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

Many plasma membrane proteins, including Thy-1, are anchored by a carboxyl 
terminal glycophospholipid. This unit is absent fiom 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 (3418. Other aminoglymides, sugars, and 
ethanolamine were inactive. These unexpected observations are discussed in the 
context of lipid anchor biosynthesis. 

M EMBRANE PROTEINS SUCH AS 

Thy-1 are anchored to the plasma 
membrane by a complex moiety 

composed of ethanolamine phosphate, man- 
nose, glucosamine, N-acetylgalactosamine, 
and phosphatidylinositol (PI) (1) 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 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 mu t i t s  do. however. ex- 
press normal amounts of transmembrane 
proteins. Cell fusion studies have assigned 

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 
rnRNA is, however, variable among the cells 
examined. 

Since several mammalian cell mutations 
that affect post-translational glycosylation 

Depamnent of Pathology, Cax Western Reserve Uni- 
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Fig. 1. Analysis of Thy-1 
mRNA. RNA was extract- 

3 5 ed with guanidine isothio- 
cyanate and purified by 
sedimentation through 
CsCl from wild-type (+) 
Thy-1 expressing cells 
(S49, BW5147, SIA, 
TlM1, and EM) and mu- 
tant (-) cells (S49-a, 
BW5147-a, SIA-b, T1Ml-q 
BW5147-e, and EIA-f). 
Samples (20 pg) were frac- 
tionated on a 1.5% agatPse 
formaldehyde gel, blotted to 

-andprobed 
with a smgle-saanc%d "P- 

labeled DNA aansaipe of a Sac I fragment of the Thy-1 gene (27) that had been cloned into M13. Ihe probe 
was punfied and eluted h a low tempermuffmelang agarose gel b e f k  use. 
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are corrected by inclusion of amino sugars in 
their medium (9), and some cultured cells 
require ethanolamine for growth (lo), we 
monitored surface Thy-1 expression on mu- 
tant cells grown in ~ulbecco's modified 
Eagle's medium (DMEM) supplemented 
with sugars and ethanolamine. Each of the 
mutanti(A to C, E, and F) (1 1) was grown 
for 2 days (three doubling times) in culidre 
medium supplemented with either ethanol- 
amine, glu&unine, galactosamine, N-ace- 
tylglucosamine, or N-acetylgalactosamine. 
In no case was an increase in surface Thy-1 
detected (12). , f 

We also added more complex molecules 
that include cyclitols, the aminoglycosides 
(13). When the aminoglycoside antibiotic 
geneticin sulfate (G418) was added, cell 
surface expression ofThy-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 ofThy-1 expres- 
sion 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 mglml) 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 mgiml) 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 lo5 cells per millili- 
ter each day. Cells were stained with a rat mono- 
clonal antibody (MAb) to Thy-1 (M5149) (28), 
and then with the fluoresceinated goat antibody 
to rat Ig (Fisher Biotech), and examined by flow 
cytometty (Becton-Dickinson Cytofluorograph 
2s). (A) Flow cytometty of mutant cells before 
(+) and after (m) 2 days of culture in G418 (0.75 
mgiml). 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 
mglml). (C) Flow cytometty of cultures equiva- 
lent to (B) (0.75 mgiml, 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 thuvingiensis. 

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 after 2 to 3 days. Class 
C mutants were killed by the drug over this 
~ e r i o d  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 
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of [3H]leucine into protein by both EL4 
wild-type and class F mutant cells was inhib- 
ited by this dose of G418 (17). Inhibition of 
[3H]leucine incorporation was also ob- 
served with gent&ycin and neomycin (0.75 
mglml); however, neither of these agents 
nor low doses of cycloheximide, which al- 
low cell survival for 2 davs but reduce 
[3~]leucine incorporation, resulted in cell 
surface Thy-1 expression by class F (17). 

Thv-1 ex~ression on the class F mutant 
was not induced after 3 days of culture with 
the aminoglycosides (0.75 mglml) amikacin, 
gentamycin, hygromycin, kanamycin, neo- 
mycin, streptomycin, and tobramycin (18). 
Acid hydrolysis of G418 (6 hours in 6 N  
HCl at 100°C) eliminated its activity. 

The responsive class F mutant was ob- 
tained by nitrosoguanidine mutagenesis and 
negative irnmunoselection 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 
Thv-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 (ii) 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 enzvme 
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 hisreading 
of the genetic code (13) to restore activity to 
a limited number of copies of the translation 
product of the mutantgene. 

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 (6). In (A) R = -OH for G418, 
-H for gentamycin C1,, and -CH3 for gentamy- 
cins C2 and C,; R' = -CH3 for G418, -NH2 for 
gentanlycins C,, and C2, and -NHCH3 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. 

REFERENCES AND NOTES 

1. S. Homans et al., Nature 333, 269 (1988). 
2. M. Low and P. Kincade, ibid. 318, 62 (1985). 
3. B. Luescher and C. Bron, J .  Imtnunol. 134, 1084 

(1985); A. Conzelmann, A. Spiazzi, C. Bron, Bio- 
chem. J .  246, 605 (1987). 

4. J. Krakow, D. Hereld, J. Bangs, G. Hart, P. Eng- 
lund, J .  Biol. Chem. 261, 12147 (1986); A. Menon, 
S. Mayor, M. Ferguson, M. Duszenko, G. Cross, 
ibid. 263, 1970 (1,988). 

5. S. H.  Fatemi and A. Tartakoff, Cell 46,653 (1986). 
6. R. Hyman, Trends Genet. 4, 5 (1988); I. Trow- 

bridge, R. Hyman, C. Mazauskas, Cell 14, 21 
(1978); A. Chapman, K. Fujimoto, S. Kornfeld, 
J .  Biol. Chem. 255, 4441 (1980). 

7. S. H.  Fatemi, R. Haas, N. Jentoft, T.  Rosenberry, 
A. Tartakoff, J .  Biol. Chem. 262, 4728 (1987); S. 
H. Fatemi and A. TartakoK ibid. 263, 1288 (1988); 
A. Conzelman, A. Spiazzi, R. Hyman, C. Bron, 
EMBO J .  5, 3291 (1986); A. Conzelman, A. 
Spiazzi, C. Bron, R. Hyman, Mol. Cell Biol. 8, 674 
(1988). 

8. G. Evans ef dl., Proc. Natl. Acad. Sri. U . S . A .  81, 
5532 (1984); K. Gunter, R. Kroczek, E. Shevach, 
R. Germain, J .  Exp. Med. 163, 285 (1986); G. 
Dickson et dl., EMBO J .  5 ,  3449 (1986); H .  
Ingraham and G. Evans, Mol. Cell Biol. 6, 2923 
(1986). 

9. J. Pouysskgur, M. Willingham, I. Pastan, Pror. Natl. 
Acad. Sri. U . S . A .  74, 243 (1977); D. Kingsley, K. 
Kozarsky, L. Hobbie, M. Krieger, Cell 44, 749 
(1986). 

10. H .  Murakami et al., Proc. Natl. Acad. Sri. U . S . A .  79, 
1158 (1982); S. Cole, E. Vreeken, S. Mirski, B. 
Campling, J .  Immunol. Methods 97, 29 (1987). 

11. Lymphomas obtained from R. Hyman of the 
Salk Instinite were as follows: Wild-type lines 
BW5147.G.1.4.0UAR.1, S49.1TB.2.3, TlM1.4G.1.3, 
and EL4.G.1.4. Mutant cell lines: group A 
(S49. 1TB.21R5x.3.20UAR. 1, AKRlirhy 1.1 2x. 1, 
and BW5147.G1183~.6), group B (S1A.T- 
B.4.8.2iRlOx.3), group C (TlMl.7BU.2), group E 
(BW5147.3iThy 1.1-10G.OUAR.l), and group F 
(EL4.G.lNirhy 1.2-2x.1.0UAR.1). The wild-type 
lymphoma SIA.TB.4.8.2 was obtained from Ameri- 
can Type Culture Collection. 

12. The analysis was by flow cytometry, with the use of 
MAb M5149 (anti-Thy-1) as described in the legend 
of Fig. 2. Each supplement was used at 10 nuM. No 
toxicity was obsen~ed. 

13. T. Nagabhushan, G. Miller, M. Weinstein, in The 
Aminoglycosides, A. Whelton and H.  Neu, Eds. (Dek- 
ker, New York, 1982), pp. 3-28; J .  Davies, Atn, 
Soc. Mirrobiol. News 52, 620 (1986); L. Bryan, in 
Antimicrobial Dmg Resistanre, L. Bryan, Ed. (Academ- 
ic Press, Orlando, 1984), pp. 242-278; J. Davies, L. 
Gorini, B. Davis, Mol. Pharmacol. 1, 93 (1965); M. 
Cabanas, D. Vazquez, J. Modelell, Eur. J .  Biochem. 
87, 21 (1978); J. Morin and J. Fillastre, in The 
Atninoglyrosides, A. Whelton and H.  Neu, Eds. 
(Dekker, New York, 1982), pp. 303-324; G. Appel 
and H.  Neu, New Engl. J .  Med. 296, 663 (1977); C. 
Bendush, in The Atninoglycosides, A. Whelton and H.  
Neu, Eds. (Dekker, New York, 1982), pp. 453- 
488; T. Horikoshi, K. Yamagisawa, T. Yoshioka, 
Proc. Jpn. Acad. 60, 157 (1984); G. Aubert-Tulkens, 
F. van Hoof, P. Tulkens, Lab. Invest. 40, 481 
(1979); M. Moskowitz and N. Kelker, Nature 205, 
476 (1965); S. Friedman, R. Berezney, I. Wein- 
stein, Cold Spring Harbor Symp. Quant. Biol. 31, 671 
(1966); R. Kmeger, Proc. Natl. Acad. Sri. U . S . A .  
55, 1206 (1966). 

14. The G418-treated cells were incubated with the 
M5149 anti-Thy-l MAb followed by a fluoresceinat- 
ed antibody to rat immunoglobulin (Ig) or settling 
onto a petri dish coated with goat anti-rat Ig 
(Gupta, Tartakoff, Tisdale, unpublished obsen~a- 
uons). 

15. Total cell-associated Thy-1 was assessed by flow 
qtometry o fhed ,  saponin-perrneabiliwd cells, with 
MAb M5149, as in J. Turner, A. Tartakoff, M. 
Berger, J .  Biol. Chem. 263, 4914 (1988). 

16. For electron microscopic examination, cells were 
fixed in 1% glutaraldehyde, 0.1M cacodylate-HCI, 
pH 7.3, followed by Os04, and embedding in Spurr 
resin. Examination of thin sections did not reveal 
changes due to G418 (Gupta, Tartakoff, Tisdale, 
unpublished observation). 

17. Wild-type EL4 or class F mutant cells were labeled 
30 to 120 min with 10 ~Ci lml  [3H]leucine (Du 
Pont, Biotechnology Systems), washed, and samples 

precipitated on Whaunan cellulose filter disks with 
10% trichloroacetic acid, washed with 95% ethanol 
and ether, and counted. Cells were labeled (i) in the 
absence of G418, (ii) in G418 (0.75 mglml), or (iii) 
in G418 after 2 days of culture in G418. The groups 
were normalized to (i), and incorporation of 
[3H]leucine into the cells of groups (ii) and (iii) was 
inh~bited 37 and 44%, respectively, for wild type 
and 60 and 95%, respectively, for the mutant. 
Comparable inhibition of ['H]leucine incorporation 
was obsenred in experiments with neomycin or 
gentamycin in place of G418. Since parallel experi- 
ments with wild-type cells showed that G418 inhib- 
ited [3H]ethanolamine and ['Hlpalmitate incorpo- 
ration into both lipids and proteins, it was not 
meaningful to study ['Hlethanolamine labeling of 
the mutant. 

18. The composition and source of the aminoglycosides 
were as follows: amikacin and gentamycin (30% C1, 
30% Cla, and 40% C2), kanamycin (5% A and 
95% B), neomycin (90 to 95% B, and 5 to 10% C); 
streptomycin and tobramycin were from Sigma, 
G418 was from Gibco, and hygromycin B was from 
Calbiochem. 

19. A. Jimenez and J. Davies, Nature 287, 869 (1980); 
P. Southern and P. Berg, J .  Mol. Appl. Genet. 1, 327 
(1982); F. Colbbre-Garapin et al., J .  Mol. Biol. 150, 
1 (1981). 

20. U.S. Patent 3,997,403 Weinstein et al., Antibiotic 
G-418 and the production thereof, 14 December 
1976. 

21. D. Cooper, M. Yudis, R. Guthrie, A. Prior, J .  
Chem. Sor. C ,  960 (1971); D. Cooper, M. Yudis, H.  
Marigliano, T. Traubel, ibid. 2876 (1971). 

22. J. Schacht, J .  Lbid Res. 19, 1063 (1978). 
23. P. Marcha, S. Koutouzov, A. Girard, J .  Phannarol. 

Exp. Ther. 227, 415 (1983). 
24. J. Schacht, J .  Neurochem. 27, 1119 (1976); A. 

Schibeci and J. Schacht, Biorhem. Phannacol. 26, 
1769 (1977); D. Carney, D. Scott, E. Gordon, E. 
LaBelle, Cell 42, 479 (1985); C. Downer and R. 
Michell, Biochetn. J .  198, 133 (1981). 

25. M. Ferguson and A. Williams, Annu. Rev. Biorhem. 
57, 285 (1988); M. G. Low and A. R. Saltiel, 
Science 239, 268 (1988). 

26. M. Davitz, M. Low, V. Nussennveig, J .  Exp. Med. 
163, 1150 (1986); P. Selvaraj, M. Dustin, R. Silber, 
M. Low,T. Springer, ibid. 166, 1011 (1987); F.-L. 
Chow, M. Telen, W. Rosse, Blood 66, 940 (1985); 
S. Lewis and J. Dacie, Br. J .  Haematol. 11, 549 
(1965); S. Zalman, L. Wood, M. Frank, H .  Muller- 
Eberhard, J .  Exp. Med. 165, 572 (1987); T .  Kino- 
shita, M. Medof, R. Silber, V. Nussenzweig, ibid. 
162, 75 (1985). 

27. V. Guigere, K.-I. Isobe, F. Grosveld, EMBO J .  4, 
2017 119851. - - - \ -  - - ,  

28. D. Davignon et al., Proc. Natl. Acad. Sci. U . S . A .  78, 
4535 (1981). 

29. J. Ledbetter and L. A. Herzenberg, Imtnunol. Rev. 
47 ,63  (1979). 

30. Supported by NIH Grants AI21269 and DK38181 
(A.T.), DK27651 (D.G.), and Pediatric Pulmonary 
Training Grant NHLBI #HL07415 (E.T.). We 
thank G. Farr, J. Hambor, D. Kaetzel, J. Kennedy, 
J. Schimenti, and J. Virgin for advice and help with 
the RNA analysis, B. Gorikan ,nd K. Schimenti for 
their help with flow cytomeuy, T. Massella for 
electron microscopy, R. Hyman for lymphomas, K. 
Rock for hybridomas, M. Low for phospholipase, 
M. Snider for comments on the text, and S. Olsen 
for preparing the manuscript. Both the first and last 
author (D.G. and E.T.) contributed equally to this 
research. 

22 July 1988; accepted 17 October 1988 

SCIENCE, VOL. 242 




