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Abstract

The extent of plasma protein binding has been determined in a series of gyrase inhibitors characterised either by
a varying substitution on the phenyl ring in position N1 or by an increasing alkyl chain at the nitrogen N4’ of the
piperazine moiety. It was tried to derive quantitative structure activity relationships. Especially substituents at the
m-position of the N1-phenyl ring were found to influence the extent of protein binding; an optimum of size could be
determined. The increase of the alkyl group at the outer piperazine nitrogen which is combined with an augmented
lipophilicity resulted in an increase in the degree of protein binding. So it can be concluded that the N1-phenyl ring
as well as the piperazine ring take part in the interaction with the plasma protein. Both substituents can be used to
regulate the extent of protein binding in new gyrase inhibitors. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Drugs usually interact with macromolecules in
body fluids and tissue. The portion of a drug
bound to plasma protein is inactive in terms of
receptor/enzyme activity, metabolism and elimina-
tion (Fichtl et al., 1991). Furthermore, drugs with
a high affinity to plasma proteins are able to
compete with other drugs for the protein binding
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site. For example, the antirheumatic phenylbuta-
zone replaces phenprocoumon and nalidixic acid
replaces warfarin; both replacements result in a
strong increase in the anticoagulant concentration
and, in line with this, an enhancement of haemor-
rhagic diathesis. In addition, drugs characterized
by a high affinity to plasma proteins can also
replace endogenous substances, e.g. bilirubin
(Derendorf and Garrett, 1987). Taken together,
the extent of protein binding of a drug may
influence pharmacokinetic parameters, i.e. the
clearance and the apparent volume of distribu-
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tion, and pharmacodynamic processes (Proost et
al., 1996).

Acidic drugs are known to bind more or less
specifically to albumin at least at two binding sites
(Oberdisse, 1997). In order to characterize this
binding processes, structurally diverse compounds
are usually studied by replacement studies or by
comparison of their extent of protein binding or
affinity to the plasma protein (Olson and Christ,
1996). Recently, we reported on the protein bind-
ing behaviour of 19 gyrase inhibitors in clinical
practice (Zlotos et al., 1998). Within this struc-
turally heterogenous series of compounds, rough
structure—activity relationships (SAR) could be
derived only: especially the western part of the
molecule, i.e. the piperazine ring and its neigh-
bourhood, was found to be crucial for protein
binding. In contrast, the contribution of N1-sub-
stituents and neighbouring groups to the protein
binding could not clearly be extracted from this
series of compounds.

Thus, the purpose of this study was to gain
more insight in the molecular mode of protein
binding using a congeneric series of potent
quinolone-like gyrase inhibitors, synthesized and
microbiologically characterized in our group (Jiir-
gens et al., 1996). Two structural variations were
taken into account to derive SARs. Firstly, the
benzene ring at the nitrogen N1 (see Fig. 1) was
substituted by hydroxyl, nitro, cyano, fluoro,
methyl, trifluoromethyl and methoxy groups in
ortho, meta and para positions, respectively. Sec-
ondly, with the substituent at the outer nitrogen
of the piperazine ring (N4') having been found to
strongly influence the extent of protein binding
(Zlotos et al., 1998), it was aimed to lengthen the
alkyl chain on N4’ step-by-step. For this purpose,
N4'-alkyl-substituted derivatives were synthesized.

In order to find out the contribution of each
substituent to the protein binding, the remaining
part of the quinolone molecule was kept constant
in ecither case. For sake of comparison, the al-
ready known, structurally related drugs
temafloxacin and difloxacin as well as
ciprofloxacin, N-methylciprofloxacin and en-
rofloxacin (Fig. 2) were taken into consideration
for SAR. The technique of ultrafiltration was
chosen to determine the extent of protein binding

because this method has already proven to be
worthwhile in case of gyrase inhibitors (Zlotos et
al., 1998).

2. Material and methods

2.1. Materials

Melting points were determined with a Dr Tot-
toli melting point apparatus (Biichi) and were not
corrected. 'H and C NMR spectra were
recorded on a Varian EM 360 A ('"H 60 MHz),
and Varian XL 300 (‘H, 299.956 MHz; *C, 75
MHz). Abbreviations for data quoted are: d, dou-
blet; t, triplet; q, quintet; m, multiplet. IR spectra
were obtained using a Perkin-Elmer 298 infrared
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Fig. 1. Structural formula of the quinolone compounds stud-
ied.
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Fig. 2. Structural formula of commercial available gyrase
inhibitors discussed.

spectrometer (Bodensee, Germany). UV/Vis spec-
tra were recorded on a Hewlett-Packard HP
8452A diode array spectrometer. Mass spectra
were measured on a MS 50 (Kratos). TLC was
carried out using silica gel 60 F,5, (Merck No.
5554) and RP-18 254 S (Merck No. 15685),
column chromatography silica gel 70—-230 mesh
(Merck No. 7734). The chemicals were purchased
from Aldrich (Milwaukee, WI). Dry solvents were
used throughout. The 7-piperazinyl-6-fluoro-1,4-
dihydro-1-phenyl-4-oxo-quinoline-3-carbonic

acids of varying substitution on the phenyl rings
1-8 were taken from Jiirgens et al. (1996).

2.2. Synthesis of 7-(4'-alkylpiperazinyl)-6-
fluoro-1,4-dihydro-1-(m [p-methoxyphenyl)-4-
oxo-quinoline-3-carbonic acids 5ba, 5ca, 5ch, 5cc

7-Chloro-6-fluoro-1,4-dihydro-1-(m/p-methoxy-

phenyl)-4-oxo-quinoline-3-carbonic acid (Jiirgens
et al., 1996) was dissolved in DMSO (75-100 ml),
mixed with a five-fold excess of methyl-, ethyl-
and propylpiperazine, respectively, and heated for
2 h at 140°C. The solvent was removed by distilla-
tion, the remaining oil suspended in water, heated
at 90°C for 1 h and cooled down. The so obtained
crystals were washed several times with H,O and
recrystallized from ethanol by means of activated
charcoal.

The N4'-pentylpiperazine derivative Sed was
obtained using a procedure reported by Merino et
al. (1995): 1 mmol of 7-piperazinyl-6-fluoro-1,4-
dihydro-1-(p-methoxyphenyl)

x -4-oxo-quinoline-3-carbonic acids was dissolved

in DMF and mixed with 1.5 mmol of 1-iodopen-
tane and 150 mg triethylamine. The mixture was
heated for 3 h at 120°C under N, atmosphere and
afterwards evaporated to dryness. The residue
was washed several times with diethylether and
recrystallized from ethanol.

The analytical and spectroscopical data are in
agreement with the structure assigned.

2.3. Determination of the water—octanol partition
coefficient

The determination of the water—octanol parti-
tion coefficient log D was performed according to
Zlotos et al. (1998).

2.4. Determination of the extent of plasma
protein binding

The ultrafiltration was performed with the mi-
cropartition system MPS-1 Amicon (Lexington,
MA, No. 4104) equipped with YMT-membranes
(cut-off choice, 30000), and a Sorvall centrifuge
RC-5B with a SM-24 rotor. The HPLC system
consists of a Kontron Instruments HPLC Pump
420, a Rheodyne injection valve, a RP18 column
(Spherisorb ODS-2 endcapped, 5 um, 250 x 4.6
mm, Grom, Herrenberg, Germany), a UV diode
array detector (Perkin-Elmer LC-480 Autoscan)
and a software system (LC-DESplus, LabControl
GmbH); the column temperature was adapted to
37°C using a Haake Thermostat D1. The pH-
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value was determined using 3560 Digital pH-me-
ter (Beckman, Miinchen, Germany).

Commercially available acetonitrile of HPLC
grade and twice-distilled methanol was used
throughout. All other reagents were commercially
available and of analytical grade. The plasma was
a grateful gift from the Institut fiir Exp. Hama-
tologie und Transfusionsmedizin, Blutbank, Uni-
versitit Bonn, Germany.

2.4.1. Binding experiment

A stock solution of the gyrase inhibitors was
prepared by dissolution of 80 wmol of a corre-
sponding drug in 0.1 ml 1 M NaOH and dilution
to 2 ml with water. Aqueous solutions of different
concentrations of the drugs (0.2-2.0 gmol/ml)
were prepared using the stock solution and added
to a constant volume of human plasma (v/v, 1:19)
to obtain a drug concentration ranging from 0.01
to 0.1 gmol/ml. The mixture was incubated for 30
min at 37°C. An aliquot of 1 ml was ultrafiltrated
using a micropartition system and then cen-
trifuged at 2000 x g for 20 min at 10°C. The total
volume collected as filtrate was 25% of the start-
ing volume. Since the adsorption of the drug to
the membrane was less than 3%, no corrections
were made.

The concentration of the free gyrase inhibitors
in the ultrafiltrate was determined by HPLC using
an internal standard method.

HPLC conditions (see Table 1). The mobile
phase was composed of varying amounts of ace-
tonitrile and buffer (0.1 mol citric acid, 0.02 mol
NH,CI1O,). To each mixture 0.005 mol TBAS was
added, and pH 2.5 adjusted using 1 M NaOH. A
Spherisorb ODS-2 endcapped solid phase was ap-
plied in each case. The flow rate was 1.2 ml/min
for 5cc and 1.0 ml/min for the other compounds.

UV data for each compound were taken from
Jurgens (1994). The concentration of the analyte
was calculated from the absorbance at the 4,,,, of
the drug. The calibration solutions were prepared
using the ultrafiltrate of plasma and different
concentrations (in a range of 0.005-0.1 gmol/ml)
of gyrase inhibitors. The quality of calibration in
the whole range was checked by three SQC
(spiked quality control) concentrations.

The concentration of the bound gyrase in-
hibitor was calculated from the difference of the
concentration of the free drug measured in the
ultrafiltrate and the total concentration in plasma
used. The analysis of data was performed by
means of Excel 5.0 (Microsoft Corporation, Red-
mond, WA) and Inplot software 4.0 (Graphpad,
San Diego, CA). In order to perform QSAR
analyses, the percentage of bound drug was logit-
transformed: logit(%) = log((100 — [%]bound)/[%]
bound) = log([%]free/log[%]bound). The QSAR
analysis was performed using the program pack-
age BILIN, developed by H. Kubinyi, BASF 1997
(Ludwigshafen, Germany).

3. Results

The method of ultrafiltration by means of the
micropartition system MPS-1 was chosen because
the protocol had been optimized in a previous
study with commercially available gyrase in-
hibitors (Zlotos et al., 1998). Herein, the already
optimized conditions concerning pH range and
amount of ultrafiltrate have been applied. The
mobile phase of the HPLC system was adapted
for each compound. The composition is displayed
in Table 1. The concentration range of the
quinolones employed in this study was reduced to
0.01-0.1 xmol/ml in comparison with the previ-
ous study, because the differences which were
found over the larger range were almost negligi-
ble. Additionally, it was checked for each com-
pound and each concentration whether they
adsorb to the ultrafiltration membrane. Whereas
the recovery rate of the compounds with an un-
substituted piperazine ring (1-8c) and N-methyl-
and N-ethyl-substituted piperazine (Sba, 5ca and
Scb) were found to be within the accuracy of the
method, the N-propyl- and N-pentyl-substituted
derivatives Sce and Scd adsorbed substantially to
the membrane (Scc about 15% and Scd 30%). In
the case of 5cc, the protein binding could be
corrected and led to a reproducible value. In the
case of 5cd, it was impossible to obtain a valid
extent of protein binding. Thus, Scd was not
considered in the subsequent QSAR analysis.
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With the exception of the cyanophenyl-substi-
tuted compounds (6a—6¢), which hydrolyzed dur-
ing the course of the experiment, the extent of
protein binding could be determined with rather
good precision. For all compounds, the extent of
protein binding is displayed in Table 1 and visual-
ized in Fig. 3. The percentage ranged from 25 to
70.

(a)

protein bound drug [%]
80
ortho
70 | I 1 |"
L = =
= = E |smeta
60 + = = =
= = =
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Fig. 3. Extent of protein binding (a) for compounds 1-8¢ with
varying substituents on the N1 phenyl ring and (b) for com-
pounds with increasing alkyl chains on the piperazine ring
(concentration 0.01 xM).

4. Discussion

The study presented was carried out to derive
SARs. A rough comparison within the series of
varying N 1-phenyl substitution clearly shows that
the locus of substitution determines the extent of
protein binding in a higher degree than the type
of substitution: none 39%; ortho 29-38% (mean
34%); meta 35-66% (mean 52%); para 30-37%
(mean 35%). In case of ortho and para substitu-
tion the dissemination of the extent of protein
binding is less than 10% indicating an almost
negligible influence of the substituents on the
affinity to the plasma protein. This is in accor-
dance with the degree of protein binding of
difloxacin and temafloxacin characterized by a
2,4-difluorosubstitution on the N1-phenyl ring,
which we have already reported to amount to 34
and 25%, respectively (Zlotos et al., 1998). In
contrast, the range of protein binding for m-
phenyl substituted compounds is some 30% indi-
cating that substituents in this position can
considerably enhance the affinity to the plasma
protein. Especially substituents with the negative
inductive effect, such as fluoro, trifluoromethyl
and nitro groups (2b, 3b and 7b), respectively,
induce a high degree of protein binding. In addi-
tion, the more lipophilic methylbenzene-substi-
tuted compound 4b binds strongly to the plasma
protein, too. Thus, it was checked whether the
extent of protein binding can quantitatively be
described by lipophilic and/or electronic parame-
ters, such as 7 and ¢ values (see Table 2), respec-
tively. Therefore, the percentage of protein
binding was transformed into logit values. The
lipophilicity was characterized by log D and =
(Kubinyi, 1993), the electronic properties by o
(Kubinyi, 1993) and pK, values, the steric bulk by
STERIMOL parameters L, Bl and B5 (Kubinyi,
1993) (see Table 2). The multiple regression analy-
sis including all compounds resulted in one corre-
lation which is rather weak:

logit(%) = — 0.66( + 0.26)B1,,+ 0.92( + 0.31)
n=17;r*=0.67,5s=0.15; F=31 (1)
with n=number of compounds, r>= regression

coefficient, s = standard deviation and F = num-
ber of explained to unexplained variance. Since
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Table 2
Physicochemical parameters of quinolone derivatives studied

Compound logit (%) T Log D pK, o MR L Bl B5

1 0.158 0.00 —0.987 5.81 0.00 0.103 2.06 1.00 1.00
2a 0.308 0.00 —1.050 5.62 0.54 0.092 2.65 1.35 1.35
2b —0.052 0.22 —1.074 5.71 0.34 0.092 2.65 1.35 1.35
2¢ 0.327 0.15 —0.840 5.72 0.06 0.092 2.65 1.35 1.35
3a 0.194 1.04 —0.541 5.32 0.40 0.502 3.30 1.98 2.61
3b —0.288 1.10 —0.463 5.59 0.43 0.502 3.30 1.98 2.61
3¢ 0.176 1.04 —0.449 5.55 0.54 0.502 3.30 1.98 2.61
4a 0.250 0.84 —0.515 5.77 —0.01 0.565 2.87 1.52 2.04
4b —0.347 0.52 —0.374 5.87 —0.07 0.565 2.87 1.52 2.04
4c 0.052 0.60 —0.357 5.84 —0.17 0.565 2.87 1.52 2.04
5a 0.368 —0.33 —0.663 5.79 0.30 0.787 3.98 1.35 3.07
5b 0.231 0.12 —0.754 5.74 0.12 0.787 3.98 1.35 3.07
5¢ 0.308 —0.03 —0.672 5.75 —0.27 0.787 3.98 1.35 3.07
7b —0.347 0.11 —1.487 5.27 0.71 0.736 3.44 1.70 2.44
Tc 0.389 0.22 —0.986 5.49 0.78 0.763 3.44 1.70 2.44
8b 0.288 —0.50 —0.969 5.71 0.12 0.285 2.74 1.35 1.93
8¢ 0.269 —0.61 —0.742 5.70 —0.37 0.285 2.74 1.35 1.93

the degree of protein binding was found to run
through an optimum of lipophilicity for some
xanthone compounds (Hersey et al., 1991), it was
checked whether such an optimum could be found
for the quinolones studied here:

logit(%) = — 1.73( + 0.80)log D>
—2.94( + 1.38)log D + 0.95( £+ 0.55)
n=17;r>=0.61;s=0.21; F=11;
log D —085+0.09  (2)

optimum —

This weak correlation is also unable to describe
the protein binding properly. Fig. 4 clearly shows
that especially the m-substituted compounds 2b,
3b and 4b do not meet the parabolic function.
Thus, it was decided to evaluate a QSAR analysis
using the m-substituted compounds only, which
additionally showed the largest differences in the
extent of protein binding. Taking 1, 2b, 3b, 4b, 5b,
7b, and 8b into consideration, two non-significant
correlations with ¢ and 7 could be derived only.
Interestingly, in the case of the correlation with g,
the residue of the m-CHj-substituted compound
4b was found to be too large and, in the case of
the correlation with 7, the residue of the m-NO,-
substituted compound 7b was too large. Omitting
those compounds from either correlation, the fol-

lowing equations can be derived:
logit(%) = — 0.95( £+ 0.53)0 + 0.27( & 0.20)
n=6;r>=0.87;5s=0.11; F=25 without4b

3)
logit(%) = — 0.43( + 0.36)7 + 0.10( + 0.20)
n=6;r>=0.74;5s=0.16; F=11; without 7b
“4)

Since no reason for the outliers can be given from
the data examined here, the significance of these

5
g
.§,
S ol

/ 3b o
7/ 04b
_.5 L 1
15 1.0 05 0.0

logD

Fig. 4. Correlation between logit (%) and log D of 1-8c.
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logit(%)
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Fig. 5. Correlation between logit (%) and BS of the meta-sub-
stituted compounds.

correlations is limited. However, a highly signifi-
cant bilinear correlation can be found with the
steric bulk characterized by B5:

logit(%) = — 0.64( £+ 0.03)BS5
— 459+ 0.22)log(SB5 + 1)
+0.78( +0.55)
n==6;r>=1.00; s=0.01; F=2727;
BSypimam = 2.05
log f= —3.05 (5)

As can be seen from Fig. 5, the extent of protein
binding is small in the case of small and large
m-substituents. The width of the m-substituent
result in an optimum: in this case the extent of
protein binding achieves the maximum. The cor-
relation exhibited one outlier, the m-hydroxy-sub-
stituted compound 8b. Since the acidic, phenolic
OH-group will be partially deprotonated in physi-
ological medium, the B5 value for OH does not
correctly mirror the width of the substituent.
Thus, it is allowed to omit the outlier.

Taking this part of the QSAR analysis together,
it can be stated that the phenyl substituent defin-

itely takes part in the interaction with the plasma
protein. Especially the steric volume of the sub-
stituents in the m-position of the phenyl ring
determines the extent of protein binding. With
small or large substituents the protein binding can
be reduced to a minimum. The contributions of
electronic and lipophilic properties could not be
extracted from the data set, because the data set is
too small and, additionally, the plasma protein is
characterized by a multitude of different proteins
of varying structure. Thus, we see an average of
interactions only.

In the second part of the study, the hydrogen at
the outer piperazine nitrogen N4’ was replaced by
an alkyl chain of increasing size for two substitu-
tion patterns: in case of a m-methoxyphenyl sub-
stituted compound the hydrogen was replaced by
a methyl group, in case of the p-methoxysubsti-
tuted compound the hydrogen was replaced by
methyl, ethyl, and propyl groups. In both series of
compounds, the extent of protein binding is aug-
mented with increasing length of the substituent,
which is combined with increasing lipophilicity
(see Table 1). The contribution of the alkane
substituents at the piperazine to the protein bind-
ing can be quantified after logit transformation:

logit(%) = — 0.13( + 0.09)L + 0.54( + 0.33)

n=4,r>=094; s =0.05; F=37 (6)
logit(%) = — 0.15( + 0.04)B5 + 0.45( + 0.11)
n=4;r>=0.98; s =0.02; F=235 (7)

In addition, the longer the alkyl chain the higher
the lipophilicity of the compounds. Thus, the
following equation can be obtained:

logit(%) = — 0.25(+ 0.17)7 + 0.28( + 0.17)
n=4;r>=0.92; s=0.05; F=39 (8)

The equations clearly demonstrate that increasing
size and lipophilicity of the alkyl substituent at
the piperazine increase the degree of protein bind-
ing. This is in good agreement with results previ-
ously obtained for ciprofloxacin, and the
N-methyl and N-ethyl compound (ciprofloxacin
23% (log D —1.1); N-methylciprofloxacin 29%
(log D 0.17); enrofloxacin 35% (log D 0.27)) (Zlo-
tos et al., 1998). Though it is impossible to deduce



G. Zlotos et al. / International Journal of Pharmaceutics 169 (1998) 229-238 237

from these data whether the protein binding is
governed by size or lipophilicity it seems likely
that the enlargement of the substituent will result
in an optimum of the extent of protein binding.
Since compounds with longer N4’ alkyl chains
bind substantially to the ultrafiltration membrane,
it is impossible to determine the maximum of
protein binding.

However, the question is raised whether the
extent of protein binding depends on the pK,
values of the piperazine nitrogen N4'. Even
though the pK, values of the substituted piper-
azine nitrogens were not determined (Jiirgens et
al., 1996), the comparison of corresponding
derivatives (e.g. ciprofloxacin 8.74; N-methyl-
ciprofloxacin, 7.86; enrofloxacin, 7.68; Montero et
al.,, 1997) and other quinolone derivatives
(Takacs-Novak et al., 1990; Ross and Riley, 1992;
Sorgel and Kinzig, 1993) revealed no correlation
between the extent of protein binding and the pK,
values. This is in accordance with the findings in
the series of gyrase inhibitors in clinical practice
(Zlotos et al., 1998).

All findings are in good agreement with the
extent of protein binding, which we have previ-
ously found for temafloxacin and difloxacin,
which are characterized by a 2,4-difluoro- and
4-fluorophenyl substitution, and a hydrogen and
methyl group at the piperazine ring, respectively
(Zlotos et al., 1998). In both cases the m-position
of the phenyl ring is not substituted. Thus, some
30% of protein binding should be expected; 25%
were measured for temafloxacin which has a hy-
drogen at the piperazine. The extent of protein
binding for difloxacin is higher (34%), because the
piperazine ring is methylated.

5. Conclusion

From a congeneric series of antibacterial
quinolone compounds with systematically varying
substituents at the N1 benzene ring and the outer
nitrogen of the piperazine in position 7, a consis-
tent picture of structure—protein binding relation-
ships could be derived: substituents in the
m-position of the N1 benzene ring contribute
significantly to the affinity of the compounds to

the plasma protein, especially substituents with a
defined width. In addition, the extent of protein
binding can be augmented by alkyl groups at the
outer nitrogen of the piperazine ring. This indi-
cates, on the one hand, that these groups partici-
pate in the interaction with the protein and, on
the other hand, that all compounds may bind to
the same protein of the plasma, likely the albumin
protein.
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