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Halogenation of Drugs Enhances Membrane

Binding and Permeation

Grégori Gerebtzoff,™ Xiaochun Li-Blatter,” Holger Fischer,” Adrian Frentzel,"

and Anna Seelig*®

Halogenation of drugs is commonly used to enhance membrane
binding and permeation. We quantify the effect of replacing a
hydrogen residue by a chlorine or a trifluoromethyl residue in po-
sition C-2 of promazine, perazine, and perphenazine analogues.
Moreover, we investigate the influence of the position (C-6 and
C-7) of residue CF; in benzopyranols. The twelve drugs are charac-
terized by surface activity measurements, which yield the cross-
sectional area, the air-water partition coefficient, and the critical
micelle concentration. By using the first two parameters (A, and
Ka) and the appropriate membrane packing density, the lipid—
water partition coefficients, are calculated in excellent agreement

Introduction

Most drugs permeate biological membranes by passive diffu-
sion. The extent of permeation depends, on one hand, on the
properties of the membrane and, on the other, on those of the
diffusing molecule. Membranes are highly organized, aniso-
tropic systems that are nevertheless fluid enough to allow con-
siderable translational, rotational, and flexing movements of
the constituent lipid and protein molecules. Under physiologi-
cal conditions, the lipid-bilayer membrane is in a liquid crystal-
line state and behaves like optically uniaxial crystals with the
optical axis perpendicular to the surface of the membrane."
This is in contrast to membrane-mimicking systems such as oc-
tanol or hexadecane, which are isotropic organic solvents. By
using solid-state NMR techniques, a quantitative analysis of the
molecular ordering and dynamics of a lipid bilayer has become
possible with a segment-to-segment resolution. The packing
density of the hydrocarbon chains is well described in terms of
a statistical order profile. Membrane packing and ordering in-
crease with the cholesterol content and decrease with increas-
ing temperature or increasing fatty acyl chain unsaturation (for
a review see ref. [2]).

The lateral packing density of a lipid bilayer can, alternative-
ly, be assessed in comparison to the packing density of a lipid
monolayer (for a review see ref.[3]). The packing density of
planar bilayers consisting of the most abundant natural lipid,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, POPC, was
determined as ;=32 mNm~' at ambient temperature.”! That
of unilamellar lipid vesicles is somewhat lower and varies be-
tween 7, =25-32 mNm™' depending on the size of the vesi-
cle,”” while that of cholesterol-containing membranes such as
erythrocyte membranes is higher (zy=32-35mNm™").” The
membrane packing density influences binding”® and permea-
tion® of drugs in an exponential manner.
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with the lipid—water partition coefficients measured by means of
isothermal titration calorimetry for small unilamellar vesicles of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine. ~ Replacement
of a hydrogen residue by a chlorine and a trifluoromethyl residue
enhances the free energy of partitioning into the lipid membrane,
on average by AG,,~—1.3 or —4.5 kJmol™’, respectively, and the
permeability coefficient by a factor of ~2 or ~9, respectively. De-
spite exhibiting practically identical hydrophobicities, the two
benzopyranol analogues differ in their permeability coefficients
by almost an order of magnitude; this is due to their different
cross-sectional areas at the air-water and lipid-water interfaces.

The properties of the drug with the strongest impact on
membrane binding are hydrophobicity (which is suitably re-
flected by the air-water partition coefficient) and the cross-
sectional area.”'™ Whereas partitioning into an isotropic or-
ganic solvent increases with the molecular volume,™ partition-
ing into an anisotropic lipid bilayer decreases exponentially
with increasing cross-sectional area of the molecule.”®% Drugs
are generally weak bases or weak acids that are present in a
charged as well as an uncharged form under physiological
conditions. Charged and uncharged molecules can insert into
the lipid-water interface; however, only a fraction of un-
charged drugs can permeate a lipid membrane.

Strategies to enhance passive diffusion often consist of re-
placing a hydrogen residue by a chlorine or a trifluoromethyl
residue. Despite the relatively high numbers of halogenated
drugs on the market, little information is available on the
quantitative effects of halogenation on drug binding to mem-
branes and drug diffusion through membranes. We therefore
quantify the influence of such replacements on the lipid-water
partition coefficient, K,, and the permeability coefficient, P. We
chose chlorinated and fluorinated phenothiazine analogues
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(analogues of promazine, perazine, and perphenazine) to in-
vestigate the influence of the type of halogenation, and 6- and
7-trifluoromethyl benzopyranol to investigate the influence of
the position of a —CF; group.'?

We characterized the drugs in terms of their cross-sectional
area, Ap, their air-water partition coefficient, K, and their criti-
cal micelle concentration, CMCp, which are all obtained by
means of surface-activity measurements (SAMs).*'* Using the
first two parameters, Ap and K,,, we calculated K, for mem-
branes of different packing densities, 7. This approach is vali-
dated by comparing the lipid-water partition coefficients pre-
dicted on the basis of surface-activity measurements with
those determined by means of isothermal titration calorimetry,
ITC."

The permeability coefficient, P, is then calculated by taking
into account the lipid-water partition coefficient derived from
surface-activity measurements, the ionization constant, and the
pK, of the compound as outlined previously.™”

Experimental Section

Compounds: Promazine-HCl, triflupromazine-HCl, trifluoperazi-
ne-2HCl, and fluphenazine-HCl were obtained from Sigma-Aldrich,
Steinheim, Germany. cis-Flupenthixol-2HCI, chlorpromazine-HCl,
chlorperphenazine-HCl, 6-trifluoromethyl benzopyranol (6-trifluoro-
methyl-3,4-dihydro-4-(1,6-dihydro-1-methyl-6-oxo-3-pyridazinyl-
oxy)-2,2-dimethyl-2H-1-benzopyran-3-ol) and  7-trifluoromethyl
benzopyranol (7-trifluoromethyl-3,4-dihydro-4-(1,6-dihydro-1-
methyl-6-oxo-3-pyridazinyloxy)-2,2-dimethyl-2H-1-benzopyran-3-ol)
were kind gifts from Merck, Darmstadt, Germany. Perazine-dima-
leate and chlorperazine-HCl were kindly provided by Jacek Wojci-
kowski, Institute of Pharmacology, Polish Academy of Science,
Krakéw, Poland, and by F. Hoffmann-La Roche Ltd., Basel, Switzer-
land, respectively.

Buffers: For SAMs and ITC, Tris/HCl buffer (50 mm), containing
NaCl (114 mm) was used. SAMs were performed at ambient tem-
perature (T=24+1°C), and ITC was measured at 37°C. Buffers
were adjusted to pH 7.4 at the temperatures used for the respec-
tive measurements. For SAMs, stock solutions of drugs were pre-
pared at concentrations of 107*~10"2m either in nanopure water
with a resistance of 17-18 MQm™' or in methanol. For ITC drugs
were dissolved in buffer solution.

For SAMs we either used a Teflon trough designed by Fromherz
(Mayer Feintechnik, Géttingen Germany)""® with a filling volume of
one compartment of 20 mL or a home-built Teflon trough (filling
volume 3 mL). To maintain a constant humidity, the troughs were
covered by a Plexiglas hood. The surface pressure, 7=7y,—y, where
Yo is the surface tension of the pure buffer and y the surface ten-
sion of the drug solution, was monitored with filter paper (What-
man No. 1) connected to a Wilhelmy balance. For drugs dissolved
in methanol, the measured surface pressure was corrected for the
intrinsic surface pressure of methanol."® The total methanol con-
centration in the final drug solution was 10% (v/v). For the home-
built trough, in which evaporation is not compensated for by an
added volume as in the Fromherz trough, the surface pressure was
corrected for the effects of evaporation and buoyancy.

The thermodynamics of drug adsorption at the air-water interface
is described by the Gibbs adsorption isotherm:
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dm = RTI'dInC (1)

Here C is the concentration of the amphiphile in the Teflon trough,
RT is the thermal energy per mole, and I is the surface excess con-
centration defined as the inverse of the product of the Avogadro
number, N,, and the area requirement of the surface active mole-
cule at the interface, As:

I'= (NAAS)_1 (2)

The surface excess concentration, I, increases with C up to a limit-
ing value I'.. As long as ' is constant, a plot of & versus logC
yields a straight line. The area requirement of the compound, As,
was evaluated from the quasilinear part, dsz/dInC, of the Gibbs ad-
sorption isotherm:

r.,=(/RT)dz/dInC (3)

For data analysis, we developed a program that selects the quasi-
linear part of the z/logC plot in an automatic and reproducible
manner.

To evaluate the air-water partition coefficient, the Szyszkowski
equation was used:

= RTTIn(K,,C+1) (4)

This is an integral version of Equation (3) combined with a Lang-
muir adsorption isotherm. Combining Equations (2) and (4) allows
evaluation of K, by calculating the slope of the linear regression
line through data points corresponding to the quasilinear part of
the m versus logC plot by using As, determined as described
above:

Ky C = e™sM/7 1 (5)

Cis the equilibrium concentration of the drug, C., in bulk solution,
which is defined as the total concentration, C,,, minus the concen-
tration of the drug adsorbed to the air-water interface, C,:

Ceq = Ctot 7Cb (6)

C, is the product of I and the surface area of the solution, A, per
total volume, V (C,=TAV"). G, is negligibly small as long as K, is
small (<10°m™") and is therefore generally neglected (Coq~ Cio)-™
In the present evaluation procedure, however, we correct for C;
this slightly influences the parameters of hydrophobic compounds,
such as trans-flupenthixol.

Lipid-water partition coefficients determined from surface-
activity measurements: Knowledge of the K,, and the A of a
drug allows estimation of K,,, according to Equation (7):"

Klw = Kawe_r[MAD/kT (7)

Here kT is the thermal energy, and 7y, is the lipid packing density
of the membrane. K;, [Mm '] is defined as the quotient of mole frac-
tion of drugs bound to the membrane, X,, and the concentration
of the drug in aqueous solution, C,, [molL™"]:

Ky = X/ Ceq (8)
K., can be transformed to the dimensionless partition coefficient,

yw defined as the quotient of the drug concentration in the mem-
brane and the drug concentration in the aqueous phase, both
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given in [molL™"]:
Yw = Cm/ceq = C1 Kiw (9)

G is the molar concentration of lipid (G;=1.05 molL™") if the densi-
ty of lipids is assumed to be p=0.8kgL ™' and the molecular
weight is M,,=760.1 Da (POPC).

Free energies: The free energy of self-association or micelle forma-
tion, AG,,., the free energy of partitioning into the air-water inter-
face, AG,,, and the free energy of partitioning into the lipid—-water
interface, AG,, are obtained as follows:

AG,c = RTIn (CMC,/C,,) (10)

AGaw =—RTIn (CwKaw) (1 1)

AG,, = —RT In (C,K,,) (12)
where C, is the molar concentration of water (C,,=55.5 molL™" at
2441°C and C,=55.3 molL™" at 37°C).

Permeability coefficient: As outlined previously,™'® P can be esti-

mated on the basis of surface activity measurements. For a non-
electrolyte P is proportional to the product of y,, and the diffusion
coefficient, D:
P = y.D/Ax (13)
where Ax is the thickness of the membrane. The diffusion coeffi-
cient is defined as:
D = kT /(6mnr) (14)
where kT is the thermal energy, # is the membrane viscosity, and r
is the molecular radius, which is derived from Ap. For the following

calculations, the membrane viscosity is assumed to be =1 poise
and the membrane thickness, Ax=50 A.

The fraction of the nonionized form of a basic drug, f,, that is pres-
ent at a particular pH can be calculated as:

(A

"= AR

= (1 4 10PfPH)~T (15)

where [A] and [HA*] are the concentration of the uncharged and
the ionized form of the drug, respectively. For the calculation of
the permeability coefficients, we use the standard pK, values cor-
rected for temperature. The partition coefficient for the permeating
species of a basic drug, y,., is thus:

Yo = V-fa (16)
and the permeability coefficient is:
P=yiD/Ax (17)

Isothermal titration calorimetry: Drug partitioning into small uni-
lamellar vesicles (SUVs) was measured by means of high-sensitivity
ITC with a Microcal VP-ITC calorimeter (Microcal, Northampton,
MA). A suspension of small unilamellar vesicles formed from
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (C;=30-
35 um) was injected in 3-10 plL aliquots into the drug solution in
the calorimeter cell (V ;= 1.4037 mL) by using a Hamilton syringe
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coupled with a stepping motor. For all drugs, injections gave rise
to exothermic heats of reaction, produced by the partitioning of
the drug into the membrane (for further details see refs. [10] and

(7).

For uncharged drugs, binding to the membrane is best described
by a simple partition equilibrium:

Ky = Xp/Ceq (18)
For the charged cationic drugs used in the present investigation,
this simple approach [Eq. (18)] is not adequate and yields concen-
tration-dependent partition coefficients. This is due to the fact that
partitioning of the drug into the electrically neutral lipid—-water
interface leads to a positive surface charge density, o, (defined as
total surface charge, Q; per total membrane surface area, A;) and,
in turn, to a positive surface potential, ¥. As a consequence, the
lipid—-water partition coefficient decreases with increasing concen-
tration."™ A concentration-independent binding constant, K,,,, can
either be obtained by plotting X,/C,, against C,, and extrapolating
to C,q=0, as shown previously for the binding of cationic peptides
to POPC vesicles, or by applying the Gouy-Chapman theory."®

Results

The compounds investigated are displayed in Table 1A and B.
The phenothiazine analogues, series A-C, as well as the benzo-
pyranol analogues, series D, carry an uncharged or hydropho-
bic residue, R', and a cationic or hydrophilic residue, R?% and
are thus amphiphilic compounds. Series A-C represent proma-
zine, perazine, and perphenazine analogues carrying a hydro-
gen atom, a chlorine atom, or a trifluoromethyl group as resi-
due R'. Compounds in series D exhibit identical sum formulas
but differ with respect to the position of the nonpolar —CF,
group (R and R™).

Surface activity measurements, SAMs

Injection of an amphiphilic drug into a monolayer trough filled
with buffer is followed by partitioning of the drug between
the aqueous phase and the air-water interface. Molecules in
the air-water interface orient such that the hydrophilic residue,
—R?, remains immersed in the aqueous phase and the hydro-
phobic residue, —R', reaches into the air. The surface activity as
a function of concentration (7/logC plot or Gibbs adsorption
isotherm) was measured for all compounds at pH7.4 and
pH 8.0. The lower pH corresponds to the condition in aqueous
bulk solution, and the higher pH reflects that close to an elec-
trically neutral lipid membrane to which cationic drugs are
bound and which therefore exhibits a positive surface poten-
tiaI, ]1].[5,19,20]

Cross-sectional areas, air-water partition coefficients, and
critical micelle concentrations

Figure 1 shows the 7/logC plots of the promazine and pera-
zine analogues, series A and B, respectively. The slope of the
quasilinear part of the Gibbs adsorption isotherm (solid line)
yields the surface excess concentration, I, [Eq. (3), below], and
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Table 1. Analogues investigated.

S

Series  Name R'" R?

A promazine H \
chlorpromazine cl (VN\
triflupromazine CF; N

B perazine H hN/
chlorperazine Cl N\)
trifluoperazine CF; r\/

N
C chlorperphenazine cl (\N/\/O
fluphenazine CF,4 (\/N\)
N
K\N/\/O
cis-flupenthixol CF; (\/N\)
C
O\/\N/ﬁ
trans-flupenthixol CF, K/Nvﬁ
|
C
R2
R OH
R0 o

Series  Name R'? R™ R?

D 6-(trifluoromethyl)benzopyranol CF; H 7 o
7-(trifluoromethyl)benzopyranol H CF, « _N

L

in turn the surface area requirement, A, of the drug molecule
at the air-water interface [Eq. (2), below]. The intersection of
the linear slope and the solid line drawn through the points of
constant surface pressure at high concentrations is defined as
the critical micelle concentration of the drug, CMCp. Due to a
comparatively low amphiphilicity (see Discussion) and a con-
comitant high tendency to aggregate at higher pH values,
chlorpromazine could only be measured up to pH 7.8.

Figure 2A shows the m/logC plots of triflupromazine as a
function of the pH. At high pH the compounds are only parti-
ally charged and therefore partition into the air-water interface
even at low concentrations (C<107°m). The lower the pH of
the solution, the lower is the air-water partition coefficient,
K, the flatter the slope of the z/logC plot and the larger the
area requirement of the molecule at the air-water interface, A..
The pH dependence of the surface area requirement, A,, (m)
and the critical micelle concentration, CMC, (2) for triflupro-
mazine are summarized in Figure 2B. At low pH values where
the drug is fully protonated, the area requirement at the inter-
face, A, is large due to charge-repulsion effects,” but decreas-
es with increasing pH. For promazine (not shown) and triflu-
promazine (Figure 2B), the minimum area would, in principle,
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Figure 1. /log C plots of promazine (series A) and perazine (series B) ana-
logues. Solid symbols indicate the quasilinear part of the Gibbs adsorption
isotherm. The corresponding slope is shown as a solid line. A) Promazine
(squares), chlorpromazine (circles), and triflupromazine (triangles). The wt/log C
plots of promazine and triflupromazine consist of two independent measure-
ments. B) Perazine (lozenges), chlorperazine (pentagons), and trifluoperazine
(triangles). Measurements were performed at pH 8.0 (50 mm Tris/HCI containing
114 mm Nadl).

be reached close to pH 8.5. However, these drugs tend to form
small micelles or aggregates, even below the apparent CMCp
at pH>7.5. This can lead to a decrease in the slope of the
Gibbs adsorption isotherm and, in turn, to a small apparent in-
crease in area as seen in Figure 2B. Therefore, for the highly
charged compounds promazine and triflupromazine, we used
the extrapolated minimal values at pH 8.5 for the following
calculations.

For most cationic drugs, however, the surface area require-
ment, A;, measured at pH 8.0 corresponds well to the mini-
mum area and thus reflects the cross-sectional area, Ap, of a
drug as shown previously.” Table 2 summarizes A, assumed to
correspond to Ap, the corresponding K,,, and CMC.

Figure 2C shows the free energy of self association, AG,.
(¢) [Eq. (12)] in comparison to the free energy of partitioning
into the air-water interface, AG,,, (m) [Equation (10)] for triflu-
promazine. The difference between AG,, and AG,, was de-
fined as the amphiphilicity, AAG,, of the compound:"
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Figure 2. Surface-activity measurements of triflupromazine as a function of pH.
A) nt/log C plots at pH 4.5 (stars), pH 6.0 (triangles), pH 7.4 (circles), pH 8.0
(pentagons), pH 8.5 (hexagons), and pH 9.0 (squares). B) Cross-sectional area
(squares), and critical micelle concentration (triangles). C) Free energy of parti-
tioning into the air-water interface, AG,,, (squares), and free energy of micelle
formation, AG,,, (diamonds). The solid and dashed lines in B and C are sigmoi-
dal fits to the data.

AG,,—AG. = AAG,, (19)
As seen in Figure 2C, the amphiphilicity of triflupromazine is
largest at low pH.

Figure 3A displays the s/logC plots of 6- and 7-trifluoro-
methyl benzopyranol at pH 8.0. The two compounds differ dis-
tinctly with respect to the slopes of the quasilinear part of the
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Gibbs adsorption isotherms and thus with respect to the cross-
sectional areas, Ap, as seen in Table 2. Moreover, they differ
with respect to their amphiphilicity, 7-trifluoromethyl benzo-
pyranol (AAG,,=—7.73 kimol™) is more amphiphilic than 6-
trifluoromethyl benzopyranol (AAG,,=—6.94 kimol™). This
can be rationalized by calculating the sum of the vectors of
amphiphilicity. These were calculated for a set of multiple con-
formers from which the conformer with the highest amphiphil-
ic moment was selected.?" Figure 3B displays the calculated
vectors of ampbhiphilicity® which are AAG,,=-7.41 and
—5.54 kJmol™', respectively; this is in reasonable agreement
with the measured amphiphilicities.” Here the amphiphilicities
are given for T=24°C.

Lipid-water partition coefficient

Knowledge of K,, and A, allows calculation of K, for mem-
branes with a specific sy, according to Equation (7). For the
present calculations we used m,, =27 and 35 mNm™', for SUVs
formed from POPC at 37°C™'® or cholesterol-containing natu-
ral membranes, respectively.” Calculated lipid-water partition
coefficients are summarized in Table 2. For comparison, Kj,'s of
the phenothiazine analogues were also measured by means of
ITC. As an example, the titration of a fluphenazine solution by
SUVs formed from POPC is displayed in Figure 4 A. The titration
of all phenothiazines gave rise to exothermic titration patterns.
With increasing lipid concentration, the free-drug concentra-
tion in the measuring cell and the heat flow decreased con-
comitantly. Figure 4B shows the heats of reaction, h; obtained
by integration of the heat-flow peaks. The molar binding en-
thalpy AH{,, was determined directly from the cumulative heat
release "

Permeability coefficients

The permeability coefficients, P, were calculated according to
Equation (17) for membranes with lateral packing densities of
m=27 and 35 mNm™' by using the pK, values of the drugs at
37°C.” The data are summarized in Table 2.

Discussion

In the following, we discuss the effects of drug halogenation
on a drug’s ability to permeate membranes. We place special
emphasis on analyzing the difference between replacing a hy-
drogen residue by a chlorine or a trifluoromethyl residue in
phenothiazine analogues (Table 1 series A-C). Moreover, we
analyze the influence of the position of a —CF; residue in ben-
zopyranol analogues (series D). To this purpose, we character-
ized twelve different drugs by means of SAMs. Measurements
of the surface pressure as a function of concentration (Gibbs
adsorption isotherms) yield i) the cross-sectional area, Ap, of
the molecule when it is oriented in the amphiphilic gradient of
the air-water interface or the lipid-water interface, ii) K,
which mainly reflects the hydrophobicity of the compound,
and iii)) CMC,, which reflects the tendency of the compound to

ChemBioChem 2004, 5, 676 — 684
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Figure 3. A) Gibbs adsorption isotherms (r/log C plots) of 6-trifluoromethyl ben-
zopyranol (squares) and 7-trifluoromethyl benzopyranol (circles) measured at
pH 8.0 (50 mm Tris/HCl containing 114 mm NaCl). B) Calculation of the vector
of amphiphilicity for 6- (right) and 7-trifluoromethyl benzopyranol (left) with
the program CAFCA.”" The vector addition starts from the most hydrophilic
residue (the oxygen atom of the pyridazin-3-one moiety was taken as an initial
point) and points towards the most hydrophobic region of the molecule. The
direction of the vector indicates the most probable orientation of the molecule
in the amphiphilic gradient of the air-water interface. Conformer selection was
performed according to the procedure described previously.”" Briefly, vectors of
amphiphilicity were calculated for a set of multiple conformers from which the
conformer with the highest amphiphilic moment was selected.

self associate in solution. K|, and P are calculated on the basis
of the data obtained from SAMs as outlined previously."* '
The effect of halogenation is discussed on three levels: the
first level deals with drugs in solution and at the air-water in-
terface, which are characterized by the ionization constant,
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Figure 4. Isothermal titration calorimetry of fluphenazine. The fluphenazine sol-
ution (101.88 um) was contained in the measuring cell of a calorimeter and
SUVs (10.1 mm) were injected (4 uL at each injection). Measurements were per-
formed in buffer solution (50 mwm Tris, 114 mm NaCl) at pH 7.4 and a tempera-
ture of 37°C. Top: Titration curve. Bottom: Heats of reaction, h;. The solid line is
the theoretical binding isotherm calculated according to the Gouy-Chapman
theory.

pK,, the critical micelle concentration, and the air-water parti-
tion coefficient. The second level deals with the thermodynam-
ics of interfacial membrane partitioning, and the third level
with the kinetics of membrane permeation.

Drugs in solution and at the air-water interface

lonization constants of the drugs in aqueous solution (standard
values) are given in Table 2. For the promazine analogues, the
pK, values decrease with increasing electronegativity of residue
R in the order H > CI>CF;; this is in agreement with previous
observations.” For the perazine and perphenazine analogues
this effect is less pronounced.

Apparent ionization constants depend on many factors such
as temperature,” the dielectric constant, &, of the environ-
ment, and the association state of the drug.”” The pK, values
of a drug at the air-water interface and in a drug micelle differ
from that of a drug in solution since neighboring charged
groups influence each other?” The ionization constant of a
drug at the air-water interface under conditions in which only
half of the air-water interface is occupied (I'=T1./2) is ob-
tained from the pH dependence of AG,,, (Figure 2C). The ioni-
zation constant under conditions in which the air-water inter-
face is fully occupied (I'=T".) is obtained from the pH depen-
dence of surface area requirement, As (Figure 2B). For triflupro-
mazine the respective values are pK,  ,,=8.5 and pK,,=6.7.
From these two values it is possible to estimate the pK, value
of the monomer in solution as outlined previously.*” An inter-
mediate value is obtained for the pH dependence of critical
micelle concentration, CMC,, (Figure 2B and C) (pK,wc=8.2).
This is consistent with small, highly curved vesicles for which
the splay of the head groups is larger than in a tightly packed
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Table 2. Data obtained from surface-activity measurements and isothermal titration calorimetry.

Series Compound My pK, pK, AP K, CMCy, AAG,, Kiwcalc K irc D x10°  Plcms™'] P [cms™']
(base) 37°C [mm~"]
[gmol™"] A2 [mm'l] [mm] [Kmol™l Q27mNm™) [mm'] [cm?®s'] 27mNm™") B5mNm™)
A Promazine 28442  9.42%7 97 42,0 15 2.86 —9.69 1.20 1.55"9 538 11 5
Chlorpromazine 318.86 9.2% 89 40.0 20 0.22 —3.78 1.61 234" 636 26 12
Triflupromazine 352.42 9.07% 87 500 129 0.16 —7.88 5.52 5.10"" 534 102 40
B Perazine 339.5 8.015% 7.7 420 30 0.83 —8.32 2.14 2.20 5.53 184 84
Chlorperazine 373.94 8.18" 78 41.1 61 0.21 —6.60 4.53 4.53 6.28 367 170
Trifluoperazine 407.5 8.08%7 7.8 574 609 008 —10.11 15.71 17.60"" 529 1088 368
C Chlorperphenazine 403.97 79% 76 503 105 0.11 —6.35 442 4.50 5.67 377 147
Fluphenazine 437.52 8181 78 554 520 010 —10.22 15.78 14.00 5.41 1038 390
cis-flupenthixol 43452 7.8% 75 63.0 1081 005 —1047 20.31 20.00"" 5,07 1633 503
trans-flupenthixol 43452 7.8% 75 66.0 4504 0032 -128 70.02 24.00 495 5503 1602
D 6-trifluoromethyl ben- 370.11 2.61 24 854 138 0.12 —7.24 0.63 4.35 58 12
zopyranol
7-trifluoromethyl ben- 370.11 2.61 24 539 121 0.19 —8.07 4.04 5.48 465 1670

zopyranol

[a] For the highly charged molecules promazine and triflupromazine the minimum area, Ap, was extrapolated to pH 8.5. Data given represent average values from
several measurements. Maximum error range is+5%. A, is the cross-sectional area, CMC,, the critical micelle concentration, and K,,, the air-water partition coeffi-
cient [Equation (5)]. K, is the lipid-water partition coefficient which was either calculated according to Equation (7), K, OF measured by means of isothermal ti-
tration calorimetry, K, rc. D is the diffusion coefficient [Equation (14)], and P, the permeability coefficient [Equation (17)]. SAM and ITC were performed at 24+ 1°C

and 37°C, respectively. For simplicity all AG values were calculated at 37 °C.

planar drug layer at the air-water interface but smaller than
that at a half-occupied air-water interface (I"./2).

Shifts of ionization constants to lower values are also ob-
served if drugs insert into the lipid-water interface.

The cross-sectional areas of the phenothiazine analogues in
series A-C vary between A, =40 and 58 A% Only the flupen-
thixols exhibit slightly larger
cross-sectional areas; this might

The air-water partition coefficient increases for compounds
in series A—C in the order: H < Cl < CF; and reflects the increase
in hydrophobicity of residues R'. Replacement of H by Cl or
CF; leads, on average, to an increase in K,, of a factor of ap-
proximately r=2 or r=14, respectively, or to an increase in the
negative free energy of partitioning into the air-water inter-
face of —1.5 or —6.6 kimol™', respectively. The effect of hal-

be due to the rigidity of the
double bond i id R. R Table 3. Ratios, r, of cross-sectional areas, air-water partition coefficients, critical micelle concentrations, lipid—
ouble bond in residue R he water partition coefficients (calculated from SAMs), and permeability coefficients for analogues with and without
placement of a H atom by a Cl halogen residues.
atom does not, on average, lead 1
PO . . . Residue R Series rA 1K, 1K rP rP
to a significant increase in Ap, in b aw w
9 b (27 mNm™) (35 mNm™)
contrast to a replacement by a
—CF3 group, which leads to a CI/H A 1 1.34 1.3 240 2.50
. B 1 2.0 213 1.99 2.02
measurable increase. The Ap CFH A 1.25 8.62 4.48 956 8.04
ratios for the different analogues B 1.38 20.13 7.08 5.91 438
vary between r=1.0 and r=1.4 CF,/Cl A 1.25 6.45 2.85 3.98 3.30
and are given in Table 3. B 14 1004 253 297 217
@ 1.1 4.93 3.25 2.92 2.65
Measurement of the two ana- | ¢ yans/cis C 1.05 417 345 337 3.19
logues of series D, 6- and 7-tri- | 6-CFy/7-CF, D 1.59 1.15 0.45 0.12 0.07
fluoromethyl benzopyranol,

revealed an A, ratio r=1.6

(Table 3). The change in the

cross-sectional area upon changing the position of the CF,
group is thus due to a change in the orientation of the vector
of amphiphilicity drawn from the most hydrophilic residue R?
immersed in aqueous solution (¢~80), to the most distant hy-
drophobic residue R, reaching into the air (¢~1), as illustrated
in Figure 3B.2Y Since the dielectric constant of air is similar to
that of lipids (¢~2), it can be assumed that the molecular ori-
entation at the two interfaces is identical.

ogenation is somewhat more pronounced in perazine than in
promazine analogues. This may be due to the fact that the
effect of charge still dominates in the latter analogues. The
air-water partition coefficients of the two benzopyranol ana-
logues in series D are practically identical.

The free energy of self-association or micelle formation, AG,,
is significantly enhanced by the replacement of a H by a Cl or
a CF; residue. Surprisingly, at first, the difference between the
two halogen residues is small.
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The amphiphilicity, AAG,,, which is the difference between
the free energy of partitioning into the air-water interface,
AG,,, and the free energy of micelle formation, AG,” in-
creases with increasing charge of the compound at constant
hydrophobicity or with increasing hydrophobicity at constant
charge (Table 4). For the drugs under study AAG,,, increases in

Table 4. Difference in free energies of air-water partitioning, micelle forma-
tion or self-association, and membrane partitioning of analogues with and
without halogen residues calculated from SAMs.
Residue R’ Series AG,, AG e AG,,
[kJmol™"] [kJmol™"] [kJmol™"]

Cl/H A —-0.75 —6.66 —0.75

B —-1.79 —3.51 —1.94
CFy/H A —5.55 —7.36 —3.93

B —7.74 —5.95 —5.14
CF,/Cl A —4.81 —-0.70 —3.18

B —5.95 —2.44 —-3.20

C —4.1 —0.24 —3.28
CF; trans/cis C —3.68 —1.35 -3.19
7-CF,/6-CF, D —0.35 —1.18 —479

the order: Cl<H < CF;. The comparatively low critical micelle
concentrations and amphiphilicities of the chlorinated ana-
logues in series A, B and C is most probably due to the rela-
tively strong reduction in pK, values combined with a negligi-
bly small increase in hydrophobicity upon chlorination, and ex-
plains the comparatively high tendency of these analogues to
aggregate in solution.

Interfacial membrane partitioning

The lipid-water partition coefficients were calculated according
to Equation (7) by using the K,, and A, of the compound
measured under conditions of minimal electrostatic repulsion
for membranes with a packing density, 7, =27 and 35 mNm™",
corresponding to that of small unilamellar vesicles formed
from POPC at physiological temperature and that of cholester-
ol-containing membranes, respectively. As seen in Table 2, the
lipid—-water partition coefficients calculated for a membrane
packing density of my =27 mNm™" are in excellent agreement
with those measured for small unilamellar POPC vesicles by
means of ITC.'” The lipid-water partition coefficients for the
promazine analogues have also been measured by means of
spectrophotometric techniques and are also in good agree-
ment (if transformed to the same units).?%

The lipid-water partition coefficients of the compounds in
series A-C increase in the order of residue R': H>Cl>CF,. The
exchange of a H to Cl or CF; leads on average to an increase
in the negative free energy of membrane partitioning of
AG,,=—1.5 or —4.5 kimol™, respectively. The dominant factor
is the increase in hydrophobicity. For compounds in series D
that exhibit similar hydrophobicities, the lipid—water partition
coefficients are dominated by the different cross-sectional
areas, Ap (Table 3).
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Membrane permeation

On a third level, the kinetics of passive diffusion through the
lipid membrane are calculated on the basis of simple Stokesian
diffusion by using the parameters obtained from surface-activity
measurements and taking into account the pK, value of the
drugs. For a replacement of H by a Cl or a CF; residue, the per-
meability coefficient, P, increases on average by a factor of ap-
proximately r=2 or r=9, respectively. The increase is again
somewhat larger for promazine than for perazine analogues.
Despite the differences between promazines and perazines,
the increase in P upon replacement of Cl by CF; is rather con-
stant for all three types of analogues (promazines, perazines,
and perphenazines) and amounts to about r=3.5 (Table 3). It
is interesting to note that the two isomers, cis- and trans-
flupenthixol, differ distinctly in their K,,, and K, as well as in P.
Due to the relatively small cross-sectional areas of the above
analogues, the packing density dependence of P is relatively
small for the phenothiazine analogues. This is different for 7-
and 6-trifluoromethyl benzopyranol, for which the ratios in
permeability coefficients are r=0.12 at the lower packing den-
sity investigated and only r=0.07 at the higher.

Conclusion

A characterization of drugs by SAMs allows a detailed analysis
of the effect of halogenation. The air-water and the lipid-
water partition coefficients of promazine, perazine, and per-
phenazine analogues increase in the order, R': H< Cl < CF; due
to the increase in hydrophobicity, despite a small increase in
cross-sectional area. The permeability coefficient increases in
the same order due to the increase in the lipid-water partition
coefficient and the decrease in the pK, values. For the small
phenothiazine analogues, the packing density dependence of
the permeability coefficient is rather small. The amphiphilicity
of the halogenated analogues increases in the order R': Cl<
H < CHj;; this explains the higher tendency of the chlorinated
analogues to aggregate. As shown for benzopyranols, the posi-
tion of a trifluoromethyl residue can change the amphiphilicity,
the cross-sectional area, and, as a consequence, the permeabil-
ity coefficient of a molecule.

Biological situation

The pH close to the surface of a living cell is generally acidic
despite the fact that the extracellular lipid leaflet is electrically
neutral. If one takes into account an acidic pH and the corre-
spondingly low air-water partition coefficient (cf. Figure 2A)
permeability coefficients can be orders of magnitude lower
than those given in Table 2.

Even compounds with low permeability coefficients can in
principle cross a membrane, provided the time to reach equilib-
rium is given. In natural environments however, equilibration
time is limited by metabolic processes—for example, the
action of cytochrome P450 and ATP-driven efflux transporters,
such as P-glycoprotein, which bind molecules within the lipid
membrane and export them out of the cell. If the export rate
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of a drug is faster than the rate of passive diffusion into the
cell (influx), the drug will barely reach the cytosol. However, if
passive influx is distinctly faster than active efflux, the drug will
reach the cytosol even if it is a substrate for an efflux trans-
porter" The simple permeability predictions on the basis of
SAMs provide an estimate of rates of passive influx of drugs
and allow for comparison with the rates of efflux processes."”
The present approach opens new possibilities for a detailed
understanding of membrane permeation in biological systems.

Keywords: chlorine - fluorine - ionization constants - kinetics -
thermodynamics

[11 A. Seelig, J. Seelig in Encyclopedia of Physical Science and Technology,
3rd ed. (Ed.: R. A. Meyers), Academic Press, N.Y., 2002.
[2] J. Seelig, A. Seelig, Q. Rev. Biophys. 1980, 13, 19.
[3]1 D. Marsh, Biochim. Biophys. Acta 1996, 1286, 183.
[4] A. Seelig, Biochim. Biophys. Acta 1987, 899, 196.
[5] A. Seelig, Biochemistry. 1992, 31, 2897.
[6] R.A. Demel, W.S. Geurts van Kessel, R.F. Zwaal, B. Roelofsen, L.L.
van Deenen, Biochim. Biophys. Acta 1975, 406, 97.
[71 V. Boguslavsky, M. Rebecchi, A.J. Morris, D.Y. Jhon, S.G. Rhee, S.
Mclaughlin, Biochemistry. 1994, 33, 3032.
[8] F. Hanakam, G. Gerisch, S. Lotz, T. Alt, A. Seelig, Biochemistry. 1996, 35,
11036.
[9] H. Fischer, R. Gottschlich, A. Seelig, J. Membr. Biol. 1998, 165, 201.
[10] X. Li-Blatter, E. Gatlik-Landwojtowicz, A. Seelig, unpublished results.
[11] F. A. Gobas, J. M. Lahittete, G. Garofalo, W. Y. Shiu, D. Mackay, J. Pharm.
Sci. 1988, 77, 265.

A. Seelig et al.

[12] R. Bergmann, V. Eiermann, R. Gericke, J. Med. Chem. 1990, 33, 2759.
[13] A. Seelig, R. Gottschlich, R. M. Devant, Proc. Natl. Acad. Sci. USA 1994,

91, 68.

14] A. Seelig, E. Gatlik-Landwojtowicz, Mini-Rev. Med. Chem. 2004, in press.
15] P. Fromherz, Rev. Sci. Instrum. 1975, 46, 1380.

16] E. Gatlik-Landwojtowicz, X. Li-Blatter, A. Seelig, unpublished results.

171 M.R. Wenk, J. Seelig, Biophys. J. 1997, 73, 2565.

19] S. Mclaughlin, Annu. Rev. Biophys. Biophys. Chem. 1989, 18, 113.
20] S. Mclaughlin, Curr. Top. Membr. Transp. 1977, 9, 71.
21] H. Fischer, M. Kansy, D. Bur, Chimia 2000, 54, 640.

[
[
[
[
[18] J. Seelig, S. Nebel, P. Ganz, C. Bruns, Biochemistry. 1993, 32, 9714.
[
[
[
[

22] J.E. True, T. D. Thomas, R. W. Winter, G. L. Gard, Inorg. Chem. 2003, 42,

4437.

[23] R. F. Cookson, Chem. Rev. 1974, 74, 5.

[24] A. Seelig, Biochim. Biophys. Acta 1990, 1030, 111.

[25] K. Kitamura, S. Takegami, T. Kobayashi, K. Makihara, C. Kotani, T. Kitade,
M. Moriguchi, Y. Inoue, T. Hashimoto, M. Takeuchi, Biochim. Biophys.

Acta 2004, in press.

[26] S. Takegami, K. Kitamura, T. Kitade, A. Kitagawa, K. Kawamura, Chem.

Pharm. Bull. (Tokyo). 2003, 51, 1056.
[
[
[
[

21.

27] P. Seiler, Eur. J. Med. Chem. 1974, 9, 473.

28] F. H. Clarke, J. Pharm. Sci. 1984, 73, 226.

29] U. Franke, A. Munk, M. Wiese, J. Pharm. Sci. 1999, 88, 89.

30] R. Mannhold, K. P. Dross, R.F. Rekker, Quant. Struct-Act. Relat. 1990, 9,

[31] D. W. Newton, R. B. Kluza, Drug Intell. Clin. Pharm. 1978, 12, 546.
[32] F. H. Clarke, N. M. Cahoon, J. Pharm. Sci. 1987, 76, 611.

[33] J.P. Tollenaere, H. Moereels, M. H. J.

199.

Koch, Eur. J. Med. Chem. 1977, 12,

Received: January 20, 2004 [F400017]

684 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

ChemBioChem 2004, 5, 676 — 684


www.chembiochem.org

