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ABSTRACT The effects of the anionic tungsten carbonyl complex [W(CO)sSCgHs]™ and its fluorinated analog
[W(CO)sSCgFs] on the electrical properties of the plasma membrane of mouse myeloma cells were studied by the single-cell
electrorotation technique. At micromolar concentrations, both compounds gave rise to an additional antifield peak in the
rotational spectra of cells, indicating that the plasma membrane displayed a strong dielectric dispersion. This means that both
tungsten derivatives act as lipophilic ions that are able to introduce large amounts of mobile charges into the plasma
membrane. The analysis of the rotational spectra allowed the evaluation not only of the passive electric properties of the
plasma membrane and cytoplasm, but also of the ion transport parameters, such as the surface concentration, partition
coefficient, and translocation rate constant of the lipophilic anions dissolved in the plasma membrane. Comparison of the
membrane transport parameters for the two anions showed that the fluorine-substituted analog was more lipophilic, but its
translocation across the plasma membrane was slower by at least one order of magnitude than that of the parent
hydrogenated anion.

INTRODUCTION

Highly fluorinated organic compounds and materials, such On the other hand, the substitution of fluorine for hydro-
as lipids, peptides, sugars, phenols, etc., have found a vargen in small molecules (including drugs, anesthetics, anti-
ety of biomedical applications based on the unique physibiotics, lipophilic ions, etc.) has a large influence on the
cochemical properties and biological functions of fluoro-interaction of these molecules with cell and model mem-
chemicals (Asuquo and Piddock, 1993; Devoisselle et albranes (Benz, 1988; Arnold et al., 1988) and on their
1992; O'Connell et al., 1994; Tang et al., 1997:tNetal., metabolism, cytotoxicity, and pharmacological activity (Al-
1999). Because of their very strong intramolecular bonddgnotrefi et al., 1993; Asuquo and Piddock, 1993; Lochhead
and very weak intermolecular interactions, fluorocarbons?nd Zager, 1998). Valuable insight into the interactive prop-
(phospholipids, surfactants) exhibit exceptional chemicafrties of fluorochemicals has been obtained in the studies of
and biological inertness, both hydro- and lipophobicity, € transport kinetics of fluorinated lipophilic ions across
surface activity, aggregation, and other properties, whiclﬁ"‘rt'f'c'_al lipid bilayers, using the charge-pulse relaxation
differ markedly from those of the parent hydrocarbonst€chnidue (Benz, 1988). Unlike most other ions and charged
(Clary et al., 1997; Frzard et al., 1994). Clinical applica- molecules, lipophilic ions readily permeate lipid mem-

: . . . ran nd intr tantial intrinsic char within
tions of fluorocarbons include emulsions and vesicles f0|b anes and oduce substantia SIC charges

S Lo membranes, which strongly affect the electrical polarizabil-
delivering oxygen, genes, and monoclonal antibodies to

target cells and tissues (Krafft and Riess, 1998). Fluorinategy and conductance of lipid bilayers. The Ilpophlllc lons
. ) : . ~adsorbed to a membrane can be used as field-sensitive
liposomal drug carriers and fluorocarbon emulsions exhibit

llent bi tibility. low toxicit d extended blood molecular probes (i.e., mobile charges), which yield infor-
excetient biocompatibility, low toxicily, and extended blood 4o apout the structural and electrical properties of the
circulation times (Gadras et al., 1999). Compared with

. L , ) i membrane. The charge-pulse measurements with lipid bi-
conventional phospholipid vesicles, fluorinated I|posome51ayers have shown that lipophilic TPBderivatives with

show strongly reduced membrane permeability, sharply dephenyl groups replaced by fluorine or trifluoromethyl
creased hemolytic activity, increased resistance to dete(-_CFg) exhibit much higher translocation rates across the
gents, and a modified ability to bind negatively chargedyjjayer than the original compound (Benz, 1988). Thus the
proteins and lipophilic ions (e.g., tetraphenylborate, TPB  fjyorine-substituted analog translocates 20 times faster and
(Guillod et al., 1996; Mclintosh et al., 1996). the —CR-substituted derivative almost four orders of mag-
nitude faster than the parent TPBindicating that the
transmembrane mobility increases dramatically with in-
creasing size of substituents. Although lipophilic ions have
Address reprint requests to Prof. Dr. Ulrich Zimmermann, Lehrstuhl fu been Wld.ely used as experimental tools in St.UdIe.s of living
Biotechnologie, Biozentrum der Univer&itaVirzburg, Am Hubland, cells (Turm ,et al., 1991; Amold etal., 1988)’ I!ttle.|s known
D-97074, Wuzburg, Germany. Tel.: 49-0931-888-4507; Fax: 49-0931- about the influence of structure and fluorination of Ii-
888-4509; E-mail: zimmermann@biozentrum.uni-wuerzburg.de. pophilic ions on their transport kinetics in biological mem-
© 2000 by the Biophysical Society branes. This is because the microelectrode methods tradi-
0006-3495/00/09/1490/08 $2.00 tionally used in electrophysiological studies are restricted to
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cells of sufficiently large size (Ryser et al., 1999) and to F
relatively low field frequencies because of the high imped- EYN . . EteN
ance of microelectrodes. 2H,0

The transport kinetics of lipophilic ions in the plasma
membrane of small-sized cells can be studied by the single- F F
cell electrorotation (Arnold and Zimmermann, 1982). This
noninvasive AC electrokinetic technique covers a broad- OC ‘ wCO o,
band frequency window (up to several hundred MHz) and W i
therefore makes possible the investigation of a wide time oC/ l \CO OC/
range of processes. The analysis of the cell rotation spectra
(i.e., frequency dependence of the cell rotation speed) with
the mobile charge model (Sukhorukov and Zimmermann, ) (2
1996) allows the evaluation of the surface concentrations
and translocation rate constants of the lipophilic ions adFIGURE 1 Structures of the tungsten carbonyl salts used here (formula,

L chemical name, formula weight of the anion}) Et,N[W(CO)sSC;Hs]
sorbed to the plasma membrane of |IV|ng cells. From theZHZO,tetraethylammonium pentacarbonylphenylthiolatotungstate, 283. (

rotation spectra, the passive electrical properties of thet,N[W(C0);SGFJ, tetraethylammonium pentacarbonylpentafluorophe-

major structural units of cells, including the conductivities nylthiolatotungstate, 523.

and permittivities of the plasma membrane, cytoplasm, cell

wall, etc., can also be deduced (Zimmermann and Neil,

1996).
Recently, a number of lipophilic tungsten carbonyl an_CeIIs

ions, such as [W(CQELN]  and [W(CO)NCS] ", etc., Mouse myeloma Sp2/0-Agl4 cells (hereafter referred to as Sp2) were

have proved to be useful field-sensitive probe molecules fogultured in complete RPMI 1640 growth medium at 37°C under 5%.CO

membrane structure and ion transport studies on living cell§'e"Y 23 days, the cell suspensions were diluted by 1:10 with growth
medium to keep the cells in the log phase. Before electrorotation, Sp2 cells

(Nielsen et al., 1996). Tungsten Carponyls were alSO_ChOSGWere washed two or three times with and were resuspended in 150 mOsm
because the modular molecular design allows stepwise Varinositol solutions (Sigma, Deisenhofen, Germany) at a final cell density of
ation in the charge, size, shape, degree of fluorination, antl-2 x 10° cells/ml. The tungsten carbonyl compounds (Fig. 1) were added
chemical functions available for further derivatization. Theto the cell suspension at final concentrations of 0.1+8@, and the

s : . - suspension conductivity was adjusted to 2—60 m$S by the addition of
cytotoxicity of most tungsten carbonyl anions is fairly low the appropriate amounts of 150 mOsm HEPES-KOH (pH 7.4) (Sigma). To

(}.<'L'|rsch'n('ar etal, 1998), W_hIChlcomraStS with the rela_'t'velyreach partition equilibrium for the adsorption of the lipophilic ions to the
high toxicity of large organic anions, such as the fluorinatedcell membranes, the cells were incubated with the anions for 20—40 min
analogs of TPB (Arnold et al., 1988). In this study, the before electrorotation measurements. For further details Sesckuer et

interaction of the lipophilic anion [W(CQPCHg]~ with @l (1998).
the plasma membrane of mouse myeloma cells was com-
pared with that of its fluorinated counterpart

[W(CO)sSGsFs] . The analysis of the rotation spectra of Rotation chambers and external fields

cells treated with these tungsten compounds showed that the

fluorine-substituted anion bound more stronalv to the m(::m_Electrorotation spectra were measured in a microstructured four-electrode
aly chamber, which was arranged as a planar array of circular electrodes with

brane, but it translocated across the membrane more slowly_,m diameter, 140-nm thickness (20 nm Ta and 120 nm Pt), and

by at least one order of magnitude than the parent hydro200-um electrode spacing. The microstructures were fabricated photolitho-

genated anion. graphically (Fraunhofer-Institut Siliziumtechnologie, ISIT, Itzehoe, Ger-
many). The electrodes were driven by four 90° phase-shifted, symmetri-
cally rectangular signals from a pulse generator (HP 8130A; Hewlett-
Packard, Boeblingen, Germany) with 2.5-4.8 Vamplitude over the

MATERIALS AND METHODS frequency range from-100 Hz to 150 MHz. A sample of cell suspension
(50-70ul) was added to the rotation chamber, and a coverslip was placed
Synthesis of [W(C0);SCsHs]~ and [W(CO);SCFs]~ gently over its center. The cells were observed with a BX 50 Olympus

microscope (Hamburg, Germany), and their radii were determined with a
The tungsten carbonyl anions (Fig. 1) used in this study were synthesizegalibrated ocular micrometer. The microscope was equipped with a CCD
by established procedures or suitable adaptations thereof (Buchner anddeo camera (SSC-M370CE; Sony, Cologne, Germany) connected to a
Schenk 1984; Kischner et al., 1998). Rt[W(CO)sSCsHs]-2H,0 and video monitor. Electrorotation spectra were monitored by decreasing the
Et,N[W(CO)sSCGFs] were obtained by reacting fN[W(CO)sCI] with field frequency in steps (5-7 frequency points/decade). At each field
NaSGHs or NaSGFs, respectively, in acetone/tetrahydrofuran. Com- frequency, the rotation spee@) of lone cells located near the center of the
pounds 1 and 2 (Fig. 1) were purified by crystallization from acetone/chamber was determined with a stopwatch. The rotation spectra were
tetrahydrofuran and characterized by elemental analyses, IR  normalized to a field strength of 1 /100 um and fitted with Math-
NMR. ematica software.
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Eq. 2 (see Appendix) to the spectra (superposition of two
Lorentzian curves; fits not shown). With increasing the
antifield rotation peak moved toward higher frequency from
Electrorotation spectra of control Sp2 cells at differentf.; = 10.4 kHz at 2 mS m* to 23.6 kHz at 5 mS m* and
external conductivitiess.) ranging from 2 to 60 mS m*  then to 225 kHz at 60 mS 7it. This low-frequency peak is
are shown in Fig. 2 gmpty circles The characteristic due to the capacitive charging of the plasma membrane
frequencies of the rotation peaks were estimated by fittindArnold and Zimmermann, 1982; Jones, 1995; Gimsa and
Wachner, 1998). Field frequencies above 1 MHz gave
cofield rotation caused by the polarization of the conductive
cytosol. The characteristic frequenéy, of the cytosolic

RESULTS

Rotation spectra of control cells

Q, radian/s peak was less sensitive &Q. Thef,, values of control cells
were 16.2, 25.3, and 55.8 MHz at 2, 5, and 60 mS'm
2 [ A) 2 mS/m respectively. At high conductivity (60 mS; Fig. 2C), a

distinctive asymmetry occurred in the antifield part of the
rotation spectrum. As shown elsewhere (8ehner et al.,
1998), this alteration of the antifield peak resulted from the
cytosolic dispersion of Sp2 cells, which was mainly due to
the structural “Maxwell-Wagner” polarization of their large
nucleus. Under low-conductivity conditions{= 2-5 mS
m~1), the nucleus did not significantly affect the rotation
W(CO),SC,Fs spectra of control cells (Fig. 23 and B). The continuous
N curves in Fig. 2 represent the theoretical spectra calculated
with model 2 (a single-shelled cell with a dispersion of the
cytosol) that best fit to the data of control cells. Curve fitting
of individual spectra yields the following ranges for the
plasma membrane capacitaricg and conductancg,,, as
well as for the cytosolic permittivitieg; and conductivities
o at high (subscript h) and low (subscript I) frequencies:
= 6.5-6.9 mF m? G, = 10-100 S m?, ¢;, = 0.25-0.38
Sm?t o, =032-058 S m', ¢, = (120-130),; the
cytosolic dispersion was centered fgt= 2—4 MHz. The
values of the internal conductivities;( and oy,) decreased
gradually with decreasing external conductivity. This was
clearly due to ion leakage from the cytoplasm of cells,
which were exposed to hypotonic low-salinity electrorota-
tion media for 20—40 min.

Effect of tungsten carbonyl anions on
electrorotation spectra

W(CO),SCeHs

PO ISP U VSISV B Y

3 4 5 6 7 8
Log,.( Frequency, Hz)

The treatment of Sp2 cells with the anion [W(GOTsHs] ~

and its fluorinated analog [W(CGBGsFs] ~ resulted in con-
siderable conductivity-dependent changes of the antifield
rotation, i.e., in the part of the spectrum that is influenced by

the electrical properties of the plasma membrane (Fig. 2,

FIGURE 2 Experimental rotational spectra of control Sp2 cellsnd filled circles). In contrast to control cells, the rotational
those treated with &M [W(CO).SGF.~ (A andB, ®) or with 50 uM spectra of which exhibited a single antifield peak, the spec-

[W(CO).SC:H.]~ (C, ®) measured at different external conductivities: 2, tra of cells treated with M [W(CO)sSGiF:] ~ displayed
5, and 60 mS m* (A, B, andC, respectively). Each spectrum is the mean an additional antifield maximum centered-al kHz (Fig.

(+ SD) obtained from three to six cells. The mean radius of cellswas9.6 2 A andB). This low-frequency peak is dominated by the
1.1 wm. The curves are best least-square fits of model 2 (control) anqe|axation of mobile charges within the plasma membrane

model 3 (treated cells) to the data. The characteristic frequefngies,, .
and f.; (B, @) represent the mobile charges, plasma membrane, anchUKhorUKov and Zimmermann, 1996)' The spectra of cells

cytosolic peaks, respectively. For the mobile charges and cell parametef@dServed in the presence of both anions could be approxi-
derived by curve fitting, see text. mated very accurately by a superposition of three Lorent-
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zian curves (correlation coefficients > 0.994, fits not Effect of different concentrations of lipophilic
shown in Fig. 2). From the fitting curves the magnitudesanions on electrorotation spectra

]ERl’ ;Z'tsgdtﬁi’l:n:];h.z:cﬁ::)sg!lcefrfﬁ:rer;csldgllggﬁ]:nn(:em_Fig. 3 shows the rotation spectra of Sp2 cells treated with
< X ( : ges, p ifferent concentrations of the fluorinated compound

brane, and cytosol pe_al_<s, respectivelyzlcou_ld be evaluate (CO).SC,F<] . Both spectra were obtained on individual
At the lowest conductivityd, = 2mS m *, Fig. 2A), the o154t an external conductivity 6f5 mS m L. The rota-
mobile charge peak centered & = 930 Hz, with a {5 spectrum of untreated cells at this conductivity is de-
magnitude oR, = —3.3 radian s, dominated the antifield picted in Fig. 2B (empty circle} In the presence of &M
rotation, whereas the plasma membrane peak appeared [W(CO)sstFs)r (Fig. 3,empty circle} the plasma mem-
f.o = 27.5 kHz, and its induced rotation was much slower,prane peakf(, = 41 kHz, R, = —3.4) dominated the
R, = —1.3 radian s*. At higher conductivity (5 mS m*,  anifield rotation, whereas the magnitude of the mobile
Fig. 2B), the shape of the rotation spectrum of cells treatectharge maximum was relatively sma,(= —2.1,f,, = 2.2
with [W(CO)sSGiFs] ~ differed markedly from that ob- kHz). The increase in the anion concentration from 1 to 10
served at 2 mS m' (Fig. 2 A). The antifield part of the M resulted in the appearance of two well-resolved anti-
rotation spectrum measured at 5 mS’mas dominated by field peaks of approximately equal magnitudes (Fidil@d
the plasma membrane peakfat= 34.8 kHz R, = —3.2  circles): f,, = 1.2 kHz R, = —2.2, caused by the adsorbed
radian s1), whereas the magnitude of the mobile chargeanion) andf., = 38.8 kHz R, = —2.7, due to the passive
peak centered dt, = 1.35 kHz was reduced /8, = —2.1  €lectrical properties of the plasma membrane). The anion
radian s *. With increasing medium conductivity, the mag- [W(CO)sSCGHs]~ showed qualitatively similar concentra-
nitude of the mobile charge peak was further decreasetion effects on the rotation spectra of Sp2 cells.
(data not shown). The cytosolic cofield maximum was not
significantly  affected by the treatment with piISCcUSSION
[W(CO)SCoFsl ™ o

The mobile charge model (model 3 in the Appendix) Dielectric dlspe_rsmn _o_f the. plasma membrane
provided a good approximation to the rotation spectra off@used by the lipophilic anions
cells obtained in the presence of [W(GOYsFs] . The  In this study, single-cell electrorotation experiments were
following mobile charge and cellular parameters were deperformed on mammalian cells treated with two structural
rived by fitting model 3 to the data shown in Fig.2and  analogs of tungsten pentacarbonyl [W(G8JsFs]  and

B (fitting curvesto filled circles): N, = 25 nmol m 2, k, = [W(CO)sSCHs] . The analysis of the rotational spectra

(7-9)x 10°s %, C,,=8mFm 2 G, =100Sm? o; = using the previously proposed mobile charge model (Su-
0.14-0.3 S m?, ¢ = (110-115),. At these low conduc- khorukov and Zimmermann, 1996) allowed the evaluation
tivities, the cytosolic dispersion could be neglected. not only of the passive electric properties in terms of con-

For Sp2 cells treated with 5@M nonfluorinated anion
[W(CO)sSCHs] ~, the dependence of the three rotation
peaks on suspension conductivity was qualitatively similar Q3 radian/s
to the results obtained from cells treated with its fluorine-  4F
substituted analog. In the case of the hydrogenated anion, o 1uM
however, two well-resolved antifield peaks could be ob- ® 10uM
served at much higher anion concentrations and at much
higher external conductivities, e.g.,@t 50 uM and g, =
60 mS m* (Fig. 2 C). At lower conductivity €40 mS O g g
m~1) the mobile charge peak dominated the rotation spec- '
tra, whereas the plasma membrane peak was negligible 2
(data not shown). The spectra of cells treated with
[W(CO)sSCHs] ~ could also be fitted very accurately with

model 3 (see Appendix). From the fits of individual spectra -4t.. .. ... e . P
averaged in Fig. &, the following parameters were de- 2 3 4 5 6 7 8

rived: N, = 9.9-11.6 nmol m?, k; = (0.7-1.3)x 10°s %, Log,,(Frequency, Hz)
C,=7.0-85mFm? G, =100 S m? o, = 0.2-0.25

Sm? o, = 03-045 S m?, fy = 1-2.5 MHz, ¢, = FIGURE 3 Rotation spectra of individual Sp2 cells in the presence of 1

_ . ! and 10uM of [W(CO)sSGFs]~ (O and®, respectively). The spectra were
(80 110)60' Note that the translocation rate constb,nof measured at a conductivity of 5 mS ™ The mobile charge parameters are

[W(CO)sSCHs] ~ was much higher than that of its fluori- - g3 nmol m2 andk = 1.6 x 10" s* for the 1 uM data andN, =
nated analog. 38.8 nmol m2 andk, = 0.6 X 10* s™* for the 10uM data.
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ductivity and permittivity of the plasma membrane and 2
cytoplasm, but also of the surface concentrations and trans- N,, nmol/m

location rate constants of the lipophilic anions adsorbed to 4gL © [W(CO)sSCsHs]

the cell membrane. The partition of the lipophilic anions did ® [W(CO),SCFyJ A
not significantly alter the passive electrical properties of 30l
Sp2 cells, i.e., the values &, G, €, ando; measured

on cells in the presence of the anions were very similar to
those obtained from the rotation spectra of control cells I *

(Fig. 2). This is in agreement with the earlier observation
that the lipophilic tungsten carbonyl compounds do not K J
markedly affect the integrity of cell membranes and the 9
viability of mammalian cells (Nielsen et al., 1996; Ku 0 ,
schner et al., 1998). = N/2¢, um
The results presented in Fig. 4 reveal considerable dif-
ferences in both partition coefficients and translocation rates
between the two tungsten anions studied here. From these | ® B
data, the increment&C,,, and characteristic frequencigg. f f

of the membrane dispersion caused by the anions could be
calculated. Note that the translocation rakeg¢andf,,,) of TE
both ions were independent of the external conductivities, at 3

least within the conductivity range used in this study. At a ‘i

concentration of 1QuM, the anion [W(COJSGHs] ~ gave o)

rise to a membrane dispersion centeref},at= 32 kHz with 0.1 ‘i’ °

AC,, = 15 mF m 2, whereas the fluorinated analog relaxed S — . "
at a much lower frequency of,. = 1.3 kHz, but the ki, s
magnitude of this dispersioAC,, = 65 mF m 2, was much
higher. This also means that the fluorinated anion o Q C
[W(CO)sSCiFs]~ gave a 10-fold increase in the apparent 10°
membrane capacitance (or its permittiviy) at low field
frequencies, from-7 mF m 2 in control cells to 72 mF m?

in [W(CO);SGsFs] -treated cells.

—OH
O
—OH

Effect of fluorination on the transport of W(CO); ; f
derivatives through the plasma membrane L. .

0 1

To compare the lipophilicity and transmembrane mobility 10 10 ) 10
of [W(CO)SGF] ~ to those of [W(CO)SC:H.] ~, electro- External Concentration (¢ ), uM
rotation measurements were performed in which the exter-
nal concentrations of the aniogsvere varied over a wide FIGURE 4 The area-specific concentratidh and translocation rate
range from 0.1 to 5QuM. From the electrorotation spectra constank, for the anions [W(CQJSGHs] ~ and [W(CO}SCeF] ™ (O and
of the individual cells (similar to those shown in Figs. 2 and ®: "espectively) within the plasma membrane of Sp2 cells as functions of

o . .. the bulk anion concentratian The data were derived from electrorotation
3), the specific surface concentratibl) the partition coef-  pecira of cells (as shown in Figs. 2 and 3).
ficient B = N/2c, and the translocation rate const&nbf
the lipophilic anions within the plasma membrane could be
derived (Fig. 4). For both tungsten compounds,Nhealue The translocation rate constarits for the two anions
increased and the partition coefficightlecreased gradually across the cell membrane are compared in Fi§. Zhek;
with increasing concentratianof the anions in the aqueous value of (0.4—1.6)X 10*s™* obtained for [W(CO)SCsF<] ~
phase (Fig. 4A andB). The decrease i3 was probably was at least one order of magnitude smaller ttkan=
caused by the generation of boundary potentials (BenZ1-1.6)X 10° s * measured for [W(CQBGHs] , i.e., the
1988). At a given external concentratienof 5 uM, the  fluorine-substituted anion translocated across the membrane
partition coefficient for [W(CO)SGFs] ™ (B = 1.97 um)  much more slowly than its hydrogenated analog. This

2

was a factor of 6 larger than that of [W(CS)CHs] ™ (B = means that, besides the influence on lipophilicity, fluorina-
0.33um), indicating that fluorination rendered the ion much tion also reduced the transmembrane mobility of the Ii-
more lipophilic/less hydrophilic. pophilic ions. With increasing anion concentrationthe
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translocation rate of [W(CQpCsHs] ~ remained nearly un-  atives, the introduction of a single fluorine into the phenyl
changed, whereas the saturation of membrane adsorption ohgs of TPB™ leads to a 20-fold faster anion translocation
the fluorinated anion [W(CQPGsFs]~ was accompanied across an artificial lipid bilayer (Benz, 1988). The dramatic
by a gradual decrease i This may again be caused by the increase in the translocation rates is explained by the larger
generation of boundary potentials, which tend to decreasmolecular size of the fluorinated TPBanalog as compared
both adsorption and transport kinetics of lipophilic ionsto the parent TPB. This is because bulkier ions require less
(Benz, 1988). Born energy to bring them from the high dielectric aqueous
phase into the poorly polarizable lipid bilayer (Benz, 1988).
The exactly opposite effect of fluorination on the translo-
cation rate of the W(CQ)derivative (Fig. 4C) was most
Comparison of the transport parameters for the hydrogekkely due to the nonspherical shape of this lipophilic anion.
nated anion [W(CQSCH<]~ (k = (1.0-1.6)x 10°s %,  Apparently, because of the asymmetrical charge distribution
B = 0.11-0.4um) obtained here and those for its nearestin the [W(CO}SCFs]~ molecule, the introduced fluorine
and “lengthy” analog [W(CQSCH,C¢Hs]~ (k; = (0.7— atoms did not appear to mask the charged portion of the
1.3) X 10° s %, B = 0.16—1.2um) reported earlier (ku  anion as efficiently as do the fluorines or trifluoromethyls
schner et al., 1998) shows that the larger anion is somewhattached to all four aromatic groups of the spherical TPB
slower and more lipophilic. Nevertheless, the hydrocarboranion. Taken together, the results presented here (Fig. 4)
spacer inserted between the aromatic ring and the thiolatend elsewhere (Benz, 1988) suggest that the molecular
group has little effect on the translocation rate and lipophi-shape is an essential factor for the fast transmembrane
licity. In contrast, the properties of the interaction of the movement of charged species.
anion [W(CO}SCHs] ~ with cell membranes are strongly ~ Our finding that the solubility of the fluorinated anion in
affected by the oxidation of the thiolate bridge that associthe plasma membrane was greater than that of the parent
ates its tungsten pentacarbonyl and phenol moieties. Thutydrogenated compound (Fig. A,and B) agrees with the
the anion [W(CO)SO,CHs] ~, which contains sulfinate, is  observations reported in the literature that fluorination of
not able to introduce mobile charges into the plasma memvarious classes of drugs markedly increases their hydropho-
brane that are detectable by electrorotatiorir@éhner et  bicity. Thus introduction of fluorine into the phenol or
al., 1998). The lack of mobile charges means that 1) th@mide group of paracetamol enhances the lipophilicity and
oxidized anion does not adsorb to the plasma membrane @halgesic activity of this drug (Barnard et al., 1993). The
mammalian cells and/or 2) it translocates too slowly fordegree of fluorination of nitrobenzenes has been reported to
determination by the electrorotation technique. correlate well with their ability to interact with the sulfhy-
The observation made in this study that the lipophilicdryl groups located in the hydrophobic surrounding of the
anion with a higher translocation rate (i.e., plasma membrane of leukocytes (Elferink and Deierkauf,
[W(CO)sSCsHs] 7) exhibited a much smaller partition co- 1984). The higher intracellular concentration of fluorinated
efficient than its slower analogs (i.e., [W(C{&)CH,CsHs] ~  colchicine derivatives has also been attributed to their stron-
and [W(CO)SGsFs] ") is in accord with the results obtained ger hydrophobicity (Ringel et al., 1991).
with a series of halogen-substituted TPBerivatives dis-
solved in artificial lipid bilayers (Benz, 1988). As pointed
out elsewhere (Benz and’uger, 1977), this relationship CONCLUSIONS
betweenB and k; may result from small shifts of the ad- In this study the electrorotation technique has proved to be
sorption planes of the analogs as a consequence of theable to yield quantitative data not only on the passive
different solubilities in the membrane interior. It is note- electrical properties of the plasma membrane and cytosol,
worthy that there is a good correlation between the toxicitiedut also on the partition and transport kinetics of lipophilic
of the TPB™ analogs in yeast cells and their translocationanions in the plasma membrane of mammalian cells. The
rate constants measured in artificial bilayers (Arnold et al.]ipophilic tungsten carbonyl compounds evaluated here ap-
1988), which suggests that the rate of the ion transporpear to provide a promising class of field-sensitive molec-
across the cell membrane dominates the cytotoxicity ofilar probes for the analysis of changes in the membrane
TPB™ derivatives. properties during cell differentiation and osmotic and chem-
On the other hand, the effect of fluorination on tke ical challenge. The data show that both adsorption and
values of the W(CQ) derivatives studied here and else- translocation properties of the fluorinated lipophilic anion
where (Kuschner et al., 1998) differed in principle from differ significantly from those of its hydrogenated analog.
that observed with the fluorine-substituted TPBnalogs The results of this study also offer valuable insights into the
(Benz, 1988). As already mentioned, the complete substirelationships between the molecular structure and mem-
tution of fluorine for hydrogen in the aromatic ring of brane permeability and into the mechanisms of various
[W(CO)sSCGHs] ~ reduced thek; value by about one order processes, such as assisted and unassisted ion transport,
of magnitude (Fig. &). In contrast to the W(CQ)deriv-  charge transfer and stabilization inside biological mem-

Comparison with literature data
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branes, drug delivery, etc. Furthermore, the fluorinated lipid-models could not explain the appearance of an additional antifield rota-
soluble derivatives of W(CQ) such as [W(CQSCF] ", tional peak in the low-frequency range. Therefore we extended models 1

. - . d 2 to the case of a membrane containing mobile charges (model 3)
might also be of interest as contrast agents for NMR studies %‘ukhorukov and Zimmermann. 1996). In model 3 the complex capaci

biological cells, because the high sensitivity of #f8 NMR  7ce ¢ « o the plasma membrane is given by Eq, 1:
imaging and spectroscopy makes it possible to easily identify

these fluorinated anions adsorbed to cell membranes. " Coi = Can G
Ch=Cm+-,— +-—— 1)

M1t 0T @
APPENDIX: THEORETICAL CONSIDERATIONS whereC,,, and C,, are the high-frequency (“geometrical”) and the low-

Rotation theory frequency specific capacities of the plasma membrane, respect&glis

the low-frequency membrane conductivity; angl. is the time constant of
The electrorotation spectra of biological cells are fully determined by theirthe dielectric dispersion arising from the mobile charge within the mem-
effective polarizabilityf,, (the Clausius-Mosotti factor), which is given by brane. The dispersion is centered at the characteristic frequgpcy
fom = (6F — €M)/(e,* + 2¢.*) (Jones, 1995; Mler et al., 1999; Schnelle (2770~ % Equation 1 is based on the analysis given by Ketterer et al.
et al., 1999). The complex permittivity of particles (subscript p) and (1971), who showed that adsorption of lipophilic ions to a lipid bilayer can
external media (subscript e) with frequency-independent paranes(iexal result in a dielectric dispersion of the membrane properties. The magni-
permittivity) ando (real conductivity) are defined & = € — jo/w, where tude,AC,, = C,, — C,,» the characteristic frequencf,(), and the time
e ando are given in [F m?] and [S m Y], respectivelyj = (—1)¥2 and constant £, of the dispersion depend on the area specific concentration,
o = 2xfis the radian field frequency. Rotation spectra of a biological cell N,, and the translocation ratk, of the adsorbed ion as followaC,, =
consist of a set of co- and antifield rotation maxima. These complex spectrd,F%(2RT) andk; = 7f. = (27d ™
can be explained by modeling cells as single- or multiple-layered spheres,
as shown below for three different cases: 1) The electrical properties of all

cellular compartments (plasma membrane, cytoplasm, nucleus, etc.) can 'Representation of rotational spectra with

assumed to be frequency independent (nondispersive model). 2) Additiongl .
maxima or shoulders in the rotation spectra of cells arise when the eleciorentman curves

trical properties of cellular components are frequency dependent (dispefrhe rotation spectra of cells can be represented by a superposition of two
sive). 3) Dispersions of the plasma membrane may be induced by thg; more Lorentzian curves (Jones, 1995):

adsorption of lipophilic ions (Sukhorukov and Zimmermann, 1996). The

simplest single-shell model (model 1) matched well the rotation spectra of n

control Sp2 cells in low-conductivity solutions{ < 5 mS ni'%). How- 0= 2 2R (f/f5) 2

ever, for higher medium conductivity and for cells treated with lipophilic - 1+ (f/fci)2 @)
anions, more complicated dispersive models had to be introduced (models

2 and 3).

i=1

where(} is the rotation speed is the number of rotational peaks, aRd
andfg are the magnitudes and characteristic frequencies of the rotational
Single-shell nondispersive model (model 1) peaks, respectively. For the single-shell model, the number of peaka,

whereas the mobile charge model exhiliitss 3. The half-width of each
In the single-shell model, a cell is approximated by a homogeneousygtation peak is 1.14 decade of frequency.

conductive sphere of radius surrounded by a low conducting shell of
thicknesdd, corresponding to the membrane. Taking into accountdhat

a, a simplified expression for the complex permittivitg,* = Cy*a - This work was supported by grants from the Deutsche Forschungsgemein-

€*/(C*a+ g*), of such a particle can be derived (Kachner et al., 1998), schaft to WAS and VLS (SCHE 209/17-1) and to UZ (Zi 99/12-1).
whereeg* is the complex permittivity of the cytosol ar@,.* is the complex

membrane capacitance per unit area, giveehy = C,, — G, /o, where
C., = /dand G, = o,,/d are the specific membrane capacitance [FPm
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