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Intact Sindbis virug and Triton-golubilized viral glycoprotein were treated
with e-mannosidase and with a preparation of mixed glycosidases from Diplo-
cocens pneumoniae to probe the accessibility of earbohydrate units on the viral
gurface, The products of glycosidase attack on Triton-solubilized virus showed
that most carbohydrate units of the glycoproteins are good substrates for these
enzymes, The relative resistance of most of the viral aligosaccharides in intact
virus particles showed that much of the carbohydrate is not accessible to
glycogidases, probably because it is not exposed at the viral surface, The only
completely accessible carbohydrate units on Sindhbis glycoproteins were the type
A oligosaccharides of E2. This differential accessibility of Sindbis oligosaccha-
rides is discussed in relation to the organization of the viral surface.

Bindbis virus is structurally among the sim-
plest of the lipid-containing animal viruses that
mature by budding through the plasma mem-
brane of an infected cell (1, 3, 17). The Sindbis
particle has proved to be sufficiently regular
and stable in structure to permit studies of its
lipid-protein organization (8} and its surface
organization (37). It has a spherical nucleocap-
sid, assembled from subunits of a single protein
species (C: molecular weight, 30,000y and viral
RNA (34). The nucleocapsid is enveloped by a
membrane composed of a lipid bilayer and two
distinet glycoprotein species (E1 and E2: both of
molecular weight ~50,000). Each glycoprotein
has both complex “type A” and simple “typs B”
N-glycogidically linked carbohydrate units,
which have been characterized by radioactive
labeling and gel filtration of the four viral gly-
copeptide fractions (30). Electron micrographs
of negatively stained Sindhis virus particles
show that the glycoproteins are organized with
trimer clustering in a T = 4 icosahedral surface
lattice (37).

There is, as vet, little information on the fine
structure of the viral surface-—-e.g., details of
the location of carbohydrate units or the rela-
tive expogure of the two glycoproteins. There is
some suggestion from the icdination data of
Sefton et al. {31) that El is less exposed at the
viral surface than E2. The objective of the pres-
ent, gtudy was to probe the surface arrangement
of glycoprotein earbohydrate units with glycosi-
dases. We digested intact virus and viral glyco-
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protein solubilized by Triton X-100 with e-man-
nogidage and with a preparation of mixed gly-
cosidases from Diplococcus pnreumoniae to
probe the distribution of carbohydrate units on
the viral surface. The mixed glycosidases con-
tain three exoglycosidases and an endoglycosi-
dase, endo-g-N-acetylglucosaminidase D, The
endoglycosidase is apecific for oligosaccharides
having mannosyl di-N-acetylchitobiose core se-
quences, which occur frequently on N-glycosidi-
cally linked carbohydrate units (15). The en-
zyme hydrolyzes the di-N-acetylchitobiose se-
quence, thus cleaving the oligosaccharide at a
glycosidic linkage near the carbohydrate-pep-
tide linkage site and releasing the mannose-
containing portion of the glycan core.

MATERIALS AND METHODS

Virus growth and purification. Unlabeled 8ind-
bis virus was grown and purified as described by von
Bonadorfl and Harrison (37). Radioactive virus was
produced by a single growth step in primary chicken
embryo fibroblasts growing on 100-mm plastic tissue
culture dishes. Confluent monolayers were infected
with 1.0 ml of virus per plate diluted into Eagle
minimal essentials medium supplemented with 2%
tryptose phosphate broth, 1% calf serum, and 1 ug of
actinomyein D per ml. Virus labeled with a mixture
of radioactive aminoe acids was prepared with Eagle
minimal essential medium containing one-tenth the
normal concentration of all amino acids except glu-
tamine, The multiplicity of infection was 125 PFU/
cell. Adsorption proceeded for 1 h at 837°C with occa-
gional rocking of the plates, and 4.5 ml of Eagle
medium supplemented as above was then added to
each plate. Radioactive sugars were added at 1 h
postinfection; radicactive amine acids were added at
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3 h postinfection. The infection proceeded for 10 to 14
h at 87°C.

Radioactive virus was purified essentially as de-
seribed by Scfton and Keegstra (30). However, the
virus was centrifuged through a discontinuous su-
crose gradient, which functions as a combined veloc-
ity and density gradient (37). The gradient consisted
of a 0.5-ml cushion of 50% sucrose in TNE buifer
(0.15 M NaCl, 0.05 M Tris-hydrochloride, pH 7.4, 1
mM EDTA) onto which a 6.0-ml, 25 to 50% linear
sucrose-TNE gradient was layered. Over this, a
10.0-ml, 10 to 20% sucrose-TNE gradient was lay-
ered, A 1,5-ml virus sample was centrifuged at
24,500 rpm (80,000 x g) for & h at 4°C in an SW27

rotar
roLar,

Radiocactive sugars used for viral growth included
(per plate) 62.5 pCi of [2-"H]mannose (Amersham/
Searle, 2 Ci/mmol), 62.5 uCi of [6-*H]glucosamine
(New England Nuelear Corp., 10 Ci/mmol), 12.5 uCi
of [1-'C]glucosamine (New England Nuclear Corp.,
56,6 mCi/mmol), 125 wCi of [L-*H]galactose (New
England Nuclear Corp., 6 Ci/mmol), and 125 nCi of
[1,5,6-*Hlfucose (New England Nuclear Corp., 2.4
Ci/mmol). Amino acid-labeled virus was prepared
with (per plate) 12.5 pCi of a “C-labeled r-amino
acid mixture (New ¥England Nuclear Corp.) or with
62.5 uCi of a *H-labeled L-amino acid mixture (New
England Nuclear Corp.).

Infectivity was titrated by plaque assay on con-
fluent manmaycrs of Beconaary chicken Ei‘ﬁut_yu {i-
broblasts (25), Hemagglutination titer was assayed
by the method of Clarke and Casals (4) with 0.2%
goose erythrocytes (GIBCO Diagnostics) at pH 5.8,

Preparation of glycosidases. a-Mannosidase
(Canavalia ensiformis) was obtained from Boehrin-
ger Mannheim Corp, One hundred microliters of
crystalline enzyme suspension was dissolved in an
equal volume of TNE buffer (0.15 M NaCl, 0.05 M
Tris-hydrochloride, pH 7.4, 0.0601 M EDTA) and di-
alyzed overnight against the same buffer, When
agsayed with p-nitrophenyl-e-p-mannoside (Sigmsa
Chemical Co.) in TNE at pH 7.4, the enzyme had an
activity of 0.12 U/ml. In addition, 0.01 U of g-N-
acetylglucosaminidase activity per ml was present.

Neuraminidase {Closiridium perfringens) was ob-
tained from Boehringer Mannheim., The enzyme
was dissolved in 0.15 M NaCl, 0.08 M Tris-hydro-
chloride, pH 7.4, 2 mM CaCl; at a concentration of 1
mg/ml and assayed on fetuin (GIBCO Diagnostics).
IFree sialic acid was delermined by the thiobarbi-
turic acid assay of Warren (38),

An enzyme preparation containing g-galactosid-
ase, [3-N-acetylglucosaminidase, neuraminidase,
and endo-g-N-acetylglucosaminidase D activities
was prepared essentially as described by Mura-
matsu and co-workers (14, 20, 21). Crude enzyme
was obtained by ammonium sulfate fractionation of
the culture medium of D, pneumoniae Type I and
further purified by gel filtration on a Sephadex G-
150 column (3 by 95 cm). Fractions were assayed for
glycosidase activities as described by Muramatsu
and Egami (22), with the appropriate p-nitrophenyl
pyranogides (Sigma Chemical Co.) as substrates.

Neuraminidase present in the mixed glycosidases
was assayed on fetuin as described above. Active
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fractions were pooled and concentrated by dialysis
against polyethylene glycol 20,000 (Fisher Seien-
tificy;.and the preparation then dialyzed against 4,15
M NacCl, 0.01 M Tris-hydrochloride, pH 7.5.

The mixed glycosidase preparation contained
0.025 U of g-N-acetylglucosaminidase per ml, 0.015
U of g-galactosidase per ml, and 0.45 U of neuramini-
dase per mi when assayed in TNE buffer at pH 7.4.
Activities were unchanged in the presence of 0.5%
{wt/vol) Triton X-100. Neither a-fucosidase nor a-
mannosidase activily was detected. The enzyme
mixture was free of proteolytic activity in that it did
not release radioactive label from C-amino acid-
labeled virus, nor did it alter the quantitative distri-
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patterns of amino acid-labeled virus. The mixed gly-
cosidases were used for digestion of Sindbis virus
and Sindbis glycoproteins sinee endo-g3-N-acetylglu-
cosaminidase D acts on intact carbohydrate units
only in the presence of the three exoglycosidases (14,
20, 21).

Solubilization of Sindbis membrane proteins
with Triton X-100. Triton X-100 was added to Sind-
bis virus to dissociate the viral membrane into solu-
ble glycoprotein-detergent complexes, using a mem-
brane solubilization scheme originally devised by
Helenius and co-workers for Semliki Forest virus
(SEV) (10, 32). Sindbis virus (50 to 100 pg of protein)
was suspended in 1% 'l‘riton X-100 in TNE to a final

aneontratinn oFf 1 af = nyntain mee PYer: ]

CULI.LLIIIJL aAlbiull UI. A 'U.E Ul Vl]. I-ID PJ.UIJLIII pl’.rl I|-Ial [A99LE Y
incubated for 20 min or more at room temperature.
At this Triton/viral protein ratio, soluble glycopro-
tein-detergent complexes form containing approxi-
mately 2 polypeptide chains and 75 meolecules of
Triton (32).

Glycosidase treatment of Sindbis virus. A portion
of laheled virus was combined with 50 to 100 ug of
protein of unlabeled carrier virus, The virus was
precipitated from a solution of low ionic strength
(24), and the pellet was resuspended in TNE or in 4
volumes TNE a..d 1 volume of 5% Triton X-100 to
solubilize the membrane proteins. The volume of
buffer added was adjusted to give a solution of 1 ug
of virus protein per pl.

To establish the time course of mixed glycosidase
digestions, the release of glucosamine from intact
virus and from Triton-solubilized glycoprotein was
measured as a function of incubation time. In this
particular case, glucosamine-labeled protein was
precipitated from solution with trichloroacetic acid
to terminate the reaction. The percent precipitable
glucosamine decreases with time for 12 h; release of
carbohydrate has essentially ceased by 16 h. Thus,
in all subsequent digestions, a given volume of ra-
dicactive virus solution prepared as above was
mixed with an equal volume of the mixed glycosi-
dases or a-mannosidase and incubated for 16 h at
37°C. Controls consgisted of the same volume of ra-
dioactive virus solution mixed with an equal volume
of TNE and similarly incubated. Incubations were
terminated by placing the incubation mixtures on
ice.

Sindbis virus was digested with neuraminidase
(Clostridium perfringens) for 16 h at 37°C. The vi-
rus, in TNE at a concentration of 1 ug/ul, was

|
|
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incubated with 0.015 U of neuraminidase per 50 ug
of viral protein.

Intact, glycogidase-treated virus particles were
recovered as follows: up to 100 ul of reaction mixture
(intact virus plug glycosidases) was diluted with an
equal volume of TNE, and the solution was layered
over 400 to 500 pl of 10% sucrose in TNY in a 3/18-
ineh (ca. 0.5-cm) cellulose nitrate tube (Beckman).
The treated virus was pelleted by centrifugation for
1 h at 85,000 rpm (114,000 x g) in the SW50.1 rotor;
the supernatant contained material released from
the virus by the glycosidases. The released material
wag carbohydrate lsheled but not amino acid la-
beled.

"The combined viral proteins were recovered from
Triton-containing incubation mixtures as follows:
200 ul of 0.2% bovine serum albumin in TNE was
added to the incubation mixture, and the protein
was precipitated with ice-cold n-butanol (26}, The
protein pellet eould then be resuspended in 0.5 ml of
0.1 M Tris-hydrochloride, pH 8.0, 0.01 M CaCl, with-
out addition of detergent. Finally, solutions were di-
alyzed for 2 days against three changes, 1 liter each,
of the same buffer.

Gel electrophoresis, Polyacrylamide discontin-
uous gel electrophoresis was performed essentially
as deseribed by Laemmli (16). The concentrations of
Trig-hydrochloride in the stacking and resolving
gels were 0.062 and 0.188 M, respectively, a modifi-
eation used by Sefton et al. (31). Stacking gels con-
tained 3% (wt/vol) acrylamide and were 1.0 to 2.0 em
in length. Resolving gels contained 7.5% (wt/vol)
acrylamide and were 10.5 cm in length, All gels
were prepared with acrylamide recrystallized from
chloroform. Before electrophoresis, samples were
dissolved or diluted inte “sample buffer” containing
6 mM sodium phosphate buffer, pH 7.5, 1% sodium
dodecyl sulfate (SD8), 10% glycerol, 0.001% bromo-
phenol blue, and 5% B-mercaptoethanol. Samples
were then boiled for 2 to 3 min to completely de-
nature the proteins. Electrophoresis proceeded at a
congtant current of 1.5 mA per gel until the bromeo-
phenol blue reached the bottom of the gel, about 5 h.
Aftor electrophoresis, gels were removed from the
glaas tubes, frozen at —70°C, and then eut into 1-mm
aslices.

Measuring the release of carbohydrate from viral
glycoprotein, Since the glycosidases do not contain
protease activity, release of earbohydrate from the
viral glycoprotein corresponds directly to a decrease
in the sugar/protein ratio. By using a mixed-label
incubation mixture, it is possible to monitor the
change in sugar/protein ratio. This procedure was
used to measure release of carbohydrate label from
Triton-solubilized membrane glycoprotein as well ag
from intact virus particles.

Portions of **C-amino acid-labeled virus and *H-
sugar-labeled virus were mixed with 50 ug of unla-
beled carrier virua. The virus was precipitated from
a solution of low ionic strength, resuspended, and
then incubated with or without glycosidases. The
incubation was terminated by adding to a given
volume of incubation mixture 3 volumes of electro-
phoresis sample buffer. Samples were reduced with
A-mercaploethanol and suhjected to SDS-polyacryl-
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amide gel electrophoresis {Fig. 1). Gels were then
processed for counting as described below. From
each gel pattern, the *H/*C ratios of E1, E2, and
total viral protein (i.e., ratio of total *H counts per
minute to total "C counts per minute) were caleu-
lated. Assuming that radicactive label accurately
reflects the chemieal distribution of carbohydrate or
amino acid, the sugar released by glycosidases can
be expressed as a percentage of the initial amount:

B (3H.’“’C}g!ycosidasemreatii]
[1 GH/Ccontrol | 100.

By using the appropriate 3H/"C ratios, it is possible
to determine the release of earbohydrate from the
individual glycoproteing as well ag from the whole
virus,

Two systems were used interchangeably to count
gel slices. Slices were either shaken with 0.1% 5DS
(80) or solubilized with Protosol (New England Nu-
clear Corp.). Slices shaken with SDS were counted
in 9 ml each of ScintiVerse {Fisher Scientific) con-
taining 8% (vol/vol} water and 5% {(volfvol) glacial
acetic acid. Slices aolubilized with Protosol were
counted in 5 ml each of toluene containing 5% (volf
vol) Protosol and 4% (vol/vel) Liguifiuor (New Eng-
land Nuclear Corp.). The same counting efficiency
was obtained with each system. All liquid scintilla-
tion counting was performed on a Beckman liquid
scintillation counter.

Isolation of Sindhkis glycoproteins. Glycosidase-
treated glycoproteins were isolated after S3DS-poly-
acrylamide gel electrophoresis of the incubation
mixtures or pelleted virus. Gels were cut into l-mm
alices, and each slice was shaken with 0.5 ml of 0.1%
SDS (30) to elute the glycoprotein, Approximate
fractions were then pooled and lyophilized.

Preparation of glycopeplides. Glycopeptides were
prepared from labeled viral glycoproteinsg or from
labeled virus by exhaustive digestion with a pro-
tease preparation from Streptomyces griseus (Sigma
Chemical Co.). The procedures {ollowed were essen-
tially those of Sefton and Keegstra (12, 28, 30), with
digestion for 48 h at 80°C.,

Ge! filtration, Glycopeptides were chromato-
graphed on Bio-Gel P-4 (200 to 400 mesh, Bio-Rad).
The eolumn (0.9 by 1156 em) was equilibrated and
eluted with 0.1 M Tris-hydrochloride, pH 8.0 (12,
30). One-milliliter fractions were collected and
counted in 9 ml each of ScintiVerse (FMisher Scien-
Lific) containing 8% (vol/vol) water and 5% (volfvol)
glacial acetic acid. The column was calibrated with
ovomucoid glycopeptide (23), ovalbumin glycopep-
tide (39}, and stachyose. The excluded volume (V,)
was determined from the elution position of blue
dextran (Pharmacia), The total velume (V,) was
determined from the elution pesition of glucose.

When Sindbiz glycopeptides are chromato-
graphed on Bia-Gel P-4, the two sialic acid-contain-
ing glycopeptides, S1 and 52, do not separate but
elute together in a single peak, and glycopeptides 33
and S4 are resolved. 81 and 82 may be resolved on
Bio-Gel P-6 (30), but P-4 was chosen here to match
optimal fractionation with the expected size of gly-
copeptides from glycosidase-digested glycoprotein,




13

64 McCARTHY AND HARRISON

T T T ¥ T T
'[“ a
2000 i Hrone =
° r El o ¢
1 - £
o
E o
a
(=]
=
[s]
g °
E 1oo0}- 500
5] 2
3 E
g 7
o &)
1 T
4 T
m
200} 100
L R s Ramme
- 50 60 70 a0 20 0o +
distonce migrated (mm)
T T T T T T
— E2 b —_
El I
— 2000} Hiooo
E
g £
(=]
@
= 2
& g
3 1000 500
3 <
= E
] ke
- [}
il
200 100
k-

distance  migrated {mm}

Fia. 1. Polyaerylamide gel electrophoresis of
[FHiglucosamine and “C-amino acid-labeled Sind-
bis virus. Intact virus was incubated for 16 h at 37°C
with (a) or without (b) mived plycosidases and then
subjected to electrophoresis as deseribed in Materials
and Methods. Symbols: (@) [*Hlglucosamine label;
(A) "C-amino acid label.

On each glycopeptide pattern, the elution positions
of glycopeptides from untreated viral glycoprotein
are indicated.

Oligo- and monosaccharides released by glycosi-
dase digestion were chromatographed on Bio-Gel P-
2 (200 to 400 mesh, Bio-Rad) or Sephadex G-15
{Pharmacia). The P-2 column (0.9 by 100 em) was
equilibrated and eluted with 10 mM NH,HCO,, pH
7.4, One-milliliter fractions were collected and
counted in 9 ml each of ScintiVerse (Fisher Scien-
tific) containing 8% (vol/vol) water and 5% (vol/vol)
glacial acetic acid, The Sephadex G-15 column was
used for all Triton X-100-containing samples. The
column {0.9 by 115 em) was equilibrated and eluted
with 10 mM NH,HCO,, pH 7.4, 0.5% Triton X-100.
One-milliliter fractions were collected and counted
as ahove. These columns were calibrated with stach-
vose or raffinose. Column parameters V, and V,

J. ViroL.

were determined from the elution positions of blue
dextran (Pharmacia) and glucose, respectively. To
determine the elution positions of all standards used
for column ealibralion, 100-ul portions from each
fraction were analyzed for hexose by the anthrone
reaction (33).

RESULTS

Labeled carbohydrate released from giycos-
idase-treated Sindbis glycoproteins. Intact,
carbohydrate-labeled Sindbis virus retains
more than hall its carbohydrate label after
digestion with mixed glycosidases (Table 1).
Glycoprotein E2 appears to lose significantly
more of its carbohydrale label than does E1
(Fig. 1). Although E2 loses all its galactose
label and a significant amount of its glucosa-
mine and mannose label, E1 loges virtually no
mannose label and only about 10% of its gluco-
samine label. This difference cannot be due to a
difference in the amount of labeled carbohy-
drate in the two glycoproteins. Gel electropho-
resis patterns of all preparations of sugar-la-
beled virus indicated that untreated E1 and E2
have approximately equal amounts of labeled
glucosamine, mannose, or galactose. The larger
glycoprotein E1 econtains approximately four
times as much fucose label ag E2. Very similar
distributions of labeled carbohydrate were pre-
viously reported by Sefton and Burge (29). The
a-mannosidase apparently did nol remove
mannose from inlact virus; i.e., no loss of man-
nose label was detected after a-mannosidase
digestion of intact virus (Table 2),

After Triton solubilization of the viral mem-
brane, mixed glycosidases release approxi-
mately half the total viral mannoese and gluco-
samine label (Table 3). Glycoprotein E1 loses
more than half its mannose or glucosamine
label and almost all its galactose label. How-
ever, mixed glycosidases release about the
same percentage of the glucosamine or man-

TanLe 1. Carbohydrate label released from intact
Sindbis virus by mived glycosidase digestion

Amt of label released from:

Labeled sugar . Total viral

—-

A E2e

protein?
Glucosamine 9+3 44 + 2 25 + 1
Mannosc 4 x2 26 + 4 14 +1
Fucose 2x+1 0 1+1
Galactose 21 > 8 96 + 5 2 x1

“ Released label is expressed as a percentage of
total label incorporated into E1 or E2. Values given
are the mean values of three determinations + stan-
dard deviations.

* Released label is expressed as a percentage of
total viral label, Values given are the mean valucs
of three determinations + standard deviations.
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nose label of E2 whether or not E2 has been
solubilized with Triton. The a-mannosidase re-
leases approximately one-fourth the total man-
nose label from Triton-solubilized glycoprotein,
whereas the enzyme fails to release any man-
nose label from intact Sindbis virus (Table 2).

Characterization of carbohydrate-labeled
material released from viral glycoproteins by
mixed giycosidases. Mixed glycosidases
release from intact virus a single mannose-
labeled oligosaccharide with a wmolecular
weight of 700, as determined by gel filtration of
the releaged material on Bio-Gel P-2 (data not
shown) or Sephadex G-15 (Fig. 2). This oligosac-
charide also containg about 7% of the total viral
glucosamine label {data not shown). Additional
released glucosamine elutes near glucose on the
P-2 column, as does galactose (data not shown),
indicating that glucosamine and galactose are
released as monosaccharides.

Mixed glycosidases release two oligosaccha-
rides from Triton-solubilized glycoprotein.
When Triton-containing reaction mixtures are
chromatographed on Sephadex G-15, all amino
acid label elutes in the column void volume

TaBLE 2. Mannose label released from Sindbis
glycoproteins by a-mannosidase digestion

Amt of label released from:

Substrate e fae Total Yiral
protein?
Intact virus 0 0 0
Triton-solubilized 20 34 25
glycoprotein

* Released label is expressed as a percentage of
total mannose label in E1 or E2,

U Released label is expressed as a percentage of
total viral label.

TasLe 3. Carbohydrate label released from Triton-
solubilized Sindbis glycoproteins by mixed
“lyecosidase digestion

Amt of lnbel released from;

Labeled sugar

E1e Bae Total \‘rir;ﬂ
protein
Glucosamine 56 = 2 47 + 2 5l = 2
Mannose 56 + 3 29 + 4 44 + 2
Fucose 0 0 1
Galactose 96 + 4 96 =+ 4 85 » 2

@ Released label is expressed as a perecentage of
total label incorporated into El or E2. Values given
are the mean values + standard deviations from the
mean of three determinations.

¥ Released label is expressed as a percentage of
total viral label. Values given are the mean values
+ gtandard deviations from the mean of three deter-
minations.
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(data not shown), Glucosamine label elutes in
the column void volume and in three included
peaks with molecular weights of approximately
1,100, 700, and 240 (Fig. 2). The 1,100-dalton
peak and the 700-dalton peak are also labeled
by mannose; these are probably oligosaccha-
rides. The 240-dalton peak corresponds in size
to free N-acetylglucosamine. The smaller oligo-
saccharide coelutes on Sephadex G-15 with the
single oligesaccharide released by mixed gly-
cosidase digestion of intact Sindbis (Fig. 2).

Neuraminidase activity in mixed glycosi-
dases. The neuraminidase activity of the mixed
glycosidases was examined by preparing
[*H]glucosamine-labeled glycopeptides from
glycosidase-treated virus and comparing them
by cochromatography with [“Clglucosamine-
labeled glycopeptides from neuraminidase-
treated virug (Fig, 3), Neuraminidase converts
the two largest glycopeptides, 81 and 82, to
species that comigrate with 33 (12; confirmed
here by the "C-labeled pattern in Fig. 3). Gly-
copeptides from mixed glycosidase-treated vi-
rus are likewise never larger than 83, indicat-
ing that the neuraminidase in mixed glycosi-
dases removes all sialic acid from viral glyco-
protein-carbohydrate units.

Glycopeptides from mixed glycosidase-
treated viral glycoprotein. To determine di-
rectly the extent to which glycosidases degrade
carbohydrate units of Sindbis glycoproteins,
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Fia. 2. Sephadex G-15  chromatography of
{*H]mannose-labeled material released from intact
{*H]mannose-labeled Sindbis virus by mixed glycosi-
dase digestion, cochromatographed with the incuba-
tion mixture containing Triton-solubilized, [VC]-
glucosamine-labeled Sindbis virus plus mixed gly-
cosidases. Symbols: (@) [*Hlmannose label; (&)
{“Clglucosamine label. Arrows indicate the posi-
tions of stachyose and glucose markers detected by
the anthrone test.
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carbohydrate-labeled glycopeptides were pre-
pared from glycosidase-digested material and
chromatographed on Bio-Gel P-4. Differantial
glycosidase attack on El and E2 was examined
after digestion of intact or Triton-solubilized
virus by subjecting the incubation mixtures to
SDS-gel electrophoresis to separate and recover
the two glycoproteins. Glycopeptides prepared
from these fractions were examined by gel fil-
tration. Glucesamine-laheled glycopeptide pat-
terns are shown in Fig. 4 and 5, whereas fucose-
and mannose-labeled patterns are not shown.
Instead, the distribution of label in these pat-
terns is summarized in Tables 4 and 5.
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Fra. 3. Bio-Gel P-4 chromatography of [*H]glu-
cosamine-labeled glycopeptides prepared from intact
virus digested with mixed glycosidases plus
["Ciglucosamine-labeled  glycopeptides prepared
from neuraminidase-treated virus. Symbols: (@)
[*H Jglucosamine label; (A) ["Clglucosamine label.
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After mixed glycosidase digestion of intact
viras, {"Hlglucosamine-labeled glycopeptides
from E1 elute in two distinet peaks (Fig. 4). The
larger peak is asymmetric and has a modal
molecular weight of about 2,000. Thig value is
slightly less than that of the S3 glycopeptide
from untreated E1 which, on the Bio-Gel P-4
column, has a molecular weight of 2,100, The
asymmetric peak is also labeled by mannose
and fucose (Table 4). The second peak of label
corresponds in size to the smallest Sindbis gly-
copeptide, 84, with a molecular weight of 1,600;
it is also labeled by mannose. Fucose some-
times labels a 1,200-dalton glycopeptide, but a
glycopeptide of the same size and containing
the same percentage of fucose label also tends
to appear among glycopeptides from untreated
El (M. McCarthy, Ph.D. thesis, Harvard Uni-
versity, Cambridge, Mass., 1976). It is, there-
fore, unlikely that the glycopeptide is a product.
of glycosidase digestion.

After mixed glycosidase digestion of intact
virus, [*Hlglucosamine-labeled glycopeptides
from E2 elute in a broad peak with a leading
shoulder and in several low-molecular-weight
species smaller than 84 (Fig. 4). Mannose and
fucose elute with a similar profile, but mannose
does not label low-molecular-weight glycopep-
tides (Table 4). The shoulder has an elution
position corresponding to a molecular weight of
about 1,800. This is smaller than 83 from un-
treated &2, which has a molecular weight of
about 2,300 on the Bio-Gel P-4 column. The
main peal corresponds in elution position to 84,
with a molecular weight of 1,600. The low-mo-
lecular-weight glycopeptides range in molecu-
lar weight from 700 to 1,100 and contain a large
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Fig, 4, Bio-Gel P-4 chromatography of glycopeptides prepared from [*Hjglucosamine-labeled EI or E2

after mixed glycosidase digestion of intact Sindbis.
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Fig. 5. Bio-Gel P-4 chromatography of glycopeptides prepared from [“Clglucosamine-labeled EI or E2
after mixed glycosidase digestion of Triton-solubilized Sindbis.

TarLe 4. Distribution of carbohydrate label among glycopeptides of E1 and E2 after mixed glycosidase
digestion of intact Sindbis

% Label released

% Total amt of E1 or Ii2 label in glycopeptide of madal mol wt:®

Labeled sugar EI 2
E1l E2 . 1,800 1,600
2,000 (~83) 1,600 (84) 100-1,100 (~83) (—~54) T04-1,100
Glucosamine 9+3 44 x 2 68 x 1 23+ 2 0 12 + 5 30 = 2 14 » 3
Fucose 0 0 83 + 3 0 171 b+ d 18 +1 48 *x 2
Mannose 4+ 2 26 + 4 55 = 2 41 = 2 0 6+ 4 70 = 4 1]

* Values are the mean * standard deviation from the mean of two determinations.

Tasie 5. Distribution of label among the glycopeptides of E1 and E2 after mixed glycosidase digestion of the
Triton-solubilized glycoprotein

% Re- % Total amt of label originally incorporated into E1 ar E2 in glycopeptide of mol wi:
leaged -
Label Ll E2
1 E2 2,000 (83 1,600 (84 T00-- 1,800 (83 1,600 (S4 700~
sizo) size) 1,100 <700 size) size) 1,100 <700

[""C)glucosamine 56 47 5 18 19 2 11 28 17 2
[*H]fucose 0 i} 4 14 kil 12 23 8 63 7
[EHImanncse 56 29 7 26 11 7 64

portion of the fucose label of E2.

After mixed glycosidase digestion of Triton-
golubilized Sindbis virus, ["Clglucosamine-la-
beled glyeopeptides from E1 elute in both high-
and low-molecular-weight positions on the Bio-
Gel P-4 column (I'ig. 5). The high-molecular-
weight glycopeptide material elutes in a broad
peak with a leading shoulder. The shoulder has
an elution position corresponding to a molecu-
lar-weight range of 1,800 to 2,000. The main

peak of label corresponds in elution position to
54, The peak and its shoulder account for ap-
proximately 25% of the total glucosamine label
of E1, 20% of the total fucose label, and 35% of
the total mannose label, taking into account
the carbohydrate label released from E1 (Table
5). The low-molecular-weight material is dis-
tributed among three glycopeptides eluting at
about 1,050, 760, and 350. (The latter peak
elutes outside the reliable fractionation range
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of Bio-Gel P-4.) Of these three glycopeptides,
the larger two are labeled by mannose, glucosa-
mine, and fucese; the smallest is iabeled only
by glucosamine and fucose.

After mixed glycosidase digestion of Triton-
solubilized Sindbis virus, the gel filtration pat-
terns of glycopeptides from E2 are comparable
to the patterns of glycopeptides prepared from
2 after mixed glycosidase digestion of intact
virus (Fig. 5; Table 5). 8lightly more fucose
label elutes with the low-molecular-weight gly-
copeptides; but, in general, the two sets of gly-
copeptide patterns have similar distributions of
fucose, mannose, and glucosamine label,

Glycoprotein E2 loses approximately 45% of
its glucosamine label upon mixed glycosidase
digestion of intact or Triton-solubilized Sindbis
(Tables 1 and 2). The S4 glycopeptide of E2
accounts for approximately 27% of the label in
glucosamine-labeled glycopeptides prepared
from the untreated glycoprotein (M. McCarthy,
Ph.D. thesis). Thus, the S4-sized glycopeptide
accounts for approximately the same percent-
age of the E2 glucosamine label before and after
digestion (Tables 4 and 5), Similarly, the S4-
sized glycopeptide accounts for approximately
the same percentage of the total mannose label
of B2 before and after digestion. As judged by
the distribution of carbohydrate label among
glycopeptides, the type B (84) carbohydrate
units of K2 appear to be relatively unaffected by
the mixed glycosidases. Similarly, the simple
glycopeptides of thyroglobulin, resembling
those of Sindbis in size and composition, are
resistant to the mixed glycosidases (14). This
suggests that low-molecular-weight glycopep-
tides probably derive from type A oligosaccha-
rides on E2 that have been extensively de-
graded by the mixed glycosidases. On E1 there
is some indication that the mixed glycosidases,
acting on Triton-solubilized virus, degrade
some of the type B oligosaccharides. The
amount of E1 mannose label eluting in the
position of 84 decreases from 36% (McCarthy,
Ph.D. thesis) to 26% (Table 5), taking into ac-
count the percent mannose label released from
El.

Glycopeptides from g-mannosidase-treated
viral glycopreteins. a-Mannosidase does not
release mannose label from intact Sindbis, but
it will release mannose label from Triton-selu-
bilized virus (Table 2). Glycopeptides were pre-
pared from the combined [*Hlmannocse-labeled
viral glycoproteins after a-mannosidase diges-
tion of Triton-solubilized Sindbis. The glyco-
peptides were then chromatographed on Bio-
Gel P-4 (Fig. 6). The glycopeptide mannose la-
bel elutes in three peaks. The first peak corre-
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Fia. 6. Bio-Gel P-4 chromatography of [*HJ-
mannose-labeled glycopeptides prepared from Tri-
ton-solubilized Sindbis virus digested with w«-man-
nosidase.

sponds to glycopeptides S1 and 82, which do not
resolve on Bio-Gel P-4; the second peak corre-
gponds in elution position to glycopeptide S3;
the third peak elutes with a molecular weight of
about 1,300, making it smaller than S4. Since
c-mannosidase removes 25% of the total man-
nose label from the combined Triton-solubilized
viral glycoproteins (Table 2}, the two larger
glycopeptides contain 50% of the original total
label. Correspondingly, 50% of the total man-
nose label is found in the type A glycopeptides
from untreated, mannose-labeled Sindbis as de-
termined from P-4 gel filtration patterns (data
not shown). The third glycopeptide contains
30% of the total mannosge label; S4 from un-
treated virus would contain 50%. The glycopep-
tide pattern (Fig. 6), therefore, indicates that
a-mannosidase degrades only the type B oligo-
saccharides of Triton-sclubilized glycoprotein,

Effects of glycosidase digestion on infectiv-
ity and hemagglutination. The infectivity of
Sindbis virus is not altered by digestion of in-
tact virus with the mixed glycosidases (Table
6), but the incubatien conditions do cause some
heat inactivation. The infectivity titer of both
control and glycosidase-treated virus decreases
approximately 10-fold after incubation for 16 h
at 37°C. This may be due to aggregation of
incubated virus, although mixzed glycosidase-
treated virus appears to sediment normally
when centrifuged through a sucrose gradient
{see below), The observed heat inactivation
may obscure differences in the infectivity of
control and glycesidase-treated virus. With




Vor. 23, 1977

TapLE 6, Infectivity and hemagglutination of
chicken embryo fibroblast-grown Sindbis virus

- ] X H [
Added Infectivity® after h at  IHemagglutination

) 37°C: after h at 37°C;
glycogi-
dases 0 16 0 16
None 1x 101 1.1 = 10" 12,800 4,900
E 1 % 10" 7T x 10" 5,500

* Infectivity is expressed aa PFU per milliliter, The viral
protein concentration ia 0.5 mg/ml. E, Mixed glycoaidases,
Values given are the means of four determinations.

¢ Hemagglutination units equal the reciprocal of the end
point ditution factor. Titers are expressed as hemagglutina-
tion units per milliliter and are the means of three to six
determinations. Virus (0.6 mg of protein/ml} was incubated
at 37°C for the indicated time period prior to assay.

shorter incubation periods, heat inactivation of
virus might not be a factor in determining infec-
tivity titers. But, unlike the case with Triton-
solubilized glycopratein (see Fig. 7), the mixed
glycosidases release carbohydrate from intact
virus very slowly. No more than 5% of the
glucosamine label is released after 2 h of incu-
bation at 37°C (data not shown). Thus, it may
not be possible to determine the infectivity of
mixed glycosidase-treated virus under condi-
tions where digestion is complete and no heat
inactivation of virus occurs.

Antibodies to glycoprotein E2 will neutralize
infectious Sindbis, suggesting that E2 mediates
virus-cell interaction during infection (5). Since
mixed glycosidases release much of the E2 car-
bohydrate, and gince the infectivity of digested
virus remains the same as that of control, in-
tact K2 carbohydrate units do not appear to be
necessary for virus-cell interaction., A similar
conclusion was reached by Schlesinger et al.
(27), who showed that Sindbis virus containing
incomplete type A oligosaecharides has the
same infectivity as virus with normal oligosac-
charides, The apparent insensitivity of infec-
tious titer to removal of exposed oligosaccha-
rides suggests strongly that carbohydrate has
little role in infectivity. Oligosaccharides inae-
cessible to glycosidases are probably inaccessi-
ble to cellular receptors as well, and a major
change in surface configuration would be re-
quired to invelve them in virus-cell interaction.

Like infectivity, the hemagglutinating activ-
ity of intact Sindbis is not aliered by digestion
with mixed glycosidases (Table 6). Although
the hemagglutination titer of treated virns is
slightly higher than that of control virus, this
difference in titer is not significant. Sindbis
virus hemagglutination is very sensitive to pH,
and titers are variable. The hemagglutination
titer is also heat sensitive. After 16 h at 37°C,
the titer of a 0.5-mg/ml sclution of Sindbis virus
decreased from 12,800 U/ml to 4,900 U/ml.
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Triton-glycoprotein micelles prepared from
SI'V have been shown to hemagglutinate gan-
der erythrocytes (32), Likewise, Triton-solubi-
lized Sindbis virus has the same titer as intact
virus at equal concentrations of virus protein.
Since the mixed glycosidases will remove carbo-
hydrate {rom both Triton-solubilized Sindbis
glycoproteins, it is possible to assay the effect of
extensive carbohydrate removal on hemagglu-
tinating activity. Solubilized, unlabeled Sind-
bis virus was assayed for hemagglutination ti-
ter after various lengths of incubation time (Ta-
ble 7) and, in a parallel experiment, Triton-
solubilized, ["H]glucosamine-labeled virus was
assayed by trichloreacetic actd precipitation for
release of carbohydrate (Fig. 7). At no time was
the hemagglutination titer of any glycosidase-
treated sample significantly lower than that of
the control, even though glucosamine was rap-
idly released from solubilized viral glycopro-
teing, The hemagglutination titer of all samples
did decrease with longer incubation times. This
result suggests that the Triton-glycoprotein mi-
celles are not stable for long periods of time at

TasLe 7. Hemagglutination of T'riton-solubilized
Sindbis virus®

Hemagglutination after h at 37°C:
Added glycosidases

0 1 3 a

None 6,400 | 1,800 | 3,200 | 3,200 | 1,000
Mixed glycosidases 6,400 ; 1,600 | 1,600 | 1,600 | 1,000
Mixed glycosidases -+| 3,200 | 1,600 | 1,600 | 1,600 500

a-mannosidase

l [

oo

° Hemagglutination units equal the reciproeal of the end
point dilutien factor; titera are expressed as hemagglutina-
tion units per milliliter. Sindbis virus was solubilized with
Triten X-100 as deseribed in Materials and Methods, Virus
(0.83 mg of pretein/ml) was incubated at 37°C for the indi-
cated time period before assay.
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Fig. 7. Time course of mixed glycosiduse diges-
tion of Triton-solubilized, ["Higlucosamine-labeled
Sindbis virus, Viral protein was precipitated from
the reaction mixture with trichloroacetic acid; then
the percent precipitable [*H]glucosamine label was
measured as a funetion of time.
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37°C, perhaps due to aggregation into larger
complexes. Nevertheless, glycosidase-treated
glycopratein hemagglutinates like untreated
glycoprotein, implying that the complete carbo-
hydrate structures are not necessary for Sind-
bis virus-erythrocyte recognition. Since the gly-
cosidases do not remove 100% of the carbohy-
drate, it is, of course, always possible that hem-
agglutinating activity depends on internal car-
bohydrate residues not removed by the glycosi-
dases.

Kennedy (13) has reported that when intact
SFV is treated with a mixture of glyeosidases,
both infectivity and hemagglutinating activity
are lost. The commercial glycosidases used by
Kennedy removed greater than 95% of the la-
beled carbohydrate from the intact SFV. As-
says were performed at pH 7.0 in salt solutions
of more than 0.1 M. In conirast, the mixed
glycosidases from D. preumonice removed at
most 50% of any labeled carbcohydrate from in-
tact Sindbis. Treated SFV apparently tends to
aggregate, and this aggregation may have con-
tributed to loss of biological activities, Treated
Sindbis does not aggregate as long as the pH of
the reaction mixture is maintained at 7.2 to 7.6,
At lower pH values, both treated and untreated
Sindbis will aggregate. Provided the commer-
cial glycosidases used by Kennedy were [ree of
protease activily, his results suggest that car-
hohydrate units on SFV might be fully exposed.
Nevertheless, the aggregation of SFV makes it
impossible to establish from glycosidase diges-
tions whether or not the carbohydrate units are
essential for biological function.

DISCUSSION

The results can be summarized as follows:

(i) When intact Sindbis is treated with
mixed glycosidases, all glycopeptides from E1
are approximately the size of 83 or S4; no en-
doglycosidase cleavage has oceurred. Glycopep-
tides from K2 include 84, some residual 83, and
new low-molecular-weight species ranging
from 700 to 1,100 and labeled only by glucesa-
mine and fucose,

(ii} When Triton-solubilized virus is simi-
larly treated, glycopeptides from E1 now in-
clude both high- and low-molecular-weight spe-
cies labeled by glucosamine, fucose, and man-
nose. Glycopeptides from E2 are very similar to
those obtained from E2 after mixed glycosidase
treatment of intact virus.

Endo-#-N-acetylglucosaminidase D suscep-
tibility of Sindbis oligosaccharides. Endo-3-
N-acetylglucosaminidase D hydrolyzes the di-V-
acetylchitobiose sequence found in N-glycosidi-
cally linked oligosaccharides with branched oli-

J. Viror.

gomannosyl di-N-acetylchitobiose core se-
quences. The enzyme requires an unsubsti-
tuted a-mannosyl residue linked at the C3 posi-
tion of the branch mannose; hence, external
sugars in the oligosaccharide must be released
by exoglycosidase degradation (35). The action
of the endoglycosidase then releases a man-
nose-containing oligosaccharide with N-acetyl-
glucosamine at its free reducing terminus, Typ-
ically, these oligomannosyl cores contain one
glucosamine residue and three to five mannose
residues. The free oligosaccharides generated
by mixed glycosidase digestion of intact or Tri-
ton-golubilized Sindbis are typical of oligoman-
nosyl cores released by endo-g-N-acetylglucosa-
minidase D from other glycoproteins with N-
glycosidically linked oligosaccharides. On the
basis of its molecular weight, the single 700-
dalton oligosaccharide released from intact
Sindbis may contain three mannose residues
and one glucosamine residue per mole. The
larger oligosaccharide released only from Tri-
ton-solubilized Sindbis may contain four to five
mannose residues per glucosamine. Since the
mixed glycosidases release about the same
amount of carbohydrate label from E2 whether
or not Triton is present, the larger oligosaccha-
ride must be derived from EI carbohydrate
units.

The low-meolecular-weight glycopeptides ob-
tained from E2 or E1 after mixed glycosidase
digestion of Triton-solubilized virus are similar
in size and composition to the glycopeptide
products generated by endo-gB-N-acetylglucos-
aminidase D acting on glycopeptides or intact
glycoproteins with asparagine-linked oligosac-
charides (2, 14, 18, 19, 21). These “inner-core”
glycopeptides typically contain a single residue
of glucosamine and often one of fucose. The low-
molecular-weight glycopeptides of E1 appear to
contain mannose as well (Table 5). Given the
approximate size of these glycopeptides, it is
unlikely that mannose is present in a complete
oligomannosyl di-N-acetylchitobiose sequence.
Instead, a single mannose residue may be
linked to the innermost or proximal core N-
acetylglucosamine residue on some E1 type A
oligosaccharides. Muramatsu (20) isolated such
inner-core glycopeptides after endo-g-N-acetyl-
glucosaminidase D digestion of mouse myeloma
y-globulin glycopeptides.

A subpopulation of the Sindbis type A oligo-
saccharides is resistant to endo-A-N-acetylglu-
cosaminidase D. The outer chains of these oli-
gosaccharides are partially degraded by the ex-
oglycosidases present in the mixed glycosi-
dases, since none of the glycopeptides from gly-
cosidase-treated glycoprotein is larger than 33,
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Resistant oligosaccharides remain after glycos-
idase digestion of isolated type A glycopeptides
(M. McCarthy, Ph.D. thesis). Thus, resistance
to the endoglycosidase is prebably due to oligo-
saccharide structure, not to interference by the
polypeptide chain. Glycopeptides prepared from
the G protein of vesicular stomatitis virus
grown in polyoma virus-transformed BHK cells
also coniain a subpopulation of endoglycosi-
dase-resistant structures (18). Moyer and Sum-
mers have suggested that endoglycosidase-re-
sistant oligosaccharides have different carbohy-
drate sequences near the earbohydrate-peptide
linkage region. However, resistant oligesaccha-
rides may differ from susceptible structures in
the carbohydrate sequence andf/or anomeric
configuration of one or more external glycosidic
linkages. For example, externally linked a-fu-
cosyl or a-N-acetylglucosaminyl residues are
not sensitive to any of the exoglycosidases used.
Their presence in an oligosaccharide chain
would prevent sequential release of external
carbohydrate residues, blocking the unsubsti-
tuted mannose necessary for endoglycosidase
activity. It is, therefore, not possible to deter-
mine [rom mixed glycosidase digestion alone
whether oligosaccharides that are resistant to
cendo-B-N-acetylglucosaminidase D do have dif-
ferent core carbohydrate sequences.

Bisiribution of glycoprotein carbohydrate
on the surface of Sindbis virus. The produets
of glycosidase attack on Triton-solubilized
Sindbis virus affirm that most carhohydrate
units of the glycoproteins are good substrates
either for mixed glycosidases or for c-mannosi-
dase. The relative resistance of most of these
units in intact virus particles, therefore, shows
that much of the carbohydrate is not accessible
Lo glycosidases, probably because it is not ex-
posed at the viral surface. Sindhis glycoproteing
cannot be represented as spikes with carbohy-
drate chains attached only at the periphery:
most oligosaccharide chaing are exposed only at
their nonreducing termini, or not at all.

The only completely accessible carbohydrate
units on Sindbis glycoproteins are the type A
oligosaccharides of E2. When intact virus is
digested with the mixed glycosidases, most of
these oligosaccharides are degraded by exogly-
cosidases and by endoe-g8-N-acetylglucosamini-
dase D. Thus, residues near the carbohydrate-
peptide linkage, as well as external sugars, are
exposed on the viral surface, External regions
of some E1 type A oligosaccharides are also
accessible to enzymes. There is complete re-
moval of sialic acid and some loss of external
galactose and glucosamine from these oligosac-
charides, although the amount released is not
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enough lo suggest that all type A oligosaccha-
rides on El have accessible terminal carbohy-
drate residues. None of the E1 oligosaccharides
of intact virus appears to be degraded by endo-
glycosidase: the carbohydrate-peptide linkapge
sites of E1 type A oligosaccharides are not ex-
posed. Type B oligosaccharides of E1 and E2 are
both inaccessible on intact Sindbis: only after
Triton disruption are these oligosaccharides de-
graded by c-mannosidase.

These interpretations depend on the assump-
tion that the surface structure of Sindbis virus
is not. altered or disrupted by glvcosidase incu-
bation. We examined virus by X-ray dilfraction
after prolonged incubation at 37°C (no enzyme
wag present, since very large quantities of virus
were required for the experiment, but condi-
tions were otherwise identical); no disruption
had oceurred and the usual, very clear diffrac-
tion pattern was cbserved (8)., In addition,
mixed glycosidase-treated virus was examined
by two methods —velocity gradient centrifuga-
tion and electron microscopy ~to determine
whether or not the mixed glycosidase digestion
alters viral size or shape. In no instance are the
properties or appearance of incubated virus dif-
ferent from those of the control. Thus, glyeosi-
dase treatment does not alter the overall regu-
larity and rigidity of the viral particle, nor does
it disturb the regular surface organization of
the glycoproteins deseribed by von Bonsdorfl
and Harrison (37).

lodination of intact Sindbis virus has pro-
vided another probe for protein accessibility.
Low levels of iodination of E1 and extensive
iodination of E2 on intact virus contrast with
essentially equivalent levels in SDS-disrupted
virus (31). These results indicate a differential
reactivity of tyrosine residues that parallels oli-
gosaccharide exposure. At least one significant
portion of E1 appears to be exposed on the
surface, however, since antibodies to E1 will
inhibit Sindbig hemagglutination (5).

Can we relate the differential accessibility of
Sindbis oligosaccharides Lo the organization of
the viral surface? X-ray scattering experiments
have shown that the outer polar groups of the
lipid bilayer in Sindbis lie at about 26.5 nm
from the particle center, and that glycoprotein
subunits project 8.0 to 9.0 nm outward from this
bilayer (8). Probably a small, hydrophohic
“tail” on each subunit penetrates the lipid, as
has been demaonstrated in SFV (8, 7, 36), The
tightest inter-subunit contacts occur in the re-
gion between 26.0 to 30.0 nm {rom the particle
center; beyond 30.0 nm, glycoprotein subunits
must taper considerably, since the spherically
averaged density is rather low (8). Electron
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micrographs show that the glycoproteins are
tightly clustered as trimers and that these tri-
mer clusters are regularly arranged ina T = 4
icosahedral lattice (37). There must also be some
agsociation between subunits in adjacent tri-
mers to maintain the overall organization, but
micrographs show these intertrimer contacts to
be much less extensive than those within one
cluster. That is, deep grooves between trimers
form a triangular network in the surface, the
grooves extending inward almost to the phos-
pholipid bilayer (Fig. 8a; cf. reference 37). To a
first approximation, then, we might expect the
accesgible region of the virus surface to corre-
spond to the tapered outer part of the glycopro-
tein structural units (r == 30.0 to 34.0 nm), as
well as to those parts of the subunit surfaces
between radii of 26.0 and 30.0 nm that face the
surface lattice grooves (Fig, 8h).

In this description of the viral surface, where
might oligosaccharides of Sindbis glycoproteins
be located? Certainly they must be on subunit
surfaces, since sugar residues are unlikely to be
buried in the hydrophobic interior of a protein,
and sinee they are exposed to glycosidases by
Triton disruption of the surface lattice. Triton
is generally assumed to dissociate subunits at
the gsurface, but not to unfold them radieally
(32). Type A oligosaccharides of E2 are accessi-
ble to endo-5-N-acetylglucosaminidase D even
on intact Sindbis. The carbohydrate may,
therefore, be linked sither near the tip of the
glycoprotein subunit or to a lateral surface fac-
ing outward from the tightly clustered trimer
(Fig. Bh), The other oligosaccharides are
largely buried: those of type B are completely
so, and those of type A of E1 are accessible only
at the outermost sugars. We imagine the earbo-
hydrate-peptide linkage of these oligosac-
charides to lie at closely apposed interfaces of
adjacent subunits, inaccessible to endo-8-N-
acetylglucosaminidase D. The oligosaccharide
chain could then extend along the subunit in-
terface towards the exterior, where terminal
carbohydrate residues on some oligosaccharides
would be accessible to exoglycosidases (Fig. 8h).
This description is consistent with the arrange-
ment of carbohydrate in the Fe fragment of
human immunoglobulin G—the only glyco-
protein structure that has been solved by
X-ray diffraction. In I'e, extended oligosaccha-
ride chaing lie facing each other at the interface
between two C,;2 domains (11). Most of the
sugars are packed against polypeptide surfaces
on the ingide of the Fe dimer, with terminal
carbohydrate residues appearing to project be-
yond this “protected” contact region. Such a
picture suggests that carbohydrate can mediate

J. Virow,

Fic. 8. {a) Cross-sectional diagram of Sindbis vi-
rus, with features of surface organization described
in the text. Each pear-shaped structure unit on the
surface represents two polypeptide chains; the units
are trimer clustered, with rather marked grooves
between the trimers (4). (b) Enlarged schematic view
of glycoprotein subunits, showing fwo trimers and
possible locations for oligosaccharides. The shaded
surfaces might represent EI, with relatively inacces-
sible tyrosines and carbohydrate-peptide linkages.
Oligosaccharides designated ac represent accessible
locations; those designated bu represent sites largely
or completely buried in the intact structure. Triton
disruption of the surface lattice would expose these
residues, even without unfolding of the polypeptide
chains.

protein-protein contacts and that glycosylation
may therefore play a role in regulating assem-
bly of viral membranes.




VoL, 23, 1977

ACKNOWLEDGMENTS

We Lhank B. Sefton for advice and for providing radioac-

tively labeled virus; K. Drickamer and J. Wedgewood for
providing the initial preparation of mixed glycosidases; and
C.-H, von Bonsdorfl for helpful discussions. The work was
supported by grant no. BMS74-14461 from the Natienal
Science Foundation Program in Human Cell Biology and by
Public Health Service grant CA-13202 (rom the National
Cancer Institute (to S. C. Harrison). M. McC. acknowledges
a National Science Foundation Predoctoral Fellowship and
S.C.H., Public Health Service Career Development Award
CA-70169 from the National Cancer Institute,

—

10.

11,

12.

13

14.

16.

16.

T amd T Mo
ACGERGI, [N, L., aNa I. L3y
e

LITERATURE CITED

A olinco AT
1l

=3
i
£

o

101

i, o
lectron microscopic study.

1987, Repli
Semliki Forest Virus: an

Virology 32:128-143.

. Atkinson, P, H, 1975. Synthesis and assembly of HeLa

cell plasma membrane glycoproteins and proteins. J.
Biol. Chem. 250:2123-2184.

. Brown, D. T., M. R, I, Waite, and E. K. Pfefferkorn.

1972. Morphology and morphogenesis of Sindbis virns
as seen with freeze-etching techniques, dJ. Virol.
10;524-536.

. Clarke, ). H., and J. Casals. 1958. Techniques for he-

magglutination-inhibition with arthropod-borne vi-
rudges. Am. J. Trop. Med. Hyg. T:561-573.

. Dalyrimple, J. #., 8, Schiesinger, and . K. Russell.

1976. Antigenic characterization of two Sindbis enve-
lope glycoproteins separated by isoelectric focusing.
Virology 69:93-103.

. Gahmberg, C, G., G. Ulermann, and K. Simons, 1972,

The membrane proteins of SBemliki Forest Virua have
a hydrophobie part attached to the viral membrane.
FEBS Lett, 28:179-182.

. Gaveff, i, and K, Simons. 1974. Location of the spike

glycoproteing in the Sernliki Forest Virus membrane,
Proc. Natl. Acad. Sei. TJ.5. A, 71:3988-3992.

. Narrison, 8. C., A, David, J. Jumblait, and J. E. Dar-

nell, 1971, Lipid and pretein organization in Sindbis
virus. J. Mol. Biol. 60:523-528.

. Harrison, 8. C., A. Jack, D. Goodenough, and B. Sef-

ton. 1974. Structural studies of spherical viruses. J.
Supramol. Struct. 2:486-495,

Heleniug, A., and H. Sederlund. 1973, Stepwise dia-
sociation of the Semliki Forest Virus membrane with
Triton X-100. Biochim. Biophys, Acta 307;287-300.

Huber, R., 1. Deisenhofer, T, ¥, Colman, M. Malaush-
ima, and W, Palm, 1976, Crystallographic structure
studies of an IgG molecule and an Fe fragment. Na-
ture (London) 264:415-420.

Keegatra, K., B. Sefton, and 1}, Burke, 1976. Sindbis
virus glycoproteins: effect of the host cell on the oligo-
aaccharides. J. Virol. 16:613-620.

Kennedy, 8. I, T\ 1974. The effect of enzymes on strue-
tural and biological properties of Semliki Forest Vi-
rus. J. Gen. Virol, 23:129-143,

Koide, N., and T. Muramatsu. 1974. Endo-A-N-acetyl-
elucosaminidase acting on carbohydrate meieties of
glycoproteins. J. Biol. Chem. 249:4897-4904.

Kornfeld, K., and 8. Kornfeld, 1976. Comparative as-
pects of glycoprotein structure. Annu. Rev. Biochem.
45:217-237.

Lacmmii, U. K. 1970. Cleavage of structural proteins
during the agsembly of the head of bacteriophage T4.
Nature (London) 227:680-685.

. Lenard, J., and B. W. Compans. 1974, The membrane

atructure of lipid-containing viruses, Biochim, Bio-
phys. Acta 344:51-94.

18

19.

20.

21,

22.

23,

24.

25,

28,

27.

28,

29,

30

31.

32.

33.

34,

35,

36.

a1,

38.

39.

GLYCOSIDASE PROBE OF SINDBIS OLIGOSACCHARIDES 73

Moyer, 5. A, and D. F. Summers, 1974, Vesicular
stomatitis virus envelepe glycoprotein alterations in-
dueed by host cell transformation. Cell 1:63-70.

Moyer, 8, A., J. M. Tsang, I*. H. Atkinson, and I, %,
Summers, 1976. Oligosaccharide moieties of the gly-
coprotein of vesieular stomatitis virus. J. Viral.
18:167-175.

Muramatsu, T. 1971. Demonstration of an endo-glycosi-
dase acling on a glycoprotein. J. Bisl. Chem.
246:5536-5537.

Muramautsn, T,, I, I1. Atkinson, 8. G. Nathenson, and
C. Ceccarini. 1973, Cell-surface glycopeptides:
growth-dependent changes in the carbohydrate-pop-
tide linkage repion. J. Mol, Biol. 80:781-799.

Muramaisu, T., and I, Kgami. 1967. a-Mannosidase
and g-mannosidase from the liver of Twurbo cortunus:
purification, properties, and application in carbohy-
drate research. J. Biochem. {Tokyo) 62:700-708.

Neuberger, A., and I, Paploff, 1963. Carbohydrates in
proteing. The nature of the carbohydrate in ovomun-
coid. Biochem. J. 87:581-585.

Pfefferkorn, E. R., and R. L. Clifford. 1983. Precipita-
tion and recovery of Sindbis virus from solutions of
low ionic strength. Virelegy 21:273-274.

Plefferkorn, [. R., and H. 8, Hunter, 1963. Purifica-
tion and partial chemical analysis of Sindbis virus.
Virology 20:433-445.

Scheid, 4., and P, W, Choppin, 1973. Isolation and
purifieation of the envelope proteins of Newcastle
diseage virus, J. Virel. 11:263-271,

Schleginger, 8., C. Golilich, P. Feil, N, Gelb, and 8.
Kornfeld. 1976. Growth of enveloped RNA viruses in
a line of Chinese hamster ovary cells with deficient
N-acetylglucesaminyltransferase activity. J. Virol.
17:239-246.

Sefton, &, M, 1978, Virus-dependent glycosylalion. J.
Virol. 17:85-93.

Befton, B. M., and B. W, Burge. 1973. Biosynthesis of
the Sindbis virus carbehydrates. J. Virol. 12:1366-
1374.

Sefton, B. M., and K. Keogsira. 1974, Glycoproteins of
Sindhig virus; preliminary characterization of the oli-
gosaccharides. J. Virol. 14:522-530.

Sefton, B. M., G. Wickus, and B. W. Burge. 1973,
Enzymatic iodination of Sindbus virus proteins, J.
Virol. 11:730-735.

Simons, K., A. Helenius, and [, Gaeoll, 1973, Solubili-
zation of the membrane proteina from Semliki Forest
Virus with Triton X-100. J. Mol. Biol. #0:119-133.

Spire, R. G. 1966. Analysia of sugars found in glycopro-
teina, Mathods Enzymol. 8:3-26.

Strauss, J. 11, B. W. Rurge, and J. K. Darneli. 1969.
Sindbis virus infection of chick and hamster cells:
synthoesis of virus-speeific proteins. Virelegy 37:367-
376.

Tai, T., K. Yamashita, M, Ogata-Arakawa, N. Koide,
T. Muramatsu, 8. Iwashita, Y. Inoue, and A. Ko-
hatn. 1975, Struclural sludies of two ovalbumin glyco-
peptides in relation to the endo-g-N-acetylglucosa-
minidase apecificity. J. Biol. Chem. 250:8569-85T5.

Utermann, G., and K. Simens. 1974. Studies on the
amphipathic nature of the membrane proteina in
Semliki Forest Virus. J. Mol. Biol. 85:569-587.

von Bonadorff, C. H., and 8, C. Harrizon. 1976, Sindbis
virus proteins form a regular icosahedral surface lat-
tice. J. Viral. 16;141-145.

Warren, L. 1959. The thiobarbituric acid aasay of sialic
acids, J, Biol. Chem, Z34:1971-1975.

Yamashina, 1., and M. Makino, 1962. Properties of a
carbohydrate-amine acid complex from ovalbumin, .
Biochem. (Tokyo) 51:359-364,













