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configuration of the protein in the membrane 

Robert Bayer * and Gerald W. Feigenson ** 

Section of Biochemistry, Molecular and Cell Biology, Clark Hall, Cornell University, Ithaca, N Y  14853 (U.S.A.) 

(Received December 3rd, 1984) 

Key words: Viral coat protein; Membrane reconstitution; Hydrophobic peptide chromatography; (M13 bacteriophage) 

The configuration of M13 bacteriophage coat protein in a model membrane was analyzed using protease 
digestion followed by gel permeation chromatography on Fractogei TSK in formic acid/ethanol. Important 
information is contained in the chromatographic patterns of the memhrane-bound fragments, as well as of the 
fragments released by the digestion. A new reconstitution was thereby developed which involves adding a 
small volume of a concentrated solution of cholate-solubilized coat protein to preformed vesicles (with tire 
amount of detergent added being less than that required to solubilize the vesicles), freezing in liquid nitrogen, 
thawing, followed by dialysis to remove excess detergent. The coat protein is incorporated with high 
efficiency (95 percent) making subsequent fractionation unnecessary. In addition, the incorporated protein is 
not aggregated, and is incorporated with most molecules spanning the membrane, oriented in the same 
manner as in vivo (N-terminus outwards). Two previously described reconstitutions, using sonication or 
cholate dialysis, are analyzed and found to be less satisfactory. 

Introduction 

Because of its size, single tryptophan residue, 
structure, and known sequence, M13 coat protein 
is a good model protein for physical studies of 
protein-lipid interactions. It is readily obtained in 
large quantities from the phage, which is 88 per- 
cent coat protein by weight. In vivo, coat protein 
incorporated into the host cell (Escherichia coli) 
membrane either from infecting phage or from 
newly synthesized coat protein spans the mem- 
brane with the N-terminus outwards, the C- 
terminus inwards [1,2]. We seek to study the pro- 
tein in reconstituted membranes which preserve 
the native orientation and conformation. 

The coat protein is 50 amino acid residues in 
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length, and has been sequenced [3]. The N-terminus 
contains a number of acidic amino acids, the C- 
terminus contains a number of basic amino acids, 
while the center of the protein is hydrophobic. 
Proteolytic digests of deoxycholate-solubilized coat 
protein reveal that the central hydrophobic por- 
tion of the protein is inaccessible to protease [4]. 

The protein can be incorporated into phos- 
pholipid vesicles by several methods, including 
cholate and deoxycholate dilution, cholate and 
deoxycholate dialysis, and sonication. However, it 
has been suggested that the conformation of the 
resulting reconstituted protein might be dependent 
both on the lipids used and on how the protein 
was reconstituted [5,6]. In an interesting case de- 
scribed by Wickner [1] using cholate dialysis re- 
constitution into DMPC vesicles at a temperature 
below the gel-to-liquid crystal phase transition 
temperature of the lipid, the protein was incorpo- 
rated into vesicles in a U-shaped configuration, i.e. 
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both termini of a protein molecule at one inter- 
face. An extensive study of the configuration of 
incorporated coat protein in phospholipid vesicles 
was carried out by Chamberlain et al. [7]. Using 
protease digests of coat protein incorporated by 
sonication, deoxycholate or cholate dialysis, or 
deoxycholate or cholate dilution, they obtained the 
universal result that two-thirds of the N-termini 
and one-third of the C-termini were exposed on 
the outside of the bilayer, while one-third of the 
N-termini and two-thirds of the C-termini were in 
the vesicle interior, raising the possibility that a 
large fraction of incorporated protein was not 
spanning the membrane, but may be incorporated 
in the U-shaped configuration. Digestions were 
analyzed by gel chromatography on Sephadex G- 
150/G-15, which allowed partial resolution of 
peptides released from the core, but no separation 
of the remaining fragments containing the undi- 
gested hydrophobic core. 

As long as a large percentage of each terminus 
is accessible on each half of the bilayer, the frac- 
tion of protein actually spanning the membrane 
rather than in the U-shape cannot be determined 
from the peptides released. Rather, this informa- 
tion resides in the portion of the protein remaining 
in the bilayer, which will have none, one, or both 
ends removed. We describe here a chromato- 
graphic system which partially resolves these mem- 
brane-bound peptides and thereby significantly 
improves the analysis of the configuration of the 
protein in the membrane. We use this improved 
analysis to develop a new membrane reconstitu- 
tion procedure for the coat protein. 

Methods have recently been developed in 
Khorana's laboratory [8,9] for separating hydro- 
phobic peptides which result from protease digests 
of bacteriorhodopsin or of cytochromes. Gel per- 
meation chromatography on Sephadex LH-20 or 
LH-60, and HPLC in formic acid/ethanol allowed 
sufficient resolution of hydrophobic fragments to 
make sequencing possible. In order to resolve the 
hydrophobic peptides from protease digests of M13 
coat protein, we have used the same solvent system 
together with a new gel permeation material, 
Fractogel TSK. 

Experimental Procedures 

Materials. Egg PC (1,2-diacyl-sn-glycero-3- 
phosphocholine derived from hen egg yolks) and 
egg PA (lyophilized disodium form) from Avanti 
were used without further purification. [2,4- 
3H]Cholic acid, L-[4,5-SH(N)]lysine, L-[14C 
(U)]methionine, L-[4,5-aH(N)]proline, and L-[35S] 
methionine were obtained from New England 
Nuclear. Protease type XI (proteinase K), protease 
type XIV (pronase E), carboxypeptidase A-PMSF, 
carboxypeptidase B-DFP, carboxypeptidase Y, al- 
pha-chymotrypsin, DPPC-treated trypsin, and 
hexa-L-alanine were from Sigma. Formic acid (88 
percent) was from Mallinckrodt, absolute ethanol 
was from U.S. Industrial Chemicals Co. Cholic 
acid from Sigma was decolorized with activated 
charcoal and recrystallized from 70 percent 
ethanol. Hepes buffer was used throughout be- 
cause of its lack of interaction with the divalent 
cations used in further studies using reconstituted 
coat protein (Bayer, R. and Feigenson, G.W., un- 
published experiments). All other chemicals were 
reagent grade. Water was purified using a Milli-Q 
water purification system (Millipore). 

Phage growth. Labelled and unlabelled phage 
were both grown in M9 medium + 10 mM MgC12 
[10]. M13 bacteriophage strain mp2 and E. coli 
strain 71-18 were both obtained from Dr. Ray 
Wu of Cornell University. Unlabelled phage puri- 
fication is essentially according to the method of 
Wickner [1]. Labelled phages are prepared by in- 
oculating 50 ml M9 with all amino acids at 20 
/~g/ml (except those to be labelled) together with 
thiamine at 10/~g/ml in a 250 ml fluted erlenmeyer 
flask with 0.5 ml of an overnight culture of E. coil 
71-18. After 70 min of growth at 37°C at 250 
rpm, 0.5 ml of phage stock (1.6-1011/ml) is ad- 
ded, and very slow shaking continued for 15 min. 
Then, labelled amino acids plus unlabelled supple- 
ment to a total of 20 #g/ml are added, and growth 
continued an additional 5 h at 37°C with shaking 
at 250 rpm. Cells are then centrifuged in a Sorvall 
SS-34 rotor at 10000 rpm for 10min to pellet cells, 
and polyethylene glycol (Sigma, approx. M r = 
6000) added to 5 percent w/v, NaC1 to 0.5 M. The 
supernatant immediately becomes turbid. After 
two days at 4°C, the phage precipitate is collected 
by centrifugation (SS-34 rotor, 15 rain at 10000 
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rpm at 4°C) and taken up in CsCI (Sigma, optical 
grade) in buffer A (10 mM Hepes/0.1 M KCI/0.1 
mM EDTA (pH 7.0)) at a density of 1.29 g /ml  
and centrifuged at 42000 rpm at 4°C in a Beck- 
man 50Ti rotor for 33 h. A distinctly visible phage 
band forms in the center of the tube. Phage bands 
are pooled, then dialyzed against buffer A (four 
times 500 ml changes at 12-h intervals). Phage is 
stored frozen. 

Coat protein. Cholate-solubilized coat protein 
was prepared essentially by the method of Cham- 
berlain et al. [7]. In each of two 13 × 100 mm 
tubes, lmg phage in 0.3 ml buffer A plus 0.1 ml 
0.12 M cholate, 0.2 M Hepes, 0.1 M KC1 pH 7.0 
and 10 ptl chloroform are vortexed and incubated 
with occasional mixing at 37°C for one h. This 
mixture is then applied to a 1.5 × 45 cm Sephacryl 
S-200 column and eluted with buffer B (buffer 
A + 12 mM cholate) to separate solubilized coat 
protein from DNA. Coat protein-containing frac- 
tions with an absorbance ratio A280/A260 greater 
than 1.5 are combined and concentrated to 2.5 
m g / m l  by ultrafiltration (20-30 lb / in  2 (138-207 
kPa), Millipore PTGC membrane). 

Reconstitution by sonication. Phage (0.31 mg) in 
buffer A + 10 #1 chloroform are dried in vacuo 
(mechanical pump), 9.5 #mol egg PC in chloro- 
form added and then dried in vacuo, 0.3 ml buffer 
A added, the mixture incubated 4 h on ice with 
occasional mixing, and then sonicated to clarity 
under argon using a bath sonicator [7]. 

Reconstitution by cholate dialysis. 7.7/xmol egg 
PC are dried on the walls of a test tube (first under 
a stream of nitrogen and then in vacuo 3-4  h), 250 
/~g coat protein in 0.3 ml 0.12 M cholate in buffer 
A is added, and the mixture incubated, with mix- 
ing, 1 h on ice. The solution is then dialyzed for 48 
h against 0.5 1 buffer A at 4°C (buffer changes 
every 12 h) [7]. 

Freeze-thaw (FT)-cholate reconstitution. Coat 
protein (0.15 ml of 2.5 mg/ml)  in buffer B is 
added to 0.25 ml of 27 mM sonicated egg PC 
vesicles in buffer A, and the solution is vortexed. 
Buffer A (0.6 ml) is added, the solution then 
frozen in liquid nitrogen, thawed slowly to room 
temperature, and then sonicated for 30 s in a bath 
sonicator. The vesicles are then dialyzed against 
four 12-h changes of buffer A (0.5 liter) at 4°C to 
remove cholate. A reconstitution using tracer 

[3H]cholate showed that dialysis removes 93 per- 
cent of cholate (1.7 molecules cholate per coat 
protein molecule remain) in either egg PC vesicles 
or in 50 percent egg PC/50  egg PA vesicles. 

Fractionation. Vesicles (0.3 ml) are mixed with 
0.4 ml 70 percent sucrose in a 1.5 ml polypro- 
pylene microfuge tube, overlayed with 0.6 ml 25 
percent sucrose, and then with 0.2 ml buffer A. 
The microfuge tube is then floated in sucrose and 
centrifuged 4 h at 25 000 rpm in a Beckman SW27 
rotor, and the vesicle band at the topmost inter- 
face is harvested. Fractionation was not performed 
on FT-cholate reconstituted coat protein, because 
95 percent of the protein is included in the vesicle 
fraction using this method, as assayed by  freezing 
and slicing the microfuge tube after fractionation 
of labelled coat protein and then assaying for 
protein radioactivity. The other 5 percent of the 
protein could be in either small vesicles or in 
aggregates. 

Protease digestions and analysis of resulting 
peptides. Proteinase K solutions were kept frozen 
in the buffer to be used in the digest at - 2 0 ° C ,  
thawed just before use, and then rapidly refrozen 
in liquid nitrogen to prevent self-digestion. Other 
protease solutions were prepared just before use. 
Samples were incubated with proteases at 37°C for 
various times, and then evaporated to dryness in a 
Savant Speedvac vacuum centrifuge. No protease 
inhibitors were added to stop digestion since the 
samples froze quickly while being dried. Digests 
were taken up in 0.21 ml formic acid, 0.49 ml 
ethanol added, and the sample loaded on a 0.9 x 95 
cm Fractogel TSK HW40(s) column. Freshly pre- 
pared and degassed 88% formic acid/ethanol  
(30:70, v /v )  is pumped through the column at a 
flow rate of 10 ml /h .  The column is washed for 3 
h at this flow rate before the sample is injected. 
The solvent is constantly purged with helium to 
eliminate degassing of eluant as it emerges from 
the column, ensuring constant fraction volume. 
Fractions of 1.2 ml are collected, solvent removed 
in the vacuum centrifuge, 2.5 ml ACS scintillant 
added, and the vials are then counted for 20 min 
each. The background (12 cpm for each channel) is 
subtracted, and the counts then corrected for cros- 
stalk between 3H and 35S channels. 

Other methods. Phage concentration was mea- 
sured spectrophotometrically using A268 = 3.94 
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(1.0 percent w/v ,  1 cm pathlength), and coat 
protein concentrations were likewise determined 
using A2s 0 --1.66 [11]. Concentrations of proteins 
used as molecular weight standards were de- 
termined by the method of Lowry [12]. 

Results 

The following experiments involve protease di- 
gestions of coat protein grown on radioactively 
labelled amino acids to determine the configura- 
tion and orientation of coat protein when recon- 
stituted into vesicles. In order to explain the 
strategy of these experiments we refer to Fig. 1A 
which shows the amino acid sequence of M13 coat 
protein as determined by Nakashima and 
Koningsberg [3]. The hydrophobic region of the 
protein which lies within the bilayer runs from 
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Fig. I. (A) Sequence of MI3 coat protein. (b) Possible config- 
urations and orientations of coat protein in the membrane and 
sites of proteinase K action (assuming all exposed regions are 
digested). Coat protein molecules shown are labelled at proline 
and methionine. Note that actual state of coat protein in 
membrane is probably dimeric. 

approximately Trp-26 to Lys-40 [7]. 
Coat protein was prepared, labelled with [35S]- 

methionine to mark the hydrophobic core and 
[3H]proline to mark the N-terminus. Since the 
half-life of 35S is short (87 days), coat protein was 
also grown labelled with [3~S]methionine alone, 
which was used to supplement the doubly-labelled 
protein to obtain a convenient 3H/35S ratio in 
later experiments. 

For determining digestion at the C-terminus, 
coat protein was also prepared from phage grown 
on media containing [14C]methionine and 
[3H]lysine. The coat protein contains five lysines: 
Lys-8 in the N-terminus, Lys-40 in the hydro- 
phobic core which is inaccessible to protease, and 
Lys-43, Lys-44, and Lys-48 in the C-terminus. 

Cleavage sites for externally added protease are 
shown in Fig. lB. Four peptides are expected 
containing the hydrophobic core (labelled with 
methionine): intact (inaccessible) coat protein; coat 
protein with the N-terminus removed; protein with 
the C-terminus removed; and the hydrophobic 
core. Peptides containing 3H vary with the pro- 
tease used. 

Calibration of Fractogel TSK column 
Separation of proteins and peptides in formic 

acid/ethanol  on Fractogel TSK is primarily by 
molecular weight, as shown in Fig. 2. However, 
lysine elutes much later than methionine (fraction 
60), so charge is also a factor. The elution position 
of intact coat protein indicates that in the solvent 
system used the protein elutes as a dimer. 
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Fig. 2. Molecular weight standards on Fractogel TSK colunm. 
Circles represent trypsin (M r 24000), lysozyme (M r 14400) 
insulin (M r 6000), glucagon (M r 3350), hexa-L-alanine (M r 
530), and []4C]methionine (Mr 149). Coat protein, represented 
by a triangle, is plotted at the molecular weight of the dimeric 
form (M r 10400). 



Reconstituted coat protein on fractogel TSK column 
One simple use of the column is to examine the 

aggregation state of coat protein after various 
treatments. Column runs of coat protein recon- 
stituted into vesicles but not subjected to protease, 
as well as cholate-solubilized coat protein are 
shown in Fig. 3. Both the sonication-incorporated 
coat protein and cholate dialysis-incorporated coat 
protein vesicles were fractionated to remove sig- 
nificant amounts of protein which is not associ- 
ated with lipid. Both cholate-solubilized coat pro- 
tein and protein incorporated by the FT-cholate 
reconstitution elute as a single peak. However, 
both sonication and cholate dialysis yield some 
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Fig. 3. Fractogel TSK analysis of undigested reconstituted coat 
protein. (A) Cholate-solubilized coat protein. (B) Coat protein 
reconstituted by the FT-cholate reconstitution. (C) Coat pro- 
tein reconstituted by cholate dialysis. (D) Coat protein recon- 
stituted by the sonication method. The Y-axis presents total 
counts. 
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incorporated protein in a higher aggregation state 
as evidenced by the void-volume peak, although in 
some cases cholate dialysis reconstitutions yield 
results similar to that of FT-cholate reconstitution. 

Protease digests of solubilized coat protein 
Experiments were performed to identify products 
of protease digestions of cholate-solubilized coat 
protein. Figs. 4A and 4B are chymotrypsin digests 
of [35S]Met,[3H]Pro-labelled coat protein and 
[14C]Met, [3H]Lys-labelled coat protein at 0.1 
mg/ml coat protein. The largest peak in Fig. 4A 
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Fig. 4. Chymotrypsin digest of [35S]Met,[3H]Pro coat protein; 
chymotrypsin and pronase digests of [14C],[3H]Lys coat pro- 
tein in buffer B. Concentration of coat protein was 0.1 mg/ml 
in all digests. Elution profiles: (A) is [35S]Met,[3H]Pro coat 
protein; (B) is []4C]Met,[3H]Lys-labeUed coat protein; both 
were digested with 0.8 mg/ml chymotrypsin as described previ- 
ously. (C) [14C]Met,[3H]Lys-labelled coat protein digested 
overnight with 0.02 mg/ml pronase. Solid lines represent [35S]- 
or [14 C]methionine label; broken lines represent 3 H label (lysine 
or proline). 
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(centered at fraction 31) contains 86 percent of the 
proline in the sample. The corresponding peak in 
Fig. 4B contains 22 percent of the lysine. Hence, 
this peak corresponds to the peptide which con- 
tains residues 1 though 11. On the basis of molecu- 
lar weight (1270 Da), this peptide is expected to 
elute at fraction 30. The peak centered at fraction 
21 has 22 percent of lysine and only 5 percent of 
proline remaining, identifying this peak as the 
major hydrophobic core peptide. Hence, this rep- 
resents coat protein which has been digested at 
both ends. A peptide containing residues 25-42 
(2190 Da) would be expected to elute at fraction 
22 on the basis of molecular weight, if it were 
dimeric. 

The amount of material eluting at the void 
volume is dependent upon the concentration of 
coat protein during the digest. At high concentra- 
tion (0.5-2.5 mg/ml) of coat protein, up to 40-50 
percent of total methionine is found in the peak 
centered at fraction 14 (data not shown), similar to 
results obtained by Woolford and Webster [4]. 

Since the extent of chymotrypsin digestion at 
the N-terminus could not be determined from 
these experiments, the non-specific protease pro- 
nase was used to see if a different digestion pat- 
tern would be obtained. Fig. 4C shows an over- 
night digestion of 0.1 mg/ml [14C]Met,[3H]Lys 
coat protein with 0.02 mg/ml pronase. The main 
hydrophobic core-containing peptide elutes at 
fractions 20-21. (Variability in elution position of 
peaks is generally one fraction or less). The 3 H/14C 
ratio in the peak indicates that 62 percent of lysine 
has been removed. In a parallel digest of 
[35S]Met,[3H]Pro coat protein (data not shown), 
the  3 H / 3 5 5  ratio in the peak indicated that 87 
percent of proline was released. Hence, this repre- 
sents digestion at the N-terminus at least through 
Lys-8 and digestion at the C-terminus to Lys-43. 
Some of the [laC]methionine is released at this 
protease concentration. Higher levels of pronase 
can release almost all of the methionine label in 
detergent-solubilized coat protein (data not 
shown). 

Attempts were made to prepare cholate-solubi- 
lized coat protein digested only at the C-terminus 
with carboxypeptidase Y, and with combinations 
of carboxypeptidase A and B, both treated to 
eliminate tryptic and chymotryptic activity. No 

conditions were found under which the C-terminus 
was digested more rapidly than release of proline 
from the N-terminus. However, i't is clear from 
digests of reconstituted coat protein, discussed be- 
low, that coat protein with the N-terminus re- 
moved elutes at approximately the same position 
as coat protein with both ends clipped, while coat 
protein with only the C-terminus removed elutes 
just after intact coat protein and is not well re- 
solved. 

Proteinase K digests 
Proteinase K was used to ensure complete di- 

gestion of all exposed peptides in reconstituted 
preparations. Fig. 5A shows an overnight digestion 
of cholate-solubilized [t4C]Met,[3H]Lys coat pro- 
tein (0.54 mg/ml) with 0.5 mg/ml proteinase K. 
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Fig. 5. Proteinase K digests of cholate-solubilized coat protein 
and of aggregated coat protein. (A) Proteinase K (0.5 mg/ml) 
added to [14C]Met,[3HlLys coat protein (0.54 mg/ml) in buffer 
B and incubated overnight at 37°C. (B) Cholate-solubilized 
[35S]Met,[3H]Pro coat protein (2.4 mg/ml) dialyzed against 
buffer without cholate to induce aggregation. Proteinase K was 
then added to 0.5 mg/ml, and the solution incubated at 37°C 
overnight. Solid lines represent [35S]- or [14C]methionine label; 
broken lines represent 3H label (lysine or proline). 



In contrast to digestion with chymotrypsin, all 
methionine is released in cholate-solubilized coat 
protein. To determine the susceptibility of aggre- 
gated protein, cholate-solubilized protein (2.4 
mg/ml)  was dialyzed against detergent-free buffer 
to induce aggregation. The turbid suspension was 
then digested overnight with 0.5 mg /ml  proteinase 
K, and the resulting FTSK analysis is shown in 
Fig. 5B. Approximately half of the methionine 
residues are inaccessible and resistant to digestion. 

Proteinase K digests of sonication incorporated 
protein. Figs. 6A and 6B show digestion of 
[14C]Met,[3H]Lys coat protein reconstituted into 
vesicles at lipid/protein ratios of 40 : 1 and 160 : 1 
(mol/mol). Fig. 6C is [3sS]Met,[3H]Pro coat pro- 
tein reconstituted into vesicles. In all, a significant 
portion of the protein elutes at the void volume. 
From the 3H/35S ratio, about half of the proline 
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Fig. 6. Proteinase K digests of sonication incorporated coat 
protein showing the effect of lipid:protein ratio and salt con- 
centration. (A) and (B) Proteinase K (0.5 mg/ml) digests" of 
[14C]Met,[3H]Lys coat protein at 40:1 and 160:1 (mol/mol) 
lipid/protein ratio, respectively. (C) A digest of 
[35S]Met,[3H]Pro coat protein reconstituted at 160:1 
(mol/mol) lipid/protein ratio. Solid lines represent [35S1- or 
[14C]methionine label; broken lines represent 3H label (lysine 
or proline). 
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has been removed, as well as 15-20 percent of 
lysine (judging from the 3H/14C ratio). The ag- 
gregated material eluting at the void volume is not 
dispersed by heating at 37°C for 30 min, or by 
sonication. Since only about 50 percent of aggre- 
gated nonlipid associated coat protein is digested 
to free methionine, this may reflect aggregated 
lipid-associated protein which is protease resistant. 

The amount of material in this void volume 
peak is variable, but at higher initial lipid/protein 
ratios (40:1, mol/mol) in the reconstitution, the 
amount of this material increases. It was not de- 
termined if the l ipid/protein ratio in the 
fractionated vesicles reflected the amounts of pro- 
tein and lipid added to the reconstiution mix. The 
central peak represents mostly undigested coat 
protein which was not accessible to protease. In 
Fig. 6C, 73 percent of proline remains in fractions 
17-18, whereas in Fig. 6B 79 percent of lysine 
remains in the same fractions. The peak at fraction 
21 consists mostly of coat protein which spanned 
the membrane with N-terminus outward: in Fig. 
6C, 94 percent of proline is removed from material 
in fraction 21, while in Fig. 6B 24 percent of lysine 
is removed. Hence, this establishes the elution 
position of coat protein with only the N-terminus 
cleaved. Increasing salt concentration has little 
effect on this reconstitution, yielding a digestion 
pattern similar to Fig. 6C (data not shown). 

Proteinase K digests of coat protein reconstituted 
by cholate dialysis. Fig. 7 shows digests of cholate 
dialysis-reconstituted [35S]Met,[3H]Pro coat pro- 
tein and [14C]Met,[3H]Lys coat protein at a l ip id /  
protein ratio of 40 : 1. Again, no attempt has been 
made to verify that lipid/protein ratios in the 
fractionated vesicles reflect the quantities used in 
the reconstitution mix. Lipid/protein ratio and 
brief sonication have little effect on the digestion 
pattern. Again, the peak at fraction 18 is found to 
be mostly intact coat protein (85 percent of pro- 
line remaining in Fig. 7A, 95 percent of lysine 
remaining in Fig. 7B), and fraction 21 is coat 
protein with N-terminus removed (20 percent pro- 
line remaining in Fig. 7A, 84 percent of lysine 
remaining in Fig. 7B). 

Proteinase K digests of FT-cholate reconstituted 
coat protein. In Fig. 8, digestions are shown of coat 
protein reconstituted by the FT-cholate method 
using various extents of sonication. Also, results of 
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Fig. 7. Proteinase K digests of coat protein reconstituted by 
cholate dialysis. (A) [35S]Met,[3H]Pro coat protein recon- 
stituted at 40 : 1 l ipid/protein.  (B) [14C]Met,[3H]Lys coat pro- 
tein reconstituted at 40:1.  Solid lines represent [35S]- or 
[14C]methionine label; broken lines represent 3H label (lysine 
or proline). 

reconstitution starting with extensively presoni- 
cated (to clarity) vesicles are shown in Fig. 8D. In 
contrast to incorporation by the simple sonication 
method described earlier, there is very little 
material eluting at the void volume. Brief sonica- 
tion increases the fraction of coat protein with the 
N-terminus accessible, but extensive sonication 
yields a large amount of material eluting earlier, 
indicating that some aggregation has occurred. 
Addition of KCI to 0.6 M either with or without 
sonication increases the percentage of accessible 
protein (data not shown). Adding coat protein 
with 30 percent less total cholate greatly increases 
the amount of inaccessible protein to two-thirds of 
the total material (data not shown). We note that 
reproducibility of these digestion results was some- 
what variable, with from 50 percent to 80 percent 
of proline being released. 

Fig. 8D shows that extensive presonication of 
lipid vesicles has little effect. Visually, there is a 
larger turbidity increase upon freezing when re- 
constitutions are performed with vesicles sonicated 
to clarity, indicating a higher level of aggregation. 
Samples do clarify rapidly upon brief (30 s) soni- 
cation in a bath sonicator. In contrast, extensively 
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Fig. 8. Proteinase K digests of FT-cholate reconstituted coat 
protein, showing the effect of sonication. All digests are 
[35S]Met,[3H]Pro labelled coat protein. (A) Unsonicated; (B) 
briefly sonicated (30s); (C) extensively sonicated (5 min). Ex- 
tensively presonicated vesicles were used in (D), which was also 
sonicated briefly (30 s) after reconstitution. Note that (C) was 
done at a later date, so 3H/35S ratios are not comparable to the 
other digests. Solid lines represent [35S]Met label; broken lines 
[ 3 H]Pro label. 

presonicated vesicles containing egg PC alone 
which are frozen and thawed require a long period 
of resonication to clarify. Hence, either coat pro- 
tein or residual cholate has a substantial effect on 
vesicle fusion or aggregation. 

Fig. 9 shows a proteinase K digest of 
[14C]Met,[3H]Lys coat protein reconstituted using 
the FT-cholate procedure. The 3H/14C ratio indi- 
cates loss of 25 percent of lysine in fraction 18, 18 
percent in fraction 22. 

Fig. 10 shows coat protein incorporated into 
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Fig. 9. Proteinase K digest of [14C]Met,[3H]Lys FT-cholate 
reconstituted coat protein. Protein was reconstituted as de- 
scribed in Methods. Proteinase K was added to 0.5 mg/ml, and 
digestion was overnight at 37°C. Solid line represents [14C]Met 
label; broken line is [3HlLys label. 

vesicles composed of 50 percent egg PC/50 per- 
cent egg PA. Because of the high negative charge 
of these vesicles, a higher salt concentration was 
tested to determine its effect on the extent of 
digestion, since protease might be repelled from 
the vesicle surface. In Fig. 10B the last buffer 
change during dialysis contained 0.3 M KC1. In 
Fig. 10A, 86 percent of proline is released, whereas 
in Fig. 10B, 91 percent of proline is released. 
Because the amount of material in fraction 17 
(N-terminus intact) is small, it is possible to see a 
small overlapping proline peak at fractions 18-19, 
which probably corresponds to coat protein di- 
gested at the C- rather than the N-terminus, and 
which accounts for about 5 percent of total pro- 
tein. On the basis of molecular mass, this peptide 
(8100 Da for the dimeric form) is expected to elute 
at fraction 18. 

In order to determine the number of C-termini 
accessible on the outside of the vesicle, attempts 
were made to analyze chymotrypsin digests of 
[14C]Met,[aH]Lys coat protein reconstituted into 
vesicles using the FT-cholate procedure. As is ap- 
parent from Fig. 4A and 4B, lysine released from 
the C-terminus is found primarily in fractions 
43-44, in contrast to lysine from the N-terminus 
which is predominantly in the peptide eluting at 
fraction 31. Hence, the number of N- and C-termini 
accessible could be determined, in principle, from 
a single experiment. 
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Fig. 10. Proteinase K digests of FT-cholate reconstituted coat 
protein in 50 percent egg PC/50  percent egg PA. 
[35S]Met,[3H]Pro coat protein was reconstituted into vesicles 
composed of 50 percent PC/50 percent PA. In (B), the last 
dialysis was against buffer A+ KCI to 0.3 M. Digestions were 
then done with proteinase K (0.5 mg/ml) overnight at 37°C. 
Solid line represents [35S]Met label; broken line is [3H]Pro 
label. 

Chymotrypsin was added at a final concentra- 
tion of 0.8 mg/rnl to I ml of reconstituted vesicles 
containing 0.37 mg coat protein as for digests of 
coat protein in detergent. The sample was slightly 
turbid in formic acid/ethanol. Recovery from the 
column was only about 25 percent, and much of 
this material eluted at the void volume. Reducing 
the concentration of chymotrypsin 4-fold and re- 
ducing the amount of sample loaded by 2-fold 
only increased recovery to about 40 percent. Pre- 
sumably, a large percentage of the remaining frag- 
ments are associated with cliymotrypsin in the 
absence of detergent, and during sample prepara- 
tion are irreversibly adsorbed to denatured 
chymotrypsin, and the material not trapped by the 
column prefilter elutes at the void volume. This 
may also explain the source of the void volume 
peak in chymotrypsin digests of coat protein in 
cholate when the concentration of coat protein is 
high. 
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Discussion 

The ability to resolve coat protein with the 
N-terminus intact from protein with the N- 
terminus cleaved enables the determination of pro- 
tein orientation and configuration in the mem- 
brane after reconstitution using doubly labelled 
protein. Estimation is possible of the number of 
molecules incorporated in a U-shape on the out- 
side of the vesicle from the amount of lysine 
remaining in the peak of material with the N 
terminus removed (with or without digestion at the 
C-terminus) centered at fraction 21. Molecules with 
only the N-terminus removed should have 20 per- 
cent of the lysine removed, whereas those digested 
at both termini should have 80 percent of the 
lysine removed. In the digest of sonication-incor- 
porated coat protein shown in Fig. 6B, 24 percent 
of lysine is removed in fraction 21, indicating little 
or no digestion at the C-terminus. Likewise, for 
cholate dialysis-reconstituted coat protein (Fig. 
7B), 16 percent of lysine is removed. Lastly, for 
FT-cholate reconstituted coat protein (Fig. 9), 18 
percent of lysine is removed from this peak. Hence, 
according to this criterion, in all of these recon- 
stitutions no significant amount of coat protein is 
incorporated in a U-shape configuration on the 
outside of the vesicle. 

Likewise, from the 3H/14C ratio of the peptides 
eluting at fraction 17-18 (N-terminus intact), the 
fraction of coat protein spanning the membrane 
with the C-terminus outwards can be estimated. 
Any lysine removed is from the C-terminus. For 
sonication-incorporated coat protein (Fig. 6B), 79 
percent of lysine remains. Since three lysines would 
be lost from digestion at the C-terminus, 35 per- 
cent of this peak, or 12 percent overall (since this 
peak represents one-third of total material with 
this incorporation procedure), is from coat protein 
spanning the membrane with the C-terminus out- 
wards. Similarly, 4 percent of cholate dialysis in- 
corporated protein and 12-14 percent of FT- 
cholate reconstituted coat protein is spanning the 
membrane with the C-terminus outwards. 

Uncertain, however, is the source of the aggre- 
gated material eluting near the void volume in 
digests of sonication- or cholate dialysis-recon- 
stituted coat protein. The possibility remains that 
coat protein in membrane-bound form in a U-con- 

figuration is aggregated and hence protease re- 
sistant. However, because of the small amount of 
such material in FT-cholate reconstitutions, almost 
all accessible protein spans the membrane. 

In all reconstitutions, a significant (20-50 per- 
cent) fraction of coat protein molecules are in- 
accessible. Possible sources of this material are: 
coat protein in a U-shaped configuration on the 
inside face of the bilayer; coat protein trapped 
within a vesicle; coat protein which is somehow 
resistant to protease but still located at the vesicle 
surface; and coat protein present in vesicles 
trapped within larger vesicles, i.e. multilayers. The 
possibility of coat protein trapped within the 
aqueous compartment of a vesicle can probably be 
discounted since the protein is likely to be aggre- 
gated in the absence of amphiphile. Vesicles pre- 
pared by the sonication method have been shown 
to be single-walled of approx. 20 nm diameter [7]. 
Likewise, cholate dialysis vesicles, although larger 
(approx. 60-100 nm diameter), were found to be 
unilamellar in thin-section electron microscopy [7]. 
In both cases it is possible that protein which is 
inaccessible to digestion is from U-shaped mole- 
cules on the inside face of the bilayer. 

Freeze-thawing is known to induce multilayer 
formation and aggregation, with mostly unilamel- 
lar vesicles resulting after brief sonication [13]. The 
FT-cholate reconstitution described here is similar 
to the freeze-thaw method of Kasahara and Hinkle 
[13], except that a detergent is required for suc- 
cessful reconstitution. Higher salt concentration, 
brief sonication, and using negatively charged 
phospholipids in the reconstitution all will reduce 
the fraction of lipid in multilayers, and all of these 
treatments did result in more coat protein being 
accessible. Hence, it is possible, although not 
proven, that most inaccessible protein in FT- 
cholate reconstituted coat protein is present within 
multilayers. 

The particular chromatographic system used for 
analyzing peptides from protease digests was cho- 
sen over other methods for several reasons. Aggre- 
gation of hydrophobic peptides is much more 
severe a problem in aqueous systems even in deter- 
gent. Hence, on SDS gels, many membrane pro- 
teins do not enter the gel matrix. Reverse phase 
HPLC in formic acid/ethanol has been used to 
separate some membrane protein fragments, but 



extremely hydrophobic peptides were lost on the 
column [8]. Molecular exclusion columns for HPLC 
which are stable in formic acid/ethanol  are not 
yet available. Hence the present system, which has 
the advantage of relatively fast flow rates and high 
recovery, was chosen. Unfortunately, the system is 
unable completely to resolve all proteolytic frag- 
ments containing the core. As with other materials 
used for gel permeation chromatography, charge 
effects are significant at low ionic strength. Thus, 
for material with the N-terminus digested, di- 
gestion at the C-terminus results in a smaller 
peptide which should elute later on the basis of 
size, but simultaneous loss of charge (3 of the 4 
remaining lysines) compensates and the elution 
position remains constant. Similarly, the peptide 
which has only the C-terminus cleaved is not well 
resolved from intact coat protein because of both 
the small change in size and the loss of charge. 

The FT-cholate reconstitution described here 
appears to be the best available for physical stud- 
ies where preserving the initial aggregation state 
and orientation of the protein are important. This 
reconstitution also incorporates almost all of the 
protein into vesicles, making fractionation unnec- 
essary, in contrast to the other reconstitution pro- 
cedure. Unfortunately, it does not allow much 
latitude in varying the l ipid/protein ratio, and 
thus is not likely to be suitable for preparing 
vesicles containing a high percentage of protein 
(e.g. for N M R  studies). Reconstitution in other 
lipid systems of interest should be studied to de- 
termine whether the reconstitution is satisfactory. 
Lastly, because of the observed variability, if ex- 
periments require knowing precisely the fraction 
of accessible protein, the particular sample used 
should be evaluated using the procedures above. 
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