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On binding to cell-wall enzyme, B-lactams form precursors of conjugated iminium species
that apparently possess favorable reduction potentials based on studies with model com-
pounds. The models used were iminium salts of A'-pyrroline-2-carboxylic acid and A3-
thiazoline-4-carboxylic acid. Reduction potentials of —0.76 to —0.92 V increased to —0.18 to
—0.37 V with decrease in pH. The potentials of the iminium species are similar to those of
well-known electron transfer (ET) agents, such as quinones, nitroheterocycles, and metal
complexes. Catalytic ET by these cations is discussed in relation to nephrotoxicity, antibi-
otic action, and cell culture redox potential. Reactions of penicillin at the binding site are
addressed. We propose that the bactericidal effect involves various modes of action, includ-
ing inactivation of cell-wall enzyme and electrochemical interference with normal electron
transfer processes.  © 1987 Academic Press, Inc.

INTRODUCTION

There is increasing support for the view that electron transfer (ET) and oxida-
tive stress play important roles in medicinal chemistry (/, 2). Four main types of
ET agents are known: quinones, ArNO,, iminium ions, and metal complexes (3—
17). The iminium types have been the least investigated systematically. The active
form functions catalytically by accepting electrons from a donor, e.g., protein or
DNA, and then conveying them to an acceptor, such as oxygen or a cellular
constituent. In our laboratory, the theory has been applied to carcinogens (3),
anticancer agents (4, 5, 15-17), bactericides (6, 7, /3), antimalarials (8), meso-
ionics (9), benzodiazepines (/0), spermine (/1), phencyclidine (//), nicotine
(11), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (12), and amebicides (14).

Using the hypothetical framework, we now address the 8-lactam antibiotics.
The conjecture has been advanced that the iminium ion participates importantly in
the biological chemistry of this class (3, 18, 19). Almost three score years have
elapsed since the appearance of Alexander Fleming’s initial publication on penicil-
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lin (20). Subsequently, a vast amount of research has been done on S-lactams,
including elegant mechanistic studies.

There is widespread acceptance in the life science community of the notion that
the antibacterial action is satisfactorily rationalized by the sole event involving
inactivation of cell-wall enzyme. Interestingly, questioning of this oversimplified
view is found mainly in the writings of experts in the area (21a,b, 22-25). They
point out that there are many unanswered questions, inconsistencies, and other
serious weaknesses in that approach. The relationship of the various end results
(loss of viability, lytic death, nonlytic death, tolerance, and morphological alter-
ations) to binding remains obscure. Evidence indicates that loss of viability is
more complicated than the simple inactivation of one or more crucial enzymes,
and that lysis and death are secondary, indirect responses to interaction of 8-
lactam with the enzyme. The existence of diverse binding sites raises the possibil-
ity of multiple mechanisms. Furthermore, interaction with enzyme protein does
not automatically result in lysis and lethality. Hence, the mechanism of the irre-
versible effects must involve events in addition to the binding step. It is realistic to
widen one’s focus from inactivated bacterial enzymes to an entire inhibitory path-
way of multiple steps and factors (22).

Quite remarkably the first hints of an additional unifying theme were advanced a
number of years ago (21a, 26a). A common basis of unknown nature was pro-
posed for the diverse, secondary responses of various bacteria to the same stimu-
lus. More concretely, evidence showed that inhibition of early, intermediate, or
late stages of peptidoglycan assembly can all result in the same end result,
namely, growth inhibition or destruction by lytic or nonlytic means.

Our objective was to investigate the iminium hypothesis of B-lactam action. We
demonstrate that essentially all of the agents can potentially generate this cationic
functionality. The principal experimental approach entailed electrochemical stud-
ies on simple models of the drug metabolites formed at the active site. Data on
energetics provide information on the feasibility of ET in the biological milieu.
Literature findings on nephrotoxicity, antibiotic action, bacterial cell potential,
and site-binding chemistry are addressed based on the unified concept.

EXPERIMENTAL PROCEDURES

The ethyl ester of 2,3-dioxopiperidine-4-carboxylic acid, mp 147-148°C, lit. mp
148°C, mass spectrum m/z (CI)(rel (int): 185 (M™* + 1) (69), 168 (14), 140 (M™* + 1-
C,Hs;OH)(100), was used to prepare a-keto-8-aminovaleric acid hydrochloride,
mp 109-110°C (dec.), lit. mp 113°C (dec.) (Ref. (27)); mass spectrum m/z (CI)(rel
int): 114(M* + 1-HCI-H,0(100), 96 (M* + 1-HCI-2H,0)(44.4), 700M* + 1-HCl-
C0,~-H,0)(13.1); elemental analysis for CsHoNO; - HCI: Calc. C, 35.83; H, 6.01;
N, 8.36. Found C, 36.94; H, 5.97; N, 8.52. The high carbon content may be due to
dehydration of the sample on standing over P,Os, as proposed in the case of the
next higher homolog (28). The infrared spectrum in nujol reproduced that of the
reported one (29). The 2,4-dinitrophenylhydrazone melted at 221-222°C (dec.),
lit. mp 223°C (dec.) (30); elemental analysis was satisfactory. The product was
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cyclized in solution (27, 31) to the various forms of 1 (a, b, or ¢) by variation
in pH.

s S S
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COpH co; Co,” CO,H coy CO; NHy
la b X 2a 2 2

Compound 2¢ (32), mp 167°C (dec.), lit. mp 172°C (dec.) was prepared from
ammonium 3-mercaptopyruvate, mp 182°C, lit. mp 182°C (33-35), which was
obtained from chloropyruvic acid (36). Compound 2¢ was characterized by:
IR(KBr) 1600 cm™! (carboxylate) and 3300-3000 cm ™!, broad (ammonium); mass
spectrum m/z (CI) (rel int): 132 (M* + 1-NH;)(100), 88 M* + 1-NH,-
C0,)(40.1); 'H NMR (D,0)(TMS): §4.09 (t, 2H, from HC-5), and 5.23 (t, 2H, from
HC-2) in an AA'XX’ pattern, close to an A;X;; ¥C NMR (D,0)(TMS): & 43.70,
67.65, 170.21, 172.71; elemental analysis for C4HgN,O,S: Calc.: C, 32.42; H, 5.44;
N, 18.91; S, 21.64. Found: C, 32.44; H, 5.58; N, 18.69; S, 21.49.

Mass spectral data were obtained with a Hewlett-Packard 5985B (GC/MS)
instrument; IR spectra were obtained with a Mattson Instruments Polaris FT-IR
spectrometer connected to a Hewlett—Packard 7470A plotter; NMR spectra were
obtained with a Bruker WM 250 instrument (‘H, 250 MHZ; 3C 62.9 MHz).

Acid and buffer solutions were prepared in accord with the methods reported
(37) (pH 2.0 HCI/KCI, pH 2.8-5.3 potassium hydrogen phthalate buffer, pH 6.2—
8.0 phosphate buffer). The pH was checked prior to each measurement with a
Sargent Model LS pH meter.

Cyclic voltammetry (CV) was performed with a PARC Model 174A polaro-
graphic analyzer connected to a Hewlett—Packard Model 7035B X-Y recorder. All
solutions were deaerated for 15 min with prepurified nitrogen. A hanging mercury
drop electrode (HMDE) was used for CV; a fresh drop was used for each scan.
The reference and counter electrodes for all solutions were a Corning aqueous
saturated calomel electrode (SCE) and a platinum wire, respectively. All poten-
tials were converted to NHE electrode by addition of 0.24 V to the SCE values.
Bulk electrolysis was performed with an ECO Model 553 potentiostat connected
to a PARC Model 379 digital coulometer; a mercury pool was the working elec-
trode.

RESULTS AND DISCUSSION

Pathways to Conjugated Iminium

In this section we provide reasonable reaction sequences which can lead to
conjugated iminium species for essentially all of the main types of g-lactams (23,
24, 26b). The possibility of iminium involvement in the chemistry of these agents
has generally not been considered. A rare exception is found in kinetic studies of
ring cleavage (38). In almost every case, the lactam ring opening generates a basic
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imine that can form iminium by protonation. Nearby acidic hydrogen is available
for salt formation. In relation to the role of the ring fused to the B-lactam, prior
rationale usually invoked conformational and strain effects that enhanced lactam
reactivity (22-24, 26b, 39, 40a). From our viewpoint, an additional unifying fea-
ture is the ability of the second ring to generate a conjugated imine after scission of
the four-membered moiety by enzyme (EOH).

Cephalosporins (23, 24, 26b)

A3-Derivatives with leaving groups in the 3 position. Apparently a good leaving
group (L) exerts a beneficial influence on in vitro activity of cephalosporins 3 and
analogs (21b). When this type of elimination (Eq. [1]) is prohibited by moving the
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double bond to the A2-position, the compound is virtually inactive (21b). On the
other hand there is little adverse sensitivity to replacement in the 1 or 2 posi-
tion (24).

2-[(Methoxycarbonyl)methylene]cephalosporins (41). In the first step (Eq. [2])
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the resulting carbanion is stabilized by the methyl ester group. Alternatively,
opening of the six-membered ring might occur at the C-S bond, analogous to
clavulanic acid (vide infra).

Penicillin (23, 24, 26b) (5)

The thiazolidine ring can readily reform by sulfide anion attack on imine or
especially on the derived salt. The iminium salt of 6 may undergo rearrangement
(Eq. [3]) to the more stable structure 7 containing conjugation with carboxyl.

RCONH
s con +ﬂ <
S
CO,H
& N CO,H ° 2
3 5
RCONM
Paas
celwall_,_, b0 Hn= (3]
electrophile \o * co,H

7

—~

Imine isomerization (transamination) is well documented. Plausible pathways for
the sulfide ion 6 are conversion to thiol (less likely, vide infra) or covalent attach-
ment to an appropriate group in the receptor chamber (more likely, vide infra).
Acid-catalyzed 1,2-elimination of sulfur would generate 8. A similar reaction with
7 yields a conjugated species related to 4. Admittedly, no evidence exists for the
postulated transformations.

Bisnorisopenicillin (42)

Chemical behavior (Eq. [4]) is predicted to be somewhat analogous to the
penicillin case.

RCONH
ot
RCONH—E(\S EOH — EO-\Z\(\ [4]
SN \( O HN
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3-Oxa-1-azabicyclol4.2.0loctan-8-one-2-carboxylic Acid (40a)

RCONH
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CO,H COH

There is structural similarity to bisnorisopenicillin. After cleavage of the B-
lactam (Eq. [5]), the hemiacetal anion should expel methoxide.

Clavulanic Acid (24, 26b)

OH
— H.,,
° EOH ‘/\‘ o ToH
——p» —p EO Q l [6]
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=
CO,H

The literature contains discussion of ring opening with formation of the keto
(enol)-containing chain (Eq. [6]) (40b, 43, 44a). Isomerization to the enamine in
conjugation with ester has been observed (44a). Decarboxylation, characteristic
of «,B8- or B,y-unsaturated acids, can occur (40b). The compound, a relatively
weak antibiotic, is most useful as an irreversible inhibitor of bacterial B-lac-
tamases (40a).

Thienamycins and Olivanic Acid (24, 26b, 44b)

R/
+
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A favorable driving force consists of intramolecular protonation of the develop-
ing carbanion which is stabilized by adjacent sulfur (Eq. [7]) (45a). Both 9a and 9b
possess acidic-type hydrogens appropriately situated stereochemically in the R
group for donation. Some thienamycins contain sulfur in sulfone or sulfoxide
form, functionalities also known to stabilize adjacent carbanion (45a). On the
other hand, a proton-donating side chain is not essential. Replacement by hydro-
gen or phenyl results in activity equivalent to that of natural analogs with N-acyl
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side chains (44b). In these cases, carboxyl may provide a proton intramolecularly
to the incipient carbanion in the transition state.

Monocyclic B-Lactams

In relation to the theoretical framework, there is greater divergence for this
category, which is not surprising since the usual fused ring structure is absent and
imines are not expected from ring opening. Two principal types are monobactams
(10) (44b) and nocardicin (11) (24, 44b). Quite remarkably, this class also pos-
sesses the possibility for ET. The side chains contain precursors of electroactive
functionalities, namely, conjugated imine for iminium and phenol (24) for quinone
(46). The imino group is known to increase activity (41), and evidence exists for
metabolic activation (possibly quinonemethine (12) formation) in the case of 11
(47). Our preliminary data (unpublished work) indicate favorable E values for the
imine drugs without ring opening.

S
H2N/<\N T | NH CHy
o o7 N\so‘,,H
(CH:,)ch:/
CO,H
10
HO—@—(l:lONH_E‘ \/@W § 0
NOH Z—N —N_Z
CO,H CO,H

1n 12

—~

It is noteworthy that for the fused ring B-lactams, a prior report suggested
further cleavage of the ring system following B-lactam scission as an important
event for activity (40a). The various intermediate anions and imines can accept
protons from diverse sources: intramolecularly from carboxyl or the conjugate
acid of the ester, or intermolecularly from an acidic donor at the binding site.

Electrochemistry

In all cases, electron reduction of iminium is facilitated by conjugation. There is
also the possibility for additional stabilization of the resulting radical by ester,
amide, or other oxygen- or sulfur-containing functionalities that lie in close prox-
imity to the iminium site.

Although an analog of 4 can be generated in vitro, electrochemical studies were
not possible due to the known extreme instability in solution at acidic pH (38, 48).
Also, emulating formation of 7 under in vitro conditions may present difficulties.
As a result we resorted to simple models, 1 and 2. Compound 1 is spontaneously
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TABLE 1
Cyclic Voltammetry of 1 and 2°

Compound pH —Ey(V) Eyn Intercept®
1 2.0 0.37, 0.54 50 1.8
1 2.8 0.45, 0.804 60 —
1 3.7 0.48 50 —
1 5.3 0.60, 0.84 50 2.7
1 6.2 0.64, 0.90 50 2.2
1 8.0 0.92, 1.13 60 0.73
2 2.0 0.18 50 1.84
2 2.8 0.30 50 5.24
2 3.7 0.39 55 1.69
2 5.3 0.61 105 5.9
2 6.2 0.76 85 1.24
2 8.0 NRe — —

¢ 100 mV/s, HMDE versus NHE.

b Irreversible.

< Intercept (1A) from the plot of the peak current ver-
sus the square root of the sweep rate.

¢ Second peak is sometimes absent or very small.

¢ No reduction.

formed from the straight-chain aminoketone precursor above pH 2 (27, 31). Both
of these models can be converted to iminium containing carboxyl attached to
unsaturated carbon; the minimum requirement for antibacterial activity is B-lac-
tam with accompanying carboxyl (40a, 44b).

Cyclic voltammetry in aqueous solution is summarized in Table 1. The discus-
sion will generally focus on the first reduction wave. Compound 1 exhibited multi-
ple waves with the most positive at —0.37 V at pH 2.0 (Fig. 1). There was no
indication of reoxidation. A linear plot was obtained for the peak current versus
the square root of the sweep rate with intercept of 1.8 uA. E;, was independent of
sweep rate. The E,,» (E, — E) value at 100 mV/s was 50 mV. In pH 2.8 buffer a
single wave was obtained with E, of —0.45 V. When the sweep rate was lowered
(20 or 50 mV/s) the potential became more negative by about 90 mV, Although the

I10;1.A

-0.08 -0.96
V (NHE)

F1G. 1. Cyclic voltammogram of 1 at pH 2.0; scan rate 100 mV/s.
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I10;LA

1
-0.06 -0.56 -1.06

V (NHE)

FiG. 2. Cyclic voltammogram of 1 at pH 3.7; scan rate 100 mV/s.

exact reason for this behavior is unknown, it may be a surface phenomenon.
However, when the concentration was lowered to 0.12 mM the same results were
realized. The E, value at 0.1 V/s was 60 mV. Similar findings were obtained at
pH 3.7 (Fig. 2), although two waves were observed at scan rates of 200 and 100
mV/s. Rates of 50 and 20 mV/s produced single waves with more negative poten-
tials (20 mV/s, E, —0.59 V). The first E,, at 100 mV/s was —0.48 V with difference
in peak potential and half-peak potential of 50 mV. Of the peaks generated at pH
5.3 (Fig. 3), the first occurred at —0.60 V and the second at —~0.84 V, both of about
equal height, unaccompanied by reoxidation. The E, changed about 20 mV for
each decade change in sweep rate. A plot of the first peak current versus the
square root of the sweep rate gave a correlation of 0.998 and an intercept of 2.7
A Egpn values were constant, about 50 mV, indicating an an value of about 0.95.
Bulk electrolysis at the first peak resulted in the uptake of 2.3 electrons. From this
the transfer coefficient (a) was found to be about 0.48. As the pH was increased to
6.2 the reduction became more negative, —0.64 V; a smaller peak at ~0.90 V was
also present. The intercept was 3.6 nA for the line derived from i, versus the
sweep-rate square root. The E,» values were 50 mV for the scan rates employed.
At pH 8.0 the initial reduction peak was at —0.92 V (Fig. 4). The reaction was
diffusion controlled and irreversible with E;, of 60 mV, accompanied by minor
reduction at —1.13 V.
I\OuA

1
-0.26 -0.86 -1.46

V (NHE)

Fi1G. 3. Cyclic voltammogram of 1 at pH 5.3; scan rate 100 mV/s.
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I10y.A

L
-0.46 -1.08 -1.66

V (NHE)

FiG. 4. Cyclic voltammogram of 1 at pH 8.0; scan rate 100 mV/s.

As the pH decreased the reduction potential became more positive in agreement
with progression from 1¢ to 1b to 1a. The predominant species present in solution
between pH 2 and 6 are expected to be 1a and 1b (pK: COOH, 1.8; pyrrolinium,
6.0) (29, 49). More basic conditions result in 1c. One-electron reduction of 1a
yields the resonance-stabilized radical 13. Carboxyl can facilitate the process in

—> . 4+ .
HN<® HN-.. HNZ_.

COH CO,H CO,H
13a 130 13¢

several ways. In 13b there is delocalization of a carbanion by carbonyl. A radical
13c adjacent to carbonyl is also stabilized (50, 51). The increase in reduction
potential (about 0.5 V) by fixation of carboxyl to iminium (/1) is similar to the
enhancement (0.64 V) reported (6) for 2-carboxyquinoxaline di-N-oxide versus
the parent. According to prior thinking, the principal role of carboxyl is involve-
ment in site binding (23). Our data point to an additional important function
entailing facilitation of electron uptake by iminium. Although the exact state of the
carboxyl group at the active site is unknown, with a large number of agents the
unionized molecule is much more active than the ion (52). The greater permeabil-
ity of the cell to the undissociated form may be a factor.

Compound 2 showed similarities to 1 in its electrochemical characteristics; e.g.,
all reductions were irreversible and gave linear plots for the peak current versus
square root of the sweep rate (Table 1). However, there were significant differ-
ences; e.g., only one reduction peak was observed in all cases. At pH 2.0, 2
reduced with E; of —0.18 V. The E,, value was 50 mV at the 100-mV sweep rate,
possibly indicating absorption of two electrons. Upon a decade change in rate of
sweep the potential changed 20 mV. Taking the pH to 2.8 reduced the potential by
120 mV. A 25-mV change in peak potential with a 10-fold increase in sweep rate
and an Ej;, value of 50 mV characterized the irreversible reduction. A further
decrease in reduction potential was observed at pH 3.7, E, —0.39 V (Fig. 5). The
parameters included AE,, of 20 mV per decade increase in sweep rate and constant
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Izo,m

1
+0.04 -0.46 -0.86

V (NHE)

FiG. 5. Cyclic voltammogram of 2 at pH 3.7; scan rate 100 mV/s.

Egp, value of 55-60 mV for the scan rates employed (20-200 mV/s). The E, at pH
5.3 was similar to that for 1, —0.61 V; however, the E,» value was 105 mV. The
broadness of the peak and change of 50 mV upon decade change in sweep rate are
strong indicators of irreversibility. Electrolysis at this pH resulted in the uptake of
2.02 electrons. Reduction at pH 6.2 (E;, —0.76 V) was characterized by E,,, of 85
mYV at a scan rate of 0.1 V/s and an E, change of 20 mV per decade change in
sweep rate. No electrochemical reaction was observed at pH 8.0, perhaps due to
degradation or resistance to reduction.

Compound 2 represents a model closer to both 4 and 7 since sulfur is present 3
to iminium. The cyclic structure makes it particularly akin to 4. Again, as with 1,
lowering the pH had a favorable influence on the reduction potential. However, in
the case of the sulfur analog 2, there is a striking effect on electron uptake that is
associated with variation in pH. In comparison with 1, the reduction potential is
more negative at higher pH values, but more positive at lower ones. Two principal
factors that influence ease of reduction are electrophilicity of iminium (12, 53) and
delocalization of the generated radical. Sulfur is known to stabilize carbocations
when in the 8 position (45b). At higher pH the positive character on nitrogen in 2b
is diminished both by sulfur and the carboxylate anion. At lower values, carboxyl-
ate is converted to unionized carboxyl. Furthermore, the data for 2 show that
carboxyl exerts a more favorable effect on reduction than does carboxylate. Since
sulfur is known to stabilize radicals in the 8 position (¢5¢), favorable interaction of
this type is expected in 14 (product from one-electron reduction). It is intriguing
that the various atoms and groups in the nuclei of the g-lactams efficiently assume
a variety of biochemical roles.

5 e r—s — [._S
HN-\'./‘ HN\) HN-\./l

CO,H CO,H CO,H
Ea 1ib 14c

Although the reactions observed in this study were all irreversible and electrol-
ysis indicated the uptake of two electrons, behavior in vivo may be different for
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the drug immobilized at the active site. Also, the energetics may be more favor-
able. These aspects are treated in greater detail elsewhere (6, 9, 1/). Biologically
active agents known to effect ET which display similar potentials (about —0.4 V)
include quinones (4), nitroheterocycles (13), triarylmethane dyes (13) (iminium),
and metal complexes (3, 8, 14). Although a direct correlation between reduction
potential and physiological activity would not be expected in all cases, apprecia-
ble numbers of examples are known which demonstrate such a relationship (5, 13,
14).

It is highly significant that evidence, both recent and long standing, exists for
participation of ET in various physiological responses of 8-lactams. These sup-
portive observations are treated in the following sections.

Cephalosporin Nephrotoxicity

Most of this work has been done with cephaloridine 3a. A surge of activity in
recent years has resulted in considerable elucidation of the basic chemistry (54—
59). Various types of activated oxygen species are apparently generated including
superoxide, hydrogen peroxide, hydroxyl radical, and singlet oxygen. The usual
consequences of oxidative stress, namely lipid peroxidation, conjugated diene
formation, and malondialdehyde generation, were observed. The endogenous
thiol, glutathione, which protects against the toxic effects of oxy radicals, was
depleted by drug administration, with concomitant increase in the level of oxi-
dized glutathione. Removal of vitamin E and selenium (radical scavengers) from
the diet potentiated nephrotoxicity. In keeping with this scenario, antioxidants (a-
tocopherol, N,N’-diphenyl-p-phenylenediamine, promethazine, mannitol) hin-
dered lipid peroxidation. Furthermore, inhibitory action was displayed by the
combination of superoxide dismutase and catalase, as well as by histidine, a
singlet oxygen trap.

On the basis of the evidence, it was quite reasonable to suggest an electron-
transfer mechanism for generation of activated oxy entities via superoxide (54,
55). The proposal was advanced that NADPH-cytochrome P-450 reductase cata-
lyzes the reduction of cephaloridine with NADPH serving as an electron donor
(54). Subsequent ET to oxygen occurs with superoxide formation. Several groups
have focused attention on the pyridinium moiety and have drawn analogy with the
same process involving paraquat (54, 55). Although there is some structural simi-
larity, the comparison neglects the important aspect of energetics associated with
electron uptake. Reduction potentials (V, DMF) for relevant ions are paraquat
(60), —0.19; 1-methyl-4-phenylpyridinium (cyperquat) (12), —0.90; 1-methylpyri-
dinium (12), —1.08. Therefore, the significantly more negative potential for N-
methylpyridinium makes cephaloridine per se an unlikely candidate for that type
of role.

There exists additional compelling evidence against the crucial involvement of
pyridinium in ET. Cephalothin 3b, which possesses an acetate leaving group, also
yields malondialdehyde (59). On this basis it was suggested that moieties common
to the cephalosporins, rather than (L) in 3, may contribute to the generation of
radicals (57). The most obvious structural correspondence is the fused ring sys-
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tem. As discussed in a prior section, both types of cephalosporins 3a and 3b can
serve as precursors of conjugated iminium 4. It is reasonable to regard this ionic
functionality as the catalyst for ET leading to activated oxygen. The reduction
potentials for 1 and 2 are of the same order of magnitude as for the antitumor
antibiotic quinones (4) that are known to undergo redox cycling with formation of
oxy radicals. The overall mechanistic analysis assumes that kidney tissue binding
is chemically akin to the bacterial case.

As often occurs in vivo there is specificity involving other important variables,
since cefotaxime 3¢ (related to cephalothin) does not produce significant amounts
of superoxide and hydrogen peroxide (54). Even with cephaloridine, nephrotoxic-
ity can vary widely depending upon experimental conditions including host age
and the animal used (56, 61). Cefotiam 3d, which incorporates a conjugated sulfide
leaving group, also produces kidney toxicity (62).

Antibacterial Action

Almost all of the principal categories of synthetic antibacterial agents, in addi-
tion to a number of the naturally occurring ones, can be accommodated within our
theoretical framework based on ET and oxy radicals (13). Despite the behavior in
nephrotoxicity, evidence for oxidative stress during antibiotic action of 8-lactams
is essentially lacking. In fact, there are reports of no influence by antioxidants on
penicillin activity (63, 64). Furthermore, this class is effective against both aerobic
and anaerobic bacteria (26d). Various categories of drugs can apparently function
by ET without involvement of superoxide, including radiosensitizers (65), CNS
agents (9-12, 66), and quinoxaline di-N-oxide (antibacterial) (6). Thus, in relation
to the B-lactams, ET by iminium could conceivably interfere with normal electro-
physiological processes, in line with a prior proposal of such competition (67). A
catalytic mechanism is consistent with effectiveness at low concentrations (23).
Observations show that penicillin action resembles that of some other classes of
antibiotics (68, cf. 13).

It is remarkable that 40 years ago the proposal was advanced suggesting crucial
involvement of electrochemical phenomena in the reaction mechanism of certain
antibiotics, including penicillin (67). The hypothesis attracted little attention,
probably because of difficulties in interpreting the data, as well as eclipsing by the
subsequent enzyme-inactivation mechanism. The highly significant observation of
a dramatic increase in the reduction potential of bacterial cell cultures on addition
of the agent (67, 69, 70) was made. No change occurred in the case of resistant
strains. Our approach involving catalytic ET by penicillin iminium is in accord
with the prior conclusion (67) that the medium undergoes oxidation during drug
action. As a result there is competition with normal electrophysiological pro-
cesses, resulting in bacterial cell destruction. Hence, a multipronged assault may
pertain to the mode of action, similar to that of some other drugs (3—-17). Also,
penicillin inhibits amino acid deamination, but only when redox processes are
involved (71).

A parallel situation may pertain in the anticancer domain in relation to the mode
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of action for the enzyme inhibitors, methotrexate and ca-difluoromethylorni-
thine (4).

Penicillin Chemistry at the Active Site

Prior studies have been carried out which shed considerable light on reactions
that take place during and after site binding. Enzyme acylation by penicillin is
thought to entail formation of an ester group derived from a serine residue of the
protein, 15 (region A) (21b, 23, 39, 44a). Nucleophilic ring opening is usually

)
RCONHCH—5

depicted as leading to the structure in 15. An unusual transformation which fur-
nishes chemical insight is cleavage of the Cs—C¢ bond, which is apparently re-
quired for deacylation (26¢). The end products are regenerated enzyme, acylgly-
cine 16, and N-formyl D-penicillamine 17 (21b, 39). The process appears to

CO,H
RCONHCH,CO,H OCHNHCHC (CHy), SH
16 4

proceed via formation of an unknown (X) followed by rate-limiting conversion to
enzyme-bound 16 and an unknown (Z) that is a forerunner of 17. Initially the
thiazoline 18 was thought to be the first-formed fission product which served as
the precursor of 17 (72). However, subsequent kinetic investigations led to the
conclusion that this pathway was unlikely (73).

From our standpoint, nucleophilic attack on the lactam ring by enzyme leads to
19. At this stage it is important to recognize that formation of 17 is delayed when
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compared with release of 16. The mercaptide may form (Z) which then, after Cs—
C, cleavage, generates 17 fairly slowly by reversion. Conceivably, the sulfide
anion reversibly attacks a nearby electrophilic site (Y-Q) at region B in 19. Stud-
ies of cell wall composition, including covalently attached materials, revealed the
presence of amide, ester, and phosphate functionalities (26f, 44a). The ester link-
age is susceptible to nucleophilic attack by sulfide ion (74). A subsequent step
comprises conversion of imine to iminium by either of two acidic hydrogens (from
carboxyl or region A) that are favorably situated geometrically. Unknown (X) 20
is considered to exist at this stage of the reaction sequence.

Y 8
RCONHCH s a
R
o= NI
H

|
c
[ CO,H
o

20

In the ensuing step, water attacks the iminium cation. Scission of the resulting
labile carbinolamine 21 at the Cs—Cq bond proceeds with expulsion of C¢ in carban-

OH

|
-~CH—(|:H
O=C  NHw~

21

—~

ion form (resonance stabilized). This is in accord with the finding of deuterium
incorporation onto the « carbon of acylglycine when D,0 was used (21b). The
cavity contents are now represented in 22. Rapid nucleophilic attack at region A
provides 16 and the serine residue. We propose that (Z) is the -S~Y - derivative
(region B) 22 which slowly cleaves to 17. Quite significantly, prior investigators
have theorized that comparatively strong interaction of the thiazolidine moiety
with region B (perhaps another enzyme binding site) is responsible for the stability
associated with (Z) (26e, 39). There is relevancy in the finding that (Z) contains no
detectable thiol group (26e).

Y
OCH s
RCONHC’H2 | (’50 B
0o=C NH

COH

o—
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Other Considerations

Iminium carboxylates related to 1b are believed to play a role in biochemical
systems, e.g., reductive amination of a-ketoglutarate catalyzed by glutamate de-
hydrogenase (31, 75). In view of the present findings, involvement of electrochem-
ical pathways should be considered. A similar situation may pertain to the sulfur
analog 2. The parent dihydro form, which can undergo oxidation to imine, inhibits
cell division in growing cultures of Escherichia coli (76). The isomer 23 also fits in

NX™ S
Y
Co,

?i;

this category. There has been discussion of possibilities for participation in vari-
ous biochemical processes, e.g., as a metabolic regulator, intracellular mediator
of certain hormones, reversible effector of enzymic reactions, or ligand (cf. 1¢ and
2¢) for metal ions (77-81).
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