
As mentioned, yeast RNA of high 
molecular weight is hydrolyzed at a rate 
about 5 percent of that of polyA. Solu- 
ble RNA, known to contain a high de- 
gree of secondary structure (18), is hy- 
drolyzed at 1 percent of the rate of 
polyA hydrolysis. Indeed, the experi- 
ments on sRNA were carried out at the 
limit of detectability, and it may be that 
sRNA is not hydrolyzed at all by the 
purified enzyme. We have already men- 
tioned that polyI is resistant to hydrol- 
ysis. In addition, polyUG containing 
0.58 mole of uracil to 1 mole of 
guanine is resistant to hydrolysis. The 
properties of this polymer have been 
described (19), and it is known to 
contain a high degree of secondary 
structure. 

The data presented in Table 1 in- 
dicate that the addition of helical poly- 
nucleotides to reaction mixtures does 
not inhibit the breakdown of single- 
stranded polyribonucleotides. Thus, 
polyI which is itself resistant to en- 
zymic attack does not affect polyU 
hydrolysis, and sRNA does not affect 
polyA hydrolysis. In addition, native 
DNA is not inhibitory. Actually, this 
finding can also be inferred from the 
data in Fig. 1. In the experiment shown 
in the upper curve, the concentration of 
free polyA should be 0.55 /tmole per 
milliliter of reaction and the rate of 
hydrolysis is 24 /tmole per hour per 
milliliter of enzyme. A separate experi- 
ment, in which we studied the rate of 
polyA hydrolysis as a function of polyA 
concentration, gave just such a rate at 
0.55 /tmole of polyA per milliliter of 
reaction mixture. 

The evidence indicates that the potas- 
sium-activated phosphodiesterase of E. 
coli is unable to degrade helical poly- 
ribonucleotides. In this sense it differs 
from the ribosome-bound ribonuclease 
of E. coli (7, 20) but is similar to 
polynucleotide phosphorylase (5). As 
suggested by Spahr and Schlessinger 
(6) therefore, this enzyme, as well as 
polynucleotide phosphorylase, may be 
responsible for the rapid breakdown 
in vitro of messenger RNA that has 
been noted by others (21). The mech- 
anism by which the enzyme functions 
in vivo, particularly with respect to mes- 
senger RNA bound to ribosomes, re- 
mains unclear. The binding of the en- 
zyme to ribosomes is of interest from 
this point of view. 
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tides. The absence of detectable phos- 
phomonoesterase and polynucleotide 
phosphorylase from the purified frac- 
tions enhances this utility. The ap- 
parent lability of the purified enzyme 
will be a disadvantage unless stabilizing 
conditions can be found. It should per- 
haps be pointed out that this enzyme 
appears to be distinct from the E. coli 
phosphodiesterase described by Lehman 
(2). That enzyme, although it also 
produces 5'-mononucleotides and pre- 
fers single-stranded polynucleotides, is 
specific for polydeoxyribonucleotides, 
and has a pH optimum of about 9. 
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Lactate dehydrogenase (LDH) is an 
enzyme, which has a molecular weight 
of approximately 135,000 and which 
can be dissociated into four subunits 
of equal size (1). Electrophoresis on 
starch granules, starch gels, or acryla- 
mide gels separates LDH into five dis- 
tinct isozymes (2). It has been suggested 
that LDH exists in two electrophoret- 
ically distinguishable forms, LDH-A 
and LDH-B, and that the five isozymes 
are tetramers formed by random asso- 
ciation of the LDH-A and LDH-B sub- 
units-that is, they have the following 
composition: LDH-1, AoBi; LDH-2, 
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A1B3; LDH-3, A2B2; LDH-4, A3Bt; and 
LDH-5, A4Bo (1). 

The relative amounts of the iso- 
zymes vary with the tissue and 
species studied. In the lactate dehydrog- 
enase of erythrocytes the LDH-B sub- 
units predominate so that on electro- 
phoresis the LDH-4 zone is faint and 
the LDH-5 band is absent (3). Boyer 
et al. (4) have observed a variant pat- 
tern of erythrocyte LDH in an indi- 
vidual from Nigeria; Nance et al. (5) 
have presented evidence for another 
erythrocyte LDH variant. We have 
studied the LDH isozyme patterns of 
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Human Erythrocyte Lactate Dehydrogenase: Four 

Genetically Determined Variants 

Abstract. Four variants of human erythrocyte lactate dehydrogenase (LDH) 
are described. One of these is similar to the one previously described by Boyer 
and is interpreted as a variant of LDH-B. The other three are thought to repre- 
sent variants of LDH-A. Studies of families indicate that LDH-A and LDH-B 
are under separate genetic control and are inherited as autosomal co-dominants. 
Evidence is presented that the LDH-A locus is not closely linked to the loci for 
the ABH and Duffy blood group systems. 
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erythrocytes from 940 randomly se- 
lected hospital employees (610 Negroes 
and 330 Caucasians) and found eight 
persons with variant patterns. The pat- 
terns fell into four distinct groups. Pedi- 

grees of three of these individuals are 

presented. 
For screening purposes hemolysates 

were prepared from unwashed, sedi- 
mented erythrocytes with the aid of 
chloroform. Hemolysates were frac- 
tionated by vertical starch gel electro- 

phoresis (6) at 4?C with tris-EDTA- 
borate buffer (7), at pH 8.6. A current of 
8 v/cm was applied for 14 to 16 hours, 
during which time hemoglobin A mi- 

grated to about 10 cm from the origin. 
After separation, gels were sliced and 
sections 3 mm thick were stained for 
LDH activity with phenazine metho- 
sulfate and nitro blue tetrazolium at 

pH 7.4 (8). Variant patterns were con- 
firmed by examining fresh hemolysates 
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enzyme patterns are shown. 
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ed erythrocytes lysed moving component in the position of 
ixture of toluene and normal LDH-1. The isozymes LDH-2, 
)r by the addition of LDH-3, and LDH-4 of the variant are 
followed by repeated resolved into four, three, and two com- 
wing. The LDH pat- ponents, respectively. The LDH-5 band 
lemolysates were not is absent in this and other hemolysates. 
tion of nicotinamide- These findings agree with the hypothe- 
tide to the starch gel sis (4) that individuals with this vari- 

ant possess a normal LDH-A, but are 
variants of erythro- heterozygous for LDH-B and a LDH- 

ymes were found in B variant (B'). We, therefore, desig- 
nd one Caucasian out nate this LDH variant as LDH-BI.cm,,,-. 
als studied (0.9 per- The LDH-1 band of LDH1 TemI-l, -2, an-i 

variants were named appears in the normal position. The 
- (Mem indicating LDH-2 of LDH.,.c.- consists of two 

1) in order of their components, one in the location of 
ing the pattern estab- normal LDH-2, the other moving slight- 
)rary identification of ly more toward the anode. The LDH-3 
;lobins. LDHcm-n- ap- of this variant consists of three bands; 
ar to the variant found LDH-4 is not clearly shown. 
1. (4). The isozyme In LDH.Ic n-2, LDH-2 also consists of 
ariant can be resolved two components, but differs from 
nents with the fastest LDHa,rc ml- in that the second component 

migrates even further toward the anode 
than the corresponding component of 
LDH riln-i. LDH-2 and LDH-3 of 

l 5 ________ LDH I em-2 again consist of two and 
three components, respectively, though 

{ 
I | more widely spaced than those of 

LDH A.rc.-1. 

R BI The isozyme LDH-1 is also in the 
normal location in LDHFL,enm4. The 

~ * Q Q oLDH-2 of this variant is divided into 

M I| K i; two components. One of these has the 
same electrophoretic mobility as normal 

I [ | LDH-2, the other moves more slowly 
0 ' toward the anode and therefore lies 

____1 
closer to the origin. The LDH-3 of 
LDH,,omn-4 divides into three compo- 

D0r'gin xnents, the most rapidly migrating 

A*// o one lying in the position of normal 
LDH-3. LDH-4 is not clearly shown 
and LDH-5 is again absent. 

The LDH activity of erythrocytes 
was estimated quantitatively at 37?C 
and pH 7.5 (9) and related to the total 
red cell count, hemoglobin, and hemat- 

lBiw;i;: o e ocrit values. No significant difference 
was noted in the four variants of the 

enzyme as compared with normal LDH. 
The serums of all persons with variant 
LDH patterns were subjected to starch 
gel electrophoresis and all showed the 
'same isozyme variants as erythrocytes. 

We suggest that the abnormalities in 
LDHM cm-1, -2, and -4 lie in the LDH-A 

moiety, LDH-B being normal, and we 
... ..........' 'designate them as LDH-AdMcm-1 -. and -4. 

ytes. (Top) Diagrammatic In LDH-Am.m-., LDH-A and a slightly 
)t shown on the starch more negatively charged LDH-A' com- 
ds with enzyme activity bine with a normal LDH-B thereby 
higher concentrations of 
5, 9). (Bottom) Vertical causing the formation of two compo- 

(7). The four variant nents of LDH-2, three of LDH-3 and 
presumably four of LDH-4 and five 

SCIENCE, VOL. 145 

1 

sl H W i 
, 

i ~"* 
I LI ::N~ h i 

I 



A 

B 

A 

B 
A,o 0 
Fy?+ Fya- 
MN MN 
ROR? R2RO 

A,o 0 
Fy?+ Fya- 
MN MN 
ROR? R2RO 

o 6o 
Fy.- Fya+ 
MM MM 
R2R0 R0?R 

o 6o 
Fy.- Fya+ 
MM MM 
R2R0 R0?R 

0 
A,O 
Fy + 
MN 
R2Ro 

0 
A,O 
Fy + 
MN 
R2Ro 

0 0 
A,O 

FyG+ 
MM 

RoRl 

0 0 
A,O 

FyG+ 
MM 

RoRl 

A,O 
Fy*+ 
MM 
R?R? 

A,O 
Fy*+ 
MM 
R?R? 

C 0- -0 
rr RJr 

B B 0 A B 
MM MM MN MM MM 
r r R'r rr r r rr 

A B B B 
MM MM MM MM 
rr r r r r rr 

[C] MALE ,[ DEAD OR NOT EXAMINED 

Q FEMALE C PROPOSITUS 

I LDH VARIANT HETEROZYGOTE, 

Fig. 2. Pedigrees of families with LDH 
variants. (A) LDH-Aem- 2. (B) LDH- 
Bi.em 3; all family members examined 
were Kell negative and Sutter a and b 
positive. (C) LDH-A,em-_4; all family 
members examined were Kell negative. 

of LDH-5. The formation of the iso- 
zyme bands of LDH-A lem-2 is ex- 

plained in a similar fashion, except 
that the altered LDH-A, that is, A", 
of this variant moves further toward 
the anode than that of LDH-A em-i. 
LDH-AMem-4 also consists of a normal 
LDH-B moiety, but is formed by a 
normal LDH-A and an altered, more 
positively charged LDH-A"'. The ad- 
ditional isozyme components of this 
variant therefore lie closer to the origin 
in starch gel electrophoresis than the 
corresponding normal isozymes. 

Fritz and Jacobson (10) suggested 
that each unit of LDH-A and LDH-B 
has attached to it a molecule of nico- 
tinamide-adenine dinucleotide (NAD). 
These authors postulated that 0.005M 
,3-mercaptoethanol partially removes 
NAD from LDH-A, but not from 
LDH-B. Mouse tissue extracts thus 
treated show LDH-5 to be broken up 
into five components, four components 
for LDH-4, three for LDH-3, and two 
for LDH-2. LDH-1 is not altered 
since it consists of LDH-B units. These 
findings are reminiscent of the patterns 
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shown by LDH-A M,em-i, -2, and-4. How- 
ever, we do not believe that partial dis- 
sociation of LDH-A and NAD play any 
role in the formation of the variant 
LDH patterns because (i) the addi- 
tion of NAD to the starch gel and 
buffer did not alter the pattern; (ii) 
electrophoresis of freshly prepared 
hemolysates of the affected individuals 
always resulted in identical abnormal- 
ities, and these were never seen in 
normal persons; (iii) all affected rela- 
tives of affected individuals always pos- 
sessed an identical abnormality. 

The erythrocyte LDH variant de- 
scribed by Nance et al. (5) has a 
fast moving LDH-2 component as 
observed in LDH-AAMem-ior-2, but with- 
out direct comparison identity cannot 
be established. These authors report 
that the LDH-3 isozyme of their patient 
separated into only two bands with the 
band containing the mutant LDH-A 
migrating just behind hemoglobin A. 
As shown in Fig. 1, LDH-3 of LDH- 
AMem-i and-2 clearly separates into three 
bands, the middle band staining more 
intensely than the other two. This find- 
ing supports the concept of random as- 
sociation of LDH-A, variant LDH-A, 
and LDH-B subunits, a process which 
in LDH-3 would lead to the formation 
of three bands in the proportions of 
1 : 2: 1. Boyer et al. (4) have shown 
that this indeed occurs in an individual 
heterozygous for LDH-B and for a 
variant LDH-B, and it would be reason- 
able to expect the same phenomenon in 
persons with an LDH-A variant. 

LDH-A Mem-1 was found in three Ne- 
groes, one of whom had sickle cell trait 
(Hb A-S). Family studies could not be 
performed. LDH-A Mem.. 2 was found in 
two Negroes, one of whom also had 
the high fetal hemoglobin trait. His 
family unfortunately was not available 
for study. The pedigree of the other 
family with LDH-A Mem-2 is shown in 
Fig. 2A. The family of one of the two 
Negroes with LDH-B ,,em.-3 was studied 
and is shown in Fig. 2B. LDH-A Mem-4 
was found in a single Caucasian and 
her family (Fig. 2C). All affected in- 
dividuals of one family possessed the 
same erythrocyte LDH variant. The 
LDH variants appeared to be inherited 
as autosomal codominant characteris- 
tics. All the individuals found are con- 
sidered to be heterozygotes either for 
LDH-A or for LDH-B. The study of 
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resis and blood typing for the Rh sys- 
tem and the MNS, Kell, and Sutter 
groups were performed on all family 
members, but the results do not permit 
any conclusions as to linkage between 
those characteristics and the LDH loci. 
The finding of eight individuals with 
variant LDH enzyme patterns in a 
group of 940 randomly selected persons 
indicates that this variation may not be 
as rare as heretofore suspected. 
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Myosin Substructure: Isolation of 
a Helical Subunit from Heavy 
Meromyosin 

Abstract. A highly ac-helical subunit 
has been isolated from the heavy-mero- 
myosin portion of myosin. This mole- 
cule has a helix content of about 73 
percent and an amino acid composition 
similar to that of light meromyosin. 
The presence of this subunit supports 
the current view that the myosin mole- 
cule consists of a long helical rod with 
a globular region at one end. 

Muscle fibers owe their striation to 
two sets of interdigitating filaments: 
the thick, or myosin-containing fila- 
ments, and the thinner, actin-containing 
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filaments seem to be mediated by pro- 
jections or "bridges" periodically ar- 
ranged along the myosin filaments. In 
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