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ABSTRACT
Two Chinese hamster ovary (CHO) cell mutants selected for resistance to wheat
germ agglutinin (WGA) have been shown to exhibit defective sialylation of
membrane glycoproteins and a membrane glycolipid, GMs . The mutants (termed
WgaR« and WgaRnI) have been previously shown to belong to different genetic
complementation groups and to exhibit different WGA-binding abilities . These
mutants and a WGA-resistant CHO cell mutant termed WgaR ' (which also
possesses a surface sialylation defect arising from a deficient N-acetylglucosami-
nyltransferase activity), have enabled us to investigate the role of sialic acid in
WGA binding at the cell surface . Scatchard plots of the binding of 1251-WGA (1
ng/ml to I mg/ml) to parental and WgaR CHO cells before and after a brief
treatment with neuraminidase provide evidence for several different groups of
sialic acid residues at the CHO cell surface which may be distinguished by their
differential involvement in WGA binding to CHO cells .

The carbohydrate structures present at the surface
of animal cells are currently of great interest be-
cause oftheir possible role in recognition phenom-
ena . Thus, lectins which exhibit specific interac-
tions with carbohydrate moieties have been exten-
sively used to monitor cell surface carbohydrate
differences (10) . However, the structural specifici-
ties of lectin-cell interactions are little understood,
for two major reasons. Firstly, the different types
of carbohydrate structures and their relative pro-
portions at the cell surface are not known for any
animal cell . Secondly, the specificities of lectins
for complex carbohydrates attached to glycopro-
teins and glycolipids are not well defined . In an
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attempt to obtain information relevant to both of
these questions, we have examined the lectin-bind-
ing properties of a number of Chinese hamster
ovary (CHO) cell lines which possess structural
alterations in surface carbohydrate (20-22) .

Previously, we have shown that the binding of
wheat germ agglutinin (WGA) to parental CHO
cells gives a complex Scatchard plot indicative of
positive cooperativity amongst high-affinity bind-
ing sites (21, 22) . This positive cooperativity does
not appear to arise from interactions between mo-
bile WGA-binding sites but rather to reflect
WGA-"receptor" or WGA-WGA positively co-
operative interactions (23) . Two WGA-resistant
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(WgaR) CHO cell lines (WgaR' and WgaR") were
shown to exhibit reduced binding of WGA over
unique regions of this binding curve, whereas a
third WgaR cell line (WgaR"') was shown to bind
WGA in a manner essentially identical to that for
parental cells (22) .
The present report correlates certain of the

WGA-binding properties of the WgaR mutant
lines and the structural carbohydrate alterations
that have occurred at their respective cell surfaces .
As other authors have reported that the removal
of surface sialic acid residues via neuraminidase
treatment results in a reduced ability to bind WGA
(1, 4, 8, 17), we have also examined the effect of a
brief neuraminidase treatment on the WGA-bind-
ing properties of parental and mutant cell lines .
Our results suggest that there are several "classes"
of sialic acid residue at the CHO cell surface, only
certain of which are involved in WGA binding.

MATERIALS AND METHODS
Materials
WGA, bovine serum albumin (BSA), galactose oxidase (EC

1 . 1 .8 .9 .), and N-acetylneuraminic (sialic) acid were obtained from
Sigma Chemical Co. (St . Louis, Mo .) ; neuraminidase from Vibrio
cholerae (EC 3.2 .1 .18) from Calbiochem-Behring Corp ., Ameri-
can Hoechst Corp . (San Diego, Calif) ; [:'H]borohydride (>330
mCi/mmol) from New England Nuclear (Boston, Mass .); ...I
from Amersham Corp. (Arlington Heights, 111 .) ; Chloramine-T
from British Drug Houses Chemicals Ltd. (Poole, England) ; fetal
calf serum (FCS) from Flow Laboratories, Inc. (Rockville, Md .);
and alpha medium from Grand Island Biological Co. (Grand
Island, N. Y.) . All other chemicals were reagent grade.

CELL LINEs : The CHO cell lines Pro-5 (proline-re-
quiring), Gat-2 (glycine-, adenosine-, and thymidine-requir-
ing),

	

Pro5WgaR3C,

	

Gat2Wga",IN,

	

Pro5WgaRll6A,
Gat2Wga",,4C, and Pro5WgaRl14B were cultured at 34 °C in
suspension in alpha medium containing 10% FCS as previously
described (20, 25). The derivation of the mutant lines is described
in reference 20 and their nomenclature and complementation
groups in reference 25 . Most experiments were performed with
two independent isolates from each complementation group. For
simplicity, however, the results for each complementation group
have been combined and the Wga" cell lines referred to as
Wga", Wga Rll, and Wga Rill which represent complementation
groups 1, It, and III, respectively (25) .

Surface Labeling via
Galactose Oxidase:[3H]Borohydride

Cells in exponential growth were washed twice with cold
phosphate-buffered saline (PBS) and resuspended at about 5 x
10' cells/ml in warm PBS. Neuraminidase at 50 U/10' cells was
added to one-half of the cell suspension . Both control and
neuraminidase-treated cells were incubated for 5 min at 37 °C.

After centrifugation for 10 min at 1,200 rpm in a Sorvall GI-2
centrifuge (DuPont Instruments-Sorvall, DuPont Co ., Newtown,
Conn.), the supernates were frozen at -20°C, and the cell pellet
was washed once with 10 ml of cold PBS/10" cells and resus-
pended at 5 x 10'/ml in warm PBS. Galactose oxidase was
added (15 U/10"cells) and the cell suspension was incubated for
5 min at 37°C . After centrifugation, the cells were washed once
with 10 ml of cold PBS and incubated on ice with -" 1 mCi of
['H]borohydride. After 5 min, the cells were washed three times
with 10 ml of cold PBS containing 1%BSA. Control experiments
showed that the concentrations used of neuraminidase, galactose
oxidase, and ['H]borohydridewere necessary to achieve maximal
labeling under these reaction conditions . The cells were 85-90%
viable after neuraminidase treatment, 80-85% viable after galac-
tose oxidase, and 75-80% viable after the ['H]borohydride step .
To reduce contamination from internally labeled components,
we prepared plasma membranes from the labeled cells according
to the method of Brunette and Till (7) . A comparison of the
TGA-precipitable cpm per mg protein assayed by the method of
Lowry et al . (15) showed that the plasma membrane fraction was
enriched approximately sixfold compared with the cell homoge-
nate after the partial-purification step . The specific activity
(TCA-precipitable cpm/mg protein) of each membrane prepa-
ration was routinely determined .

Gel Electrophoresis
Membrane samples (100 ug of protein; 25,000-30,000 cpm)

were solubilized in an equal volume of 0.3 mM Tris-HCI (pH
6.5) containing 3% SDS, 5% ß-mercaptoethanol, and 10% glyc-
erol . These samples (in a volume of 50-100 Wl) were analyzed on
20-cm polyacrylamide gels with the buffer system of Laemmli
(14) and a 3-17% gradient of polyacrylamide made with a
Harvard apparatus model 1203 gradient maker (Harvard Instru-
ment Co ., Ayer, Mass .) . Electrophoresis was commenced at 70 V
and increased to 160 V after the bromophenol blue dye entered
the running gel. After -7 h, the gel was fixed in ethanol:acetic
acid :water (5 :2 :20) for 2 h, stained in 0.25% Coomassie Blue for
15 min, and destained in the fix solution . After photography, the
gel was impregnated with 2,5-diphenyloxazole, dried onto filter
paper, and exposed to x-ray film at -70'C (5) .

Identification of Sugars Labeled by
Galactose Oxidase:[3H]Borohydride

Membrane samples in SDS gel electrophoresis digestion
buffer were hydrolyzed by boiling for 4 h in 1 - 5 N HCl (glass-
distilled) . The hydrolysates were applied to 4-ml coupledcolumns
of Dowex 50-X4(200-400) 'H above Dowex 1-X8(200-400) for-
mate (Dow Chemical Co ., Midland, Mich.), and neutral and
amino sugar fractions were eluted as described by Adamany and
Spiro (2). Neutral sugars and acetylated amino sugars were
separated by paper chromatography and identified according to
their co-migration with unlabeled sugars (2) .

Thiobarbituric Acid Assay
The supernate from cells treated with neuraminidase as de-

scribed above were stored at -20°C. After -1 yr, they were
concentrated 10-fold via lyophilization and subsequent reconsti-
tution in distilled H,O. Samples of 0.2 ml were assayed in
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duplicate for free sialic acid with the thiobarbituric acid (TBA)
assay(3). Standard curves were obtained with sialic acid dissolved
in PBS at 10 timestheusual concentration .These standard curves
were identical to those obtained with sialic acid in H20-

Extraction of Glycolipids and
Thin-Layer Chromatography

Approximately 10 9 exponentially growing cells were washed
twice with cold PBS, resuspended in 40 ml of cold PBS, and
counted. After centrifugation, the cells were resuspended in 40
ml of 10 mM Tris-HCI, pH 7.4, in a graduated glass centrifuge
tube and centrifuged at 2,000 rpm for 15 min at 4°C in an
International PR2 centrifuge (Damon/IEC Div., Damon Corp.,
Needham Heights, Mass .) . The cell pellet was extracted with
chloroform :methanol (C:M) according to the method of Suzuki
(26) . Briefly, 20 vol of C:M (2: l) was mixed with the cells for 2
min inaWaring blender(Waring Products Div., Dynamics Corp .
of America, New Hartford, Conn .) (low speed) . The extract was
filtered through sintered glass, and the residue was re-extracted
with 10 vol of C:M (1 :2). The combined filtrates were roto-
evaporated to dryness and redissolved in C:M (l :l) at 10' cells/
ml (based on cell counts obtained from the cells suspended in 40
ml of PBS before extraction) . The lipid extract was stored at
-20°C and was stable for many months. It was noted that storage
of frozen cell pellets at -20°C before lipid extraction resulted in
extensive desialylation of the major ganglioside GM,, .
The glycolipids in crude lipid extracts were examined by thin-

layer chromatography (TLC) on precoated silica gel 60 plates
(0 .25 nm, E.M . Laboratories, Inc., Darmstadt, Germany) with
solvent A (C:M:H z0 = 60 :30:4 .5) or solvent B (C:M:NH,OH :
Hz0 = 60:35:1 :7) . Purified glycolipids GM 1 , GM3, lactosylcer-
amide (LC), and glucosylceramide (GC) were kindly provided
by Dr. Samar Kundu (Albert Einstein College ofMedicine) . The
plates were stained with a-naphthol/sulphuric acid forthe detec-
tion of lipids containing neutral sugars (19) or with resorcinol
which specifically stains gangliosides (27) . The extract from
approximately 3 x 10' washed cells was compared in a typical
TLC plate .

WGA-Binding Assay
The binding of WGA to parental and Wga" CHOcells was

performed as described previously (21-23) . Briefly, WGA was
iodinated by the chloramine-T method to a sp act of -12-15
pCi/yg and used within 3 d of its preparation (23) . Washed cells
were incubated with "'I-WGA, unlabeled WGA, BSA (2%), and
PBS for l h at room temperature. Cells treated with neuramini-
dase were obtained in exactly the manner described above. In
many cases the same cell preparations were examined simulta-
neously for WGAbinding and via SDS gel electrophoresis after
galatose oxidase:['Hjborohydride labeling. WGAconcentrations
in the binding assay ranged from 1 ng/ml to I mg/ml. Each
point was performed in duplicate, and five to six points were
determined with two WGA preparations of different specific
activities in each experiment. Unbound ' 2" 1-WGA was removed
by filtration through GF/C filterssoaked in 10% BSA at least 2
h. The Scatchard parameters r (amount WGA bound per cell)
and A (amount of free WGA) were calculated from the cpm in
the reaction tubes before the addition of cells, the cpm on the
filters, and the cpm in the washed reaction tubes. Nonspecific
binding of WGA is negligible under these assay conditions (22).
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RESULTS
Surface Carbohydrate Changes
Exhibited by Wga Rr, WgaR", and
WgaRrrr CHO Cells

Each of the WgaR cell lines that we examined
has previously been shown to possess alterations
in surface carbohydrate (21) and to belong to
distinct genetic complementation groups (25) .
WgaR ' cells have lost a specific N-acetylglucosa-
minyltransferase activity (G1cNAc-T I ) which ap-
pears to provide the biochemical basis of their
mutant phenotype (16, 24). These cells synthesize
a partially completed asparagine (Asn)-linked ol-
igosaccharide Man5GlcNac 2Asn (18) which ap-
pears to be an intermediate in the pathway to
"complex" Asn-linked oligosaccharides terminat-
ing in G1cNAc-Gal-sialic acid sequences (28) . This
is reflected by the reduced ability ofWgaR' cells to
be surface-labeled by the galactose oxidase
method (-..10% compared with parental CHO cells ;
13) . By contrast, little is known about the carbo-
hydrate alterations that have occurred at the sur-
faces of WgaR" and WgaR"' CHO cells . Therefore
we examined the surface-labeling properties of
these WgaR mutants in the presence of galactose
oxidase and [3H]borohydride before and after a
pretreatment with neuraminidase . This approach
enables the qualitative comparison of certain Gal,
GaINAc, and sialic acid residues present at the
cell surface (9) .

Fig . 1 a compares the Coomassie Blue-stained
gel patterns of membranes from parental and
WgaR CHO cells after surface labeling with and
without a neuraminidase pretreatment . Within the
limits of detection ofthis gel system, it can be seen
that there are no significant profile differences.
This shows that the protein complements of the
parental mutant cell membranes are very similar
and also provides evidence that significant prote-
olysis does not occur during the labeling proce-
dures. Other experiments showed that, under iden-
tical incubation conditions, the neuraminidase and
galactose oxidase preparations exhibited negligible
proteolysis of BSA or [ I°C]casein hydrolysate.
An autoradiogram of cells surface-labeled by

galactose oxidase is shown in Fig. l b . In the
absence of a neuraminidase treatment, parental
and WgaR' cells exhibit very little labeling of sur-
face glycoproteins . However, WgaR" and WgaR"'
cells exhibit many well-labeled bands of various
molecular weights. (Though apparently ofreduced



FIGURE I

	

(a) SDS slab gel of parental and WgaR CHO cells labeled via galactose oxidase :[ 3H]borohy-
dride before (-) and after (+) a treatment with neuraminidase . This gel was stained with Coomassie
Brilliant Blue before autoradiography. The autoradiography gave results essentially identical to those
shown in Fig.

	

1 b. The individual samples from left to right are as follows : Pro5WgaR°34B,
Pro5WgaR 16A, Pro5WgaRI3C, and Pro-5. (b) Glycoproteins labeled via galactose oxidase:[3Hlborohy-
dride in parental and WgaR CHO cells . Washed cells were labeled via galactose oxidase:[9H]borohydride
before or after a treatment with neuraminidase . Plasma membranes were partially purified from the
labeled cells, assayed for TCA-precipitable cpm and protein, solubilized in electrophoresis sample buffer,
and analyzed in 3-17% gradient SDS slab gels (see Materials and Methods) . The results presented were
obtained from one slab gel except for the WgaR samples . The individual samples from left to right are as
follows:

	

Gat-2,

	

Gat-2Wga R, IN,

	

Gat-2WgaR[14C,

	

Pro5WgaR,4B,

	

Gat-2,

	

Gat-2WgaR!IN,
Gat-2WgaRI14C, and Pro5WgaR1°4B .

intensity in this experiment, the decreased labeling
of WgaR"' glycoproteins was not consistently re-
flected in the specific activities ofWgaR" compared
with WgaR'' membranes in a number ofindepend-
ent experiments.) Acid hydrolysis of labeled mem-
brane samples showed that 80-90% of the re-
covered label was associated with Gal residues.
The remaining label eluted in the amino sugar
fraction from Dowex 50 (H+) as would be expected
of labeled GaINAc . However, the cpm recovered
were too low for chromatographic identification.
Thus, the results in Fig. 16 show that untreated
parental and WgaR' CHO cells possess compara-

tively few Gal residues accessible to galactose
oxidase. By contrast, untreated WgaR" and
WgaR"' cells possess "exposed" Gal residues dis-
tributed amongst a broad variety of membrane
glycoproteins .
The surface labeling of parental CHO cells is

increased ~15-fold by neuraminidase pretreat-
ment, and the gel patterns obtained are very sim-
ilar to those of untreated WgaR" and WgaR'" cells
(Fig, 1 b) . This suggests that WgaR" and WgaR"'
cells possess a defect in the sialylation of certain
membrane glycoproteins . They are not completely
deficient in surface sialic acid, however, because
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TABLE I

Sialic Acid Released by Neuraminidasefrom

Parental and WgaR CHO Cells

Sialic acid released into the supernate after neuramini-
dase treatment of washed cells was assayed by the TBA
method as described in Materials and Methods. Figures
in parentheses correspond to the range of values ob-
tained. The values given are per 108 CHO cells but the
samples measured were obtained from 2-3 x 108 cells in
each case .

neuraminidase treatment releases sialic acid from
each of the WgaR mutants (Table I) and results in
an increase (-�1.4-fold) in their respective abilities
to be surface labeled by galactose oxidase:[ 3H]-
borohydride . The final specific activities of neur-
aminidase-treated parental, WgaR", and WgaR. . .
cells are similar (-2.4 :L 0.8 x 105 cpm/mg protein)
as would be predicted if the surface defects in
WgaR" and WgaR"' cells are confined to sialic acid
residues . As observed previously (13), WgaR cells
do not label well even after neuraminidase treat-
ment (Fig . ( b), presumably because of the lack of
Gal residues in certain of their Asn-linked oligo-
saccharides.

GLYCOLIPIDs :

	

Adeficiency inthetransfer
of sialic acid to glycoproteins may also affect the
addition of sialic acid to glycolipids, depending on
the primary metabolic site of the defect . Because
the major glycolipid in CHO cells is the ganglio-
side GMs (6, 30) which contains one residue of
sialic acid, it was important to compare the GMs
contents of the parental, WgaR" and WgaR"' cell
lines. WgaR' cells were examined as a control
because it has previously been reported that their
glycolipid complement is essentially identical to
that of parental CHO cells (24) .
The glycolipids of parental CHO cells and the

three Wgale mutants were extracted and analyzed
by TLC (Fig . 2) . The identity of each glycolipid
was established by three criteria : (a) co-migration
with purified glycolipids in solvent A (Fig . 2 a)
and solvent B (data not shown) ; (b) conversion of
putative GM:3 material to LC after neuraminidase
treatment (Fig . 26); and (c) specific staining of
neutral hexoses by a-naphthol (Fig . 2 a and b) and
of gangliosides by resorcinol (Fig . 2c).
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Fig. 2a shows that a number of discrete bands
appear after staining with a-naphthol . However,
parental CHO cell extracts contain only five areas
that stain the blue color characteristic of carbo-
hydrate (arrows) . Area 1 corresponds to material
remaining at the origin and also material co-mi-
grating with free sialic acid . Area 2 contains ma-
terial that migrates like free glucose or galactose.
The bands in regions 3, 4, and 5 co-migrate with
the glycolipids GM3, LC, and GC (data not
shown), respectively . Fig. 2 a shows that parental
and WgaR' CHO cells contain mostly material
migrating with GM,, and only a small amount of
material migrating with LC and GC. By contrast,
WgaR" cells contain mostly material migrating
with LC, and WgaR"' cells exhibit intermediate
amounts ofmaterial migrating with both GM3 and
LC . Thus, both WgaR° and WgaRill cells exhibit
reduced sialylation of the major CHO cell glyco-
lipid as well as numerous CHO cell glycoproteins.

Evidence that the cell-derived material co-mi-
grating with GM3 in Fig. 2 a is in fact GMs is
provided in Fig. 2 b and c. Fig. 2 c shows that this
material stains with the resorcinol reagent which
is specific for sialic acid residues, and Fig. 2 b

shows that it is converted to LC by treatment with
neuraminidase . Fig. 2 b and c also provide evi-
dence that there are no appreciable amounts of
other gangliosides in parental or mutant CHO
cells.

WGA-Binding Abilities of Parental
and WgaR CHO Cells
The WGA-binding properties of WgaR',

Wgak", and WgaR"' CHO cells have previously
been described (22) . In those experiments a mil-
lion-fold range of WGA concentrations was ex-
amined and, in linear Scatchard plots, many of the
data points fell on the r/A axis . Therefore the data
have been replotted as r/A versus logo r, where r
equals the amount of WGA bound per cell and A
equals the amount of unbound WGA (Fig. 3) . As
described previously, Wga" and WgaR" cells ex-
hibit reduced WGA-binding abilities, whereas
Wga1t"' cells bind WGA essentially the same as
parental CHO cells . These binding properties may
now be correlated with the surface carbohydrate
alterations shown to occur in each mutant . Thus,
Wga' e ' cells which appear to have the most severe
surface carbohydrate alteration bind more WGA
than Wgal<" cells which possess a sialylation defect
affecting glycoproteins and glycolipids . On the
other hand, Wga1{"' cells exhibit no change in

Cell line No . exps.
jig Sialic acid released/ 10'

Cells

Parental 4 25(20-28)
WgaR 3 19(14-24)
WgaR, 3 2(1-6)
WgaRill 3 8(5-11)



FIGURE 2

	

(a) Glycolipid composition of parental and WgaR CHO cells . C:M extracts representing -3
x 10' parental and WgaR CHO cells were analyzed by TLC in solvent A in parallel with the purified
glycolipids GM3 (6 pg) and LC (10 jig) . The plate was stained with a-naphthol/sulphuric acid, and the
bands which stained blue/purple are marked with arrows and numbered 1-5. All other bands stained
yellow, brown, or red. The numbered bands co-migrated in this or in other experiments with marker
molecules as follows: region 1, with material remaining at the origin and with free sialic acid; region 2,
similarly to free sugars such as glucose and galactose; region 3, with purified GM3; region 4, with purified
LC; region 5, with purified glucosyl ceramide (not shown) . Purified GM2 migrated in the region between
bands 2 and 3 (not shown) . (b) C:M extracts from --3 x 10' parental or WgaR CHO cells, 6 pg GM3, and
10 pg LC were dried down under nitrogen and incubated for 19 h with 25 U of V. cholerae neuraminidase
at 37°C . These samples were dried under nitrogen, redissolved in 15 Id of C:M (1 :1), and analyzed by
TLC in solvent A. The plate was stained with a-naphthol/sulphuric acid and the bands which stained
blue/purple are marked with arrows . (c) C:M extracts from "3 x 10' parental and WgaR cells, 6 pg of
GM3, and 10 pg of sialic acid (SA) were dried under nitrogen, redissolved in 10-15 id of C:M (1 :1), and
analyzed by TLC in solvent A. The plate was stained with resorcinol . The faint bands below the bands co-
migrating with marker GM3did not stain blue, but gray-black . All the bands, from the origin to the bands
co-migrating with GM3, stained blue with the resorcinol reagent.
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WGA-binding abilities of parental (O) and
Wga' (") CHO cells . WGA binding to parental and
Wga' cellswas determined at WGAconcentrations from
1 ng/ml to 1 mg/ml and analyzed by the method of
Scatchard. These data have previously been presented as
a linear plot (22), whereas in this figure r/a is plotted
against logo r.

WGA binding despite a sialylation defect similar
to that of Wga", cells . Thus, it must be concluded
that the sialic acid residues that are missing from
Wga'l'I cells are not involved irr WGA binding.

Effect ofNeuraminidase on the
WGA-Binding Abilities ofParental
and WgaR CHO Cells

As previous studies have implicated sialic acid
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in the binding of WGA to cell surfaces (1, 4, 8,
17), and as we have clearly demonstrated at least
one "class" of sialic acid residues that is not in-
volved in WGA binding, it seemed likely that an
examination of the WGA-binding properties of
the Wga' mutants after treatment with neuramin-
idase might define various classes of sialic acid
residues at the cell surface and their involvement
in WGA-binding parameters .
A brief treatment of parental CHO cells with

neuraminidase (under conditions identical to those
described in Fig. 1) resulted in a reduction in the
ability of parental CHO cells to bind WGA (Fig .
4) . In fact, neuraminidase-treated parental cells
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Effect of neuraminidase on the binding of
WGAto parental CHO cells . Washed Pro- (A) or Gat-2
(B) cells were treated with neuraminidase (50 U/10"
cells; 5 min at 37 0C), washed, and their WGA binding
abilities were compared with those of parental cells that
had been processed identically but in the absence of
neuraminidase. Untreated (O) and neuraminidase-
treated (") cells .
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resembled WgaR' mutants in their WGA binding
properties . A similar result was obtained when
WgaR"' cells were treated with neuraminidase (Fig .
5A). Neuraminidase-treated WgaR cells also ex-
hibited reduced WGA binding (Fig . 5B). In this
case, the WGA binding curve approaches the type
observed with untreated WgaR" cells . By contrast,
the binding properties of WgaR" cells were not
significantly affected by the neuraminidase treat-
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Effect of neuraminidase on the binding of
WGA to WgaR CHO cells . Pro-5WgaRi'4B (A),
Pro5Wga"ßC (B), and Pro5WgaR"6A, (C) cells were
incubated with neuraminidase as described in Fig. 4, and
the WGA-binding abilities of untreated (O) and neura-
minidase-treated (") cells were compared . The data were
plotted as r/A vs . log,o r.

ment (Fig . 5c). This suggests that any sialic acid
residues released by neuraminidase from WgaR"
cells are not involved in WGA binding to these
cells. In fact, it is shown in Table I that treatment
of each ofthe WgaR cell lines with neuraminidase
results in the release of sialic acid residues . (Al-
though for WgaR" cells the amount of sialic acid
in the supernate was small, it was reproducible
and was always correlated with a small (~25%)
increase in labeling via galactose oxidase:[3H]bor-
ohydride consistent with the exposure of surface
Gal residues by the action of neuraminidase) .
Thus, it would appear that a change in WGA
binding parameters is not always correlated with
the loss of sialic acid residues .

DISCUSSION
Lectin-resistant cells provide a genetic approach
to the eventual delineation of the carbohydrate
structures that occur at cell surfaces and of the
specificity of the interactions of surface carbohy-
drate with lectins and other molecules that bind to
the cell surface . In this paper, we have partially
characterized the surface carbohydrate alterations
in three WgaR CHO cell mutants and described
some of the parameters involved in the binding of
WGA to CHO cells by comparing the WGA-
binding abilities of WgaR mutant and parental
cells. The data reveal the complexity of both
WGA/cell surface binding parameters and CHO
cell surface structures .
A summary of some of the properties of the

three WgaR mutant phenotypes including the prin-
cipal findings presented in this paper is given in
Table II . The phenotype of WgaR' cells is so far
completely accounted for by its deficient G1cNAc-
T 1 activity . This phenotype appears to be identical
with that of CHO-15B described by Gottlieb et al .
(11, 12) and Tabas et al . (29) . By contrast, the
biochemical bases of the surface alterations that
have occurred in WgaR" andWgaR"' cells have not
been uncovered. Preliminary glycosyl transfer
studies on a variety of desialized glycoproteins,
mucins, and glycopeptides revealed no significant
differences between the sialyl transfer abilities of
parental CHO cells and the WgaR" and WgaRill

mutants (P . Stanley, unpublished observations) . A
WgaR CHO cell line (clone 1021) which possesses
properties very similar to those of WgaR" cells has
been described by Briles et al. (6) . This mutant
was shown to exhibit a markedly decreased ability
to transfer sialic acid to LC in cell-free extracts .
However, this GM, synthetase deficiency did not
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TABLE 11

Summary WgaR CHO Cell Mutant Phenotypes

appear to account for the complex phenotype of
clone 1021 cells. Assuming that these mutants
possess single mutations, biochemical lesions that
might affect the sialylation of both glycoproteins
and glycolipids must be sought .

Certain conclusions concerning the role of sialic
acid in WGA binding to cell surfaces may be
drawn from the WGA binding properties of pa-
rental CHO cells and the WgaR CHO mutants
before and after neuraminidase treatment. In gen-
eral terms, it is apparent that the loss of surface
sialic acid residues (by mutation or following the
action ofneuraminidase) may or maynot correlate
with changes in WGA binding parameters . More
importantly, our results suggest that the different
WgaR mutants lack different groups or classes of
sialic acid residues as defined functionally by their
involvement with the binding of WGA at the cell
surface.

Clearly, the definition of putative classes of
surface sialic acid residues and their direct or
indirect role in WGA binding will require exten-
sive structural and quantitative analyses . Such
studies are currently underway, but they pose nu-
merous problems . Even the determination of total
surface sialic acid content is not straightforward,
especially when one is dealing with mutants that
possess altered carbohydrate at the cell surface. In
fact, wide discrepancies exist between the total
surface sialic acid contents of CHO cells reported
in the literature. Thus, Yogeeswaran et al . (30)
found 136 pg of sialic acid/20 mg protein (-108
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A summary of some of the properties ofthe three WgaR CHO cell lines examined here is presented. It incorporates
data obtained in this report and previous publications (l3, 20, 21, 24) . Dto WGA = concentration of WGA giving
10% survival . Also included is a qualitative description of the surface labeling and WGA binding properties of
parental and WgaR CHO cells from Figs . 1 b, 3, and 4, and the sialic acid released by neuraminidase (NM) from
Table 1 .

cells), Gottlieb et al . (12) found 11 jig/10' cell
membranes, and Briles et al . (6), using the same
procedures as Gottlieb et al . (12), reported 28 .5
trg of sialic acid/108 cell membranes. Suffice it to
say, the present results clearly demonstrate that
sialic acid residues at the CHO cell surface are not
equivalent in their abilities to interact with WGA.
In addition, it is ofinterest that the WGA-binding
sites of highest affinity remain unaltered by the
briefneuraminidase treatment.
The question arises as to whether WGA is in-

teracting directly with sialic acid at the CHO cell
surface? Recent evidence supports this possibility
because sialic acid has been shown to bind speci-
ficially to WGA crystals (C . Wright, personal com-
munication), and recent NMR studies have shown
that sialic acid in the a configuration exhibits a
high affinity for WGA (Kronis and Carver, man-
uscript in preparation). However, it is equally
possible that the removal of sialic acid from car-
bohydrate moieties results in conformational
changes that indirectly affect WGA binding at the
cell membrane . It is known that WGA binds in a
specific fashion to certain G1cNAc, GaINAc, and
sialic acid residues in glycoconjugates (see refer-
ence 4), but the specific interactions occurring at
the cell surface remain to be defined. The study of
mutants possessing specific carbohydrate lesions
at the cell surface together with studies of the
interaction of WGA with model glycopeptide
binding site analogues will greatly facilitate studies
in this area .

Cell line wga"' wgax" w ga ', . Parental

Dto WGA, pg/ml >60 25 11 2

Complementation group 1 II III
Surface molecules affected by mutation :

Glycoproteins
Glycolipids

Surface sugars newly exposed Man Gal(GaINAc) Gal(GaINAc)
Defective enzyme activity GIcNAc-TI ? ?
Labeling by galactose oxidase + +++ +++ +
Labeling after NM ++ ++++
WGA binding after NM "WgaR�" Unchanged «WgaR,� .Wga R,, .

Sialic acid released by NM



The authors thank Ms . Wendy Fife and Ms . Susan
Kroener for excellent technical assistance, Dr . Samar
Kundu for purified glycolipids and generous advice, and
Drs. A. Adamany andE. R. Stanley for critical comments
on the manuscript .

This work was supported by grant PCM76-84293 from
the National Science Foundation to P. Stanley, grants
from the Medical Research Council (MRC) (Canada) to
J. P. Carver and L. Siminovitch, a grant from the Na-
tional Cancer Institute (NCI) (Canada), and a contract
from the National Institutes of Health (NIH)-NCI (U .
S.) to L. Siminovitch . Tadashi Sudo was a postdoctoral
fellow ofthe MRC (Canada) .

Receivedforpublication 30 July 1979, and in revisedform
29 October 1979.

REFERENCES

I . ADAIR, W. L., and S. KORNFELD. 1974 . Isolation of the receptors for
wheat germ agglutinin and the Ricinus communis lectins from human
erythrocytes using affinity chromatography. J. Biol. Chem. 249:4696-
4704.

2. ADAMANY, A., and R. G. SPIRO. 1975 . Glycoprotein biosynthesis:
studieson thyroidmannosyltransferases. 1 . Action of glycopeptides and
simple glycosides. J. Biol Chem . 250:2830-2841 .

3. AMINOFF, D. 1961 . Methods for quantitative estimation of N-acetylneu-
raminic acid and their application to hydrolysates of sialomucoids.
Biochem. J. 81 :384-392 .

4. BHAVANANDAN, V. P., and A. W. KATLIC . 1979 . The interaction of
wheat germ agglutinin with sialoglycoproteins. The role of sialic acid.
J Biol Chem. 254:4000-4008 .

5. BONNER,W. M., and R. A. LASKEY. 1974 . A film detection method for
tritium-labeled proteins and nucleic acids in polyacrylamide gels . Eur.
J. Biochem . 46:83-88 .

6. BRILES, E. B., E. Li, and S. KORNFELD. 1977 . Isolation of wheat germ
agglutinin-resistant clones of Chinese hamster ovary cells deficient in
membrane sialic acid and galactose. J. Biol Chem. 252:1107-1116 .

7. BRUNETTE, D. M., and J . E. TILL. 1971 . A rapid method for theisolation
of L-cell surface membranes using an aqueous two-phase polymer
system. J. Membr. Biol. 5:215-224 .

8. BURGER, M. M., and A. R. GOLDBERG . 1967 . Identification of a tumor-
specific determinant on neoplastic cell surfaces. Proc. Nail. Acad. Sci.
U. S. A. 57 :359-366 .

9. GAHMBERG, C. G., and S. HAKOMORL 1973 . External labeling of cell
surface galactose and galactosamine in glycolipid and glycoprotein of
human erythrocytes. J. BioL Chem. 248:4311-4317 .

10 . GOLDSTEIN, 1 . 1 ., and C. E. HAYES. 1978 . Th e lectins: carbohydrate-
binding proteins of plants and animals . Adv. Carbohvdr. Chem. Bio-
chem . 35.127-340.

11 . GOTTLIEB, C., J . BAENZIGER, and S. KORNFELD . 1975 . Deficient uridine
diphosphate-N-acetylglucosamine: glycoprotein N-acetylglucosaminyl-
transferase activity in a clone of Chinese hamster ovary cells with

altered surface glycoproleins . J. BioL Chem. 250:3303-3309.
12. GOTTLIEB, C., A. M. SKINNER, and S. KORNFELD . 1974. Isolation of a

clone of Chinese hamster ovary cells deficient in plant lectin-binding
sites . Proc. Nail. Acad. Sci. U. S. A. 71:1078-1082.

13 . JULIANO, R. L., and P. STANLEY. 1975. Altered cell surfaceglycoproteins
in phytohemagglutinin-resistant mutants of Chinese hamster ovary
cells . Biochim. Biophys. Acta. 389:401-406 .

14. LAEMMLI, U. K. 1970 . Cleavage of structural proteins during the
assembly of the head of bacteriophageT4 . Nature (Land.) . 227:680-685.

I5. LOWRY, O. H., N. J. ROSEBROUGH, A. L. FARR, and R. J. RANDALL.
1951 . Protein measurements with the Folin phenol reagent . J. BioL
Chem. 193:265-275 .

16 . NARASIMHAN, S., P. STANLEY, and H. SCHACHTER. 1977. Control of
glycoprotein synthesis. Lectin-resistant mutant containing only one of
two distinct N-acetylglucosaminyllransferase activities present in wild
type Chinese hamster ovary cells . J. Biol. Chem. 252:3926-3933 .

17. NICOLSON, G. L., M. LACORBIERE, and W. ECKHART. 1975. Qualitative
and quantitative interactions of lectins with untreated and neuramini-
dase-treated normal, wild-type and temperature-sensitive polyoma-
transformed fibroblasts . Biochemistry. 14 :172-179 .

18 . ROBERTSON, M. A., J. R. ETCHISON, J. S. ROBERTSON, D. F. SUMMERS,
and P. STANLEY. 1978. Specific changes in the oligosaccharide moieties
of VSV grown in different lectin-resistantCHOcells. Cell. 13:515-526 .

19 . SIAKOTOs, A. N., and G. ROUSER . 1965 . Analytical separation of non-
lipid water soluble substances and gangliosides from other lipids by
dextran gelchromatography. J. Am. Oil Chem. Soc. 42:913-919 .

20 . STANLEY, P., V. CAILLIBOT, and L. SIMINOVITCH. 1975 . Selection and
characterization of eight phenotypically distinct lines of lectin-resistant
Chinese hamster ovary cells. Cell. 6:121-128 .

21 . STANLEY, P., and J. P. CARVER . 1977 . Lectin receptors and lectin
resistance in Chinese hamsterovary cells . Adv. Exp. Med. Biol. 84:265-
282.

22. STANLEY, P., and J. P. CARVER . 1977 . Selective loss of wheat germ
agglutinin binding to agglutinin-resistant mutants of Chinese hamster
ovary cells . Proc . Natt Acad. Sci. U. S. A. 74 :5056-5059.

23 . STANLEY, P., and J. P. CARVER . 1978. Binding of X5 1-wheat germ
agglutinin to Chinese hamster ovary cellsunder conditions which affect
the mobility of membrane components. J. Cell Biol 79:617-622 .

24. STANLEY, P., S. NARASIMHAN, L. SIMINOVITCH, and H. SCHACHTER.
1975. Chinese hamsterovary cells selected for resistance to the cytotox-
icity of phytohemagglutinin are deficient in a UDP-N-acetylglucosa-
mine-glycoprotein N-acetylglucosaminyltransferase activity . Proc. Nall.
Acad. Sci. U. S. A. 72:3323-3327 .

25. STANLEY, P., and L. SIMINOVITCH. 1977. Complementation between
mutants of CHO cells resistant to a variety of plant lectins . Somatic
Cell Genet. 3:391-405 .

26. SUZUKI, K. 1964. A simple and accurate micromethod for quantitative
determination of ganglioside patterns. Life Sci. 3:1227-1233.

27 . SVENNERHOLM, L. 1957. Quantitative estimation of sialic acids II. A
calorimetric resorcinol-hydrochloric acid method. Biochim. Biophys.
Acta. 24 :604-611 .

28 . TARAS, L, and S. KORNFELD . 1978. The synthesis of complex-type
oligosaccharides . III . Identification of an a-mannosidase activity in-
volved in a late stage of processing of complex-type oligosaccharides .
J. BioL Chem. 253:7779-7786 .

29 . TARAS, L, S. SCHLESINGER, and S. KORNFELD. 1978. Processing of high
mannose oligosaccharides to form complex type oligosaccharides on
the newly synthesized polypeptides of the vesicular stomatitis virus G
protein and the IgG heavychain. J. Biol. Chem. 253:716-722 .

30 . YOGEESWARAN, G., R. K. MURRAY, and J. A. WRIGHT. 1974 . Glyco-
sphingolipid sof wild-type and mutant lectin-resistant Chinese hamster
ovarian cells. Biochem. Biophys. Res. Commun . 56:1010-1016 .

STANLEY ET AL .

	

Cell Surface Sialic Acid and WGA Binding 69


