
J U L I A N O  A N D  B E H A R - B A N N E L I E R  

Biol. 2, 47-1 10. 
Gross, K. J., and Pogo, A. 0. (1974), J .  Biol. Chem. 249, 

Hamilton, M. G., Faiferman, I., and Pogo, A. 0. (1973), 

Henshaw, E. C., and Loebenstein, J. (1970), Biochim. Bio- 

Kashnig, D. M., and Kasper, C. B. (1969), J .  Biol. Chem. 

Kohler, K . ,  and Arends, S. (1968), Eur. J .  Biochem. 5, 

Lawford, G. R., Sadowski, P., and Schachter, H. (1967), J .  

Martin, T. E., and McCarthy, B. J. (1972), Biochim. Bio- 

Mirsky, A. E., and Pollister, A. W. (1942), Proc. Natl. 

Monneron, A,, and Bernhard, W. (1969), J .  Ultrastruct. 

Modi ,  Y., and Chauveau, J. (1968), J .  Mol. Biol. 33, 

Niessing, J., and Sekeris, C. E. (1971), Biochim. Biophys. 

Palade, G .  E., and Siekevitz, P. (1956), J .  Biophys. Bio- 

Parsons, J. T., and McCarty, K. S. (1968), J .  Biol. Chem. 

Pederson, T. (1974), J .  Mol. Biol. 83, 163-183. 

568-576. 

Proc. Int. Congr. Biochem., 9th. 12. 

phys. Acta 199, 405-420. 

244, 3786-3792. 

500-506. 

Mol. Biol. 23, 81-87. 

phys. Acta 277, 354-367. 

Acad. Sci. U.S.A. 28, 344-352. 

Res. 27, 266-288. 

465-48 1. 

Acta 247, 391-403. 

chem. Cytol. 2, 171-198. 

243, 5377-5384. 

Surface Polypeptides of the Cultured Chinese 
Hamster Ovary Cell? 

R. L. Juliana* and Monique Behar-Bannelier 

Penman, S. (1966), J .  Mol. Biol. 17, 11 7-1 30. 
Perry, R. P., La Torre, J., Kelley, D. E., and Greenberg, J .  

Pitot, H. C., and Shires, T. K. (1973), Fed. Proc., Fed. Am.  

Pogo, A. O., Allfrey, V.  G., and Mirsky, A. E. (1966), Proc. 

Pogo, A. O., Littau, V.,  Allfrey, V. G., and Mirsky, A. E. 

Roth, J. S. (1958), J .  Biol. Chem. 231, 1085-1095. 
Samarina, 0. P., Krichevskaya, A. A,, and Georgiev, G. P. 

(1966), Nature (London) 210, 1319-1322. 
Shankar Narayan, K., Steele, W.  J. ,  Smetana, K., and 

Busch, H. (1967), Exp. Cell Res. 46, 65-77. 
Shiokawa, K., and Pogo, A. 0. (1974), Proc. Natl. Acad. 

Sci. U.S.A. 71, 2658-2662. 
Sibatani, A,, De Kloet, S. R., Allfrey, V. G., and Mirsky, 

A. E. (1962), Proc. Natl. Acad. Sci. U.S.A. 48, 471-477. 
Sommerville, J. (1973), J .  Mol. Biol. 78, 487-503. 
Spirin, A. S. (1966), Curr. Top. Dec. Biol. I ,  1-38. 
Spirin, A. S. (1969), Eur. J .  Biochem. 10, 20-35. 
Sthenin,  J.. and Jacob, M. (1972), Eur. J .  Biochem. 29, 

Swift, H. (1963), Exp. Cell Res., Suppl. 9, 54-67. 
Vesco, C., and Penman, S. (1968), Biochim. Biophys. Acta 

Zimmerman, S .  B., and Sandeen, G. (1966), Anal. Bio- 

R. (1972), Biochim. Biophys. Acta 262, 220-226. 

Soc. Exp. Biol. 32, 76-79. 

Natl. Acad. Sci. U.S.A. 56, 550-557. 

(1967), Proc. Natl. Acad. Sci. U.S.A. 57, 743-750. 

480-488. 

169, 188-195. 

chem. 14, 269-277. 

ABSTRACT: The organization of the plasma membrane of 
logarithmically growing Chinese hamster ovary (CHO) 
suspension cells has been probed using surface label tech- 
niques in conjunction with subcellular fractionation and so- 
dium dodecyl sulfate gel electrophoresis. Five components 
of apparent molecular weights 137,000, 121,000, 97,000, 
67,000, and 57,000 have been shown to be exposed at the 
outer surface of the cell. These components fully meet the 
criteria of being (a) reactive with two or more surface label 
reagents, (b) enriched in a purified plasma membrane frac- 

S u r f a c e  label techniques have yielded much information 
concerning the molecular architecture of the erythrocyte 
membrane (Juliano, 1973). In this experimental approach, 
the intact cells are treated with reagents which can co- 
valently radiolabel polypeptides, but which are excluded by 
the membrane from the interior of the cell. Thus, only the 
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tion, and (c) sensitive to proteolytic digestion of intact cells. 
Three other components of molecular weights 200,000, 
44,000 and 30,000 are also reactive with certain surface 
label reagents, but fail to meet other criteria for cell surface 
components. Two polypeptides of molecular weights 
180,000 and 37,000 are substantially enriched in the plas- 
ma membrane fraction, but are unreactive with surface 
label reagents. The organization of the CHO cell mem- 
brane and the applicability of surface label techniques to 
cultured cell systems are discussed. 

polypeptides of the cell periphery are labeled and these may 
be discriminated from other membrane components (Juli- 
ano, 1973). 

Several workers have applied surface label techniques to 
the analysis of the membranes of nucleated mammalian 
cells (Poduslo et al., 1972; Shin and Carraway, 1973; Kin- 
zel and Mueller, 1973; Hunt and Brown, 1974; Huang et 
al., 1973; Gahmberg and Hakamori, 1973a,b), but few of 
them have seriously evaluated the pitfalls inherent in the 
application of these techniques to complex cells. We have 
previously delineated some of the problems of the surface 
label approach (Juliano, 1974; Juliano and Behar-Bannel- 
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ier, 1975). A serious difficulty is the inevitable presence of a 
few percent of dead cells in any permanent cell line, or in a 
cell population freshly isolated from tissue by mechanical or 
enzymatic treatment. Dead cells lack a permeability barrier 
to both large and small molecules, allowing reagents to 
readily penetrate and react with internal sites (Juliano, 
1974; Juliano and Mayhew, 1972). Although few in num- 
ber, the nonviable cells may make a substantial artifactual 
contribution to further analysis, since a single nonviable cell 
may contain many more sites for binding and reaction on 
the cell interior than exist on the outer surface of a viable 
cell (Juliano, 1974; Juliano and Mayhew, 1972). Fortunate- 
ly, the contribution of labeled constituents from the interior 
of nonviable cells can be minimized by careful subcellular 
fractionation subsequent to the labeling reaction. 

Another problem affecting some previous surface label 
studies is that they have usually relied on a single labeling 
reagent. This may result in a very misleading picture of the 
cell surface, since the reagent chosen may react preferen- 
tially with a particular surface component, or with an inter- 
nal component not fully removed by cell fractionation, and 
have a low degree of reactivity with other important compo- 
nents of the cell surface. In view of these problems, one 
must conclude that reactivity with a single surface label re- 
agent is a poor criterion for assigning a polypeptide to a 
location on the outer surface of the cell. 

In  order to deal with these difficulties, we have utilized a 
multifaceted approach to the study of mammalian cell sur- 
faces. Our immediate goal is the identification of the poly- 
peptides which are exposed at the cell periphery. To this 
end we have adopted the following criteria for the identifi- 
cation of putative cell surface polypeptides: (a) the compo- 
nent must be reactive with at  least two surface label re- 
agents of differing specificity; (b) the reactive component 
must be more prominent in a purified plasma membrane 
fraction, as opposed to the whole cell homogenate; (c) the 
reactive component should be susceptible to digestion by 
proteases applied to the intact cell. 

Keeping these criteria in mind, we have investigated the 
membrane organization of the cultured Chinese hamster 
ovary (CHO) cell. This is a permanent cell line which grows 
rapidly in suspension or monolayer culture, and which has 
been extensively characterized from a genetic viewpoint 
(Thompson and Baker, 1973). It was felt that the CHO cell 
might be representative of many rapidly proliferating cul- 
tured cells, and that it might serve as a proving ground for 
the development of techniques for the analysis of the plas- 
ma membrane of nucleated mammalian cells. 

Materials and Methods 
Cells. Chinese hamster ovary (CHO)' cells were ob- 

tained from the Ontario Cancer Research Institute and 
were maintained as suspension cultures in a 1:l mixture of 
medium a and medium RPMI 1640 plus 10% fetal calf 
serum. Cells and serum were frequently assayed for myco- 
plasma contamination and were found to be negative. Cells 
for experiments were harvested during exponential growth. 
Viability exceeded 98% in samples obtained directly from 
culture and was in excess of 90% after surface labeling pro- 
cedures and at the time of subcellular fractionation. Cell 
counting was by hemocytometry, and viability was deter- 

' Abbreviations used are: CHO, Chinese hamster ovary cells; pyri- 
doxal-P, pyridoxal phosphate. 

mined by the Trypan Blue exclusion test (Juliano and May- 
hew, 1972). 

Surface Labeling. Pyridoxal Phosphate-Borohydride. 
C H O  cells were washed in Dulbecco's phosphate-buffered 
saline (pH 7.2) and labeled in this buffer using a modifica- 
tion (Juliano and Behar-Bannelier, 1975) of the pyridoxal 
phosphate (pyrid~xal-P)-[~H] borohydride technique 
(Rifkin et al., 1972). Generally, cells were treated with 10 
m M  pyridoxal-P at pH 7.4 for 5 min at 20 or 37', re- 
washed, and treated with about 1 mCi of [3H]borohydride 
for 5 rnin at  0'. The [3H]borohydride was dissolved in cold 
0.01 N NaOH just prior to use. Addition of a small aliquot 
(usually 100 PI) of this material did not change the pH of 
the reaction mixture. Usually 1-2 X lo8 cells were used and 
the reaction volume was 2 ml. Tritium incorporation with 
borohydride treatment alone was about one-tenth of that 
following pyridoxal-P treatment. 

Lactoperoxidase. This enzyme catalyzes the iodination of 
cell surface tyrosine residues (Hubbard and Cohn, 1972; 
Phillips and Morrison, 1970, 1971; Bauer et al., 1972). 
Generally a modification (Juliano and Behar-Bannelier, 
1975) of the procedure of Bauer et al. was employed and ei- 
ther NaI3'I or Na1251 was used as a radiolabel at  the level 
of 0.1-0.5 mCi per iodination in carrier free form. Incuba- 
tion times were on the order of 5 min at  37' and usually lo8 
cells (2 X g of cell protein) in 2 ml were labeled in 
each reaction. 

Galactose Oxidase. In this system, sialidase is used to 
cleave sialic acid from cell surface glycoproteins and gly- 
colipids, thus exposing penultimate galactose residues 
which are then oxidized with the enzyme galactose oxidase. 
This is followed by a reduction with [3H]borohydride which 
introduces a radiolabel into the cell surface galactose resi- 
dues (Gahmberg and Hakamori, 1973a,b; Steck, 1972). In 
this study, very short reaction times are used so as to mini- 
mize cell degradation (Juliano and Behar-Bannelier, 1975). 
Thus, cells are treated with 50 units of sialidase followed by 
15 units of galactose oxidase, each for 5 min at  37'; the en- 
zymes are removed and the cells are treated with 1 mCi of 
[3H]bor~hydride for 5 min at  0' in the manner described 
for pyridoxal-P treatment. Usually 1-2 X lo8 cells in a vol- 
ume of 2 ml of Dulbecco's buffer were utilized. The galac- 
tose oxidase induced incorporation of tritium was about 10 
times greater than that of samples treated with borotritride 
alone; these latter were labeled primarily in the lipid frac- 
tion. Galactose oxidase labeling in the manner described 
here does not result in proteolysis of membrane polypep- 
tides as visualized by gel electrophoresis of the membrane 
fraction. A more detailed account of the galactose oxidase 
system and of the other labeling methods is given in a previ- 
ous reference (Juliano and Behar-Bannelier, 1975). 

In each case the incorporation of radiolabel subsequent to 
treatment with pyridoxal-P or with enzymes was at  least 
tenfold greater than that found in the absence of these re- 
agents. 

Protease Treatment. Proteolytic dissection (Steck et al., 
1971) of cell surface protein was performed by incubating 
washed intact cells with proteases, usually for 5-30 rnin at  
37'. Reaction was terminated by the addition of 50 vol of 
cold buffer plus 1% albumin and the cells were washed four 
times in this solution. The enzymes employed include Pro- 
nase, trypsin, and chymotrypsin at levels of 10-1000 pg/ml. 
The cell concentration was usually 108/ml. More detailed 
information is given in the figure legends. 

Subcellular Fractionation. Purified CHO plasma mem- 
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Ir 2 

Na+ + K+-ATPase 11.0 t 8.0 105.0 t 30.0 9.5 
Cytochrome c reductase 300.0 t 45.0 40.0 * 2.5 0.13 
Succinic dehydrogenase 210.0 t 12.0 0 
DNA 77.0 0 

=Enzyme activity in the homogenate (H) or  membrane (M) frac- 
tion is expressed as nanomoles per milligram of protein per hour. 
The amount of DNA is expressed as micrograms per milligram of 
protein. Results represent the mean and arithmetic error from two- 
three experiments. 

branes were isolated by a modification (Juliano and Behar- 
Bannelier, 1975) of the method of Brunette and Till (1 97 1 ), 
employing an aqueous polymer system. Briefly, cells pre- 
viously treated with surface labels and/or proteolytic en- 
zymes were swollen in cold 1 m M  ZnCl2 containing 1% al- 
bumin for about 5 min. The cells were broken in a Dounce 
homogenizer and centrifuged at  2 X lo4 X g/min and the 
resulting pellet resuspended and washed twice in cold 2 m M  
MgC12 plus 1% albumin. The pellet was mixed into an 
aqueous two-phase polymer system also containing 1% al- 
bumin and was centrifuged at  2 X lo5 X g/min. The result- 
ing pellet was discarded and the supernatant was remixed 
and respun. The interface of the second two-phase centrifu- 
gal separation which contained mainly plasma membrane 
was recovered and washed twice in cold 2 m M  MgClr. Al- 
bumin was included in the preliminary steps of membrane 
isolation in order to minimize autodegradation of mem- 
brane proteins by cellular proteases (Merrel and Glaser, 
1973). In some cases, the product of the two-phase separa- 
tion was further purified as follows. The material was reho- 
mogenized and subjected to a third two-phase separation. 
The interface from this separation was washed once in 2 
m M  MgC12, rehomogenized again, washed in 5% sucrose, 
and then resuspended in 1.5 cm3 of 30% sucrose. This was 
layered over a gradient composed of 1 .5-cm3 steps of 60, 55, 
50, 45, and 40% sucrose and centrifuged at 5 X lo4 X g/ 
min. Membranes were recovered at  the 45% interface and 
were washed twice in 2 m M  MgCl2 and stored frozen. 

Subcellular fractionation was monitored by measuring 
levels of alkali cation ATPase (Kimelberg and Papahadjo- 
poulos, 1972) as a plasma membrane marker, cytochrome c 
reductase (Mackler, 1967) as an endoplasmic reticulum 
marker, succinic dehydrogenase as a mitochondrial marker 
(Reid, 1972), and DNA as a marker for the nucleus 
(Schneider, 1957). More detailed characterizations of C H O  
membranes prepared by the two-phase polymer technique 
have been reported previously (Juliano and Behar-Bannel- 
ier, 1975; Juliano and Gagalang, 1975). 

Polyacrylamide Gel Electrophoresis and Radiation 
Counting. Polyacrylamide gel electrophoresis in sodium do- 
decyl sulfate and staining for protein were performed ac- 
cording to the methods of Fairbanks et ai. (1971). Molecu- 
lar weight standards employed included bovine serum albu- 
min, ovalalbumin and chymotrypsinogen, all 3X crystal- 
lized, and whole erythrocyte membrane proteins. The distri- 
bution of radioactivity in gels was determined by slicing 
12-cm gels into approximately 80 sections using a jig and 
scalpel blade. For analysis of tritium-labeled samples, the 
slices were extracted overnight at 60' with 0.5 cm3 of a 10: 
9:l mixture of toluene, Protosol, and water, after which 10 
cm3 of scintillator (toluene-Liquiflor-Protosol, 20: 1 2 )  was 

I 
I I I 

200 100 50 2 5  

FIGURE 1: Gel electrophoresis of purified plasma membrane and 
whole cell polypeptides. Equal amounts (30 pg) of protein from a 
whole cell homogenate (.-) or purified membrane (-) were electro- 
phoresed on 5.6% acrylarnide gels, stained for protein, and scanned 
with a densitometer. Molecular weight markers were run in parallel. 
Components which are distinctly enriched in the plasma membrane are 
designated by numerals: ordinate, arbitrary optical density units; ab- 
scissa, molecular weight scale (X10-3). In this experiment the mem- 
branes were purified by three cycles of the aqueous polymer separation, 
followed by a sucrose step gradient separation. 

added and samples were incubated an additional 24 hr at  
25'. Tritium samples were counted on a Packard Tri-Carb 
with automatic external standardization. Iodine was deter- 
mined with a Nuclear-Chicago y counter. 

Autoradiography. Autoradiograms of 31  I-containing 
gels were obtained on longitudinal sliced sections or on gel 
slabs according to the methods described by Knauf et al. 
( 1974). Molecular weight standards for autoradiography 
were prepared by reductive alkylation of 3X crystallized al- 
bumin, ovalbumin, and chymotrypsinogen with [I4C]form- 
aldehyde (Rice and Means, 1971). 

Materials. Tissue culture supplies including medium 
RPMI 1640, fetal calf serum, and Dulbecco's buffered salt 
solutions were purchased from Grand Island Biological 
Company. Medium cy was obtained from the Ontario Can- 
cer Research Institute. Tritiated borohydride (100 mCi/ 
mmol), radioiodine ( 1 2 5 1  - 17 Ci/mg, l3I I  - 25 Ci/mg), 
and scintillation solvents were obtained from New England 
Nuclear. Lactoperoxidase, sialidase, and Pronase (45 
U/mg) were purchased from Calbiochem, while galactose 
oxidase and 3X crystallized trypsin (10,000 U/mg) and 
chymotrypsin (50 U/mg) were purchased from Sigma. All 
other chemicals were of the highest grade commercially 
available and were used without further purification. 

Results 
( 1 )  Membrane Characterization. A key step in the analy- 

sis of cell surface polypeptides is the preparation of a sub- 
cellular fraction substantially enriched in plasma mem- 
brane material. Evidence that this has been attained in the 
present instance is presented in Table I .  The levels of the 
plasma membrane marker enzyme Na+ + K+-ATPase 
have been enriched by about tenfold, while the levels of in- 
tracellular markers have been substantially reduced. A pu- 
rification of tenfold is less than that achieved by some work- 
ers (Charlampos et ai., 1973), but it does allow the discrim- 
ination of components which are characteristic of the mem- 
brane. 

Electrophoretograms of equal amounts of protein from 
the plasma membrane and whole cell homogenate show that 
certain bands are distinctly enriched in the membrane frac- 
tion and thus may be polypeptides characteristic of the 
membrane (Figure 1).  Other bands are relatively depleted 
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n ,  

200 

Table 11: Apparent Molecular Weights of Proteins Enriched in the 
Plasma Membrane Fraction (See Figure 1). 

Designation Mol wt  Designa tion Mol wt  

' 

PDP 

d 

1 200,000 5 105,000 
2 180,000 6 42,000 
3 165,000 7 37,000 
4 155,000 L 

n 
0 

Table 111: Distribution of Surface Label Radioactivity in 
Subcellular Fractions.= 
-~ ~ 

% %Total  cpm/mg 
Surface Label Cell Total Radio- of 

Technique Fraction Protein act. Protein 

[1251] Lactoperoxidase Homogenate 100.0 100.0 27,466 
Supernatant 32.2 1.5 1,299 
Pellet 46.5 117.0 
Membrane 64,522 

Galactose oxidase Homogenate 100.0 100.0 5,500 
['HI borohydride Supernatant 36.5 7.0 1,106 

Pellet 48.5 82.0 
Membrane 37,500 

Pyridoxal-P- Homogenate 100.0 100.0 16,158 
[ 3H] borohydride Supernatant 45.5 14.0 5,110 

Pellet 48.4 110.0 
Membrane 34,100 

C e l l s  were treated with surface label reagents as described under 
Materials and Methods, and washed free of excess radioactivity. A 
portion of each sample was used t o  prepare a plasma membrane 
fraction via two cycles of the aqueous polymer separation method. 
Another portion was homogenized to 90% breakage in 5 mM MgC1, 
and centrifuged a t  39,000 rpm for 1 hr in an IEC SB283 rotor, and 
the pellet and supernatant were recovered. The amount of protein 
and the C1,CCOOH precipitable radioactivity were determined for 
the fractions. The pellet of the 39,000 rpm centrifugation contains 
plasma membranes, nuclear material, and other particulate material. 

in the membrane and may represent polypeptides from 
other cellular loci, while yet another set of bands shows 
equal intensity in the two preparations and may represent 
components which are shared by the plasma membrane and 
by other cellular organelles. The possibility of nonmem- 
brane protein segregating with the plasma membrane frac- 
tion as an artifact of subcellular fractionation must also be 
considered. The molecular weights of selected cell polypep- 
tides are shown in Table 11. 

(2) Surface Label Studies. (a) Localization of Labeled 
Components at  the Cell Periphery. The three surface label 
techniques employed here primarily label components ex- 
posed at the cell periphery. This is shown by the experi- 
ments presented in Table I11 where intact cells were treated 
with surface label reagents and then subjected to subcellu- 
lar fractionation. The high-speed supernatant fraction, 
which presumably derives largely from soluble cytoplasmic 
components, contained 32-46% of the total cell protein, but 
only a small percentage of the incorporated radioactivity. In 
addition, the cytoplasmic fraction had a specific activity 
(counts per minute per milligram) many fold lower than 
that of the plasma membrane fraction. Both of these obser- 
vations indicate that the surface label techniques used here 
primarily radiolabel components which are exposed at the 
outer surface of the C H O  cell and do not readily label inter- 
nal components. In the experiments described here, the lac- 
toperoxidase system resulted in the lowest degree, and the 
pyridoxal-P technique in the highest degree, of undesirable 

F 

I I 

200 100 5 0  25 

FIGURE 2: Gel1 electrophoresis of fractions derived from cells labeled 
by the pyridoxal-P-borotritide method. The ordinate is normalized on 
the basis of the total radioactivity per gel. A molecular weight scale is 
given on the abscissa and the position of the dye (d) marker is indicat- 
ed: (a) purified plasma membrane fraction; (b) whole cell homogenate. 
The acrylamide concentration was 5.6% and the labeling was done at 
37O. 

internal labeling (see Juliano and Behar-Bannelier (1 975) 
for a further discussion of this issue). 

(b) Pyridoxal Phosphate-Sodium Borotritide. When in- 
tact cells are labeled with this system, then subjected to cell 
fractionation and the fractions analyzed by gel electropho- 
resis, the following patterns are observed. Whole cell ho- 
mogenates display a diffuse distribution of radioactivity in- 
dicating a heterogeneous array of labeled components, with 
broad peaks centering on molecular weights of about 
120,000, 60,000, and 35,000. This result is similar to those 
observed by previous investigators in the L cell line (Hunt 
and Brown, 1974). By contrast, the plasma membrane frac- 
tion displays a complex, but distinct series of seven peaks, 
which we have chosen to label A-G (see Figure 2a,b). 
These components were consistently observed in a series of 
experiments; in addition, a few minor peaks were occasion- 
ally observed in individual instances. The apparent molecu- 
lar weights of peaks A-G were maintained when samples 
were electrophoresed on gels of different acrylamide con- 
centrations. The most distinctive membrane components of 
cells labeled with pyridoxal-P and borotritide are peaks D, 
E, F, and G of apparent molecular weights 69,000, 59,000, 
44,000, and 29,000, respectively. These components were 
intensely labeled during short (5 min) incubations with pyr- 
idoxal-P at 37 or at  20°. Labeling with [3H]bor~hydride 
without prior pyridoxal-P treatment results in a low degree 
of incorporation; the labeling is confined to a substantial 
peak which co-migrates with the dye marker and a minor 
peak in the 65,000-70,000 mol wt range. The observation of 
a diffuse labeling pattern in homogenates, as opposed to a 
more sharply defined pattern, and the enrichment of certain 
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labeling was the same in membranes prepared by two cycles 
of the aqueous polymer separation, as in membranes further 
purified by an additional polymer separation and by a su- 
crose step gradient. 

Proteolytic dissection of intact cells labeled by the lacto- 
peroxidase technique reveals that component B is particu- 
larly sensitive to tryptic digestion. There is also an indica- 
tion of a reciprocal relation between the peak heights of 
components B and F, suggesting that F may be a proteolysis 
product of B (Figure 4a,b). Digestion of intact labeled cells 
with chymotrypsin and Pronase results in the progressive 
loss of peaks 9, C, and E and the accumulation of labeled 
low molecular weight proteolysis products (Figure 4c.d). 
However, no selectivity of proteolysis is demonstrable and 
there is little indication of the accumulation of distinct 
products of moderate molecular weight as is the case during 
proteolytic dissection of the erythrocyte membrane (Juli- 
ana, 1973). Digestion with trypsin for longer periods of time 
also results in the gradual degradation of peaks C and E, as 
well as the loss of peak B. 

The specificity of proteolytic dissection for cell surface 
components is shown by the fact that, under the conditions 
used in this study. the enzymes do not degrade proteins 
which are presumably located a t  the cell interior. For exam- 
ple, component 2 of Table 11 may be a membrane polypep- 
tide which is not exposed at the cell surface since it is en- 
riched in the membrane fraction, but not reactive with sur- 
face label reagents. This component remains undegraded in 
membranes isolated from cells exposed to proteases under 
the conditions specified under Materials and Methods and 
in the figure legends. Likewise, the protein patterns of ho- 
mogenates from intact cells treated with proteases are es- 
sentially identical with the control patterns, as one would 
expect, since the majority of the cell polypeptides stem from 
interior locations and thus are not exposed to proteolytic at- 
tack. 

Homogenates of lactoperoxidase labeled normal cells 
show the same peak pattern as the membrane with the addi- 
tion of a few peaks a t  low molecular weight, but the major 
membrane components (B, C, E) are less prominent and 
there is a much higher background of diffuse labeling. The 
low molecular weight peaks may represent labeled internal 
components from nonviable cells. 

(d) Galactose Oxidase. Membranes from intact cells la- 
beled with the galactose oxidase borotritide system possess 
an electrophoretic pattern consisting of four major peaks of 
molecular weights 139,000. 101,000, 64,000, and 54,000. 
These components are designated A, C, D, and E and they 
correspond to components of the same designation visual- 
ized by treatment with lactoperoxidase and pyridoxal phos- 
phate-borotritide (see Figure sa). 

Tryptic digestion reveals that none of the labeled compo- 
nents is selectively sensitive to the enzyme (Figure 5a,b). 
This test readily discriminates components A and B, al- 
though they are close in molecular weight, since the latter 
component, visualized by lactoperoxidase treatment, is se- 
lectively digested by trypsin, while the former is not. Diges- 
tion with less specific proteases such as chymotrypsin re- 
duces peaks A, C, D, and E with no evidence of selectivity 
(Figure 5c.d). It should be noted that there is no evidence of 
the accumulation of labeled low molecular weight proteol- 
ysis products, as in the case of digestion of lactoperoxidase 
labeled cells. This suggests that proteolytic enzymes cleave 
surface glycopeptides a t  a locus between the site of galac- 
tose oxidase induced labeling and the surface of the mem- 

1 2 - - -  

200 

121 B 

97 c 

57 E 

FIGURE 3 Autoradiograms of gels of plasma membrana derived from 
cells labeled with "'I  by the lactoperoxidase method. Slab gel clectra- 
phorsis showing (I) lactoperoxidase labeled bands and (2) a molecu- 
lar weight scale (XIO-'). The photograph illustrates some of the fine 
structure which is not apparent in gels sectioned and counted for radio- 
activity. 

labeled peaks (D, E, F, G )  in purified membranes, are quite 
characteristic of surface label techniques as applied to 
CHO cells (Juliana and Behar-Bannelier, 1975). Because of 
the complexity of the pyridoxal-P induced labeling pattern, 
further analysis utilizing proteolytic dissection was not suc- 
cessful. 

(c) Lactoperoxidase. Plasma membranes derived from in- 
tact cells radioiodinated with lactoperoxidase display an 
electrophoretic pattern consisting of three intensely labeled 
components and a number of lesser components. The major 
components have apparent molecular weights of 121,000, 
97,000, and 57,000, while other components are approxi- 
mately 200,000, 158.000, 44,000, and 28.000 in size and 
may be most readily visualized in autoradiograms (Figure 
3). The 200,000 mol wt component which is quite promi- 
nent in autoradiography seems smaller in some fractionated 
gels (Figure 4a), but is fairly prominent in other experi- 
ments. This variability may be due to the fact that this peak 
is very sensitive to proteolysis (our unpublished observa- 
tions) and may have been degraded during cell fraction- 
ation in some experiments. Lactoperoxidase labeled mem- 
brane components which coincide in molecular weight with 
pyridoxal-P-borotritide labeled components are designated 
by the same letter. The pattern of lactoperoxidase induced 
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FIGURE 4: Gel electrophoresis of plasma membranes from cells labeled by the lactoperoxidase method and further treated with proteolytic en- 
zymes. The abscissa shows a molecular weight scale, and the position of the Bromophenol Blue (d) marker is indicated. The gel concentration was 
5.6% throughout. I3 l I  was used in a and b, while lZ5I was used in c and d: (a) control (82,000 dpm/gel); (b) treated with 100 fig/ml of trypsin for 5 
min at 37O (55,000 dpm/gel); (c) treated with 1 mg/ml of chymotrypsin for 30 min at  37O (18,000 dpm/gel); (d) treated with 100 bg/ml of Pro- 
nase for 30 min at  37O (25,000 dpm/gel). 

brane and that the labeled proteolysis products are released 
from the cells. 

As we have reported previously (Juliano and Behar-Ban- 
nelier, 1975), the labeling pattern of whole cell homoge- 
nates from galactose oxidase treated cells has a broad major 
peak at 35,000 mol wt and is quite different from the pat- 
tern of the membrane (Figure 5e). The major peak of the 
whole cell homogenate may represent surface components 
which are lost upon plasma membrane isolation. However, 
we feel that they more likely represent labeled cytoplasmic 
components from the interior of the subpopulation of non- 
viable cells (Juliano and Behar-Bannelier, 1975). This ob- 
servation reinforces the need for cell fractionation studies in 
conjunction with surface label experiments. It can be seen 
(Figure %,e) that components A, C, and D are more promi- 
nent in the purified membrane fraction than in the homoge- 
nate. Treatment with borotritide alone results in a pattern 
showing a rapidly migrating peak (Rf > 1.0) which presum- 
ably is lipid, as well as a small peak at  mol wt 64,000. This 
latter peak is substantially enhanced in samples pretreated 
with galactose oxidase. 

(e) Correspondence of Labeled and Protein Stained 
Components. In order to compare the pattern of radioactivi- 
ty introduced by a surface label with the polypeptide pat- 
tern of the membrane, a procedure involving autoradiogra- 
phy of stained, dried gel sections was employed. CHO cells 
were labeled with 1311 using the lactoperoxidase method. 
Membranes were prepared and run on dodecyl sulfate gels 
and the gels fixed and stained for protein (Fairbanks et al., 
1971). The stained gels were then dried and used for auto- 
radiography (Knauf et al., 1974). The results, presented in 
Figure 6, revealed that two of the major iodinated bands (B 
and C)  do not correspond to major protein staining bands. 

Thus, either the labeled bands are quantitatively minor 
components in terms of membrane protein, or they fail to 
stain well with Coomassie Blue dye. This latter alternative 
is frequently true in the case of glycoproteins (Juliano, 
1973).2 The third major iodinated band (E) corresponds 
with a protein band which is prominent in the plasma mem- 
brane (see Figure 1). Some of the other iodinated bands 
also seem to corrrespond to protein components; thus, the 
sharp band at mol wt 200,000 corresponds to band 1 which 
is a component definitely enriched in the plasma membrane 
fraction (see Table 11). 

(f) Summary of Surface Label Experiments. The results 
of our studies employing surface labels and proteolytic dis- 
section are summarized in Table IV. As before, components 
which are reactive with more than one of the surface label 
reagents and which coincide in molecular weight are given 
the same designation. The five components A-E are reac- 
tive with at  least two surface label systems and are cleaved 
by proteolytic digestion. Two other components F and G are 
labeled strongly in the pyridoxal-P borotritide system, but 
are not intensely labeled by the other reagents. The proteo- 
lytic sensitivity of these two components is unknown. Auto- 
radiography of lactoperoxidase labeled samples reveals a 
sharp band of mol wt 200,000 which corresponds with a 
protein component which is enriched in the plasma mem- 
brane fraction (Figure 6). We have observed that this band 
is very sensitive to tryptic digestion of intact cells (our un- 

* The region between 90,000 and 130,000 mol wt is heavily labeled 
in gels of membranes prepared from CHO cells which have been al- 
lowed to incorporate ['4C]glucosamine (Juliano and Gagalang, 1975). 
Thus, peaks B and C (mol wt 121 and 97,000) may well be glycosylat- 
ed proteins. 
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FIGURE 5:  Gel electrophoresis patterns of galactose oxidase treated cells and membranes: (a) plasma membrane control; (b) plasma membranes 
from cells post-treated for 5 rnin at 3 7 O  with 100 Fg/ml of trypsin; (c) control plasma membranes; (d) plasma membranes from cells post-treated 
for 30 min at 37' with 1 rng/ml of chymotrypsin; (e) control whole cell homogenate. In c, d, and e, the ordinates are normalized in terms of micro- 
grams of protein per gel, and in a and b in  terms of counts per minute per gel. The gel concentration is 7.5% throughout. 

published observations). Several minor components are also 
visualized by autoradiography of radioiodine labeled sam- 
ples (Figures 3 and 6). In most experiments, some material 
appears at the top of the gel. We believe this is an aggregate 
rather than a high molecular weight species, as it can be re- 
duced by centrifugation of the solubilized membranes. The 
amount of aggregated material is less in preparations from 
intact cells (Figure 4a,b) which have been exposed to pro- 
teases, but the significance of this observation is unclear. 

Conclusions 
We have adopted a multifaceted approach to the study of 

membrane organization in nucleated mammalian cells, 
employing conventional cell fractionation techniques, as 
well as the newer tool of surface labeling. Our results have 
certain implications concerning the surface label approach 
to membrane structure in general as well as implications for 
the specific problem of the organization of the CHO cell 
membrane. 

Let us first deal with the general problem of surface la- 
beling. As we see in Table IV, the set of membrane compo- 

nents most reactive with one surface label reagent, such as 
lactoperoxidase, may be quite different from the set of corn- 
ponents most reactive with another surface reagent, such as 
pyridoxal phosphate or galactose oxidase. This is not sur- 
prising as the reagents differ in chemical specificity as well 
as in size, and thus may be reactive with, or have access to, 
different groups at the cell periphery. There are some com- 
ponents, C and E for example, which are labeled by all re- 
agents, but other components such as the 200,000 mol wt 
polypeptide and component A are well labeled by one re- 
agent, but not by others. These results illustrate the concept 
that studies employing a single surface label technique may 
lead to spurious results. On the one hand, a particular re- 
agent may fail to label an important component (as appar- 
ently is the case for component A with lactoperoxidase), but 
on the other hand, a reagent may have a particularly strong 
reaction with a minor surface component, or with a contam- 
inant, thus giving a misleading picture of its importance 
(this may be true in the case of component G). Such spuri- 
ous findings may be minimized by the application of several 
surface label systems to the study of a particular cell type. 
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Table IV: Apparent Molecular Weights and Protease Sensitivity of Polypeptides Reactive with Surface Labe1s.a 

M O ~  w t  x 10-3 

Chymo trypsin 
Designation Pyridoxal-P Lactoperoxidase Galactose Oxidase Trypsin or Pronase 

200+ 

158+ 
121 ? 3 ( n  = 3) 

9 7 + 4  (n  = 3) 

57 i: 3 ( n  = 3) 

A 137 i 8 (n = 5 )  

B 121 i 6 (n = 4) 
C 106 +_ 3 ( n  = 6 )  
D 69 t 3 (n  = 5)  
E 59 i 2 (n  = 6 )  
F 44 f 3 ( n  = 6 )  42+ 
G 30 ? 2 (n  = 5) 28 

139 ? 8 (n  = 4) 

1.01 + 3 (n = 4) 
64 f 2 (n = 4) 
55 t 3 ( n  = 4) 

+i+ 
+ 

+++ 
+ 
+ 
+ 

aThe peaks which are most intensely labeled and which are most prominent in the plasma membrane fraction relative to the homogenate 
are in italics. The molecular weight values presented here were determined using 5.6% gels. 

It seems more likely that a polypeptide may truly be located 
at  the cell periphery if it is reactive with several surface 
label reagents of differing chemical specificity and physical 
properties. 

The need for cell fractionation studies in association with 
surface label studies is brought out by inspection of Figure 
2 and Figure 5.  The surface label pattern of the whole cell 
homogenate is invariably more diffuse than that of the iso- 
lated membrane, suggesting greater heterogeneity of la- 
beled components in the homogenate. Moreover, at least in 
the case of the galactose oxidase system, the major labeled 
component in the homogenate is completely absent from the 
isolated membrane and may not represent a membrane 
component at all. Thus, subcellular fraction must go hand 
in hand with surface label studies (Juliano and Behar-Ban- 
nelier, 1975).  

Now let us turn to the question of the organization of the 
C H O  cell membrane. In  the discussion which follows, we 
make what seems to us to be a reasonable assumption con- 
cerning the identity of labeled components. We assume that 
if two surface label systems result in major peaks of activity 
which are coincident in molecular weight, then the coinci- 
dent peaks most likely represent the same polypeptide or 
glycopeptide component. We realize the possible existence 
of two or more components which are close in molecular 
weight, but are reactive with different surface labels. We 
cannot rule out this possibility, but we can argue against it 
with the observation that peaks which are coincident re- 
main so on gels of different acrylamide c~ncentration.~ The 
question of molecular heterogeneity among labeled compo- 
nents very close in molecular weight remains open in this 
study, as it does in almost all surface label studies, includ- 
ing those concerning the erythrocyte membrane (Cab- 
antchik and Rothstein, 1974). 

In  the introductory statement we formulated three crite- 
ria for the identification of cell surface polypeptides. These 
criteria are as follows: (a) reactivity with two or more sur- 
face labels; (b) enrichment of the reactive component in the 
plasma membrane fraction relative to the whole cell homog- 
enate; (c) susceptibility to digestion by proteases applied to 

Component C has a somewhat lower molecular weight (95,000) 
when electrophoresed on 7.5% acrylamide gels than when electrophor- 
esed on 5.6% gels (101,000). This component seems to contain a good 
deal of carbohydrate, as evidenced by the intense labeling with galac- 
tose oxidase and, thus, may show anomalous migration behavior in so- 
dium dodecyl sulfate gels (Juliano, 1973). 

,m im m 

FIGURE 6: Protein staining patterns and autoradiograms of sodium 
dodecyl sulfate gels of C H O  cell plasma membranes. Membranes from 
CHO cells labeled with 13'1 by the lactoperoxidase method were run on 
5.6% slab gels; the gels were stained for protein and prepared for auto- 
radiography. This approach allows a direct comparison of the staining 
pattern and labeling pattern. Photographic negatives of the dried and 
stained gels and of the corresponding autoradiograms were scanned on 
a densitometer. Band designation follows Tables I1 and IV; corre- 
sponding bands are indicated by symbols: (upper pattern) autoradio- 
gram; (lower pattern) Coomassie Blue stain. In  this experiment, the 
membranes were prepared by two cycles of aqueous polymer separa- 
tion. 

intact cells. From the data in Table IV, we see that five of 
the labeled components satisfy all three criteria; these are 
components A, B, C, D, and E. In all probability then, these 
entities represent polypeptides which are exposed at the 
outer surface of the cell. Components A, C, D, and E are re- 
active with the galactose oxidase system and thus are pre- 
sumably glycopeptide in nature. Two other components, F 
and G, are reactive primarily with one reagent, namely pyr- 
idoxal phosphate. These labeled peaks are enriched in the 
plasma membrane and they coincide in molecular weight 
with bands which stain for protein and which are present in 
the membrane. Thus, it seems likely that F and G are mem- 
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brane polypeptides, but we cannot definitely assign them to 
a position at the cell periphery. The 200,000 molecular 
weight component, which is prominently labeled in lacto- 
peroxidase treated samples, is not readily visualized by the 
other two surface label techniques. Nonetheless, this com- 
ponent is probably a cell surface polypeptide since it is very 
sensitive to tryptic digestion and it corresponds to a poly- 
peptide which is markedly enriched in the plasma mem- 
brane fraction. In Table 11, one finds several polypeptides 
such as 2 and 7 which are quite enriched in  the plasma 
membrane, but which do not correspond in molecular 
weight with one of the components strongly reactive with 
surface labels. It seems possible, then, that these unlabeled 
components represent membrane polypeptides which are 
not exposed at the cell surface. 

Our findings suggest that at least five, and possibly as 
many as eight, distinct components can be detected at the 
CHO cell surface with the three labeling techniques em- 
ployed in this study. One must bear in mind that some of 
these components may, upon further investigation, prove to 
be heterogeneous. These results may be compared with the 
findings of previous workers who have discriminated five 
surface components on HeLa cells (Huang et al., 1973), 
and about the same number on hamster fibroblasts (Hynes, 
1973) by lactoperoxidase labeling, while five-six compo- 
nents have been visualized on mouse and hamster fibro- 
blasts by galactose oxidase labeling (Gahmberg and Haka- 
mori, 1973a,b). In common with a previous study (Hynes, 
1973), we have found certain labeled surface components 
(mol wt 200,000 and 121,000) which are selectively sensi- 
tive to tryptic cleavage. One should note that the previous 
studies cited usually relied on a single labeling reagent, and 
in some cases no cell fractionation was performed. Thus, in 
the light of the discussion above, some of the components 
reported by previous workers may not be truly associated 
with the cell surface. In any case, it seems likely that the 
surfaces of cultured cells may be more complex than those 
of red cells (Juliano, 1973) or fat cells (Czech and Lynn, 
1973) where two-five components seem to be present at the 
cell periphery. 

The conclusions presented above are subject to several 
limitations. Firstly, there may be other surface polypeptides 
which are simply not reactive with the reagents used and 
thus have not been identified. Secondly, we can say nothing 
concerning the association of the membrane polypeptides 
into oligomeric units, nor can we assess the degree to which 
they penetrate or traverse the lipid bilayer. Thirdly, in the 
present study we have examined the membranes of asyn- 
chronous exponentially growing cultures, and thus the sur- 
face configuration described here represents a sample aver- 
aged over the cell cycle. Other studies (Hynes and Bye, 
1974; Mastro et al., 1974) have suggested that the surface 
protein pattern of fibroblasts may vary as a function of the 
growth state and state of attachment of the cells. Electron 
microscopic studies of CHO cells have revealed that sub- 
stantial surface changes occur during the cell cycle (Porter 
et al., 1973). Thus, subtle differences in labeling patterns 
between experiments may be a reflection of cellular growth 
parameters. In addition, one might expect that the surface 
configuration at one particular stage of the cell cycle might 
be quite distinct from that at another stage. Finally, we 
must consider the possibility that some serum proteins from 
the culture media may be so firmly attached to the cell sur- 
face as to resist extensive washing, and thus may be visual- 
ized by surface labeling techniques, although this was not 

found to be a problem in other surface label studies (Hynes, 
1973). Given these limitations, our observations provide a 
first, rough view of the molecular organization of the CHO 
cell surface. Hopefully, further studies will lead to a more 
refined analysis. 
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Chemical and Physical Properties of the Disulfides 
of Bovine Neurophysin-II? 

Celia J .  Menendez-Botett and Esther Breslow* 

ABSTRACT: Bovine neurophysin-I1 is shown to be very sus- 
ceptible to partial reduction in the absence of urea. Reduc- 
tion of an average of one disulfide leads to major changes in 
conformation and disulfide optical activity, manifest in part 
by pronounced far-uv ellipticity changes, complete loss of 
the 248-nm ellipticity band, and a shift of the 278-nm ellip- 
ticity band to shorter wavelengths with loss of half its inten- 
sity; the reduction process generates a mixture of products 
and appears to be accompanied by disulfide interchange. 
The circular dichroism data indicate that the disulfide(s) 
most susceptible to reduction or interchange are either the 
principal contributors to the 248- and 278-nm ellipticity 
bands or that the optical activity of other disulfides is de- 
pendent on their integrity. Peptides that bind to the hor- 
mone-binding site of neurophysin-II protect against reduc- 
tion. On reoxidation of partially reduced neurophysin-I1 

T h e  neurophysins, carrier proteins for oxytocin and vaso- 
pressin within the neurohypophyseal system, are rich in di- 
sulfides, bovine neurophysins each having seven disulfide 
bonds per monomer of 10,000 molecular weight; additional- 
ly, the neurophysins have a low content of aromatic amino 
acids, the bovine proteins containing no tryptophan, one ty- 
rosine, and three phenylalanine residues per monomer 
(Rauch et al., 1969; Breslow et al., 1971; Schlesinger et al., 
1972). The optical activity of neurophysin disulfides can 
therefore be defined with less ambiguity than with most 
other proteins, and two neurophysin near-uv ellipticity 
bands, at  278 and 248 nm, respectively, have been assigned 
almost exclusively to disulfide transitions (Breslow, 1970). 
Relationships between disulfide geometry, environment, 
and optical activity are inadequately understood. In  partic- 
ular, on the basis of existing theory, it is not possible a prio- 
ri to evaluate the contribution of any single neurophysin di- 
sulfide bond to the 248- and 278-nm ellipticity bands. For 
example, the wavelength of an individual disulfide transi- 

t From the Department of Biochemistry, Cornell LJniversity Medical 
College, New York, New York 10021. Receiaed March 18. 1975. Sup- 
ported by Grant GM-17528 from the National Institutes of Health. * Present address: Laboratory of Applied and Diagnostic Biochemis- 
try, Sloan-Kettering Institute, New York, N.Y. 10021. 

there is only a partial return of the native circular dichroism 
spectrum and electrophoretic behavior. The percentage of 
native protein in samples reoxidized following different de- 
grees of reduction was estimated by comparison of the cir- 
cular dichroism spectra of these samples with those of the 
fractionated native and denatured components of monore- 
duced-reoxidized neurophysin. Under our reoxidation con- 
ditions, less than 50% native protein was found in monore- 
duced-reoxidized neurophysin and less than 10% native 
protein was found in completely reduced-reoxidized neuro- 
physin. The results are interpreted with qualified reference 
to a model in which one or more disulfides are “strained” in 
the native state and in which the native protein is unstable 
relative to species in which the disulfides are differently 
paired. 

tion in the near-uv depends on the disulfide dihedral angle 
(Barltrop et al., 1954; Bergson et al., 1962; Beychok, 1965) 
and the sign of the longest wavelength ellipticity band de- 
pends at least in part on the disulfide screw sense (Beychok, 
1965; Carmack and Neubert, 1967; Claeson, 1968; Imaw- 
ishi and Isemura (1969). However, due to the compound 
nature of the near-uv disulfide transition, a single disulfide 
can exhibit one or two near-uv ellipticity bands of opposite 
sign, the number, position, and relative intensity of the two 
bands being dependent on geometry and environment 
(Linderberg and Michl, 1970; Casey and Martin, 1972; 
Sears and Beychok, 1973). 

In  an attempt to resolve the contributions of different 
neurophysin disulfides to neurophysin near-uv optical activ- 
ity, we have studied the effect of varying degrees of reduc- 
tion on neurophysin circular dichroism (CD) spectra. In the 
course of these studies, we observed that neurophysin is 
highly susceptible to partial reduction and we therefore ad- 
ditionally probed aspects of the reversibility of the reduc- 
tion-reoxidation process. Studies reported here were carried 
out with bovine NP-11,’ but preliminary parallel studies 

I Abbreviations used are: NP, neurophysin; DTT, dithiothreitol; 
DTE, dithioerythritol. 
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