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Fig. 2. Analysis of a rabbit antiserum, 
produced with calf-thymus DNA digested 
with deoxyribonuclease, for C'-fixing anti- 
bodies against a synthetic d-AT poly- 
mer: 0- 0, unheated polymer; 
X -- X, heated polymer. The volume 
of antiserum used was 0.1 ml diluted 
1:100. 

also reacted with heterologous DNA 
from monkey-heart cells and from sev- 
eral bacterial sources but, as expected, 
to a lesser extent than with homolo- 
gous calf-thymus DNA. In addition, 
these antiserums did not react with 
calf-thymus DNA digested with de- 
oxyribonuclease and they inhibited 
the transforming capacities of DNA 
from Bacillus subtilis and from Diplo- 
coccus pneumoniae (7). These findings 
support the conclusion that DNA-spe- 
cific antibodies can be elicited by com- 
plexes of oligodeoxyribonucleotides 
with MBSA. 

In view of such extensive cross-re- 
activity and the availability of a syn- 
thetic d-AT (polydeoxyadenylate-thy- 
midylate) polymer (consisting of re- 
peating units of adenine- and thymine- 
containing nucleotides) (8), it was 
of interest to determine whether or 
not a synthetic polymer also would 
cross-react. 

A solution of the d-AT polymer 
(40 /g/ml) was boiled at 100?C 
for 10 minutes to disrupt any 
hydrogen bonds between adenine and 
thymine, chilled rapidly in an ice-wa- 
ter bath, and used immediately be- 
cause of the ease with which hydro- 
gen bonds can form between adenine 
and thymine. Significant cross-reaction 
was observed with each antiserum, the 
extent of the cross-reaction generally 
paralleling the reaction with homolo- 
gous calf-thymus DNA. The cross-re- 
action of an antiserum with both heat- 
ed and unheated d-AT polymer is 
shown in Fig. 2. As in the case of 
natural DNA, the heated preparation 
was more reactive, and as in the case 
of natural DNA, this may be attributed 
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to a greater accessibility of the nucleo- 
tides for reaction with antibody. 

The results show that oligodeoxy- 
ribonucleotides can serve as haptens 
for the production of DNA antibodies. 
If we take into consideration that the 
largest fractions occurring in appreci- 
able amounts in a deoxyribonuclease 
digest of calf-thymus DNA are of the 
order of hepta-octanucleotides (4), and 
that the largest fraction formed on 
de-purination with formic acid is a 
hexanucleotide (3), then it would ap- 
pear that oligodeoxyribonucleotides 
containing no more than six to eight 
nucleotides may suffice to serve as 
hapten when complexed to MBSA. It 
is unlikely that oligonucleotides con- 
taining less than four nucleotides 
would form stable complexes with 
MBSA in a physiological medium be- 
cause the interaction between MBSA 
and the oligonucleotides is electrostatic 
in nature. Therefore, the minimum 
size of oligodeoxyribonucleotide that 
can serve as a hapten complexed to 
MBSA can be expected to be of the 
order of tetra- to hexanucleotide. Stol- 
lar et al. (9) have reported that the 
immunological specificity of a Lupus 
erythematosus serum is attributable to 
a pentanucleotide. Therefore, antibod- 
ies specific for unique sequences of 
some five nucleotides may eventually 
be produced through the use of penta- 
or hexadeoxyribonucleotides that are 
homogeneous with respect to size and 
sequence. 
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Polymorphism of Human Lactate 

Dehydrogenase Isozymes 

Abstract. Of 1200 individuals 
screened, four had variant erythrocyte 
lactate dehydrogenases. Three of these, 
identical electrophoretically to the 
Mem-1 described by Kraus and Neely, 
were heterozygous variants involving 
the a-locus. The fourth, involving the 
b-locus, appears to be the first example 
in man of a homozygous variant. 

Each of the five commonly encoun- 
tered lactate dehydrogenase (LDH) 
isozymes is a tetramer containing vary- 
ing combinations of two different mon- 
omers A and B (1). Genetic evidence 
that the synthesis of these two sub- 
units is directed by two different struc- 
tural genes a and b was obtained first 
in mice (2), and shortly thereafter in 
man (3, 4). Variants at either the a- or 
b-genetic locus were described and pedi- 
grees were presented suggesting auto- 
somal codominant transmission (3, 4). 

The last and most extensive of these 
papers, in which eight variant LHD's 
were discovered among 980 individuals 
(4), raised questions concerning the 
relative frequency of variants at the 
two loci and among different popula- 
tions. 

To investigate these questions, eryth- 
rocytes from 600 white and 600 Negro 
patients at various hospitals in the 
Washington, D.C., area were examined 
for variant LDH isozymes. Hemoly- 
zates were prepared (5) and were sub- 
jected to vertical starch-gel electro- 
phoresis in a discontinuous tris-borate 
buffer system, with a voltage gradient 
of 12 v/cm2 for 3 hours at 4?C. The 
gels were sliced horizontally, and iden- 
tification of the LDH isozymes was 
accomplished by incubation for 1 hour 
at room temperature in a solution modi- 
fied from that previously described (5) 
by addition of 4 ml of 0.06M sodium 
cyanide. 

Three variants were observed among 
the 600 Negro patients, a frequency of 
0.0050, and one among the 600 white 
patients, a frequency of 0.0017. Of 
these three unrelated Negro patients, 
one, a 65-year-old female, was hospital- 
ized with a cerebrovascular accident 
probably secondary to atherosclerosis; 
the second, a 70-year-old female, had 
hypertensive heart disease, and the 
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Fig. 1. Pedigree of individual with variant A subunit. 

individuals in four generations (Fig. 1) 
All except the propositus were healthy. 
The pedigree suggests autosomal co- 
dominant inheritance of the variant 
phenotype (Fig. 2); male to male trans- 
mission of the variant from generation 
11I to IV eliminates the possibility of 
X-linkage. All three Negro variants in- 
volved the A subunit and were electro- 

phoretically indistinguishable from one 
another and from the Mem-1 variant 
of Kraus and Neely (6). All had normal, 
total erythrocyte LDH activity. 

The multiple bands shown in Fig. 2 
in regions where normally a single iso- 
zyme occurs probably result from 
hybridization in the heterozygote of the 
normal A subunit with the variant A' 
subunit. Such hybridization would be 

expected to produce four bands in 
the LDH-4 position (AAAB, AAA'B, 
AA'A'B, and A'A'A'B), three in the 
LDH-3 position (AABB, AA'BB, and 
A'A'BB), and two in the LDH-2 posi- 
tion (ABBB and A'BBB). Since the B 
subunit is normal, LDH-1 is homoge- 
neous and unaffected; LDH-5 is not 
observed in human hemolyzates on the 
starch gel (5), but the five bands ex- 
pected at the LDH-5 position in A- 
subunit variants are visualized in leuko- 
cyte extracts. The four bands in the 
LDH-4 region of the A-subunit variants 
are observed in the distribution ex- 
pected if, in the heterozygote, recom- 
bination of A and A' subunits occurred 
in an entirely random fashion. That is, 
more activity resides in the two middle 
bands (AAA'B and AA'A'B) than in 
the two extreme bands AAAB and 
AA'A'AB. 

The fourth variant occurred in a 74- 
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year-old unmarried white female with 

lymphoblastic sarcoma. She was in re- 
mission without medication or recent 
transfusion at the time that four sepa- 

Fig. 2. Comparison of starch-gel electro- 
phoretic pattern of three individuals, one 
normal and two with A-subunit variants. 
These two variants appear in the pedigree 
shown in Fig. 1. 

rate blood specimens were obtained at 

monthly intervals. All revealed identical 
results: LDH-1 and LDH-2 migrated 
more rapidly toward the anode than 
normal (Fig. 3). Each of these isozymes 
was homogeneous electrophoretically. 
However, an additional band not ob- 
served in normal hemolyzates migrated 
slightly anodal to the main band in the 
LDH-3 position (Fig. 3). The electro- 
phoretic mobility of the main LDH-3 
band appeared to be normal (Fig. 3). 
Leukocyte and platelet extracts revealed 
isozymes identical in electrophoretic 
mobility to those of the patient's eryth- 
rocytes. Total LDH activity of these 
three cell types was normal. 

Alteration in the electrophoretic mo- 
bility of LDH isozymes has never been 
described in disease states; the altered 
isozymic mobility of this individual's 
B subunit is probably best explained 
on a genetic basis, an interpretation 
supported by the identical electro- 
phoretic mobilities of corresponding 
isozymes from leukocytes, platelets, and 
erythrocytes. Unfortunately, the hypoth- 
esis of homozygous involvement at the 
b-locus cannot be satisfactorily estab- 
lished since the propositus has no im- 
mediate family. Furthermore, involve- 
ment of both b-alleles accounts for the 
electrophoretic homogeneity and in- 
creased mobility of LDH-1 and LDH-2, 
but fails to explain the apparently nor- 
mal mobility of the main LDH-3 band, 
the presence of a rapidly migrating sub- 
band in the LDH-3 region, and the 

greater distance between LDH-3 and its 
more rapidly migrating sub-band than 
between the normal and variant LHD-1 
and the normal and variant LDH-2. 
The nature of sub-bands, which are 

consistently observed on starch-gel sep- 
aration of LDH isozymes (5; Figs. 2 
and 3), remains obscure; conflicting 
theories of their origin have been pro- 
posed (7). Perhaps in the case of cer- 
tain variant isozymes the folding char- 
acteristics of alternative forms might 
affect the total charge, so that in the 
case of LDH-3 the form with AABB 
sequence might exhibit different elec- 

trophoretic mobility from the form 
with sequence ABAB or ABBA. A 

possible explanation of the apparently 
normal mobility of the main LDH-3 
band is that the variant B subunit is 
so close in charge to that of the nor- 
mal B subunit that only LDH-1 and 
LDH-2, containing predominantly B 
subunits, reveal differences in mobility 
between the variant and normal iso- 
zymes; these differences may not be ob- 
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the primary structures of isozymes with 

SZM identical electrophoretic mobilities may 
differ, it may prove incorrect to assume 

I that two unrelated individuals possess 
identical point mutations because their 

2 corresponding variant lactic dehydro- 
genase isozymes migrate similarly. Like- 
wise, LDH variants may exist with 
normal electrophoretic mobility so that 
the total number of different LDH 
variants may far exceed that determined 

solely by electrophoretic screening. 
23 ~ Additional LDH variants have been 

observed by electrophoretic screening 
of erythrocytes from various popula- 
tions (8). The populations screened 
so far have been too small and the 
number of LDH variants discovered 
have been too few to determine whether 
differences in the frequency of variants 
exist among populations. A greater fre- 

4 quency of variants among Negroes may 
eventually be established. 

The nature of the LDH polymorph- 
ism, particularly whether it might 
confer a selective advantage, such as 
has been suggested in the case of the 
sickle-cell heterozygote, is not known. 

1 electro- However, if the mutation were neutral, 
nt LDH the current frequency of LDH variants 
resulting in the order of 1 percent in some popu- 

llele with lations might result solely from the ac- 
cumulation of mutations over many 
previous generations. Neutrality is be- 
coming increasingly accepted with the 

I LDH-4 growing number of inherited protein 
fewer B variations which, like the LDH poly- 
more of morphism, appear to be unassociated 
tion and with disease. Even if disadvantageous, 
t B sub- the LDH polymorphism could still be 
dation of explained as arising solely from muta- 
the nor- tion, were it only mildly disadvanta- 
so close geous, and selection against it conse- 
t recom- quently would be negligible. Alterna- 

normal tively, the observed frequency of vari- 
ixed and ants is also compatible with the notion 
thod de- of transition from an environment in 

to shed which the mutation had been adap- 
e variant tively advantageous to one in which 

it no longer was so. 
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do not die with the host, but are dis- 
tributed indefinitely among the progeny 
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which rarely have been reported, were 
obtained in the following manner. We 
induced mass cultures (1) of Chloro- 
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