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Abstract

Alterations produced by mitomycin-C (hereafter MC) and temperature changes in human erythrocyte membrane
molecular dynamics were studied, in vitro, by spin-labeling ESR technique. Erythrocyte cells were spin-labeled with 5- and
16-doxyl-stearic acids. 5- and 16-DSA, respectively, and membrane fluidity was quantitied by measuring the changes in the
order parameter (S), correlation time (7), phase transition temperature and activation energies. Erythrocyte cells were first
labeled with 5-DSA and 16-DSA at 37°C for 10 min, then they were treated with MC of three different concentrations (2.5;
5 and 10 uM) for various time (0-300 min) at the same temperature. Experimental results indicate that treatment time and
applied MC concentrations do not produce any significant reproducible changes in the spectral parameters. However. change
in temperature was observed to alter significantly S and 7 parameters that show biphasic character in the temperature range
of 5-50°C. Activation energy values of hydrocarbon chains above and below transition temperatures for untreated and
MC-treated erythrocyte cells were also determined. and the effect of MC on these energy values were discussed. © 1997

Elsevier Science B.V.
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1. Introduction

Mitomycin-C (hereafter MC) is an antitumor an-
tibiotic first isolated by Harta et al. [1] from the broth
of streptomyces caespitosus. By its thermal stability,
high melting point, ultraviolet absorbtion peak, solu-
bility in organic solvents, etc., it is distinguished
from other mitomycin fractions. Although MC has
strong activity against bacteria and viruses, its pri-
mary medical use is as an antineoplastic agent in the
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treatment of various solid tumors such as lung. breast.
colon, stomach. pancreas, osteogenic sarcoma, etc.
[2-7]. MC is also active against a relatively broad
spectrum of experimental tumors, including both
haematological and solid types [8-10]. It disappears
rapidly from the plasma; there is no evidence of
specific tissue localization and one third or less of
the injected dose is recovered in the urine [11]. At
therapeutic doses in man, MC may produce bone
marrow depression with leukopenia. thrombocytope-
nia, bleeding and increased susceptibility to infection
[11]. The other side effects of this drug include
nausea. vomiting alopecia, renal. cardio- and pul-
monary toxicity. [7.12—-14].
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MC has a more profound effect on DNA, at least
on DNA in situ. It does not react directly with
purified DNA, the antibiotic first must be reduced
either enzymatically or chemically to show its ef-
fects. In the cells, MC is metabolically reduced to
hydroquinone derivatives by a quinone reductase
(diaphorase), and these compounds alkylate and ex-
tensively crosslink DNA [10,15,16]. The apparently
specific attach of mitomycin on the structure and
function of DNA in vivo cannot, however, be at-
tributed to absolute specificity for DNA as a sub-
strate for alkylation. MC will also react nearly as
well with RNA, and indeed will bind to protein,
although less effectively [16,17].

Besides these alkylating and crosslinking actions
of MC in vivo, there has been, however, one report
in the literature suggesting that MC may have inter-
calating capabilities in vitro as well [18]. Since then,
this last feature of MC is not explored at all, al-
though it is widely used in clinical applications as an
antitumor antibiotic agent. Intercalation of MC into
plasma membranes and its possible interactions with
lipids and proteins would produce changes in the
physical properties of these membranes which, in
turn, could alter their functions. The aim of the
present work is to study in vitro, the possible effects
of MC on human erythrocyte membrane physical
properties using spin-labeling ESR technique in the
temperature range of 0-50°C.

2. Materials and methods
2.1. Membrane model

Human erythrocytes were used as a membrane
model system, since the membranes of erythrocytes
were luckily the best-understood of all cellular mem-
branes in terms of molecular composition and func-
tion [19]. Fresh, healthy human blood, drawn from
volunteers, was collected in citrate-phosphate dex-
trose (CPD) in polyvinyl chloride containers and
stored at 4°C for 1-3 h. The blood was then washed
with 4°C phosphate-buffered saline (PBS) solution of
mM composition NaCl 145, KCI 5, NaPO, 5 with a
pH of 7.4, and then centrifuged at 3500 rpm for 10
min. The buffy coat was carefully collected by aspi-
ration and discarded. This step was repeated at least

three successive times. The erythrocytes were then
suspended in PBS to an haematocrit of 20%.

2.2. Spin-labeling and treating with mitomycin-C

Fatty acid spin-labels of 5-doxylstearic acid (5-
DSA) and 16-doxylstearic acid (16-DSA), which
have a stable nitroxide radical ring at the C-5 and
C-16, positions (counted from the carboxyl group of
the acyl chain), respectively, were used. Stearic acid
spin-labels were dissolved in ethanol. To 3 ug of
probe, evaporated under nitrogen stream, was added
an amount of membranes corresponding to 0.3 mg
lipids to keep spin-label concentrations low enough,
and therefore to avoid any spin—spin interaction. At
room temperature, the time needed for the spin-label
incorporation into membranes was very short and,
after 5-10 min, the spin-labels were completely
associated with the membranes. At the end of spin-
labeling step, labeled erythrocytes were washed twice
with phosphate-buffered saline solution to remove
unincorporated spin-labels.

Spin-labeled erythrocytes of final haematocrit 20%
were treated with various concentrations of MC (2.5;
5 and 10 uM) for 10; 25; 50; 100; 150; 200; 250 and
300 min at 37°C in a shaking thermostat bath. After
the treatment, the erythrocytes were suspended in 10
volumes of PBS solution at 4°C and centrifugated at
3000 X g for 3 min, and the pellet was sucked into a
50-ul micropet capillary and sealed at both ends
with Critoseal. Care was taken to avoid direct con-
tact of the cell suspension with Critoseal and avoid
leakage of Mn’* ions from the seal into the cell
suspension.

2.3. ESR spectroscopy

Spectra were recorded on a Varian E-line 9 in.
spectrometer operated at 9.5 GHz, with TE |, cavity
resonator, 3300 field set, 100-kHz field modulation,
1.25 G peak to peak modulation amplitude and 10
mW microwave power. The difficulties in determin-
ing the intensities of the low-and high-field lines
were overcame either by increasing the gain of the
spectrometer, or by setting the modulation amplitude
at 5 G without apparent changes in the 27| values.
Sample temperature inside the microwave cavity was
monitored with a digital temperature control system
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(Bruker ER 4111-VT). The latter gives the opportu-
nity of measuring the temperature with an accuracy
of +0.5°C at the site of the sample. The temperature
of the samples was changed between 5-50°C with a
5°C increment. To establish a complete thermal equi-
librium, samples were kept for 5 min at each measur-
ing temperature before recording the spectrum.

2.4. Spectral analysis

ESR spectra obtained from membranes of intact
human erythrocyte cells with the spin labels 5- or
16-DSA show contributions mostly from spin-labels
of restricted motion with negligible contributions
from free-moving spin labels. The ESR spectra were
evaluated by calculating the motionally averaged
nitrogen hyperfine tensor components 27} and 277,
from which § was calculated according to the fol-
lowing equation [20]:

-7 -C T.+T. . +T,,

= X
T'+2T' +2C  T.—1/2(T, +T,.,)

S (1)
where 7| and T’ are the hyperfine parameters (in
gauss) measured directly from experimental spectra
and 7, .. T,.. T._ are the single crystal hyperfine
tensor principal elements of the relevant spin-label.
The constant C is a correction factor and is given as
T -7

C=145|1—
T::V I/Z(T\\+T\\‘)

Due to the anisotropy of the erythrocyte mem-
brane. the calculated order parameters are not true
order parameters, but the apparent order parameter as
well as 27 measurements may be used to obtain
information on the dynamic behavior of the mem-
brane. No measurable clustering effect of spin-labels
was observed for spin-label /membrane lipid ratio
(1/100) adopted in the present work. That is, the
values of the parameters were not affected by spin—
spin interaction and clustering.

The rotational correlation time (7). was calculated
using the following equation [21]:
7=3418x 10"

{0) h(0)
x AH(0) \//1(—1) -\/h(]) (2)

where h,,. h, and h, ,, are the peak height of the
center, low-field and high-field lines, respectively.
and A H(0) is the width of the central line. Eq. (2) is

suitable for a rod-like molecule and especially for
perpendicular resonance spectra [22]. Because of as-
sumptions made in the derivation of Eq. (2). its
validity is questionable for rotational correlation
times longer than about 2 ns.

For a rod-like molecule of radius r, and length /.
the rotational correlation time is related to the rota-
tional viscosity as [22]:

2 -2
- 2ainy 03)
kT
where 7 is the viscosity coefticient, 7" is the absolute
temperature and & is the Boltzmann constant. On the
other hand. the activation energy £, of rotational
viscosity is given by Andrade’s equation [23] for
viscosity. that is,
n=Bexpl £, /RT] (4)

where R and T are the gas constant and absolute
temperature, respectively. From the free volume the-
ory. B may be given by [24].

B=B,T"" (5)

Using above equations, we have constructed An-
drade plots for the activation energies of micro-
viscosity of the labeled erythrocyte membranes un-
treated and treated with MC.

2.5. Chemicaly

5-DSA and 16-DSA stearic acid spin-labels were
purchased from the Sigma Chemical (St. Louis, Mo.
USA). MC and all other chemicals used for sample
preparation and treatment were of reagent grade
from Fluka (Bushs, Switzerland).

2.6. Statistics

Experiments were performed 6-10 times, and
standard deviations were calculated. All order pa-
rameters and correlation times measured are reported
as mean + S.D. of the number of experiments per-
formed. The S.D. values were determined using
paired or non-paired Student’s (-test depending on
appropriateness [25]. P values of less then 0.05 were
considered significant changes. The phase transition
temperatures and activation energies were deter-
mined using the linear regression analysis “break-
points’ computer program [26].
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3. Results

The effect of spin-labeling time on spectral pa-
rameters was determined first, to adopt an appropri-
ate ultimate labeling time. To achieve this goal, time
evolution of ESR spectra were studied by changing
spin-labeling time from 5 to 100 min and recording
the spectra at the end of each labeling period for
erythrocyte cells kept at 37°C. Measurements were
shown that for labeling time longer than 10 min,
neither the shape of the spectra nor the spectral
parameters (S, 7, E,) of 5- and 16-DSA were
changed [27] within experimental error limits.

A slight intensity change up to a labeling time of
15 min was observed. This shows that some spin-
labels still existing in buffer solution would incorpo-
rate into the erythrocyte membrane up to 15 min
labeling time. Therefore, a labeling time of 10 min
was adopted for the rest of the present work. ESR
spectra of 16-DSA were found to be considerably

Table |

different from the spectra of 5-DSA. Due to the fact
that the motion of 16-DSA was nearly isotropic, only
one minimum at high magnetic field was found to
exist in the spectra of this label. Therefore, 27 was
calculated from the difference between this mini-
mum and the maximum at low field.

3.1. Effect of mitomycin-C

ESR spectra analysis of stearic acid spin-labels
incorporated into erythrocyte cells treated with dif-
ferent drugs can provide an evaluation of the effects
of the latter on the motional freedom of the inserted
spin labels. Information on the dynamical behavior
of spin-labels was obtained by outer hyperfine split-
tings (27}), S and rotational correlation time (7)
calculated from Egs. (1) and (2), respectively. Before
making a detailed analysis of ESR spectra, we wanted
to be sure of the effects of treatment time with MC
on spectral parameters. Adopting a sublytic drug

The effect of treatment time on spectral parameters of 16-DSA spin-label inserted into erythrocyte cells treated with 2.5 uM MC at 37°C

Parameters Treatment time {min)
10 25 50 100 150 200 250 300

S 0.186 0.196 0.192 0.191 0.190 0.187 0.194 0.196
(0.007) (0.006) (0.007) (0.005) (0.004) (0.005) (0.005) (0.007)

X 10" () 6.2 5.8 5.6 5.6 6.3 6.3 6.6 6.2
0.5) (0.4) 0.4) (0.3) 0.5) (0.5) (0.6) 0.4)

7 (cp) 1.6 1.5 1.4 1.4 1.6 1.6 1.7 1.6
(0.2) 0.2) 0.3) (0.3) 0.2) 0.2) 0.3) (0.2)

Parameter values were calculated from ESR spectra recorded at 37°C of 5-10 different samples. Figures in parentheses are standard

deviations.

Table 2

The effect of MC concentration on spectral parameters of 5- and 16-DSA spin-labels inserted into erythrocyte cells treated with 0, 2.5, 5 and

10 M MC at 37°C

Spin-labels Parameters Concentrations ( uM)
0 2.5 5 10

5-DSA N 0.685 (0.006) 0.680 (0.007) 0.684 (0.006) 0.686 (0.005)

X 10" (s) 60 (2) 60 (2) 59(1) 61 (1)

7 {cp) 14.9 (0.5) 15.5(0.6) 15.7(0.7) 15.1(0.5)

S 0.198 (0.005) 0.208 (0.007) 0.205 (0.006) 0.207 (0.005)
16-DSA X 10" (s) 4.8(0.2) 5.0(0.3) 5.2(0.3) 5.1(0.2)

7 (cp) 1.2(0.1) 1.3(0.2) 1.3(0.1) 1.1(0.2)

Parameter values were calculated from ESR spectra recorded at 25°C of 6—10 different samples. Figures in parentheses are standard

deviations,
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Fig. 1. Spectra recorded at various temperatures for 5- or 16-DSA labeled erythrocyie cells treated with 2.5 uM MC.

concentration (2.5 wM), treatment time was changed
from 10 to 300 min keeping the samples at 37°C for
S- and 16-DSA spin labels. Experimental results
were shown that. within experimental error limits,
treatment time had no significant effect on spectral
parameters. Therefore, for the rest of present work, a
treatment time of 30 min was adopted for both 5-
and 16-DSA inserted erythrocyte cells. To save place,
only the results relative to 16-DSA are given here
(Table 1).
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Fig. 2. Variation of order parameter with temperature for un-
treated and MC-treated erythrocyte celis. (O) 5-DSA, (®) 5-DSA
+2.5 uM MC. (O) 16-DSA, and (@) 16-DSA+2.5 uM MC.

The effects of drug concentration were also stud-
ied staying nearly in situ blood MC concentration
limits encountered in patients treated with this drug.
5- or 16-DSA labeled erythrocyte cells were treated
with MC of 2.5: 5 and 10 uM concentrations at
37°C for 30 min. For each drug concentration, 6-10
samples were used to get mean parameter values.
The results obtained from the analysis of ESR spec-
tra recorded at 25°C are given in Table 2. As seen
from this table, in the 0-10 uM concentration range.
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Fig. 3. Andrade plots for rotational correlation times of untreated
and treated erythrocyte cell. (O) 5-DSA. (@) 5-DSA +2.5 uM
MC. (O} 16-DSA and (@) 16-DSA +2.5 uM MC.
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Table 3

Activation energies and thermotropic phase transition temperatures for control and 2.5 uM MC treated erythrocyte cells

Spin-label Type of sample Activation energy (kcal /mol)
Low temperature High temperature Break point (°C)
5-DSA Untreated 18.0(+1.0) 104 (+ 1.0) 36(+1)
Treated 183(+1.0) 5.8(+£0.9) 37(xD
16-DSA Untreated 6.1 (£0.9) 3.7(£0.8) 40(+ 1)
Treated 55(+0.8) 29(+08) 43 (£ 1)

the treatment of erythrocyte cells with MC in vitro
does not create any significant changes in dynamical
parameters of spin-labels inserted in the erythrocyte
cell membrane.

The order parameter, rotational correlation time
and viscosity coefficient near polar head group were
large (0.685; 60X 107' s; 14.9 cp, respectively)
whereas on moving from the surface into the mem-
brane core, the parameters decreased to 0.198; 4.8 X
107" s; 1.2 cp, respectively.

3.2. Effect of temperature

It is well known that temperature affects greatly
the behavior of model and biological membranes. In
previous studies [28—-30], it has been observed that in
the 0-50°C temperature range, the erythrocyte mem-
brane presents discontinuous changes in the freedom
of motion of nitroxide spin-labels that may be indica-
tive of protein-dependent structural transitions.
Therefore, by changing the temperature of the ery-
throcyte samples from 5 to 50°C and recording the
spectra with an increment of 5°C, we have investi-
gated the effect of temperature on the structural
features of untreated and MC treated erythrocyte
membrane. Some spectra recorded at different tem-
peratures for erythrocyte cells labeled with 5-or 16-
DSA spin label and treated with 2.5 uM MC are
given in Fig. 1.

From recorded spectra, S and 7 were determined
for untreated (control) and MC-treated erythrocyte
membrane using Eqgs. (1) and (2). The data obtained
are presented as plots in Figs. 2 and 3. The magni-
tude of the changes in the measured S and 7 values
for untreated and MC-treated cells were of the same
order as those found by many investigators who have
compared membranes of biologically altered cells
[31-33]. Both order parameter and correlation time
decrease rapidly with increasing measuring tempera-

ture for control and MC-treated erythrocyte mem-
brane as seen from Figs. 2 and 3 in the temperature
range of 5-50°C. Andrade plots of untreated and
treated erythrocyte membranes have been observed
to be composed of two approximately straight lines
with a break point. The slope of the straight line at
low temperature was more steep (gel phase) than that
at high temperature (liquid crystalline phase). Dis-
continuities around break-points were not specific
for spin-label or the empirical parameter chosen for
spectral evolution. Similar high temperature ther-
motropic transitions were also observed in other
works [28,30,34] for erythrocyte membrane labeled
with 5- and 16-DSA spin labels.

3.3. Calculation of activation energies and phase
transition temperatures

The activation energies and thermotropic transi-
tion temperatures were calculated using the linear
regression analysis ‘break-points’ computer program
based on Eqgs. (3)-(5) by taking /=22.63 A and
r=108 A. The slopes of linear curves best-fitting
the experimental data in the low and high tempera-
ture regions were used to calculate activation ener-
gies below and above transition temperatures. As has
been known, the slopes of these linear curves are
related to the activation energies of micro-viscosity
of the studied membranes. Calculated activation en-
ergy values and thermotropic transition temperatures
are given in Table 3. The average activation energies
were about 5—18 kcal/mol for gel phase and 3-10
kcal /mol for liquid crystalline phase.

4. Discussion

The analysis of motion of spin-labels in the model
and biological membranes is a sensitive and reliable
indicator of the physical state of these membranes.
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ESR studies give mainly the rotational correlation
time and order parameter which, generally, represent
the degree of long-range alignments of hydrocarbon
chains along the membrane normal, but it is not
directly related to rotational correlation time [20].
Nevertheless. the correlation time should be related
to short-range alignments of hydrocarbon chains,
because in increasing the short range alignments. the
distances among hydrocarbon chains are reduced,
that is. chain—chain interactions are increased; thus,
the rotational correlation time should be increased.

Spin-labeling of erythrocyte membrane with 5- or
16-DSA at 37°C was shown to be completed in great
extent in a time interval of 10 min after addition of
spin-label molecules to erythrocyte cell samples. Fur-
thermore. changing the treatment time with MC in
the range of 0-300 min has been observed to be not
producing any significant effect on the shape of ESR
spectra and on the spectral parameters of 5- and
16-DSA spin-labels incorporated into erythrocyte cell
membrane.

As expected. a big difference in the values of
order parameters of 5- and 16-DSA was calculated in
the present work for untreated and MC-treated ery-
throcyte cells in the temperature range of 5-50°C.
This is duc to the fact that in the core of the
membrane, where the doxy! group of 16-DSA pene-
trates. there exists a more fluid environment than that
closer to the membrane surface where the doxyl
group of 5-DSA probes. It is well established in the
literature that in biological membranes, the rotational
correlation time and order parameter, generally. de-
crease gradually as the depth of doxyl group from
the polar surface of membrane increases.

MC concentrations up to 10 uM were observed
not having any measurable effect on order parame-
ters and correlation times of the spin-labels used in
the present work (Table 2). This is possibly due to
the fact that MC was not able to incorporate into the
membrane  that would modulate lipid-lipid and
lipid—protein interactions by producing changes be-
tween chain—chain and chain—protein distances in
the membrane. Furthermore, the results given in
Table 2 indicate that interaction between lipid polar
head groups. which determine, to a large extent,
segmental chain motions at the surface of membrane.
and MC molecules. is very weak so that it cannot
produce any measurable changes in experimentally

determined spectral parameters. This conclusion is in
accordance with the observation that MC should
undergo chemical and enzymic reduction before its
alkylating effect appears [10]. Activated MC may
perturb membrane lipid structure: that is, it could
create changes in the apparent order parameter,
through two possible mechanism: (1) a direct interac-
tion of drug with membrane protein reflected in the
lipid bilayer; and (2) a perturbation of lipid structure
that leads to perturbation of proteins via lipid—pro-
tein interaction.

Calculated spectral parameters S and 7 were ob-
served to vary with temperature, as expected. These
variations are shown in Figs. 2 and 3 for untreated
and MC-treated erythrocyte cells. The magnitude of
the changes in the measured §- and 7 values for
untreated and MC-treated cells were of the same
order as those found in the literature for erythrocyte
membrane [28.30.35]. Since. 5- and 16-DSA spin-
labels are composed of very flexible hydrocarbon
chains, it seems unreasonable to assume that these
spin-labels can be treated as rigid rodlike molecules.
However, without obtaining the rotational viscosity.
the activation cnergy of rotational viscosity was cas-
ily calculated from Andrade plots, which showed the
existence of phase transition of hydrocarbon chain
regions. From Figs. 2 and 3. it is clear that changes
in temperature have a greater effect on erythrocyte
membrane in the hydrophobic core of the membrane
compared with the membrane surface. This result is
in agreement with those reported in the literature
[28.35.36].

Erythrocyte membrane has been reported to un-
dergo more than one thermotropic phase transitions
using ESR and spin-labeled fatty acid labels
[28.30.34]. In the present work, low temperature
phase transition was not observed due to the fact that
in the temperature range of 0-20°C. proper determi-
nations of experimentally measured quantities (T‘f.
T . hyye b, he o, AH0)) which were used in
Egs. (1) and (2) to calculate §- and 7 parameters.
were not possible. Furthermore. in the temperature
range of 0-20°C. the validity of the assumptions
made in deriving Egs. (1) and (2) is questionable.

5-DSA spin-label monitors the relatively ordered
membrane regions close to the surface. while 16-DSA
monitors the region in the core of membrane. From
structural standpoint, below the transition tempera-
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ture the hydrocarbon chains in the membrane are
relatively rigid all-trans conformation. As the tem-
perature is increased up to the transition point, the
hydrocarbon chains disorder by undergoing rapid
trans-gauch rotational isomerizations along the chains
[36]. The results of the present and similar works
reported in the literature suggest that the spectrin—
actin network and proteins that link the skeletal
network to the membrane are important in mediating
this trans-gauch rotational isomerization along the
hydrocarbon chains, and that protein unfolding could
be at the origin of this rotational isomerization
[28,36]. Our experimental results show that this rota-
tional isomerization occurs at about 36°C (monitored
by 5-DSA) in the polar region of membrane, while in
the core, this transition occurs at about 40°C (moni-
tored by 16-DSA), and that while the treatment with
MC does not create any alteration in the thermal
transition undergoing at about 36°C, it causes an
increase of about 3°C in the transition temperature
detected by 16-DSA.

5. Conclusion

Our results indicate that in vitro: (a) up to a
concentration limit of 10 uM, MC does not produce
any measurable alteration in erythrocyte membrane
dynamic features at body temperature; (b) the use of
the 5- and 16-DSA spin-labels to study thermotropic
properties of erythrocyte membranes provides a way
to identify thermotropic breaks that can be selec-
tively modified by specific protein extraction. Thus.
as far as the concentration is kept below 10 uM,
treatment with MC cannot create any dynamical and,
therefore, any functional changes in the erythrocyte
membrane of the patients, unless any in situ chemi-
cal and /or enzymic reduction of MC would occur.

References

[1] T. Harta, Y. Sona, R. Sugawana. A. Matsumae, K. Kanamori,
T. Shima, T. Hoshi, J. Antibiot. A (Tokyo) 9 (1956) 141.

[2] J. Verweij, Cancer Chemother. Biol. Response Modif, 16
(1996) 48.

[3] W.G. Lewis, V.A. Walker, HH. Ali. LR. Sainsbury. Br. J.
Cancer 71 (1995) 605.

[4] A.C. Deka, B.C. Deka, R.B. Patil, S.G. Joshi, Indian J.
Cancer 16 (1979) 32.

[5] S.K. Carter, Cancer Chemotherapy Rep. 1, No. I, Part 3,
1968. p. 9.

[6] B. Mohanty, B.C. Patra, J. Indian Med. Assoc. 72 (1979)
201.

[71 A.U. Buzdar, S.S. Legha, M.A. Luna, C.K. Tashima, G.N.
Hortobagyi, G.R. Blumenschein, Cancer 45 (1980) 236.

[8] S.K. Carter, S.T. Crooke (Eds.), Mitomycin C: Current Sta-
tus and New Developments, Academic Press, New York,
1979.

[9] B.S. Iyengar. HJ. Lin, L. Cheng, W.A. Remers, J. Med.
Chem. 24 (1981) 975.

[10] L. Fishbein, W.G. Flamm, H.L. Falk. Chem. Mutagens,
Academic Press, New York, 1970.

[11] D.A. Karnofsky. B.D. Clarkson, Annu. Rev. Pharmacol. 3
(1963) 357.

[12] A.U. Buzdar, S.S. Legha, C.K. Tashima, G.N. Hortobagyi,
H.Y. Yap, AN. Kratchik, M.A. Luna, G.R. Blumenschein.
Cancer Treat. Rep. 62 (1970) 1005.

[13] S.T. Crooke, W.T. Brander, Cancer Treat. Rev. 3 (1976) 121.

[14] T.E. Godfrey, D.W. Wilber, Cancer 29 (1972) 1647.

[15] 1.H. Goldberg. Am. J. Med. 39 (1965) 722.

[16] M.J. Waring, Nature 219 (1968) 1320.

[17] W. Szybalski, V.N. Iyer. Microbial Genetics Bull. 21 (1964)
16.

[18] M. Kodama. J. Biochem. (Tokyo) 61 (1967) 162.

[19] J.A. Chasis. S.B. Shohet. Annu. Rev. Physiol. 49 (1987) 239.

[20] B.J. Gaffney. in: L.G. Berliner (Ed.) Spin Labeling: Theory
and Applications, Academic Press. New York. 1976, p. 567.

[21] M.A. Hemminga, Chem. Phys. Lipids 14 (1975) 151.

[22] A. Hyono. S. Kuriyama, H. Hara. I. Yano. M. Masui, J.
Biochem. 88 (1980) 1267.

[23] E.N. Andrade, Phil. Mag. 17 (1934) 497,

[24] S. Glasstone, J. Laidler, H. Eyring, The Theory of Rate
Processes, McGraw-Hill, New York, 1941, p. 480.

[25] W.J. Dixon, F.J. Masscy, Introduction to Statistical Analysis,
McGraw-Hill, New York, 1969. p. 114.

[26] R.H. Jones, B.A. Molitoris, Anal. Biochem. 141 (1984) 287.

[27] O. Korkmaz, PhD Thesis. Hacettepe Univ., Ankara, Turkey.
1995.

[28] M. Minetti, A.M.M. Di Stasi, Biochemistry 26 (1987) §133.

[29] M. Minetti, M. Ceccarini, A.M.M. Di Stasi, J. Cell. Biochem.
25 (1984) 61.

[30] T. Forte. T.L. Leto. M. Minetti, V.T. Marchesi, Biochemistry
24 (1985) 7876.

[31] A. Aszalos, J.A. Bradlaw, EF. Reynold. G. Yang. A.N.
El-Hage, Biochem. Pharmacol. 33 (1984) 3779.

[32] A'F. Esser, S.W. Russell, Biochim. Biophys. Res. Commun.
87 (1979} 532.

[33] J.R. Trudell, W.L. Hubbell, E.N. Cohen, Biochem. Biophys.
Acta 291 (1973) 328.

[34] W.G. Wood, S. Lahiri, G. Gorka, H.J. Armbrecht, R. Strong,
Alcoholism. Clin. Exp. Res. 11 (1987) 332,

[35] Y.Y. Wong, X. Li. W. Jia, R. He. W. Xin, Zhongguo
Huanying Kexue 9 (1989) 256.

[36] T.E. Thompson, C. Huang, Dynamics of lipids in biomem-
branes, in: T.E. Andreali. J.F. Hoffman, D.D. Fanesti (Eds.),
Membrane Physiology. Plenum, New York, 1980, p. 27.



