264 Biochemistry1998,37, 264—271

Biophysical Properties of Human Erythrocyte Spectrin at Alkaline pH:
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ABSTRACT. The effects of pH 613 on the conformation and assembly of spectrin were studied by means

of analytical ultracentrifugation, circular dichroism (CDY}4 NMR, and UV spectrophotometry.
Sedimentation velocity analysis showed that spectrin oligomers dissociate cooperatively into component
o- and 3-subunits above pH 9.5, and that spectrin tetramers, heterodimers, and monomers adopt more
extended and/or expanded shapes above this pH. The dissociation to monomers is mostly completed by
pH 10.5 and is used as the basis for purifying the subunits [see Ftjih (1998) Biochemistry 37
272—-280]. Along with the dissociation, biphasic unfolding of spectrin was observed above pH 9.5 as
detected by CD. The first phase of the transition occurred between pH 9.5 and 11, and the second phase
between pH 11 and 13. A similar biphasic dependence was observed for the upfield shift of{Zthe
resonances detected by spin-eHONMR and the spectrophotometric titration of the absorbance at 294

nm. These data indicate that deprotonation of tyrosine and lysine residues is closely correlated with (i)
the dissociation of spectrin oligomers into heterodimers, (ii) the dissociation of heterodimers into monomers,
and (iii) the unfolding of spectrin. Taken together, our data suggest that hydrophobic and electrostatic
interactions involving tyrosine and lysine residues play a critical role in the formation af-thedix of

spectrin and assembly of physiologically relevant spectrin oligomers from the two component subunits.

Erythrocyte spectrin is the major component of the red- terminus of the -subunit and the N-terminus of the
cell cytoskeleton, the two-dimensional meshwork of proteins a-subunit. In particular, the 17th repeat of fhesubunit is
underlying the cytoplasmic face of the lipid bilayd).(The incomplete and contains only helices 1 and 2 of the triple-
inherent flexibility of spectrin is believed to be a major helical bundle (nomenclature of Speictetral. (12)). This
contributor to the elastic deformability displayed by red cells partial repeat can combine with the N-terminal partial repeat

during their passage through the circulatory systens]. of the a-subunit, which contains only helix 3, to form the
Spectrin is composed of a 280 ki@asubunit @) and a 246 complete three-helix bundld 2, 13).

kDa f-subunit §) which associate laterally in an antiparallel ) i )
orientation 6) to form a two-stranded7j, highly elongated, Liu et al. (11) examined the effects of alkaline pH and
wormlike heterodimerg). The a- and S-subunits consist ~ urea on spectrin extraction from erythrocyte membrane
largely of a series of 106 amino acid repeat motifs (20 and skeletons. Extraction of spectrin oligomers from the cy-
16 complete repeats, respectively) with each repeat predictedoskeletal network was reported at pH9. At pH > 11.5,

to fold into a triple-helical bundle4( 5, 9, 10). An X-ray most of the extracted spectrin had dissociated into spectrin
structure of a single repeat motif shows that the triple-helical dimers, as determined by nondenaturing gel electrophoresis
bundle is stabilized both by extensive hydrophobic interac- performed at neutral pH. Spectrin oligomers were released
tions between the interior faces of the amphipathic helices from the cytoskeletal network in-12 M urea and the protein
and by electrostatic interactions between the charged residuegetwork was completely disrupted # M urea. Liu and

on the exterior surfaced). o colleagues mentioned the possibility of dissociation of
The heterodimers self-associate in a “*head-to-head” fash-gpectrin - and g-subunits at high pH and at high urea

ion to form tetramers (the dominant form in the membrane o centration. The dissociation might have occurred prior
s.kele.ton) and higher-order ollgomeﬂslx. The self-associa- to the nondenaturing gel electrophoresis of their samples
tion involves complementary binding sites near the C- which was performed at neutral pH without urea. In fact, 3

M urea is now used for isolation of spectrin subunitg)(
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of a spectrin repeat9]. This residue maintains contacts fold in a buffer comprised of 50 mM sodium phosphate, 50
between the straight helix A and the coiled helices B and C. mM sodium borate, 70 mM NaCl (or NaF for CD studies),
In addition to this and other hydrophobic interactions and 0.1 mM DTT which was pre-adjusted to the desired pH
involving tyrosines, electrostatic interactions between Asp (16). Spectrin concentrations were determined from the
at A28, Lys at B7, and Lys at C25 also appear to stabilize absorbance at 280 nm using an extinction coefficient of
the structure of the triple-helical bundl®)( Since all Eigi,1cm = 1.14, which we calculated from the amino acid
spectrin repeats are predicted to have a similar three-helixcomposition 4, 5) according to the method of Gill and von
packing 0), deprotonation of tyrosine and lysine residues Hippel (17). This value of the extinction coefficient is in
at alkaline pH will most likely result in destabilization of agreement with the value experimentally determined by
the folding of these repeat segments. Ralston (.8).

In this report, we investigated the effects of alkaline pH  Preparation of Samples for NMR Measuremerfsirified
on the conformation, assembly, and self-association of spectrin was concentratedt®20 mg/mL by dialysis against
spectrin using analytical ultracentrifugation, circular dichro- Aquacide Il. The concentrated sample was dialyzed against
ism, 'H NMR, and UV spectrophotometry. We found that 1 mM sodium phosphate (pH 7.5) with 0.1 mM DTT for 3
the spectrin oligomers dissociate into individugl and h. The spectrin was then dialyzed three timeg4 h total)
B-subunits above pH 9.5. The dissociation of spectrin against RO (99.75%; ANSTO, Lucas Heights, Sydney)
oligomers to smaller species was accompanied by loss ofcontaining 1 mM sodium phosphate (k7.2 at 20°C;
o-helix and correlates with deprotonation of tyrosine and readings were uncorrected for the presence gd)D All
lysine residues. These results suggest that tyrosine and lysind-0 buffers were purged with nitrogen to remove dissolved
residues play an important role in stabilizing the triple-helical oxygen. The dialyzed spectrin was clarified by centrifugation
bundles of spectrin, in the formation of heterodimers from at 48 00@ for 10 min. The spectrin{0.1 mL) was then
o- and 8-subunits, and in the self-association to tetramers diluted into 4 volumes of 100 mM sodium phosphate and

and larger oligomers. 100 mM sodium borate in fD which was pre-adjusted to
the desired phk, and placed i@ a 5 mm-diameter NMR
MATERIALS AND METHODS tube. The final protein concentration wasl mg/mL.

Acquisition and Processing 8H NMR Data. *H NMR
spectra of spectrin were acquired atZDand processed as
described previouslyl§) using a Bruker AMX 400 MHz
wide-bore spectrometer, operating in the pulsed Fourier
transform mode. A CPMG pulse sequence was used to
acquire spectra without water presaturatid®)( A total
echo timeg, of 2 ms was used and was sufficient to remove
the broad envelope arising from highly immobile protons;
16K data points were collected, the spectral width was 8.9
kHz, and 128 acquisitions were co-added. The total delay
between the start of each acquisition was 5 s, which allowed
for full relaxation.

Sedimentation Velocity ExperimentSedimentation ve-
locity experiments were performed using a Beckman Optima
XL-A analytical ultracentrifuge at 26C. Sample concentra-
tions were 0.1 g/L in all experiments. The spectrin samples
(400 uL) and buffer against which the protein had been
dialyzed (420uL) were placed in cells fitted with double-
sector centerpieces and quartz windows. The samples were

graphed in the same manner. Fractions from the spectrlnCentrifuged at speeds ranging from 42 000 to 49 000 rpm,

dimer pgak were po_ok_ed and used for e_xperimentatiqn as SoorHepending on the pH of the sample. Ten scans were acquirec
as possible to minimize the degradation of spectrin due to at 230 nm at 15 min intervals using the continuous scan

proteoly5|s_. . _ . mode, a step size of 0.005 cm, and 5 readings averaged pe

[Preparation of Samples for Analytical Ultracentrifugation, - gie ~\When there were window defects or partial masking,
Circular Dichroism, and UV Spectrophotometric Measure-  g-ans at 230 nm were corrected by subtracting the scans a
ments. Purified spectrin was dialyzed overnight at°@ 360 nm which were collected at 3000 rpm at the beginning
against 5 mM sodium phosphate (pH 7.5), 0.1 MM DTT plus ¢ (e experiment.

either 100 mM NaCl (for UV spectrophotometry and The data were anal ;
. . . yzed using the program SVEDBERG
analytical ultracentrifugation) or 100 mM NaF (for CD). (20. Up to 9 raw scans were directly fitted with an

S"?‘mp'$§ We:_le lea”f'e?] by cen_tnfugatloln at 48 Qg‘?f 10d b approximate solution of the Lamm equation using nonlinear
(Tlln ﬁ P CI)< eac _spe(itrm samp e/wis % IUStZ% y least-squares techniques to return values of the diffusion
iluting the stock spectrin solutions-@ mg/mL) about 20- ¢ ,eficient and sedimentation coefficient for up to 3 species.
A zero offset (non-zero absorbance at zero solute concentra-

1_bere\|1!a¥0_rtlsi ?]’\24;\%/ mezn resti)dueb e"iptidtty;z%]ézz’ nﬁ]&jan tion) was also included as a fitting parameter when necessary.
resiaue ellipticity a NMAz3, absorpance a NNF294, i
absorbance at 294 nm; CPMG, CaRurcel-Meiboon-Gill; DTT, The progra'm also returns the percentage, by Welght,. of each
dithiothreitol; pHp, apparent pH; PMSF, phenylmethanesulfonyl Of the species, and the molecular weights of the species were
fluoride; s,0 Sedimentation coefficient corrected to water at°20 calculated in the program using the following equatia)(

Purification of Spectrin DimersPacked human red cells,
prepared from blood drawn from normal, healthy donors,
were obtained from Red Cross Transfusion Service, Sydney,
Australia, and were used within 48 h of collection. Spectrin
heterodimer was extracted from the cells, and the vesicles
were removed by centrifugation, essentially as described
previously (5). Following extraction, the crude extract of
spectrin heterodimer was concentrated with Aquacide Il
(Calbiochem) to 2630 mg/mL and dialyzed against buffer
C (10 mM sodium phosphate, 100 mM NaCl, 5 mM EDTA,
0.1 mM DTT} 0.3 mM PMSF, and 0.02% NaNpH 7.5)
for 2—3 h. The extract was then clarified by centrifugation
at 48 00@ for 10 min.

Spectrin was purified from the clarified extract using a
Sepharose CL-4B column (2.5 ce55 cm) which had been
pre-equilibrated with buffer C as described previoudl§)(

The spectrin heterodimer fractions were pooled and concen-
trated with Aquacide Ill (Calbiochem) and rechromato-
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M = sRT/O1 — pv) (1)
whereM is the molecular weight of the protein,(mL/g) is
the partial specific volume of the proteip,(g/mL) is the
solvent densitys (S) is the sedimentation coefficiem,(cn?
s1) is the diffusion coefficientR is the gas constant, arid
(K) is the absolute temperature.

UV Spectrophotometry.Spectrophotometric measure-
ments of spectrin were performed using a Hewlett-Packard
8452A diode array spectrophotometer at temperatures-of 10

Fujita et al.
alC, = XMV K X" + K Ky) (4)
b/C, = KXU(X™™ + K X" + K,Ky) (5)
c/C, = K KJ(X™ + KX+ K K,) (6)
The absorbancg can be expressed as
y = ae, + be, + ce, (7

30 °C. Absorbance of spectrin samples was measured atwheree, e, andec are the absorbance coefficients of A, B,

294 nm in a 1 cnguartz cell in which the temperature was
controlled using a HP89054A thermostatable cell holder.
Correction for light scattering was made by measuring the

and C, respectively. Thus, the equation with which the data
were fitted by nonlinear regression is

absorbance at 360 nm and subtracting this value from they = (X™"e; + K;x"e, + K;Kae)/(X™™ + Kx™ +

absorbance at 294 nm. The correction was always less than

5% of the value at 294 nm.
When the reversibility of the pH dependence of the

KiKo) (8)

wherey is the absorbance at a pH efog x, ande; = ¢y,

absorbance at 294 nm of spectrin was examined, the titration2 = Cren, andes = Crec are the absorbances of the sample

was performed at 20C in a 10 mL beaker containing 0.1
g/L spectrin, 50 mM sodium phosphate, 50 mM sodium
borate, 70 mM NaCl, and 0.1 mM DTT, in which a pH
electrode was directly inserted. The pH of the sample was
changed by adding aliquot¥ 86 M NaOH ard 5 M HCI
while the solution was stirred using a magnetic stirrer.
Samples (50@L) of the spectrin solution were collected at

the desired pH values, and the absorbance at 294 nm was
measured as described above. The volumes of the added

NaOH and HCI and that of the collected sample for each
measurement were recorded, and the measured absorban
was corrected for dilution.

Circular Dichroism MeasurementsCircular dichroism

spectra were obtained with a Jasco J-720 spectropolarimetefy, degrees of freedom &fare p; —

at 20°C. Samples of spectrin (0.1 g/L) were placed ina 1

before the first transition, after the first transition, and after
the second transition, respectively.

Analogous equations were used to fit pH titration data
obtained from the CD, analytical ultracentrifuge, atdl
NMR experiments.

The appropriateness of the model was examineB-bgst
in which F was calculated from the following equatio2j:

F=(R— R~ p)/R(p, — ) 9)

whereR; andp; are the sum of squares of the residuals and

tHe number of parameters associated with the more complex

model, respectively R, andp, are the corresponding values
of the simpler model, and is the number of data points.

pz) and @ — py). In
all cases, comparison between single transition models and

mm cell, and scans were taken between 260 and 180 nm alouble transition models gavE values that would be

a scan speed of 20 nm/min with response time of 1 s, band

width of 1.0 nm, resolution of 0.5 nm, and sensitivity of
100 mdeg. Four acquisitions were co-added, and the spectr
of buffer obtained in the same way were subtracted from
the sample spectra. The raw data were converted to meal
residue ellipticity (P]mrw), USing a mean residue weight of
115.2 which we calculated from the cDNA sequentes).
Analysis of the pH Titration DatapH titration data from

UV spectrophotometry were plotted as a function of pH and
analyzed in the following manner. We assumed that the
prototropic spectrin can exist in up to three states, A, B, and
C, each allowed to have different absorbance coefficients.
The pH-dependent equilibria were expressed as follows:

A=B-+mH" 2)

®3)

K, = bx"a

B=C+nH" K,=cxX'b
wherea, b, ¢, andx are the molar concentrations of A, B,
C, and H, respectively;m and n are the cooperativity
coefficients, which correspond to the number of titratable
groups per unit at each step; at and K, are the
equilibrium constants for the first and the second transition,
respectively. From the definition &f; andK,, fractions of

a, b, andc of the total concentratio@; can be calculated as
follows:

obtained by chance with less than 5% probability, which
indicates that the double transition models provided a

%ignificantly better fit to the data. The exception was the

H dependence of the proportion of spectrin monomers,

hich was better fitted by a single cooperative transition
model. Significant improvement of the fits was not obtained
by using a three-step transition model as determined by the
F-test.

RESULTS

pH Dependence of the Sedimentation of Spectfigure
1A shows the pH dependence of the sedimentation coefficient
(s20.w) Of spectrin species over the pH rangel8 at 20°C.
In our preparations, the tetramer content was consistently
~20% at 20°C, pH 7.5, at a spectrin concentration of 0.1
g/L. Sedimentation coefficients of both the tetramer and
heterodimer decreased with increasing pH, indicating that
the hydrodynamic shape of spectrin became increasingly
asymmetric or expanded. Above pH 9.5, species with a
sedimentation coefficient of6 S and calculated molecular
mass 0f~220 kDa appeared, indicating that the heterodimers
began to dissociate intw- andS-subunits. The proportions
of the various spectrin species vs pH are shown in Figure
1B. The proportion of spectrin monomers increased coop-
eratively with increasing pH above 9.5, and the monomer
subunits were the predominant species at pH10.5.
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15 Table 1: Apparent i§, Values for the pH-Dependent Transitions of
Spectrin Measured by Various Techniques
no. of
10 J expt K ,2ep m pK PP n
@ Aggs 3 10.61+0.13 1 115023 2
N lysinee-CH; 1 10.75£0.10 1 11.7xH0.04 2
S chemical shift
S5 [0]222 3 10.29+0.06 2 11.5-0.16 2
S0 (dimer) 3 9.85+0.18 2 11.4:-021 2
% monomers 3 9.940.15 2

aData shown in Figure 2 and similar experiments were fitted with
eqg 8 using nonlinear regression, and values of apparnénfqr the
first (pKs2*® and the second transitionsKg*) were returned (see
Materials and Methods for detailsin and n are the cooperativity
coefficients for the first and the second transitions, respectively. The
errors represent the standard deviations of the mean values for the three
experiments, except for the chemical shift data where the standard error
returned from the fitting process is quotédihis experiment was
performed in the presence ofD.

pH dependence of the sedimentation coefficient of spectrin
heterodimer (Figure 2A). The returned values of apparent
pK, are listed in Table 1.

Correlation with Deprotonation of Tyrosine and Lysine
Residues within SpectrinFigure 4 shows a set of spin-echo
H NMR spectra of spectrin acquired at various pH values
Ficure 1: Effect of pH on the conformation of human erythrocyte at 20 °C. The resonance at3 ppm at pHy, 7 (which
spectrin. (A) pH dependence of the sedimentation coefficients of predominantly represents the lysiae€CH,) shifted upfield

spectrin species at 2&. Spectrin ¢2 g/L, pH 7.5) was diluted to ; ; .
0.1 g/L in a buffer comprised of 50 mM sodium phosphate, 50 as the pH was increased due to deprotonation of the side

mM sodium borate, 70 mM NaCl, and 0.1 mM DTT which was chain amine of lysines in the relatively mobile regions of
pre-adjusted to the desired p#6]. The samples were centrifuged ~ Spectrin (5, 24). The plot of the lysine chemical shift vs
at 42 006-49 000 rpm, and scans were collected every 15 min at pH was fitted using eq 8 as shown in Figure 2C. The pH

2p‘g’g‘i‘ées'3\’l‘egrtg f;ffigtgé"u Sﬁgimgnssggrgrﬁoggiéggtéég (UEI?) t0 3 dependence was fitted adequately with a model representing
The proportions of various spectrin oligomers and monomers vs a 2-step tranSIthnr(l N 1, n = 2), and returned values of

pH for the same set of experiments shown in panel A. Values were 8pparent iz are listed in Table 1. The area under the peak
calculated using the program SVEDBER®R), Symbols represent  also increases with pH, reflecting an increase in the number

spectrin tetramer), dimer (), monomers 4), and grossly  of highly mobile lysine residues in the protein.
unfolded or degraded protei®}. The spectrophotometric absorption maximum of tyrosine

Tetramers were not detectable above pH 10.25. Atsz shifts from 275 to 294 nm at alkaline pH due to ionization
11, a boundary with a sedimentation coefficient?.5 S Of the hydroxyl groupZ5, 26). On this basis, the absorbance
appeared (Figure 1A,B). This may represent a degradedat 294 nm of spectrin was measured as the pH was raised
product of spectrin or highly asymmetric or expanded from 6 to 13 to monitor the ionization of tyrosyl groups in
molecules. spectrin. The pH titration of tyrosine residues atZDis

The pH dependence of the sedimentation coefficient of Shown in Figure 2B together with the data from the CD
the spectrin dimer and the proportion of monomers was fitted analysis. The plot was fitted using eq 8 with the cooperat-
with eq 8 as shown in Figure 2A. For the proportion of iVity coefficients fixed atm = 1 andn = 2. The returned

Spectrin Species (%)

monomers, a single cooperative transition moael= 2) values of the apparenKp are listed in Table 1. The data
adequately fitted the data. For the sedimentation coefficient Show that the pH dependence of the absorbance resemble
of dimers, a double cooperative transition model= 2, n the plots obtained from the CD and the NMR analysis.

= 2) was required to fit the data adequately. The returned Rev:_arsibilﬁty of the transition was examined spe_ctrophoto—
values of apparentia, where the values of Ky are the ~ Metrically in the ranges pH-711 and pH 1+13. This study
midpoints of the transitions, are listed in Table 1. indicated that the first transition was reversible, while the
pH-Dependent Unfolding of Spectrin Detected by COD. second transition was only partially reversible (data not
set of CD spectra of spectrin obtained at various pH values Shown).
at 20°C is shown in Figure 3. The mean residue ellipticity =~ No time dependence of the unfolding transitions was
at 222 nm (p]222) of spectrin was plotted over the range pH observed over the 23 h required to obtain each of the
7—13 in order to follow the change im-helicity of spectrin ~ various types of titration data above.
(23). The pH dependence was fitted using eq 8 as shown in  Comparison with the Effects of Urea and High Sdlirea
Figure 2B. The magnitude of the CD ellipticity decreased (3 M) has been shown to be effective in dissociating
with increasing pH above pH 9.5, indicating a lossfielix erythrocyte spectrin oligomers into monometgl)( High
and hence unfolding of the molecule. The pH dependencesalt (>0.3 M NaCl) has also been shown to destabilize
of the ellipticity could be fitted adequately assuming two erythrocyte spectrin heterodime&y}, and 2 M Kl haseen
cooperative transitions(= 2, n = 2) and is similar to the ~ shown to dissociate brain spectrin oligomers into monomers
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> Ficure 3: Far-UV region of the CD spectra of spectrin (0.1 g/L)
:-E’ acquired at pH values 78L.2. [0]uwrw is the mean residue ellipticity.
wn
S the percentage proportions of sedimenting boundaries. In
‘g general, separate sedimenting boundaries were more distin:
2 guishable over the range of alkaline pH than in urea or in
© high salt. Table 2 summarizes the returned values of the
parameters for the three different conditions.
31 ' 9 ' T 3 At pH 11, 71% of spectrin exists as monomers. The
pH molecular mass of 199 kDa is smaller than expected (280

N _ kDa for thea- and 246 kDa for thg8-subunit) because the
FIGURE 2: pH-dependent transitions of SpeCtrIn (Ol g/L) detected broadenlng of the Sed|ment|ng boundary resulung from the

using various biophysical techniques at ZD. The various plots . .
were fitted with eq 8 in which the cooperativity coefficients were presence of two monomers of different molecular weights

fixed at the values shown in Table 1. (A) The pH dependence of givgs _rise to a returned value of the diffusion Coefficienf[
the proportion of spectrin monomerm) and the sedimentation  which is larger than expected. Twenty-one percent of protein

coefficient of spectrin heterodime®j. Data are taken from Figure had ansy,, value consistent with that of the dimer at this

1B and Figure 1A, respectively. (B) Spectrophotometric pH titration 0 ;
of tyrosine residues of spectrin at 294 nill)(and the pH pH, and 8% unfolded or degraded protein was present.

dependence of the mean residue CD ellipticity at 222 nm of spectrin  In 3 M urea solution, a species with, 0f 6.5 S and a
(D.)O-(dC)tUFt)f'glE)JI shift of tfﬁiib’/\lsmg-CHztresonance ﬁf SFI)eCt“n in molecular mass of~300 kDa represented 65% of total

,O detected by spin-ec spectroscopy. pH values were ; ; ;
not corrected for the presence ot@ Returned values of the protein. Thesy,, value is too large for monomers, even in
apparent [, values for the transitions are listed in Table 1. the absence of denaturant [see accompanying p&igr (

In addition, the molecular weight is larger than expected for

(28). Therefore, we have examined the effects of urea (3 monomers, particularly given the effects of boundary broad-
M) and high salt (2.5 M NaCl) on the conformation of ening on the value of the diffusion coefficient. Therefore,
erythrocyte spectrin and have compared those effects withalthough spectrin oligomers dissociate into monomers in 3
that of alkaline pH (11). M urea, this sedimenting boundary probably represents a

Figure 5 shows typical sets of data (scans and fits) for rapid equilibrium between the heterodimer and dissociated
spectrin centrifuged (A) at pH 11, (Bni3 M urea at pH @ @nd/f-subunits.
7.5, and (C) in 2.5 M NaCl at pH 7.5. Sedimentation In 2.5 M NaCl, the major boundary (82% of solute)
velocity scans (up to 9 scans) were simultaneously fitted to contained protein with as,w of 8.45 S and a molecular
a 3-species model using the program SVEDBERZB),( mass of 428 kDa. The values are smaller than expected for
which returns estimates of the values of the sedimentationdimers, and the boundary probably represents dimer which
coefficients, diffusion coefficients, molecular weights, and is in rapid equilibrium with dissociated monomers.
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Ficure 4. Spin-echdH NMR spectra of spectrin acquired at pH 0.6 -
values 7.512. Spectra were collected using the CPMG pulse
sequence with a total echo timg, of 2 ms to remove the broad

T
0 -l 0.8

envelope of resonances associated with highly immobile protons. 04 - T
Note that the shaded peak at 3 ppm at pH 7.5, which largely
represents-CH, protons from lysine, shifted upfield as the pH 02 L _

was raised.

C

DISCUSSION 0 | : -
Our results show that spectrin dimers and tetramers 6 6.2 6.4 6.6 6.8 7 7.2
cooperatively dissociate int andS-monomers above pH Radius (cm)

9.5 (Figures 1B, 2A). This pH also marks the start of several . . . .
other physical changes in the molecule. These include (j) FIGURE 5: Sedimentation velocity analysis of human erythrocyte

: . el spectrin under dissociating conditions. The samples (0.1 g/L) in
the unfolding of spectrin, as measured by the loss-belix 50 mM sodium phosphate, 50 mM sodium borate, and 70 mM NaCl

using CD measurements (Figure 2B), (i) an increase in the \yere centrifuged at (A) 46 000 rpm at pH 11, (B) 42 000 rpm in 3
number of highly mobilee-CH, protons of lysine, as M urea at pH 7.5, and (C) 46 000 rpm in 2.5 M NaCl at pH 7.5 at
measured by spin-echo NMR (Figure 4), and (iii) the 20°C. Typical sets of data are shown. Each panel shows up to 9

expansion in hydrodynamic shape of tetramers, dimers, andS¢ans of the sedimenting boundaries recorded at 15 min intervals.
. ’ ' . The points represent the measured absorbances at 230 nm, and th
monomers, as reflected by decreasing values of their lines are the best fits to a model (using the program SVEDBERG;

sedimentation coefficients (Figures 1A, 2A). ~20) in which three species sediment independently.
The dissociation of spectrin oligomers to monomers is

highly cooperative and is completed by pH 10.5 (Figures the length of the two subunit29). Hydrodynamic expan-
1B, 2A). The apparently, is less than 10 (Table 1). The sion of dimers and tetramers with increasing pH may then
dissociation closely correlates with the first transition of the reflect partial unzipping of the subunits prior to complete
expansion in the hydrodynamic shape of the spectrin dimer dissociation.

(Figure 2A, Table 1). This expansion may principally reflect ~ The expansion of dimers as well as the dissociation of
partial disruption of the quaternary structure of the dimers. tetramers and dimers to monomer subunits is also ac-
The a- andS-subunits of a spectrin dimer interact strongly companied by partial unfolding of the spectrin molecule, as
via a nucleation site which lies close to the actin-binding measured by CD (Figures 2B, 3). The apparédfifor the

end of the molecule. The subunits are then envisaged tofirst transition of unfolding is approximately 0.3 higher than
“zip up” via a series of weaker interactions which lie along the apparentl, values for dissociation and expansion (Table
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Table 2: Sedimentation Velocity Analysis of Spectrin under the a- and f-subunits repeats and C25 in teesubunit
Dissociating Conditiorfs repeats) being within the hydrophobic core of the triple-

helical bundle. Deprotonation of lysines would then disrupt

conditions species 1 species 2 species 3 . . ) -

oH 11 oo =03 2.99 7 both_the salt bridges formeq by this residue and the associatec
D 227 stability of the repeat motif fold.
M 199 Our spin-echo NMR spectra also show that the peak

3 M urea EQOW 2376 7%_50 85.01 ascrib_ed tae-CH; of lysine increa_sgs in area wit_h increasing
D 1.73 pH (Figure 4). The areas are difficult to quantify, but there
M 301 appear to be two transitions with the apparelt, pf the

5 5 M NaCl 520 1?-34 62 45 23 6 first being in the range 1611. The spin-echo NMR

' D ' 139 ' experiments detect only highly mobile protons, most of which

M 428 are believed to reside in random coil segments of the protein
P 14 82 5 (15). An increase in area for this peak then reflects, to a

aThe spectrin samples (0.1 g/L) were centrifuged atQ@ither at large degree, an increasing number of lysine residues in

(i) 46 000 rpm at pH 11, (ii) 42 000 rpmmi3 M urea, or (iii) 46 000 random coil segments of the protein. That is, increasing pH

rpm in 2.5 M NaCl. Estimates of the values of sedimentation coefficient, results in unfolding which correlates with dissociation and
0w (S), diffusion coefficient,D (cn? s™* x 1077), and molecular hvdrod . . f i
weight,M (kg/mol), were obtained by fitting-89 sedimentation velocity ydrodynamic eéxpansion or Spectrin.

scans to a 3-species model using the program SVEDBERJ R is We used sedimentation velocity to analyze the dissociation
the percentage of each species. of spectrin at pH 11,i 3 M urea, and in 2.5 M NaCl (Table
2). Each of these methods is known to at least partly

1). Nevertheless, a small degree of unfolding may be all dissociate spectrin to monomer subunitsg &M urea is
that is required to effect significant dissociation. Spectrin used to purify spectrin subunitd4, 27, Figures 1, 2). At
dissociation is especially sensitive to apparently minor pH 11, the major component-{{0% of material) appeared
changes in structure. For example, point mutations removedto be monomeric. A component representing@0% of
by several repeat units (up to 200 A) from the tetramerization material which had a sedimentation coefficient consistent
interface can nevertheless disrupt polymerizat®0).( The  with that of dimer at this pH was also present. This subset
unfolding of spectrin will also contribute to the hydrodynamic of dimers is apparently refractory to dissociation, and the
expansion of the molecule. possible reasons for this are discussed in the accompanying

The dissociation, expansion, and unfolding of spectrin are paper 81). Very little (<10%) of the material appeared to
most likely due to the deprotonation of tyrosine and lysine pe degraded or highly unfolded.
residues within spectrin (Figures 2B, C). Deprotonation is
biphasic for both types of residue. In the case of tyrosine

residues, the first phase (up to pH 11) is fully reversible, equilibrium between monomers and dimer. This would

while the second phase is not (Figure 2B). The second. oo . e
transition most probably reflects those tyrosines buried more N¢rease the difficulty of separating and purifying the

: : e hal individual subunits and would probably result in reduced
g?fﬁéyrg]p?; ngtri?sphoblc core of the triple-helical bundies yields. A similar situation occurs in the presence of 2.5 M

The first phase of the deprotonation of tyrosine residues NacCl, but with the equilibrium shifted even further toward

has an apparentkp value ~0.6 unit higher than that for the dimer.
dissociation and expansion. Again, it is probable that the Of particular importance to the pH-dependent dissociation
deprotonation of a small subset of tyrosines is sufficient to of spectrin is the observation that the first transition (up to
produce dissociation of tetramers and dimers to monomerpH 11), as measured by the absorbance at 294 nm, is
subunits and result in some unfolding of the protein. Our reversible. This shows that the unfolding of the protein that
data cannot be used to determine the exact location of thisaccompanies deprotonation of both tyrosines and lysines is
subset of tyrosines, but several possibilities exist. In also reversible. Since dissociation to the monomer subunits
particular, tyrosine is relatively conserved at position 30 of is largely completed by pH 10.5, the results suggest that
the spectrir-subunit repeats which places it in the AB loop manipulating pH can be used to aid in the purificatiormef
(residue numbering taken from Yast al. (9)). These andp-subunits of spectrin. Fujitet al, in the accompanying
tyrosines are likely to be relatively exposed to solvent and paper 81), discuss this purification process and examine the
therefore have relatively lowtfy values. Their conservation  biophysical properties of the individual subunits and their
suggests that they play an important role in the structure/ recombination into functional heterodimers and tetramers.
function of the molecule, and their deprotonation may be This purification scheme is a more reliable and simpler
sufficient to disrupt association and promote unfolding. alternative to the commonly used method employing urea
Lysine residues also deprotonate in the same pH range ag14).
tyrosine (Table 1). The X-ray structure of a single repeat
motif (9) shows the presence of several salt bridges involving ACKNOWLEDGMENT
lysine both within and between the three helices of the
bundle. These would appear to be important in stabilizing We would like to thank Gillian Begg, Alissa Henniker,
the triple-helical fold. In addition, lysine is conserved at and Lisa Joss for helpful discussions. Greg Ralston died on
several positions in repeat motifs of both the and Aug 20, 1997. He will be remembered as a highly valued
B-subunits with some of these positions (e.g., A21 in both colleague and friend to many researchers worldwide.

In contrast, the main component of spectrin6b6% of
material) in the presencef @ M urea appeared to be an
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