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Summary. The perturbational effects of monovalent and divalent cations on human 
erythrocyte membranes were analyzed by examining their influence on kinetic and structural 
characteristics of trinitrobenzenesulfonic acid (TNBS) incorporation into the amino groups 
of protein and phospholipid structural components. The stimulatory effects of monovalent 
cations on TNBS incorporation, which were size-independent and attributed to nonspecific 
membrane alterations resulting from ionic strength factors, contrasted with the more pro- 
nounced stimulatory properties of divalent cations which were markedly size-dependent. 
These stimulatory effects of cations on TNBS incorporation were associated with alterations 
not only in rate but also in activation energy of incorporation. Changes in activation 
energy produced by divalent cations paralleled their ability to perturb membrane protein 
components and probably reflected changes in probe permeation. The rate of TNBS incorpo- 
ration exhibited a dependence on divalent cation ionic radius which paralleled ion-induced 
perturbations in the labelling of the membrane amino phospholipid phosphatidylethanola- 
mine. Divalent cations differed both in the relative extent and in the characteristics of 
protein and phospholipid perturbation. Alkaline earth cations behaved as a rather homogene- 
ous group while Ni ++, Co ++ and Mn ++ constituted a second heterogeneous group. 
The influence of monovalent and divalent cations on the hemolytic behavior of intact 
erythrocytes paralleled their effects on TNBS incorporation into isolated membranes rather 
closely. It is suggested that TNBS incorporation may provide a valuable means of analyzing 
functionally relevant cation-induced alterations in biological membranes in general. 

Considerable evidence now exists attesting to the crucial role of inor- 
ganic cations in determining both structural and functional characteristics 
of biological membranes [3, 4, 7, 22, 27, 34, 36]. This is well exemplified 
in excitable tissues, where electrical excitation and transmitter release 
are critically influenced by cation-membrane interactions [18, 24, 28, 
30]. Studies of the molecular basis of inorganic cation-induced membrane 
perturbations, using a variety of physico-chemical approaches, including 
electron spin resonance [9, 19], fluorescent probes [11, 38, 41], and a 
combination of differential scanning calorimetry and fluorescence polar- 
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ization [21], have tended to focus on the ion-binding properties of phos- 
pholipids, particularly in experiments involving artificial membranes. 
Such investigations have underlined the importance of inorganic cations 
in determining the configuration of lipid arrays and have emphasized 
differences in the perturbational effects of monovalent vs. divalent ca- 
t ions-  differences which may well be relevant to the roles of these ions 
in determining membrane excitability [18]. Furthermore, the ability of 
divalent cations to induce membrane fusion [33, 35] has provided a 
possible interpretation for their requirement in secretory processes involv- 
ing exocytosis [8]. 

Despite the obvious advantages of investigating the behavior of inor- 
ganic cations in relatively simple artificial phospholipid systems as models 
of real biological membranes, such approaches preclude an analysis of 
the role of proteins in influencing both structural and functional alter- 
ations resulting from membrane-cation interaction. Not surprisingly, 
therefore, the high degree of specificity characterizing most cation-depen- 
dent biological processes is rarely achieved in artificial systems and cation 
effects have generally been interpreted in terms of simple charge neutra- 
lization or screening. On the other hand, in studies utilizing real biological 
membranes, limitations in available physico-chemical probes have often 
made it difficult to analyze in detail the relative contributions of lipid 
and protein membrane components to cation-induced structural alter- 
ations. 

Recent reports from this laboratory [13, 15] have described the use 
of group-specific chemical probes in the analysis of drug- and cation- 
induced perturbations in biological membranes. In the present study, 
structural alterations induced in human erythrocyte membranes by mono- 
valent and divalent cations have been characterized kinetically, in terms 
of effects on the accessibility and/or reactivity of membrane amino groups 
towards trinitrobenzenesulfonic acid (TNBS) and analyzed structurally 
by measuring the influence of cations on the incorporation of covalently 
bound, chromophoric trinitrophenyl groups into membrane proteins and 
phospholipids. Attempts have also been made to relate these cation- 
dependent structural alterations to corresponding membrane functional 
changes in intact erythrocytes, namely their susceptibility to hypotonic 
hemolysis. In view of the suggested analogy between the effects of phar- 
macological agents on the hemolytic behavior of erythrocytes and on 
the electrical properties of excitable membranes [37, 40], it was hoped 
that these investigations would provide some insight into molecular as- 
pects of pharmacologically relevant membrane-cation interactions. 
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Butylamine Model Studies 

Effects of temperature, cations and pH variation on the incorporation of trinitroben- 
zenesulfonic acid (TNBS) or picryl chloride (PC) into butylamine were examined in a 
3.0 ml reaction mixture containing 1.0 ml Tris buffer (20 mM), at pH values ranging from 
7.0 to 9.0 (in half unit increments); butylamine (0.2 ml of a solution consisting of 1 part 
butylamine diluted to 500 parts with double distilled water); TNBS (0.1 ml, 10 raM, pH 8.0) 
or PC (0.1 ml, 10 mM in ethanol); 0.1 ml ion solution in the cation studies (30 mM MgC12 
or 300 mM NaC1) and sufficient double distilled water to make a final volume of 3.0 ml. 
Reactions were initiated by the addition of the TNBS or the PC, and reaction times 
varied from 30~50 sec in experiments at high pH to 12-24 min in experiments at low 
pH. Five reaction temperatures were selected in the range between 5 4 6 + 0 . 5  ~ for the 
construction of Arrhenius plots. Reactions were terminated by the addition of 2.0 ml 1 : 1 
10% sodium dodecyl sulfate: 1 M HC1. Rates were expressed as absorbance at 335 nm 
per rain and the slope of the linear relationship between In rate and reciprocal absolute 
temperature was determined by regression analysis (using a Compucorp 140 statistical 
calculator) and used to evaluate Arrhenius activation energies. 

Membrane Studies with TNBS-Effects of Cations 

Human erythrocyte membranes were prepared from outdated blood stored in acid- 
citrate-dextrose by a stepwise hemolytic procedure [14] and contained 3 4  mg membrane 
protein per ml. Kinetic measurements of TNBS incorporation as a function of variations 
in temperature, pH and cation composition of the medium were performed under essentially 
the same experimental conditions as described for the butylamine model studies, except 
that membranes (0.2 ml) replaced the butylamine solution. In preliminary experiments 
it was found that reaction times of 30 rain (in the absence of added cations) or 60 sec 
(in the presence of divalent cations) yielded sufficiently large absorbance increments for 
reliable measurement and also yielded linear reaction rateS. It was also shown that activation 
energy values measured within the first 30 rain (unstimulated) or the first 60 sec (stimulated) 
were independent of the reaction time chosen. In experiments using added monovalent 
cations (final concentration 10 mM), in order to test the effects of these ions under conditions 
exactly comparable (in terms of membrane concentration and absorbance increments) to 
those used in the divalent cation studies, it was necessary to utilize a reaction time (10 rain) 
which did influence somewhat the magnitude of the measured rates and activation energies. 
Arrhenius plots were linear in all cases, however, and a reaction time of 10 rain was 
felt to be a reasonable compromise between strict linearity of rate with time and impractically 
low absorbance values as a basis for comparing the stimulatory properties of these ions. 
The fact that all the monovalent cations exhibited virtually identical behavior at any given 
reaction time obviated the need for more rigorous quantitative comparisons. 

Enzyme Treatment of Membranes 

In a number of experiments the effects of prior treatment of erythrocyte membranes 
with neuraminidase, trypsin or phospholipase A on the unstimulated and cation-stimulated 
incorporation of TNBS were examined. 
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In the neuraminidase treatment, each ml membrane suspension utilized 3.0 ml sodium 
acetate buffer (50 mM, pH 5.5), 0.5 ml CaClz (20 raM) and 20 gl neuraminidase (Vibrio 
comma (cholerae), Behringwerke, Germany). Incubations were carried out at 37_+0.5 ~ 
for 30 rain and membranes were isolated and washed with double distilled water by centrifu- 
gation at 30,000 • g. Membranes were assayed for sialic acid following a 30 rain hydrolysis 
in 0.1 N HzSO 4 at 80_+ 1 ~ using the procedure of Warren [43]. This procedure removed 
about 70% of the membrane-associated sialic acid. 

Trypsinization of membranes was performed by incubating 30 ml membrane suspension 
with 2.1 ml trypsin (Sigma, type III, 2 x crystallized, 500 gg/ml) at 37_+ 0.5 ~ for 15 rain. 
Samples were centrifuged at 30,000 x g  and membranes were washed once with cold water 
by centrifilgation and resuspended in a final volume of 18 ml. 

Membranes were treated with a phospholipase A (Naja naja venom, Sigma) solution 
(10 mg per ml) which had previously been heated at 70 ~ for 10 rain. In a typical experi- 
ment, membranes (2.0 ml) were incubated at 37+0.5 ~ for 15 rain in the presence of 
4.0 ml Tris buffer (20 mM, pH 8.0), 1.0 ml CaC12 (20 mM) and 100 ~1 phospholipase A 
solution. Reactions were terminated by the addition of an equal volume of cold ethylenedia- 
mine tetraacetic acid (EDTA) (4 raM, pH 7.0). Samples were centrifuged at 30,000 • 
washed once by centrifugation with Tris buffer and resuspended in water. 

Gel-Filtration Studies of TNBS-Labelled Membranes 

Two ml aliquots of membrane suspension were labelled with TNBS by incubation 
for 1 hr at 37_+0.5 ~ in a medium containing 7.0ml Tris buffer (20m~ pH 8.0), 0.7 ml 
TNBS (10 raM, pH 8.0) and divalent (1 n ~  final concentration) or monovalent (10 mM 
final concentration) cations as the chloride salts, all in a final volume of 20 ml. Reactions 
were terminated by the addition of 7.0 ml HC1 (1 M) and membranes were isolated and 
washed once (with 10 ml Tris buffer) by centrifugation. Labelled membranes were re- 
suspended in 1.5 ml water and dialyzed at 4 ~ for 70 hr against 5 mM EDTA-5 mM 2- 
mercaptoethanol. Following dialysis, samples were combined with 0.4 ml 10% sodium 
dodecyl sulfate, boiled for 10 rain and a 1.0 ml aliquot was applied to a Sephadex G-200 
column (16 x 100 cm). Elution was carried out with 1% sodium dodecyl sulfate-0.02 % 
sodium azide-0.05 M ammonium bicarbonate [25]. Flow rates were of the order of 3 ml per 
hr and 50 drop (approximately 1.2 ml) fractions were collected. Each fraction was analyzed 
for absorbance at 335 nm as a measure of TNBS incorporation, protein [26], phospholipid 
[1] and sialic acid [43]. 

Miscellaneous Chemical Analyses 

The phospholipid profiles of TNBS-labelled membranes were determined by extracting 
labelled membranes (derived from 1.0 ml membrane suspension) twice with 2 ml chloroform] 
methanol (2:1, v/v). Extracts were combined, washed three times with 0.75% sodium 
chloride and evaporated to near dryness under N2. The residue was dissolved in 0.5 ml 
chloroform/methanol (2: 1, v/v) and 40~60 ~1 aliquots were applied to precoated silica 
gel F 254 plates (0.25 mm thickness, Brinkman) which had previously been activated by 
heating at 110 ~ for 30 min. Elution was performed with chloroform/methanol/ammonia 
14:6:1 (v/v/v). Amino phospholipid spots were located with ninhydrin spray (Baker Chem- 
ical Company), while the remaining phospholipids were visualized following exposure to 
iodine vapor. Individual phospholipids were quantitated by extraction from the silica gel 
using methanol and phosphate analysis by the procedure of Bartlett [1]. 
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Membrane sulfhydryl groups were estimated using 5,5'-dithio-bis-(2-nitrobenzoic acid) 
(DTNB). The reaction medium contained membrane suspension (0.2 ml), 1.0 ml imidazole 
buffer (0.15 M, pH 7.4), 0.1 ml DTNB solution (0.3 mg in 0.15 ~ imidazole, pH 7.4)-with 
or without added cations, in a final volume of 3.0 ml. After a 30 rain incubation at 
37_+0.5 ~ samples were centrifuged at 30,000xg and the absorbance of supernatants 
at 412 nm was determined. The sulfhydryl group titer per mg membrane protein was 
calculated using a molar extinction coefficient value of 1.36 x 104 [10]. 

Hemolysis Studies 

Blood (approximately 5 ml, 0 positive) was withdrawn from volunteers into heparinized 
(50 units heparin per ml of blood) syringes and centrifuged at top speed in a clinical 
centrifuge at 4 ~ for 5 rain to remove plasma and buffy coat material. The erythrocytes 
were washed three times with four volumes of a solution containing 0.25 M sucrose in 
15 mM Tris, pH 7.0. Packed cells were resuspended in 32 ml of the washing medium (final 
hematocrit 6%). An aliquot (0.2 ml) of this cell suspension was added to 1.5 ml of a 
mixture containing divalent cation (1 naM) or monovalent cation (10 rag) as the chloride 
salts in 0.15 M sucrose-15 mM Tris (pH 7.0). After mixing, samples were incubated 15 rain 
at room temperature and this was followed by a hypotonic challenge consisting of 2.3 ml 
ion solution (1 mM for divalent cations, 10mu for monovalent cations) in 15mM Tris 
(pH 7.0). Samples were again mixed, incubated 10 rain at room temperature, and centrifuged 
at 30,000 x g at 4 ~ for 1 rain. Supematants were removed and the degree of hemolysis 
determined from the absorbance at 540 nm. Hemolysis was expressed as a percentage 
of the control where no cations were present. 

Materials 

Butylamine and 2-mercaptoethanol were obtained from Baker Chemical Co. The phos- 
phorus standard solution, Trizma base, imidazole and sodium dodecyl sulfate were pur- 
chased from Sigma. Bovine serum albumin (fraction V from bovine plasma) used as Lowry 
protein standard was obtained from Armour Pharmaceuticals, picryl chloride from Mathe- 
son, Coleman and Bell, and ethylenediaminetetraacetic acid from Fisher Chemical 
Company. 

Results 

Model Studies Utilizing Butylamine 

In  o r d e r  to  f o c u s  a t t e n t i o n  o n  the  m e m b r a n e  p e r t u r b a t i o n a l  effects  

o f  i n o r g a n i c  c a t i o n s  as  re f lec ted  in a l t e r a t i o n s  p r o d u c e d  in the  r e a c t i o n  

o f  T N B S  a n d  P C  w i t h  m e m b r a n e  a m i n o  g r o u p s ,  it was  essen t ia l  to  

d e t e r m i n e  w h e t h e r  o r  n o t  i n o r g a n i c  ca t i ons ,  a t  c o n c e n t r a t i o n s  used  in 

the  e r y t h r o c y t e  m e m b r a n e  s tudies ,  i n f l u e n c e d  the  r eac t iv i ty  o f  these  

p r o b e s  t o w a r d s  m e m b r a n e  a m i n o  g r o u p s .  B u t y l a m i n e  was  c h o s e n  as 

a s imple  m o d e l  a m i n o  c o m p o u n d  a n d  an  ex tens ive  s t u d y  o f  the  effects  
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Table 1. Model studies on the incorporation of TNBS and picryl chloride into butylamine 
(a) Effect of Mg + + (1 mM) on the activation energy and rate of TNBS incorporation into 
butylamine and into membranes 

Activation energy Rate 
(kcal/mole) ( in absorbance at 

335 nm/min at 25 ~ 

butylamine membranes butylamine membranes 

Unstimulated 11.5 7.2 - 4.11 - 6.34 
Mg ++ (1 mM) 11.8 4.9 --3.88 --2.95 

(b) Effect of pH on the activation energy and rate of TNBS incorporation into butylamine 
and into membranes 

pH Activation energy (kcal/mole) 

TNBS Picryl chloride 

butylamine membranes butylamine membranes 

9.0 8.1 9.1 10.9 6.6 
8.5 9.8 8.1 12.0 7.3 
8.0 11.5 7.2 12.8 6.5 
7.5 12.4 6.7 13.3 7.8 
7.0 12.3 5.3 12.0 7.7 

Rate (In absorbance at 335 nm/min at 25 ~ 

9.0 -0 .94 -6.18 -2.86 -2.73 
8.5 -2.76 -6.19 -4.30 -3 .12 
8.0 -4.11 -6 .34 -5.47 -3.58 
7.5 -5 .14 -6.72 -6.38 -4.28 
7.0 -5.69 -7.18 -6 .80 -4 .70 

of pH, temperature and cations on the trinitrophenylation of butylamine 
by TNBS or PC under conditions analagous to those used with erythro- 
cyte membranes was carried out. The results of these experiments are 
briefly summarized in Table 1 a and b. The data in Table 1 a illustrate 
the lack of effect of Mg +§ (1 mM) on the incorporation of TNBS into 
butylamine, as contrasted with the situation in membranes where very 
marked effects on both activation energy and rate are apparent. The 
important points to be noted in Table 1 b are the following: 

1. For both probes, decreasing pH predictably produced a decrease 
in the rate and an increase in the activation energy of butylamine modifi- 
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cation, both presumably reflecting the decreased reactivity of amino 
groups on protonation. 

2. Modification of membrane amino groups by TNBS exhibited a 
much narrower range of variation in rate with pH than modification 
of butylamine amino groups, and although the rate of TNBS incorpora- 
tion into membranes decreased with decreasing pH (as was the case 
with butylamine), activation energy also progressively decreased (the re- 
verse of the situation with butylamine). 

3. A comparison of the relative rates of modification of butylamine 
and membranes by TNBS or picryl chloride showed that, while picryl 
chloride reacted somewhat less readily with butylamine amino groups 
than TNBS, the reaction of membrane amino groups was very much 
more rapid with picryl chloride as compared with TNBS. 

It was clear, therefore, that the behavior of TNBS and PC in the 
model butylamine system differed considerably from that in the erythro- 
cyte membrane, and, in the studies to be described in the remainder 
of this work, these differences are analyzed in terms of factors relating 
to membrane structure, including probe permeability and ion-induced 
membrane structural perturbations. 

Cation-Induced Membrane Structural Alterations 

The influence of divalent or monovalent cation size (ionic radius) 
on the rate and activation energy for TNBS incorporation into erythro- 
cyte membranes was examined. Rates of TNBS incorporation in the 
absence or presence of added cations were studied as a function of 
temperature and expressed in the form of Arrhenius plots (Fig. 1) from 
which activation energies and rates at 25 ~ were determined. The prop- 
erties of divalent cations (Fig. 2) which were size dependent contrasted 
with those of monovalent cations (Fig. 3) which were independent of 
ionic radius, suggesting differences in the underlying mechanisms whereby 
these two groups of cations influenced TNBS incorporation. Further, 
the different size-dependence relationships of divalent cations with respect 
to activation energy and rate would appear to indicate that these two 
measured quantities are reflecting at least partially distinct structural 
consequences of membrane-cation interaction. The following series of 
experiments represents an effort to explore the molecular basis of these 
observations in more detail. 

Since the TNBS molecule exists predominantly as an anion in the 
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Fig. 1. Arrhenius plots for TNBS incorporation into erythrocyte membranes in the absence 
or presence of monovalent (K +, 10 mM) and divalent (Co + +, 1 raM) cations. TNBS incorpo- 
ration was measured as described in Materials and Methods at five temperatures in the 
range 545  ~ using reaction times of 30 rain, 10 rain and 60 sec for control, 10 mM K + 
and 1 mM Co + + samples, respectively. Duplicate determinations were always performed. 
Regression lines of resulting Arrhenins plots were determined using a Compucorp 140 
statistical calculator and activation energies (E~) were evaluated by multiplying the slope 

by the gas constant R 

slightly alkaline (pH 8.0) reaction medium and the incorporation of this 
anionic chemical probe is increased by cations, a question arises as to 
the extent to which the anionic character of TNBS influences the observed 
effects of cations on rate or activation energy. The external surface of 
the erythrocyte membrane is rich in anionic carboxylate groups derived 
from sialic acid [5, 42]. Such anionic groups might exert an effect on 
TNBS incorporation either under basal conditions or as modulated by 
variations in the pH or inorganic cation composition of the medium. 
Experiments to investigate these possibilities were performed using mem- 
branes treated with neuraminidase, which removed about 70% of the 
membrane-bound sialic acid. Neuraminidase treatment did not produce 
any appreciable alteration in the pH dependence or cation stimulation 
of TNBS incorporation (Fig. 4). These pH dependence studies again 
illustrated the lack of parallelism between rates and activation energies 
first seen in the divalent cation experiments. Thus, despite a downward 
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incorporation into erythrocyte membranes. All cations were tested at a final concentration 
of 1 mu using reaction times of 60 sec. Activation energies and rates (at 25 ~ were 
evaluated from Arrhenius plots (see Fig. 1). Each point represents the mean_+SEM of 
duplicate experiments performed with three different membrane preparations. Activation 
energy and rate at 25 ~ for samples in the absence of added divalent cations (unstimulated) 

using a reaction time of 30 min are included for comparison 

trend in activation energy for TNBS incorporation with decreasing pH, 
rates of incorporation decreased as well. This behavior, which differed 
from the parallel increases in rate with decreases in activation energy 
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tration of 10 mu. Activation energies and rates were evaluated as in Fig. 2. Each point 
represents the mean+SEM of duplicate experiments using three different membrane 

preparations 

seen previously in the butylamine model studies, was attributed to pH- 
dependent membrane structural alterations influencing amino group reac- 
tivity independently of the effects of bulk medium pH on amino group 
protonation. 

The role of probe charge was analyzed more directly by examining 
the properties of picryl chloride (PC), a neutral trinitrophenylating anal- 
ogue of TNBS. The unstimulated rate of incorporation of PC (Fig. 5) 
was approximately three orders of magnitude greater than that for TNBS 
(Fig. 2) despite rather similar activation energies in each case. All divalent 
cations, with the exception of Ni + +, produced a small, size-independent 
decrease in activation energy for PC incorporation relative to the control 
(unstimulated) conditions (Fig. 5). This behavior clearly differed both 
qualitatively and quantitatively from the situation with TNBS incorpora- 
tion (Fig. 2) and suggested that changes in activation energy for TNBS 
incorporation produced by divalent cations primarily reflected membrane 
structural alterations influencing probe permeation. In contrast, the rate- 
ionic radius profile for PC incorporation (Fig. 5) was qualitatively very 
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Fig. 4. Effects of neuraminidase treatment on the pH dependence of TNBS incorporation 
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and CaC12 in sodium acetate buffer (pH 5.5) as described in Materials and Methods. Control 
membranes were treated identically, except for the omission of neuraminidase. Activation 

energies and rates were determined as in Figs. 2 and 3 

similar to that for TNBS incorporation (Fig. 2) with the exception of 
Ni § § The anomalously high activation energy and low rate of PC in- 
corporation may well be interrelated and attributable to the same type 
of molecular perturbation. However, the overall pattern of cation-mem- 
brane interaction characterized by a nonparallelism between effects of 
cations on activation energy and rate was similar for both TNBS and 
PC incorporation. 

The effects of prior membrane modification by proteolytic or phos- 
pholipase enzymes on divalent cation-stimulated TNBS incorporation 
were examined. Activation energies for all cations except Ni §247 and 
Co + § were increased by trypsinization (Fig. 6, upper). Phospholipase 
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A treatment, on the other hand, did not  alter activation energies for 
Mg § +, Ca §247 or Sr § +, but increased this quantity for the other ions. 
When the effects of enzyme pretreatment on rates of TNBS incorporation 
at 25 ~ were examined (Fig. 6, lower), it was found that trypsinization 
only altered the rates for Ni § and Co + +, while phospholipase A treat- 
ment  markedly decreased incorporation rates for all ions, the largest 
decreases occurring with Mg § § Ca § +, Sr + § and Ba § § These results 
suggest an important  role of membrane proteins in determining activation 
energy and of membrane phospholipids in determining rate of TNBS 
incorporation. It would also appear from these experiments that divalent 
cations differ appreciably in their ability to influence or be influenced 
by protein and phospholipid components  of the membrane. 
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Fig. 6. Effects of divalent cations in control, trypsinized and phospholipase A-treated 
membranes. Membranes were pretreated with trypsin or phospholipase A as described 
in Materials and Methods. TNBS incorporation as a function of temperature (in the range 
1045 ~ was measured in the presence of divalent cations at a final concentration of 
1 mM using a reaction time of 1 rain for control or trypsinized membranes and 2 min 
for phospholipase A-treated membranes. Arrhenius plots for phospbolipase A-treated mem- 
branes exhibited a discontinuity above 30 ~ so that only points below and including 
30 ~ were used in the determination of activation energies and rates. Each va/ue represents 
the mean + SEM of experiments using a minimum of two different membran, preparations 

Membrane Labelling Studies 

A m o r e  d i rec t  a p p r o a c h  to the relat ive p ro te in -  a n d  p h o s p h o l i p i d -  

p e r t u r b i n g  p r o p e r t i e s  o f  d iva len t  ca t ions  invo lved  a s tudy  o f  the i r  in- 

f luence on  the  cova l en t  i n c o r p o r a t i o n  o f  c h r o m o p h o r i c  t r i n i t ropheny l  

g r o u p s  de r ived  f r o m  T N B S  into  m e m b r a n e  p ro t e in  a n d  p h o s p h o l i p i d  

c o m p o n e n t s .  M e m b r a n e s  were  label led wi th  T N B S  in the absence  or  
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Fig. 7. TNBS labelling patterns of erythrocyte membranes in the absence or presence of 
divalent ions. Membranes (2.0 ml) were labelled in the absence or presence of divalent 
cations (at a final concentration of 1 n~), washed, and solubilized as described in Materials 
and Methods. 1.0 ml aliquots were applied to a 16 x 100 cm Sephadcx G-290 column and 
eluted with 1% sodium dodecyl sulfate-0.02% sodium azide-0.05 u ammonium bicarbonate. 

50 drop fractions were collected and absorbance at 335 nm monitored 

presence of divalent cations, and the relative order of cation stimulatory 

potencies was the same whether  determined following a 1 min incubation 
(the reaction time employed in the previously described kinetic studies), 
a 60 min incubation (as in the present labelling studies), or a 24 hr 

incubation (at which point maximal incorporation for each ion had been 
attained). This latter observation indicated that cation-induced structural 
perturbations affected not only rate but also the maximal level of incorpo- 
ration. Labelled membranes  were solubilized in sodium dodecyl sulfate 
and membrane  protein and lipid components  were resolved by gel filtra- 
tion using Sephadex G-200. Proteins eluted in a rather complex pattern 
beginning at the void volume and were completely separated from phos- 
pholipids, which eluted considerably later. This completeness of separa- 
tion allowed a detailed analysis of  the effects of  cations on protein 
and lipid components  of the erythrocyte membrane  as exemplified by 
the TNBS labelling patterns shown in Figure 7. Two observations are 
immediately apparent  from these data. First, the presence of divalent 
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Fig. 8. Summary of divalent cation-induced incorporation of TNBS into resolved protein 
and phospholipid components of erythrocyte membranes. Each point represents the maximal 
absorbance at 335 nm for protein and phospholipid components resolved by Sephadex 

G-200 chromatography (see Fig. 7) 

cations is associated with a marked stimulation of TNBS incorporation 
into both protein and lipid components; and secondly, cations differ 
in their ability to perturb protein and lipid components. Fig. 8 summa- 
rizes the results obtained with all the divalent cations studied and illus- 
trates that the phospholipid- and protein-perturbational effects of these 
ions exhibit different size dependences. Particularly noteworthy was the 
parallel between the characteristics of phospholipid labelling and the 
rate-ionic radius profile for TNBS incorporation, both of which were 
maximal with cobalt ion (Fig. 2). Thin-layer chromatographic analysis 
of the phospholipids in labelled membranes revealed that TNBS labelling 
was almost entirely confined to phosphatidyl ethanolamine (PE), with 
marginal modification of the other major aminophospholipid phos- 
phatidyl serine (PS) (Fig. 9). Protein labelling, on the other hand, exhib- 
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Fig. 9. Modification of membrane phospholipids by TNBS-effects of divalent cations. 
Membranes (2.0 ml) were labelled with TNBS (as in Fig. 7) and lipids extracted using 
chloroform/methanol (2: 1, v/v). Extracts were washed with 0.75% sodium chloride, evapo- 
rated to near dryness under nitrogen and the residue dissolved in chloroform/methanol 
(2: 1, v/v). Individual phospholipids were quantified by thin-layer chromatography using 
chloroform/methanol/ammonia (14:6:1, v/v/v) followed by elution of individual spots from 
the silica gel with methanol and phosphate analysis (see Materials and Methods). The 
per cent of each phospholipid modified was taken as 100 minus the percentage of total 
phosphorus in the extract the phospholipid comprised. Each point represents the mean- 

+ SEM for three different membrane preparations 

ited a different dependence on ion size, so that maximal effects were 

obtained with nickel ion (Fig. 8). This situation was reminiscent of  the 

activation energy-ionic radius profile for TNBS incorporation described 

earlier (Fig. 2). 
The membrane perturbat ional  effects of  each divalent cation, there- 

fore, represents some balance between protein and phospholipid structur- 
al alterations. It seemed reasonable that ions perturbing membranes  by 
the same type of  mechanism would exhibit some constant  relationship 

between phospholipid and protein labelling which would be independent 
of actual ion potency. We therefore determined the ratio of phospholipid 

labelling to protein labelling for each of  the divalent cations studied, 
and the results are presented in Table 2. Cations increased phospholipid 
labelling preferentially, so that in all cases ratios of  phospholipid to 
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Table2. Influence of cations on relative labelling of phospholipds and proteins by TNBS 

Cation a Ratio 
maximal phospholipid labelling 

Maximal protein labelling 

None 1.4_+ 0.2 

Mg ++ 5.6_+0.3 
Ca ++ 5.8_+0.2 
Sr ++ 5.3+_0.3 
Ba ++ 4.8_+0.4 

Ni ++ 1.8+_0.2 
Co ++ 2.2_+0.1 
Mn ++ 3.4_+0.1 

Na + 3.0_+0.2 

a Divalent cations were tested at a concentration of 1 mM, Na § at a concentration of 10 mM. 
These results represent the mean + s~M obtained with two different membrane preparations. 
Membranes were labelled with TNBS and chromatographed as described for Fig. 7. 
Maximal pliospholipid and protein labelling were estimated from the maximal absorbance 
at 335 nm of resolved phospholipid and protein peaks for each ion. 

protein labelling were greater than 1 (the ratio in the absence of  added 

cations). The alkaline earth cations (Mg +§ Ca ++, Sr ++ and Ba § 

appeared to form a distinct group with ratios of approximately 5, while 

other divalent cations, already shown to possess marked protein perturb- 

ing properties, formed a heterogeneous group with ratios in the range 

of  2-3. The results with 10 mM Na + indicate that  nonspecific ionic 

strength effects also favor the labelling of  phospholipids over proteins. 

Membrane Sulfhydryl Group Reactivity 

The protein perturbational  effects of  divalent cations were examined 

using an alternative approach involving a study of  their influence on 

the reactivity of  membrane sulfhydryl groups towards 5,5'-dithio-bis-(2 - 

nitrobenzoic acid) (DTNB) [10]. Results were expressed as incremental 

increases (or decreases) in DTNB incorporation in the presence of diva- 

lent cations relative to the situation in the absence of  added cations 

(Fig. 10). All divalent cations except nickel and cobalt produced compar- 

able increases in sulfhydryl group labelling, possibly as the result of  

a rather nonspecific structural effect. Nickel produced a significantly 
greater enhancement  of  DTNB incorporation than other ions, while co- 
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Fig. 10. Modification of membrane sulfhydryl groups by DTNB in the presence of divalent 
cations. Membranes (0.2 ml) were combined with DTNB (10 mM, final concentration), 
imidazole buffer (pH 7.4, 50 mM final concentration) and divalent cation (final concentration 
1 raM) in a total volume of 3.0 ml. Following incubation for 30 min at 37+0.5 ~ samples 
were centrifuged and from the absorbance of supernatants at 412 nm the number of moles 
of membrane sulfhydryl modified was calculated [10]. Results are expressed as incremental 
increases (or decrease, in the case of Co + +) in DTNB incorporation in the presence of divalent 
cation relative to the control situation in the absence of added cations. Each point represents 

the mean + SEM of experiments with three different membrane .preparations 

balt reduced sulfhydryl group reactivity. This latter effect probably results 
from complexation of cobalt ion with membrane sulfhydryls. Regardless 
of underlying mechanisms, however, these experiments demonstrated that 
divalent nickel and cobalt ions differ from each other in their protein 
perturbing properties. 

Hemolysis of Intact Erythrocytes 

A logical extension of the foregoing studies of the membrane perturba- 
tional effects of monovalent and divalent cations in the isolated erythro- 
cyte membrane was an investigation of the functional consequences of 
these structural alterations in intact erythrocytes. The influence of these 
ions on the hemolysis of erythrocytes exposed to hypotonic stress was 
examined. The results of these experiments using divalent cations or 
monovalent cations, at final concentrations of 1 and 10 raM, respectively, 
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Fig. 1 l. Effects of monovalent (10 mM final concentration) and divalent (l mM final concen- 
tration) cations on hypotonic hemolysis of intact erythrocytes. The hemolytic procedure, 
which involved an initial equilibration of cation with the erythrocytes followed by a hypoto- 
nic challenge, is described in Methods. Results were expressed as per cent control hemolysis 
(in the absence of added cations) which averaged between 55 and 65% of the total hemolysis 
(in distilled water). Each point represents the mean_+SEM of triplicate experiments using 

three different batches of blood 

are shown in Fig. 11. The monovalent cations produced a size-indepen- 
dent decrease in hemolysis which was most likely attributable to changes 
in ionic strength. In contrast, divalent cations exerted effects which were 
markedly dependent on ionic radius and all ions, with the exception 
of nickel, decreased hypotonic hemolyis relative to the control (where 
no divalent cations were present). The antihemolytic-ionic radius profile 
(Fig. 11) bore a resemblance to the patterns for both activation energy 
for TNBS incorporation and protein labelling by TNBS. The deviation 
of cobalt ion from the foregoing bell-shaped relationship characterizing 
antihemolysis may well result from a stabilization of membrane sulfhy- 
dryls (Fig. 10), the integrity of which is known to be an important deter- 
minant of hemolysis [44]. For the other divalent cations, a correlation 
(r = 0.91) appeared to exist between hemolysis behavior in intact erythro- 
cytes (Fig. 11) and ratio of TNBS incorporation into phospholipids and 
proteins of isolated erythrocyte membranes (Table 2). The qualitative 
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(size-independent) effects of monovatent cations in both systems were 
also in agreement. 

Discussion 

The influence of inorganic cations on the structural and functional 
characteristics of biological membranes is likely mediated by some combi- 
nation of charge neutralization or screening [6] and chelation, on the 
one hand, and associated configurational alterations on the other. Al- 
though a considerable amount of information is available regarding the 
many diverse functional consequences of membrane-cation interaction 
in various systems, the lack of fundamental information regarding the 
structural consequences of membrane-cation interaction has precluded 
a detailed understanding of these effects at the molecular level. The 
experiments described here represent an attempt to derive such informa- 
tion using the human erythrocyte as a model membrane system. 

Our studies have shown that the interaction of divalent cations with 
erythrocyte membranes causes extensive perturbation of both protein 
and protein amino group reactivity indirectly as a result of membrane 
pendent effects of divalent cations on TNBS incorporation (Fig. 2) 
contrasted with the weaker, size-independent stimulation produced by 
monovalent cations (Fig. 3). Since model studies with butylamine showed 
that cations did not appreciably alter intrinsic amino group reactivity 
towards TNBS, it was assumed that ions influenced membrane lipid 
and protein amino group reactivity indicrectly as a result of membrane 
structural perturbations. Our observation that divalent cations can also 
influence the maximal level of incorporation of TNBS into membranes 
suggests that accessibility factors are important in determining this en- 
hanced amino group reactivity. In the case of monovalent cations, stimu- 
lation of TNBS incorporation was attributed to nonspecific ionic strength 
effects, while such an explanation was clearly inadequate to explain the 
behavior of divalent cations. The structural alterations induced in protein 
and phospholipid components by. divalent cations differed in size depen- 
dence, so that Ni § § produced maximal incorporation of TNBS into 
protein, while phospholipid labelling was greatest in the presence of 
Co § § (Fig. 8). The size dependence of divalent cation-stimulated protein 
labelling tended to parallel the effects of these ions on Arrhenius activa- 
tion energy for TNBS incorporation, and divalent cation-stimulated phos- 
pholipid labelling exhibited a size dependence similar to that observed 
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for cation-induced increases in rate of TNBS incorporation at 25 ~ 
(Fig. 2). This apparent correlation between structural and kinetic aspects 
of TNBS incorporation suggested a role for membrane proteins in in- 
fluencing activation energy and for membrane phospholipids in determin- 
ing rate of TNBS incorporation. 

Activation energy for TNBS incorporation appeared to be largely 
determined by electrostatic features relating to probe permeation. Thus, 
the activation energy for the incorporation of picryl chloride, a neutral 
analogue of the anionic TNBS molecule, was minimally affected by diva- 
lent cations (Fig. 5). Experiments utilizing proteolytic or phospholipase 
enzyme pretreatment of membranes provided evidence that proteins are 
important in determining the cation-sensitive permeability barrier to 
TNBS. For most divalent cations, while phospholipase A pretreatment 
had no significant effect on activation energy, trypsinization markedly 
decreased the ability of cations to lower activation energy (Fig. 6, upper). 
Membrane sialic acid carboxyl groups, which may be released on trypsi- 
nization [20], did not appear to influence the permeation barrier, since 
extensive depletion of membrane sialic acid with neuraminidase did not 
alter basal or cation-stimulated TNBS incorporation (Fig. 4). The insensi- 
tivity of Ni + + and Co + + to the effects of trypsinization (Fig. 6, upper) 
and the patterns of membrane sulfhydryl group reactivity towards DTNB 
in their presence (Fig.10) served to distinguish the membrane actions 
of these two ions from those of the other divalent cations. The increased 
activation energy for PC incorporation in the presence of Ni + + (Fig. 5), 
another manifestation of its unique properties, suggested that this cation 
was able to influence permeation in a manner not directly related to 
the electrostatic characteristics of the probe. 

Cation-dependent increases in the rate of TNBS modification were 
critically dependent on the integrity of membrane phospholipids. Phos- 
pholipase A treatment, which by hydrolyzing long-chain fatty acids of 
phospholipids drastically alters the hydrophobic characteristics of the 
membrane [17], results in a substantial decrease in cation-stimulated 
rates for all cations, with particularly large decreases being observed 
with Mg + +, Ca + +, Sr ++ and Ba ++ (Fig. 6, lower). Trypsinization, on 
the other hand, had no detectable effect on the increased rate of incorpo- 
ration produced by these four cations. Despite the threefold greater 
rate of incorporation of PC as compared with TNBS (attributed, on 
the basis of our butylamine model studies, to greater permeation by 
PC rather than to a greater intrinsic reactivity), the dependence of rate 
on ionic radius was very similar for both probes (Fig. 5). The low rate 
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observed for Ni + + was presumably the result of the high activation 
energy term discussed previously. Perturbations in the labelling of PE 
paralleled divalent cation-induced increases in the rate of TNBS modifica- 
tion in whole membranes (Fig. 9). Although the decreased reactivity 
of PS towards amino group modifying reagents has been noted previously 
[16], the results of studies using artificial phospholipid systems demon- 
strating effective divalent cation binding by acidic phospholipids such 
as PS [21, 39], but not neutral phospholipids such as PE [19, 32], would 
perhaps have predicted that PS labelling would be influenced to a greater 
extent by divalent cations than labelling of PE. These findings, which 
illustrate the problems in attempting to extrapolate from effects of diva- 
lent cations in pure lipid systems to the situation in an intact membrane, 
may well be indicative of a modulatory influence of membrane structural 
components on the ability of membrane phospholipid anionic groups 
to interact with divalent cations and/or on the nucleophilic properties 
of phospholipid amino groups. 

The perturbational effects of divalent cations on protein and lipid 
components probably involve some combination of direct effects and 
modulatory influences involving mutual lipid-protein interactions. In con- 
nection with the former, preliminary experiments using bovine serum 
albumin as a model protein have shown that certain similarities exist 
between stimulatory effects of divalent cations on the incorporation of 
TNBS into bovine serum Mbumin and into the protein components of 
erythrocyte membranes. These results are suggestive of an important 
role of direct protein-divalent cation interactions in determining the label- 
ling of erythrocyte membrane proteins by TNBS. The role of alterations 
in lipid-protein interaction in mediating the membrane perturbational 
effects of divalent cations is currently being examined in our laboratory 
using bifunctional cross-linking agents. Regardless, divalent cations differ 
in their ability to perturb both lipids and proteins in the membrane 
and it would be expected that the functional consequences of membrane- 
ion interaction would depend in some manner on the balance between 
these two properties. On the basis of the ratio between phospholipid label- 
ling and protein labelling, divalent cations fall into two groups, with the 
alkaline earths (Mg + +, Ca + +, Sr + + and Ba + +) forming one homogene- 
ous group and Ni § § Co § +, and Mn + § forming a second heterogeneous 
group (Table 1). Similar grouping of these cations may be made on 
the basis of their functional properties in excitable tissues. Thus, the 
slow inward current in mammalian ventricular myocardium can be 
carried not only by Ca + § but also by Mg + +, Sr ++ and Ba +§ [23], 
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while Ni + +, Co + + and Mn + + inhibit this slow inward current [24]. 
Ca + + has been shown to exert little effect on K + conductance changes 
in squid axons, while Co + + and Ni + + slowed K + channel kinetics, 
an effect tentatively attributed to interaction with protein components 
of the membrane [2]. In studies of the influence of various divalent 
cations on presynaptic release of acetylcholine, the effects of Mg + +, 
Sr + + and Ba + +, which appeared to involve changes in charge density 
due to screening, could be distinguished from the more complex actions 
of Mn + + and Ni + +, which were believed to result from binding of 
these ions to motor  axons and terminals [31]. The well-known ability 
of divalent cations to alter the conductance-voltage characteristics of 
nerve axons [12] has been attributed in some systems to a combination 
of screening and specific binding [6, 29], while in the crayfish axon, 
the identical effects of Mg ++, Ca ++ , Sr ++, Ba ++, Ni ++ and Co ++ 
on the threshold for spike initiation suggest that screening alone is 
involved. Finally, in the present studies we have shown that divalent 
cations modify the hemolytic behavior of intact erythrocytes in a rather 
complex size-dependent fashion. In attempting to draw a parallel between 
the interaction of cations with intact erythrocytes and with isolated eryth- 
rocyte membranes, one is faced with a twofold problem. First, in intact 
ceils, only the outer membrane surface can participate in cation binding, 
while in leaky ghosts, both inner and outer surfaces are accessible to 
divalent cations. Second, structural alterations produced during the 
course of membrane isolation may alter the consequences of membrane- 
cation interaction and/or lead to the exposure of additional cation binding 
sites. Despite these complexities, the similar antihemolytic properties 
and comparable ratios of phospholipid to protein labelling of alkaline 
earth cations (Fig. 11 ; Table 2) are consistent with a common site and/or 
mechanism of interaction of these ions with the membrane, possibly 
involving screening. The contrasting properties of Ni + +, Co + + and 
Mn + + most likely are governed by more specific interactions at the 
level of membrane proteins (Figs. 8, 10 and 11 ; Table 2). The similarities 
between the effects of cations in intact erythrocytes and in isolated eryth- 
rocyte membranes suggests that the external surface of the membrane 
may figure prominently in the observed membrane structural alterations. 
Experiments using resealed ghosts with normal or inverted orientation 
could provide more information on this point. 

In conclusion, it would appear that some parallel may exist between 
the perturbational effects of divalent cations in erythrocyte membranes 
and in the membranes of electrically excitable tissues, as has been 
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suggested to be the case with lipid-soluble anesthetics [37, 40]. The quali- 
tative and quantitative differences between the behavior of monovalent 
and divalent cations are interesting in the light of the proposal that 
membrane depolarization may involve configurational changes in axonal 
membranes resulting from alterations in the ratio of univalent to divalent 
cations at the external surface [18]. We are currently involved in the 
application of the approaches described here to the study of ion-induced 
changes in excitable membranes. 

This work was supported by The Medical Research Council of Canada, Grant #684356. 
Maureen Garnett is the holder of a Medical Research Council Studentship. 
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