
We now report that, contrary to pre- 
vious expectations, 2',3'-monophos- 
phates can be used to drive the coupling 
of two oligoadenylates, if both oligomers 
contain only the natural 3',5' internuleo- 
tide linkage. The new bond formed 
in the coupling reaction is roughly 95 
percent 2',5' linkage (10), as found pre- 
viously for the coupling of two mono- 
mer units (6). This joining reaction is 
made possible by the large relative kinet- 
ic stability of the 3',5' bonds, when the 
oligomers are bound in a right-handed 
helix. Under these conditions, the rate of 
cleavage of the 2',5' bond is about equal 
to the rate of its formation; that of a 3',5' 
bond is several hundred times slower 
(11). If it were not for this stabilization, 
the equilibrium calculations of Renz et 
al. (6) would apply to both types of bond, 
and the rate of degradation of the hex- 
amer to shorter oligomers would greatly 
exceed the rate of coupling. Thus hexa- 
adenylic acid with a terminal 2',3'-phos- 
phate (Miles Laboratories) in the pres- 
ence of a poly(U) template gave 24 per- 
cent of the dodecamer and 5 percent of 
the octadecamer in 5 days [1M aqueous 
ethylenediamine hydrochloride (pH 8, 
2?C); the solution was 0.025M in adeno- 
sine units and 0.05M in uridine units]. 
The products were determined by chro- 
matography on diethylaminoethyl-Seph- 
adex with a triethylammonium bicar- 
bonate buffer, and high-pressure liquid 
chromatography on RPC-5 (12) with a 
gradient of 0.2 to 0.6M KCI (0.01M tris- 
HCI, pH 8.1). 

Mixing curves at 260 and 280 nm show 
that under our conditions the hexamer 
forms the expected triple helix (13) with 
two poly(U) strands (measured at 2?C in 
a cell having a 0.025-mm pathlength); the 
melting temperature of the triple helix is 
about 70?C. If the reactants are mixed in 
the ratio of one U to one A, dodecamer is 
still formed, but more slowly (16 percent 
after 5 days); if the poly(U) is omitted the 
yield of dodecamer is about 1 percent. 
When the cyclic phosphate ring was 
opened prior to mixing it with poly(U), 
no dodecamer was detected. The de- 
crease in concentration of dodecamer at 
later times (Fig. 1) is due to the relatively 
rapid cleavage of the 2',5' bond to re- 
form the hexamer cyclic phosphate, and 
gradual hydrolysis of the cyclic phos- 
phate terminus to give "inactive" 2'- and 
3'-phosphate monoesters. The cleavage 
reaction of the 2',5' and 3',5' linkages 
has been described (11). 
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The selective loss of human chromo- 
somes by somatic cell hybrids formed 
between cultured aneuploid rodent cells 
and human fibroblasts or white blood 
cells (1, 2) affords a unique opportunity 
to determine the organization of loci in 
the human genome. In this report we 
describe the expression of human glycer- 
aldehyde-3-phosphate dehydrogenase 
(GAPDH) (E.C. 1.2.1.12) in man-mouse 
and man-hamster somatic cell hybrids 
and the syntenic association of a gene 
specifying this enzyme with the gene 
which specifies lactate dehydrogenase B 
(LDH-B), an enzyme catalytically and 

structurally similar to GAPDH (3), and 
with the gene which specifies tri- 

osephosphate isomerase (TPI), the en- 

zyme responsible for the reversible 
isomerization of glyceraldehyde-3-phos- 
phate and dihydroxyacetone phosphate. 
This is the first example of synteny of 
human genes which determine en- 
zymes that catalyze sequential meta- 
bolic steps. 

Rodent parental cells used for the prep- 
aration of hybrids included the mouse 
cell RAG and the hamster cell E36, both 
of which are deficient in hypoxanthine- 
guanine phosphoribosyl transferase (4). 
Human parental cells included white 
blood cells from a normal male and white 
blood cells from two unrelated females 

carrying different translocations in- 
volving chromosomes X and 19. Parental 
cells were treated in suspension with /- 
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propiolactone inactivated Sendai virus 
(2), and hybrid colonies were selected in 
Dulbecco's modified Eagle's medium 

supplemented with 5 percent fetal calf 
serum, 1 x 10-4M hypoxanthine, 4 x 
10-7M aminopterin, and 1.6 x 10-5M 
thymidine (HAT medium) (5). For elec- 

trophoretic analysis, cells from primary 
hybrid clones grown in HAT medium 
were harvested by trypsinization 9 to 12 
weeks after hybridization. 

Sonicates (4 x 107 cell/ml) in 0.1M 
tris-HCl, pH 7.0, containing 1 x 10-3M 

/3-mercaptoethanol and 1 x 10-4M nico- 
tinamide adenine dinucleotide (NAD) 
were analyzed for GAPDH on 9 percent 
starch gels. The hybrid clones were also 

analyzed by starch gel, agarose, acrylam- 
ide, or Cellogel electrophoresis for the 

presence of human and rodent forms of a 
number of additional enzymes which in- 
cluded: adenosine deaminase (E.C. 
3.5.4.2), adenylate kinase-1 and -2 (AK-1, 
AK-2) (E.C. 2.7.4.3), aspartate amino- 
transferase-1 (E.C. 2.6.1.1), esterase D, 
a-galactosidase (E.C. 3.2.1.22), -glucu- 
ronidase (3-GCR) (E.C. 3.2.1.31), glucose- 
6-phosphate dehydrogenase (G6PD) (E.C. 
1.1.1.49), glucose phosphate isomerase 

(E.C. 5.3.1.9), glutathione reductase (GR) 
(E.C. 1.6.4.2), hexosaminidase A and B 

(E.C. 3.2.1.30), isocitrate dehydrogenase-1 
(IDH-1) (E.C. 1.1.1.42), lactate dehydro- 
genase A and B (E.C. 1.1.1.27), lysoso- 
mal acid phosphatase ACP-2 (ACP-2) 
(E.C. 3.1.3.2), malate oxidoreductase-I 

SCIENCE, VOL. 192 

propiolactone inactivated Sendai virus 
(2), and hybrid colonies were selected in 
Dulbecco's modified Eagle's medium 

supplemented with 5 percent fetal calf 
serum, 1 x 10-4M hypoxanthine, 4 x 
10-7M aminopterin, and 1.6 x 10-5M 
thymidine (HAT medium) (5). For elec- 

trophoretic analysis, cells from primary 
hybrid clones grown in HAT medium 
were harvested by trypsinization 9 to 12 
weeks after hybridization. 

Sonicates (4 x 107 cell/ml) in 0.1M 
tris-HCl, pH 7.0, containing 1 x 10-3M 

/3-mercaptoethanol and 1 x 10-4M nico- 
tinamide adenine dinucleotide (NAD) 
were analyzed for GAPDH on 9 percent 
starch gels. The hybrid clones were also 

analyzed by starch gel, agarose, acrylam- 
ide, or Cellogel electrophoresis for the 

presence of human and rodent forms of a 
number of additional enzymes which in- 
cluded: adenosine deaminase (E.C. 
3.5.4.2), adenylate kinase-1 and -2 (AK-1, 
AK-2) (E.C. 2.7.4.3), aspartate amino- 
transferase-1 (E.C. 2.6.1.1), esterase D, 
a-galactosidase (E.C. 3.2.1.22), -glucu- 
ronidase (3-GCR) (E.C. 3.2.1.31), glucose- 
6-phosphate dehydrogenase (G6PD) (E.C. 
1.1.1.49), glucose phosphate isomerase 

(E.C. 5.3.1.9), glutathione reductase (GR) 
(E.C. 1.6.4.2), hexosaminidase A and B 

(E.C. 3.2.1.30), isocitrate dehydrogenase-1 
(IDH-1) (E.C. 1.1.1.42), lactate dehydro- 
genase A and B (E.C. 1.1.1.27), lysoso- 
mal acid phosphatase ACP-2 (ACP-2) 
(E.C. 3.1.3.2), malate oxidoreductase-I 

SCIENCE, VOL. 192 

Human Glyceraldehyde-3-Phosphate Dehydrogenase in 

Man-Rodent Somatic Cell Hybrids 

Abstract. The human enzyme glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) forms heteropolymers with the rodent enzyme in man-rodent somatic cell 
hybrids. A gene specifying GAPDH is syntenic with the genes specifying the 
glycolytic enzymes triosephosphate isomerase (TPI) and lactate dehydrogenase B 
(LDH-B). The synteny of GAPDH, TPI, and LDH-B is the first evidence for the 
syntenic association of human genes that specify enzymes of the Embden-Meyerhof 
glycolytic pathway. 
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Table 1. Expression of GAPDH, TPI, LDH- zyme with only 1 rodent subunit in this B, and PEP-B in man-rodent primary hybrid series of man-rodent hybrid clones, and 

______________________clones. _no hybrid clones were observed to ex- 
Hybrid series press the human homopolymer. Some 

pattern of expression* Clones man-mouse and man-hamster hybrid 
- LDH- PEP- (No.) clones expressed only the rodent iso- 

GAPDH TPI B B zymes (Fig. 1). 
For resolution of the GAPDH iso- E36/WBC (Xi/9 translocation W) + 

+ + + 8 zymes on starch gels, addition of NAD to 
+ + 

+ 
- the sonication and gel buffers was es- 
+ 2 sential. Enzymatic staining required - - - - 9 the presence of glyceraldehyde-3-phos- 

RAGIWBC (X119 translocation B) phate, NAD, and arsenate in the over- 
+ + NDt + 7 lay. The GAPDH isozyme pattern was + + ND - I not observed when gels were stained for - - ND + 1 LDH, a-glycerolphosphate dehydro- 

genase, or TPI. 
RAG/WBC (normal male) The expression of GAPDH was com- + + ND + 11 pared to the expression of 28 other hu- 

- - ND + 1 
- - ND - 3 man enzymes in the man-hamster hybrid 

clones and to the expression of 25 and 20 
*The other permutations of enzyme expression were other human enzymes in two series of not observed in this series of hybrid 
clones. tThe expression of LDH-B was not de- man-mouse hybrid clones. The ex- termined (ND) in man-mouse hybrid clones because pression of GAPDH TPI, and LDH-B of the similar electrophoretic mobilities of the hu- man and mouse isozymes. was concordant in all 23 primary man- 

hamster hybrid clones, and the ex- 
pression of GAPDH and TPI was con- 

(MDH-1) (E.C. 1.1.1.37), malate oxido- cordant in all 28 primary man-mouse 
reductase (decarboxylating) (ME-I) (E.C. hybrid clones (Table 1). The expression 
1.1.1.40), mannosephosphate isomerase of LDH-B was not analyzed in the man- 
(E.C. 5.3.1.8), purine nucleoside phos- mouse clones because of the similar elec- 
phorylase (E.C. 2.4.2.1), peptidase A and trophoretic mobility of the mouse and 
B (PEP-A, PEP-B), phosphoglucomutase-I human isozymes. In this series of man- 
and -2 (PGM-1, PGM-2) (E.C. 2.7.5.1), 6- mouse and man-hamster hybrid clones, 
phosphogluconate dehydrogenase (PGD) the expression of GAPDH was indepen- 
(E.C. 1.1.1.43), phosphoglycerate kinase dent of the expression of enzymes that 
(E.C. 2.7.2.3), phosphopyruvate hydratase have been assigned to chromosomes 1, 2, 
(PPH) (E.C. 4.2.1.11), superoxide dismu- 5,6, 10, 11, 13, 14, 15, 18, 19, 20, 21, and 

h 1ca a'A / C " 
T%I o lyN 1T/\1/ taac-I aniu -/ UtMJU-1, ?3UL-2) (E{L.C. 

1.6.4.3), and triosephosphate isomerase 
(E.C. 5.3.1.1)(6, 7). 

Extracts of the mouse cell RAG and 
the hamster cell E36 showed one major 
and one minor anodal GAPDH com- 
ponent on starch gels (Fig. 1). Extracts 
of human white blood cells or fibroblasts 
showed one major component, which re- 
mained at the origin, and a faint com- 
ponent, which migrated slowly toward 
the anode (not seen in Fig. 1). Extracts 
of certain man-mouse and man-hamster 
hybrid clones contained, in addition to 
the rodent components, one to three 
additional components whose elec- 
trophoretic mobilities were intermediate 
to those of the major human and rodent 
GAPDH isozymes (Fig. 1). As GADPH 
is a tetramer composed of identical sub- 
units (8) the additional GAPDH com- 
ponents observed in certain of the hybrid 
cell extracts presumably represent the 
heteropolymers of rodent and human 
subunits expected for a tetrameric struc- 
ture. The intensity of the putative hetero- 
polymers expected to contain 3 and 2 
rodent subunits was greater than the iso- 
2 APRIL 1976 

a 
1 

2 

3 

4 

Table 2. Human chromosome assignments of 
loci for enzymes of the Embden-Meyerhof 
pathway of glycolysis. 

Chromo- 
some Enzyme assign- 

ment (9) 

Hexokinase-1 10 
Glucosephosphate isomerase 19 
Phosphofructose kinase ? 
Aldolase ? 
Triosephosphate isomerase 12 
Glyceraldehye-3-phosphate 12 

dehydrogenase 
Phosphoglycerate kinase X 
2,3-Diphosphoglycerate mutase ? 
Phosphopyruvate hydratase-1 1 
Pyruvate kinase-3 15 
Lactate dehydrogenase A 1 
Lactate dehydrogenase B 12 

the X chromosome (9) and was also inde- 
pendent of the expression of PGM-2, 
GR, /-GCR, and AK-1. 

The LDH-B and TPI loci have been 
assigned to chromosome 12 (10, 11), and 
preliminary data has suggested that both 
loci may be located in the 12pter to 12q14 
region (12). The concordant expression 
of GAPDH, TPI, and LDH-B in the man- 
hamster clones and of GAPDH and TPI 
in the man-mouse clones suggests that a 
gene specifying GAPDH can be assigned 
to the TPI : LDH-B syntenic group and 
hence to chromosome 12. The lack of 
discordance in the expression of the 
three enzymes in the man-hamster hy- 
brid clones and of GAPDH and TPI in 

b 
1 

2 

3 

4 

Fig. I. Glyceraldehyde-3-phosphate dehydrogenase (GADPH) in man-rodent hybrid cells. Clones that expressed human GAPDH are designated positive hybrids. Negative hybrid clones did not express human GAPDH. (a) Man-mouse hybrids: (gel 1) RAG cells; (gel 2) human fibro- blasts; (gel 3) negative clone from a hybridization of RAG with human white blood cells; (gel 4) positive clone from the same hybridization. (b) Man-hamster hybrid clones: (gel 1) E36 cells; (gel 2) human fibroblasts; (gel 3) positive clone from a hybridization of E36 with human white blood cells; (gel 4) negative clone from the same hybridization. The starch-gel buffer was 0.01M tris, sodium citrate,pH 6.5, containing 1 x 10-4M nicotinamide adenine dinucleotide (NAD), and the electrode buffer was 0.IM tris, sodium citrate,pH 6.5, containing 1 x 10-4M NAD. Electro- phoresis was performed at 5 volt/cm for 20 hours at 4?C. Enzyme activity was detected in a 1 per- cent agar overlay containing 0.12M tris-HCl, pH 7.4, 1.5 x 10-3M DL-glyceraldehyde-3- phosphate, 3 x 10-4M NAD, 2.5 x 10-2M sodium pyruvate, 6 x 10-3M sodium arsenate, 7 x 0-4 MTT tetrazolium, and 2 x 10-4M phenazine methosulfate (6). Photographic composites were prepared from the same starch gel. 
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the man-mouse hybrid clones may in- 
dicate that the GAPDH, TPI, and LDH- 
B loci are close together. 

The PEP-B locus has also been as- 
signed to chromosome 12 (13) and may 
be located at 12q21 (14). The expression 
of PEP-B was independent of the ex- 
pression of GAPDH, TPI, and LDH-B in 
6 of 23 man-hamster hybrid clones 
(Table 1) and was independent of the 
expression of GAPDH and TPI in 3 of 28 
man-mouse hybrid clones. The degree of 
discordancy in the expression of the PEP- 
B: LDH-B: TPI syntenic group in the 
man-hamster hybrid clones is three times 
greater than that observed in this series 
of hybrid clones for the PGD: PPH: 
AK-2: PGM-1 syntenic group, the 
IDH-I : MDH-I pair, the ME-I: SOD-2 
pair, and the LDH-A: ACP-2 pair (15). 
If this is not due to chance, it may re- 
flect the presence of a fragile site on a 
chromosome 12 from this particular 
white blood cell donor. The degree of 
discordancy in the expression of PEP-B 
and TPI in the man-mouse hybrids is 

comparable to that observed for the 
other known syntenic groups in these 
clones (15). 

Nine loci specifying enzymes of the 
Embden-Meyerhof pathway of glycoly- 
sis have been assigned to particular hu- 
man chromosomes (Table 2) and only 
three of the nine loci are syntenic 
(GAPDH, TPI, and LDH-B). If not due 
to chance, the synteny of these three loci 

may reflect their evolutionary relation- 
ship, which should also be evidenced by 
the structure of the enzymes. 

Both GAPDH and LDH are tetramers 
whose molecular weight is 144,000 (8, 
16). The four subunits of GAPDH are 
identical, as are those of the LDH-A and 
LDH-B homopolymers, and each sub- 
unit binds one molecule of the coenzyme 
NAD or NADH (8, 16, 17). The binding 
of NAD to GAPDH shows coopera- 
tivity, whereas in LDH the coenzyme 
binding sites do not interact (17). The 
three-dimensional structure of the coen- 

zyme binding site of GAPDH is striking- 
ly similar to that of LDH (3) and a lesser 

degree of structural homology is ob- 
served in the remainder of the two mole- 
cules (3). The structural and catalytic 
similarities of GAPDH and LDH may 
indicate that both dehydrogenases have 
evolved from a common ancestral gene 
(18). 

TPI and GAPDH are sequential en- 
zymes in the metabolism of glucose 
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to chance, the synteny of these three loci 

may reflect their evolutionary relation- 
ship, which should also be evidenced by 
the structure of the enzymes. 

Both GAPDH and LDH are tetramers 
whose molecular weight is 144,000 (8, 
16). The four subunits of GAPDH are 
identical, as are those of the LDH-A and 
LDH-B homopolymers, and each sub- 
unit binds one molecule of the coenzyme 
NAD or NADH (8, 16, 17). The binding 
of NAD to GAPDH shows coopera- 
tivity, whereas in LDH the coenzyme 
binding sites do not interact (17). The 
three-dimensional structure of the coen- 

zyme binding site of GAPDH is striking- 
ly similar to that of LDH (3) and a lesser 

degree of structural homology is ob- 
served in the remainder of the two mole- 
cules (3). The structural and catalytic 
similarities of GAPDH and LDH may 
indicate that both dehydrogenases have 
evolved from a common ancestral gene 
(18). 

TPI and GAPDH are sequential en- 
zymes in the metabolism of glucose 
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dehyde-3-phosphate (19). The TPI sub- 
unit is composed of alternating segments 
of a-helix and /3-sheet structure (20), a 
structure which has also been observed 
in the dehydrogenases, in phosphoglycer- 
ate kinase, and in phosphoglycerate mu- 
tase (3, 21). These observations may in- 
dicate a distant evolutionary relationship 
of the glycolytic enzymes (22). The syn- 
tenic association of the genes specifying 
GAPDH and TPI may also be of signifi- 
cance for the regulation of these two 
glycolytic enzymes. 

Further understanding of the signifi- 
cance of the syntenic association of the 
human genes specifying GAPDH, TPI, 
and LDH-B will require a determina- 
tion of the distance between these loci 
and knowledge of the degree of conser- 
vation of this syntenic group in diverse 

species. 
GAIL A. P. BRUNS 

PARK S. GERALD 

Clinical Genetics Division, 
Children's Hospital Medical Center,. 
Boston, Massachusetts 02115 
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guished from hemophilia by the findings 
of a long bleeding time, reduced ability 
of platelets to adhere to a column of glass 
beads (platelet retention), and autosomal 
dominant inheritance pattern (rather 
than X-linked recessive of hemophilia) 
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Carbohydrate Deficiency of the Factor VIII/von Willebrand 

Factor Protein in von Willebrand's Disease Variants 

Abstract. Study of the normal human factor VIII/von Willebrand factor reveals a 

macromolecular glycoprotein composed of apparently identical subunits. This puri- 

fied glycoprotein has procoagulant, antigen, and von Willebrand factor activities. In 

three patients with a variant of the von Willebrand's disease syndrome, their factor 

VIII/von Willebrand factor protein was present in normal amounts and had normal 

procoagulant and antigen activities; however, this protein was deficient in both 

carbohydrate and von Willebrand factor activity. The carbohydrate portion of the 

factor Vlll/von Willebrand factor glycoprotein is of major importance in its inter- 

actions with platelets or the blood vessel wall, or both. 
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