
58,000 pc of V1 (0.058 /xc), whereas 
an intake of 800,000 pc of I131 (1 liter 
of milk per day from our highest sta? 

tion) would deliver 14 rad. About 

53,000 Utah children between 0 and 2 

years of age were subject to I131 ex? 

posure in 1962 (from extrapolation of 
the 1950 and 1960 U.S. Census) (9). 

ROBERT C. PENDLETON 
Ray D. Lloyd 

Charles W. Mays 
Division of Radiological Health 
and Radiobiology Division, Anatomy 
Department, University of Utah, 
Salt Lake City 
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Lactate Dehydrogenase Variant 

from Human Blood: Evidence for 

Molecular Subunits 

Abstract. A variant of human lactate 

dehydrogenase is described. The oc? 
currence of lactate dehydrogenase-1, -2, 
-3, and -4 as five, four, three, and two 

components, respectively, is interpreted 
as supporting the hypothesis that LDH 

isozymes are tetramers formed from 
various combinations of two types of 
subunits. 

The lactate dehydrogenase (LDH) 
of an organism may occur in multiple 
molecular forms called isozymes (/). 
LDH isozymes of approximately 135,000 
molecular weight can be dissociated 
into subunits of 34,000 molecular 

weight (2). These subunits occur in 
two electrophoretically distinct forms 
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(2) designated A and B. On the basis 
of this evidence several groups of in- 

vestigators (2, 3) have suggested that 
distinction between individual isozymes 
arises, as shown in the second column 
of Table 1, from various tetrameric 
associations of A and B subunits. We 
have observed a variant of human 
LDH which supports this thesis. 

The LDH variant appeared in a 

healthy 25-year-old Nigerian male of 
the Yoruba tribe who was initially ex- 
amined during a survey for hemoglobin 
heterogeneity. Two separate samples of 
whole blood were obtained during a 
2-month interval. Each sample was 

aseptically collected in acid-citrate-dex- 
trose solution, sent to Baltimore, 
and received there 4 to 5 days later. 

Erythrocytes were washed in 0.9-per- 
cent NaCl, hemolyzed in water, ex- 
tracted with toluene, and centrifuged 
at 40,000? for 20 minutes at 0CC. 

Hemolyzates containing approximately 
equal amounts of LDH were subjected 
to vertical starch-gel electrophoresis 
(4) (4?C, 4.5 volts/cm) for approxi? 
mately 16 hours. After electrophoresis, 
LDH activity was localized by methods 

(5) modified from those of Dewey and 
Conklin (6). 

As shown in Fig. 1 the variant speci? 
men contains five components in the 
LDH-1 position, four in the LDH-2 

position, three in LDH-3 position, and 
two in the LDH-4 position. At each 

isozyme position the most rapidly mi- 

grating variant component has the mo? 

bility of the corresponding isozyme 
from normal subjects. The LDH-5 

component is absent in this and other 

hemolyzates (7). A similar, less in- 

tensely staining pattern is observed in 

plasma. The variant pattern is identical 
in separate blood specimens. Dilution 
of the sample had no effect on electro- 

phoretic pattern. Other proteins present 
in the hemolyzate from the variant were 

indistinguishable from those of normal 

Negro subjects. The variant is demon- 
strable in gels prepared with many 
buffers including ethylenediaminetetra- 
acetic acid-boric acid-tris (EBT) (8), 
borate (4), and the discontinuous sys? 
tem of Poulik (9). The mobilities and 

patterns of variant LDH-1 and LDH-2 
are preserved after successive elution 
from starch gel, electrophoresis in 
starch granules (10), and repeated anal? 

ysis in starch gel. Normal and variant 

LDH-1, isolated by successive starch 

gel-starch granule electrophoresis, pos- 
sess similar Michaelis-Menten constants 

(Km) for lactate (10) and nearly iden? 
tical reaction rates with several nico- 

Table 1. Explanation for multiple components 
appearing within five major LDH zones. 

Isozyme Normal Variant 

LDH-1 B4 B4 
B80i 
B202 
Blfo 

LDH-2 B3A1 B3A1 
B20iAi 
Bi/32Ai 
/J1A1 

LDH-3 B2A2 B2A2 
B1/31A2 
/32A2 

LDH-4 B1A3 B1A3 
/3iA8 

LDH-5 A4 A4 

tinamide adenine dinucleotide (NAD) 
analogs (77). For example, the reaction- 
rate ratio of the 3-acetylpyridine ana? 

log to the thionicotinamide analog of 
NAD was 0.15 for normal LDH-1 
and 0.14 for variant LDH-1. In con? 

trast, this ratio was 0.73 for normal 
LDH-5 from human skeletal muscle. 
The variant pattern is also detectable 
in LDH from erythrocytes which has 

N ? 

LDH-1 

LDH-2 

LDH-3 

LDH-4 

Origin 

0 

Fig. 1. Starch-gel electrophoretic pattern 
of normal (N) and human variant (V) 
LDH from erythrocyte LDH in EBT (8) 
buffer. The nature of the two bands lying 
just cathodic to normal LDH-2 is unknown 
(5). These components are uniformly 
present in normal hemolyzates but lack- 
ing in LDH of skeletal muscle. We ob- 
serve such components in both horizontal 
and vertical starch-gel systems. A similar 
but very faint set of two bands lies mid- 
way between LDH-2 and LDH-3 in the 
variant hemolyzate. The LDH-3 compo? 
nents are slightly distorted by the coinci- 
dent migration of hemoglobin A. 
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been purified approximately 300 fold 

by absorption and elution from diethyl- 
aminoethyl (DEAE) cellulose (12) 
followed by precipitation with 55-per- 
cent saturation of ammonium sulfate 
at 0?C. Moreover, when DEAE cel? 
lulose is developed with a linear NaCl 

gradient, the corresponding variant and 
normal LDH isozymes are eluted at 
similar points. The mobility of normal 
and variant LDH isozymes from crude 

hemolyzates is identical in the sys? 
tem (75) of varying starch-gel poros- 
ity. Such behavior suggests that the 
molecular weight of normal and variant 

isozymes is grossly similar (14). The 

enzymic activity of variant LDH from 
crude hemolyzate approximates that ob? 
served in normal American and Ni- 

gerian Negroes. 
The only blood relative available for 

testing, a paternal uncle, has a normal 
LDH pattern. Whatever the origin of 
the observed LDH variation, it is un- 
common (75) since no variant LDH 

patterns were observed among hemo? 

lyzates obtained from approximately 50 
white subjects, 300 American Negroes, 
100 Papuans (16), and 200 Nigerians. 

Fritz and Jacobson (17) examined 
mouse tissue extracts and observed five 
LDH-5 components, four LDH-4 com? 

ponents, three LDH-3 components, two 
LDH-2 components, and one LDH-1 

component in gels prepared with 
0.005M /?-mercaptoethanol. These au? 
thors suggest that this concentration 
of /?-mercaptoethanol removes bound 
NAD from a portion of A subunits 
but not from B subunits. These ob? 
servations provide a pattern exactly 
opposite to that in the Nigerian LDH 
variant. Moreover, the human variant 
LDH pattern is unaltered in gels con? 

taining /3-mercaptoethanol in amounts 

ranging from 0.005 to 0.1M. The vari? 
ant LDH pattern is also unaltered by 
electrophoresis under conditions where 
the gel and cathodic chamber contain 
10~3M NAD. Accordingly, we do not 
believe that the variant pattern is pro? 
duced by the mechanism of differential 

binding of NAD. 
The variant electrophoretic pattern 

can be most easily interpreted as reflect? 

ing a mutant allele at the genetic locus 

producing the LDH B subunit. The 
observed physical and enzymatic simi- 
larities between normal and variant 

LDH-1, that is, B subunit tetramers, 
support this interpretation. If the mu? 
tant product is designated /?, and the 
normal product B, then a heterozygote 
at this locus should exhibit the combi? 
nations shown in the third column of 
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Table 1. Such combinations will pro? 
duce the pattern observed in Fig. 1 

provided it is assumed that fi is more 

electro-positive than B. Furthermore, 
if the mutant fi and the normal B gene 
products are produced in equal quan- 
tity and thereafter randomly associate 
as tetramers, then LDH-1 of the hetero- 

zygote should contain B4, B3fii, B2/?2, 
Bi/?3, and fi* in the binomial proportions 
1:4:6:4:1. The proportions observed 

during enzyme development on starch 

gels roughly fit this ratio. Unfortunately 
diffusion of the localizing formazan dye 
prohibits satisfactory illustration. Such 

diffusion, close proximity of compo- 
nents, and the nonlinear relationship 
between dye intensity and enzyme con? 
centration prevent exact spectrophoto- 
metric analysis. The expected fit is 
more evident among the other variant 

isozymes. By inspection, variant LDH- 
2 contains proportions which agree with 
a predicted 1:3:3:1. The components 
of variant LDH-3 and LDH-4 approxi- 
mate the predicted ratios 1:2:1 and 1:1 

respectively. LDH-5, if it were detect? 

able, would be expected to be single 
and indistinguishable from the normal. 

The variant LDH electrophoretic 
pattern is therefore consistent with the 

hypothesis that individual LDH iso? 

zymes are tetramers of two different 
subunits. The lack of demonstrable in- 
heritance of the variant LDH neces- 

sarily limits this interpretation. A re? 
cent parallel to our observations is 
Markert's demonstration (18) that 

LDH-2, LDH-3, and LDH-4 can be 

generated in vitro by dissociation and 

subsequent reassociation of a mixture 

containing equal amounts of LDH-1 
and LDH-5. In the reassociated mix? 
ture LDH-1, -2, -3, -4, and -5 occur in 

proportions 1:4:6:4:1. This is the 
same type of event which we believe 
has naturally occurred in vivo and pro? 
duced five LDH-1 components from a 
mixture of mutant and normal B sub? 
units (19). 

Note added in proof: C. R. Shaw 
and E. Barto have described (20) in- 
herited variation of LDH in Peromy- 
scus which closely parallels the variant 
described here. Our interpretations are 

thereby corroborated. 
Samuel H. Boyer 

David C. Fainer 

Department of Medicine, 
Johns Hopkins Hospital and 

University School of Medicine, 
Baltimore 5, Maryland 

E. J. Watson-Williams* 

University College Hospital, 
Ibadan, Nigeria 

References and Notes 

1. C. L. Markert and F. M011er, Proc. Natl. 
Acad. Sci. U.S. 45, 753 (1959). 

2. E. Appella and C. L. Markert, Biochem. Bio? 
phys. Res. Commun. 6, 171 (1961). 

3. C. L. Markert, "Hereditary, developmental, 
and immunologic aspects of kidney disease," 
Proc. 13th Ann. Conf. on Kidney, J. Metcoff, 
Ed. (North western Univ. Press, Evanston, 
1962); R. D. Cahn, N. O. Kaplan, L. Levine, 
E. Zwilling, Science 136, 962 (1962). 

4. O. Smithies, Biochem. J. 71, 585 (1959). 
5. A. Blanco and W. H. Zinkham, Science 139, 

601 (1963). 
6. M. M. Dewey and J. L. Conklin, Proc. Soc. 

Exptl. Biol. Med. 105, 492 (1960). 
7. E. S. Vesell and A. G. Bearn, /. Gen. Physiol. 

45, 553 (1962). 
8. S. H. Boyer, D. C. Fainer, M. A. Naughton, 

Science 140, 1228 (1963). 
9. M. D. Poulik, Nature 180, 1477 (1957). 

10. Starch granule electrophoresis was performed 
and Km determined as described by E. S. 
Vesell and A. G. Bearn, /. Clin. Invest. 40, 
586 (1961). 

11. Analog reaction rates were, in general, per? 
formed as described by N. O. Kaplan and 
M. M. Ciotti, Ann. N.Y. Acad. Sci. 94, 701 
(1961). Final molar concentration of DL-lac- 
tate was 1.3 X 10-2 and of NAD analog was 7.5 X 10-*. Reaction rates were mea? 
sured in the interval 20 to 60 see after begin- 
ning incubation. 

12. M. A. Hennessey, A. M. Wattersdorph, F. M. 
Huennekens, B. W. Gabrio, /. Clin. Invest. 
41, 1257 (1962). 

13. O. Smithies, Arch. Biochem. Biophys. Supp. 
1, 125 (1962). 

14. Gels were prepared with EBT buffer as de? 
scribed in (8). Human hemoglobin and 
myoglobin were employed as markers of 
known molecular weight. 

15. Vesell and Bearn (7) observed no LDH vari- 
ants among 380 individual human hemoly- 
zates. 

16. Samples from Papuans were provided by Dr. 
B. P. K. Ryan of Port Moresby. 

17. P. J. Fritz and K. B. Jacobson, Science 140, 
64 (1963). These authors employ a nomen- 
clature for LDH which is opposite to that 
adopted here. For example, their LDH-1 
corresponds to our LDH-5. To avoid con- 
fusion, we have modified their designations 
so as to agree with the nomenclature em? 
ployed here. 

18. C. L. Markert, Science 140, 1329 (1963). 
19. Aided by grant B-2058 from the National 

Institutes of Health. 
20. C. R. Shaw and E. Barto, Proc. Natl. Acad. 

Sci. U.S., in press. * Present address: Department of Hematology, 
Manchester Royal Infirmary, Manchester, 
England. 

21 June 1963 

Sweating: Its Rapid Response 

to Muscular Work 

Abstract. Marked increases in sweat? 
ing rate occurred whhin 1.5 seconds 
after the initiation of muscular activity 
in a warm room. This increase did not 
seem dependent upon thermal stimuli, 
but was related to the work rate, and 
the ambient temperature, or the sweat? 
ing rate during the pre-exercise petiod. 

Although many studies have been 
devoted to the regulation of sweat pro? 
duction in the working human, no 

completely satisfactory explanation has 
evolved. Part of the reason for this 

may be that little attention has been 
given to reflex mechanisms which 
could be involved, especially in the 
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