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fection were found during 1968 in the 
same area as was the opossum. It thus 
seems possible that the opossum was 
infected by mosquito bite, or by eating 
an infected animal. Our findings indi- 
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in connective tissue. 

Generalized gangliosidosis is an in- 
born error of metabolism involving the 
accumulation of ganglioside GM1 in 
brain (1, 2) and viscera (1). The disease 
is characterized by (i) progressive cere- 
bral degeneration leading to death 
within the first 2 years of life; (ii) ac- 
cumulation of glycolipid in neurons 
and of glycolipid and mucopolysac- 
charide in hepatic, splenic, and other 

histiocytes, and in renal glomerular 
epithelium; and (iii) the presence of 
skeletal abnormalities resembling those 
seen in Hurler's syndrome (3). Okada 
and O'Brien (4) have demonstrated a 
10- to 30-fold deficiency of a P-galac- 
tosidase (pH 5.0), an enzyme that 
cleaves the terminal galactose from the 
stored ganglioside, GM1-{galactosyl- 
(1 - 3)-N-acetyl-galactosaminyl-(l -1 

4)-[(2 -> 3)-N-acetylneuraminyl]-galac- 
tosyl{l -> 4)-glucosyl-(l - 1)-[2-N- 
acyl]-sphingosine}. Generalized gan- 
gliosidosis can be classified as a gly- 
cosphingolipid'hydrolase deficiency, the 

ganglioside accumulation resulting from 
an impairment of catabolism. 

Mucopolysaccharides also accumu- 
late in the viscera in generalized gan- 
gliosidosis (5). One of these has (6) 
a structure similar to that of kera- 
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tan sulfate; it contains nearly equi- 
molar proportions of glucosamine and 

galactose with much smaller propor- 
tions of other sugars. The mechanisms 

leading to the storage of the muco- 

polysaccharide is unknown. The pos- 
sibility exists that 8/-galactosidase par- 
ticipates in the degradation both of 

ganglioside GM1 and of mucopolysac- 
charides containing galactose and that 
accumulation of the latter may also be 
due to an impairment in catabolism. 

To test this possibility, we isolated 
the "keratan sulfate-like" mucopoly- 
saccharide from the liver of a patient 
who died at 2 years of age from gen- 
eralized gangliosidosis. The isolation 

procedure (6) involved extraction of the 
tissue with a mixture of chloroform 
and methanol (2:1), digestion of the 
solvent-insoluble residue with papain 
for 24 hours at 60?C, and isolation of 

mucopolysaccharides by precipitation 
as their sodium salts with 80 percent 
ethanol. The preparation was then di- 

gested with a-amylase for 2 hours at 
37?C and precipitated from 80 percent 
ethanol. The precipitate was then dis- 
solved in water, dialyzed, and lyophi- 
lized. 

The isolated mucopolysaccharide 

tan sulfate; it contains nearly equi- 
molar proportions of glucosamine and 

galactose with much smaller propor- 
tions of other sugars. The mechanisms 

leading to the storage of the muco- 

polysaccharide is unknown. The pos- 
sibility exists that 8/-galactosidase par- 
ticipates in the degradation both of 

ganglioside GM1 and of mucopolysac- 
charides containing galactose and that 
accumulation of the latter may also be 
due to an impairment in catabolism. 

To test this possibility, we isolated 
the "keratan sulfate-like" mucopoly- 
saccharide from the liver of a patient 
who died at 2 years of age from gen- 
eralized gangliosidosis. The isolation 

procedure (6) involved extraction of the 
tissue with a mixture of chloroform 
and methanol (2:1), digestion of the 
solvent-insoluble residue with papain 
for 24 hours at 60?C, and isolation of 

mucopolysaccharides by precipitation 
as their sodium salts with 80 percent 
ethanol. The preparation was then di- 

gested with a-amylase for 2 hours at 
37?C and precipitated from 80 percent 
ethanol. The precipitate was then dis- 
solved in water, dialyzed, and lyophi- 
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The isolated mucopolysaccharide 

contained galactose and hexosamine in 
nearly equimolar amounts (galactose: 
hexosamine 0.9). This was determined 
by hydrolyzing the compound in IN 
HC1 at 100?C for 18 hours, and, after 
purification on a charcoal column (7), 
estimating galactose by galactose oxi- 
dase assay (8). Hexosamine was deter- 
mined by the method of Boas (9). The 
hexosamine was identified as glucosa- 
mine by chromatography (10). Only 
small amounts of galactosamine were 

present. The intact mucopolysaccharide 
migrated in a way similar to keratan 
sulfate, with an RF of 0.8 in a silica- 
gel thin-layer chromatography system 
(11). The stored mucopolysaccharide 
stained pink with the orcinol sulfuric 
acid spray, also characteristic of kera- 
tan sulfate (11). It was resistant to deg- 
radation by testicular hyaluronidase. 

A portion of this mucopolysaccha- 
ride was then incubated in the presence 
of f/-galactosidase partially purified 
from equal amounts of liver tissue from 
normal patients and that from general- 
ized gangliosidosis. The protein and 
water contents of the patient's tissue 
were nearly identical to normal. The 

enzyme was purified (12); the particu- 
late enzymes and free galactose present 
in the tissue were removed, and the 

enzyme was obtained in soluble form. 
Small losses of O/-galactosidase activity 
occurred in preparing the enzyme from 
the normal and diseased livers, but 
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Fig. 1. Cleavage of galactose from 1.5 mg 
of "keratan sulfate" from the liver of a 
patient with generalized gangliosidosis. p- 
Galactosidase was prepared from 35 mg 
of liver from a normal patient or from a 
patient with generalized gangliosidosis 
(GG). The enzyme and the mucopolysac- 
charide were incubated over an 18-hour 
period in acetate buffer (0.1M), pH 5.0, 
at 37?C, and the galactose released was 
determined by galactose oxidase assay. 
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Generalized Gangliosidosis: Impaired Cleavage of 

Galactose from a Mucopolysaccharide and a Glycoprotein 

Abstract. We have demonstrated a tenfold (or greater) reduction of the cleavage 

of galactose from a mucopolysaccharide and a glycoprotein in generalized 

gangliosidosis, a lysosomal f/-galactosidase deficiency disease. The bony abnor- 

malities in this disease may be due to defective catabolism of mucop.olysaccharides 
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gangliosidosis (Fig. 1). The same result 
was obtained in a second patient with 
the disease. 

One objection to the use of partially 
purified f/-galactosidase preparations is 
that the enzyme may not fractionate 
the same in diseased tissue. This ob- 
jection is removed by our previous 
demonstration (4) with whole liver 
homogenates that ,-galactosidase ac- 
tivity (both for p-nitrophenyl-,8-D-galac- 
topyranoside and for ganglioside GM1) 
is 20- to 30-fold lower than normal 
in this disease. Our previous work (4) 
also demonstrated that inhibitors of /- 
galactosidase activity (for p-nitro- 
phenyl-1/-D-galactopyranoside and for 
ganglioside GM,) are not responsible 
for the lowered enzymic activity. We 
have assumed here that endogenous 
inhibitors do not account for the im- 
paired cleavage of galactose when the 
mucopolysaccharide serves as enzyme 
substrate. 

In another experiment we measured 
the rate of cleavage of galactose from 
sialic acid-free fetuin. This glycoprotein 
contains an oligosaccharide chain with: 
a terminal galactose linked to hexosa- 
mine, and a sialic acid moiety linked 
to the galactose. Sialic acid-free fetuin 
was prepared by mild acid hydrolysis 
(13) to give a glycoprotein with a free 
terminal galactose. This glycoprotein 
(2 mg) was then incubated with puri- 
fied preparations of B-galactosidase ob- 
tained from normal (two patients) and 
generalized gangliosidosis (two patients) 
livers. The preparations from normal 
liver liberated small (average, 5.5 /ug) 
but readily detectable amounts of galac- 
tose after 18 hours of incubation at 
37?C, whereas no detectable galactose 
was liberated by the generalized gan- 
gliosidosis preparation. 

Our results demonstrate an impaired 
cleavage of galactose from a muco- 
polysaccharide in generalized ganglio- 
sidosis. It appears likely that the normal 
degradation of these and similar macro- 
molecules containing galactose involves 
the participation of lysosomal /f-galac- 
28 FEBRUARY 1969 

gangliosidosis (Fig. 1). The same result 
was obtained in a second patient with 
the disease. 

One objection to the use of partially 
purified f/-galactosidase preparations is 
that the enzyme may not fractionate 
the same in diseased tissue. This ob- 
jection is removed by our previous 
demonstration (4) with whole liver 
homogenates that ,-galactosidase ac- 
tivity (both for p-nitrophenyl-,8-D-galac- 
topyranoside and for ganglioside GM1) 
is 20- to 30-fold lower than normal 
in this disease. Our previous work (4) 
also demonstrated that inhibitors of /- 
galactosidase activity (for p-nitro- 
phenyl-1/-D-galactopyranoside and for 
ganglioside GM,) are not responsible 
for the lowered enzymic activity. We 
have assumed here that endogenous 
inhibitors do not account for the im- 
paired cleavage of galactose when the 
mucopolysaccharide serves as enzyme 
substrate. 

In another experiment we measured 
the rate of cleavage of galactose from 
sialic acid-free fetuin. This glycoprotein 
contains an oligosaccharide chain with: 
a terminal galactose linked to hexosa- 
mine, and a sialic acid moiety linked 
to the galactose. Sialic acid-free fetuin 
was prepared by mild acid hydrolysis 
(13) to give a glycoprotein with a free 
terminal galactose. This glycoprotein 
(2 mg) was then incubated with puri- 
fied preparations of B-galactosidase ob- 
tained from normal (two patients) and 
generalized gangliosidosis (two patients) 
livers. The preparations from normal 
liver liberated small (average, 5.5 /ug) 
but readily detectable amounts of galac- 
tose after 18 hours of incubation at 
37?C, whereas no detectable galactose 
was liberated by the generalized gan- 
gliosidosis preparation. 

Our results demonstrate an impaired 
cleavage of galactose from a muco- 
polysaccharide in generalized ganglio- 
sidosis. It appears likely that the normal 
degradation of these and similar macro- 
molecules containing galactose involves 
the participation of lysosomal /f-galac- 
28 FEBRUARY 1969 

University of California at San Diego, 
La Jolla 92037 

References and Notes 

1. J. S. O'Brien, M. B. Stern, B. H. Landing, 
J. K. O'Brien, G. N. Donnell, Amer. J. Dis. 
Child. 109, 338 (1965). 

2. N. K. Gonatas and J. Gonatas, J. Neuro- 
pathol. Exp. Neurol. 24, 318 (1965). 

University of California at San Diego, 
La Jolla 92037 

References and Notes 

1. J. S. O'Brien, M. B. Stern, B. H. Landing, 
J. K. O'Brien, G. N. Donnell, Amer. J. Dis. 
Child. 109, 338 (1965). 

2. N. K. Gonatas and J. Gonatas, J. Neuro- 
pathol. Exp. Neurol. 24, 318 (1965). 

3. B. H. Landing, F. N. Silverman, J. M. Craig, 
M. D. Jakoby, M. E. Lahey, D. L. Chad- 
wick, Amer. J. Dis. Child. 108, 503 (1964). 

4.. S... Okada. and J. . S. ..O'Brien, Science 160, 
1002 (1968). 

5. R. M. Norman, H. Urich, A. Tingey, R. A. 
Goodbody. J. Neuropathol. Exp. Neurol. 78, 
409 (1959); E. Farkas-Bargeton, Proc. Int. 

. Congr. Neuropathol. 5th (1965), p. 135; C. 
R. Scott, D. Lagunoff, B. F. Trump, J. 
Pediat. 71, 357 (1967). 

6. K. Suzuki, Science 159, 1471 (1968). 
7. S. Gatt, Biochim. Biophys. Acta 139, 192 

(1967). 
8. H.. -Roth,- S.. Segal, D. Bertoli, Anal. Bio- 

chem. 10, 32 (1965). 
9. N. 'F.- Boas, -J. Biol. Chem. -204, 553 (1953). 

10. K. Suzuki and G. C. Chen, J. Lipid Res. 8, 
105 (1967). 

11. F. S. Wusteman, A. G. Lloyd, K. S. 
--.-Dodgson, J. . Chromatogr. 21, 32 (1966). 

12. S. Gatt and M. M. Rapport, Biochim. Bio- 
phys. Acta 113, 567 (1966). 

13. R. G. Spiro, Meth. Enzymol. 8, 3 (1966). 
14. Supported in part by grant NB06576 from 

the National Institute of Neurological 
Diseases and Blindness. 

14 November 1968; revised 8 January 1969 * 

3. B. H. Landing, F. N. Silverman, J. M. Craig, 
M. D. Jakoby, M. E. Lahey, D. L. Chad- 
wick, Amer. J. Dis. Child. 108, 503 (1964). 

4.. S... Okada. and J. . S. ..O'Brien, Science 160, 
1002 (1968). 

5. R. M. Norman, H. Urich, A. Tingey, R. A. 
Goodbody. J. Neuropathol. Exp. Neurol. 78, 
409 (1959); E. Farkas-Bargeton, Proc. Int. 

. Congr. Neuropathol. 5th (1965), p. 135; C. 
R. Scott, D. Lagunoff, B. F. Trump, J. 
Pediat. 71, 357 (1967). 

6. K. Suzuki, Science 159, 1471 (1968). 
7. S. Gatt, Biochim. Biophys. Acta 139, 192 

(1967). 
8. H.. -Roth,- S.. Segal, D. Bertoli, Anal. Bio- 

chem. 10, 32 (1965). 
9. N. 'F.- Boas, -J. Biol. Chem. -204, 553 (1953). 

10. K. Suzuki and G. C. Chen, J. Lipid Res. 8, 
105 (1967). 

11. F. S. Wusteman, A. G. Lloyd, K. S. 
--.-Dodgson, J. . Chromatogr. 21, 32 (1966). 

12. S. Gatt and M. M. Rapport, Biochim. Bio- 
phys. Acta 113, 567 (1966). 

13. R. G. Spiro, Meth. Enzymol. 8, 3 (1966). 
14. Supported in part by grant NB06576 from 

the National Institute of Neurological 
Diseases and Blindness. 

14 November 1968; revised 8 January 1969 * 

N-Formylseryl-Transfer RNA 

Abstract. The reactions between serine and transfer RNA from baker's yeast 
and from Escherichia coli have been investigated. Results obtained from in vitro, 
in vivo, and chemical syntheses and from electrophoretic, chromatographic, and 
radioautographic analyses demonstrate that N-formylseryl-transfer RNA is formed 
in these systems. 
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in vivo, and chemical syntheses and from electrophoretic, chromatographic, and 
radioautographic analyses demonstrate that N-formylseryl-transfer RNA is formed 
in these systems. 

Formation of N-formylmethionyl- 
tRNA in Escherichia coli and in yeast 
was reported by Marcker and Sanger 
(1), and the importance of this. par- 
ticular transfer RNA (tRNA) deriva- 
tive on the mechanism of protein syn- 
thesis has been elucidated (2). I now 
present evidence of the formation of 
N-formylseryl-tRNA. 

The tRNA's of baker's yeast and E. 
coli B, t4C-serine, 35S-methionine, 14C- 

formate, and 14C-adenosine triphos- 
phate (ATP) were purchased (Schwarz 
BioResearch, Inc.) and stored at 
--20?C. Occasionally tRNA's were 
prepared from yeast according to the 
method of Zubay (3). The purchased 
tRNA's gave a single absorption peak 
when chromatographed in water on a 
Sephadex G-25 column, but some nu- 
clease was present; and in the ribonu- 
clease or alkaline hydrolyzates of both 
tRNA's fewer than 60 percent of the 
terminal groups were adenosine while 
more than 40 percent were cytosine, 
a fact that has been reported (4). Ac- 
cordingly, in critical experiments the 
commercial tRNA's were treated with 
phenol, extracted in aqueous phase, 
washed twice with peroxide-free ether, 
dried, and recharged with adenosine 
monophosphate (5). Radioactive chem- 
icals were generally purified with ion- 
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gave a single band on the radioauto- 
graph. Strains of E. coli B and A19 were 
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Fig. 1. Radioautograph of thin-layer chro- 
matography of N-formylseryl-adenosine 
isolated from ribonuclease digests of 
tRNA of various treatments on two plates, 
cellulose (C) and kieselgel (K). Com- 
pounds were isolated as B bands of elec- 
trophoretogram and purified by passing 
them through Dowex I. They were isolated 
from (i) yeast tRNA charged with 14C- 
serine in vivo, (ii) and in vitro, (iii) yeast 
tRNA terminally labeled with "4C-adenosine 
and subsequently charged with unlabeled 
serine, (iv) N-'4C-formylseryl-tRNA syn- 
thesis in the manner described in the text. 
Ad, position of unlabeled adenosine lo- 
cated under ultraviolet light. The RF 
values were as follows: on cellulose plate: 
adenosine, 0.62; N-formyl compounds, 
0.70; kieselgel: adenosine, 0.86; N-formyl 
compounds, 0.60. Scale, 5 cm. 
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