9588 Biochemistry1997,36, 9588-9595

Restriction by Ankyrin of Band 3 Rotational Mobility in Human Erythrocyte
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ABSTRACT. Rotational diffusion of eosin-5-maleimide-labeled band 3 was measured in erythrocyte
membranes at pH 9410.4. Band 3 was found to be more mobile in this pH range than at pH 7.5.
Similar results were obtained with spectriactin-depleted membranes, where it was further shown that
ankyrin is the only detectable protein released from the membrane at pH 10. Further experiments were
performed at pH 7.5 to investigate the effects of rebinding purified ankyrin and/or band 4.1 to ghosts
stripped of skeletal proteins. Ankyrin was found to reduce band 3 rotational mobility, but band 4.1 had
no effect. A fluorescence binding assay revealed that fluorescein isothiocyanate-labeled ankyrin had similar
binding parameters to those reported previously ustfigabeling. Finally, the rotational mobility of
purified band 3 reconstituted into lipid bilayers was determined before and after ankyrin binding. The
results of these reconstitution experiments were globally analyzed, assuming the existence of two populations
of band 3 with different correlation times. The faster correlation time is consistent with that expected for
either dimers or compact tetramers of band 3. Ankyrin binding reduces the proportion of band 3
contributing to the faster component. This result demonstrates that ankyrin promotes the association of
band 3 into more slowly rotating complexes independently of any other components of the erythrocyte
membrane. It has been reported that ankyrin contains two binding sites for band 3 [Michaely, P., &
Bennett, V. (1995). Biol. Chem. 27022056-22057]. The results of the present study are thus explained

by the ability of ankyrin to cross-link band 3 into larger diameter complexes. Cross-linking by ankyrin

in part accounts for the slow components in the anisotropy decays of band 3 in the erythrocyte membrane.
Other factors which probably influence band 3 aggregation include the membrane “fluidity” and protein
concentration.

The anion transport protein band 3 is a major component spectrin-deficient red cells is essentially the same as in
of the erythrocyte membrane. Its rotational diffusion has normal cells (Corbett et al., 1994). It was suggested that
been extensively investigated by measuring transient dichro-the failure of spectriractin to influence band 3 rotation is
ism or phosphorescence anisotropy of the covalently bounda consequence of the flexibility of the spectrin molecule
triplet probe eosin-5-maleimide (EMA).These experiments  (Clague et al., 1990). Flexibility of the cytoplasmic domain

reveal the presence in the erythrocyte membrane of differentof pand 3 could also be a factor (McPherson et al., 1992;
populations of band 3 with different correlation times (Nigg \wang, 1994)

& Cherry, 1979; Cherry, 1992; Matayoshi & Jovin, 1991; i . . . .
Tilley et al., 1990). In particular, itis clear that a significant 1 n€ cytoplasmic domain of band 3 is clearly involved in

fraction of band 3 is slowly rotating or immobile over the interactions which restrict band 3 mobility, since cleavage
measurement time of a few milliseconds. of this domain by mild proteolysis results in a large increase
In addition to its anion transport function, band 3 serves in rotational mobility (Nigg & Cherry, 1980; Matayoshi &
as an attachment point for the erythrocyte skeleton (BennettJovin, 1991). Moreover, an increase in band 3 rotation is
& Stenbuck, 1979, 1980). The cytoplasmic domain of band also observed upon high salt extraction of ankyrin and band
3 binds the linker protein, ankyrin, which also binds to 4.1 subsequent to spectriactin removal (Nigg & Cherry,
spectrin. It has consistently been shown, however, that1980). Band 4.1 is also a linker protein but binds mainly to
removal of most of spectrin and actin from the membrane glycophorin C/D rather than to band 3 (Pinder et al., 1992;
by low salt extraction has no effect on band 3 rotational Hemming et al., 1994). It thus seems reasonable to suppose
mobility (Cherry et al., 1976; Nigg & Cherry, 1980; Tilley that restraints to band 3 rotational mobility result from
et al., 1993). Similarly, band 3 rotational mobility in interactions of ankyrin with the cytoplasmic domain of band

3.
T Supported by the Wellcome Trust and the BBSRC. ] o
® Abstract published iAdvance ACS Abstractsuly 15, 1997. Other experiments, however, have indicated that the

1 Abbreviations: EMA, eosin-5-maleimide; CAPS, 3-(cyclohexyl- i ion m rather mor moli han hither
amino)-1-propanesulfonic acid; 5 PB, 5 mM sodium phosphate buffer; situatio ay be rathe ore complicated tha therto

10 PB, 10 mM sodium phosphate buffer; PBS, phosphate-buffered suppqsed. Clague et al. (?—989). found that selective pro-
saline; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; teolytic cleavage of ankyrin failed to enhance band 3

HEPESN-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic acid; EGTA,  rotational mobility. Subsequent experiments involving the
ethylene glycol bigt-aminoethyl etherN,N,N',N'-tetra-acetic acid; rebindina of ankvrin and band 4.1 sudgested that ankvrin is
BSA, bovine serum albumin; SDS, sodium dodecyl sulfate; PAGE, g y . ag y

polyacrylamide gel electrophoresis; FITC, fluorescein 5-isothiocyanate. only effective in restricting band 3 mobility if band 4.1 is
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also present (Wyatt & Cherry, 1992). On the other hand, °C) 30% sucrose (17 mL volume per tube), containing 0.6
an enhanced rotational mobility of band 3 in ankyrin-deficient M KCI, 24 mM HEPES, 0.5 mM ATP, 0.5 mM DTT, 0.5
red cells has been reported (Cho et al., 1994). Here we reportimM EGTA, pH 7.4.

the results of further experiments aimed at elucidating the Centrifugation at 1200@Pfor 45 min produced a transpar-
roles of ankyrin and band 4.1 in restricting band 3 rotational ent pellet, containing spectrin, actin, 4.1, and 4.9, with a trace

mobility. of band 7. The red supernatant was removed by washing
down the walls of the centrifuge tube with distilled water.
MATERIALS AND METHODS The pellets were collected and pooled and then washed 3

. . e times in 10 mM Tris-HCI, pH 7.4. The pellet volume was
Preparation of Ghosts for Rotational Diffusion Measure- measured, and an equal volume2oM Tris-HCI, 0.2 mM

ments. E.‘at”d t3 nas ][abe'edh‘.’"irt]h E}MAt (Molecular Prozes DTT, 1 mM EGTA, 0.1% Tween 80, pH 7.0, was added at
nc.)_ In Iintact cells from WhICh ghosts Were prepared as >g oc  After 15 min incubation at 37C with frequent
previously described (Nigg & Cherry, 1979). For studies mixing, the resulting solution was centrifuged at 90904

with ghosts depleted of skeletal proteins, band 6 was first ; . :

removed by washing twice with PBS (pH 7.5). Removal of \?v%rlzl?hg rig;)(t)\;et zgmssolved debris, and the supernatants

sckﬂ_)estal E|rc1)t2e|ns yvas]: a(ir(l)levgd _Il_))ﬁ |nc1':b?t|(iggv;|th TlhmM Separation of spectrin and band 4.1 was achieved by gel
P , on ice for 10 min (Tilley et al., ). These filtration. The supernatant was passed down a column (120

membranes are hereafter referred to as “stripped” ghosts.Crn by 2.5 cm) of Sepharose CL-6B, equilibrated with 2 M

Some measurements were also performed with ghostsTris_HCI 1 mM EGTA, 0.2 mM DTT, 0.1% Tween 80, pH
depleted of spectrin and actin or with the cytoplasmic domain 7.0 at 1’2 mL/h The,se.paration pr,ofi.le was monito7red at

of band 3 cleaved with trypsin, as described by Nigg and 280 nm and produced three main protein peaks. The first

Cherry (1980). _ _ peak (peak 1) corresponded to spectrin, then a smaller peak
Purification of Ankyrin and Band 4.1.Ankyrin was (peak 2) contained protein 4.1 and 4.9, with a trace of
purified essentially by the method of Gardner and Bennett gpactrin, and finally actin was eluted last (peak 3). Further
(1986). Packed red cells devoid of white cells (Pinder ety ification of band 4.1 was achieved after dialyzing peak 2
al., 1989) were lysed in 30 volumes of 5 PB, containing 0.2 against 7.5 PB, containing 0.2 mM EDTA and 0.1 mM DTT,
mM DTT, 1 mM PMSF, pH 7.5, and the ghosts were pelleted p 7.5 (buffer B). Protein 4.9 and other contaminating

by centrifugation at 240@pfor 10 min. The membranes yoteins were then removed by a Whatman DE52 (10<m
were then washed 3 times with the same buffer minus PMSF. 1 5 cm) anion exchange column equilibrated with buffer B

Solid NaCl was added to 50 mM, and the membranes were 3o m(/h). A stepwise salt gradient consisting of buffer B

then incubated for 10 min at . with 100, 180 and 300 mM KCI was then applied to release
Subsequently, the membranes were incubated with 10band 4.1 which eluted at 180 mM KCI. The protein was
volumes of 10 PB, containing 100 mM NaCl, 1 mM EDTA, dialyzed against storage buffer and stored-ag °C.
0.5% v/v Triton X-100, 0.2 mM DTT, and 0.02% w/v PMSF,  The protein concentrations of all purified proteins and
pH 7.5, for 15 min at #C. The Triton shells were isolated  ghost membranes were determined using the Lowry method
by centrifugation at 250@pfor 20 min, washed in the same  and the appropriate correction factors (Lowry et al., 1951).
buffer once, and then washed 3 times in 10 PB (i.e., without Unless otherwise stated, the protein concentrations are given
Triton X-100). Ankyrin was extracted by incubation of the as BSA equivalents.
Triton shells in 7.5 PB1 M NaCl, 1 mM EDTA, 0.2 mM SDS-PAGE. The protein contents of the various ghost
DTT, and 0.02% w/v PMSF, pH 7.5, for 30 min. The sample preparations and protein extractions were analyzed using the
was then centrifuged at 40090for 30 min, and the  Laemmli polyacrylamide gel electrophoresis system (Laem-
supernatant was dialyzed overnight agaid. of 7.5 PB mlj, 1970). Gels were stained using Coomassie Blue
containing 10% w/v sucrose, 0.1 mM EDTA, 0.2 mM DTT,  (0.025% w/v, 40% methanol v/v, 10% acetic acid v/v) and
1 mM NaN, and 0.02% w/v PMSF, pH 7.5 (buffer A), with  were destained in a solution of 20% v/v methanol, 7% v/v
one buffer change. Further purification was achieved by acetic acid. For eosin-labeled samples, all processes were
applying the dialyzed ankyrin sample to a Whatman DE52 yndertaken in the dark to prevent photo-induced covalent
anion exchange column (1610 cm, 30 mL/h) equilibrated  cross-linking of the proteins. Eosin fluorescence was
with buffer A. Bound ankyrin was washed with 40 mL of  photographed under UV illumination with appropriate filters
buffer A before the protein was eluted by applying a stepwise prior to staining with Coomassie Blue.
salt gradient consisting of the same buffer with 180 MM NaCl ~ Rebinding Ankyrin and Band 4.1 to Stripped Ghosts.
and then 300 mM NaCl. Eluted proteins were identified by Rebinding of ankyrin or band 4.1 to stripped ghosts was
SDS-PAGE; ankyrin was eluted at 300 mM NaCl. The accomplished essentially as described by Bennett (1983). The
ankyrin was then dialyzed against storage buffer (7.5 PB, purified proteins were dialyzed against 10% sucrose w/v,
0.1 mM EDTA, 0.2mM DTT, 1 mM Nal 20% sucrose, 90 mM KCI, 7.5 mM PB, 0.2 mM DTT, 0.1 mM EDTA,
pH 7.5) and stored at22 °C with freshly added PMSF. 0.4 mM PMSF, pH 7.5, and then incubated with stripped
Band 4.1 was prepared essentially according to the methodghosts (1.0 mg/mL) in the same buffer at 22 for 3 h.
of Ohanian et al. (1984). After removal of the white blood Unbound ankyrin or band 4.1 was removed by centrifugation
cells, red cells (30 mL packed volume) which had been 3 at 2200@ for 20 min over an equal volume of 20% sucrose,
times washed with PBS containing PMSF 0.05% w/v were 100 mM KCI, 7.5 mM PB, 0.2 mM EDTA, 0.1 mM DTT,
suspended in an equal volume of the same buffer and cooledoH 7.4. The sample was collected after 3 washes with 5
onice. Lysis was induced by the addition of 60 mL of cold PB and resuspended up to the previous volume in buffer
(4 °C) lysis buffer (150 mM NaCl, 24 mM HEPES, 1 mM containing 66% glycerol in preparation for the transient
EGTA, 0.5 mM DTT, 15% v/v Triton X-100, pH 7.0).  dichroism measurements. Rebinding was confirmed by
Portions of 20 mL of this lysate were layered onto cold (4 SDS-PAGE.
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In some experiments, both ankyrin and band 4.1 were by oxygen. The eosin concentration was typicaty2luM.
rebound sequentially to the same stripped ghosts. FollowingData were analyzed and plotted by calculating the absorption
the above procedures, ankyrin was rebound first, the anisotropy,r(t), defined by
membranes were then washed 3 times in 5 PB, and finally
band 4.1 was rebound. Alternatively, band 4.1 was rebound 0= At — A

prior to ankyrin. Control experiments were performed using ®= A1) + 2A(1) (1)
spectrin-actin-depleted ghosts or trypsin-treated ghosts.
Fluorescence Assay for Ankyrin Rebindingfter dialysis The anisotropy decay curves for band 3 in erythrocyte

against 0.1 M NaHCg 0.2 mM DTT, 1 mM EDTA, pH membranes were measured at’87and fitted by the double
9.0, ankyrin (1.3 mg/mL) was incubated with a 15-fold molar exponential equation:
excess of FITC at 22C in the dark for 3 h. Unreacted
FITC was removed by passing the reaction mixture through r(t) =r,exptig,) + r, exptip,) + rq 2
a Sephadex G-25 gel filtration column (Pharmacia PD-10
unit, 1.5x 5 cm) equilibrated with the same buffer at room by a nonlinear least-squares analysis.
temperature. Labeled ankyrin was then dialyzed against 20% The anisotropy decay curves for reconstituted band 3 were
w/v sucrose, 7.5 PB, 1 mM EDTA, 0.2 mM DTT, 1 mM measured at 28C and fitted by a global analysis essentially
NaNs;, pH 7.5, and stored at22 °C in the dark. The as described by Morrison et al. (1986). For uniaxial rotation
fluorescein:ankyrin molar ratio was calculated from the Of a single rotating species(t) is given by (Cherry, 1979)
fluorescein absorbance measured at 492 nm using an
extinction coefficient of 6.8< 10¢ cm~* molL. r(t) = ro{ 1.2 sirf 6 cos’ 6 exp(~t/g) +
Fluorescein-labeled ankyrin (FITC-ankyrin) was rebound 0.3sifto exp(4tig) + 0.1(3 codf — 1)2} 3)
to stripped ghosts as described above and the fluorescence
intensity of the sample measured using a Baird Nova 6 is the angle between the transition dipole moment of the
Spectrofluorimeter. The sample was excited at 495 nm andprobe and the membrane normal, apés the experimental
fluorescence emission measured at 518 nm. The concentraanisotropy at = 0. As shown previously (Morrison et al.,
tion of rebound FITC ankyrin was determined from a 1986), the anisotropy decays for reconstituted band 3 are
standard curve constructed by measuring the fluorescencebest fitted by a model consisting of two rotating species.
of FITC-ankyrin over a range of known concentrations. The present data obtained in the presence and absence of
High-pH Measurements.Control ghosts for transient ankyrin were thus fitted simultaneously to a two-component
dichroism were prepared in 5 PB, pH 7.5. For high-pH model with global parametei, ¢g (the correlation times
studies, the pH of the sample was adjusted with NaOH at of the two species) and. The proportions of the two
room temperature and measured as soon as practical theresomponentsga, Cg, Were independent parameters. A further
after. This resulted in exposure of the sample to high pH refinement was that a term was included to account for any
for 5—10 min while the sample was equilibriated at 37 residual vesicle tumbling with the vesicle radiusas an
and deoxygenated. Some samples were incubated for at leasidditional global parameter, so that
30 min at high pH and then returned to normal pH by

addition of HCI. Experiments were also performed with r(t) = [Cara(t) + Cgrg(t)] exp[(—3KkT/4mnr,3)t] (4)
samples washed 3 times at pH 10 and resuspended in 5 PB, _ _ )
pH 7.5, containing 66% glycerol. where, is the viscosity of the aqueous phase ands are

Purification and Reconstitution of Band EMA-labeled ~ 9iven by eq 3. The latter term only marginally affects the
band 3 was extracted from erythrocyte ghosts in Triton fits @s vesicle tumbling is very slow in 75% glycerol (the
X-100, purified, and reconstituted essentially as described Correlation ime at 28C is about 2.5 ms for 100 nm diameter
by Miihlebach and Cherry (1985). For reconstitution, band VeSicles).

3 and egg phosphatidylcholine solubilized in Triton X-100 RESULTS

were mixed in a ratio of 7:1 (lipid:protein, w/w), and the

detergent was removed by dialysis over 4 days. The Effects of High pH on Band 3 Rotational Diffusion in
reconstituted vesicles were recovered by centrifugation, andGhosts. The effect of high pH on the anisotropy decay
ankyrin was bound using the same conditions as for strippedcurves of EMA-labeled band 3 in ghosts is shown in Figure
ghosts. After ankyrin binding, the vesicles were suspendedl. The treatment produces a substantial increase in the
in 5 PB, pH 7.5, containing 75% glycerol for transient rotational mobility of band 3. Similar results were obtained
dichroism measurements. from experiments performed over the range pH-90.4.

Rotational Diffusion Measurementd.he transient dichro-  The parameters obtained from fitting the anisotropy decays
ism apparatus used to measure rotational motion was similarto eq 2 are presented in Table 1. The data are noisier at
to that described in detail elsewhere (Cherry, 1978). Excita- high pH due to a reduction in triplet lifetime and an apparent
tion was by a Nd-YAG laser (JK Lasers, Ltd.) using the loss of triplet quantum yield. This leads to quite large errors,
frequency-doubled emission at 532 nm. The pulse width particularly at pH 10.4. The only parameter which shows a
was about 15 ns and the repetition rate 10 Hz. Transientsignificant change from the control value is the slower
absorbance changes at tirhafter the flash arising from  correlation timeg,, which decreases approximately 2 times
ground-state depletion were simultaneously recorded at 515at high pH. Within experimental error, there is rather little
nm for light polarized parallel 4 (t)] and perpendicular  change ing, between pH 9.4 and pH 10.4.

[Ao(t)] with respect to the polarization of the exciting flash. To investigate the reversibility of the effect, ghosts were
Up to 512 signals were averaged in a Datalab DL 102A returned to normal pH after incubation at high pH. Figure
signal averager. All samples were flushed with argon prior 1, curve C, shows that the initial part of the anisotropy decay
to measurement to obviate quenching of the eosin triplet stateis very similar to that of the control but the latter part of the
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further effect is detected upon subsequent rebinding of band
4.1. Similarly, when ankyrin is added subsequent to rebind-
ing of band 4.1, its effect on band 3 rotation is essentially
the same as in the absence of band 4.1 (Figure 4, curve D).
The insets in Figwe s 3 and 4 show the valuesmfobtained

by fitting the anisotropy decays by eq 2.

Control experiments were performed using ghosts treated
with trypsin to remove the cytoplasmic domain of band 3
and also with membranes depleted of speetiatin but not
ankyrin and band 4.1. In both cases, ankyrin addition had
no effect on band 3 rotation (data not shown).

The successful rebinding of ankyrin and band 4.1 was
checked by SDSPAGE in each experiment. Figure 2

shows examples of the results obtained.
L Fluorescence Assay of Ankyrin Binding. more quantita-
tive assay of ankyrin binding to stripped ghosts was
performed with FITC-ankyrin. Figure 5 shows the fluores-
cence determination of bound FITC-ankyrin as a function
of the amount of FITC-ankyrin added. Several methods were

8.8l 55— égl%zl —she " Zpbe used to correct for non-specific binding. A rather similar

TIME [ps] level of nonspecific binding was obtained with trypsin-treated
FicURe 1: Effect of high pH on band 3 rotational mobility in ghosts. membranes and with spectriactin-depleted membranes (in
(A) O = pH 7.5 control; (B)+ = ghosts measured at pH 9.9; (C) which the endogenous ankyrin is still present). A somewhat
4 = ghosts incubated at pH 9.9, and then measured at pH 7.5er |evel of nonspecific binding was obtained in the
(dashed line). All measurements were performed in 5 PB 4C37 presence of a 10-fold excess of unlabeled ankyrin. In view
of this difference, two separate calculations were made of

?heecz)f/felits;r?](iev:]halt_'f:gtfgrr ter}ar:;\r/]:rts?gléhaeltﬁgztrﬁ lé ;—r?wgﬁ specific binding and used to construct the Scatchard plots
gn p gely 9 shown in Figure 6. From the slopes of these plots, the

amount of band 3 aggregation appears to be mduced by thedissociation constant for FITC-ankyrin binding to stripped
treatment. If ghosts are washed before returning to normal

H, the effect of high pH is completely irreversible ghogts_ was determined to be_ in the range 65 nM. The
pr. . gh p P y ' X axis intercepts give saturation binding in the range-140

D|srupt|o'n of the erythrocyte .cytoskeleton can cause 200ug of ankyrin/mg of stripped ghost protein. Assuming
fragmentation of the ghosts leading to an enhancement Ofstripped ghosts contain approximately 50% of the protein
the anisotropy decay by vesicle tumbling. Experiments

: kvrin bindi
performed in 66% glycerol, however, gave qualitatively of normal ghosts, this converts to abouf abikyrin binding

o . sites/cell.
similar results to those performed in the absence of glycerol.

These experiments were also performed with incubation Effect of Binding Ankyrin to Band 3 in Reconstituted
. P P . . Vesicles. Anisotropy decays for EMA-labeled band 3 in
times at high pH of up to 1 h, but no further increase in

rotational mobility was observed. In addition, visual ex- reconstituted vesicles in the presence and absence of ankyrin

amination by fluorescence microscopy of the eosin-labeled are shown in Figure 7. Ankyrin clearly slows the rotational

ghosts used for transient dichroism revealed little fragmenta-g“ﬁc'“llsoI l(o)gl ZLZ?';?S i.sir;rhz :;éégéﬁpzr?snian{zzﬁle;esZgzzizkfg d
tion at pH 9.4. Somewhat higher fragmentation was Y9 Y g P

observed to occur at pH 10.4, but the fragmented vesiclesunder Materials and Methods. The parameters obtained are

. . listed in Table 2.
only accounted for a minor fraction of the membrane present.

The effect of high pH is similar in ghosts depleted of piscussiON
spectrin and actin (data not shown). To determine whether
any protein is released by the high-pH treatment, the High-pH Experimentslt was previously shown that high-
supernatant from spectriractin-depleted ghosts which had ~ salt removal of ankyrin and band 4.1 from spectractin-
been incubated and centrifuged at pH 10.0 was subjected tadepleted ghosts results in enhanced rotational mobility of
SDS-PAGE. The supernatant was found to contain a single band 3 (Nigg & Cherry, 1980). This observation in itself
protein (Figure 2A) which, by comparison with gels of total does not distinguish the roles of ankyrin and band 4.1 in
ghost protein, was indentified as ankyrin. restricting band 3 mobility.

Effects of Rebinding Ankyrin and/or Band 4.1 on the The binding of ankyrin to band 3 is known to be pH-
Rotational Diffusion of Band 3 in Stripped GhostShe dependent (Thevenin & Low, 1990). This arises from pH-
effects of rebinding ankyrin and band 4.1 to stripped ghosts dependent conformational changes in the cytoplasmic domain
on the anisotropy decay of EMA-labeled band 3 are shown of band 3 which havelf, values of 7.2 and 9.2 (Low et al.,
in Figures 3 and 4. The addition of ankyrin caused a 1984). By about pH 9.4, ankyrin is fully dissociated from
significant reduction in mobility of band 3 in stripped ghosts band 3 in erythrocyte ghosts while other skeletal interactions
(Figure 3, curve C). In contrast, no effect on the anisotropy remain intact. At higher pH, further dissociation of skeletal
decay was observed upon rebinding band 4.1 up to aproteins occurs, leading to loss of membrane stability (Low
concentration of 3.0 mg/mL (Figure 4, curve C). et al., 1991).

Experiments were also performed to test the effect on band The pH-dependent binding of ankyrin thus provides a
3 rotation of sequential rebinding of ankyrin and band 4.1. method of investigating the effect on band 3 rotational
Figure 3, curve D, shows that after rebinding ankyrin, no mobility of selectively breaking the band-ankyrin linkage.

.
=
(1}
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Table 1: Fitted Parameters of Double Exponential and Constant (eq 2) Fit to Transient Dichroism Data for Ghosts after High-pH Freatment.

pH r #1 (us) rz #2 (us) r3
control 0.027+ 0.003 79+ 17 0.0564+ 0.001 8304+ 60 0.0364 0.001
9.4 0.034+ 0.009 93+ 49 0.0474+ 0.009 5504+ 130 0.035+ 0.002
9.8 0.032+ 0.021 51+ 47 0.051+ 0.008 423+ 79 0.035+ 0.001
10.4 0.027+ 0.050 93+ 340 0.042+ 0.060 350+ 350 0.041+ 0.003
9.9 0.039+ 0.038 43+ 51 0.055+ 0.011 340+ 70 0.035+ 0.001
7.5 0.029+ 0.004 96+ 28 0.0444 0.003 7504+ 110 0.041+ 0.002

2 The error values are one standard deviation given by the least-squares algorithm. The control was measured at pH 7.5 prior to exposing ghosts

to high pH.P Sample incubated at pH 9.9; returned to pH 7.5 for measurement.

= i - e — ,'“
e = B o E
- - g v 2. 181%
- 8
1} z 4 o L] 1 2 . z a >_
A B C % .85
Ficure 2: Results of SDSPAGE. (A) Ghosts (lane 1), purified E
ankyrin (lane 2), supernatant from spectractin-depleted ghosts 2
washed at pH 10 (lane 3), ghosts (lane 4), stripped ghosts (lane 5), =
stripped ghosts with ankyrin rebound (lane 6). (B) Standards (lane Zz
1. myosin, 205 kDa; galactosidase, 116 kDa; phosphorylase, 97
kDa; bovine serum albumin, 66 kDa; ovalbumin, 45 kDa; carbonic ool
anhydrase, 29 kDa); purified band 4.1 (lane 2). (C) Stripped ghosts g2 L ra
(lane 1), stripped ghosts with ankyrin rebound (lane 2), stripped B4 _,.;‘A than ANKYRIN
ghosts with ankyrin and band 4.1 rebound (lane 3). -1 than ANKY
_________ Wowith 4.1
.82}
g. zl i i L I } 1 L I 1 } 1 L L L 4 L i 1 L
568 [5]4]4] 15b2 2002
. 181 0 Timk ?ps]
Ficure 4: Effect of sequential rebinding of band 4.1 and ankyrin
on anisotropy decay curves for eosin-labeled band 3 in erythrocyte
membranes. (AD = control ghosts; (BD = stripped ghosts; (C)
£ stripped ghosts (1 mg/mL) incubated with band 4.1 (3 mg/mL)
x o5 (dashed line, data points omitted for clarity). (R)= as (C) but
S C subsequently incubated with ankyrin (2 mg/ml). All measurements
x 0] were performed in 5 PB containing 66% glycerol at ¥7. The
3 inset shows the values of, the time-independent anisotropy in eq
2 2, obtained under the different experimental conditions
< B
- 88— it is shown that ankyrin is the only protein detected in the
2l ra ¢C°NTR°'J supernatant of membranes subjected to the high-pH treatment
. ™ J S— MKYRIN than 4.1 (Figure 2A).
7 wath ANKYRIN The increased rotational mobility is not the consequence
of tumbling of small vesicles following membrane fragmen-
B2t . . . . . .
tation as judged by microscopy and by experiments in a high
I} I S5 viscosity medium (see Results). Additionally, Figure 1

shows that the effect of high pH was largely reversed upon
returning membranes to pH 7.5, while membrane fragmenta-
tion is irreversible. In fact, band 3 was somewhat less mobile

B 5dP TIM&Z%Es] 1580

Ficure 3: Effect of sequential rebinding of ankyrin and band 4.1

on anisotropy decay curves for eosin-labeled band 3 in erythrocyte ; - . .
membranes. (AD = control ghosts; (BJJ = stripped ghosts; (C) ~ N this sample than in the control, suggesting that some
+ = stripped ghosts (1 mg/mL) incubated with ankyrin (2 mg/ irreversible aggregation of band 3 occurred during the high-

mL). (D) was the same as (C) but subsequently incubated with pH treatment. Pinder et al. (1995) previously suggested on
band 4.1 (3 mg/mL) (dashed line, data points omitted for clarity). {ha pagis of freezefracture electron microscopy that removal
All measurements were performed in 5 PB containing 66% glycerol . .

at 37°C. The inset shows the values Bf the time-independent of skeletal proteins promotes band 3 aggregation.
anisotropy in eq 2, obtained under the different experimental The effects of high pH on band 3 rotation are in excellent
conditions. harmony with the binding studies of Thevenin and Low
Figure 1 and Table 1 show that incubation of ghosts at pH (1990). They showed that binding of ankyrin to stripped
9.4 and above results in enhanced rotational mobility of band ghosts is abolished above pH 9.3, the transition between
3. The effect is rapid since no further change is observed if binding and nonbinding states of ankyrin is reversible, and
exposure to high pH is prolonged beyond the time of a few the dissociation of ankyrin after a pH jump is rapid. There
minutes required for sample preparation. The same effectsis thus little doubt that the enhanced rotational mobility of
are observed in spectriractin-depleted membranes where band 3 which we observe at high pH is a consequence of
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(O); (C) rebinding of FITC-ankyrin to stripped ghosts in the
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FiIGuRe 6: Scatchard plots constructed from the data in Figure 5.
(A) Data corrected for nonspecific binding using curve B in Figure
5; (B) data corrected for nonspecific binding using curve C in Figure
5.

dissociation of ankyrin from band 3. Simultaneous release
of band 4.1 is clearly not required.

Rebinding ExperimentsAlthough the above experiments
demonstrate that release of ankyrin alone is sufficient to
increase band 3 mobility, they do not resolve the question
of whether or not the immobilizing effect of ankyrin requires
the presence of band 4.1. To further investigate this issue,
we studied the effect of rebinding ankyrin and/or band 4.1
on band 3 rotational mobility in stripped ghosts. In agree-
ment with an earlier report (Wyatt & Cherry, 1992), we
observed no detectable change in band 3 mobility upon
binding band 4.1 (Figure 4). It is known that band 4.1 can
bind to band 3 although it has a considerably higher affinity
for glycophorin C/D. Hemming et al. (1994) have shown
that about 20% of band 4.1 is bound to band 3 in the human
erythrocyte membrane. The present results suggest, howeve
that any binding of band 4.1 to band 3 in the erythrocyte
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Ficure 7: Effect of ankyrin binding on anisotropy decay curves
of eosin-labeled band 3 in reconstituted vesicles. (@)=
reconstituted band 3; (B} = reconstituted band 3 after incubation
with ankyrin. The solid lines are the best fit by global analysis as
described in the text. All measurements were performed in 5 PB

containing 75% glycerol at 28C.

Table 2: Fitted Parameters of Global Analysis of Transient
Dichroism Data for Reconstituted Band 3 in Lipid Vesicles, before
and after Ankyrin AdditioA

sample 0 (deg) ¢a(us) Ca(%) ¢sus) Cs(%)
controP 794 49 214+7
tankyrip  A2E8 21£10 4q7 49 19131 5,
controf 794+ 40 214+7
tankyrie 403 23%10 450 45 164430 550y

@ The data in Figure 7 are fitted by two rotating species (eq 4), with
global values foi and¢. The error values are one standard deviation
given by the least-squares algorithOmitting vesicle tumbling.
¢Including vesicle tumblingr( = 53 + 10 nm).

membrane is unlikely to influence band 3 rotational mobility
significantly.

In contrast to band 4.1, ankyrin does reduce the rotational
mobility of band 3 in stripped ghosts (Figure 3). The effect
appears to be independent of whether or not band 4.1 is also
bound (Figures 3 and 4). These results are different from
those previously reported (Wyatt & Cherry, 1992), where
no effect was observed with ankyrin alone. We can only
suppose that the discrepancy arises from variation in the
activities of the different ankyrin preparations. In the present
experiments, the binding activity of ankyrin was checked
using a fluorescence assay (Figures 5 and 6). Using identical
rebinding conditions to those for preparation of samples for
transient dichroism, we obtainkg of ~60 nM and a binding
capacity of~190ug/mg of membrane protein. These values
fall within the range of those previously determined (Bennett
& Stenbuck, 1980; Hargreaves et al., 1980; Thevenin & Low,
1990). The ability to label ankyrin with a fluorescent probe
without significantly perturbing its binding activity could find
further application in studies of ankyrin.

Overall, the rebinding and high-pH experiments reported
here strongly indicate that ankyrin binding reduces the
rotational mobility of band 3 in erythrocyte membranes. The
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involvement of other proteins is not ruled out, but no area is twice that of the dimer, i.e., 60 Aiminserting these

evidence was obtained to support a role for band 4.1. values into eqs 4 and 5 gives
Reconstitution Experimentdn order to further examine
the band 3-ankyrin interaction, we investigated the effect ¢ (us)= 66n for T, (8)
of ankyrin on the rotational mobility of band 3 in reconsti-
tuted lipid vesicles. Qualitatively, these experiments con- ¢ (us)= 25y for T, (9)

sistently show that ankyrin reduces band 3 rotational mobility

in this system. They thus provide conclusive evidence that | these cases, the measured correlation times would require
ankyrin alone can produce this effect without the involvement membrane viscosities of 08 0.15 P and 0.8 0.4 P for
of other proteins. TeandTs, respectively. The value fdF, seems unreasonably

A complication in quantitatively evaluating these results, small; it is at the lower end of membrane microviscosities
however, is that different reconstitutions exhibit a variable determined by lipid probes (Rehorek et al., 1985) and
amount of a slowly rotating component. The data in Figure considerably lower than a previous value determined from
7 correspond to a reconstitution in which the slower rotating the rotational diffusion of bacteriorhodopsin (Cherry &
component was relatively small. This data set was analyzedGodfrey, 1981; Dornmair et al., 1985). Thifs,is unlikely
by global analysis in which it was assumed that two to account for the faster component but the measurements
populations of band 3 are present with rotational correlation do not distinguish between dimers afig This would only
times ¢o and ¢s. These correlation times are global pe possible if the membrane viscosity appropriate to protein
parameters while their relative proportions are independentotation were to be quite accurately known. It can, however,
variables. be argued that the faster rotating component, is more likely

The results of the global analysis are presented in Tableto be the dimer since there is previous evidence from electron
2. The value ob) of 42+ 3° is in excellent agreement with  mjcroscopy that band 3 is dimeric when reconstituted into
our previous analysis of band 3 rotation in reconstituted |iposomes (Yu & Branton, 1976). In addition, band 3 is
vesicles (Morrison et aI., 1986) as is the correlation time of dimeric in Crysta|s grown from concentrated solutions of
21 + 10 us obtained for the faster rotating species. The band 3 in detergent micelles (Wang et al., 1994). Pinder et
inclusion of a term for vesicle tumbling in the analysis has a|. (1995) argue that tetramers observed in nonionic deter-
very little effect on these parameters (lower part of Table gents are a consequence of manipulations after extraction
2). The faster correlation time may be analyzed in relation from the membrane. For simplicity, we will assume in the

to the low-resolution structure of the membrane domain of following discussion that the faster rotating species is in fact
the band 3 dimer determined by electron microscopy of the band 3 dimer.

2-dimensional crystals (Wang et al., 1994). The structure
contains a basal domain, 4 nm thick, which is thought to
span the lipid bilayer. The dimensions of this domain in
the plane of the membrane are approximately>x14 nm,
and the cross-sectional ar&as about 30 nrh If the domain

is regarded as a cylinder with elliptical cross section, then
its correlation time for rotation about the membrane normal
is given by (Dornmair et al., 1985; Saffman & Delloky
1975)

In the presence of ankyrin, there is a clear increase in the
proportion of the slower rotating species at the expense of
the faster rotating species (the large standard deviations for
the proportion of the faster rotating component arise because
variations in this parameter can be compensated in the fit
by changes im,). Thus, ankyrin promotes the association
of dimers into a more slowly rotating species. In harmony
with this result, Pinder et al. (1995) observed an increase in
the diameters of intramembranous particles when ankyrin

4nAN was added to band 3 reconstituted into liposomes. Their
o= Ui (5) data, as well as previous results by Hargreaves et al. (1980),

vkT indicate that ankyrin binding to reconstituted band 3 is
substoichiometric, thus accounting for the fact that the
mobility of only a fraction of band 3 is affected by ankyrin

whereh is the height of the cylindery is the membrane
viscosity, andv is a shape factor given by

binding.
2(a,/a,) The slower component cannot be interpreted in any detail
— TV (6) although the correlation time is clearly too long to correspond
1+ (a/a,) to Te or Ts. The variability of this component in different

reconstitutions suggests that the slower rotating species may
wherea; anda; are the major and minor axes of the ellipse, be irreversible aggregates induced by the purification and

respectively. Takingy = 5.5 nm,a; = 2 nm,h =4 nm, reconstitution procedure. There may well be multiple
andA = 30 nn? for the basal domain of the band 3 dimer, Components present, the more so after ankyrin binding.
then at 28°C Analysis of the anisotropy decays by more complex models

with additional components is, however, not justified by the

¢ (us)= 18y () daa

McPherson et al. (1993) have suggested that ankyrin cross-

wherey is in poise. Thus the correlation time of 2110 links the cytoplasmic domain of band 3 on the basis of
us is consistent with a dimer rotating in a membrane of studies with camelid erythrocyte membranes. They found
viscosity 1.2+ 0.6 P. that ankyrin is resistant to extraction in these membranes in

In calculating the correlation time of a band 3 tetramer, which the rotational mobility of band 3 is also greatly
there are two possibilities: the dimers may be end to end reduced. Cross-linking by ankyrin is also the simplest
(Te) with cross section 2% 4 nm or side by sideTg) with explanation of ankyrin-induced association of band 3 ob-
cross section 1k 8 nm. In either case, the cross-sectional served in the present study. The 89 kDa band 3 binding
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domain of ankyrin consists of 4 subdomains, each containing Cherry, R. J. (1979Biochim. Biophys. Acta 55289-327.

6 repeats of a 33 amino acid sequence (Bennett, 1992).Cherry, R.J. (1992) iStructural and dynamic properties of lipids
Michaely and Bennett (1995) have reported the identification grc],?t|grr,00t|e||:nr§£u|l_r:3' FL.O\:].agchherry, R.J., Bds.) pp 13752,
of two distinct binding sites for band 3, one in subdomain cherry, R. J., & Godfrey, R. E. (198Biophys. J. 36257—276.
two and the other requiring the participation of both the third Cherry, R. J., Btkli, A., Busslinger, M., Schneider, G., & Parish,
and fourth subdomains. This finding provides a rationale  G. R. (1976)Nature 263 389-393.

for the ability of ankyrin to slow the rotational diffusion of ~ €ho, M. R., Eber, S. W., Lux, S. E., & Golan, D. E. (198#phys.

7 . J. 66 67.
band 3 by a cross-linking mechanism. Clague, M. J., Harrison, J. P., & Cherry, R. J. (19&pchim.

Clague et al. (1989) previously found that selective mild  Biophys. Acta 98143—50.
proteolysis of ankyrin in erythrocyte membranes did not Clague, M. J., Harrison, J. P., Morrison, I. E. G., Wyatt, K., &
enhance band 3 rotational mobility. The result is in fact in Co%eetrtryj Rb JA(lrzgoF?'ongET'sj”y é%%?agg‘%goé- (1984 ln
good agreement with the present findings, since the 89 kDa ™ ' ¢ 94 618396538.” T T ’ '
band 3-binding domain of ankyrin would have remained pornmair, K., Corin, A. F., Wright, J. K., & Jahnig, F. (1985)

bound to band 3 in these experiments. EMBO J. 4 3633-3638.

ot ; Gardner, K., & Bennett, V. (1986). Biol. Chem. 2611339-1348.
Association .Of .Band 3inthe I_Erythrocyte Membrarie Hargreaves, W., Giedd, K.(, Ve%leij, A, & Branto,]ln, D. (198D)
state of assomatlc_)n of band 3 in the erythrocyte membrang Biol. Chem. 25511965-11972.
has been the subject of much debate. Matayoshi and JovirHemming, N. J., Anstee, D. J., Mawby, W. J., Reid, M. E., &
(1993) observed a fast component of phosphorescence Tanner, M. J. A. (1994Biochem. J. 299191—-196.
anisotropy decay of EMA-labeled band 3 which they Husted, E. J., & Beth, A. H. (1993iophys. J. 691409-1423.
assigned to freely rotating dimers. Tilley et al. (1993) also tg\?vrﬁgh's?V\lfés(t}zglr,ol\)/ll\.l?ﬁrillzezny, 6D§O|;,6§L5Appell, K. C. (1984)
observed a fast component but suggested it might in part 3 'gio| Chem. 25913070-13076.
correspond to the internal flexibility of band 3. Saturation Low, P. S., Willardson, B. M., Mohandes, N., Rossi, M., & Shohet,
transfer electron paramagnetic resonance measurements have S. (1991)Blood 77 1581-1586.
recently determined a correlation time consistent with band '-O‘Tgysx 1Oj HB"' ?cgﬁbroufgéz'\ésfb';a”' A. L., & Randall, R. J.
3 dimers (Husted & Beth,_ 1995). All rotational diffusion Mestayos)hi: E!OD'_, &ejrg\',m, T. M. (199'13iochemistry 303527
measurements of band 3 in normal erythrocyte membranes 353g.
performed with optical probes, however, indicate the pres- McPherson, R. A., Sawyer, W. H., & Tilley, L. (199Bjochemistry
ence of species which are rotating too slowly to be either 31, 512-518.

dimers or tetramers. Even in stripped ghosts and trypsin- M%Zh%rggglgf&' Sawyer, W. H., & Tilley, L. (199BJochemistry
treated ghosts, slow components still persist. Pinder et al'Mich’aer, P., & Bennett, V. (1995). Biol. Chem. 27022050

(1995) have suggested that dissociating band 3 from the 22057.
membrane skeleton in itself promotes band 3 aggregation.Morrison, I. E. G., Mihlebach, T., & Cherry, R. J. (198&jochem.
It was also previously found that in trypsin-treated ghosts, ~ Soc. Trans. 14885-886.

both temperature and cholesterol content influence theM[ilhzlggaCh' T., & Cherry, R. J. (198Bjiochemistry 214225~

proportion of slowly rotating components (Miebach & Miihlebach, T., & Cherry, R. J. (198Bjochemistry 24975-983.
Cherry, 1982). In reconstituted membranes, slowly rotating Nigg, E. A., & Cherry, R. J. (1979Biochemistry 183457-3465.
species appear as the protein concentration in the membrangligg, E. A., & Cherry, R. J. (1980Proc. Natl. Acad. Sci. U.S.A.
is increased (Mblebach & Cherry, 1985). It thus seems 77, 4702-4706.

; ; I I : Ohanian, V., Wolfe, L. C., John, K. M., Pinder, J. C., Lux, S. E.,
likely that there is specific or nonspecific aggregation of band & Gratzer. W. B. (1984Biochemistry 2344164420,

3 in the erythrocyte membrane which is influenced by pinger, 3. C.. Smith, K. S., Pekrun, A.. & Gratzer, W. B. (1989)
membrane “fluidity” and protein concentration. Biochem. J. 264423-428.

Thus, although the results of this study indicate that Pi%‘:gévhJe-mc--S'zgk[ﬁ';vné-vz'\gggg%'g- M., & Gratzer, W. B. (1992)
anyrm can SIOW the ro_tqnon of band 3, pr_opably by a cross- Pinder, J. C., Pekrun, A., Maggs, A. M., Brain, A. P. R., & Gratzer,
linking mechanism, this is not the sole origin of the slowly  \v_B. (1995)Blood 85 2951-2961.
rotating components in the erythrocyte membrane. Michaely Rehorek, M., Dencher, N. A., & Heyn, M. P. (198Bjochemistry
and Bennett (1995) in fact suggest that ankyrin cross-linking 24, 5980-5988.

may be limited to forming tetramers from dimers. This is Sa;fgwagri,lli._g.l,lc?éDelbmk, M. (1975)Proc. Natl. Acad. Sci. U.S.A.
not sufficient in itself to explain the slowly rotating The\/enin, B. J-M., & Low, P. S. (1990). Biol. Chem. 265

components. If, however, aggregates of band 3 exist 16166-16172.
independently of ankyrin, then the effect of ankyrin cross- Tilley, L., Foley, M., Anders, R. F., Dluzewski, A. R., Gratzer, W.
linking on band 3 rotation might be enhanced, since a single B., Jones, G. L., & Sawyer, W. H. (199@iochim. Biophys.

- . P Acta 1025 135-142.
ankyrin molecule could influence the mobility of a much Tilley, L., McPherson, R. A., Jones, G. L., & Sawyer, W. H. (1993)

larger number of band 3 molecules. Biochim. Biophys. Acta 118B3-89.
Wang, D. N. (1994FEBS Lett. 34626—31.
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