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ABSTRACT. The self-association of ovine brain spectrin in-6115 M NaCl (pH 7.5) was studied using
sedimentation velocity and sedimentation equilibrium techniques. Brain spectrin is tetrameric at
sedimentation equilibrium at a 0.13 M ionic strength at-B8 °C and at ionic strengths of up to 0.33 M

at 20°C. At ionic strengths greater than 0.33 M at 20, the brain spectrin tetramer is destabilized,
resulting in both dissociation to dimers and indefinite association to higher oligomers, in a manner similar
to that seen with erythroid spectrin. The equilibrium constants describing all steps in the association
involving the addition of dimers are around 15-fold higher for brain spectrin than for erythroid spectrin,
at ionic strengths 0£0.43 M. We propose that the stronger association of brain spectrin compared to
that of erythroid spectrin is due to a relative inability of brain spectrin to form closed dimers. Sedimentation
velocity analysis confirms that brain spectrin readily forms open dimers and that the association of open
dimers is not kinetically trapped even at’@€. Our results suggest that the destabilization of spectrin
tetramers in high-ionic strength conditions is due to increased independent movementoo#rides
subunits resulting from disruption of electrostatic interactions. The greater stability of brain spectrin
oligomers relative to those of erythroid spectrin is due to stronger nonelectrostatic interactions which
stabilize the rigidity of the individual subunits and thereby increase the conformational strain associated
with dimer closure.

Brain spectrin is a member of a large family of membrane- erythroid spectrin dimers have been well characteriged (
associated, actin-cross-linking proteins. At least one spectrinl11). However, the characteristics of erythroid spectrin cannot
isoform is found in the cytoskeletal structures of most necessarily be extrapolated to nonerythroid spectrins. Eryth-
vertebrate cellsl). Spectrins are highly elongated proteins, roid spectrin is capable of associating to oligomers higher
comprised of arx and af subunit which associate laterally than the tetramer in physiological conditions, through the
in an antiparallel manner to form a heterodimer and “head- sequential addition of heterodimer$2(-15). In contrast,
to-head” to form a tetramer. Both subunits consist largely early studies of brain spectrin using sedimentation through
of a series of homologous repeating motifs, each ap- sucrose gradients, electron microscopy, and nondenaturing
proximately 106 residues in lengtB)( The structure of a  PAGE determined that this isoform existed only as a
repeat motif has been determined by X-ray crystallography tetramer in<300 mM salt (6—20).

(3) and NMR spectroscopyl) to consist of a triplex-helical It has been thought that the differences in self-association
bundle. The lateral association of the subunits is initiated behavior of erythroid and nonerythroid spectrin may be
near the actin-binding end of the dimer, where two repeat linked to their differing morphology21). Electron micro-
motifs from each monomer bind strongl, (6), and is graphs of brain spectrin have shown that it is a straighter
followed by association of the subunits along their length, molecule than erythroid spectrin, with fewer gaps visible
perhaps in a zipper-like manneb)( The head-to-head between thex andf subunits 16, 17, 20). The molecular
association of the subunits is achieved by the binding of basis for this is unknown; though the structure of the repeat
complementary partial repeat motifs at the head ofdhe  maotif has been solved, little is known of the structure and
andp subunits which forms a complete repeat mofif §). interactions between consecutive repeat motifs, or of the

The self-association of spectrin dimers to tetramers is lateral interactions between the and § chains, and the
crucial to their role as proteins that cross-link actin and influence of these interactions on the morphology and self-
membrane domains; the spectrin dimer is monovalent for @ssociation of spectrins.
actin and therefore incapable of cross-linking actin filaments. ~ In the present study, analytical ultracentrifugation has been
The kinetics, thermodynamics, and mode of association of used to examine the self-association of brain spectrin as a

function of ionic strength. We have found that as the ionic
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to form closed dimers and a greater strength of association
relative to erythroid spectrin. The implications of the data
for the interactions stabilizing both isoforms of spectrin are
discussed.

EXPERIMENTAL PROCEDURES

Purification of Brain Spectrin. Brain spectrin was pre-
pared from approximately 150 g of ovine brain using the
method of Bennettt al. (22), with the following modifica-
tions. Protein was precipitated from the low-ionic strength
extract by addition of 0.35 g/mL ammonium sulfate &2
The suspension was kept at@ overnight and then at10
°C for 1 h before centrifugation for 15 min at 25@)0The
precipitate was resuspended in 12 mL of gel filtration buffer
(1 M NaBr, 10 mM sodium phosphate, 1 mM NEGTA,

15 mM sodium pyrophosphate, 0.02% Naldnd 0.4 mM
DTT at pH 8.2) and dialyzed against 400 mL of the same
buffer for 4 h at 4°C. The suspension was centrifuged for
60 min at 180008, the supernatant applied to a Sepharose
CL-4B column (2.5x 90 cm) equilibrated with gel filtration
buffer, and the protein eluted using a flow rate of 20 mL/h.
Fractions were monitored using the absorbance at 280 nm
and were examined by means of SBISAGE. Spectrin
fractions were pooled and dialyzed against 2.5 L of buffer
A (50 mM NaCl, 10 mM sodium phosphate, 0.5 mM
NaEDTA, and 0.5 mM DTT at pH 6.8) for 3 h. The pooled
fractions were concentrated against Aquacide Il (Calbiochem)
to 5-8 mL and dialyzed overnight against 2.5 L of buffer
A. FPLC was used to further purify the brain spectrin. The
dialyzed protein was centrifuged for 25 min at 3590&nd

the supernatant injected onto a Mono Q HA 5/5 anion
exchange column (Pharmacia) equilibrated with buffer A.
Spectrin was eluted at 0.5 mL/min with a 30 mL linear
gradient of buffer A versus buffer B (1 M NaCl, 10 mM
sodium phosphate, 0.5 mM EGTA, and 0.5 mM DTT at pH
6.8). The 0.5 mL fractions were monitored using the

Begg et al.

to determine the weight-average sedimentation coefficient,
s, and diffusion coefficientD, respectively. These coef-
ficients were then corrected for the effects of ionic strength
and temperature on the viscosity and density of the solution
to give the equivalent values in watesg,, and Dy w.

Sedimentation EquilibriumMeniscus depletion sedimen-
tation equilibrium experiments were performed on a Beck-
man-Spinco model E analytical ultracentrifuge at-B3 °C.

The ultracentrifuge cells were fitted with Yphantis-style, six-
channel centerpieces and loaded with three different con-
centrations of spectrin (typically 0.2, 0.4, and 0.8 mg/mL).
The samples were centrifuged at 66€MO00 rpm for up

to 90 h. Photographs of the Rayleigh interference pattern
were taken at zero time and at intervals after 24 h and were
measured using a Nikon comparator linked to an automated
plate reader. Measurements were baseline corrected by
subtracting the zero-time dat24)j. Concentrationd) versus
radius ¢) data were calculated using a conversion factor of
4.04 fringes for every 1 g/L proteir2§).

Sedimentation Equilibrium Data Treatment and Model
Fitting.? The experimental data were treated in two ways.
From Inc(r) versusr? data, apparent point-average weight-
average molecular weight valuedl{.,) were calculated
(24). In addition, the concentration versus radius data were
transformed using th& function, Q(r) (26):

c(r) exp[¢1M1(rF2—r2)]

() = o (1a)
_ay(rge(r)
~ a0l (1b)

where¢ = (1 — vp)w%2RT, wherev is the partial specific
volume of the protomer in milliliters per grarp the density
of the solvent in grams per milliliter and the angular
velocity in radians per seconadM; is the molar mass of the

absorbance at 280 nm and were examined by means ofprotomer;c(r) andc(rg) are the total protein concentrations

SDS-PAGE.

Human erythroid spectrin was purified as described by
Morris and RalstonX0).

Preparation of Spectrin Samples for Ultracentrifugation.
For both brain and erythroid spectrin, fractions from the
middle of the chromatography peaks were pooled and, where
necessary, concentrated using centrifugal concentrators
Samples were then dialyzed for-46 h at 4°C in a buffer
comprised of 10 mM sodium phosphate and 1 mM EGTA
at pH 7.5 which included 0:12.0 M NaCl. Prior to dialysis,
all buffers were purged with nitrogen to remove dissolved
oxygen, and DTT (0.21.0 mM) was added. For samples

analyzed by sedimentation equilibrium at temperatures above

30 °C, 1% w/v metrizamide (Sigma Chemical Co.) was
included in the buffer to stabilize the protein concentration
gradient 23).

Sedimentation VelocitySedimentation velocity experi-
ments were performed using a Beckman XL-A analytical
ultracentrifuge fitted with absorbance optics. Sampted.2
mg/mL spectrin) were loaded into cells fitted with double-

sector 12 mm centerpieces, equilibrated to the temperature

of the experiment for up to 1 h, and centrifuged at 40 000
rpm. The program VELGAMMA (Beckman) was used to
calculate the rate of movement of the second moment of the
boundary and the rate of spreading of the boundary, in order

(grams per liter) at radial positiarand the reference position

re, respectively, and, is the thermodynamic activity of the
protomer. In calculation of2(r), a value of 0.73 mL/g was
used forv at 20°C [calculated from the cDNA sequence of
Ma et al. (27) and Waseniu®t al. (28)]. Values ofv at
other temperatures were calculated according to ledz.

(29). The value ofp was also calculated for each solvent
and temperature@). The molecular weight of the protomer,
M;, was taken to be 559 000 (calculated from cDNA
sequence data) where the protomer of the reaction was the
heterodimer. In experiments where a significant proportion
of monomer was detected, a protomer molecular weight of
280 000 was used, i.e., the average molecular weight of the
o andf chains.

Plots of Q(r) versusc(r) for the three loading concentra-
tions of protein at sedimentation equilibrium were calculated
using a common value af(rg). Overlap of the data over
the common concentration range is a very sensitive indicator
that both chemical and sedimentation equilibrium have been
attained 26, 30). The Q data were fitted with models of
indefinite associatiorSEK 1, SEK 3, and SEK 43@)—pre-

2 A package of programs for the workup of raw data and for the
fitting of models is available via anonymous FTP at the address
bbri.harvard.edu. Change to directory rasmb.spin.ms_dos.sedprog-
ralston.
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viously used to describe erythroid spectrin self-association
(e.g.,32 33). For each model, the concentration of the
protomerc,(r), can be written as an implicit function off).

The SEK 1 model describes the sequential addition of
protomers (in this case, dimers), where the addition of each
dimer is described by a single molar equilibrium constant,
K:

K

_
=

K

K
D=D,=D,=D,~..=

o(r) = (/L — ke (] if key(r) <1
wherek = K/M, (2)

D

n

In the SEK 3 model, the dimettetramer equilibrium
constant is described separatelykyy, and every subsequent
addition of dimer is described bifs,.

K24 Kiso Kiso
D=D,—~D,=D,~..

kosCr(N[2 — kigoCy(r)]
[1- kisocl(r)]2
wherek,, = Ki,/M; andk,, = K,,/M; (3)

_
B

D

n

c(ry=cy(ry1+ if kgCi(r) <1

In the SEK 4 model, all additions of dimer are described
by a singleK (as for SEK 1). However, the association of
monomers to form the dimer is also included and is described
by K12:

K

K12 K K
2M=D=D,=D;=..=D

n
2Ky €4(1)

[1- k12kC1(r)2]2]
wherek,, = K,,/M, andk = K/M; (4)

c(r)= cl(r)[ 1+

For all models, the Adamd~ujita approximation34) was
used to relate the thermodynamic activity of the protomer,
ay(r), to the concentration of the protome(r):

ay(r) = Cy(r) expBM;c(r)] (5)

whereB, the second virial coefficient, is a measure of the
nonideality of the solute.

The models were fitted to th€ function curves by
nonlinear regression as describ&®,(32). The regression
program returned the approximate (asymptotic) standard
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Ficure 1: (Lower panel) Concentration versus radius data for three
loading concentrations of brain spectrin at sedimentation equilibrium
in 10 mM phosphate, (pH 7.5) and 0.1 M NaCl at°® The three
data sets were fitted simultaneously by a single-nonideal species
model using the nonlinear regression program NONL38) (The
calculated fit is represented by the solid line. For this set of data,
the returned value of the protomer molecular weilyht= (1.16

+ 0.03) x 10° and that of the nonideality parametgr= (8.8 4

1.7) x 108 L mol g~2. (Upper panel) Plot of the residuals of the
fitted curve to the data points for each data set.

phosphate and 0:122.0 M NaCl at pH 7.5 at lead h prior

to measurement. The data obtained were converted to mean
residue ellipticity 87) using a mean residue weight of 115.2
for erythroid spectrin and 115.5 for brain spectrin.

RESULTS

Sedimentation Equilibrium Analysis of Brain Spectrin
Tetramer. The ¢(r) versusr data of brain spectrin in 100
mM NacCl at 18-37 °C, and 206-300 mM NaCl at 18-30
°C, were analyzed directly using the nonlinear regression
program NONLIN @6). In all cases, the data were best fit
by a model describing a single nonideal species (Figure 1).
The returned value of the molecular mass, averaged over
nine experiments, was (1.14 0.03) x 1(f Da and is
consistent with the molecular mass of the brain spectrin
tetramer calculated from the cDNA sequence of 1x120°
Da (27, 28).

errors of the variable parameters calculated from the inverse The second virial coefficient3, a measure of the non-

matrix set up from partial derivative equations of the fitting
function 35).

In cases where th& data showed no evidence of
association, the program NONLINBG) was used to fit the
c(r) versus data with a single nonideal species model, which

ideality of the molecule, was also estimated by the fitting
program for each experiment, and the average value obtained
was (0.80+ 0.22) x 107 L mol g~2. A theoreticalB may

be calculated38) by combining the nonideality arising from
the charge of the molecule (at the experimental pH) with

gave an estimate of the molecular weight of the species, andthe nonideality arising from the excluded volume of the

its nonideality,B.

Circular Dichroism. CD spectra were measured atZ%
over the wavelength range of 26260 nm using a Jasco
J-720 spectropolarimeter and 1 mm path length cells.
Samples of erythroid or brain spectri].5 mg/mL) were
dialyzed in 10 mM sodium phosphate, 0.1 M NaCl, 0.5 mM
EGTA, and 0.5 mM DTT at pH 7.5 and then diluted to 0.1
mg/mL protein with buffers containing 10 mM sodium

molecule, which is dependent upon the molecule’s size and
shape. TheoreticaB values were calculated for brain
spectrin modeled as a stiff rod (200 nm long, 3 nm diameter)
and as an expanded sphere with a Stokes radius of 22.0 nm
(calculated from the sedimentation coefficient) using the
equations of Tanford38). The estimated maximum charge
on the tetramer at pH 7.5 15339, calculated using standard
residue K, values. However, this can be reduced markedly
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NaCl (M) FicURe 3: Comparison of boundaries formed during sedimentation

velocity experiments of erythroid and brain spectrin at°20in
0.5 M NaCl and 10 mM phosphate at pH 7.5. The boundaries were
recorded using absorbance optics at 230 nm, and the absorbance
was differentiated with respect to the radial distance to provide
plots reflecting the concentration gradient versus radial distance.
¢ (A) Erythroid spectrin forms separate dimer and tetramer boundaries
due to slow interconversion of the species. (B) Brain spectrin forms
a single boundary with a weight-average sedimentation coefficient
lying between that of the dimer and tetramer, indicating rapid
interconversion of these species on the time scale of the experiment.

Ficure 2: lonic strength dependence of the weight-average
sedimentation coefficienty , Of brain spectrin at 24), 20 @),

and 37°C (O). Values of the sedimentation coefficient were
determined from the rate of movement of the second moment of
the boundary using the program VELGAMMA and corrected for
the effect of salt and temperature on the density and viscosity o
the solution to gives, . The error bars represent the standard error
of the measurement.

by counterion binding. Therefore, a value of $020% of
the maximum charge was use®B). The calculated value
of B for the rod was 1.91 (1.25, 2.90) 107 L mol g3,
while that for the sphere was 2.68 (2.04, 3.68)10°7 L
mol g 2. These theoretical values are closely similar to the strengths. . )
experimental values @. The small differences may occur ~ 1h€ composition of the samples cannot be precisely
because the model shapes are not entirely appropriate, théluantified from the ratio 08,0.w andDzo,w, due to artificial
level of counterion binding exceeds 70%, or there is a very Proadening of the boundary arising from the presence of
small percentage of high-molecular weight oligomers present, Mre than one species. However, the transitions at 2 and
which would artificially reduce the experimentally derived 20 °C do not reachsy,, values lower than that of the
value ofB. erythroid spectrin dimer (9.9 S), indicating that increasing
Sedimentation Velocity of the Brain Spectrin Tetramer. the concentration of salt promotes a diméegtramer ex-
Sedimentation velocity experiments were also performed on €hange. The transition at 3T indicates dissociation far
the brain spectrin tetramer in 0.1 M NaCl at 0. Values  9réater than that at the lower temperatures, withshg,
for S, 0f 11.7 S and frictional ratiéff, of 3.3 were obtained. ~ values falling to~8 S. Using the ratio ok, values of the
When compared with values obtained for the erythroid €rythroid and brain spectrin tetramer as a guide, the
spectrin tetramersgow = 13.7 S,f/f, = 2.7), the results sedlr_nentatlon coefficient of the brain spectrln_ dlmer is
indicate that brain spectrin is a more asymmetric molecule Predicted to be~8.5 S. Thus, at 37C, the data indicate
than erythroid spectrin. These results are qualitatively (but COMPplete dissociation of brain spectrin tetramers to dimers,
not quantitatively) similar to those obtained using sucrose @d possibly some dissociation to monomers2ih.0 M
gradients 17, 18) and are consistent with the straighter, more &

rigid appearance of brain spectrin in electron micrographs Kinetics of Brain Spectrin DimetTetramer Exchange.
(16, 17, 20). The presence of a single sedimenting boundary throughout

Destabilization of the Brain Spectrin Tetramer at High the salt-dependent transition demonstrates that the brain
lonic Strengths.To investigate the stability of brain spectrin ~ spectrin dimers and tetramers undergo rapid exchange even
as a function of ionic strength and temperature, sedimentationat 2 °C. This is in marked contrast to erythroid spectrin,
velocity experiments were performed at 2, 20, andG7n for which the kinetics of self-association are very slow at
0.1-2.0 M NaCl and 10 mM sodium phosphate at pH 7.5 21 °C, and immeasurably slow below IC (9), resulting
(Figure 2). Brain spectrin in 0.1 M NaCl sedimented as a in the formation of separate boundaries for the dimer and
single boundary at all temperatures examined, as expectedetramer during sedimentation velocity experiments per-
for a single (tetrameric) species. formed at<25 °C in 0.1 M salt. In fact, we have found

As the concentration of NaCl increased, brain spectrin that erythroid spectrin forms separate tetramer and dimer

continued to sediment as a single boundary (e.g., see Figurdoundaries at 20C in <0.5 M NacCl, and the sedimentation
3B). However, the weight-average sedimentation coefficient coefficients are not significantly reduced relative to those
decreased, undergoing a transition between 0.3 and 1.5 Mobtained in 0.1 M NaCl (Figure 3A).
NaCl (Figure 2). The transition is not due to a salt-dependent The slow interconversion of erythroid spectrin dimers and
shape change in the tetramer, since the rati;®f to the tetramers in the cold is due to a very high activation barrier
diffusion coefficient,D,o v, decreased, indicating a decrease which is thought to arise from conformational strain associ-
in the average molecular weight. The decreasesi, ated with the formation of the “closed” dimer from an “open”

therefore reflects dissociation of the brain spectrin tetramer
to one or more smaller species with increasing ionic
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04 | tion equilibrium as verified by the overlap of plots My app versus
g(s*) | concentration and? versus concentration. Data from the three

| loading concentrations for each ionic strength were then averaged

three points at a time.

02 fF

: The propensity of brain spectrin to form closed dimers at

0 o TN 20 °C was then investigated by sedimenting samples which

> 4 6 8 10 12 14 had been dialyzed against 1.0 M NaCl af@ and then

o ) incubated at 20C for up to 80 h. As Figure 4B shows, a
w single boundary representing the tetramepen dimer

Ficure 4. Sedimentation velocity results reflecting the formation exchange is seen aft® h at 20°C. However by 80 h of

of closed dimers of brain spectrin. The plots show the distribution incubation, a shoulder has developed on the trailing edge of

of the apparent sedimentation coefficieg(s*), normalized to the : . i1
area under the boundary. (A) Brain spectrin incubated at®0 ( the main boundary. After extrapolation of thes") distribu

and 37°C (@) in 10 mM sodium phosphate buffer and 0.5 M NaC|  tion to infinite time @0), the second boundary was resolved,
at pH 7.5 for 20 h prior to sedimentation velocity analysis at 20 with ansy,0f ~8.1 S, demonstrating that a small proportion
°C. Following the heating of brain spectrin to 3T, a separate of closed dimers are formed.

boundary is formed with a value 8.7 S) consistent with . . P . . .

that preé/icted for the brain specﬁ?iwcgimer. )(B) Brain spectrin Sed!m_entatlon_ Equ'“b”um Analysis of Brain Spectrin Self-
incubated at 20°C for 0 (O) and 80 h @) in 10 mM sodium Association at High lonic Strengthslhe dependence of the
phosphate buffer and 1.0 M NaCl at pH 7.5 prior to sedimentation association behavior of brain spectrin on ionic strength at
ﬁ:i%ﬂt)é ggﬁ)ésise Sact)l%gé-Esygggcgfggcggﬂg; ;1 (Sh%uidgr)?ffeerafs 20°C was quantified by sedimentation equilibrium analysis.

: > A SEY oL oA O The apparent weight-average molecular weighty £,
extrapolation of theg(s") distribution to infinite time. versus concentration data in Figure 5 show that, as the NaCl
concentration increases above 0.3 M, the valudgf,, at
zero protein concentration becomes smaller than that of the
tetramer, confirming the dissociation of brain spectrin
tetramers to dimers. However, at protein concentrations

igher than 0.3 g/L, the value 8, sppincreases well above
hat of the tetramer, indicating self-association to larger
oligomers.

dimer (7, 10, 39). A dimer is closed when the self-
association binding sites of the and 8 subunits are
associated within the dimer. This intradimer bond must be
broken before tetramers can form. The rapid exchange of
brain spectrin dimers and tetramers therefore suggests tha
the single boundary represents the interconversioopeh

dimers with tetramers, or alternatively, that brain spectrin . L L
y P To determine the pattern of self-associatiéhdistribu-

closed dlmer§ an.a not .klnetlcall)./ tr_apped. tions were generated from(r) versusr data obtained for

To determine if brain spectrin is able to form closed pain spectrin in 0.41.5 M NaCl. Good overlap of the
dimers, a sample of brain spectrin in 0.5 M NaCl was ¢yrves for the three loading concentrations of protein in each
incubated at 37C for 20 h (to increase the proportion of  experiment indicated that chemical and sedimentation equi-
dimers and to overcome any activation barrier to dimer |iprium had been reached and that all species present
closure), then chilled on ice, and sedimented at@0 The  participated in the equilibrium. Initial attempts to fit the data
distribution of the apparent sedimentation coefficigys), used the discrete models DTH (dimeetramerhexamer)
was calculated 40, 4] to improve the resolution of and DTHO (dimertetramer-hexameroctamer), where
boundaries formed in the sample. In contrast to the control each equilibrium constant is defined independently. The fit
sample incubated at 2TC, the sample incubated at 3T of the DTH model to the 041.5 M NaCl data was
clearly formed two boundaries (Figure 4A) with sedimenta- consistently poor, with a nonrandom distribution of residuals
tion coefficients of~11.4 S (corresponding to a reaction and a negative (physically meaningless) valuB,ahdicating
boundary representing tetramapen dimer exchange) and  that the model greatly underestimated the degree of associa-
~8.7 S (close to the predicted coefficient of the dimer). This tion. Fitting the DTHO model to 0-41.5 M NaCl data gave
demonstrated that at higher temperatures brain spectrin carsimilar results, withB values several orders of magnitude
form closed dimers which can be kinetically trapped at 20 smaller than the value obtained at 0.1 M NaCl. The data
°C. were then fitted with the SEK models, which describe various
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FiGurRe 6: Comparison of the association behavior of erythroid ) ) o
and brain spectrin in 0-41.5 M NaCl. The data points represent The marked difference in the values of the equilibrium

the values of the equilibrium constants estimated from nonlinear constants describing the self-association of brain and eryth-

regression fitting of the SEK models @ versus concentration  rqid spectrin is not due to the differing temperatures at which
plots obtained for brain spectrin at 2Q: K4 (O) andKis, (®) of .
the SEK 3 model an& (a) of the SEK 1 and SEK 4 models (see the data were collected (20 and 3@, respectively).

Experimental Procedures for details). The equilibrium constants for Although most of the brain spectrin data were obtained at
erythroid spectrin, obtained by Cole and Ralston (1992) &G0 20°C, experiments at 3tC produced equilibrium constants

are also shownkKp, () andKis, (M) of the SEK 3 model anék that were comparable to those obtained af@0and were

(a) of the SEK 4 model. The solid lines represent unweighted linear still at least 1 order of magnitude larger than those of
regression fits for (iX,4 from the SEK 3 model and (iiiso from . . L L
the SEK 3 model ané from the SEK 1 and SEK 4 models. For  €rythroid spectrin at the same ionic strength. Similarly,

brain spectrin, the error bars represent the standard errors of theeXperiments on erythroid spectrin at 20 produced results
equilibrium constants obtained from nonlinear regression analysis consistent with those at 3{C.
of Q function data combined from three loading concentrations of Circular Dichroism Analysis of Spectrin at High lonic

protein. For the erythroid spectrin data, the error bar for each point .
represents the standard error of the mean value of the equilibrium Strengths. The dependence of the-helical content of

constant obtained from fitting the data from the three loading €rythroid and brain spectrin on ionic strength was measured

concentrations separatel$3). by changes in the mean residue ellipticity at 222 nm. As
Figure 7 shows, the magnitude of the ellipticity at 222 nm

types of indefinite self-associatior8Y, see Experimental increased by 510% with an increase in NaCl from 0.1 to

Procedures). For brain spectrin in 8.0 M NacCl at 20 1.5 M at 25°C. The data therefore indicate a small increase

°C, a protomer molar masiif) of 559 000 g/mol (equivalent  in the percentage aofi-helix with increasing salt for both

to the dimer) was used and both the SEK | and SEK 3 modelserythroid and brain spectrin.

were tested. At concentrations of 1.5 M NacCl, the SEK 4

model was also tested, in order to take into account possibleDISCUSSION

dissociation to monomer. For this model, a valueNgrof

280 000 g/mol was used. In a comparison of erythroid and brain spectrin association

g o ) using electron microscopy and nondenaturing PAGE, it was
For brain spectrin in NaCl at concentrations of 8045 found that, while erythroid spectrin formed oligomers ranging
M, the SEK 3 model, which defines a separkig andKis,, from dimers to octamers, brain spectrin appeared only as a

gave the best fit to the data (Figure 6). At higher NaCl tetramer 20). Our analysis of brain spectrin in 0.1 M NaCl
concentrations, howeve,, decreased until it became equal  sing sedimentation equilibrium shows that it is exclusively
to Kiso, and the SEK 1 model, which describes all steps by tetramericat equilibriumover a wide range of temperatures

a singleK, was more appropriate (Figure 6). At1.5 M NacCl, (18—37 °C, Figure 1). At 30°C, brain spectrin remains
dissociation of dimers to monomers occurred at protein tetrameric at ionic strengths between 0.1 and 0.3 M.

were fitted best by the SEK 4 model, which returnelia  tetramers are destabilized, and the protein is able to form

of 7 x 10° M~ for the formation of the dimer andi&for  poth dimers and higher oligomers in a manner qualitatively
the Sequent}al addition of heterodimers which was similar similar to that seen with erythroid Spectrin (Figure 5) In
to that obtained at 1.0 M NaCl. fact, the association of both spectrins can be described by

Figure 6 also compares the equilibrium constants of brain the SEK models of indefinite self-association (Figure 6).
and erythroid spectrin over a range of ionic strengths [spectrin  The association behavior of both spectrins may be
data obtained from Cole and Ralstod3)]. At =0.4 M interpreted using the ring closure model of Morris and
NaCl, the equilibrium constants for brain spectrin at5- Ralston (0) (Figure 8). Electron microscopy studies indicate
fold higher than those for erythroid spectrin. The conver- that the erythroid spectrin heterodimer is mostly in the closed
gence oKy, andKis, which occurs a0.5 M NaCl for brain form, whereby the binding sites of teandf subunits form
spectrin occurs with erythroid spectrin at only0.2 M. an intradimer bond42). Self-association of dimers requires
Similarly, the dissociation of brain spectrin dimers to the open form of the dimer, however, and the equilibrium
monomers, which is detectable at 1.5 M NacCl for brain between the open and closed form of the dimer is described
spectrin, occurs in erythroid spectrin at only 0.3 M NaCl. by aring closure constari,. The interaction of two open
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A) 0.1-0.3 M NaCl
| Kia m — q{& e =
Kea(1+Kra)
Kea Jl‘ Koo~ (1K B) 0.4-1.5 M NaCl
1 IF L E——— . Kog(1+K q) andfor and/or _h__ and/or —'_‘ (XN ]
46 (1+K0)(1+K52) 3 = S —
w S \uj‘
Kes JP
\_/ >1.0 M NaCl ‘r
j | Krs —
I S—
Ke{1+K:)
e Ki-2)i= (1+K (i 2)(1+K:2) Ficure 9: Model of the salt-dependent changes in brain spectrin
: self-association. (A) At 0.£0.3 M NacCl, the rigidity of the brain

. i . spectrin subunits in the dimer allows self-association to proceed
FiGURE 8: Ring closure model for the self-association of spectrin o)y a5 far as the tetramer and prevents the dimer from closing
(10). TheKg's represent the association constants for the addition 5,4 forming a ring structure. In principle, dimetetramer exchange
of an open dimer to an opem ¢ 2)-mer which forms an open  can occur. However, the tetramer is highly thermodynamically
i-mer (=4, 6,8, 10, etc.). Th&r, andK,; represent the equilibrium ¢4 5red with respect to the open dimer and is the only species
constants for the formation of the ring, or closed, form of an yetectable over the range of concentrations accessible in our
oligomer from the open, or chain, form. THg») are the measured  gyperiments. (B) In 0-41.5 M NaCl, the heads of the and 3
equilibrium constants for the formation of &mer from an ( — subunits can move somewhat independently of one another. This
2)-mer and a dimer summed over both the open and closed formsyay e the result of greater subunit flexibility (upper diagrams)
of the participating species. and/or weakening of the side-to-side associations resulting in
“unzipping” of the chains (lower diagrams). The increased inde-
dimers which forms an open tetramer is described by a chainpendent movement of the subunit heads allows the formation of
constant,K.,, and indefinite association proceeds by the oligomers larger than the tetramer and also allows limited formation

sequential addition of open dimers to open oligomers, each®f ¢losed. kinetically trapped dimers. A1.0 M NaCl, the side-
to-side interactions are weakened to the point where dissociation

step described by a chain constd(y, (i = 4, 6, 8, 10, etC.).  4f dimers to monomers is detectable.

Each of the erythroid spectrin open oligomers is flexible

enough to close to the ring form such that all of the binding detectable in solution will be the tetramer. (iv) As the dimer
sites are satisfied, and these closures are described by rings mostly in the open form, there will be no kinetic
closure constant¥. Such closed oligomers have been restrictions to dimertetramer association.

observed in the electron microscopii _ These predictions are consistent with the behavior of brain
The ring closure model has been used to interpret the spectrin we have observed using sedimentation equilibrium
mechanism of erythroid spectrin self-associati@f, (39. and sedimentation velocity technigues. Brain spectrin’s very

For example, in conditions where the SEK 3 model describes large frictional ratio and its morphology as observed in EM
the self-association, the observed equilibrium constant for studies 20) both indicate that it is a stiffer, more rod-like
the formation of the tetramekz, is larger than the constants, molecule than erythroid spectrin. Brain spectrin is exclu-
Kisor describing the formation of all larger oligomers. This sively tetrameric at sedimentation equilibrium in 0.1 M NaCl
can be attributed to the greater conformational strain associ-over the temperature range of-187 °C (Figure 1). Under
ated with closing the dimer, that is, the difficulty of bending conditions where the tetramer can dissociate.8 M NaCl),
the longera. subunit back upon itself in order to bind to the brain spectrin forms a boundary in sedimentation velocity
B subunit {, 39). This conformational strain reduces the experiments whosey ., value lies between those of the
ring closure constant for the diméf;,, with respect to the  tetramer and dimer (Figure 2). This boundary represents a
other ring closure constants, which in turn increases the valuerapid dimer-tetramer exchange that is not kinetically
of Kz4 with respect to the other constank§s, (10, Figure restricted, even at 2C. The dimers involved in this rapid
8). exchange are likely to be in the open state. This is supported
Thus, the mode of erythroid spectrin self-association is by other experiments which show that brain spectrin, like
heavily dependent on the intrinsic flexibility and the inde- erythroid spectrin, can also form a separate boundary
pendent movement of itsx and 8 subunits; electron  containing kinetically trapped dimers during sedimentation
micrographs of erythroid spectrin oligomers4( 43 dem- at 20°C (Figure 4). The dimer in this boundary is likely to
onstrate that partial separation of the subunits occurs whenbe in the closed form.
the heads of the subunits in one dimer bend outward to form At salt concentrations a£ 0.4 M, brain spectrin is able to
contacts with two other dimers. It can therefore be predicted associate in a manner qualitatively similar to that of erythroid
that a stiffer, more rod-like form of spectrin will have the spectrin, and the self-association of both types of spectrin
following properties (Figure 9A). (i) The dimers will have can be modeled using the ring closure model of Morris and
difficulty in closing to a ring structure, and the open form Ralston (0) (Figure 8). The ability of brain spectrin to form
of the dimer will predominate. (ii) If the dimers can self- a wide range of oligomers iz0.4 M NaCl indicates that
associate, then the largest species that will form will be the the self-association sites at the head ofdhend subunits
tetramer, the stiff chains with their coupled motion preventing can now move independently of one another (Figure 9B).
the self-association interface from opening up and accom-At 0.4—0.5 M NaCl, the brain spectrin tetramer is still
modating further dimers. (iii) If the association between two favored relative to other oligomers, as shown by the fact
dimers is sufficiently strong, then effectively, the only species that Ky, is higher thanK;, (Figure 6). However,Ky4
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decreases with ionic strength until it becomes equ#lide smallerintrinsic flexibility of the . and/or$ subunits of brain
indicating a relative destabilization of the brain spectrin spectrin. Furthermore, the-15-fold difference between
tetramer due to the increasingly independent movement oferythroid and brain spectrid’s is independent of salt, and
the chains. Ultimately, increasing salt results in the detect- therefore, the forces controlling the intrinsic flexibility of
able dissociation of dimers to monomers starting-ats5 M spectrin subunits are not electrostatic. They may, instead,
NaCl. Note that for erythroid spectrin similar changes are be hydrophobic. Hydrophobic interactions have been pos-
observed but different concentrations of salt are required tulated by Yanet al. (3) to occur between consecutive
(Figure 6). Erythroid spectrin is flexible enough to form a Drosophilaspectrin repeat units and have also been postu-
range of oligomers even in 0.1 M NacCl, and only 0.2 M lated to influence the flexibility of thet and/ subunits of
NaCl is required to destabilize the tetramer to the point where spectrin 44).

K24 = Kiso. The dissociation of dimers to monomers occurs  The eventual dissociation of both erythroid and brain
in as little as 0.3 M NacCl. spectrin to monomers indicates that the side-to-side associa-
Thus, the salt-dependent changes in the associationtion of the o and 8 subunits is weakened with increasing
behavior of erythroid and brain spectrin are qualitatively ionic strengths. This may arise as an indirect effect due to
similar but quantitatively different. In particular, at all ionic  the loss of secondary structure. However, the CD data show

strengths tested, the equilibrium constakits, Kiso, andK that there is no net loss of specttinhelix with increasing
describing brain spectrin association are around 15-fold ionic strengths (Figure 7). Alternatively, the side-to-side
higher than those describing erythroid spectrin associationassociation may be weakened by an increase in flexibility
(Figure 6). This result supports our sedimentation velocity of the monomer chains, but again, the erythroid spectrin data
data which indicate that brain spectrin more readily forms indicate that the disruption of side-to-side association cannot
open dimers than erythroid spectrin; since all of the associa-be due solely to this. For example, at a moderate ionic
tion steps require the addition of open dimers, a tendency strength (0.5 M) at 20C, where the conformational strain
for brain spectrin dimers to be in the open form will greatly of dimer closure is still large enough to result in kinetic
favor higher association. The ring closure model equations restrictions on dimertetramer exchange (Figure 3A), the
(Figure 8) can be used to demonstrate this; when the openside-to-side association is weakened, allowing measurable
form of the dimer is thermodynamically favored, the value dissociation of dimers to monomers at equilibrium. In
of Kr2 will decrease and the values K4, Kiso, andK will contrast, in conditions where erythroid spectrin is highly
increase. (ltis possible that brain spectrin has a larger unitaryflexible and there are greatly reduced kinetic restrictions to
free energy for chain formation, which would resultin larger closed dimer formation (e.g., at 3 in 0.16 M salt;39),
values of Kg compared to those for erythroid spectrin. there is no detectable dissociation of dimet4)( Taken
However, this would not change the values of the measuredtogether, the data suggest that the ionic strength-dependent
equilibrium constants since the ring closure constaiits,  dissociation of dimers to monomers is due primarily to
andKjy, also describe the head-to-head association af an disruption of electrostatic side-to-side interactions between
and ag subunit. Thus, the effect of an increase in e the a and B subunits, rather than to increased subunit
on the measure® would be canceled by a proportional flexibility.
increase irk,, andK;.)
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