantitative information, the

structures of aza-clavulanic acid, penicillin and
clavulanic acid were superimposed and the rms

deviation for the distances in the atom sequence

O8–C7–N4–C3–C11–ðO12O13Þ in both structures

was calculated. The structural rms values obtained

Fig. 2. Different minima of the electrostatic potential in the van der Waals surface for the aza-clavulanic acid, clavulanic acid and

penicillin G.
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(Table 2) suggest a significant similarity of the aza-
clavulanic compound to clavulanic acid, and less

so to penicillin G. These results are consistent with

those obtained in previous work by comparing

various aza-b-lactam structures with clavulanic

acid and different penicillins [19].

The overlap between the potential minima for

the aza-clavulanic compound, penicillin G and

clavulanic acid therefore provides significant in-
formation about the ability of the compound to

bind to the active site of bacterial enzymes. The

calculated rms values between the potential min-

ima related to the carbonyl group (a and b), the

b-lactam nitrogen (c) and the carbonyl group (d),

shown in Table 2, confirm a substantial electro-

static similarity with clavulanic acid, and less so

with penicillin G.
In summary, the presence of the nitrogen atom at

position 6 endows aza-clavulanic acid with special

properties. On the one hand, following cleavage of

the N4–C7, it substantially facilitates that of the

O1–C5 bond (leading to d), which causes the per-

manent inhibition of b-lactamases [8]; on the other,
it enables the cleavage of the N6–C7 bond, which

does not occur in classical antibiotics and allows the
enzymes to be inactivated via a rather different

pathway. Based on the foregoing, aza-clavulanic

acid and its derivatives can be powerful inactivators

of b-lactamases.
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