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ABSTRACT  We have detected an endoglycosidase activity
produced by Flavobacterium meningosepticum. This enzyme,
named endo F, cleaves glycans of both the high-mannose and the
complex type linked through asparagine to the protein backbone.
The data indicate that cleavage occurs via hydrolysis of the gly-

- cosidic bond of the N,N'-diacetylchitobiose core structure adjacent
to asparagine, similar to that due to endo H and endo D. Extreme
variability was noted in the availability of this cleavage site among
N:linked: glycoproteins. Glycoproteins of retrovirus, lymphocytic
choriomeningitis virus, Pichinde virus, and HLA-A and -Banti-
gens were readily cleaved in the presence of nonionic detergent.

- Others, such as ovalbumin, fetuin, bromelain, ovomucoid, a;-acid
glycoprotein, immunoglobulin G, and influenza virus hemagglu-
tinin became susceptible only after reduction and alkylation or
when cleavage was performed in the presence of 1% 2-mercap-
toethanol. Endo F should prove useful in the study of glycans and
protein backbones as discrete entities. and for defining the nature
of the glycan-protein interface.

Specific glycosidases have proven useful in elucidation of the
structures and biosynthetic pathways of biologically important
glycoproteins (1-5). Two of the most useful are the endogly-
cosidases endo H (1) and endo D (2), which cleave high-mannose

- and complex glycans, respectively, from glycoproteins and gly-
copeptides. Cleavage by these enzymes occurs between the
adjacent N-acetylglucosamine residues' linking the glycan
moiety to the asparagine of the protein backbone (1, 2). In this
report, we-describe an endoglycosidase that cleaves both com-
plex-and high-mannose glycans from asparagine-linked glyco-
proteins.

The enzymatic activity was first detected in a commercial
preparation of carboxypeptidase A.* Examination of this re-
agent revealed considerable bacterial contamination and one of
the bacterial species released endoglycosidase.activity into its
culture fluid. The bacteria have been typed as Flavobacterium
meningosepticum’ (6). In keeping with previous endoglycosi-
dase nomenclature (2), we have named the enzyme endo F after
its source. Our results indicate that endo F cleaves glycans from
all N-linked glycoproteins tested, if conditions are used that
sufficiently expose the cleavage site.

MATERIALS AND METHODS

Conditions of Growth of F. Meningosepticum and. Prepa-
ration of Enzyme. Cells were grown to stationary phase in M9
‘medium (7) containing Casamino acids (Difco) at 5 g/liter. The
highest concentrations of endo F were obtained from cultures
allowed to reach stationary phase at 22°C. Typically, 4 liters of
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stationary phase cells were used for subsequent treatment.
-The cells were removed from the: culture medium by-cen-
trifugation at-5,000 X g for 10 min. The culture supernatant was
concentrated by addition of solid ammonium sulfate to 80% sat-
uration, followed by centrifugation after stirring for 1 hr at 4°C.
The concentrated protein was suspended in 50% ammonium
sulfate. The suspension was centrifuged, and the pellet was dis-
solved in 0.01 M sodium phosphate, pH 7.2/0.15 M NaCl (P,/

- NaCl)/50 mM EDTA. This material was chromatographed on

a column (1.5 X 50 cm) of ACA54 (LKB, Uppsula, Sweden) at

-4°C in P,/NaCl/5 mM EDTA. The peak fractions were pooled

and concentrated to 1/10 vol in a dialysis bag against dry Seph-
adex G-100. The material was made 50% glycerol and stored
at —20°C. Endo F remains active under these conditions.for at

least-3 months.

. Several attempts by ion-exchange: chromatography failed to
physically separate distinct glycosidase activities. Isoelectric
focusingin agarose followed by elution and assay versus '%I-

. labeled Rauscher murine leukemia virus (R-MuLV) glycopro-

tein 70.(gp70) or ovalbumin revealed that all glycosidase activity
focused with a pI of 7.8. NaDodSO,/polyacrylamide gel elec-
trophoresis followed by Coomassie blue staining revealed the
presence of asingle band, compared with four bands in the com-
bined ACA54 column fractions (data not shown). Under con-

. ditions tested, all glycosidic activity copurified, and purification
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other than by size resulted only in lower yields. All studies re-
ported here were performed with material prepared as above,
made phenotypically pure of protease by addition of EDTA (see
Results).

Substrates of Enzyme Assays. R-MuLV was obtained from
the Resources Branch of the National Cancer Institute. Purified
gp70 was prepared as described (8). LCM and Pichinde viruses
were the gift of M. Buchmeier of this institute. Influenza virus
hemagglutinin was prepared from X-47 strain grown in em-

bryonated eggs as described (9). HLA-A, -B, and -DR antigens

were provided by J. Kaufman, Harvard University. Bromelain,
ovomucoid, a;-acid glycoprotein, fetuin, and ovalbumin were
obtained from-Sigma. All glycoproteins were labeled by the
chloramine-T procedure as described (10).

Twelve synthetic p-nitrophenylglycoside substrates used for

‘Abbreviations: R-MuLV, Rauscher murine leukemia virus; P;/NaCl,

phosphate-buffered saline; gp70, gpl, gp2, glycoproteins 70, 1, and 2,

respectively; LCM virus, lymphocytic choriomeningitis virus.

* As it is not germane to the data presented here, we omit the source
of this reagent. Furthermore, we have not determined the generality
of the contamination.

1 F. meningosepticum was originally isolated from hospital nurseries in
association with outbreaks of meningitis in premature infants. Patho-
%enti:li(ty in test animals is doubtful (6) but normal precautions should

e taken.
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assaying exoglycosidase activity were obtained from Sigma. The
reactions were carried out in 0.5 ml of 50 mM sodium acetate,
pH 5.0/10 mM p-nitrophenylglycoside. Five microliters of en-
zyme was added and the reaction was stopped by addition of
1.0 ml of 1.0 M sodium bicarbonate after 40 min at 37°C. Re-
actions were monitored by absorbance at 400 nm.

Two glycan standards were provided by Tom Warner of the
University of California at San Diego. Standard 1 is a mixture
of two glycans having the structures, GalBl—>4GlcNAcSl—
2Manal—>3ManB1—4GlcNAc and GalB1—-4GIcNAcBl—
2Manal—6ManBl—>4GlcNAc. Standard 2 is a branched chain
glycan of the structure GalBl—>4GlcNAcBl—2Manal—
3(GalB1—>4GlcNAcBl—>2Manal—6)ManBl—4GlcNAc.

Metabolic Labeling of R-MuLV gp70. R-MuLV was grown
in the SC-1 cell line (11) in minimal essential medium/10% fetal
calf serum. Cells from confluent cultures were washed with low-
glucose medium (K.C. Biologicals, Lenexa, KA, 1,000 mg/li-
ter) and incubated in low-glucose medium/10% dialyzed fetal
calf serum. One millicurie of [*H]glucosamine or [*H]mannose
(New England Nuclear; 31.1 Ci/mmol and 15.8 Ci/mmol, re-
spectively; 1 Ci = 3.7 X 10" becquerels) was added to the cul-
ture, and the mixture was incubated for 18 hr at 37°C. Cells
were harvested and lysed in P,/NaCl/0.5% Nonidet P-40. The
lysates were centrifuged at 10,000 X g for 15 min and the su-
pernatant was passed through a 0.45-um Nalgene filter. R-
MuLV gp70 and its M, 85,000 precursor were purified by im-
munoaffinity chromatography as described (10).

Endoglycosidase Assay Conditions. Assays were carried out
in 100 ul (final volume) of 0.1 M sodium phosphate, pH 6.1/
50 mM EDTA/0.5% Nonidet P-40 containing substrate (e.g.,
50,000 cpm of ‘*I-labeled R-MuLV or 10-50 ug of unlabeled
protein). The amount of endo F preparation added was typically
2-5 ul of the concentrate described above. The reaction mix-
tures were incubated 2-18 hr. The reactions were terminated
by addition of NaDodSO,/polyacrylamide gel electrophoresis
sample buffer and boiling. Enzyme activity was detected by
autoradiography of the ®I-labeled substrates after separation
by electrophoresis (12).

Reduction and Alkylation. Glycoproteins (2 mg/ml) were
incubated for 2 hr at 37°C in 6 M guanidine-HCl/10 mM di-
thiothreitol/0.1 M Tris*HCIl, pH 7.2. Iodacetamide (final con-
centration, 50 mM) was added, and this mixture was incubated
for 1 hr in the dark at 22°C and then dialyzed against P,/NaCl.

Transfer of Galactose to Deglycosylated Glycoproteins.
Conditions for [*H]galactose transfer to N-acetylglucosamine
residues at the nonreducing ends of proteoglycans (deglycosyl-
ated R-MuLV gp70) by UDPgalactose:N-acetylglucosamine
galactosyltransferase (Sigma) were those described by Schindler
et al. (13). UDP-[1-3H]galactose (11.6 Ci/mmol) was obtained
from New England Nuclear.

Analysis of Released Glycans. Endo F cleavage products
were isolated on Sephadex G-50 and labeled with [°H]borohy-
dride (Amersham) as described (2). Analysis of cleavage prod-
ucts was carried out using a Waters HPLC system equipped
with a 0.4 X 30 cm Waters carbohydrate analysis column. Gly-
cans were eluted by using a linear gradient of 65-35% aceto-
nitrile as described (14).

RESULTS

Assay Conditions and Physical Properties of Endo F. The
standard assay for endo F was based on the decrease in the
molecular weight of R-MuLV gp70 shown by NaDodSO,/
polyacrylamide gel electrophoresis after the enzyme was in-
cubated with ®I-labeled virus. As shown in Fig. 14, endo F
activity can be detected in column fractions by this assay. The
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F1G. 1. Assay and cleavage characteristics of endo F. Ammonium
sulfate fractions were applied to a 1.5 X 50 cm column of LKB ACA54
in PyNaCl/5 mM EDTA. The fractions were then assayed for glycosi-
dase activity using 12I-labeled R-MuLV as substrate and NaDodSO,/
polyacrylamide gel electrophoresis and autoradiography to assess the
extent of cleavage of the R-MuLV gp70. (A) Electrophoresis of column
fractions from the void volume (V,) to the included volume (V;). Bovine
serum albumin and myoglobin elute at positions 1 and 2, respectively.
The peak of endo F activity (large arrow), as shown by the decrease
in gp70 from M, 70,000 to M, 49,000 coincides with the elution volume
of myoglobin. Nonglycosylated viral proteins p30 and p15 are unaf-
fected by this treatment. (B) Enlargement of the dilution curve gen-
erated in the analysis shown in A (bracketed area) shows that endo F
releases glycans in a series of discrete steps. A total of seven bands are
generated, indicating that six glycans are released.

enzyme by this analysis comigrates with myoglobin; gp70 is re-
duced from M, 70,000 to M, 49,000 at the highest concentration
of enzyme with no degradation of other viral proteins. These
assays are carried out in the presence of EDTA. In the absence
of EDTA, all viral components are degraded to polydispersed
low molecular weight material, indicating the presence of an
associated EDTA-inhibitable protease (not shown). An enlarge-
ment of the dilution curve for enzyme generated by this column
fractionation analysis (Fig. 1B) shows that endo F removes car-
bohydrate from gp70 in discrete steps, in a manner expected
of an endo- rather than an exoglycosidase. Such an analysis re-
veals the removal of at least six carbohydrate chains from gp70
(Fig. 1B, arrows). Although the amino acid sequence of R-
MuLV gp70 has not been published, the sequence of the closely
related Moloney leukemia virus gp70 (15) indicates seven pos-
sible sites for glycosylation. Whether R-MuLV gp70 has only
six chains or we only detect six by this analysis is yet to be de-
termined. However, previous analyses of the high-mannose
precursors of other retrovirus gp70s using endo H such as those
bearing the Gyx marker showed the release of six chains (16).

Endo F is irreversibly inhibited by NaDodSO, but not by
nonionic detergents, NaDodSO, in the presence of nonionic
detergents, or 2-mercaptoethanol.

Nature of Endo F Cleavage. Microgram amounts of unla-
beled gp70 were treated with endo F in the presence of EDTA
and the products were subjected to NaDodSO,/polyacryl-
amide gel electrophoresis. The gels were stained by the periodic
acid-Schiff procedure (17) (Fig. 2). Untreated gp70 (lane A,
arrow) is strongly stained while the endo F-treated sample (lane
B, arrow) has no PAS-reactable material at M, 70,000 and only
a little staining is observed slightly above the M, 49,000 posi-
tion, primarily in an incompletely deglycosylated product. Sub-
sequent staining with Coomassie brilliant blue revealed bands
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Fi. 2. NaDodSO,/polyacrylamide gel electrophoresis of unla-
beled and metabolically labeled R-MuLV gp70 before and after endo
F treatment. Lanes: A, unlabeled gp70 (20 ug) was stained by the pe-
riodic acid-Schiff procedure (arrow); B, gp70 was treated with endo F
and then treated as in lane A; C, Coomassie blue stain of unlabeled
gp70 (20 ug; arrow); D, as in lane C after cleavage with endo F (arrow);
E, Pr85°*" precursor (upper arrow) and gp70 (lower arrow) were met-
abolically labeled with ["H]mannose; F, precursor and gp70 after treat-
ment with endo F showing that all [*H]mannose label is removed; G,
Pr85°"" (upper arrow) and gp70 (lower arrow) were metabolically la-
beled with [*H]glucosamine; H, precursor and gp70 after treatment
with end:;d F showing that all but a trace (arrow) of [*H]glucosamine
is removed.

of equal intensity at M, 70,000 (lane C, arrow) and 49,000 (lane
D, arrow) in the control and experimental gel lanes, respec-
tively. Further indication of the loss of carbohydrate is revealed
where gp70 and its M, 85,000 precursor were metabolically la-
beled with [*H]mannose (lanes E and F) or [*H]glucosamine
(lanes G and H) and cleaved with endo F. All [*H]mannose label
(lane F) and all but a trace of [*H]glucosamine label (lane H,
arrow) are removed from these molecules by treatment with
endo F. The envelope precursor molecule (lanes E and G, up-
per arrows) of murine retroviruses has been reported to be the
high-mannose type (18) whereas processed gp70 molecules
(lower arrows) are of the complex type (18).

To characterize the cleavage site of endo F, we examined
whether R-MuLV gp70 that had been deglycosylated by endo
F could act as an acceptor for the transfer of galactose from UDP-

cpm x 1072

gp70, ug

Fic. 3. Transfer of [*H]galactose to R-MuLV before and after
treatment with endo F using UDPgalactose:N-acetylglucosamine ga-
lactosyltransferase, which transfers galactose from UDP-galactose to
N-acetylglucosamine at the nonreducing ends of proteoglycans (13).
Untreated R-MuLV (0), R-MuLV treated with endo F (@), and endo F
alone (X) were used as substrates for the transferase in the presence
of [*HJUDP-galactose. The concentration of gp70 was determined by
radicimmunoassay.

Proc. Natl. Acad. Sci. USA 79 (1982)

galactose by galactosyltransferase. This enzyme has previously
been shown to transfer galactose to nonreducing N-acetylglu-
cosamine residues of glycoproteins (19). Thus, if endo F cleaved
the N,N’-diacetylchitobiose core (like endo H and endo D), a
nonreducing N-acetylglucosamine would be exposed and ga-
lactose transfer would occur. Fig. 3 shows that galactose is trans-
ferred to deglycosylated gp70 in a substrate-dependent manner.
Neither R-MuLV gp70 that has not been treated with endo F
nor endo F alone acts as an acceptor.

Tests for the Presence of Exoglycosidase Activity. To deter-
mine whether exoglycosidase activity was also present, we as-
sayed endo F preparations against 12 different p-nitrophenyl-
glycosides and detected no activity. Under the same conditions,
extracts of Dictyostelium discoideum, which are known to pos-
sess exoglycosidase activities (20), rapidly hydrolyzed the sub-
strates. Moreover, we attempted to cleave two purified and
characterized glycan moieties (see Materials and Methods for
structures), and neither was degraded as judged by HPLC.
These data indicated that endo F has no detectable exoglycos-
idase activity.

Activity of Endo F on Diverse Glycoprotein Substrates. The
NaDodSO,/polyacrylamide gel electrophoresis analysis of var-
ious substrates susceptible to endo F is shown in Fig. 4. As
shown above, R-MuLV gp70 is degraded from M, 70,000 (lane
A, arrow) to M, 49,000 (lane B, arrow) by endo F. The major
glycoproteins of both Pichinde virus (lanes C and D) and lym-
phocytic choriomeningitis (LCM) virus (lanes E and F) are also
susceptible. The major glycoprotein of Pichinde virus is de-
graded from M, 33,000 (lane C, arrow) to M, 25,000 (lane D,
arrow) by endo F. LCM virus has two glycoproteins, gpl and
gp2 (lane E, arrows) of M, 45,000 and M, 35,000, respectively
(21). After endo F treatment, both gpl and gp2 are degraded
to M, 26,000-29,000 (lane F, arrow). In experiments in which
these two glycoproteins were separately recovered after elec-
trophoresis separation and then cleaved, gpl was partially re-
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Fic. 4. NaDodSO,/polyacrylamide gel electrophoresis of various
125].1abeled substrates before and after treatment with endo F. Lanes:
A, R-MuLV before treatment with endo F showing gp70 at M, 70,000
(arrow); B, R-MuLV after treatment with endo F showing the decrease
of gp70 to M, 49,000 (arrow) with no cleavage of other viral constit-
uents; C, Pichinde virus before treatment with endo F showing the
major glycoprotein (arrow) of M, 33,000; D, Pichinde virus after treat-
ment with endo F showing the decrease to M, 25,000 of the major gly-
coprotein (arrow); E, LCM virus before treatment with endo F showing
the major glycoproteins gpl (upper arrow) and gp2 (lower arrow); F,
LCM virus after cleavage with endo F (the arrow indicates primarily
gp2 after cleavage to M, 28,000; gpl is partially resistant to cleavage
inthe presence of nonionic detergents and appears as a series of partial
cleavage products of M, 44,000-26,000); G, untreated a;-acid glyco-
protein; H, a;-acid glycoprotein after treatment for 2 hr with endo F
in the presence of Nonidet P-40; I, a,-acid glycoprotein after treatment
for 2 hr with endo F in the presence of Nonidet P-40 and 2-mercap-
toethanol (1%); J, as in I, but reaction was carried out for 16 hr. Six
bands are observed, indicating removal of five glycan chains and cul-
minating in a final protein backbone (arrow) of M, 20,000.



Biochemistry: Elder and Alexander

sistant to cleavage and the majority of material remained as a
series of partial cleavage products (data not shown). gp2, how-
ever, was readily cleaved in the presence of nonionic detergents
and represents the majority of the material at the arrow in Fig.
4, lane F. The glycan structures of Pichinde and LCM viruses
are unknown, although the relative labeling patterns suggest
that they are of the complex type (M. Buchmeier, personal com-
munication). HLA-A and -B antigens, which contain a single
complex glycan (22), are completely deglycosylated by endo F
whereas the HLA-DR antigen, which contains both complex
and high-mannose structures (23), was unaffected (data not
shown).

Subsequent tests of endo F activity against various other sub-
strates, including the high-mannose glycoprotein ovalbumin
(3), the complex glycoproteins fetuin (24), immunoglobulin G
(25), and a;-acid glycoprotein (26), and the hybrid glycoproteins
ovomucoid (27) and stem bromelain (28), suggested that many
were only partially susceptible or totally resistant to cleavage
by endo F in the presence of nonionic detergent. Serendipi-
tously, we found that, although influenza hemagglutinin was
only slightly susceptible, after it had been reduced and alkyl-
ated, its carbohydrate side chains were rapidly removed. Thus,
we reduced and alkylated some of the substrates previously
found to be resistant, subsequently tested them, and found that
they had become susceptible to deglycosylation by endo F.
Bromelain, which is susceptible to neither endo H nor endo D
(29), is deglycosylated by endo F under these conditions. The
denaturing conditions (i.e., 6 M guanidine-HCI) alone were not
sufficient to render these glycoproteins susceptible. However,
high concentrations of 2-mercaptoethanol (1.0%) in the pres-
ence of Nonidet P-40 could mimic the effect of reduction and
alkylation. Similar findings with endo H have been reported
previously (4). Untreated a;-acid glycoprotein (Fig. 4, lane G)
has a M, of 44,000; treatment with endo F in the presence of
Nonidet P-40 has little effect and only a slight reduction in
molecular weight is observed. However, after treatment with
endo F in the presence of Nonidet P-40 and 2-mercaptoethanol
(Fig. 4, lanes Iand J), a;-acid glycoprotein becomes susceptible
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F16. 5. HPLC of ovalbumin glycans released by endo F. Ovalbu-
min (10 mg) was treated with endo F for 18 hr and the products were
subjected to Sephadex G-50 chromatography. Included carbohydrates,
detected by the phenol-sulfuric acid assay, were pooled, lyophilized,
labeled with [*Hlborohydride (2), and analyzed as described (14).
[*HIMannitol standard (M; ®, cpom X 10~%) is slightly retained. Glycans
released by endo F treatment (a, cpm X 1073) are resolved as heter-
ogeneous peaks with retention times approximating those previously
reported for ovalbumin using this system (14). | : 1 and 2, retention
times of linear and branched chain, respectively, complex carbohy-
drates, whose structures are described in Materials and Methods.
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and carbohydrate chains are removed in discrete steps. This
analysis (Fig. 4, lane ]) indicates that five chains are removed,
yielding a final protein backbone of M, 20,000. These results
are in agreement with values previously reported for this gly-
coprotein (26).

Evidence that endo F cleaves high-mannose glycoproteins
via removal of intact glycans is shown in Fig. 5. [*H]Mannitol
is slightly retained in this system and is not a product of endo
F cleavage of ovalbumin. Discrete glycan peaks are detected
as cleavage products and retention times are consistent with the
range of mannose-rich oligosaccharides reported for ovalbumin
(14).

DISCUSSION

Flavobacterium meningosepticum has been shown to secrete an
endoglycosidase (endo F) that has properties useful for the study
of the structure and function of glycoproteins. As with other
endoglycosidases (e.g., endo H and endo D), endo F hydrolyzes
the glycosidic bond of the N,N’-diacetylchitobiose core struc-
ture N-linked to asparagine, thus removing the bulk of the gly-
can moiety en bloc. Unlike endo H and endo D, endo F appears
to have broader specificity in as much as it can deglycosylate
both the high-mannose and the complex type of glycoprotein.
Similar broad specificity has been described for an endogly-
cosidase from almond extract (29). However, in contrast to endo
F, that enzyme appears to act on glycopeptides only and is less
efficient as the number of amino acid residues increases (29).
Endo F is extremely useful for preparation of intact glycans
and protein chains free of their glycan moieties. We have used
endo F to deglycosylate proteolytically derived fragments of R-
MuLV gp70, thus allowing more accurate estimation of molec-
ular weights. Moreover, when monoclonal antibodies against
R-MuLV gp70 were tested against control and deglycosylated
material, drastic differences were found: some antisera lost
reactivity while others gained it. Thus, use of the enzyme allows
more substantial characterization of antigenic sites (unpublished).
These studies indicate that extensive heterogeneity exists in
the availability of the glycan—protein interface among N-linked
glycoproteins as evidenced by differential susceptibility to endo
F. The enzyme serves as a useful reagent for monitoring these
differences and further studies might yield generalities that
could be related to glycoprotein biosynthesis and functions.
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