Blochimica et Bicphysica Acta, 443 (1976) 387-393
© Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

BBA 77406

THE INFLUF NCE OF SALT ON THE AGGREGATION STATE OF SPECTRIN
FROM BOY INE ERYTHROCYTE MEMBRANES

G. B. RALSTON

Department of Biochemistry, University of Sydney, Svdney, N.S.W., 2006 (Australia)

(Received December 2nd, 1975)
(Revised manuscript received March 1st, 1976)

SUMMARY

Sedimentation velocity and gel filtration experiments have been performed
with bovine spectrin over a wide range of neutral salt concentrations. Increasing salt
concentrations tend to increase both the sedimentation coefficient of spectrin and ihe
elution volume of the protein from 4 9, agarose columns. No conformation charige
can be detected by means of optical rotation measurement= as the salt concentration is
raised. The results are incompatible with the hypothssis that salt causes the aggrega-
tion of spectrin, but are consistent with the existence of marked charge effects opera-
tive at low salt concentrations. In support of the charge effect hypothesis, acicic
groups have bezen detected on the agarose gels, and ion-exclusion behaviour on the
column has been observed with other proteins of similar size.

INTRODUCTION

Spectrin is a high molecular weight protein extracted from the inner face of thz
mammalian erythrocyte membrane by means of incubation at low ionic strength [1}.
Electrophoresis of spectrin in acrylamide gels containing dodecyl sulphate shows two
protein bands of equal intensity and with apparent molecular weights 220 000 and
250 000 [2-4). There is considereble disagreement in the literature concerning th::
physical properties of spectrin. Marchesi et al. [1] claimed that salt was necessary to
reduce aggregation of spectrin, and reported an intrinsic viscosity of 10 ml/g. Clarke
[4], on the other hand, reported that salt concentrations above 8 mM cause aggrega-
vion of spectrin, and obtained an intrinsic viscosity in low salt solutions of 132 ml/g.
an order of magnitude greater than the value found by Marchesi et al. [1].

The increase in sedimentation coefficient of spectrin or the water-soluble
proteins of the erythrocyte membrar.e in the presencc of sait has frequently been
ascribed to salt-induced aggregation of the protein [4-6]. Similarly, dissociation was
suggested as a possible explanation for the low sedimentation coefficient of spectrin at
PH 9 in low ionic strength glycine butfer [1]. However, Ralston {7] has shown that
spectrin as normally isolated is comprised of a mixture of aggregates which can be
separated on a column of 4%, agarose. The aggiegates appeared to be stable over a
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wide range of pH and salt concentration, and the proporticns of the various aggrega-
tion states did not appear to be related to salt concentration. Similar conclusions wete
reached in a recent study by Gratzer and Beaven [8°

The present study examines in greater detail ... ; role played by neutral salts in
determining the physical properties of spectrin. In particular the possibility is explored
that the observed sedimentation behaviour may be due to the operation of the primary
salt effect at very low salt concentrations. The effect of varying salt concentration on
two different properties, sedimentation coefficient and gel filtration behaviour, has
been studied in order to separate the possible contributions to the physical properties
made by the charge effects and by the aggregation of the protein.

MATERIALS AND METHODS

Preparation of erythrocyte ghosts. Freshly drawn bovine blood was collected
into citrate/glucose anticoagulant at the Homebush Abattoir, Sydney, and was
transported on ice to the laboratory.

Erythrocytes were washed free of plasma and bufly layer by centrifugation at
1200 x g for 15 min at 4 °C in 0.95 %, NaCl containing 5 mM sodium phosphate, pH
7.5. After 4-6 washes, the cells were hemolyzed at 2 °C in 5§ mM sodium phosphate,
pH 8.0 [2]. The membranes were washed repeatedly in the cold hemolysis buffer
until pale cream in colour, and were collected by centrifugation at 35000xg for
30 min at 4 °C. At each wash, care was tiaken to remove the pale pink pellet underlying
the packed membranes.

Extraction of spectrin. Spectrin was extracted by dialyzing the washed mem-
branes against 0.2 mM EDTA, pH 7.5, at 2 °C as previously described [9]. The dilute
solution of water-soluble proteins, containing between 0.5 and 1.0 mg/ml protein, was
either examined directly, or was concentrated by dialysis against aquacide II or by
precipitation with an equal volume of cold, saturated (NH,),SO,.

Gel filtration. Gel filtration of the extracts, or of isolated aggregates of spectrin
[7], was performed at room temperature on columns (60 %2 cm) of Bio-Gel A 15-m
agarose bezads (Bio Rad Laboratories) which had previously been equilibrated with
tk«: appropriate buffer. The void volume and total volume of the column were deter-
mined with the aid of Blue Dextran 2000 (Pharmacia Fine Chemicals) and glycine,
respectively. Samples of protein solution (1-5 ml) were applied and were eluted at a
rate of 20 ml/h. Fractions of 2.5 ml were collected and the protein content estimated
by means of the absorbance at 280 nm. Absorbance was routinely measured with a
Hitachi-Perkin-Elmer double beam spectrocphotometer, model 124. For more sensitive
determinations, a Zeiss spectrophotometer model PMQ il was used.

Sedimentation velocity. Sedimentation velocity experiments were carried out
with a Beckman-Spinco ultracentrifuge, model E, fitted with RTIC unit and electronic
speed control. Samples were examined with the aid of Schlieren optics at 20 °C in
filled Epon double-sector centrepieces, at a speed of 40 000 rev./min.

Conductivity. The conductivity of the bufier used in sedimentation velocity
studies was determined with a Metrohm Konductometer, model E 382. The cell was
standardized with 0.1 M KCI.

Gradipore electrophoresis. Samples of spectrin preparations were examined by
means of electrophoresis on Gradipore acrylamide gels (Gradient P/L, Sydney),
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using the nvethod described by Margolis and Kenrick [10]. The gels were run for 16 h
at 75-100 V in a cold room at 2 °C, and were stained with 0.02 %, Coomassie blue in
109/ acetic acid.

Optical rotatory dispersion. Optical rotation was measurzd at several wave-
lengths of th: mercury arc in a Perkin-Elmer photoeleciric polarimeter, mocdel 241,
using water-jenketed quartz cells of pathlength 10 cm.

RESUJLTS

When eramined in water or in 0.1 mM EDTA, both the isolated tetramer of
spectrin and the crude water-soluble extracts from erythrocyte ghosts displayed an
aprarent single, slowly sedimenting boundary. The apparent sedimentation coefficient
of this boundary ranged from about 2 S at a protein concentration of 10 mg/ml, 1o
approx. 6 S at verv low protein concentrations. Thzse results are in accord with reports
froin a number of other laboratories [5, 6]. On increasing the ionic strength, either by
increasing the EDTA concentration or by additicr of NaCl, marked changes in the
sedimentation patierns were produced. With increasing ionic strength, the crude
water-soluble extracts increasingly became resolved into two major boundaries with
sedi mentation coefficients increasing to limiting values of 8.5 S and 12 S at an ionic
strength o 0.1 (Fig. 1).

The 8.5-S and 12-S components correspond, respectively, to the dimer and
tetramer oligomers previously characterized {71.

Purified spectrin tetramer [7] at a concentration of 1 mg/ml, on the other hand,
showed only a single boundary at all salt concentrations, with sedimentation coefficient
increasing from values near 6 S in water, to a limit ng value of about 12 S at an ionic
strength of 0.\,

The effects of salt on the sedimentation coefficient of the purified tetramer in
dilute solutions (1-2 mg/ml) were examined in terms of the model proposed by
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Fig. 1. '"he dependence of sedimentation coefficient on ionic strength for the two major species of
spectrin in the water-soluble extracts. Total protein concentration was between i and 2 mg/m!.
A, spectrin dimer (8.5 S component); O, spectrin tetramer (12 S component). Solution: contained
0.2 or i mM EDTA, pH 7.5, and diffevent concentrations of NaCl.
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Fig. 2. Dependense of sudimentation coefficient of isolated spectrin tetramer on the reciprocal of
solution conductivity. Protein concentration was 1 mg/mi. Sclutions contained 0.2 or 5 mM EDTA,
pH 7.5, and different concentrations of NaCl.

Svedberg and Per.ersen [11] to account for charge effects on the sedimentation coeffi-
cient. The sedim :ntation coeflicient of the tetramer is plotted against the reciprocal of
the solution conductivity in Fig. 2. Over the range from 0.005 M NaCl to 0.3 M
NaCl (1/x between 1.45 - 10° and 50 32 cm) the plot is approximatcly linear. However,
at much iow:r salt concentrations (less than 0.601 M NaCl; 1/x above 2 - 10° Q cm)
the sedime- tation coefficient reaches a limiting value of 5.7 &. This limiting value is
approxim:tely half the value of 12 'S obtained at high salt concentrations. Similar
results vere obtained for the 12-S component in the mixture of unfractionated
spectrir,, and with protein solutions that had been concentrated to 2 and 5 mg/ml,
although with increased protein concentrations the limiting sedimentation coefficients
were lowered. In agreement with the theory of Svedberg and Pedersen [11], the
measured primary charge effect (the difference batween the sedimentation coefficient in
the presence of 0.1 M NaCi and that in a low concentration: of salt) increased linearly
with increazing protein concentration.

Gel filiration

It has recently begen shown [7] that crude spectrin can be fractionated into
several aggregation states by means of gel filtration on agarose columns. This frac-
tionation was carried out with protein that had been concentrated by several means,
and was performed in the presence of 0.1 M NaCl. In order to test whether the aggrega-
tion states had been produced by the protein concentration step, the fractionation was
carried out on a crude spectrin sample without prior concentration. The elution profile
was very similar to those obtained with concentrated solutions of the extracts [7].
In addition, however, a small “pre-void volume™ peak was occasionally scen eluting
just zinead of the void volume peak. This pcak appears to consist mainly of phospho-
lipid, and its appearance is most noticeable ir. preparations from outdated blood
(Dunbar, J. C., unpublished results).

In order to examine the ~ffects of salt on the clution behaviour of spectrin on
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the agarose columr', a serics of gel filtration experiments at different salt concentrations
was performed witl: a single sample of unfractionated spectrii:. It was reasoned that if
aggregation was incuced by salt, then increasing salt concentrations should shift the
elution profile towards the void volume. The observed effects, however, were quite the
opposite. In solution: of very low salt concentration (identical with the solution used
to extract the spectrin), the protein emerged in a narrow peak at the void volume
(Fig. 2a). Increasing s-{t concentration caused a broadening of the peak, and a gradual
resolurion of several cc mponents (Fig. 3b), until at an ionic strength of 0.07 (Fig. 3¢),
three clear peaks are dizcernible. At an ionic strength: of 0.32 (Fig. 3d), all three peaks
are clearly resolved; thue tetramer eluting at 118 ml, the dimer at 145 mi. All peaks
showedl the two spectrin bands on electropiioresis in dodecyl sulphate, although faint.
traces of component 5 were found in the void volume peaks.

The increase in elttion volume for each peak as a function of ionic strength
resembled the increase in s:dimentation coefficient shown in Fig. 1, the elution volume
for each peak approachiny its limit asymptotically with increasing ionic strength,
When the veciprocal of K, the distribution coefficient, was plotted against the
reciprotal of ionic strength, a linear relationship was seen.

The effect of salt on “he gel filtration behaviour does not seem to involve an
interaction between the dimei* and the tetramer. nor does it appear to involve irrevers-
ible changes such as might be »roduced by proteolysis, as essentially identical changes
in elution volume were seen wi'h the isolated tetramer as with the tetramer component

of the mixture. Furthermore, tite changes in 1l cases were reversible on dialyzing the
protein solution to a lower salt concentration:.
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Fig. 3. Changes in the slution profile for spectrin on 4 % agarose beads, induced by increasing concen-
trations of NaCl. Saraples of the total watr-soluble protein were applied to the column, previously
equilibrated with th: eluting buffer. Eluting baffers: a, 0.2 mM EDTA, pH 7.5; b, 5mM EDTA,
10 mM NaCl, pH 7.5; ¢, S mM EDTA, 50 mM NaCl, pH 7.5; d, S mM EDTA, 0.3 M NaCl, pH 1.5.



392

Althcugh it has not bezen possible to analyse in detail the concentratien distri-
bution of the various components, due to difficulties in resolving the separate peaks,
visual inspection suggests that the relative proportions of the void volume, tetramer
and dimer psaks remain unchanged with changing salt concentration.

The increasing exciusion of high molecular weight compounds from the agarose
gel in decreasing salt concentrations has bsen reported by other workers [12, 13} and
has been considered as being due to ion-sxclusion effects within the gel. Similar
anomalously early elution was found with ferritin and with glutamate dshydrogenase
on the columns used in th2 present study, emphasising that the effect is not specific to
spectrin. In order to confirm the possibility of ion-exclusion cffects in the present
study, the presenc: of charged groups on the agarose gel was examined. Titration of a
slurry of the bzads from pH 3 to pH 10.5 revealed no tiirable groups with pK vatues
in this range. Since sulphate groups would be likely cand’dates for charged groups on
agarose, and thsse would have pK values below the range covered in the previous
experiment, an ion-exchange expsriment was performed. To 10 ml of gel slurry was
added 30 ml of 1 M HCI and the mixture was allowed to siand for several minutes
with stirring. The beads were filtered and washed with 200 ml volumes of water until
the pH of the filtrate reached a limiting value of 6.7, identical with the pH of the added
water. The washed gel was poured into a glass column and was eluted with 0.1 M
NaCl. Fractions were collecied and their pH measured. From the pH and volumes of
the fractions, the total concentraticn of acid groups in the gel was estimated to be
1 - 107% equiv. per ml of gel slurry. In another expsriment, the acidified and washed
gel suspended in 0.1 M NaCl, was directly titrated with NaOH to an end point of
pH 6.7. In this expsriment, a concertration of 1.7 - 10~ equiv. of acid per ml of gel
slurry was determined. Ths concentration of charged groups on the gel at pH values
rear neutrality is therefore likely to bie of the order of 1 mM. This concentration is of
the same order as the concentration of salts in the low salt experiments.

The results so far presented appear inconsistent with a salt-induced aggregation
reaction. However, a salt-induced coatracticn of the molecule resulting in a smaller
Stokes radius would lead to an increased sedimentation coefficient and an increased
elution volume in gel filtration, and must be considered as a possible explanation of
the data. The optical rotation of water-soluble proteins extracted from erythrocyte
membranes was examined, both in the 0.1 mM EDTA solution used for the extraction,
and afier the addition of 0.1 M NaCl. No significant change in optical rotation could
be detected between 578 and 364 nm.

Similarly, no salt-dependent change in optical rotation could be detected in the
purified tetramer.

DISCUSSION

Although the increase in sedimentation coefficient of spectrin with increasing
salt concentration has often bzen regardad as due to salt-induced aggregation of the
protein, the bzhaviour of the gel filtration expsriments is inconsistent with aggrega-
tion. Since the optical rotation of the protein is independent of salt concentration, a
generalized expansion of the protein at low salt concentrations seems unlikely. Thus
the most likely remaining explanatioa for both the gel filtration and the sedimentation
bzhaviour is the opzration of marked charge effects at low salt concentrations.
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The change in sedimentation coefficient with increasing salt concentration is in
good agreement with the theory proposed by Svedberg and Pedersen [11]. The effect
decreases linearly with the reciprocal of the sclution conductivity beiween S mM and
0.3 M add:d NaCl, and in verv low salt concentrations and low protein concentra-
tions, the sedimentation coefficient approaches a limit of approximately half the value
observed i high concentrations of salt, as predicted by Pedzrsen’s theory. The effect is
also directly proportional to protein concentration, and is almost abolished. at infinite
ditution, again in accord with the theory of the primary charge effect. The remaining
effect ieen it infinite dilution may be due to secondary charge effects in the presence of
EDTA.

Charge effects in gel filtration at low ionic strength have already bzen reported
by others [ 2, 13]. Crone [12] ascribed the anomalously early elution of acetylcholine
esterase from agarose 5 3, ar low ionic strengths, 10 a charge exclusion phenomenon
involving interaction between negative charges on both the agarose gel and the protcin.
Cronc [12] observed a linear relationship bstween the reciprocal of the ionic strength
of the eluting buffer, and the reciprocal of the K,, for the protein in that buffer,
although nc theoretical justificaticn of the relationship was proposed. In the present
study, a similar relationship was found between K, and the ionic strength, saggesting
that the mechanism operating in the gel filtration of spectrin at low ionic strength is
similar to that reported by Crone {12]. The demonstration in the present study of
concentrations of anionic groups on the agarose gel comparable with the buffer
concentraticn in some of the low ionic strength experiments lends support to the
concept of charge exclusion phenomsna in these gels.

Thus, the effect of salt on the physicochemical proparties of speactrin appears to
be not a resuit of salt-inducad aggregation, but of the charge effects associated with a
large protein carrying a net regative charge. Furthermore, the processes of protein
concentratior: used in eariier expsriments [7] do not appear to alter markedly the
aggregation siates of the protein nor their distribution. Therefoue, it may bs concluded
that the aggregates isolated by means of gel filtration in salt solutions represent the
molecular state of the protein as extracted from the membrane. However, it n:mains
to be determined whether the aggregation states of spectrin in the intact cell are the
same as those of the extracted protein. It is possible, and indeed, quite likely, that the
release of specirin from the membrane requires its previous partial disscciatior from
higner aggregation states and from complexes with othzr proteins.
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