MOLECULAR PHARMACOLOGY, 9, 802-819

Studies on the Membrane-Perturbational Effects of Drugs ‘and
Divalent Cations Utilizing Trinitrobenzenesulfonic Acid

Davip V. Gopin AND THERESE WaN Nea

Department of Pharmacology, University of British Columbia, Vancouver 8,
British Columbia, Canada

(Received May 16, 1973)

SUMMARY

GopIN, Davip V., AND WaAN Ng, THERESE: Studies on the membrane-perturbational
effects of drugs and divalent cations using trinitrobenzenesulfonic acid. Mol. Pharmacol.
9, 802-819 (1973).

This study represents an inquiry into the molecular mechanisms whereby the interaction of
divalent cations and certain cationic drugs with the erythrocyte membrane produces a
marked increase in the modification of membrane amino groups by trinitrobenzenesulfonate
(TNBS). A mechanism based on simple neutralization of membrane anionic sites by acti-
vator cations was untenable because the incorporation of picryl chloride, an uncharged
analogue of TNBS, was also markedly increased in the presence of magnesium or chlorpro-
mazine. Rather, it is suggested that the interaction of activators with membrane com-
ponents induces configurational changes which alter the accessibility and/or reactivity of
membrane protein and phospholipid amino groups. These configurational changes, which
were found to require the integrity of both polar and nonpolar regions of phospholipids, may
involve alterations in membrane hydration following charge neutralization. The specific
membrane perturbations induced by individual activators have been analyzed in terms of
effects on the activation energy for TNBS incorporation and also in terms of TNBS labeling
patterns of membrane protein and lipid components characteristic of the particular cationic
activator.

INTRODUCTION macological agents and divalent cations
which presumably alter the configurational

Characterization of the effects of pharma-
p state of membrane components. We have

cological agents at the level of membrane

structural components is an essential pre-
requisite to the understanding of the molecu-
lar mechanisms by which drugs alter the
functional properties of biological mem-
branes. One approach to this problem in-
volves the use of specific chemical reagents,
whose rate and extent of incorporation into
membranes is markedly influenced by phar-
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recently shown that the incorporation of
trinitrobenzenesulfonic acid, an amino group-
specific reagent, into erythrocyte membranes
is enhanced by divalent cations such as
Mg++, Cat*, Srt+, and Mnt*t, and by a
variety of pharmacological agents possessing
local anesthetic activity, including tetra-
caine, chlorpromazine, and propranolol (1).
The detailed molecular meehanisms whereby
the interaction of drugs and divalent cations
with the membrane leads to increased tri-
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nitrobenzenesulfonate incorporation and the
possible relevance of these effects to the
pharmacological properties of the molecules
in question have not yet been clarified.

It has been shown that stimulatory effects
require the integrity of membrane anionic
phospholipid sites (1). The fact that all
agents thus far shown to be capable of in-
creasing TNBS! incorporation are cationic
and that the TNBS molecule itself is anionic
suggests the possibility that enhancement of
TNBS labeling may result from nonspecific
charge neutralization, which would facilitate
the access of TNBS to membrane sites of
attack. Additionally, or alternatively, the
binding of cationic activators to membrane
anionic sites may induce configurational
changes which increase the accessibility
and/or reactivity of membrane amino groups
toward TNBS. Such configurational changes
might be triggered by alterations in the hy-
drational state of charged membrane sites
following charge neutralization and could be
mediated via nonpolar components of mem-
brane lipids to membrane proteins. One of
the objectives of the present study, therefore,
was to examine the possible role of charge
neutralization, hydrational alterations, and
nonpolar membrane components in the medi-
ation of the stimulatory effects of drugs and
divalent cations on TNBS incorporation.

Finally, in view of the chromophoric prop-
erties and stability of incorporated trini-
trophenyl groups derived from TNBS, the
effects of activators on TNBS labeling pat-
terns of membrane proteins and lipids were
investigated as a chemical approach to the
characterization of the perturbational effects
of cationic activators on membrane struc-
tural components.

METHODS

Membrane preparation. Erythrocyte mem-
branes were prepared from outdated blood
bank blood stored in acid-citrate-dextrose
by stepwise hypotonic lysis in NaCl followed
by a wash with 10 mm Tris-HCl (pH 7.4),
using the methods described earlier (2).

Measurement of TNBS incorporation. Ex-
perimental conditions for the determination

! The abbreviation used is: TNBS, trinitro-
benzenesulfonic acid.
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of the rate and extent of TNBS incorporation
into erythrocyte membranes were essentially
the same as those described in detail in our
previous study (1). Briefly, membranes were
incubated at 37° 4= 0.5° in the presence of 1.0
ml of 20 mum Tris buffer (pH 8.0) in a total
volume of 2.9 ml. The reaction was initiated
by the addition of 0.1 ml of 10 mm TNBS so-
lution (pH 8.0). Reaction times for rate
measurements in the presence of activators
were usually 30-60 sec, while those for time
course experiments and for rate measure-
ments in the absence of activators were con-
siderably longer (15-60 min). Reactions
were terminated by the addition of 2.0 ml of
a 1:1 mixture of 1 m HCI and 10 % sodium
dodecyl sulfate, and the extent of trinitro-
phenylation was expressed as the absorb-
ance at 335 nm per milligram of membrane
protein.

Hezxane extraction of membranes. Mem-
brane suspension (5 ml, containing 15-20
mg of membrane protein) was freeze-dried,
and the resulting dry residue was extracted
with 5 ml of hexane at —20° for 5 min. The
membranes were recovered by centrifugation,
using a clinical centrifuge, and the extraction
could be repeated as often as required to
achieve the desired decrease in membrane
cholesterol. After the final extraction and
centrifugation, the membranes were freed of
residual hexane under vacuum and resus-
pended in water at the original volume (5.0
ml) from which they were derived.

Enzymatic treatment of membranes. Treat-
ment of membranes with phospholipase C
(Clostridium welchiz, Sigma) was carried out
exactly as described previously (1).

Phospholipase A treatment of membranes
was carried out as follows. A solution of
phospholipase A (Naja naja venom, Sigma)
(10 mg/ml) was heated for 10 min at 70° to
destroy protease activity. Membranes (2.0
ml) were then incubated for 15 min at 37° &=
0.5° in the presence of the heated phospho-
lipase A (0.1 ml), 8.0 ml of CaCl; (20 mm),
and 2.0 ml of Tris (20 mm, pH 8.0). The re-
action was terminated by the addition of a
10-fold excess of EDTA (4 mm, pH 7.0).
Membranes were isolated by centrifugation
at 30,000 X ¢ and washed once with 20 mm
Tris (pH 8.0). In experiments in which the
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effect of removal of phospholipase A reaction
products by bovine serum albumin was ex-
amined, phospholipase A-treated membranes
were washed three times with 1% bovine
serum albumin (fatty acid-free, type F,
Sigma) at room temperature, and this was
followed by three water washes to remove the
bovine serum albumin.

Erythrocyte membranes were treated with
trypsin 37° &+ 0.5° under the following con-
ditions. The membrane suspension (2 ml)
was combined with 1.5 ml of a solution of
trypsin (bovine pancreas, type III, twice
crystallized, Sigma) (50 wg/ml), and the
mixture was incubated for 15 min. Mem-
branes were isolated by centrifugation as
usual.

D;0 studies. Membranes (usually in 2.0-
or 5.0-ml portions) were lyophilized to re-
move water as completely as possible. The
dried material was then dissolved in DO
(99.8% D, Stohler Isotope Chemicals,
Azuza, Cal.) and incubated for 30 min at
room temperature. Membrane material was
isolated by centrifugation, washed once with
D,0, and finally brought up to the original
volume (2.0 or 5.0 ml) with D,0. Control
membranes were prepared in exactly the
same manner, except that H.O was substi-
tuted for D,0O. In TNBS incorporation stud-
ies, the components of the reaction medium,
including Tris and the various cationic ac-
tivators, were made up in D,0O, with identi-
cal quantities of material being weighed out
and dissolved in H,O for comparative pur-
poses. There was some difficulty in deciding
whether the effects of H,O and D,0O should
be compared at equal “pH” values (that is,
as indicated by the pH meter reading) or at
a pH equal to the pD value, since it is known
that pH and pD differ from each other by
0.4 unit (3). The problem was resolved by
performing experiments under both condi-
tions (that is, at pH values of 7.6 and 8.0, and
at pD values of 8.0 and 8.4).

Solubilization and gel filtration of labeled
membranes. To estimate the effects of acti-
vators on the distribution of trinitrophenyl-
ated derivatives among various membrane
components, erythrocytes were labeled to
approximately the same degree in both the
presence and absence of activators of TNBS
incorporation. This was achieved by varying
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reaction times and/or activator concentra-
tions such that ultimately membranes with
the same absorbance at 335 nm per milli-
gram of protein were obtained whether or not
activator was present, and regardless of the
nature of the activator (Mgtt, Zn*+, or
chlorpromazine). This procedure was adopted
so that any differences in the nature and ex-
tent of labeling of membrane components
could be attributed solely to the nature of
the activator and not to the extent of in-
corporation of label.

Membranes were incubated with TNBS
under the usual conditions, and when the
desired degree of labeling had been attained
the reaction was terminated by the addi-
tion of 1 M HCl. Membranes were isolated
and washed free of unreacted TNBS by
centrifugation. Labeled membranes were
solubilized prior to gel filtration in one of
two ways. In the first procedure, membranes
were dissolved in 1 % sodium dodecyl sulfate
containing 0.02% sodium azide. Samples
were then centrifuged at 40,000 X ¢ for
10 min to remove residual undissolved ma-
terial (the amount of which was usually
slight). The supernatant fluid was then
applied to a column containing Sephadex
G-200; elution was carried out with 1%
sodium dodecy! sulfate—0.02 % sodium azide.
Alternatively, membranes were solubilized
by Oberly and Duncan’s (4) modification
of the method of Lenard (5), i.e., by exten-
sive dialysis (36 hr) at 4° against 5 mm
EDTA-5 mm mercaptoethanol, pH 7.5, fol-
lowed by addition of sodium dodecyl sulfate
(final concentration, 3%) to the dialysate,
and finally heating at 100° for 3 min in
order to complete disaggregation. Following
centrifugation at 40,000 X ¢ for 15 min, the
supernatant fluid was applied to a Sephadex
G-200 column and clution was performed
with 1% sodium dodecyl sulfate-5 mm
EDTA-0.05 M ammonium bicarbonate-
0.02 % sodium azide, pH 7.4.

Phospholipid extraction and analysis. Mem-
branes (5.0 ml) were incubated with or with-
out TNBS in the usual reaction medium un-
til the desired degree of labeling had occurred
in TNBS-containing samples. Following
addition of 25 ml of 1 m HCI, samples were
centrifuged at 30,000 X g, and the resulting
pellets were washed twice with water and
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isolated by centrifugation. The membranes
then were extracted with 2-propanol (11 ml)
for 1 hr at room temperature, and following
this chloroform (5 ml) was added to the mix-
ture. After 1 hr at room temperature, sam-
ples were centrifuged in a low-speed centri-
fuge, and the resulting supernatant solu-
tions were washed twice with 50 my KCI
(6). Butylated hydroxytoluene was added to
each supernatant fraction (final concentra-
tion, 0.01 %), and samples were then concen-
trated to a final volume of 2.0 ml under
vacuum at room temperature. The phos-
pholipid mixture was resolved by thin-layer
chromatography on coated silica gel F-254
plates (Brinkmann) activated for 30 min at
110° prior to use. The solvent system con-
sisted of chloroform-methanol-concentrated
ammonia (14:6:1). Spots were visualized
either directly (in the case of TNBS deriva-
tives, which were yellow) or following ex-
posure to iodine vapor. Lipids containing
amino groups were localized by spraying the
plates with ninhydrin, and individual phos-
pholipid spots were identified as described by
Winterbourn and Carrell (7).

Chemical analyses. Protein contents were
determined by the method of Lowry et al.
(8), using bovine serum albumin (Armour) as
standard. Phospholipid was estimated by
Bartlett’s method (9), and cholesterol by
the method of Zak et al. (10). The proteo-
lipid content of chloroform—2-propanol ex-
tracts of membranes was measured as de-
scribed by Lees and Paxman (11).

RESULTS

Effects of membrane cholesterol depletion.
In view of the apparent correlation which
had previously been found between cation-
stimulatory effects on TNBS incorporation
and the phospholipid to cholesterol ratio in
different membrane preparations (1), the
effects of hexane extraction were examined.
This solvent preferentially depletes mem-
branes of cholesterol as compared with phos-
pholipids. The results in Table 1 indicate
that removal of up to 75 % of the membrane
cholesterol had virtually no effect on the
stimulatory properties of Mgt+, Zn*t+, or
chlorpromazine with respect to TNBS incor-
poration.
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TaBLE 1

Effects of cholesterol extraction on incorporation of
TNBS into erythrocyte membranes

Activator Concentra- TNBS incorporation rate

tion

Control® Hexane-

extracted®

mM Asxs/min/mg protein

Mgt 1 0.087 0.108
5 0.372 0.359

10 0.468 0.466

20 0.727 0.740

30 0.857 0.861

Znt+ 0.5 0.182 0.152
1.0 0.273 0.238

2.0 0.394 0.295

5.0 0.403 0.462

Chlorpromazine 0.05 0.074 0.090
0.10 0.134 0.152

0.20 0.173 0.224

0.40 0.610 0.682

0.60 1.165 1.184

@ Chemical composition: cholesterol, 259 ug/
mg of protein; phospholipid, 616 ug/mg.

¢ Chemical composition: cholesterol, 66 ug/mg
of protein; phospholipid, 581 xg/mg.

Phospholipase A studies. Treatment of
erythrocyte membranes with phospholipase
A, which is known to hydrolyze fatty acid
ester linkages primarily at the g-position of
phospholipids (12, 13), would be expected to
cause extensive perturbation of the nonpolar
regions of phospholipids. The effects of phos-
pholipase A treatment on Mg+t and Zn*+
stimulation of TNBS incorporation are
shown in Fig. 1. The finding that the stimu-
latory properties of Zn*+ were virtually un-
altered, whereas those of Mg+ were mark-
edly affected, is consistent with the results
of our previous studies with phospholipase
C, which showed that Mg** stimulation (in
contrast to the effects of Zn*+) required the
integrity of membrane phospholipids (1).

The action of phospholipase A results in
the formation of lysophosphatidyl com-
pounds and free fatty acids, both of which
tend to remain associated with the mem-
brane (14). Such membrane-bound fatty
acids might form a new class of membrane
cation-binding sites. The possible role of such
groups in the diminished responsiveness of
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phospholipase A-tceated membranes to Mg+t by means of extensive washing with fatty
was examined. Figure 2 illustrates the effects acid-free bovine serum albumin (15). The
on Mgt+t-stimulated TNBS incorporation of phospholipid and cholesterol contents of
removing membrane-bound free fatty acids phospholipase A-treated and bovine serum
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Fi1a. 1. Effect of phospholipase A treatment on stimulatory effects of divalent cations on TNBS incorpora-
tion

Two milliliters of membrane suspension, 0.1 ml of heated phospholipase A (P Lipase A) solution (10
mg/ml), 0.8 ml of CaCl: (20 mu), and 2.0 ml of Tris (20 mum, pH 8.0) were incubated at 37° + 0.5° for 15
min. The reaction was terminated by the addition of 10 ml of EDTA (4 mM, pH 7.0), and the mixture was
centrifuged. The pellet was washed once with 20 mm Tris (pH 8.0). The final pellet was resuspended in
2.0 ml of H,0, and 0.2-ml aliquots were assayed for TNBS incorporation in the presence of Mg*+ or
Zn**, as described in METHODS.
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F1a. 2. Treatment of control and phospholipase A-treated membranes with bovine serum albumin; effects
on Mg+t stimulation

Membranes were treated with phospholipase A (PLA) as indicated in Fig. 1. They were then washed
three times with 19, defatted bovine serum albumin at room temperature, and finally three water washes
to remove the bovine serum albumin were carried out. Membranes not treated with bovine serum al-
bumin were subjected to the three water washes as well. After these washes all membrane samples were
resuspended in the same volume of water, and aliquots were assayed for TNBS incorporation in the
presence of varied concentrations of Mgtt.



MEMBRANE-PERTURBATIONAL EFFECTS OF DRUGS AND DIVALENT CATIONS

TABLE 2

Chemical composition of phospholipase A-treated
and bovine serum albumin-washed
erythrocyte membranes

Details concerning phospholipase A treatment
and BSA washing are given in the legend to Fig. 2.

Treatment Phospholipid  Cholesterol
pg/mg protein
No BSA
Control 28.6 201
Phospholipase A 26.7 216
BSA-washed
Control 25.9 204
Phospholipase A 19.7 203
TasBLE 3

Eadie plot analysis of Mg+t stimulation in phos-
pholipase A- and bovine serum albumin-
treated membranes

Data were obtained from Fig. 2. Viax and Kaies
values were evaluated from the y intercept and
slope, respectively, of regression lines derived
from data expressed in the form of Eadie plots by
means of a Compucorp 140 (Statistician) cal-
culator.

Treatment Vmax Apparent
diss
Azss/min/mg mu
protein
No BSA

Control 0.417 7.4
Phospholipase A 0.127 6.0

BSA-washed
Control 0.413 5.0
Phospholipase A 0.195 4.1

albumin-washed membranes are shown in
Table 2. It is clear that minimal alterations
in membrane composition accompanied these
procedures. The data in Fig. 2 were converted
to the form of Eadie plots (16), from which
Vmax and apparent Kaiss values could be ob-
tained. This information is summarized in
Table 3. It indicates that the main effect of
phospholipase A treatment was on the Viax
value rather than on the apparent Ky;s, , and
also that the effects of the phospholipase are
probably not immediately attributable to the
liberation of free fatty acids within the mem-
brane.

Studies with picryl chloride. The fact that
integrity of nonpolar lipid regions of the
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ervthrocyte membrane seems to be required
for Mgt+ stimulation of TNBS incorpora-
tion provides evidence that the mechanism
by which cations stimulate incorporation is
probably more complex than simple charge
neutralization resulting in enhanced accessi-
bility of the anionic TNBS molecule. Addi-
tional information on this possibility was ob-
tained by examining the behavior of picryl
chloride, an uncharged analogue of TNBS,
which also forms trinitrophenylated deriva-
tives of membrane amino groups (17). How-
ever, unlike TNBS, the incorporation of
picryl chloride should be independent of
possible electrostatic barriers.

The effects of Mg+t and phospholipase C
treatment on the incorporation of picryl
chloride and TNBS into erythrocyte mem-
branes were compared directly under identi-
cal experimental conditions. The data are
summarized in Fig. 3. The reaction of picryl
chloride with the membrane was more rapid
than that of TNBS, presumably as the re-
sult of greater ease of permeation of picryl
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F1G. 3. Incorporation of TNBS and picryl chlo-
ride (PC) into erythrocyle membranes; effects of
Mg+t and phospholipase C (PLC)

Reaction mixtures consisted of 0.2 ml of mem-
brane protein, 1.0 ml of 20 mum Tris buffer (pH 8.0),
divalent cation when indicated, and water to a
final volume of 2.9 ml. Reactions were initiated by
addition of 0.1 ml of TNBS (20 mm) in water or 0.1
ml of picryl chloride (20 mM) in ethanol. Ethanol
was shown to have no measurable effect on the
TNBS reaction, even at higher concentrations
than those employed in the picryl chloride experi-
ments. The reactions were stopped using HCI-
10% sodium dodecyl sulfate, and absorbance at
335 nm was determined as described in METHODS.
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F1G. 4. Incorporation of TNBS and picryl chloride (PC) into erythrocyte membranes; effects of chlor-

promazine (CPZ) and phospholipase C (PLC)

The methodology used in these experiments was exactly the same as that described in Fig. 3.

chloride (17). However, the effects of Mg+
and phospholipase C treatment (on both
unstimulated and Mg+t+-stimulated activi-
ties) were qualitatively similar for both
TNBS and picryl chloride, although quan-
titatively these effects were most marked in
the case of TNBS. The effects of chlorproma-
zine on incorporation of both substances were
studied. The results in Fig. 4 show an en-
hancement by chlorpromazine in each case,
and a decrease in this stimulatory effect fol-
lowing phospholipase C treatment.

D0 studies. On the basis of the foregoing
results with picryl chloride, it seemed that
simple removal of electrostatic barriers to
TNBS as a result of charge neutralization by
cationic activators was inadequate to explain
the enhancement in incorporation. The possi-
bility that charge neutralization by activa-
tors might lead to structural rearrangements
as the result of alterations in the hydrational
state of membrane components seemed to
merit investigation. This hypothesis was
explored by studying the effect of substitut-
ing D,0 for H,O on TNBS incorporation and
its stimulation by cationic activators. An
important consideration in such studies is
the choice of the pH or pD value at which
reactions are to be carried out, since pD =
pH + 0.4, where pH is the pH meter reading
(3). Because it was not clear whether com-
parisons should be made at equal pH values
(as indicated by pH meter readings) or at

TaBLE 4

Effect of H:O and D:0 on initial rate of TNBS
incorporation

Aliquots (5.0 ml) of membrane suspension were
freeze-dried to remove as much H;O as possible.
The dry residue was then suspended in D,O, and
the mixture was allowed to stand at room tem-
perature for 30 min. Following centrifugation, the
membranes were resuspended in D,O (5.0 ml) and
assayed for TNBS incorporation in a D;0 reaction
medium containing 1.0 ml of Tris buffer in D,O
(20 mmM) of appropriate pH as described in METH-
ops. Studies in H;O were performed on membranes
treated in an identical manner, except that H.O
replaced D,O.

Sample Solvent pH pD Rate of TNBS

incorpora-
tion
Aus/mg

protein/hr
Untreated H.0 8.0 0.09440.019
Freeze-dried H;0 8.0 0.094+0.016
Untreated H,0 7.6 0.079-+0.024
Freeze-dried H,0 7.6 0.072+0.012
Freeze-dried D.O 8.0° 8.4 0.083+0.021

Freeze-dried D:O 7.69 8.0 0.082+0.026

¢ pH meter reading of D.O-Tris buffer; the pD
value was obtained from this reading by adding
0.4.

equal pH and pD values, both comparisons
were made.

It is clear from the data in Table 4 that
replacement of H,O by D,O had virtually
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F1a. 5. Effect of D50 on cation-stimulated incorporation of TNBS into erythrocyte membranes

In each graph the two upper curves correspond to pH meter readings of 8.0, and the two lower curves
to pH meter readings of 7.6. Membranes were freeze-dried and resuspended in H:O or D;O as described in
Table 4, and measurements of the rate of TNBS incorporation were made on the basis of 30-sec reaction

times, as described in METHODS.

no effect on the time course of TNBS in-
corporation. However, the stimulatory effects
of Mg+t and Znt** on incorporation were al-
tered in the presence of D,O (Fig. 5). In
both cases, whether effects were compared at
equal pH values or at pH = pD, the substi-
tution of D,O for H,O resulted in a de-
creased rate of incorporation. Eadie plot
analysis of cation stimulation indicated that
the effect of DO was to decreae the maximal
velocity without altering the apparent dis-
sociation constant for the cation (Table 5).
The decrease in Vnax produced by D.O rela-
tive to HyO for each cation appeared rela-
tively independent of pH or pD, and seemed
to be different for Mg++ and Zn*+.
Temperature dependence of TNBS in-
corporation. Another approach to studying
the effects of activator cations on membrane
configuration was to investigate their effects
on the activation energy for TNBS incorpo-
ration into erythrocyte membranes. The re-
sults of such a study are shown in Table 6.
Perturbation of membrane phospholipids by
phospholipases A or C had only a minor
effect on the temperature dependence of un-
stimulated TNBS incorporation. In contrast,
activation of TNBS incorporation by mag-
nesium or chlorpromazine was associated
with a substantial decrease in activation
energy relative to the unstimulated situa-
tion. This ability of magnesium and chlor-

TABLE &

Eadie plot analysis of concentration dependence of
cation stimulation of TNBS incorporation in
presence of H:0 and DO

The data were obtained from Fig. 5. Vim.x and
Kaiss values were evaluated from regression lines
derived from Eadie plots, using a Compucorp 140
(Statistician) calculator.

Conditions  Apparent  Vmax Decrease
diss in Viax
caused by
DO
mm Asss/min/ %
mmg prolein
Cation: Mg+t
pH 8.0 7.6 0.325
pD 8.4 6.3 0.208 36
pH 7.6 15.5 0.219
pD 8.0 11.7 0.140 36
Cation: Zn**
pH 8.0 1.4 0.411
pD 8.4 1.6 0.196 53
pH 7.6 2.3 0.218
pD 8.0 1.2 0.084 62

promazine to decrease the activation energy
of TNBS incorporation was abolished by
phospholipase C treatment of the mem-
branes. The decrease in activation energy
produced by magnesium seems particularly
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TABLE 6

Effects of phospholipases, activators, and
solubilization on activation energy for
TNBS incorporation

Temperature dependence studies were per-
formed at five different temperatures in the range
17-45° on a minimum of two, but usually three,
different membrane preparations, and in each case
activation energy figures represent the average of
six to eight separate experiments. Membranes
were treated with phospholipases as described in
METHODS, and solubilization of membrane proteins
with butanol or pentanol was carried out as de-
scribed in ref. 1. The final concentrations of acti-
vators were: MgCl:, 1 mm; NaCl, 3 mm; and
chlorpromazine, 0.05 mM. In each experiment
slopes and y intercepts of Arrhenius plots were
evaluated from the best-fitting line as determined
by a Compucorp 140 (Statistician) calculator.

Membrane treatment Activation
energy
kcal/mole
None 8.3 = 0.7
Phospholipase C 8.2 0.8
Phospholipase A 9.2 +1.3
Butanol extraction 6.2 £ 1.6
Pentanol extraction 6.8 &= 1.7
None + NaCl 8.0 = 0.3
None + MgCl, 6.1 &= 0.4
None + chlorpromazine 4.9 £+ 0.5
Phospholipase C 4+ MgCl, 8.2 £ 1.4
Phospholipase C + Chlorpro-
mazine 10.3 £+ 3.2

significant, in view of the fact that the stimu-
latory effect of sodium chloride (at the same
ionic strength as magnesium chloride) on
TNBS incorporation was not associated with
a decrease in activation energy relative to
the unstimulated case (Table 6).

In addition to the slopes of Arrhenius
plots, from which activation energies may be
estimated, y intercepts of such plots also
provide valuable information. These inter-
cepts, which are numerically equal to the
natural logarithm of the frequency factor 4
in the Arrhenius expression, may be con-
sidered to be proportional to the Eyring
entropy of activation parameter, and hence
they offer an indication of the extent to

GODIN AND WAN NG

which the process under consideration de-
pends upon structural or configurational
factors (18, 19). In processes where altera-
tions in solvation, particularly hydration, are
important, a linear correlation between ac-
tivation energy and In 4 (corresponding to a
correlation between Eyring enthalpies and
entropies of activation) usually is observed
(18). The data of the present temperature
dependence experiments exhibited two strik-
ing correlations of this type (Fig. 6). Lines
I and 2 depict the situation in the absence
and presence of cationic activators, respec-
tively. The relationship between In A4 and
activation energy E, may be expressed as
follows:

1

In A < RB,
where R is the gas constant and 8, is referred
to as the isokinetic temperature (18). Under
certain circumstances a correlation between
In A and E, may be fortuitous, arising from
errors in the measurement of activation en-
ergies. When this is the case, 8, is found to be
equal to the mean temperature of the ex-

) E, + constant

sLoPE =138
B =370" K

SLOPE=I1.47
B.z3a8" «

In ARRHENIUS FREGQUENCY FACTOR

ACTIVATION ENERGY (K Cal/MOLE)

F16. 6. Relationship between Arrhenius param-
eters (frequency factor and activation energy) for
TNBS incorporation into erythrocyte membranes

The data represented here were derived from
the Arrhenius plots of the experiments described
in Table 6. Activation energies are those listed in
Table 6, and In frequency factor terms are equal
in each case to the corresponding y intercept of the
Arrhenius plot in question. PLA = phospholipase
A; PLC-phospholipase C; CPZ = chlorpromazine.
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periment (20). Here the values of @, for
lines 7 and 2, 342° and 370°K, respectively,
differ substantially from 304°K, the mean
experimental temperature in the present ex-
periments. Therefore these results provide
strong evidence for the involvement of hy-
drational effects in membrane amino group
modification by TNBS and indicate that the
relationship between membrane hydration
and TNBS incorporation is different in the
presence and absence of cationic activators.

Effects of activators on distribution of the
trinitrophenyl label in membrane components.
In an attempt to characterize somewhat
more concretely the effects of cationic activa-
tors on the labeling of membrane moieties,
membranes were labeled with TNBS in the
absence or presence of activators, and this
was followed by solubilization and gel filtra-
tion on Sephadex G-200 in order to deter-
mine the distribution of label in each case. In
each of these experiments membranes were
compared at the same degree of total TNBS
incorporation relative to membrane protein
(absorbance at 335 nm per milligram of mem-
brane protein). This was achieved by ap-
propriate manipulation of incubation time
and TNBS concentration.

The results of a series of such experiments
are shown in Iig. 7. In each case two major
TNBS-labeled components (peaks I and II)
are apparent. Peak I invariably coincided
with a high molecular weight protein band,
whereas peak IT occurred in the region where
both phospholipids and cholesterol were
eluted (data not shown). It therefore appears
reasonable to assume that peak II primarily
reflected labeling by TNBS of the amino
groups of membrane phospholipids. Although
all four samples exhibited similar general
characteristics, the extent of protein labeling
(absorbance at 335 nm relative to protein
content in peak I) and of phospholipid label-
ing relative to protein labeling (as reflected
in the ratio of peak II to peak I) varied, de-
pending upon the absence or presence of an
activator and upon the nature of the activa-
tor. The information summarized in Fig. 8
has been derived from the data in Fig. 7.
The interaction of magnesium or chlorproma-
zine with the membrane apparently resulted
in increased labeling of phospholipids relative
to the control, and there was a corresponding
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FiG. 7. Gel filtration chromatography of TNBS-
labeled erythrocyte membranes on Sephadex G-200

Membrane aliquots (2 ml) were labeled to a final
TNBS incorporation of approximately 0.75 ab-
sorbance units at 335 nm per milligram of protein
in the absence or presence of Mg*+, chlorproma-
zine (CPZ), or Zn** by adjustment of incubation
time and TNBS concentration. Each sample was
solubilized by the method of Oberley and Duncan
(4) and applied to a 1.5 X 90 cm Sephadex G-200
column with 19, sodium dodecyl sulfate-5 mm
EDTA-0.05 M ammonium bicarbonate-0.029,
sodium azide as eluent (flow rate, 2 ml/hr). Frac-
tions of 50 drops were collected, and each fraction
was analyzed for absorbance at 335 nm and
protein.

decrease in protein labeling under these same
conditions. The stimulatory effects of zinc,
on the other hand, resembled the situation in
the absence of activator, and were associated
with preferential labeling of protein rather
than phospholipid components.

In order to confirm and extend the fore-
going observations, the incorporation of
TNBS into protein and phospholipid com-
ponents was examined separately. Mem-
branes were again labeled to the same degree
of total TNBS incorporation in the presence
or absence of activators, followed by extrac-
tion of the membrane lipids with chloro-
form-2-propanol (6), as described under
METHODS, producing a lipid-depleted protein
residue and a lipid extract.

The protein residues were solubilized and
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subjected to Sephadex G-200 gel filtration.
The results are summarized in Table 7A. In
each case two peaks of TNBS-labeled ma-
terial were resolved. The major peak of
TNBS incorporation invariably was asso-
ciated with the major peak of membrane pro-
tein and, in the presence of magnesium or
chlorpromazine, the TNBS incorporation
per nanogram of protein was markedly de-
creased, in agreement with the results shown
in Fig. 8. The second (minor) peak of TNBS
incorporation did not appear to be associated
with substantial amounts of membrane pro-
tein on the basis of the Lowry protein assay.
The large decrease in this peak (compared to
the corresponding peak II in Fig. 7) which
resulted from lipid extraction procedures sug-
gests that this minor component represents
labeled phospholipid material which escaped
extraction into the chloroform—-2-propanol
medium, possibly as a result of intimate
association with some protein component.
Thin-layer chromatographic analysis of
the chloroform—2-propanol extract indicated
the presence of two classes of trinitrophenyl-
ated derivatives: a major component with an
Ry value of 0.83 and a lesser component with
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TaBLE 7

Analysis of isolated protein and lipid components
of TNBS-labeled membranes

A. Lipid-depleted protein fraction. Membranes
were labeled as described previously, and washed
by centrifugation to remove excess TNBS. Fol-
lowing extraction with 2-propanol-chloroform
(see METHODS), the membranes were dissolved in
1% sodium dodecy! sulfate and applied to a 1.6 X
40 cm Sephadex G-200 column eluted with 1%
sodium dodecy! sulfate-0.029, sodium azide.
Fifty-drop fractions were collected.

Membranes Major component Minor
component
Az Aas/! ng Axs
prolein
Control 1.63 6.9 0.20
Mgt 0.87 2.2 0.48
Chlorpromazine 0.45 1.4 0.37
Zn** 1.36 3.0 0.41

B. Lipid extract. Following washing with 50
mM KCl and addition of butylated hydroxytoluene
(see METHODS), lipid extracts were concentrated
under vacuum to & minimal volume, and volumes
were then adjusted to 2.0 ml with chloroform-
methanol (2:1). Aliquots of each extract were
spotted on an activated (30 min at 110°) silica gel
plate (Brinkmann), and development was carried
out with chloroform-methanol-ammonia (14:6:1
by volume). The two major yellow spots in each
sample were scraped off the plate and eluted with
methanol (final volume, 2.0 ml). Aliquots of each
methanol extract were used for the determination
of absorbance at 335 nm.

Rp Sample Asss
0.83 Control 0.055
Mg+ 0.058
Chlorpromazine 0.152
Zn*t 0.099
0.71 Control 0.028
Mgt 0.027
Chlorpromazine 0.057
Zntt 0.018

an Ry of 0.71. Also, in the control, mag-
nesium-, and particularly the chlorproma-
zine-treated samples, an additional minor
component was present, which had an Rr of
0.6. However, this component was not in-
vestigated further here. The extent of TNBS

incorporation into each of the two major
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TABLE 8
Analysis of phospholipid content of untreated and TN BS-treated erythrocyte membranes

Membranes (5 ml) were labeled with TNBS in the presence or absence of activators, and a parallel
series of membranes containing only activator, but no TNBS, was also run. Following isolation and
washing of the membranes, extraction with 2-propanol (11 ml) and later with chloroform (5 ml) was
carried out (see METHODS). Extracts were washed twice with 50 mm KCl, and butylated hydroxytoluene
(final concentration, 0.019;,) was added to prevent autoxidation. Extracts were concentrated to a low
volume under vacuum and applied to previously activated silica gel F-254 plates (Brinkmann). Develop-
ment was carried out with chloroform-methanol-ammonia (14:6:1 by volume). Spots were visualized
by exposure to iodine vapors and analyzed for phosphorus content by Bartlett’s method (9). Data from
untreated membranes (with or without activator) were pooled, and mean values + standard deviations
are given. Phosphatidylserine was not well resolved from other (minor) components near the origin, so
that this material is referred to as the phosphatidylserine fraction to indicate its heterogeneity.

Membranes Phospholipid content
Phosphatidyl- Phosphatidyl- Sphingomyelin Phosphatidyl-
ethanolamine choline serine fraction
ug P ug P ug P ug P
Untreated 0.49 + 0.12 0.53 = 0.16 0.59 + 0.22 0.52 + 0.15
TNBS—control 0.16 0.47 0.52 0.48
TNBS—Mg*+ 0.19 0.40 0.48 0.42
TNBS—chlorpromazine 0.15 0.46 0.47 0.45
TNBS—Zn** 0.15 0.37 0.50 0.45
components varied with the nature of the TABLE 9

activator (Table 7B). The presence of mag-
nesium did not appear to be associated with
increased labeling of either component,
whereas chlorpromazine produced an in-
crease in labeling of both components. Zinc
in one case produced an increase and in the
other a decrease in labeling relative to the
control. The formation of these two groups of
lipid-soluble TNBS derivatives was associ-
ated with a marked decrease in the phos-
phatidylethanolamine (but not phospha-
tidylserine) content of the membranes (Table
8). The fact that the R values of the two
TNBS-labeled components were substan-
tially greater than that of phosphatidyl-
ethanolamine (0.48 in this system) is con-
sistent with the formation of less polar
trinitrophenyl derivatives of the amine
function of this phospholipid. It may be
that the differences in the extent of labeling
of these two components present in the lipid
extract reflect differences in the effects of
activators at the level of membrane phos-
pholipid accessibility and/or reactivity.
However, one cannot eliminate the possible
contribution to labeling of small amounts of
proteolipid (11) which are soluble in lipid
extraction media. In fact, the presence of

Proteolipid content of lipid extracts of
erythrocyle membranes

The chloroform-2-propranol extracts described
in Table 8 were concentrated under vacuum and
brought to a final volume of 2.0 ml with chloro-
form-methanol (2:1 by volume). Aliquots (0.02
ml) of this solution were analyzed for proteolipid,
using bovine serum albumin as standard (with
the appropriate correction factor) as described by
Lees and Paxman (11).

Membranes Proteolipid
No TNBS TNBS-treated
mg/ml mg/ml
Control 3.66 2.90
Mg+t 2.87 2.60
Chlorpromazine  2.34 3.21
Zn** 2.84 4.39

protein material which may be proteolipid
in nature was demonstrated in unfrac-
tionated lipid extracts (Table 9). Further
large-scale resolution of the individual
RNBS-labeled components present in chloro-
form-2-propanol extracts will be required
before a complete understanding of the role
of membrane protein and lipid components
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Fi1a. 9. TNBS incorporation into membrane components solubilized by trypsin (A) and into insoluble
. regidue following trypsin digestion (B)

Two-milliliter aliquots of membranes were labeled with TNBS as described in the experiments illus-
trated in Fig. 7. Following the labeling, membranes were washed once with 20 mm Tris buffer (pH 8.0)
and were then treated with 1.5 ml of trypsin (50 ug/ml) for 15 min at 37° & 0.5°. Supernatant and par-
ticulate fractions resulted from centrifugation of the mixture following incubation; 0.5-ml aliquots of
each supernatant fraction were applied to a 1 X 27 cm Sephadex G-200 column, and elution was carried
out with 1%, sodium dodecy! sulfate-0.02% sodium azide. Fractions of 15 drops were collected. The resi-
dues following centrifugation were solubilized in 1.0 ml of elution medium, and 0.5-ml aliquots were sub-
jected to Sephadex gel filtration in the same manner as the supernatant fractions. CPZ = chlorpro-
mazine.
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as sites of TNBS incorporation in both the
absence and presence of activators can be
achieved.

In the final series of experiments, prelimi-
nary attempts were made to elucidate the
membrane localization of components sus-
ceptible to TNBS attack in the absence or
presence of cationic activators. Membranes
were labeled to the same degree of total
TNBS incorporation in the absence or pres-
ence of magnesium, chlorpromazine, or zinc,
and the unlabeled membranes were then
treated with trypsin to remove peripherally
located proteins susceptible to proteolytic
attack (21). The Sephadex G-200 elution
patterns and TNBS labeling of the proteins
rendered soluble by trypsin were compared
with those of the residue remaining following
trypsin treatment. The results are shown in
Fig. 9A and B, respectively. The most
readily interpretable information is obtained
from the major peaks of TNBS incorpora-
tion, which in each case corresponded with
the regions of maximal protein content.
Variations in the extent of labeling of these
major components (absorbance at 335 nm
per nanogram of protein) were minimal with
the supernatant fractions, but considerably
more variation was found in the labeling of
the residual fractions in each case. This in-

TRYPSIN SOLUBILIZED MATERIAL .

ARESIDUAL MEMBRANE MATI.IALD

INCORPORATION OF
TNBS INTO MAJOR FRACTIONS
(ABSORB. 335 nm/ng PROTEIN)

b

CONTROL Mg~ cPz zn"

F1a. 10. Relative labeling by TNBS of particulate
and soluble fractions of erythrocyte membranes treated
with trypsin

Data were derived directly from Fig. 9A and B.
CPZ = chlorpromazine.
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formation is summarized in Fig. 10, and is
consistent with the view that the effects of
activators may be most pronounced on less
peripherally located membrane moieties. A
study of the effects of cationic activators on
the extent of TNBS incorporation into in-
dividual, well-characterized membrane pro-
teins of known location within the mem-
brane matrix would constitute a more rigor-
ous approach to this problem.

DISCUSSION

The studies described here provide evi-
dence that the stimulatory effects of drugs
and divalent cations on TNBS incorporation
into erythrocyte membranes reflect pertur-
bations of both polar and nonpolar regions of
membrane lipids and also membrane pro-
teins; that these perturbations may involve
alterations in the hydrational state of mem-
brane components; and that it may be possi-
ble to describe the specific perturbational
effects of individual drugs or divalent cations
in terms of characteristic changes in the dis-
tribution of the chromophoric trinitrophenyl
groups, derived from TNBS.

The role of nonpolar regions of membrane
lipids in determining cation-stimulated
TNBS incorporation was investigated by ex-
amining the effects of cholesterol depletion
or of phospholipase A-induced hydrolysis of
B-fatty acid moieties of membrane phospho-
lipids (22) on incorporation. Extensive de-
pletion of membrane cholesterol had vir-
tually no effect on the stimulatory proper-
ties of Mg*tt, Zn**, or chlorpromazine on
TNBS incorporation (Table 1). This was
somewhat unexpected, since phospholipid
integrity is required for the stimulatory
effects of Mg+t and chlorpromazine (1), and
cholesterol markedly influences the physical
state of phospholipid fatty acid chains (23)
and may contribute to bilayer stability (24).
It may be that the cholesterol which remains
associated with the membrane following
hexane extraction (25% of the total choles-
terol) may be sufficient to maintain mem-
brane structural and functional integrity
(25, 26). The influence of phospholipase A
treatment (involving removal of a nonpolar
phospholipid moiety) on cation-stimulated
TNBS incorporation into membranes was
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quite analogous to the effect of treatment
with phospholipase C (involving removal of
a dipolar phospholipid moiety) (1). Both en-
zyme treatments reduced the stimulatory
effects of Mg++, but produced little change
in the stimulatory activity of Zn*+ (Fig. 1).
This suggests that integrity of both charged
and nonpolar segments of phospholipids is
necessary for the stimulatory effects of
Mg*+, and this in turn may result from a
functional interdependence of polar and
nonpolar regions of membrane phospholipids.
The effects of phospholipase A treatment on
membrane structural and functional proper-
ties have been attributed primarily to the
hydrolysis of B-fatty acid moieties (22)
rather than to the action of reaction prod-
ucts—fatty acids and lysophosphatidyl de-
rivatives, which remain membrane-associated
(14). This assumption seems reasonable on
the basis of the work of others (22, 27, 28)
but it is difficult to verify. Experiments de-
signed to test the effect of removing fatty
acid products (Fig. 2 and Table 2) showed
that only a small degree of restoration was
obtained following extensive washing with
bovine serum albumin (Table 3). Had greater
effects been obtained, they would have been
difficult to interpret unequivocally, since it
has been shown that removal of membrane-
associated fatty acids liberated as a result of
phospholipase A action leads to further al-
terations in membrane structure, which as a
result is even more removed from the native
state (12, 27).

One must now inquire into possible mecha-
nisms whereby interaction of cationic sub-
stances with membranes increases TNBS
incorporation. One straightforward expla-
nation would be that simple charge neutra-
lization might serve to decrease coulombic
repulsions between anionic membrane sites
and trinitrobenzenesulfonate anions, thereby
enhancing TNBS incorporation. Such an
interpretation was offered by Rubalcava
et al. (29) for the cationic enhancement
of aminonaphtholsulfonic acid binding to
erythrocyte membranes. However, the stimu-
latory effects of Mg+t and chlorpromazine
on TNBS incorporation are also observed
with picryl chloride, a neutral analogue of
TNBS (Figs. 3 and 4). The impairment of
Mg*+ stimulation of TNBS incorporation
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by prior treatment with phospholipase A was
also inconsistent with an explanation based
on simple charge neutralization.

Since cation-stimulatory effects are most
strikingly manifested as an increase in phos-
pholipid (mainly phosphatidylethanolamine)
labeling, it is appropriate to consider the re-
sults obtained from studies concerning the
modification of pure phospholipid dispersions
by TNBS (summarized in ref. 30). It was
found that the reactivity of phosphatidyle-
thanolamine toward TNBS was enhanced by
factors which tend to disrupt ion pairing be-
tween the ammonium function and adjacent
phosphate groups (31). However, the results
of Carraway and Huggins (32) on the modifi-
cation of phosphatidylethanolamine and
phosphatidylserine, using acetic anhydride,
suggest that the situation is considerably
more complex. It is shown that both posi-
tively and negatively charged detergents in-
crease thereactivity of phosphatidylethanola-
mine and phosphatidylserine dispersions;
furthermore, with isolated erythrocyte mem-
brane lipids, while positively charged deter-
gents still increase amino group reactivity,
negatively charged substances decrease reac-
tivity. It would seem, therefore, that the sus-
ceptibility of amino groups of pure phospho-
lipid aggregates to modification depends on
the modifying reagent and also on the config-
uration of the phospholipid array, which in
an intact membrane is probably affected to
some degree by the presence of protein. Cer-
tainly there is evidence that the configura-
tion of some membrane proteins depends
upon the nature and configurational state of
membrane lipids (22, 27).

Although the initial interaction of divalent
cation and phospholipid is presumably elec-
trostatic in nature, cooperative alterations
may occur in nonpolar segments (33, 34), and
this could trigger configurational changes in
the lipid phase (35). The interaction of local
anesthetics with membrane phospholipids
is believed to involve both electrostatic and
nonpolar types of interactions, the latter
being particularly important in determining
local anesthetic activity per se and also local
anesthetic potency (36). As with divalent
cations, the interaction of both general and
local anesthetics with membranes can pro-
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duce alterations in the ordering and fluidity
of nonpolar regions of membranes (37).

Variations in the hydration of critical
groups may furnish a common basis for the
functional interdependence of polar and non-
polar segments of membrane lipids and the
modifying effects of drugs and divalent ca-
tions on membrane lipoprotein components.
Polar regions of phospholipids contain ap-
preciable amounts of motionally restricted
water (38), and this hydration affects the
organization of nonpolar hydrocarbon re-
gions of membrane lipids (39, 40). I'urther-
more, it has been suggested that variations
in membrane hydration caused by choles-
terol (41-43), drugs (44-46), and ions (47—
50) may be intimately related to the mem-
brane-modifying properties of these agents.
There is evidence that the solvational and
configurational characteristics of erythro-
cyte membrane components are altered
when membranes are transferred from an
aqueous medium to one containing D.O
(51). In the present study, extensive replace-
ment of medium H,O by D,O decreased (al-
though to somewhat different extents) the
stimulatory effects of Mg+t and Zn*+ (Fig.
5) without appreciably affecting TNBS in-
corporation in the absence of cations (Table
4). The decreased stimulatory effectiveness of
both cations was associated with a decreased
V max value rather than an increased apparent
K., (Table 5), suggesting that configura-
tional changes following binding, rather than
binding per se, were altered in the presence
of D,O. The recently observed inhibitory
effects of D;0 on mixed-function oxidases of
rat hepatic microscomes (52) exhibited anal-
ogous characteristics (decreased Viax with-
out a change in K,,) and were likewise in-
terpreted in terms of configurational altera-
tions in membrane components consequent
to hydrational changes.

As an approach to the molecular charac-
terization of the postulated membrane con-
figurational changes associated with altera-
tions in TNBS incorporation in the presence
or absence of activators, and to investigate
further the role of hydrational effects, tem-
perature dependence studies of TNBS in-
corporation were undertaken (Table 6). In
the presence of Mgt+ or chlorpromazine,
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the activation energy for TNBS incorpora-
tion was decreased, and this decrease was
prevented by prior phospholipase C treat-
ment. The finding that activation energy
(E.) for incorporation also decreased as pro-
gressive perturbation of native membrane
structure by butanol and pentanol extrac-
tion occurred (1) was consistent with the in-
volvement of activator-induced membrane
configurational alterations, which altera-
tions would increase accessibility and/or re-
activity of membrane amino groups. Linear
relationships between E, and In frequency
factor (In A), which are formally analogous
to Eyring enthalpies and entropies of activa-
tion, respectively (18, 19), were demon-
strated for TNBS incorporation in the pres-
ence and absence of activators (Fig. 6). Such
linearity (or compensation) between en-
thalpy and entropy terms has been observed
for a number of chemical (53), enzymatic
(54), and membrane (18, 46) processes oc-
curring in aqueous media, and in each case
has been taken as evidence for an important
role of hydrational effects in the process.
Although the amount of data and the range
of E, values obtained here are small, our re-
sults suggest that TNBS incorporation may
be affected by the nature and extent of hy-
dration of membrane components and that
the effects of activators may, either directly
or indirectly, involve alterations in the state
of membrane-bound water. On this basis,
in the absence of cationic activators (Fig. 6,
line 1), phospholipase A treatment increases
the structuring of membrane-associated
water molecules (there is an increase in both
In A and E, terms relative to the control),
whereas phospholipase C, pentanol, and
butanol treatments progressively disrupt
membrane hydration. TNBS incorporation
in the presence of Mg++ or chlorpromazine
is characterized by a second linear relation-
ship between In A and E, (Fig. 6, line 2). It
is apparent from these data that phospho-
lipase C treatment, which impairs the ability
of both molecules to stimulate TNBS in-
corporation (1), does not abolish the inter-
action of these activators with the membrane
(data points fall on line 2 rather than on
line 1) but instead appears to decrease, rela-
tive to membranes where phospholipids are
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intact, the degree of hydrational disruption
which results from this interaction.

Our preliminary experiments to analyze,
in structural terms, the effects of activators
on TNBS labeling have indicated that the
presence of Mg+ or chlorpromazine results
in a marked increase in the labeling of mem-
brane phospholipids relative to membrane
proteins, whereas the stimulatory effects of
Zn** are not associated with a preferential
increase in phospholipid labeling (Figs. 7 and
8). TNBS incorporation into membrane
phospholipids was associated exclusively
with phosphatidylethanolamine, and no evi-
dence for phosphatidylserine labeling was
found (Table 8). This low reactivity of mem-
brane phosphatidylserine toward amino
group-modifying reagents has been observed
by others (55, 56), and has been taken as
evidence for an asymmetrical distribution of
phosphatidylserine in membrane bilayer
structures, such that most, if not all, would
be present on the inner surface (56). While
our results are consistent with this interpre-
tation, other explanations are possible. The
interaction of TNBS with amino groups is
extremely sensitive to the local environment
of the amino group, so that negative charges
in the vicinity of the reaction site cause a
decrease, and positive charges an increase, in
reactivity (57). Thus the decreased modifica-
tion of phosphatidylserine by TNBS may be
attributable to the presence in the molecule
of an additional negative charge relative to
phosphatidylethanolamine. This strong in-
fluence of local environmental factors on
amino group modification by TNBS may de-
termine the sensitivity of TNBS incorpora-
tion to the configurational state of the mem-
brane.

The present study has described the effects
of cationic activators on the gross labeling
characteristics of membrane proteins and
phospholipids by TNBS. More subtle in-
formation concerning the relationship be-
tween activator binding and the enhance-
ment of TNBS labeling will require the char-
acterization of activator-binding sites and of
the spatial configuration within the mem-
brane matrix of components whose reactivity
toward TNBS is altered by activator binding.
Preliminary experiments involving trypsin
digestion of labeled membranes indicate that
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the incorporation of TNBS into peripherally
located proteins liberated by trypsin is not
appreciably aflected by the presence of
Mgt+, Zn*, or chlorpromazine (Figs. 9 and
10). Finally, studies currently in progress are
attempting to correlate effects of various
pharmacological agents on the labeling of
membrane structural components with their
effects on membrane enzymatic activities.
It may eventually be possible to attribute
functional significance to the perturbational
effects of drugs on the configurational char-
acteristics of membrane structural compo-
nents, using such an approach.
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