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SUMMARY

The inhibitory effect of 44 quinolone antibacterials and derivatives
(common structure, 4-oxoquinoline-3-carboxylic acid) on cyto-

chrome P450 isoform CYP1 A2 activity was tested using human
liver microsomes and caffeine 3-demethylation as a specific test
system for this enzyme. By direct comparison of molecules
differing structurally in only one position, the following structure-
activity relationships were found. 3’-Oxo derivatives had a re-
duced or similar activity and Ml metabolites (cleavage of piper-
azinyl substituent) had a greater inhibitory activity, compared
with the parent molecule. Alkylation of the 7-piperazinyl substit-
uent resulted in a reduced inhibitory potency. Naphthyridines
with an unsubstituted piperazinyl group at position 7 displayed

a greater inhibitory potency than did corresponding quinoline
derivatives. Derivatives with a fluorine substitution at position 8
had only a minor effect. Molecular modeling studies with inhibi-
tors and caffeine showed that it is possible to explain the potency
of the quinolones to inhibit CYP1 A2 on a molecular level. The
keto group, the carboxylate group, and the core nitrogen at
position 1 are likely to be the most important groups for binding
to the active site of CYP1 A2, because the molecular electrostatic
potential of all inhibitors is very similar to that of caffeine in these
regions. The presence of a piperazinyl substituent, however,
seems to be no prerequisite for inhibitory potency. Finally, an
equation to estimate the potency to inhibit CYP1 A2 was devel-
oped by quantitative structure-activity relationsip analysis.

Quinolone antibacterial agents, currently being introduced

into the therapy of a wide range of infections in humans, share

a common basic molecular structure that is attributed to 4-
oxoquinoline-3-carboxylic acid (Fig. 1A). This quinoline core

may be modified by replacement of the carbon atoms at position

8 (naphthyridine) or positions 6 and 8 (pyridopyrimidine) of

this ring system by nitrogen and by other atom or substituent

substitutions, especially at positions 1, 6, 7, and/or 8. For

simplicity, all these substances here are refered to as “quino-

lones.”

In addition to their antimicrobial effect, mediated by inhi-
bition of bacterial gyrase (1-3), the quinolones exert a second

important biological effect as the result of inhibition of an

enzyme. This effect decreases the metabolism of xenobiotics in

humans and occasionally causes adverse drug reactions (4).

Inhibition of the biotransformation ofcaffeine and theophylline

by quinolones has been described in vivo (5-7) and in vitro (8-

10). In investigations with human liver microsomes, we pro-

vided evidence that this effect is caused by a competitive

inhibition of CYP1A2 activity (8). This has been shown for

ofloxacin, lomefloxacin, enoxacin, ciprofloxacin, and pipemidic

acid (8) by measuring their effects on caffeine 3-demethylation

(Fig. 1B). CYP1A2 is known to be responsible for the high

affinity component described for this reaction in human liver

(11-13). The extent of inhibition varied between substances,

but structural requirements for a marked inhibitory effect on

CYP1A2 activity are unknown to date. However, this is of

considerable relevance, because a prediction of inhibitory po-

tency may aid in the selection of safer drugs for further devel-

opment from a series of otherwise similar compounds.

The aim of this investigation was to gain insight into the
nature of the quinolone inhibition of CYP1A2 and to assess

the relationship between the structure of gyrase inhibitors and

their potency to inhibit CYP1A2 activity. To this end we carried

out in vitro inhibition studies and applied molecular modeling

methods and QSAR analysis.
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anol, and tetrahydrofuran were chromatography-grade products from
Merck (Darmstadt, Germany). All other chemicals (analytical grade)
were purchased from Merck.

Activity of CYP1A2. The preparation of human liver microsomes,

the incubation procedure, and the HPLC assay of 1,7-DMX have been
described previously (8, 9). Briefly, incubations were carried out in 0.1

mM potassium phosphate buffer, pH 7.4, containing about 2 mg/ml

microsomal protein, an NADPH-generating system, caffeine, and the

quinolone to be tested . The incubation was stopped after 15 mm by

addition of 20% (w/v) trichloroacetic acid. The concentration of both

caffeine and the quinolones used was 500 �zM, because this was in the

range of concentrations for which transformed caffeine formation rates
were linear with respect to the substrate concentrations in the Hanes
plots and with respect to the concentrations of quinolone inhibitors in

the Dixon plots (8). Additionally, the difference in effect of the quino-

lones was greatest at this concentration (which for caffeine corresponds

to the Km value for the high affinity component of the test reaction)
(8). Also, the amount of caffeine metabolites could be measured easily

even at reduced formation rates in the presence of a potent inhibitor.

For each substance, incubations with and without inhibitor using
human liver microsomes from four donors were separately carried out

in duplicate. ICse and K values were not measured because of the small
amounts of substances available (<1 mg for some compounds) and the

low inhibitory potency observed in many cases, which would have

necessitated very high concentrations of the poorly soluble inhibitors.

Some of the results from the studies mentioned above (8, 9) have been

included in the analysis presented here.

Evaluation of inhibitory effect. The 3-demethylation of caffeine

was used to determine CYP1A2 activity. Means of 1,7-DMX formation

rates were calculated for duplicate incubations. The inhibitory effect

of a compound in the microsomes from each donor was determined as

R the activity in the presence of this compound relative to the activity inits absence (eq. 1).

1 7-DMX formation rate with inhibitor
= . . . . . xlOO (1)

1,7-DMX formation rate without inhibitor

0

Incubations with inhibitor and the corresponding controls without

%�4%#{149}� inhibitor were carried out within the same experiment. This effect is

R presented as mean ± standard deviation of four microsomal prepara-

H3C

0

N��\

0

tions.

Lipophilicity assay. Transformed relative retention times (log k�’)

in reverse phase HPLC were determined in order to estimate the

lipophilicity ofthe majority ofthe compounds (n = 29) (17, 18). Briefly,

compounds were injected onto a 5-sm C18 Nucleosil column (Macherey

& Nagel, D#{252}ren, Germany) and eluted with buffer, pH 7.4, containing

varying percentages of methanol. UV absorbance was measured at 270

nm to detect the substances. Capacity factors were calculated from

retention times. The graph of log k’ versus percentage of methanol,

obtained by quadratic regression, was extrapolated to 0% methanol. A
linear correlation coefficient between log k5. ‘ values and inhibitory

effect on CYP1A2 was calculated to evaluate the influence of lipophil-
icity on inhibitory potency.

Assessment of structure-activity relationships. Primarily, we
conducted a descriptive analysis of results by comparing the inhibitory
effects of substances differing in sL�ucture at only one position. This
was completed by correlating inhibito5y activity with lipophilicity.

Computer-assisted molecular modeling studies were carried out us-

ing the workstation IRIS 4D/5OGT (Silicon Graphics, Munich, Ger-
many). The structures of inhibitors were built up interactively using

the SYBYL program (19). Energy minimizations were done by means

of the MAXIMIN2 option of SYBYL (method, conjugate gradient;

termination option, gradient; root mean square gradient, 0.002 kcal/

mol . A2). All force field calculations were carried out considering elec-

trostatic interactions. For consistency, all energy values were calculated

with version 5.3 of SYBYL. Conformational analysis was carried out

using the SEARCH option of SYBYL. The procedure applied depended
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Materials and Methods

Quinolones. The 44 quinolone congeners tested in this study were

available as either drugs or corresponding metabolites or were synthe-
sized during development of new quinolones. The substances (for

structures, see Table 1) were supplied by the following companies:

ofloxacin and desmethylofloxacin, Hoechst AG (Frankfurt, Germany);
lomefloxacin, Searle (Dreieichenhain, Germany); pipemidic acid, Ma-
daus (KOln, Germany); piromidic acid, Dainippon Pharmaceutical

(Osaka, Japan); ciprofloxacin, Mi-ciprofloxacin, oxociprofloxacin, en-
rofloxacin, and Mi-enrofloxacin, Bayer AG (Wuppertal, Germany);
enoxacin, Mi-enoxacin, and oxoenoxacin, Godecke (Freiburg, Ger-
many); difloxacin, temafloxacin, and a series of new compounds with

code numbers starting with either “A” or “X” (which were all synthe-
sized by D. T. W. Chu, Abbott) (14-16), Abbott (Chicago, IL); peflox-
acm and oxopefloxacin, Rh#{244}ne-Poulenc (Antony, France); norfioxacin
and oxonorfioxacin, Merck Sharp & Dohme (Rahway, NJ); nalidixic
acid and amifloxacin, Winthrop (Norderstedt, Germany); fleroxacin,

desmethylfieroxacin, oxofleroxacin, and AM735, Kyorin (Tokyo, Ja-

pan); and cinoxacin, Lilly (Gieflen, Germany).
Other chemicals. Methylxanthines were obtained from the follow-

ing companies: caffeine, Serva (Heidelberg, Germany); 1,7-DMX, Ald-

rich (Milwaukee, WI); and hydroxypropyltheophylline, Fluka (Buchs,

Switzerland). NADP (98%), glucose-6-phosphate, and glucose-6-phos-
phate dehydrogenase (from yeast, purity grade II, 140 units/ml) were

purchased from Boehringer (Mannheim, Germany). Acetonitrile, meth-

A

0-c

OH

B

R R

Fig. 1. Chemical structures of CYP1 A2 substrate and inhibitors used
(structures are turned in order to match the orientation in Figs. 2, 4, and
5). A, General structure of quinolone antibacterial agent derivatives. X =

H, Y = H, quinoline derivatives; X = N, Y = H, naphthyndine derivatives;
x = N, V = N, pyndopyrimidine derivatives. B, Structure of caffeine
(1 ,3,7-trimethylxanthine).
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Quinolone Structure-CYP1A2 Inhibition Relationships 193

on the number of rotatable bonds within the molecule. The torsional

angles of terminal alkyl groups were only investigated when intramo-

lecular steric interactions were expected. In the case of one or two

rotatable bonds, conformational space was searched using 10’ incre-

ments. In the case of three or more rotatable bonds, 30’ increments

were applied to limit the number of conformations. In the latter case

additional searches were started in the ±30� environment of low energy

conformers, using 10� increments. To make sure that all relevant

conformers were taken into account, an energy limit as high as 50 kcal/

mol was chosen in SYBYL SEARCH. Low energy conformers were

then energy minimized (for conditions, see above), and for superposi-

tions only those conformers were chosen whose energy was not more

than 5 kcal/mol higher than that of the lowest energy conformer.

Almost all of the conformers used for superposition (up to five per

molecule) had an energy not more than 3 kcal/mol above the energy of

the lowest energy conformer. However, the energies of all conformers

used for the development ofthe pharmacophor model (one per molecule,

i.e., the optimal one of the up to five conformers tested) were within 2

kcal/mol. Molecular electrostatic potentials were calculated for opti-

mized structures using the POTENTIALS option of SYBYL.

For QSAR analysis, the three-dimensional structures of the com-

pounds were built with the ALCHEMY II program (20), and their

geometries were optimized using the semiempirical AM1 program (21)

of AMPAC (22). From these structures, a multiple stepwise regression

analysis (23) was carried out using properties and parameters of a

subset of molecules (n = 38) that included all substances with a

quinoline or a naphthyridine core and with a (substituted) piperazinyl

or a methyl group at position 7. The parameters that were chosen on

the basis of the descriptive analysis of the inhibitory effect and of

electrostatic and steric properties of quinolones were as follows: kind

of core (naphthyridine/quinoline with fluorine at position 8/quinoline

with hydrogen at position 8); volume, maximum and minimum charges,

and hydrophobicity of substituents at positions 1 and 7; and molecular

electrostatic potential minima generated by the substituent at position

7, which was computed and analyzed using the program MEPMIN

(24).

Results

Structures of the compounds tested and their effects are

listed in Table 1, sorted by structural properties. Almost all the

quinolone antibacterial agent derivatives tested had an inhibi-

tory effect on caffeine 3-demethylation and thus on CYP1A2

activity. The most active compound was the Ml metabolite of

ciprofloxacin, which is formed by cleavage and deethylation of

the piperazinyl substituent. This metabolite reduced the rate

of 1,7-DMX formation under chosen in vitro conditions to 12.2

± 2.5% of that without inhibitor. Among the clinically used

quinolones, fleroxacin had no effect, whereas enoxacin had the

most pronounced effect (25.1 ± 1.7% remaining activity).

Molecular modeling methods were applied to obtain more

detailed insight into possible reasons for the different inhibitory

potencies of the compounds tested. We compared the structure

of the specific CYP1A2 substrate caffeine with the structures

of the inhibitors tested. This procedure is justified because the

type of inhibition determined for some quinolone antibacterial

agents was competitive (8). Competitive inhibitors and sub-

strates bind to the same site and are mutually exclusive.

Comparison of the molecular electrostatic potential of caf-

feine with those of competitive inhibitors (e.g., ciprofloxacin)

showed a strong resemblance. The negative potential caused by

the carbonyl oxygen atoms at positions C2 and C6 of caffeine

overlapped with the negative potential caused by the carbonyl

oxygen atom at position C4 and that of one oxygen atom of the

carboxyl group at position C3 of quinolone derivatives, respec-

tively (Fig. 2). The positive potential caused by the hydrogen

atoms of the methyl groups at positions Ni and N7 of caffeine

overlapped with the positive potential caused by the hydrogen

atom of the carboxyl group and the hydrogen atoms of the

substituent at position Ni and that bound to position C2 of

quinolone derivatives, respectively.

Although there were major structural differences in the group

of substances tested, the following effects of structural elements

can be summarized. They were defined by direct comparison of

activities of molecules differing in structure at only one position

and in some cases could be explained using molecular modeling.

Core. Naphthyridines with a piperazinyl substituent at po-

sition 7 (n = 3) showed a stronger inhibitory effect than

corresponding quinoline derivatives. However, the two na-

phthyridines with further substitution of the piperazinyl group

showed reduced or similar inhibitory potency, compared with

quinolines (Fig. 3A). The superposition model has the N8

nitrogen atom of naphthyridines exerting a negative potential

at the position where the N9 nitrogen atom of caffeine also

exerts a negative potential, whereas quinolines have a positive

molecular electrostatic potential in this region (Fig. 4). There-

fore, the model suggests that the reason for the more pro-

nounced effect of some naphthyridine derivatives, compared

with that of quinolone derivatives, is caused by the closer

electronic similarity of the former to caffeine.

Substituents at position 8. In general derivatives with a

fluoro substituent at position 8 were only weak inhibitors.

Direct comparison was only possible between fleroxacin and

AM735. Fleroxacin was inactive, whereas AM735 had a mod-

erate inhibitory potency.

Substituents at position 1 . As for the substituent at posi-

tion Ni of quinolone antibacterial agents, electronic as well as

steric properties seem to govern the affinity for the active site.

In general, small hydrophobic substituents like ethyl and cyclo-

propyl groups seem to be favored. However, there are com-

pounds that have substituents like the ‘ -pyrrolidyl or the 1’-

piperidyl group that also are strong inhibitors. Conformational

analyses and comparison of the molecular electrostatic poten-

tials of these molecules suggest that the negative potential

caused by the nitrogen atoms of the substituents at position

Ni lie in the same region as the negative potential of the N9

nitrogen atom of caffeine mentioned above.

Substituents at position 7. (a) Mi metabolites (cleavage

and deethylation of the piperazinyl substituent) (n = 3) had

more marked inhibitory activity than did the parent molecules

(Fig. 3B). (b) Methylation/ethylation of the 7-piperazinyl sub-

stituent at position 3’ or 4’ (n = 9) was related to a reduced

inhibitory potency (Fig. 3C). (c) Compounds with a 3’-oxopi-

perazinyl ring (n = 5) had reduced or similar activity, compared

with the corresponding parent molecule (Fig. 3D). However,

regarding the substituent at position C7 of quinolones, super-

positions suggest that a piperazinyl ring is not a prerequisite

for inhibitory potency. This finding is in accordance with

inhibition studies, because quinolones with fluoro and methyl

substituents at position C7 also were strong inhibitors in vitro.

Taken together, the pharmacophor for quinolone inhibition

of CYPiA2, i.e., the common arrangement of functional groups

shown by all quinolone inhibitors, consists of two areas with

positive potentials and two domains with negative potentials

(Fig. 5). Substituents at positions Ni and C7 may enhance the

potency of inhibition (or reduce activity for steric reasons) but
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TABLE 1
Structures of 4-oxoquinoline-3-carboxylic acid (quinolone) derivatives and related compounds and inhibitory effects on human CYP1A2
activity
Inhibition values are mean ± standard deviation of four microsome donors.

Substtution of the core at positiona

Substance name � code Type ofcore
8 1 6 7

Inhibition of human
CYP1A2(remaining

�fivify)5

% of control

F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F

a Position relative to that of the quinoline core.
a Human CYP1 A2 activity was determined as the rate of cafteine 3-demethylation (see Materials and Methods).

are not expected to be necessary for affinity of the compound

for the active site of CYPiA2.

Effect of lipophilicity on inhibitory potency. Lipophil-

icity and inhibitory effect of the quinolones (Fig. 6) did not

show any significant correlation for the 29 compounds tested

(r = 0.346), for naphthyridines (r = 0.40i, n = 5), or for the

quinolines (r = 0.204, n = 22).
QSARs. Four ofthe parameters that were tested with respect

to a possible influence on the inhibitory effect (see Materials

and Methods) showed a statistically significant influence. In-

hibitory potency increased when (a) the depth of the molecular

electrostatic potential minimum generated by the substituent

in position 7 increased (p < 0.OOi), (b) there was no substituent

at position 8 (i.e., either in the case of a naphthyridine core or

in quinoline congeners with a hydrogen bond to position C8)

(p < O.Oi), (c) the maximum charge of the substituent at

position 7 increased (p < 0.05), or (d) the volume of the

substituent at position i decreased (p < 0.05).

The equation obtained was

(i96 ± 35) + (i.56 ± 0.4i).MINI7 + (27.9 ± 9.9)

.CORE2 - (i89 ± 7i).CMAX7 + (0.4i ± 0.i5).VOLi (2)

where MINI7 is the electrostatic minimum generated by the

substituent at position 7 (kcal/mol), CORE2 describes position

8 of the core (value was 0 for naphthyridines and for quinolines

with a hydrogen at this position and was 1 in the presence of a

fluoro substituent), CMAX7 reflects the maximum charge of

the substituent at position 7 (kcal/mol), and VOL1 indicates

the volume ofthe substituent at position i (A3). The correlation
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Cinoxacin
Nalidixic acid
Enoxacin
Ml -enoxacin
Oxoenoxacin
A 60919
A 571 32
A 57274
X2
Pipemidic acid
Piromidic acid
Desmethylofloxacin
Ofloxacin
Desmethylfieroxacin
Fleroxacin
Oxofleroxacin
Lomefloxacin

Norfioxacin
Oxonorfloxacin
Pefloxacin
Oxopefloxacin
AM 735
Ciprofloxacin
Ml -ciprofloxacin
Oxociprofloxacin
Enrofloxacin

Ml -enrofloxacin
X3
A 56559
Amifloxacin
A 56301
A 56618
A 56551
A 60450
A 56772
A 60916
A 57592
Difloxacin
A 57531
Temafloxacin
xl
A 56836
A 56608
A 56607

Cinnoline
Naphthyridine
Naphthyndine
Naphthyridine
Naphthyridine
Naphthyridine
Naphthyndine
Naphthyridine
Naphthyridine
Pyridopyrimidine
Pyndopyrimidine
Pyridobenzoxacine
Pyridobenzoxacine

Quinoline
Quinoline
Quinoline
Quinoline

Quinoline
Quinoline
Quinoline
Quinoline

Quinoline
Quinoline
Quinoline
Quinoline
Quinoline

Quinoline

Quinoline
Quinoline
Quinoline

Quinoline
Quinoline
Quinoline
Quinoline
Quinoline
Quinoline
Quinoline
Quinoline
Quinoline
Quinoline
Quinoline
Quinoline
Quinoline
Quinoline

H Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Cyclopropyl
4’-Fluorophenyl

2’ ,4’-Difluorophenyl
2’ ,4’-Difluorophenyl
Ethyl
Ethyl

-O-CH2-CH(CH3)- (ring)
-O-CH2-CH(CH3)- (ring)
F 2’-Fluoroethyl
F 2’-Fluoroethyl
F 2’-Fluoroethyl
F Ethyl
H Ethyl
H Ethyl
H Ethyl
H Ethyl
H 2’-Fluoroethyl
H Cyclopropyl
H Cyclopropyl
H Cyclopropyl
H Cyclopropyl
H Cyclopropyl
H Cyclopropyl
H Methylamino
H Methylamino
H Dimethylamino
H l’-Pyrrolidyl
H 1 ‘-Piperidyl
H l’-Pyrryl
H 4’-Methylphenyl
H 4’-Aminophenyl
H 2’ ,6’-Dimethylphenyl
H 4’-Fluorophenyl
H 2’,4’-Difluorophenyl
H 2’ ,4’-Difluorophenyl
H 2’ ,4’-Difluorophenyl
H 3’-Pyridyl
H 4’-Pyridyl
H 4’-Pyridyl

-O-C-O- (ring)
H Methyl
F Piperazinyl
F NH2-(CH2)2-NH-
F 3’-Oxopiperazinyl
F Piperazinyl
F Piperazinyl

F Piperazinyl
F 3’ ,3’-Dimethylpiperazinyl

Piperazinyl
1 ‘-Pyrrolidyl
Piperazinyl
4’-Methylpiperazinyl
Piperazinyl
4’-Methylpiperazinyl
3’-Oxo-4-methylpiperazinyl
3’-Methylpiperazinyl
Piperazinyl
3’-Oxopiperazinyl
4’-Methylpiperazinyl
3’-Oxo-4’-methylpiperazinyl
4’-Methylpiperazinyl
Piperazinyl
NH2-(CH2)�-NH-
3’-Oxopiperazinyl
4’-Ethylpiperazinyl
CH3-CH2-NH-(CH2)2-NH-
F
Piperazinyl
4’-Methylpiperazinyl
4’-Methylpiperazinyl
4’-Methylpiperazinyl
4’-Methylpiperazinyl
4’-Methylpiperazinyl
Piperazinyl
Piperazinyl
4’-Methylpiperazinyl
4’-Methylpiperazinyl
Piperazinyl
3’-Methylpiperazinyl
3’ ,3’-Dimethylpiperazinyl
Piperazinyl

Piperazinyl
4’-Methylpiperazinyl

84.2 ± 7.4
33.4 ± 5.6
25.1 ± 1.7
21 .3 ± 4.4
76.8 ± 5.9
18.6 ± 3.2
31.3 ± 3.8
43.3 ± 4.0
88.1 ± 5.2
40.7 ± 2.8
59.0 ± 2.5
73.3 ± 9.0
89.2 ± 9.9
80.5 ± 3.9

104.4 ± 14.2
93.9 ± 5.5
76.6 ± 7.1
44.3 ± 8.9
52.1 ± 5.7
78.0 ± 4.8
84.5 ± 5.4
75.7 ± 10.7
30.6 ± 6.7
12.2 ± 2.5
43.4 ± 5.0
46.1 ± 5.8
18.6 ± 2.2
29.9 ± 9.6
47.5 ± 5.3
78.6 ± 3.8
84.6 ± 4.5
44.8 ± 2.1
76.3 ± 1.8
61.2 ± 3.2
31 .0 ± 3.2
52.2 ± 2.9
78.7 ± 3.6
78.7 ± 7.3
68.4 ± 4.7
90.0 ± 4.5
81 .3 ± 3.7
65.7 ± 3.0
84.8 ± 5.6
86.8 ± 7.2
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Quinolone Structure-CYP1A2 Inhibition Relationships 195

Fig. 2. Superposition of caffeine and
ciprofloxacin. Arrows, regions that are
highly similar in the two molecules.
Blue grid, negative potentials; red
grid, positive potentials. Carbon at-
oms of caffeine are white and those
of ciprofloxacin are yellow.

coefficient obtained using eq. 2 was r2 = 0.56 (p < 0.00005). A

standard error of 16.8% (percentage of remaining activity) was

found for the residuals. These QSAR results support those

obtained using molecular modeling.

Discussion

Suitability of Methods Used to Determine CYP1A2 Activity

By different approaches, it has been shown that the high

affinity component of caffeine 3-demethylation is highly spe-

cific for human CYP1A2 activity in vitro (11-13). Therefore,

the use of this metabolic pathway even in the presence of

numerous other cytochromes P450, as in the case of human

liver microsomes, is expected to almost exclusively (>90%)

reflect CYP1A2 activity under chosen incubation conditions

with low caffeine concentrations.

The competitive type of inhibition in vitro has been shown

for only ciprofloxacin and lomefloxacin (both quinolines), en-

oxacin (a naphthyridine), ofloxacin (a pyridobenzoxacine), and

pipemidic acid (a pyridopyrimidine) (8). However, we presume

that this mechanism may hold for all substances tested, because

the major structural characteristics of the molecule core were

unchanged and congeners of all relevant groups showed this

competitive type of inhibition. In this case, K, and IC5) values

may theoretically be calculated from a single concentration of

both substrate and inhibitor tested (once K� and � values

are known for this reaction and microsome sample). The func-

tion that describes the relationship between K, values and

metabolite formation rate (and/or percentage of inhibition) is

strictly monotonic. Therefore, the information given by per-

centage of inhibition data obtained in the present study is

qualitatively similar to that provided by the more often used K,
or IC50 parameters in this case, although it is less precise.

Percentages were not transformed to avoid a multiplication of

the experimental error and other pitfalls.

Quinolone Moieties Involved in Binding to CYPIA2

Our results show that the 4-oxo-3-carboxylic acid moiety of

the quinolones, which is essential for antibacterial activity,

may also be involved in binding to CYP1A2. Affinity may be

modified significantly by substituents at positions 1, 7, and 8,

thus influencing the inhibitory potency of these compounds.

Because CYP1A2 binds not only caffeine and quinolone

derivatives but also other planar aromatic lipophilic compounds

(25), it seems possible that the core of the molecule itself, or a

part of it, is also attached directly to the binding site. The size

of the substituent at the position 1 nitrogen (which may hinder

interaction between this nitrogen and a carboxylate group of

the CYP1A2) influenced inhibitory activity of the quinolones.

Molecular modeling results show that molecular electrostatic

potentials and the three-dimensional structures of caffeine as

a substrate and of the quinolones are very similar for certain

regions of the molecules (see Figs. 2 and 4). In both structures,

core nitrogen atoms are part of these regions, supporting the

possible role of nitrogen atoms in substrate and inhibitor bind-

ing to CYP1A2.

Lack of Effect of Inhibitor Lipophilicity

In the heterogeneous system of microsome suspensions, the

lipophilicity of a substance is expected to influence its concen-

tration at the cytochrome binding site. A lack of correlation

between lipophilicity and inhibitory effect of quinolone deny-

atives found here indicates that differences in binding affinities,

rather than the differences in concentrations, determine the

extent of inhibition of caffeine 3-demethylation.
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Fig. 3. Direct comparison of inhibitory effect on CYP1 A2. A, Naphthyridines versus quinolines. B, Parent compounds versus Ml (cleavage and
deethylation of the piperazinyl substituent) derivatives. C, Substances with a 3’- or 4’-methylpiperazinyl or 4’-ethylpiperazinyl substituent at position
7 versus those with an unsubstituted piperazinyl substituent at position 7. D, Parent compounds versus 3’-oxo derivatives. CYP1 A2 activity is given
as remaining activity as a percentage of control (mean ± standard deviation).

Quinolone Inhibition of CYPIA2 and Antibacterial Activity

Effects of single alterations of quinolone structures were

observed to result in consistent changes of inhibitory activity
on CYP1A2, thus making it probable that corresponding

changes will be found for substances not yet tested. Similar
descriptive approaches have been used to assess the relation-
ship between the structures of the quinolones and their anti-

microbial activity (26-29).
Position 1 . In terms of antimicrobial activity, both the steric

(groups with dimensions similar to those of an ethyl moiety

were considered optimal) and electrostatic properties of sub-
stituents were reported to have an important influence, whereas

fluorination or chlorination of a substituent present at position

1 was assumed to improve activity by changes in pharmacoki-

netic properties (28, 29). These findings correspond to our
results showing that an increase in the size of the substituent

at position i correlates with reduced inhibitory activity on

CYPiA2.

Position 7. Antimicrobial activity of quinolones with a

piperazinyl substituent at position 7 did not differ substantially

from that of compounds with a 4’ -methylpiperazinyl group, but

only minor activity was found for smaller substituents, as

present in Mi metabolites and in nalidixic acid (26-29). These

relationships are very different from those observed for inhi-

bition of CYPiA2 in vitro, where methylation or ethylation of

the piperazinyl substituent decreased inhibitory potency,

whereas cleavage and deethylation of the piperazinyl ring re-

sulted in very active compounds.

Position 8. Inhibition of bacterial gyrase was similar for

naphthyridines and corresponding quinoline derivatives (28,

29) and slightly less pronounced for congeners with a fluoro

substituent at position 8, compared with the unsubstituted
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Fig. 4. Superposition of caffeine and
A 60919 (the naphthyridine analogue of
ciprofloxacin). Arrow, region where
A609l 9 (N8) as well as caffeine (N9) have
a negative molecular electrostatic poten-
tial. In contrast, ciprofloxacin has a posi-
tive molecular electrostatic potential in
this region (see Fig. 2). Blue grid, negative
potentials; red grid, positive potentials.
Carbon atoms of caffeine are white and
those of A6091 9 are yellow.

Fig. 5. Pharmacophor for inhibitors of
CYP1A2. The four groups that may be
involved directly in the binding of sub-
strates or competitive inhibitors to the
active site of CYP1A2 are represented by
the white (positive potentials) and red
(negative) spheres. Yellow grid (clipped in
the direction of the z-axis), overall surface
of the tested inhibitors. This figure has
the same orientation as Figs. 2 and 4.

quinoline (27). An augmented activity of 8-fluorinated com- for quinolines, and further reduced by fluorination at position

pounds in vivo was attributed merely to the more favorable 8. � . . .

Thus, substituents at position 1 seem to produce similar
pharmacokinetic properties (26 28 29). Differences between . . . .

changes in inhibitory effects on both bacterial gyrase and
substances in inhibitory properties on CYP1A2 again do not human CYP1A2, whereas substitutions at positions 7 and 8 do

correspond to antimicrobial activities; reduction of CYP1A2 not result in changes that are comparable for the two biological

activity was most pronounced for naphthynidines, less marked effects.
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Using these differences, it seems possible to find a compound

with excellent effects on bacterial growth but minor effects on

drug metabolism by human CYPiA2. Substituents at positions

7 and 8 may most likely produce divergence between the effects

on bacterial gyrase and human CYP1A2. A molecule expected
to be optimal would be a quinoline with a cyclopropyl ring at
position 1, a fluorine at position 8, and an alkylpiperazinyl at

position 7 of the core. Sparfloxacin, an investigational quino-

lone that became available after these calculations were fin-
ished, shows a structure similar to that described above; it has

a quinoline core, a cyclopropyl group at position i, a fluorine
at position 8, a 3 ‘,S’-(cis)-dimethylpiperazinyl group at position
7, and additionally an amino group at position 5. This molecule
has very good antimicrobial activity in vitro (30), did not cause

inhibition of theophylline metabolism in vivo (3i), and reduced

activity of CYPiA2 under in vitro conditions to not less than

6i.2 ± ii.9% of the corresponding control. These additional

results provide evidence that data obtained using the methods

described above may give important information on a quinolone
with considerable practical relevance.

Prediction of Quinolone Inhibition of CYPIA2?

Nearly all quinolones inhibited the 3-demethylation of caf-

feine. However, inhibitory potency even of the most effective

quinolones was orders of magnitude weaker than that of “clas-

sical” CYPiA2 inhibitors like 7,8-benzoflavone (ii) or furafyl-

line (i2). Quinolones nevertheless have been shown to cause
clinically relevant drug interactions in vivo (5, 6). As a rough

estimate, we previously found that in vitro inhibition to 61 % of

control or less under chosen in vitro conditions results in

clinically relevant drug interactions in vivo in most cases (9),

and many of the compounds tested here are at the edge of this

limit. An attempt to use the equation obtained in the QSAR

study was made in order to identify quinoline and naphthyri-

dine derivatives expected to have a relevant inhibitory effect
in vivo, although not more than 56% of the variability in

inhibitory effect was caused by the variables in this equation.

Using inhibition to 6i% of control as the cut-off point (9), a

sensitivity (potent inhibitors identified by the equation as a

percentage of potent inhibitors determined in human liver

microsomes) of82% and a specificity (weak inhibitors identified

by the equation as a percentage of weak inhibitors determined

in human liver microsomes) of 7i% were found. This does not

enable a safe distinction between inhibitors with and without

clinical effects but, nevertheless, may help to reduce the prob-

ability of unexpected adverse drug reactions as a result of

quinolone interactions.
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