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Ab initio calculations (HF/6-31G** and MP2/6-31G**) were performed to investigate
the intramolecular hydrogen bonding in the model -, y-, and 8-lactam molecules. It was
found that the intramolecular (C=0)O-H...O=C hydrogen bond stabilizes much more the
v- and d-lactam fused ring systems than the -lactam penicillin and cephalosporin-like
systems. This observation suggests that y- and &-lactams block themselves by the
intramolecular hydrogen bond and therefore are less active toward receptor active site
than B-lactams. It is also likely that this factor can discriminate the B-lactamase inhibi-
tors.
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Penicillins and cephalosporins are large groups of drugs that share features of
chemistry, mechanism of action, pharmacologic and chemical effects, and immuno-
logic characteristics. These drugs are referred to as B-lactam antibiotics, because of
their unique four-membered lactam ring. Both, penicillins and cephalosporins have
two fused ring systems: one is the B-lactam (4-membered) ring and the other is the
thiazolidine (5-membered) or dihydrothiazine (6-membered) ring for penicillins and
cephalosporins, respectively. The two rings share a common amide nitrogen and a
carbon atom. The strain along the ring bounding causes the amide torsion angle to be
different from zero. To defend against -lactam antibiotics, bacteria have developed
B-lactamases. These enzymes break (hydrolize) the B-lactam ring and nullify the anti-
bacterial effect of the drug.

B-Lactam antibiotics inhibit bacterial growth by interfering with a specific step in
bacterial cell-wall synthesis [1]. Cell-wall is composed of peptidoglycan (murein,
mucopeptide) consisting of polysaccharides (alternating aminosugars N-acetylglu-
cosamine and N-acetylmuramic acid) and polypeptides (pentapeptide that terminates
in D-alanyl-D-alanine). Penicillin binding proteins (PBP) catalyse the transpeptidase
reaction that removes the terminal D-alanine, cross-link the peptides and gives the
cell-wall rigidity. The B-lactam antibiotics mimic the D-alanyl-D-alanine tail and
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they are bound by PBP at the active site, the transpeptidation reaction is inhibited, the
peptidoglycan synthesis is blocked, and the cell dies [1].

Resistance of B-lactams falls into several distinct categories [2]. Some are resis-
tant because the B-lactam ring is protected by the side chain attached to 4-membered
ring. Some, as carbapenems, have a different stereochemical configuration in the
lactam ring, that apparently imparts resistance to 3-lactamases. The discovery of the
additional classes of B-lactams (as oxacephalosporins, carbapenems, penems) leads
to the conclusion, that the structural elements, responsible for B-lactams activity, are
simplified to the B-lactam ring and an acidic group. However, recently published re-
sults concerning y-lactam analogues of carbapenems (two fused 5-membered rings)
suggest that dogma of the B-lactam ring required for activity is not true. It was found
that y-lactam analogues of the penems and carbapenems show also a weak anti-
microbial activity [3], while 5-lactams exhibit no activity [4].

Chemical reactivity of the f-lactam ring and its neutral or alkaline hydrolysis was
the subject of molecular mechanics [5], semiempirical [6—10], and ab initio calcula-
tions [11-17]. In the recently published paper [17] the role of the 4-membered ring
strain, reduced amide resonance, substituent and ring fusion effects on hydrolysis
(methanololysis) have been studied. However, the role of the intramolecular hydro-
gen bonding between the lactam’s C=0 group and the COOH group attached to the C4
atom of the second ring has been very little looked into [18]. The recent IR and NMR
study on the solvent effect on molecuar conformation of the diacetylocephalothin
showed that in an inert environment or for concentration of DMSO up to 15% in ace-
tone, the intramolecular hydrogen bond is present [18].

The aim of this work is therefore to present a study of the influence of the
C=0---HO(O=C) intramolecular hydrogen bond on the stability of -, y-, and 5-lac-
tams. Following the two above mentioned suggestions, we chose as a model of our
study two groups of lactam systems (Figures 1 and 2). The first one corresponds to
penicillins and cephalosporins and their analogs: 4-membered -lactam ring is fused
ether with 5- or with 6-membered ring. The second one represents y- and 5-lactam
systems, i.e., either 5- or 6-membered lactam ring is fused with the other 5-membered
ring. With the discovery of the additional classes of B-lactams, the P-lactam’s
pharmacophore is simplified to the B-lactam ring accompanied by an acidic group.
This was the motivation to study of the simplified systems and to investigate also the
influence of heteroatom X in the position 1 (X=S, O, NH(a), NH(d) and CH,, where a
and b denote the hydrogen atom of the NH group directed above and below the ring
projection plane) on geometry and the hydrogen bond strength in the pB-, y-, and
d-lactam systems.

The present paper is organized as follows. First, we give computational method-
ology, next, the results are discussed concerning (1) the molecular structure and geo-
metrical parameters; (2) the stability of the structures which contain different
heteroatoms. Conclusions summarize our findings.
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A=CHy. NHia), NHib), O, 5 X=CH,, NH{a), NHibj, 0, 5

Figure 1. The scheme of B-lactam systems studied: a) penicillins, b) cephallosporins. NH(a) and NH(b)
denote hydrogen atom directed respectively above and below the projection plane.

=My, S Hia) Sk, O, 5 AX=UHj. MHia), MHihp (3, 5

Figure 2. The scheme of a) y- and b) 5-lactam systems studied. NH(a) and NH(b) denote hydrogen atom
directed respectively above and below the projection plane.

CALCULATION METHODS

The ab initio calculations were carried out by using Gaussian98 program [19].
Full geometry optimizations were carried out using both the Hartree-Fock (HF) and
the second-order Meller-Plesset perturbation theory (MP2). Because of size of the
calculated systems we decided to use the standard 6-31G** basis set [20,21]. Geome-
try optimization was carried out using redundant coordinate algorithm [22]. In many
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papers it was suggested that the electron correlation is necessary to describe the struc-
ture and energetics of hydrogen-bonded systems [23]. Treatment of the correlation
problem at the MP2 level was found to produce more accurate results for the structure
and dipole moment as compared to SCF results [24]. There are two sources of possi-
ble errors in our calculations. The first is the treatment of the correlation energy and
the second is the unsaturation of the basis set. The better representation of the basis set
is difficult in the case of the molecules studied. Our calculations were performed at
the HF and MP2 levels. Generally, both series of results are consistent, therefore only
the MP2 results are discussed.

RESULTS AND DISCUSSION

The calculations were done for 20 structures with and 20 structures without
intramolecular hydrogen bond. All results are presented in Tables 1-4. Each table
presents selected parameters that characterize geometry and energetics of the
intramolecular hydrogen bond and the influence of heteroatom X on the ring geome-
try. First, let us discuss the geometrical parameters. The hydrogen bond formation is
accompanied by a significant shortening of the O...O distance. As a characteristic of
the ring changes with the heteroatom X we chose two dihedral angles: 1, and 15, de-
fined as follows: 1; =<<C6C7N4C3, XC7TCN5C4, ¥IC7C8N4C3, and «C8CIN4C3 in
penicillins, cephalosporins, y- and B-lactams, respectively, and 1, =<C5C6C5X1,
LC8CTCO6X1,xC7CO6CS5X1,xC7CO6CS5X] in in penicillins, cephalosporins, y- and
O-lactams, respectively. For planar two condensed rings the dihedral angles should be
equal 180 deg. All the investigated forms were found to be non-planar. One of the
most striking features of the geometrical parameters is the observation that the -lac-
tams are much more distorted than y and 8-lactams: 1, and 1, in B-lactams are much
smaller than in y and &-lactams. Among the heteroatoms considered the S atom pro-
duces the smallest distortion which is due to the van der Waals radius of the atom. The
largest dihedral angles run along with the longest C6...C2 or C5...C2 distance (both
C-atoms are attached to the heteroatom X). The hydrogen bond geometry d(O...0)
and a(OH..O) correlate with the hydrogen bond strength: the longer d(O...0O) is, the
weaker is the hydrogen bond. The hydrogen bond is more linear at the MP2 than at the
HF level.

We continue with the discussion of the stabilization energy. As one can see from
the tables, all but penicillins, are more stable in the H-bonded than the open forms at
the HF as well as at the MP2 level. Moreover, the cephalosporin-like B-lactams form
weaker hydrogen bonds than the y- and 6-lactams. The sequence of the MP2 stabiliza-
tion energies is: X =CH, > NH(a) = NH(b) > S > O for B-lactams, and y-lactams and X
= NH > CH, > O > S for 8-lactams. Thus, the X = CH, favors the formation of the
intramolecular hydrogen bonds, while in presence of the O and S heteroatoms the
intramolecular hydrogen bonds are much weaker. Higher stabilization energy AE
means that the carboxyl group is engaged in the intramolecular hydrogen bonding. In
consequence the lactam N-atom is isolated from environment. Moreover, the car-
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boxyl group, which is supposed to be bound with the penicilline binding proteins, is
engaged in competitive interactions. Thus, we can formulate the hypothesis that the
stronger the intramolecular hydrogen bond is, the weaker is the possibility to bind
with PBPs. This would mean that in the B-lactams the intermolecular hydrogen bond
dominates over the intramolecular, whereas in the y- and &-lactams the intra-
molecular hydrogen bond is favored. The lactam activity against microorganisms is
determined by several factors [1,2]: (1) specific step in which bacterial cell-wall syn-
thesis is perturbed, transport through biomembrans, (2) cell-wall permeability, (3) re-
sistance to B-lactamases, (4) antibiotic structure including: (i) interatomic distances
defining pharmacophoric group, which must fit in the receptor site, (ii) the faces of
the B-lactam ring which must be sterically accessible, (iii) substituents protecting
B-lactam bond against hydrolysis: in the position C2 and C6 in penicillins or C3 and
C7 in cephalosporins, (iv) the lactam bond which must be sufficiently reactive to ac-
etylate serine, but not so reactive as to hydrolyze readily, (v) the scissile amide bond,
which must be in the lactam ring so after the amide bonds open the fragments cannot
easily dissociate, and many others. To be aware all these factors we suggest an addi-
tional one: lactam deactivation by intramolecular hydrogen bond. It is also likely that
this factor can discriminate the B-lactamase inhibitors such as clavulanic acid.

CONCLUSIONS

In the present study we investigated the structural model forms of -, y-, and
d-lactams. Our findings can be summarized as follows:

1. The y- and 3-lactams form stronger intramolecular O—H...O=C hydrogen
bonds than the -lactams.

2. The heteroatom X = CH, favors the formation of intramolecular hydrogen
bonds, while in the presence of the O and S heteroatoms the intramolecular hydrogen
bonds are much weaker.

3. Assuming, that many factors determine the activity of the lactam antibiotics
against microorganisms, intramolecular bond formation may be important. Our re-
sults suggest that stronger intramolecular hydrogen bonds in y- and 8-lactams may be
the reason of their weaker antibacterial activity than that of the B-lactams.
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