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Abstract

The objective of this study was to compare protonation equilibrium and lipophilicity of two quinolone antibacterials, grepafloxacin
(GPEX) and ciprofloxacin (CPFX), in order to give an insight into effects on the physicochemical properties by slight structural motifs.
The protonation equilibrium was investigated by a spectrophotometry. Macro- and micro-dissociation constants were simultaneously
determined, based on nonlinear regression analysis using the MULTI program, and then microspecies distribution could be described
accordingly. Zwitterionic microspecies predominated at isoelectrical point (p/) for both drugs, and the concentration ratio of neutral to
zwitterionic forms was near 4-fold greater for GPFX than that for CPFX. The apparent partition coefficient (Do i) versus pH profiles had
the shape of a parabolic curve in an n-octanol/buffer system, and reached the maximum around p/ for both, respectively. Moreover, two
introduced methyl groups in GPFX increased not only intrinsic lipophilicity but also neutral microspecies fraction relative to CPFX, and Dg,
pn Of GPFX was consequently far higher than that of CPFX. The results emphasized that there were significant differences in protonation
equilibrium and lipophilicity between GPFX and CPFX, which conduced to explaining their different behavior in terms of antibacterial

activities and pharmacokinetics. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Grepafloxacin (GPFX) is one of newly synthesized
quinolone antibiotics, exhibiting expanded antibacterial
spectra, superior biological activity and excellent pharma-
cokinetics. As compared with ciprofloxacin (CPFX), GPFX
possesses the similar chemical structure, but has two addi-
tionally introduced methyl groups in position 5 of quinoline
ring and position 3’ of piperazinyl substituent, respectively
(Fig. 1).

It is this slightly and subtly structural modification that
has resulted in many antibacterial advantages for GPFX.
Comparative studies of in vitro activity have shown that
GPFX is as effective as CPFX against Gram-negative organ-
ism but better than CPFX against most Gram-positive
bacteria, especially for Streptococcus pneumoniae and
Staphylococcus aureus [1,2]. The penetration into S. aureus
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of GPFX is more efficient than that of CPFX [3]. Further-
more, GPFX has far more extensive tissue distribution than
CPFX [4,5], in particular for the lung [6,7].

Results of structure—activity relationships indicate that
the hydrophobic, electrical and steric parameters of quino-
lones play equally important roles in their biological activity
[8]. The lipophilicity influences the penetration of quino-
lones into bacteria [9,10], and affects the intestinal absorp-
tion and membrane permeability. It may be reasonably
expected that the significant differences in biological activ-
ities and pharmacokinetics between CPFX and GPFX, be
ascribed to their dissimilar physicochemical properties
resulting from alike chemical structures. Therefore, in the
present study, we investigated the protonation equilibrium
using the spectrophotometry from the macroscopic and
microscopic standpoints, and studied pH-dependence in
the partition behavior using an n-octanol/buffer system for
GPFX and CPFX, in order to compare their physicochem-
ical properties and to explore the consequences of two
added methyl groups on the antibacterial activities and phar-
macokinetics.

0939-6411/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. Chemical structures of GPFX and CPFX.

2. Materials and methods
2.1. Materials

GPFX, CPFX, and OPC-17203 (internal standard for
high-performance liquid chromatography (HPLC) assay)
were synthesized and provided by Otsuka Pharm. Co. Ltd.
(Tokyo, Japan). All other reagents were at least analytical
grade.

2.2. Spectrophotometric measurement of protonation
equilibrium

Three aliquots of 40 wM quinolone solutions were
prepared in either 0.03 M NaH,PO,, 0.03 M Na,HPO,, or
0.03 M Na3PO,, with a total ionic strength of 0.2 M using
NaCl. The solutions of different designated pH values were
obtained by mixing three stock solutions. The pH measure-
ments were undertaken by pH-meter (Horiba, pH-meter F-
21, Japan), calibrated with three standards of pH 4.00, 7.00
and 9.00. The absorbance of the resulting solutions at
selected wavelengths was determined and recorded using
a spectrophotometer (DU-650, Beckman Instrument, Inc.,
Fullerton, CA, USA). Each determination was performed
in duplicate at 25 °C.

2.3. Determination of apparent partition coefficient

The apparent partition coefficient in an n-octanol/buffer
system was defined as Doy and measured by the shake-
flask technique. The phosphate buffer solutions of different
pH values containing 2 wM quinolones were prepared as
described above and pre-saturated with n-octanol. The equal
volumes (2 ml) of the aqueous and organic phases (presa-
turated with appropriate phosphate buffer solutions) were
mixed and shaken at 25 °C for 4 h, by which the partitioning
equilibrium was reached confirmed in the pilot study. Then,
the samples were centrifuged (700 X g) and two phases
separated. One-hundred-milliliter specimens of both phases
were sampled, added to 100 pl internal standard solution
(0.5 wM OPC-17203 in methanol) and 400 pl methanol for
dilution, and 40-pl aliquots were subjected into HPLC
system, respectively. Each determination was conducted
in duplicate.

2.4. HPLC analysis

The HPLC system (Shimadazu, Kyoto, Japan) consisted
of an LC-10AD pump, RF-10Ax; fluorescence detector,
CTO-6A oven, C-R6A data process integrator, and an
STR ODS-II column (5 pm, 4.0 X 250 mm, Shinwa Chemi-
cal Co., Kyoto, Japan). Mobile phase was composed of
0.01% phosphoric acid (containing 20 mM Na,SO,)—acet-
onitrile (3:1, v/v). The flow rate was 0.8 ml/min and the
column temperature was 40 °C. The eluate was monitored
using the fluorescence detector (A, = 325 nm, A, = 448
nm for both GPFX and CPFX).

2.5. Curve-fitting calculation

The curve-fitting calculation to obtain the ‘best’ micro-
scopic and macroscopic constants as judged by the least
squares criterion was performed with the program MULTI
[11]. The input data were weighted as the reciprocal of the
observed values and the Damping Gauss Newton method
was used for the fitting algorithm. The uncertainties
reported with the constants were linear estimates of the
standard deviation, as calculated by MULTL

3. Results and discussion

3.1. Comparison and evaluation of protonation equilibrium
of CPFX and GPFX

The amphoteric quinolones, such as GPFX and CPFX,
contain two proton-binding sites, of which micro-dissocia-
tion constants differ within several orders of magnitude. The
deprotonation of two proton-binding groups to a certain
extent overlaps, and they accordingly exist as four micro-
species in solution, namely positive, zwitterionic, neutral
and negative forms at the molecular level [12—-14]. In addi-
tion, macro-dissociation constant is a complex of micro-
dissociation constants and cannot be assigned to the indivi-
dual group. The macroscopic and microscopic protonation
equilibria of GPFX are described in Fig. 2.

The proton-binding ability of the individual group is char-
acterized by the micro-dissociation constants (k;, k», ki,
ky1), defined as (Fig. 2):
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Fig. 2. Macro- and micro-protonation equilibria of GPFX. I, II, Il and IV represent the positive, zwitterionic, neutral and negative microspecies, respectively.
ki, ky, ki, ky; are micro-dissociation constants of the individual group. PH; represents cationic species, PH represents zwitterionic species, and P~ represents
the anionic specie, respectively. K; and K, are stepwise macro-dissociation constants.

[I[H"] where PH; represents cationic species corresponding to
ky = o M positive microspecies, PH represents zwitterionic species
including zwitterionic and neutral microspecies, and P~
[II][H"] represents the anionic species corresponding to negative
ky = BT (2) microspecies, respectively.
Taken together, the relationships between the micro- and
[IVI[H] macro-dissociation constants are:
ko= G K=k th )
_ [IVIH'] /K, = 1/kyy + 1/ky; (8)
T 4)
KKy = kikip = koky )
where I, II, IIT and IV represent the positive, zwitterionic,
neutral and negative microspecies, respectively. Note that, among six micro- and macro-dissociation
The macro-dissociation constants (K;, K,) are expressed constants, only three parameters are independent due to
as (Fig. 2): their relationships of three unrelated equations (7-9).
N N The spectrophotometry is chose to investigate the micro-
K, = [PH][H "] - (] + [HPH "] (5) protonation equilibrium because pH-dependent UV absorp-
[PH; ] (1] tion spectra of quinolones depend on the protonation state of
carboxyl group, but independent of that of piperazinyl
K — [Pf][HJr] _ [IV][H+] ©) moiety [13]. Additionally, the acid form of carboxyl
=

[PH] B [II] + [II] group can differ markedly from its conjugated base as far
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as the UV spectra are concerned. For these reasons, the
deprotonation fraction of the carboxyl group for quinolones
can be determined sensitively and specifically by measuring
the pH-dependent UV spectra.

As for UV spectra of GPFX in Fig. 3, isosbestic points
were observed in the pH-dependent absorbance—A profiles
and UV spectra were solely influenced by the protonation
state of carboxyl group in the absorbance-pH profiles. In
addition, the contour in UV spectra of CPFX was similar
to that of GPFX (unpublished data). Then, the deprotonation
fraction of carboxyl group for two studied drugs could be
calculated from pH-dependent absorbance:

Apr) — Acoon)

QCo0~ (pH) = (10)

Acooy — Acoon)

Where Acoo-) and Acoony are experimental absorbance
values when carboxyl group is deprotonated and protonated,
respectively, and acoo-pmy is the deprotonation fraction of
carboxyl moiety at the certain pH where absorbance is Ay).
In this study, acoo-pmy values of GPFX and CPFX were
calculated at five wavelengths (278-290 nm) where there
existed the larger variations in absorbance between acidic
and conjugated basic forms, and were expressed as the
mean.

As shownin Fig. 2, the degree of deprotonation in carboxyl
group is also described by arranging the equations (1-6):

1.8 r A
16 '
1.4 + 3

1.2

08 r
06 r
04 -

02

O 1 Il 1 J
250 270 290 310 330
A (nm)

(1] + [IV]
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B k[H"] + KK, an
C[HYP 4K [H'] + KK,

The dissociation constants K|, K, and k; could be calculated
by an iterative nonlinear least squares analysis from the data
of acoo-(pry versus pH according to Eq. (11), using MULTI
program [11]. Plots of predicted acoo-(puy versus pH are
shown in Fig. 4 to illustrate the good fit with experimental
data. This method was based on nonlinear regression of the
deprotonation fraction of quinolone carboxyl group as a
function of pH, and simultaneously determined macro- and
micro-constants that came from the same experiment.
However, the approach exploited by Takacs-Novak required
two separate experiments for determining macro- and micro-
constants, respectively, and was difficult to assure the same
experimental condition [13]. The other micro-dissociation
constants (ky, k15, k»1) were calculated according to Egs. (7—
9) and the resulting values are listed in Table 1.

The pK; and pK, values of GPFX and CPFX are similar to
values previously reported [15,16], and mainly represent the
basicity of carboxyl and piperazinyl amino groups, respec-
tively. There is no difference in pK, between both, indicat-
ing that the basicity of amino group is not affected by
introducing 3’-methyl group in GPFX. By contrast, pK, of
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Fig. 3. pH-dependent UV spectra of GPFX. (A), absorbance versus A curves, key: (1) pH 4.50; (2) pH 6.50; (3) pH 6.80; (4) pH 7.50; (5) pH 9.34. (B)

Absorbance versus pH profiles.
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Fig. 4. acoo-pm) versus pH profiles of GPFX and CPFX. Deprotonation fraction of carboxyl group (acoo-n) for GPFX and CPFX was determined at five
wavelengths (278-290 nm) and expressed as the average. Solid lines showed the calculated acoo- () versus pH profiles based on estimated constants. (A)

GPFX; (B) CPFX.

GPFX is 1 unit greater than that of CPFX, demonstrating
reduced acidity for GPFX which is due to the electron-
donating effect by added 5-methyl group stabilizing the
protonation state of the carboxyl group. Furthermore, both
are weaker acids than either the aromatic carboxylic acids or
the aliphatic (-ketocarboxylic acids. The intra-molecular
hydrogen-bond formation between the carboxyl and keto
groups in the quinoline ring contributes to lowered acidic
character for quinolones, because of improved stability of
the protonated form of the carboxyl group [13].

When comparisons are made of micro-constants belong-
ing to the same proton-binding site (pk; and pky;, pk, and

Table 1
Macro- and micro-dissociation constants for GPFX and CPFX*

Constants GPFX CPFX

Pk, 7.12 (0.03), 7.10° 6.18 (0.01), 6.18°
K> 8.78 (0.03), 8.80° 8.73 (0.01), 8.66°
pky 7.15 (0.02) 6.19 (0.01)

pk, 8.27 (0.03) 7.86 (0.01)

pkiy 8.75 (0.04) 8.72 (0.01)

pka 7.64 (0.03) 7.04 (0.01)

pl* 7.95 7.46

* Figures in parentheses represented standard deviation. The determina-
tion of constants was performed at ionic strength of 0.2 M at 25 °C.

® From Ref. [15].

¢ From Ref. [16].

4 Calculated by (pK; + pK,)/2 in this study.

pk12), there are notably different values. This suggests that,
in spite of lots of intervening atoms between two proton-
binding sites, protonation at one site can markedly reduce
the basicity of the other site (pk; < pky;, pko < pkyp) [13].
More importantly, the micro-protonation equilibrium,
distribution of four microspecies, can be characterized in
detail using these constants. The fractions of four microspe-
cies in solution are calculated by:

B [H+]2

T ATy (12
_ ky[H']

fm%ﬁmﬁ+mmﬂ+m& (13)
_ ko[H']

ﬂm%ﬁwv+mmﬂ+m@ (14

f(IV) = KK (15)

[H*]* + Ki[H"] + K, K,

Where f(I), f(II), f(III) and f(IV) denote the fractions of
positive, zwitterionic, neutral and negative microspecies,
respectively.

The four microspecies distribution for GPFX and CPFX
is shown in Fig. 5. Evidently, the zwitterionic microspecies
predominated at determined p/ for both, which was close to
physiological pH. Understanding microspecies distribution
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Fig. 5. Distribution of four microspecies. (A) GPFX; (B) CPFX.

is essential since the drug-receptor associations and drug—
membrane interactions are involved in the molecule-mole-
cule interaction with the complementary conformations. On
the basis of microspecies distribution, explaining interac-
tions between amphoteric quinolones and ordered phospho-
lipid membrane will be discussed in a later report. A
concentration ratio of neutral/zwitterionic forms of GPFX
(7.64%) was near 4-fold greater than that for CPFX
(2.09%), leading to reduced zwitterionic and increased
neutral fractions for GPFX (Fig. 5). It had been found that
the ratio varied greatly among the quinolones [13] and heav-
ily influenced their apparent partition coefficients [17].

3.2. pH-Dependence in the apparent partition coefficient for
GPFX and CPFX

In Fig. 6, log Do pu versus pH profiles for GPFX and
CPFX took the form of bell-shape and both peaks were
reached at near p/ of GPFX (7.95) and CPFX (7.46) deter-
mined in this study, respectively. Also, Dgp74 of GPFX
(5.13) was 31-fold greater than that of CPFX (0.166),
suggesting that GPFX was far more lipophilic than CPFX.

Recent studies had shown that GPFX uptake by human
polymorphonuclear leukocytes achieved a maximum at pH
around p/ and demonstrated the similar contour to profile of
log Doy py versus pH [15]. This implied that the high appar-
ent partition coefficient was associated with high membrane
permeability and resulted in maximum uptake at p/. In addi-

tion, it was found that the antibacterial activity of GPFX was
lowered when pH decreased from pH 8.0 to 6.0 [3]. These
may have contributed to the p/ of GPFX (7.95) which lies in
basic region due to reduced acidity of 3-carboxyl group by

15 r

17 GPFX

log Do pH

Fig. 6. Apparent partition coefficient of GPFX and CPFX in an n-octanol/
buffer system. Solid lines represented the calculated log Do py versus pH
profiles based on estimated log Py values.
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addition of 5-methyl substituent as compared to CPFX.
When pH declines from pl, logDoppn and membrane
permeability will decrease (Fig. 6), and thus the penetration
into bacteria will be impaired. Since the activity of quino-
lones depends on their inhibition of bacterial DNA gyrase,
their entry into bacteria is a prerequisite for taking effect and
so GPFX antibacterial activity is reduced.

The thermodynamic partition coefficient (intrinsic lipo-
philicity, Po) is defined by distribution law:

Py = [HI],/1T],, (16)

Where [III], and [III],, represent concentrations of neutral
microspecies in organic and aqueous phases, respectively.

On the other hand, the apparent partition coefficient (Dg,
Bpn) 18 described by total concentrations of organic phase
divided by those of aqueous phases. With respect to organic
phase, the transfer for negative, positive and zwitterionic
microspecies into it is unlikely due to the lower tendency
of the organic solvent to solvate the polar ions compared
with water [18]. Takacs-Novak et al. have provided experi-
mental evidence for this assumption that only neutral micro-
species can effectively partition into organic phase for
amphoteric molecules [19]. On the contrary, there are four
microspecies prevailing in dynamic equilibria and rapid
conversion for amphoteric quinolones in aqueous phase.
So, Do pu Was described by:

Doy pn = [M/([1]y, + (I, + [II],, + [IV],)

= ([111],/[111],,)
X ([, /((M,, + (I, + [, + [IV],)) A7)

Combining Egs. (16) and (17) results in an equation
concerning the relationship between P and Doyg pi:

Doy pn = Pop X f(II) or Posp i = Dop/f(IID) (18)

An ion-pair may be formed between the positive microspe-
cies of quinolones and the negatively charged phosphate or
chloride ions of buffer in an acidic environment [17]. Alter-
natively, the order of ability to form the ion-pair is
primary > secondary > tertiary amino groups [20], and
both GPFX and CPFX are belonging to secondary amine.
Hence, both possess potential capability of forming an ion-
pair, which can partition into n-octanol phase. So log Py
values were calculated as the average at neutral pH in order
to avoid the ion-pair effect, and were 2.05 * 0.04 and
0.99 = 0.05 for GPFX and CPFX, respectively. On the
basis of known log Pop and f(IIT) values, the plots of log
Doppu versus pH could be predicted using Eq. (18), as
shown in Fig. 6, which illustrated the good agreement
with experimental data under neutral and basic conditions
but not acidic condition. It implied the formation of the ion-
pair at acidic circumstance which allowed for partitioning of
positive form into organic phase [17]. However, under basic
conditions, the experimental log Do i of CPFX appeared
to slightly deviate from the predicted values too. The under-

lying reason was unclear, perhaps due to either an ion-pair
between negative form and cationic ion of buffer, or weak
ingression of negative microspecies into n-octanol phase,
because Irwin et al. reported that the anionic species of
zwitterionic cephalosporin antibiotics could partition into
organic phase [21].

Moreover, since the ratio of Dgp 74 for GPFX to CPFX
was about 31-fold while that of Pgs was just 11.2-fold., the
ratio of neutral/zwitterionic forms exerted a larger effect on
Do pu- That is to say, the apparent partition coefficient of
quinolones was not only influenced by their intrinsic lipo-
philicity, but also markedly affected by their complex proto-
nation equilibria. As both intrinsic lipophilicity and neutral
fraction of GPFX were increased by two introduced methyl
groups as compared to CPFX, Dgjpy for GPEX was far
higher than that for CPFX. This inferred that protonation
equilibrium or neutral fraction should be concerned as an
essential factor in the physicochemical property-based
design of quinolones for improved lipophilicity.

The comparative structure—activity studies of GPFX and
CPFX indicated that 5'- and 3'-piperazinyl methyl groups
enhanced activity against Gram-positive bacteria, improved
tissue penetration, and prolonged t#, [22,23]. Taking the
increased Doy by two methyl groups into account, the
membrane permeability would be significantly enhanced,
and consequently facilitated GPFX better penetrate into
bacteria and distribute into tissue than CPFX. The extensive
tissue distribution partly delayed the urinary excretion and
hepatic metabolism, and probably contributed to prolonged
t1» of GPFX. Furthermore, Wakebe et al. reported that MIC
against S. aureus of GPFX (0.05 pg/ml) was much lower
than that of CPFX (0.39 pg/ml), but ICs, of inhibiting
isolated S. aureus SA113 DNA gyrase for GPFX (23.0
pg/ml) was not lower than that for CPFX (20.5 pg/ml). In
addition, they found that GPFX showed a higher uptake than
CPFX in S. aureus and inferred that the activity against
Gram-positive bacteria could be affected not only by the
inhibition of DNA gyrase but also by the extent of accumu-
lation of drug in the bacteria [3]. Therefore, the two intro-
duced methyl groups of GPFX increased Dogpy and
membrane permeability, and as a result improved accumu-
lation within bacteria and enhanced activity against Gram-
positive bacteria. In sum, clarification of effects on physi-
cochemical properties and further on biologic activity and
pharmacokinetics by added 5'- and 3’-methyl substituents
will gain an insight into the design of new quinolone drugs
for good antibacterial activities and pharmacokinetics.

4. Conclusion

The results demonstrated that there were significant
differences in the protonation equilibrium and lipophilicity
for GPFX and CPFX, as a result of slight structural motifs.
The zwitterionic microspecies predominated near physiolo-
gical pH and the concentration ratio of neutral/zwitterionic
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forms of GPFX was greater than that of CPFX. Moreover,
owing to increased both intrinsic lipophilicity and neutral
fraction of GPFX by two added methyl groups relative to
CPFX, Doy pu for GPFX was far larger than that for CPFX,
which was beneficial to elucidate their different behavior in
antibacterial activities and pharmacokinetics.
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