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Metabolic Correction of Defects in the Lipid
Anchoring of Thy-1 in Lymphoma Mutants

DWIENDRA GUPTA, ALAN TARTAKOFF, ELLEN TISDALE

Many plasma membrane proteins, including Thy-1, are anchored by a carboxyl
terminal glycophospholipid. This unit is absent from the Thy-1 of several lymphoma
mutants that synthesize the Thy-1 polypeptide but fail to express it at the cell surface.
Recessive mutants of complementation groups A to C, E, and F contain Thy-1 mRNA
of normal size, which suggests that their Thy-1 polypeptide is normal. To identify
possible metabolic lesions, each mutant was grown with various supplements. The
class F and B mutants exhibited a reversible induction of surface lipid anchored Thy-1
when grown with the aminoglycoside G418. Other aminoglycosides, sugars, and
ethanolamine were inactive. These unexpected observations are discussed in the

context of lipid anchor biosynthesis.

EMBRANE PROTEINS SUCH AS
1 \ / I Thy-1 are anchored to the plasma
membrane by a complex moiety
composed of ethanolamine phosphate, man-
nose, glucosamine, N-acetylgalactosamine,
and phosphatidylinositol (PI) () that is
sensitive to PI-specific phospholipase C (2).
This unit is added to the COOH-terminus
of Thy-1 after the completion of polypep-
tide synthesis and excision of the most
COOH-terminal 31 amino acids, which in-
cludes a putative membrane-spanning se-
quence (3). A preassembled unit including
most or all of the “anchor components” may
be involved (4), and dolichol-phosphoryl-
mannose appears to be a precursor of some
of the mannose residues (5); however, none
of the metabolic paths and enzymes involved
in anchor assembly or addition have been
definitively identified.

There is a family of Thy-1-negative mu-
rine T lymphoma mutants (6) that synthe-
sizes immunoprecipitable Thy-1 of slightly
abnormal gel mobility and expresses essen-
tially none of the antigen on the plasma
membrane. These mutants do, however, ex-
press normal amounts of transmembrane
proteins. Cell fusion studies have assigned

TiMmI

the recessive mutants that synthesize Thy-1
to six complementation groups.

Each of the recessive mutants does not
add the lipid anchor to Thy-1, and two of
them (classes B and E) secrete a hydrophilic
form of Thy-1 (5, 7). Thus, these cells may
have (i) metabolic defects that interrupt
anchor biosynthesis or cause anchor hydrol-
ysis, or (ii) mutations that interrupt the
normal splicing and processing of the Thy-1
pre-mRNA, thereby producing a variant
form of Thy-1 that cannot accept an anchor.

We extracted RNA from wild-type and
mutant cell lines to determine the size of
each Thy-1 mRNA species (Fig. 1). Each
cell line produced an mRNA of 1.8 kb, the
same size as in selected wild-type lymphoid
and nonlymphoid cells (8). Thus, as previ-
ously suggested (6), the cell-associated Thy-
1 of each of these cells may have the same
primary structure. The amount of Thy-1
mRNA is, however, variable among the cells
examined.

Since several mammalian cell mutations
that affect post-translational glycosylation

Department of Pathology, Case Western Reserve Uni-
versity, Cleveland, OH 44106.

Fig. 1. Analysis of Thy-1
mRNA. RNA was extract-
ed with guanidine isothio-
cyanate and purified by
sedimentation  through
CsCl from wild-type (+)
Thy-1 expressing cells
(549, BWS5147, SIA,
TIM1I, and EL4) and mu-
tant (—) cells (S49-a,
BW5147-a, SIA-b, TIMl-,
BW5147-, and EL4H).
Samples (20 pg) were frac-
tionated on a 1.5% agarose
formaldehyde gel, blotted to
GeneScreen, and

e BW
EL4

+.‘

with a single-stranded *2P-

labeled DNA transcript of a Sac I fragment of the Thy-1 gene (27) that had been cloned into M13. The probe
was purified and eluted from a low temperature—melting agarose gel before use.
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are corrected by inclusion of amino sugars in
their medium (9), and some cultured cells
require ethanolamine for growth (10), we
monitored surface Thy-1 expression on mu-
tant cells grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented
with sugars and ethanolamine. Each of the
mutants (A to C, E, and F) (11) was grown
for 2 days (three doubling times) in culture
medium supplemented with either ethanol-
amine, glucosamine, galactosamine, N-ace-
tylglucosamine, or N-acetylgalactosamine.
In no case was an increase in surface Thy-1
detected (12).

We also added more complex molecules
that include cyclitols, the aminoglycosides
(13). When the aminoglycoside antibiotic
geneticin sulfate (G418) was added, cell
surface expression of Thy-1 increased for the
majority of class F EL4 mutant cells, as
detected by flow cytometry (Fig. 2A), mi-
croscopic examination, or by panning proce-
dures (14). As with wild-type cells (2), most
of the surface fluorescent signal could be
removed by treatment with PI-specific phos-
pholipase C. The induction of Thy-1 expres-
sioni was a time- and concentration-depen-
dent response (Fig. 2B). Cell survival,
judged by exclusion of Trypan blue, was
~80%. For most further investigations, a 2-
to 3-day period of incubation with G418
(0.75 mg/ml) was therefore selected.

The mean fluorescent cell surface signal
for Thy-1 of class F cells cultured in G418
was consistently 5 to 10% of that observed
for wild-type EL4 cells. Higher levels of
surface Thy-1 were not observed after incu-
bation with G418 (0.3 mg/ml) for 1 to 2

Fig. 2. Quantitative evaluation of Thy-1 expres-
sion on class F mutant cells in a typical experi-
ment. A subclone of the mutant was grown for 1
to 3 days in the absence or presence of G418 in
DMEM supplemented with 10% horse serum
and penicillin-streptomycin. The cell concentra-
tion was readjusted to 2.5 x 10° cells per millili-
ter each day. Cells were stained with a rat mono-
clonal antibody (MAb) to Thy-1 (M5/49) (28),
and then with the fluoresceinated goat antibody
to rat Ig (Fisher Biotech), and examined by flow
cytometry (Becton-Dickinson Cytofluorograph
2S). (A) Flow cytometry of mutant cells before
(®) and after ([3J) 2 days of culture in G418 (0.75
mg/ml). The signal from cells cultured with
G418, and then treated with PI-PLC (PLC) was
identical to (). (B) Flow cytometry of cultures
stained after 0 to 3 days in G418 (0.1 to 1.0
mg/ml). (C) Flow cytometry of cultures equiva-
lent to (B) (0.75 mg/ml, 2 days) that were washed
(arrow) and recultured for 1 to 3 days before
staining. Induction of surface Thy-1 expression
was also detected with the use of the Thy-1.2—
specific MAb 30-H-12 (29). The response of the
uncloned class F mutant was indistinguishable
from that illustrated. In (A) the spike at the
extreme right of the horizontal axis corresponds
to the summation of all fluorescent events more
intense than 999 linear units. The PI-PLC used
for panel A was from Bacillus thuringiensis.
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weeks: However, as expected from the pre-
vious demonstration that Thy-1 turnover is
an order of magnitude faster in the mutants
than in wild-type cells (6, 7), G418 treat-
ment for 4 to 10 days led to a substantial
increase in the total amount of cell-associat-
ed Thy-1 (15).

The induction of surface Thy-1 expression
on the class F mutant was reversible (Fig.
2C). After 2 days exposure to G418, cells
that were washed and returned to culture in
G418-free medium continued to increase
their surface Thy-1 expression for 1 day, but
then progressively lost surface Thy-1.

Class F mutant cells were the most re-
sponsive to G418, although class B mutants
(and, to a slight extent, class A mutants) also
exhibited induction aftet 2 to 3 days. Class
C mutants wete killed by the drug over this
period of time.

Although we saw no morphologic differ-
ences between wild-type EL4 and class F
mutant cells that were examined by trans-
mission electron microscopy after 2 days of
incubation with G418 (16), incorporation

A
30
Before
E 204 /PLC
£
=]
(=
3.,
10 After
0 .' T 000 YA‘AA;#.‘.‘A
0 200 400 600 800 1000
Fluorescence intensity
B
40
8 304
[
[3]
0
<
3 20 4
c
3
= 10 A
Day_1_
0 T T L - T v
0.0 0.2 0.4 0.6 0.8 1.0
G418 (mg/ml
c (mg/mi)
40
[
2
S 304
Q
g
]
3
= 204 :
[v]
Q
£ A
10 T T T T
0 1 2 3 4 5

Time (days)

of [*H]leucine into protein by both EL4
wild-type and class F mutant cells was inhib-
ited by this dose of G418 (17). Inhibition of
[*H]leucine incorporation was also ob-
served with gentamycin and neomycin (0.75
mg/ml); however, neither of these agents
nor low doses of cycloheximide, which al-
low cell survival for 2 days but reduce
[*H]leucine incorporation, resulted in cell
surface Thy-1 expression by class F (17).

Thy-1 expression on the class F mutant
was not induced after 3 days of culture with
the aminoglycosides (0.75 mg/ml) amikacin,
gentamycin, hygromycin, kanamycin, neo-
mycin, streptomycin, and tobramycin (18).
Acid “hydrolysis of G418 (6 hours in 6N
HCI at 100°C) eliminated its activity.

The responsive class F mutant was ob-
tained by nitrosoguanidine mutagenesis and
negative immunoselection of an EL4 lym-
phoma (6). Thy-1 synthesized by this mu-
tant is sufficiently hydrophobic to bind Tri-
ton X-114 but lacks glycophospholipid an-
chor components (7). Since the Thy-1
mRNA of this mutant has a normal size, it is
likely that the protease that normally cleaves
Thy-1 between residues 112 and 113 does
not act in these cells, possibly because a
preassembled anchor unit (4) is not synthe-
sized. The aminoglycoside G418 (Fig. 3) is
often used in conjunction with eukaryotic
expression vectors encoding genes whose
products inactivate G418 (19); however, the
mechanism by which G418 exerts its slow
toxicity is not known. What is striking is
that (i) a part of the structure of G418 (20)
resembles that of glycophospholipid an-
chors (Fig. 3), and (i1) a limited structural
change of G418 converts the drug into
gentamycin C (21), which lacks Thy-1 in-
ducing activity. Neomycin, and possibly
other aminoglycosides, binds polyphos-
phoinositides (22, 23) and inhibits PI-specif-
ic phosphodiesterase (23, 24). Because of
their positive charge, aminoglycosides surely
bind many negatively charged molecules.

There are several ways to rationalize the
effect of G418: (i) G418 binds a PI-contain-
ing anchor precursor, thereby making it an
acceptable substrate for a mutated enzyme
whose normal counterpart is responsible for
the step in anchor biosynthesis that is
blocked in the mutant; (ii) G418 inhibits a
phosphodiesterase that is abnormally active
in the mutant and destroys an anchor pre-
cursor or hydrolyzes the anchor as soon as it
has been added to Thy-1; (iii) a G418
metabolite serves as an anchor precursor;
and (iv) G418 causes sufficient misreading
of the genetic code (13) to restore activity to
a limited number of copies of the translation
product of the mutant gene.

Evaluation of these several explanations
must wait for elucidation of the normal path
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Fig. 3. Comparison of the structure of G418 and
gentamycin (A) to part of the anchor unit of rat
brain Thy-1 (B). In (A) R = —OH for G418,
—H for gentamycin C,,, and —CHj for gentamy-
cins C; and C; R’ = —CH; for G418, —NH, for
gentamycins C,, and C,, and —~NHCH; for gen-
tamycin C;. In (B) carbon a is in glycosidic
linkage to mannose and carbon b is in phospho-
diester linkage to glycerol (1).

of anchor biosynthesis. Considering the
large number of membrane proteins that
bear lipid anchors (25), the fact that lesions

in

the biosynthetic pathway of these anchors

appear to underlie the human disease parox-
ysmal nocturnal hemoglobinuria (26), and
because of the widespread use of G418 and
other aminoglycosides, the present observa-
tions may be of both therapeutic and practi-
cal importance.

W=

(= 441
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