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Normal rat kidney cells, non-productively infected with the anaemia-inducing variant of Friend spleen
focus-forming virus (F-SFFV,), were metabolically labelled with [2-°H]mannose. The primary translation
product of the viral envelope gene (enw), representing a glycoprotein with an apparent molecular M, of 55000
(gp53), was isolated from cell lysates by immunoaffinity chromatography and purified by preparative SDS/PAGE.
Radiolabelled oligosaccharides, released from tryptic glycopeptides by treatment with endo-f-N-acetylglucos-
aminidase H, were characterized chromatographically, by enzymic digestion and by acetolysis. The results
revealed that F-SFFV, gp55 obtained from this source carried predominantly oligomannose type sugar chains
with five to nine mannoses. As a characteristic feature, glycans with seven to nine mannoses contained, in part,
an additional glucose residue. Although the amount of glucosylated species found was higher in F-SFFV, gp55
(about 25%; of total endo-H-sensitive oligosaccharides) than in gp55 of the corresponding polycythaemia-inducing
variant (F-SFFV,, 16.3%), the overall glycosylation pattern of the F-SFFV, env product closely resembled that
of F-SFFV, gp55 [Strube et al. (1988) J Biol Chem 263:3762-71]. Hence, our results demonstrate that the different
intracellular processing and transport of the primary F-SFFV, env product cannot be attributed to aberrant
trimming of its oligomannose type glycans.
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Abbreviations: endo H, endo-f-N-acetylglucosaminidase H from Strepromyces griseus; env, envelope gene; Env
protein, translation product of env; F-SFFV, Friend spleen focus-forming virus; F-SFFV,, anaemia-inducing
variant of F-SFFV; F-SFFV,, polycythaemia-inducing variant of F-SFFV; Hex, hexose; NRK, normal rat kidney;
PNGase F, peptide-N*-(N-acetyl-f-glucosaminylyasparagine amidase F from Flavobacterium meningosepticum.

Introduction

Friend spleen focus-forming virus (F-SFFV) is a highly
pathogenic, replication-defective retrovirus inducing an
acute erythroleukaemia in mice with is either associated
with a polycythaemia (F-SFFVp) or a slight anaemia
(F-SFFV,; for reviews see [1-3]). In both cases, the
presence and expression of the viral envelope gene {env) was
shown to be essential and sufficient for induction of the
disease [4-9]. The precise mechanism by which SFFV
causes erythroleukaemia is unknown. Available evidence,
however, indicates that the F-SFFV, env product interacts
with the celiular erythropoietin receptor [10-12] leading to
an erythropoietin-independent proliferation of the cells [13,
14].

F-SFFV env encodes a glycoprotein with five (F-SFFV,)
or four (F-SFFV,) potential N-glycosylation sites [15-18].
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The primary gene products formed have apparent M.s of
about 55000 (gp35) and mostly accumulate intracellularly.
Small proportions, however, are further processed in their
carbohydrate moieties yielding secondary products with
Ms of about 65000 (gp65; F-SFFV,) or 60000 (gp60; F-
SFFV,), both of which are found in the culture supernatant
of erythroleukaemia cells and/or fibroblasts [19-217. It is
noteworthy that only F-SFF V,-infected celis expose detect-
able amounts of this secondary env product at their plasma
membrane [22]. It has been suggested that the surface
expression of gp65 may be a prerequisite for the induction
of the polycythaemic phenotype of the disease [23].

Using F-SFFV; glycosylation mutants, we demonstrated
that the destruction of potential N-glycosylation sites in the
C-terminal domain of the Env protein significantly altered
viral pathogenicity [247. In agreement with data reported
by others [25], our studies further revealed that the primary
env products of pathogenic mutants were, in part, further
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processed in transfected Rat-1 cells, whereas those of
apathogenic mutants were not [26], indicating that intra-
cellular transport and maturation of the env product in this
model cell line correlated with the in vivo pathogenicity of
the respective mutant. Hence, carbohydrates may play an
important role in maintaining the active conformation of
the protein.

As mentioned above, F-SFFV,-infected fibroblasts do
not contain detectable amounts of the secondary env
product (gp60) at their cell surface. Since the intraceliular
transfer of F-SFFV, Env protein to the plasma membrane
has been found to depend on proper trimming of the
oligomannose type glycans of gp55 [20], the different
routeing of F-SFFV, gp55 might be due to aberrant
processing of its sugar chains. So far detailed carbohydrate
analyses have, however, only been carried out in the case
of F-SFFV, gp55 [27]. In the present study we have,
therefore, studied the glycosylation of F-SFFV, gp55
expressed in normal rat kidney (NRK) cells. The results
obtained are compared with our previous data on the
carbohydrate structure of the F-SFFV, encoded Env
protein synthesized in the same host cell line.

Materials and methods

Materials

Aspergillus oryzae mannosidase, specific for the «(1-2)-
linkage, was generously provided by Dr H. Yamaguchi
(University of Osaka, Japan). The structure and origin of
the oligosaccharide standards used for chromatographic
comparison and column calibration have been described in
detail elsewhere [27, 28]. Culture supernatants from
hybridoma 7C10 cells [29] containing rat monoclonal 1gG
directed against the aminoterminal domain of F-SFFV
Env-proteins as well as normal rat kidney (NRK) cells
nonproductively infected with the anaemia-inducing strain
of Friend spleen focus-forming virus (F-SFFV, /NRK) were
kindly supplied by Dr L. Wolff (National Cancer Institute,
Bethesda, MD, USA).

Cell culture
Virus-infected NRK cells were maintained in roller bottles
(850 cm?) at 37 °C in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Germany) containing 4.5 g glucose 17!
supplemented with 10% (by vol.) fetal calf serum (Biochrom,
Germany).

Radiolabelling of cells and cell lysis

Metabolic labelling of cells with p-[2-*H]mannose in the
presence of 1g glucose per liter of medium as well as cell
lysis was performed as described [27].

Purification of monoclonal antibodies

Rat monoclonal IgG was isolated from the culture medium
of hybridoma 7C10 cells as described by Burchiel [30]. After
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filtration through a 0.45 pm filter (Millipore, Germany),
aliquots of 500 pl were subjected to anion-exchange HPLC
using a DEAE 5PW-column (Millipore). Separation was
achieved by isocratic elution with 20 mm Tris-HCl buffer,
pH 7.7 for 5 min, followed by a linear gradient of 0-0.5M
NaCl in the same buffer within 20 min at a flow rate of
1 ml min~*. Fractions (500 pl) were checked for the presence
of IgG by SDS/PAGE under reducing conditions [31].
Those containing IgG were pooled and dialysed against
aqueous 0.1 M NaHCO,, 0.5M NaCl, pH 83, prior to
coupling to cyanogen bromide-activated Sepharose 4B
(Pharmacia, Germany).

Isolation and purification of gp55

Radiolabelled gp55 was isolated from cell lysates by
immunoaffinity chromatography and purified by prepara-
tive SDS/PAGE as described [27] except that purified rat
monoclonal antibodies were used instead of rabbit antiserum
for preparation of the immunoaffinity column.

Isolation of oligosaccharides

Radiolabelled gp55 glycans were released by sequential
treatment of tryptic glycopeptides with endo-pB-N-acetyl-
glucosaminidase H (endo H) from Streptomyces griseus and
peptide-N*-(N-acetyl-f-glucosaminyl)asparagine amidase
F (PNGase F) from Flavobacterium meningosepticum (both
from Boehringer, Germany), separated from residual
peptide material by gel filtration or reversed-phase HPLC,
reduced and desalted as described earlier [32].

Chromatographic procedures

Identification of radiolabelled monosaccharide constituents
by HPLC using Aminex HPX-87H and HPX-87P columns
and fractionation of glycans by HPLC using a LiChrosorb-
Diol column were carried out as described in detail
previously [27, 32]. After addition of a scintillation cocktail
(Roth, Germany), aliquots of fractions obtained were
monitored for radioactivity by liquid scintillation counting.

Enzymatic digestions

Oligosaccharide alditols were digested with x-mannosidase
from jack beans (Sigma, Germany) or with «(1-2)-linkage-
specific mannosidase from Aspergillus oryzae as detailed
elsewhere [27, 33].

Acetolysis

Acetolysis of oligomannosidic glycans as well as de-O-
acetylation, reduction and chromatographic identification
of the reaction products were as detailed elsewhere [34].

Results

Isolation and characterization of F-SFFV, gp55

F-SFFV,-infected NRK cells were cultivated in roller
bottles in Dulbecco’s MEM and metabolically labelled with
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Figure 1. Analytical SDS-polyacrylamide gel electrophoresis of
purified F-SFFV, gp55, metabolically labelled with [2 *H]man-
nose. An aliguot of purified gp55 was applied to a slab gel
(200 x 140 x 2.5 mm). After separation, horizontal strips of 2 mm
were excised. Numbers (1-7) with arrows indicate migration
positions of standard proteins: (1) o,-macroglobulin, 180 kDa;
(2) B-galactosidase, 116 kDa; (3) phosphofructokinase, 84 kDa;
(4) pyruvate kinase, 58 kDa; (5) fumarase, 48 kDa; (6) lactate
dehydrogenase, 36 kDa; (7) triose phosphate isomerase, 26 kDa.

[2-*H]mannose in the presence of glucose. After cell lysis,
gp55 was isolated by immunoaffinity chromatography
using monoclonal antibodies directed against the amino-
terminal region of F-SFFV Env-proteins {29] and purified
by preparative SDS/PAGE. A homogeneous preparation of
radiolabelled gp55 with 7 x 10* cpm was thus obtained
(Fig. 1). For determination of radiolabelled monosaccharide
constituents, an aliquot of gp55 was hydrolysed and the
radioactive monosaccharides were identified by co-chro-
matography with monosaccharide standards (data not
shown). The results revealed that [*H]mannose-labelled
gp35 contained predominantly radiolabelled mannose in
addition to small amounts of fucose and galactose indicating
that [2-*HImannose has been converted to some extent into
other sugars during metabolic labelling of the cells.

Liberation and fractionation of gp55 glycans

After digestion with trypsin, glycopeptides were treated with
endo H. Oligosaccharides released were separated from
residual glycopeptides by gel filtration. After 909, of total
radioactivity was thus liberated from gp55. Endo-H-
resistant glycans, which could be recovered by treatment of
resistant glycopeptides with PNGase F, were not further
studied due to the small amounts of radioactivity. Endo-
H-sensitive oligosaccharides were reduced and the resulting
alditols were fractionated by HPLC on a LiChrosorb-Diol
column (Fig. 2) yielding the fractions H5-H10 (4.9, 8.1, 19.8,
34.7, 20.1 and 2.4% of total radioactivity).

135

7 8.1 82 9 10
t v v v \j ¢

*H Radioactivity (cpm)

0 10 20 30 40 50 60
Elution volume (mi)

Figure 2. Separation of endo-H-sensitive glycans from F-SFFV,
gp55. Oligosaccharide alditols obtained from tryptic gp55 glyco-
peptides, metabolically labelled with [2-*H]mannose, were frac-
tionated by HPLC wusing a LiChrosorb-Diol column (5 um;
4 x 150 mm) and acetonitrile:water (74:26) as eluant. Fractions
(0.75 ml) were collected at a flow rate of 0.5mimin™" and
monitored for radioactivity. Numbers with arrows indicate the
elution volumes of oligomannosidic oligosaccharide alditol stan-
dards: Man, (GlcNACOH (5, 6, 7, 8.2 and 9), GlecMan,GleNAcOH
(8.1) and GlcMangGlcNAcOH (10). H5-H10, oligosaccharide
fractions pooled as indicated by horizontal brackets..

Characterization of glycans

Oligosaccharide alditol fractions H5-H10 were characterized
by gel filtration and HPLC in conjunction with authentic
oligosaccharide standards, by acetolysis (H7-H9) and by
digestion with ¢-mannosidase from jack beans and a-1,2-
mannosidase from A. oryzae (see Fig. 3 and Table 1)
Reaction products were analysed by Bio-Gel P-4 chroma-
tography and their hydrodynamic volumes were estimated
by co-chromatography with glucose oligomers [35, 36].
After degradation with the jack bean enzyme, which cleaves
all ¢-linked mannoses irrespective of their linkage positions,
fractions H5-H7 yielded two radioactive fragments in
proportions approaching 1:4, 1:5 or 1:6, respectively,
which co-eluted with authentic ManGlcNAcOH (3.2
glucose units) and mannose (0.9 glucose units). Treatment
of the same glycan fractions with «-1,2-mannosidase
resulted in the liberation of zero (HS), one (H6) and two
(H7) mannose residues and the concurrent formation of a
radioactive fragment eluting at 6.8 glucose units, ie., the
elution position of authentic Man,GIcNAcOH. Acetolysis
fragments obtained in the case of H7 indicated the presence
of two different isomers lacking outer mannose residues in
different positions (data not shown). Clearly, these fractions
comprised solely oligomannosidic oligosaccharide alditols
containing one B- and four to six a-linked mannose residues,
zero to two of which were «-1,2-linked (cf. Table 2).

In the case of fraction H8, however, only part of the
glycans could be converted into the ManGlcNAcOH
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Figure 3. Degradation of oligosaccharides with a-mannosidases. Radiolabelled oligosaccharide alditol fractions H7 and H9 (cf. Fig. 2)
and degradation products obtained thereof by treatment with a-mannosidase from jack beans or «-1,2-mannosidase from A. oryzae were
analysed by gel filtration. A and D, size determination of fraction H7 and H9 glycans; B and E, analysis of reaction products obtained
after digestion with ¢-mannosidase; C and F, radioactivity profiles of fragments produced by degradation with o-1,2-mannosidase.
Samples were chromatographed on a Bio-Gel P-4 column (-400 mesh, 6 x 2000 mm) at hydrostatic pressure (2.5 x 10* Pa) using
aqueous sodium azide (0.03%) as eluant. Fractions (0.4 mi) were collected at a flow rate of 1.2 ml h™! and monitored for radioactivity.
Column calibration with glucose oligomers (313 glucose residues) and mannose (M) is shown by arrows.

Table 1. Degradation of endo-H-sensitive oligosaccharide alditols from F-SFFV, gpS5 with a-mannosidases. Oligosaccharide alditol
fractions H5-H10 (see Fig. 2) isolated from gp535, metabolically labelled with [2-3Hmannose, were digested with a-mannosidase from
jack beans (I) or o-1,2-mannosidase from A. oryzae (II). Products were analysed by gel filtration using a calibrated Bio-Gel P-4 column
(cf, for example, Fig. 3). The results are given in percentage [*H]radioactivity found in the products obtained.

Hexose units of  Co-eluting standard HS Ho6 H7 HS§ H9 HI0
fragments oligosaccharide

SM 1 11 SM @I 1o SM I I SM I O SM I 1o SM I I

12 GleMan GicNAcOH 100 - -

10.8 Man,GleNAcOH 00 - - - - -
9.8 MangGleNACOH 100 - 33 - - 40 - - 79
8.9 Man,GIlcNAcOH 100 - - - - - = - = - -
7.8 MangGlcNAcOH 106 - - - - - = - - - - - = - -
6.8 Man;GleNAcOH 100 - 100 - - 85 - - 73 - 19 47 - 22 40 - 51 -
32 ManGlIcNAcOH - 20 - - 16 - - 14 - - g - - 8 - - - -
0.9 Man - 80 - - 84 15 - 8 27 - 73 20 - 70 20 - 49 21

SM, starting material; Man, mannose.

fragment by jack bean a-mannosidase-catalysed release  reduced N-acetylglucosamine (HexsGIcNAcOH). Diges-
of seven mannose residues (see Table 1). Remaining  tion with o-1,2-mannosidase confirmed these results in
sugar chains lost only three mannose residues and led to  so far as fragments co-eluting with ManGlcNAcOH and
a fragment eluting at about 7 glucose units, ie, the  mannose, indicating the release of three w«-1,2-linked
position of glycans comprising five hexoses and one  mannoses, were obtained in addition to species which
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Table 2. Condensed structural representation of oligosacchar-
ide alditols released from F-SFFV, gp55 by endo H. The
general architecture of the glycans, the anomeric structure of
Man-3 as well as the linkage positions of mannose residues 3,
4, 4, A, B and terminal glucose are proposed in accordance
with previous data on the structure of corresponding glycans
from F-SFFVp gp55 expressed in the same host cell line [27].
The designation of sugar residues is taken from van Halbeek
[37]. Relative amounts of glucosylated and non-glucosylated
species were roughly estimated from the distribution of the
radioactivity considering the number of mannose residues present
in corresponding fragments after enzymic treatment.

Condensed structure Relative
amount
A
.
Manx6
_‘4’
Man2¢ Mano6
L 1 1 ”
04| A J 3
Mano3 Manf4GlcNAcOH
Lo
L Mana3
B
rMana6
14,
Man2« Manz6
[ 1 . 95
02| A J 3
~Mana3 Manf4GlcNAcOH

"
Glc3Mana2Mana2Mane3

mannoses, were obtained in addition to species which
were not affected. From these results, the elution position
of the oligosaccharides in HPLC and previous data [27],
it can be assumed that fraction H8 represents a mixture
of oligomannosidic species with eight mannose residues
(MangGIcNAcOH) and glucosylated glycans carrying
seven mannoses (GlcMan,GIcNAcOH).

Fraction H9 similarly contained a mixture of oligo-
mannosidic and glucosylated glycans. After incubation
with jack bean o-mannosidase, radioactive fragments
co-eluting with Hex;GlcNAcOH or ManGlcNAcOH were
obtained in addition to free mannose, indicating the
liberation of four or eight mannose residues, respectively
(Fig. 3E). Analogous treatment with o-1,2-mannosidase
demonstrated that one or four of these mannosyl residues
were «-1,2-linked (see Fig. 3F). Acetolysis yielded, inter
alia, fragments with the compositions Hex,GlcNAcOH
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or Hex;GIcNAcOH (data not shown). Since this type
of mild acid hydrolysis leads to a preferential cleavage
of ¢-1,6-linkages, this result demonstrates that the lower
a-1,3-linked branches of some glycans contained an
additional hexose residue. Therefore, fraction HY is

proposed to contain the common oligomannosidic
ManyGIcNAcOH  species and GleMangGleNAcOH
glycans.

Glycans of fraction H10 co-eluted with the standard
oligosaccharide GlcMan,GlcNAcOH. Upon digestion
with jack bean a-mannosidase or o-1,2-specific manno-
sidase, five or two mannose residues were released with
concurrent formation of fragments eluting at 6.8 or 9.8
glucose units, respectively (Table 1). Obviously, H10
glycans represented glucosylated Man,GlcNAcOH species
carrying the glucose residue in terminal position at the
fower a-1,3-linked branch (Table 2).

Assuming that [*H]mannose radioactivity was equally
distributed in all structures, molar ratios of the different
species were roughly estimated from the distribution of
radioactivity after normalization on the number of mannose
residues present in fragments produced by enzymic treat-
ment. The results indicate that about one quarter of the
endo-H-sensitive glycans carried an additional glucose
residue (Table 2).

Discussion

The envelope genes of F-SFFV, and F-SFFV, encode
glycoproteins with five and four potential N-glycosyla-
tion sites, respectively. Since the C-terminal site of the
F-SFFV, Env protein is considered not to be glycosylated
[3], expression of both genes in rat fibroblasts leads to
primary translation products with similar apparent molecu-
lar masses of about 55 000 Da (gp55), which are, however,
processed in different ways. Whereas a small proportion of
F-SFFV, gp55 is further modified in its carbohydrate side
chains yielding a secondary gene product (gp65), which
readily appears on the cell surface, cell-associated secondary
env products of F-SFFV, can hardly be detected [22]. On
the other hand, culture supernatants of F-SFFV,- and
F-SFFVp-infected cells have been reported to contain
secondary env products of both viruses with apparent Ms
of 60000 (gp60) and 65000 (gp65), respectively [19]. Since
the proper glycosylation and oligosaccharide trimming
have been shown to influence intracellular processing and
transport of F-SFFV, Env proteins [20, 26], we have now
analysed the glycosylation pattern of F-SFFV, gp55.

The results revealed that F-SFFV, gp55, expressed in
NRK cells, carried predominantly oligomannose type
sugar chains with five to nine mannose residues, part of
which contained an additional glucose. Although glycans
with five mannose residues as well as GleMangGleNAcOH
species were not detected in the corresponding analysis
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of F-SFFV, gp55 expressed in the same cell line [27],
the overall glycosylation pattern of F-SFFV, gp55 was
rather similar. Nevertheless, the oligosaccharide profiles
at individual N-glycosylation sites may still be different
in both glycoproteins. Possibly, glucosylated glycans
representing about one quarter of total endo-H-sensitive
glycans are selectively attached to one of the four N-
glycosylation sites present. If so, almost all primary
F-SFFV, env products would carry at least one gluco-
sylated oligosaccharide chain. Since glucosylated glycans
do not only reflect early trimming intermediates of oligosac-
charide processing, but may also be formed by post-
translational reglucosylation of malfolded proteins [38, 39]
leading to a retardation in the rough endoplasmic reticulum
[40, 41], a site-specific location of this type of glycans may
influence the intracellular processing and transport of the
corresponding glycoprotein. Clearly, isolation and charac-
terization of individual glycosylation sites of F-SFFV, gp55
are required in order to decide whether differences in Env
protein trafficking are due to different oligosaccharide
trimming. In this context, it would also be interesting to
analyse the endo-H-resistant glycans representing about
10%; of the total radioactivity. The question of whether the
Env protein of F-SFFV, differs from that of F-SFFV; in its
ability to acquire O-linked sugar chains could not be
addressed, since this type of glycans is not detectable
when [2-*H]mannose is used for metabolic labelling.

The released secondary env product of F-SFFV, (gp60)
has a lower apparent M, than that of F-SFFV, (gp65) [19,
22], although both glycoproteins are supposed to carry the
same number of oligosaccharide side-chains. The reason for
this discrepancy, however, is not understood. Possibly, gp60
carries predominantly truncated complex type N-glycans
and/or lacks O-linked sugar chains which have been
reported to occur in F-SFFV, gp65 [20, 21, 26]. Compara-
tive carbohydrate structure analyses of the released,
secondary Env proteins of F-SFFV, and F-SFFV;, will heip
to trace the intracellular route of these two giycoproteins.
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