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The conformations of synthetic peptides corresponding to the first membrane-contact
portion from Tyr390 to Lys430 of band 3 (band 3-la) and the counterpart portion of South-East
Asian ovalocytosis (SAO) band 3 (band 3-lb) in lipid bilayers were examined-by means of
circular dichroism (CD), Fourier transform infrared (FTIR) spectroscopy as well as a
proteolytic digestion method. The CD and FTIR studies showed that band 3-la and band
3-lb in a membrane lipid bilayer cannot assume an a-helix rich structure but instead
assume a /^-structure rich conformation. The proteolytic digestion experiments demon-
strated that the cleavage sites of Tyr392 and Phe423 were common to both the model and
erythrocyte membranes. Taken together with our previous work, which indicated that the
first membrane-contact portion was the portion embedded in the erythrocyte membrane
without tight lipid-peptide interactions [Hamasaki et al. (1997) J. Biochem. 122,577-585],
we imply herein that the first membrane-contact portion of band 3 by itself can not assume
the ordinary a-helix conformation in the membrane lipid bilayers. A proteinase-resistant
portion, from Ser402 to Phe423, was observed when liposomes containing band 3-la were
digested with proteinase K, while no proteinase-resistant core portion was found in the case
of band 3-lb (jAla4M-Ala408). This suggests the crucial role of the deleted portion, from
Ala400 to Ala408, in the interaction of the first membrane-contact portion of band 3 with a
membrane lipid bilayer.

Key words: band 3 protein, circular dichroism (CD), Fourier transform infrared (FTIR),
liposome, South-East Asian ovalocytosis (SAO) band 3.

Band 3 protein is a typical multi-spanning polytopic
membrane protein, and plays a key role in respiration as a
metabolic sensor due to the anion exchange activity be-
tween Cl" and HCO3" (i). Although electron microscopic
images of negatively-stained band 3 protein were obtained
by two groups {2, 3), they were not sufficient to permit
discussion of the structure/function relationship. To under-
stand the molecular mechanisms of the anion exchange,
therefore, we have been investigating the molecular struc-
ture of band 3 protein based on affinity labeling of the active
center for anion exchange (4, 5), on assessment of the

hydropathy prediction to band 3 protein (6, 7), and on the
dynamic conformation^ changes of band 3 protein during
the anion exchange process (8).

Unlike bitopic membrane proteins which have only one
transmembrane peptide portion, polytopic membrane
proteins have multi-transmembrane peptide portions, and
their structures in a membrane lipid bilayer are more
complicated than those of bitopic membrane proteins due to
the mutual peptide-peptide interactions and/or lipid-pep-
tide interactions in the membrane lipid bilayer (1, 7).
Actually, five anticipated transmembrane peptide portions
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were released from the alkaline-pretreated membrane on
trypsin/chymotrypsin digestion, indicating that these
portions are differently embedded in the membrane lipid
bilayer compared to the rest of the transmembrane peptide
portions, which remained in the alkaline-pretreated mem-
brane due to peptide-lipid interactions with the boundary
lipids (7). Thus, the peptide portions embedded in a
membrane lipid bilayer can be classified into at least two
categories, one embedded in the membrane lipid bilayer
without tight lipid-peptide interactions (category 2 in Ref.
7), and the other portions embedded in the membrane lipid
bilayer with tight lipid-peptide interactions (category 3 in
Ref. 7).

The results obtained with the proteolytic digestion
method (7) suggested that the peptide portion from Tyr3'3

to Leu4S0 comprises an assembly of peptide portions
belonging to category 2 and includes a cluster (s) with
peptide-peptide interactions in the erythrocyte membrane.
However, in accordance with a hydropathy prediction based
on a combination of Kyte-Doolittle plots and Goldman-
Engelman-Steitz plots (9), a similar portion from Gin404 to
Cys479 had been anticipated to be the first, second or third
transmembrane portion, which should be embedded in a
membrane lipid bilayer with tight lipid-peptide interac-
tions. To elucidate the structure of the first membrane-
contact portion in lipid bilayers, in this study, using circular
dichroism (CD) and Fourier transform infrared (FTER)
spectra in combination with a proteolytic digestion method
(7), we examine the conformations of synthetic peptide
corresponding to the peptide portion from Tyr390 to Lys430

of band 3 protein in model phospholipid membranes. We
also examine the counterpart peptide portion of South-East
Asian ovalocytosis (SAO) band 3 protein, because the
deletion from Ala400 to Ala408 of the mutant band 3 occurs in
the peptide region from Tyr390 to Lys430 (10, 11).

EXPERIMENTAL PROCEDURES

Peptide Synthesis of Band 3-la, Band 3-lb, and Trans-
membrane a-Helix Model Peptide P24—Peptides were
synthesized with a Milligen 9050 automatic solid phase
synthesizer with the standard Fmoc chemistry as described
previously (12). Fmoc-AA-PEG-Resin (1 g, 0.2 mmol) was
employed as the COOH-terminal polymer support. Fmoc-
amino acids were coupled using four equivalents of TBTU.
The unreacted N-terminal amino group at each coupling
step was acetylated using acetic anhydride, and Fmoc
groups were deprotected with 20% piperidine in DMF. The
peptides were cleaved from the resin by incubation with a
solution of trifluoroacetic acid:m-cresol:l,2-ethanedithiol:
thioanisole [53:1.3:3.6:7.0 (v/v)] for 3h at room tem-
perature. The trifluoroacetic acid was evaporated off and
the peptides were precipitated by the addition of diethyl
ether. After the crude peptides had been immersed in a
small amount of HCOOH and then dissolved in 30% acetic
acid, the solution was passed through Sephadex G-25 (15 X
1,200 mm; Pharmacia Biotech, Uppsala, Sweden) with
30% acetic acid, and then purified by means of HPLC with
Cosmosil 5C8-AR-300 (10x250 mm; Nacalai Tesque,
Kyoto) using a gradient system of water-acetonitrile
containing 0.1% trifluoroacetic acid. The band 3-la peptide
was purified by gel-filtration HPLC (Sepharose 12; Phar-
macia Biotech) with 50% acetonitrile-water containing

0.1% trifluoroacetic acid.
Amino acid analysis was performed with a JASCO

system fluorescent amino acid analyzer (JASCO, Tokyo)
after hydrolysis in 5.7 M HC1 in a sealed tube at 110'C for
48 h. The analytical data for band 3-la (i) and band 3- lb (ii)
were as follows: (i) Asp, 1.8 (2); Thr, 1.8 (2); Ser, 2.8 (3);
Glu, 1.9 (2); Pro, 2.6 (3); Gly, 3.6 (3); Ala, 6.0 (6); Val, 2.4
(2); Leu, 4.7 (5); He, 4.3 (4); Phe, 3.7 (4); Lys, 1.4 (1) and
(ii) Asp, 1.7 (2); Thr, 1.8 (2); Ser, 2.2 (2); Glu, 0.9 (1); Pro,
1.4 (2); Gly, 3.2 (3); Ala 3.0 (3); Val, 0.9 (1); Leu, 3.8 (4);
lie, 3.5 (4); Phe, 2.6 (3); Lys, 1.4 (1). The molecular
weights were determined from FAB-mass spectra obtained
with a JEOL JMX-HX110 (JEOL, Tokyo); base peak,
4,445.3; calculated for C219H31BO58N43.H+, 4,444.164 for
band 3-la; and base peak, 3,559.5; calculated for C m -
H26iO47N33-H+, 3559.133 for band 3-lb. The sequences of
the peptides were also confirmed with a gas-phase se-
quencer (Applied Biosystems, model 492, California,
USA), and the phenylthiohydantoins (PTH-derivatives)
were identified with an Applied Biosystems 140C PTH-
derivative analyzer on-line system. A transmembrane
a-helix model peptide, P24 (Ac-Lys2-Gly-Leu2.,-Lys2-Ala-
NH2), was also synthesized by Fmoc-chemistry according
to Davis et al. (13).

CD Measurement of Peptides in TFE or Liposomes—CD
spectra were recorded with a JASCO J-600 spectropolar-
imeter (JASCO) using a quartz cell of 1-mm path length,
and the data were expressed in terms of the molar ellipti-
city. Peptide concentrations were determined from the
UV-absorbance of Tyr (£ = 1,340 at 275 nm). Spectra in
TFE or liposomes were measured with peptide concentra-
tions of 100 and 10 //M, respectively. Micelle solutions (3
mM) were prepared by dissolving a desired amount of LPC
or LPC:LPG (3:1) in 5 mM TES buffer, followed by
solubilization by the addition of the peptides (30 ^M).

Phospholipid liposomes were prepared and characterized
as described previously (14, 15). In brief, phospholipid
(egg yolk PC:egg yolk PE:bovine erythrocytes SM:bovine
brainPS = 12:12:10:5.2) (20 mg, ~25^mol) and peptides
(2.5 ^mol) were codissolved in chloroform (1 ml) and then
dried by spraying of nitrogen in a conical glass tube. The
dried peptide-lipid film was hydrated in 2 ml of 5 mM TES
buffer or HEPES buffer (pH 7.4) with repeated vigorous
vortex mi-ring at 20°C for 30 min. The suspension was
sonicated at 0"C for 30 min with 10 min intervals using a
probe-type sonicator (Kaijo Denki ultrasonic disrupter
model TA-4280, Tokyo), centrifuged and then diluted to 25
ml with the same buffer, in which the lipid concentration
was ~ 1 mM. The small unilamellar vesicles obtained (16)
were used for the CD measurements. Spectra were ana-
lyzed as a linear combination of spectra for poly (L-lysine)
(MW, 15,000-30,000) adopting the three well-known
conformations depending on the solvent conditions; a-
helix, /S-structure, and random coil (17). All measure-
ments were carried out at 25*C. CD data were expressed as
mean residue ellipticity. To minimize scattering due to
liposomes, each CD spectrum for liposomes was subtracted
from that for a peptide obtained in the presence of lipo-
somes.

FTIR Measurement of Peptides in Lipid Bilayers—
Before the samples were prepared, the trifluoroacetate
counter ions of the peptides which originated from the
trifluoroacetic acid used during the HPLC purification were
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removed by lyophilization twice from 10 mM HC1. The
spectral samples for FTCR in a lipid dispersion were
prepared by codissolving lipid (6 X 10~6 mol) and a peptide
(2 X 10~7 mol) in chloroform at a lipid:peptide ratio of 30:1.
After drying the samples under N2 gas and vacuum, they
were hydrated with a small amount of saline (150 mM
NaCl, pH7.4) [lipid:saline = 4:6 (w/v)] at O'C and then
stood at 20'C for 30 min. The cooling (O'C) and warming
(20'C) were repeated again to sufficiently incorporate the
peptides into the lipid according to the method of Rizzo et
al. {18). Samples were placed in a microcell fitted with
CaF2 and a 15-//m Teflon spacer. Spectra were obtained
with a Bio Rad FTS-165 (Bio-Rad, California, USA) and a
Hewlett Packerd Vectra VL2 computer (Hewlett Packard,
California, USA) for data acquisition and analysis. Each
spectrum was the average of 250 scans and was recorded at
ambient temperature (21-23°C) with 2-cirr' resolution.
Reference spectra of lipid dispersions prepared by com-
pletely the same procedure were recorded in the same
microcells and under identical instrument conditions as the
sample spectra. Difference spectra were obtained by
digitally subtracting the lipid dispersion spectra from the
corresponding sample spectra. The subtracting factor was
varied until the second derivative of the peptide spectrum
between 1,800 and 1,700 cm"1 was featureless {19). The
second-derivative spectrum was obtained by twice applica-
tion of the first-derivative function with nine-point smooth-
ing using the Savitzky-Golay smoothing procedure {20,
21). Then the spectra were deconvoluted to obtain esti-
mates of the numbers of component bands and their
frequency (y = 4.25, and smoothing factor = 0.3), followed
by a curve-fitting procedure to obtain estimates of the
bandwidth and band area as described by Fabian et al. {19).
After smoothing on the deconvolution, the spectra were
offset to place the minimum absorbance value at zero. Only
the 1,700-1,620 cm"1 range was used for secondary struc-
ture analysis.

Proteolytic Digestion Experiments on Peptides in Lipo-
somes—Liposomes containing band 3-la and band 3-lb
([lipid]:[peptide] = 10:1) were prepared as described
above. Peptides incorporated into the lipid bilayer were
digested with chymotrypsin or proteinase K [peptide:
proteinase = 50:l (mol/mol)] at 37'C for 1 h. The peptide

portions released into the supernatant from the lipid
bilayer on proteolytic digestion and those remaining in the
lipid bilayer were separated by using a Millipore Ultrafree
filter (Millipore, Massachusetts, USA). Peptide portions in
the supernatant or the lipid bilayer fraction were analyzed
as described previously (6, 7).

Analysis of Peptides Released into the Supernatant
Fraction or Remaining in the Lipid Bilayer Fraction—The
peptide portions released into the supernatant fraction
were analyzed by HPLC on a reversed phase column
(Cosmosil 5C18-AR-300; 4.6x250 mm, Nacalai Tesque),
using a linear gradient of 0-100% acetonitrile containing
0.1% trifluoacetic acid. The peptide portions remaining in
the lipid bilayer fraction were dissolved in an equal volume
of 8 M urea/4% SDS and then applied to a reversed phase
column (Cosmosil 5C18-AR-300; 4.6x250 mm, Nacalai
Tesque), using a water-acetonitrile-propanol system con-
taining 0.1% trifluoroacetic acid (7). AU peaks were ana-
lyzed with a gas-phase sequencer as described above.

Materials—Fmoc-Lys(Boc)-PEG and Fmoc-amino acids
were from Millipore. DMF, DCM, piperidine, acetic anhy-
dride, diisopropylethylamine, 1-hydroxybenzotriazole, and
TBTU were purchased from Nacalai Tesque. Egg yolk PC,
egg yolk PE, bovine erythrocytes SM, bovine brain PS, and
reagents for amino acid sequencing were obtained from
Sigma (Missouri, USA) and Applied Biosystems (Califor-
nia, USA), respectively. Other chemicals were of analytical
grade.

RESULTS

CD Spectral Study—Figure 1 shows CD spectra of band
3 peptides (band 3-la and band 3-lb) in TFE (Fig. la) and
in lipid bilayers of liposomes with a phospholipid composi-
tion similar to that of human erythrocyte membranes (Fig.
lb). The interpretation of CD spectra for membrane lipid
bilayers is complicated due to differential light scattering
and absorption flattening that can lead to nonlinear attenua-
tion of the CD bands at strong absorption peaks {22, 23).
We, therefore, measured CD spectra of band 3 peptides not
only in liposomes (Fig. lb) but also in micelle solutions (Fig.
lc) to overcome such complications. The CD spectrum of a
transmembrane a-helix model peptide, P24 {13, 24-26),
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Fig. 1. CD spectra of band 3-la,
band 3-lb, and/or P24 in TFE (a),
lipid bilayers of liposomes (b), and
micelle solutions (c). (a and b) Spec-
tra of band 3-la, band 3-lb, and a
transmembrane a -helix model peptide,
P24, are indicated by a solid line (—),
a dotted line ( ), and a dashed line
( ), respectively. The concentra-
tions of the peptides were 100 ̂ /M in
TFE and 10 ̂ M in lipid bilayers of
liposomes with a phospholipid composi-
tion similar to that of human ervth-
rocyte membranes (PC:PE:SM:PS =
12:12:10:5.2). (c) CD spectra of band
3-la peptide (30//M) in micelle solu-
tions (3 mM) of LPC and LPC:LPG (3:
1) are indicated by a solid line (—), and
a dotted line ( ), respectively.
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Fig. 2. (A) FTIR difference
spectra of band 3-la (a) and
band 3-lb (b) in lipid
bilayere. Difference spectra
were obtained by digitally sub-
tracting the lipid dispersion
spectrum from the correspond-
ing sample spectrum. The sub-
tracting factor was varied until
the second derivative of the
peptide spectrum between
1,800 and 1,700 cm"1 was fea-
tureless using Bio-Rad software
according to Fabian et al. (19).
(B) Second-derivative infra-
red spectra of band 3-la (a)
and band 3-lb (b) in lipid
bilayers in the amide I region.
(C) Deconvoluted Infrared
spectra and curve fitting anal-
yses of amide I of band 3-la
(a) and band 3-lb (b) in lipid
bilayers. Deconvoluted in-
frared spectra and curve fitting
analyses were performed ac-
cording to Fabian et al. (19) as
described under 'EXPERIMEN-
TAL PROCEDURES."

1650

Wave number (cm' )

TABLE I. Secondary structure contents of synthetic peptides
in TFE (A), lipid bilayers (B), and micelle solutions (C) as-
signed by CD and FTIR.

(A)

Wav« number (cm'1 )

was also obtained in liposomes as a reference (Fig. lb).
TFE, an a--helix promoting solvent, is considered to

reflect a hydrophil-lipophil dynamic membrane environ-
ment and has been used to study the conformational
requirements of biological reaction membranes (27). In
TFE, band 3-la have a double minimum spectrum at 208-
222 nm that is characteristic of the a -helical structure. The
helical content was 95% (Table I). Band 3-lb also have a
double minimum spectrum but with much lower intensity
as compared with that in the case of band 3-la; 30%
a -helix, 30% >9-sheet, and 40% random structure (Table I).
The helical content of band 3-la was much greater than that
of band 3-lb, indicating that band 3-la exhibits inherent
helicity in a hydrophobic membrane -like milieu, which is
lacked by band 3- lb.

CD spectra of band 3-la, band 3-lb, and P24 in liposomes
with a phospholipid composition similar to that of human
erythrocyte membranes are shown in Fig. lb. The sample
solutions after sonication were slightly turbid. Red shifts
(•—1-2 nm) of CD spectra in turbid samples have often been
observed in biological systems due to multiple scattering in
turbid suspensions (28, 29). The transmembrane o--helix
model peptide, P24, completely had the a-helical structure
in the lipid bilayers with a double minimum spectrum at

a -helix
/?-structure
Random

(B)

a -helix
P- structure
Random (and/or others)

(C)

<?-helix
y?-structure
Random

Band 3-la
CD

95%
5%
0%

Band
CD
15%
60%
25%

LPC
28%
42%
30%

3-la
FTIR
13%
71%
16%

Band 3-la
CD

Band 3-lb
CD

30%
30%
40%

Band 3-lb

CD FTIR
0% 5%

65% 81%
35% 14%

LPC/LPG (3:1)
15%
40%
45%

208-222 nm (Fig. lb). The band 3-la spectrum was also a
double minimum spectrum at 209-224 nm. However, the
double minimum band of the band 3-la spectrum was not
simply assigned to the or-helical structure because of the
low molar eclipticity. This spectrum was analyzed as a
mixture of 15% a-helix, 60% y?-sheet, and 25% random
structure according to the method of Fukushima et aL (17)
(Table I). On the other hand, band 3-lb exhibited a
minimum at 220 nm (Fig. lb), indicating that the confor-
mation of band 3-lb in liposomes is attributable to 65%
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/3-sheet and 35% random structure (Table I). To make sure
that the low intensity of the spectrum was not due to
turbidity, we measured CD spectra of band 3-la in micelle
solutions of LPC and LPC/LPG (3:1) (Fig. lc). The spectra
in micelle solutions of LPC and LPC/LPG (3:1) were
analyzed also as a mixture of 15-28% a--helix, 40-42%
P-sheet, and 30-45% random structure (Table I).

FTIR Study—FTCR is an established method for study-
ing the secondary structures of polypeptides and proteins in
aqueous solution, and has recently been applied for study-
ings their conformational analysis in the presence of lipid
bilayers, extensively (29, 21, 25, 30, 31). Thus, to obtain
further information on the structures of the band 3 pep-
tides, we measured FITR spectra using a 15-//m thin cell to
compensate for the strong absorption of water in the amide
I region, and prepared specimens for FTIR with a lipid:
water ratio of 4:3 (w/v), because phospholipids are able to
form a lipid bilayer under these conditions (32). Peptides
were dispersed in fully hydrated lipid bilayers consisting of
erythrocyte membrane lipid components by repeated
cooling (0"C) and warming (20°C). The spectra of the lipid
bilayers with or without the peptides were recorded
between 3,500 and 1,000 cm"1. Difinite differences were
observed in the regions of the amide I and amide II bands.
The different absorption spectra for the peptides and the
reference lipid bilayers of band 3-la and band 3-lb in the
region from 1,800 to 1,450 nm~' are shown in Fig. 2A. In
order to avoid artificial bands, and in correct band positions
for amide I and amide II, the subtraction factor for the
absorption spectrum was changed until the second deriva-
tive of the peptide spectrum between 1,800 and 1,700 cm"1

became featureless (Fig. 2B) before being resolved by
Fourier deconvolution of the spectra (19). The deconvolut-

ed spectrum was analyzed by curve fitting between 1,715
and 1,585 cm"1 (Fig. 2C). The quantitative contribution of
each band to the total amide I contour was given at 6 peaks
for the spectra of band 3-la and 7 peaks for band 3- lb. The
peak parameters and their assigned structures are listed in
Table II. When the component bands at 1,691, 1,680, and
1,628 cm"1 were assigned to /9-sheet structure, the fi-
structure of band 3- la represented 58% of the total area of
amide I (Table II). The components at 1,660 and 1,646
cm"1 assigned to a--helical structure and random structure
(and/or 310-helix), respectively, were estimated to repre-
sent 13 and 16%. It is noteworthy that turn structure (13%)
at 1,671 cm"1 was observed. The component around 1,670
cm"1, which is assigned as turn structure (1,671 cm"1,
13%), drastically increased in the band 3-lb spectrum and
instead the a -helix component was decreased. The results
of FTIR were fairly consistent with those of CD analysis
when peaks assigned as 0- structure and turn in FTIR were

TABLE n. Curve-fitting analysis of FTIR spectra of band 3-la
and band 3-lb.

Band
Band

position
(cm"1)
1,691
1,680
1,671
1,660
1,646

1,628

3-la
Band
area

(%)
10
8

13
13
16

40

Band
Band

position
(cm-)
1,690
1,681
1,667
1,657
1,647

1,639
1,628

3-lb
Band
area

(%)
2
7

33
5

14

3
36

Band assignment*

Turn//3-sheet
Turn/£-sheet
Turn
or-helix
Random and/or 310-helix,

turn (/J-sheet)
/9-sheet
f)- sheet

•The assignments are based on recent literature (19, 21, 25, 44).

20 40 60
Retention Time (mln)

20 40 60 60 100
Retention Tims (mln)

120 140

(a)

Jtt

E
5
N

ri
d

n

_

BS-29

BS-3O

BS-37

\ij\ ^ ^ '

20 40 60
Retention Time (mln)

40 60 80 100
Retention Time (mln)

120 140

Fig. 3. HPLC analyses of
peptides released into the
supernatant fraction (a) and
remaining in the lipid bilayer
fraction (b). Liposomea con-
taining band 3-la and band 3-lb
([lipid]:[peptide] = 10:1) were
prepared as described under
•EXPERIMENTAL PROCE-
DURES." Peptides incorporated
into the lipid bilayer were
digested with chymotrypsin [pep-
tide :proteinase= 50:1 (mol/
mol)] at 37*C for 1 h as de-
scribed under "EXPERIMEN-
TAL PROCEDURES.' Peptide
portions released into the super-
natant from the lipid bilayer on
proteolytic digestion and those
remaining in the lipid bilayer
were separated by using a filter
of Millipore Ultrafree size (Mil-
lipore, Massachusetts, USA).
Peptide portions in the super-
natant or the lipid bilayer frac-
tion were analyzed as described
previously (5-7). Peptides in
the peaks numbered AS-29, 30,
and AP-46, 47, and BS-29, 30,
37, or BP-35-38 were of band
3-la and band 3-lb, respective-

ly-
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TABLE HI. Peptides released into the supernatant fraction and remaining in the membrane lipid bilayers.
(A) After chymotryptic digestion.

Fraction Peak No. Ammo acid sequence

Membrane AP-46 YLSDITDAFSPQVLAAVIFIYFAALSPAITF
AP-47 LSDITDAFSPQVLAAVIFIYFAALSPAITF

Amount
(pmol)

1,500
1,500

Position in
band 3 protein

300 400 410 420 430
Band 3-la: YPYYLSDITDAFSPQVLAAVIFIYFAALSPAITFGGLLGEK

Supernatant AS-29 YPY 2,000 390-392
YPYY 390-393

AS-30 GGLLGEK 2,000 424-430
393-423
394-423

Supernatant

Membrane

Band3-lb:
BS-29

BS-30
BS-37
BP-35
BP-36

BP-37

390 3 9 8 ^
YPYYLSDITD
YPY
YPYY

LSDITD

^^4409 4420 J430
VIFrYFAALSPAITFGGLLGEK

GGLLGEK
IYF

SPAITF
AALSPAITF

VIF

1,000

1,000
800

390-392
390-393

M12-MU

BP-38 YLSDITD

1,000
2,000

1,200

600

/7415-/M23

394-/J411

393-/J411

(B) After proteinase K digestion.

Fraction Peak No. Amino acid sequence
Amount
(pmol)

2,000
2,000
1,000

Position in
band 3 protein

390 400 410 420 430
Band 3-la: YPYYLSDITDAFSPQVLAAVIFrYFAALSPAITFGGLLGEK

Supernatant KAS-25 YLSD
KAS-29 YPY
KAS-36 DITDAF

Membrane KAP-17 DITDAF
KAP-76 DAFSPQVLAAVIFIYFAALSPAITF
KAP-78 DITDAFSPQVLAAVIFIYFAALSPAITF

4,000
5,000
1,200

393-396
390-392
396-401
396-401
399-423
396-423

Supernatant
Band 3-lb:

KBS-23
KBS-25
KBS-26
KBS-29
KBS-37

390 4 0 0 ^
YPYYLSDITD

LSPA

YPY

\^410 J420 4430
VIF IYF AALSPAITF GGLLGEK

SPATT
AAL

SPAITF

3,000
3,000
1,500
6,000
3,000

ZJ417-/J420
J418-/J422
^3412-^414

390-392
zJ418-^)423

Membrane None

taken as /?-structure (Table I).
Proteolytic Digestion of Liposomes—The modes of inter-

action of band 3-la and band 3-lb with the model phos-
pholipid membranes were examined by means of a pro-
teolytic digestion method, that is, the cleavage sites of band
3-la and band 3 -1 b in a model membrane lipid bilayer were
compared with those of the corresponding portion of band 3
protein in the erythrocyte membrane as a reflection of the
mode of interaction between the peptides (or the protein)
and the membrane lipid bilayer. Peptides in liposomes
were digested with chymotrypsin or proteinase K and then
separated as described under "EXPERIMENTAL PROCE-
DURES." Figure 3 shows the HPLC profiles of peptides
released into the supernatant fraction and remaining in the
lipid bilayer fraction on chymotrypsin digestion. All peaks
were analyzed with a gas-phase sequencer. As shown in
Table IILA, portions of band 3-la, YPY (390-392), YPYY
(390-393), and GGLLGEK (424-430), were released from
liposomes into the supernatant fraction on chymotrypsin
digestion, while the portion from Tyr395 (or Leu394) to Phe423

of band 3-la was proteinase-resistant and remained in the

lipid bilayer fraction after digestion of the liposomes with
chymotrypsin.

When band 3-lb in the liposomes was digested with
chymotrypsin, a new peptide, IYF (A412-A414), was
released into the supernatant fraction in addition to the
peptides, YPY (390-392), YPYY (390-393) and GGLLG-
EK (A424-A430), while the portions, YLSDITDVTF (393-
A411), LSDITDVTF (394-4411), SPAITF (A418-A423),
and AALSPAITF {A415-A423), remained in the mem-
brane fraction (Table HIA). Thus, three more cleavage
sites, Phe'4", Phe"414 and LeuJ417, appeared in band 3-lb,
indicating that the mode of interaction of band 3-lb with
the lipid bilayer is different from that of band 3-la with the
membrane lipid bilayer.

A proteinase-resistant portion, from Ser402 to Phe4", was
observed when liposomes containing band 3-la were digest-
ed with proteinase K and the resistant portion remained in
the membrane lipid bilayer fraction (Table LTLB), indicating
that this portion is embedded in the membrane lipid
bilayer. No proteinase-resistant core portion, however, was
observed in the membrane lipid bilayer fraction when
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liposomes containing band 3-lb were digested with pro-
teinase K (Table NIB). This suggests the crucial roles of the
peptide portion from Ala400 to Ala"8 in the interaction of
the peptide from Ser402 to Phe423 with the lipid bilayer.

Surprisingly, an almost equal amount of a hydrophilic
peptide, DITDAF (396-401), remained in the membrane
lipid bilayer fraction when compared to the amount re-
leased into the supernatant fraction (Table NIK). This could
not be explained simply by methodological problems such
as incomplete washing, because no other peptide portions
YPY, YPYY, GGLLGEK, IYF, LSPA, AAL, and SPAITF,
were distributed at all in either of the fractions (Table HI).
A similar phenomenon was observed in the alkali-treated
erythrocyte membrane, that is, the portion from Tyr393 to
lie410 which contains the portion, DITDAF (396-401), was
distributed in both the supernatant fraction and the
membrane fraction when the treated membranes were
digested with trypsin and chymotrypsin (7). The reason for
the amphipathic distribution of DITDAF (396-401) re-
mains to be determined.

On digesting liposomes containing peptides with protein-
ases, the membrane-bound peptides containing the car-
boxy-terminal or amino-terminal of band 3-la and band
3- lb as well as the undigested full size band 3-la and band
3-lb were not detected (Fig. 3 and Table HI). Liposomes
prepared as described under "EXPERIMENTAL PROCE-
DURES" were small unilamellar vesicles (~300 A diame-
ter), as shown in previously (16), and the intravesicular
space was shielded sufficiently from the proteinases (33).
Therefore, the lack of detection of peptides containing the
carboxy-terminal or amino-terminal region indicates that
the peptides are embedded in the liposome membranes due
to both termini facing the extra vesicular surface. In such
small unilamellar liposomes, phospholipids are unevenly
distributed between the inner and outer monolayers of the
membrane lipid bilayer as a result of different phospholipid
head sizes, with phospholipids having larger head groups
tending to be located in the outer monolayers. Thus, the
nonuniform distribution of peptides may be a reflection of
the heterogeneous distribution of phospholipids. It should
be mentioned that the heterogeneous distribution of phos-
pholipids did not affect the peptide conformation because
the contents of a--helix and /5-structure of the peptides in
the liposomes, as assessed by CD, were almost identical to
those in the homogenous fully hydrated lipid bilayers
examined by FTCR (Table I). Under the experimental
conditions, the phospholipids are homogeneously distribut-
ed in the hydrated lipid bilayers.

DISCUSSION

When the fidelity of hydropathy prediction for band 3
protein in the erythrocyte membrane was examined by
means of a proteolytic digestion method, the portion from

Tyr393 to Tyr48' behaved uniquely. Namely, the whole
peptide portion was liberated from the membrane lipid
bilayers on proteolysis (7), although the portion would be
expected to be hydrophobic enough to contain three puta-
tive transmembrane peptide portions on hydropathy pre-
diction. To characterize such a unique region, from Tyr383 to
Tyr488, in the erythrocyte membrane, we examined the
modes of interaction with model lipid bilayers using the
peptide portion from Tyr390 to Lys430 (band 3-la).

The secondary structure of band 3-la in model lipid
bilayers was unexpectedly confirmed to be a (3- structure
rich conformation by the CD and FTIR studies, while the
structure in TFE solution was a -helical as the helical
content was approximately 90% (Figs. 1 and 2, Table I).
The CD spectrum of band 3-la in model lipid bilayers
indicated that the peptide structure could be assigned as
15% a -helix, 60% y9-structure, and 25% random, while the
FTIR study suggested 13% a-helix, 51% ^-structure, 16%
random (or/and 310 helical structure, /?-structure), and
13% turn (Table II). The spectrum of band 3-lb in model
lipid bilayers was also estimated to be /9-structure rich:
65% /S-structure and 35% random by CD, and 5% a--helix,
48% /?-structure, 14% random, and 33% turn by FTIR. The
contents of the various secondary structures in both pep-
tides estimated by CD and FTIR spectroscopy are generally
in agreement with each other. The general limitations of
the quantitative determination of the secondary structures
of proteins through CD and FTIR studies have been
discussed in detail by Fabian et al. {19), such as the
uncertainties regarding the evaluation of y9-sheet (and
turn) contents by CD and underestimation of random
structure by FTIR. Moreover, the assignment of the peaks
in the amide I region with different secondary and tertiary
structures by FTIR is complicated by the fact that secon-
dary structures depend on the peptide sequence, the type of
sample preparation, and other environmental factors. Even
considering all of these uncertainties, however, we could
conclude that band 3-la and band 3-lb did not assume an
a-helix rich structure, but instead assumed a /J-structure
rich conformation in the model lipid bilayers.

The solution structures of the peptide portions from
Val405 to Gly424 and Gly438 to Ala468 have been studied using
NMR by Gargaro et al. (34), who found that the peptide
portions adopted a predominantly a -helical structure in a
TFE solution that is coincident with our CD data in TFE, as
shown in Fig. 1 and Table I. However, this evidence could
not simply mean that the peptide portions assume an
a--helix rich structure in the membrane lipid bilayer,
because the a--helix rich structure in a TFE solution
changed to a yS-structure rich conformation in the model
lipid bilayer used in this investigation.

The proteolytic cleavage sites of the peptides in the
model lipid bilayer and the erythrocyte membrane were
compared. When the liposomes were digested with

Fig. 4. Chymotryptic cleavage sites of band 3-la
in liposomes and the corresponding peptide por-
tion of band 3 protein in erythrocyte membranes.
Comparison of the cleavage sites in erythrocyte
membranes (top) and in liposomes (bottom). The
major and minor cleavage sites are indicated by large
and small arrows, respectively. The data summarized
here were obtained in this study and from a previous paper (7).

Chymotryptic Cleavage Sites in Erythrocytt Membranes

IN y km T « i ^ T T 4M T m

Y PYYLSDITDA FSPQVLAAVI FIYPAALSPA ITFGGLLGEK

U i
ChymouypUc Cleavage Sites in Model Upid Bilayers
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chymotrypsin as described under "EXPERIMENTAL PROCE-
DURES, " three peptide fragments YPY (390-392), YPYY
(390-393), and GGLLGEK (424-430), were released into
the supernatant fraction, while the peptide portion from
Tyr393 (or Leu394) to Phe423 remained in the membrane
fraction. As summarized in Fig. 4, the chymotryptic cleav-
age sites were the carboxyl sites of Tyr392, Tyr393, and
Phe423 in the liposomes, and the carboxyl sites of Tyr392 and
Phe423 as major cleavage sites and Phe401, He410, Phe411,
Phe414 as minor cleavage sites in the erythrocyte mem-
brane, respectively. The common major chymotryptic
cleavage sites in liposomes and the erythrocyte membrane
were Tyr392 and Phe423, although many more theoretical
chymotryptic cleavage sites exist between Tyr392 and
Phe423. The additional cleavage sites, Phe401, lie410, Phe411,
and Phe414, observed in the erythrocyte membrane are
supposed to be cleaved in the supernatant fraction after
which portion was liberated from the membrane lipid
bilayer, because peptides digested at the additional site of
Phe40!, lie410, Phe411, and Phe414 were recovered only from
the supernatant fraction (7). The additional cleavage site of
Tyr393 in liposomes may reflect a subtle difference between
the model and erythrocyte lipid bilayers.

The chymotrypsin-resistant peptide portion from Tyr393

(or Leu394) to Phe423 in the model lipid bilayer preferen-
tially remained in the membrane lipid bilayer fraction. The
corresponding portion of band 3 protein in the erythrocyte
membrane, however, was distributed to both the super-
natant fraction and the membrane fraction on digestion
with chymotrypsin (7). The different modes of interactions
with the two membrane lipid bilayers could be explained as
follows. As we proposed previously (1, 7), peptide portions
embedded in a membrane lipid bilayer could be classified
into at least two categories (categories 2 and 3 in Ref. 7),
that is, one is the portions embedded in the membrane lipid
bilayer when band 3 protein assumes the native conforma-
tion, but exposed on the membrane surface when band 3
protein takes on the denatured conformation, and the other
is the portions remaining embedded in the membrane lipid
bilayer under the native and denatured conditions. In other
words, the former peptide portions could be parts of the
portion embedded in the membrane lipid bilayer without
tight lipid-peptide interactions, and the latter portions
could be parts of the portion embedded in the membrane
lipid bilayer with tight lipid-peptide interactions. Unlike
bitopic membrane proteins which have only one transmem-
brane peptide portion, a multi-spanning polytopic mem-
brane protein, band 3 protein, could form clusters consist-
ing of multi-membrane peptide portions in the membrane
lipid bilayer through peptide-peptide interactions within
the native molecule conformation. Owing to the cluster
formation, only a restricted hydrophobic surface area of the
peptide portion from Tyr390 to Lys430 would be in contacted
with lipids in erythrocyte membranes and, therefore,
liberated from the membranes on proteolytic digestion
depending on the denaturation conditions. The synthetic
peptide from Tyr380 to Lys430 in the model lipid bilayer
could mimic bitopic membrane proteins which have only
one hydrophobic peptide portion. Thus, contrary to the
whole band 3 protein molecule in the erythrocyte mem-
brane, the hydrophobic synthetic peptide in the model lipid
bilayer would be in direct contact with boundary lipids and
form tight lipid-peptide interactions, because the cluster

formation can not occur with just the peptide portion from
Tyr390 to Lys430. Accordingly, the chymotrypsin-resistant
portion from Tyr393 (Tyr394) to Phe423 preferentially re-
mained in the membrane lipid bilayer.

Band 3-lb also takes on a mainly y9- structure in a model
lipid bilayer, as shown by the CD and FTIK studies (Table
II), but is fully digested by proteinase K, contrary to band
3-la (Table lliB), suggesting that the deleted portion, from
Ala400 to Ala408, is important for formation of the protein-
ase-resistant core portion in the membrane lipid bilayer.
This result could be correlated to the abnormal conforma-
tion of the SAO band 3 protein molecule.

Isolated /3-strands can not exist stably as transmem-
brane segments in a lipid bilayer due to unfavorable
interactions of the peptide backbone with the nonpolar
phase of the lipid bilayer, that is, the peptide portion from
Tyr390 to Lys430 may stay on the lipid surface after taking on
a yS-structure. We could not obtain direct evidence of the
incorporation of the band 3 peptides into the membrane
lipid bilayers using Trp fluorescence, because no Trp
residue is present in the peptides. The following evidence,
however, strongly suggests that the peptides are incorpo-
rated into lipid bilayers through a hydrophobic interac-
tions: (i) the band 3-la peptide was solubilized completely
in micelle solutions of LPC and LPC/LPG (3:1); (ii) the CD
spectra of band 3- la in micelles and liposomes were almost
the same, despite the slightly different locations of the
double minimum bands (Fig. 1, b and c); and (iii) the
common major chymotryptic cleavage sites in liposomes
and the erythrocyte membrane were Tyr392 and Phe423.
Recent extensive studies by Deber and co-workers involv-
ing de rcouo-designed model peptides with systematically
varied helical propensity or segmental hydrophobicity have
shown that in membrane mimetic environments of both
vesicles (liposomes) and micelle solutions of LPC and LPC/
LPG (3:1) the peptides interact with the lipid in parallel
manners (35, 36). These findings indicate that the peptides
were incorporated into lipid bilayers a taking on a /9-struc-
ture.

The FTIR study showed that band 3-la has after consid-
erable contents of antiparallel /3-structure and yS-turn in a
model lipid bilayer (Table II). Although such conformations
of antiparallel yS-structure and /3-turn would reflect a
reaction of the peptide due to the instability in the lipid
bilayer, at least we could say that the peptide portion from
Tyr390 to Lys430 has an inherent tendency to form a
yS-structure rich conformation in the model lipid bilayer.
Taken together with the common proteolytic cleavage sites
of band 3 protein in the erythrocyte membrane and of the
synthetic peptide in the model lipid bilayer, we could safely
assume that the peptide portion from Tyr390 to Lys4'0 in the
membrane lipid bilayer does not take on the ordinary
#-helix transmembrane conformation but instead assumes
the y9-structure rich conformation, as observed for the
synthetic peptide in the model lipid bilayer.

Recent X-ray crystallographic analyses of integral
membrane proteins have shown that their hydrophobic
sequences span the lipid bilayers predominantly as not only
a -helix but also /3-structure (37, 38). Hucho et aL (39) also
revealed through FTIR experiments that the secondary
structure of the four-spanning transmembrane segments in
the nicotinic acetylcholine receptor was composed of a
mixture of a-helix and yS-structure. Our present results
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show that band 3- la has considerable contents of antiparal-
lel /S-structure and yS-turn in the model lipid bilayer. The
chymotrypsin-resistant membrane bound region from
Leu394 to Phe423 consists of 30 amino acid residues, the chain
length of which is often observed as a hairpin-like structure
(y8-loop) formed into membranes by antiparallel /S- struc-
ture bent by /3-turn (40-44). Aggeli et al. (45) have also
reported that a 27-residue peptide, having a sequence
corresponding to that of the transmembrane segment of the
Isk protein with slow voltage-gated potassium channel
activity, which is also incorporated into synthetic phos-
pholipid membranes after taking on a j9-structure confor-
mation. The observations cited above could also support our
theory that the conformation of the peptide portion from
Tyr390 to Lys450 in the erythrocyte membrane is not
necessarily the ordinary <*-helix conformation but the
/?-structure rich conformation. The coexisting effect of the
following peptide portion, from Thr431 to Gin"7, on the
conformation of the peptide portion in the model lipid
bilayer is now under investigation.
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