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(2, 3). In studies with RNA, pancreatic 
ribonuclease has been used as an in- 
dicator of helical configuration (4) al- 
though its specificity for attacking 
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single-stranded polyribonucleotides is 
not definitive. In addition, polynucleo- 
tide phosphorylase was shown to be 
relatively inactive on helical polyribo- 
nucleotides (5). We would now like to 
report that the potassium-activated 
phosphodiesterase of Escherichia coli, 
recently described by Spahr and Schles- 
singer (6), shows a clear-cut specificity 
for single-stranded polyribonucleotides. 
The usefulness of the enzyme for studies 
of polyribonucleotide structure as well 
as the possible physiological significance 
of its specificity will be discussed. 

The enzyme preparation described by 
Spahr and Schlessinger (6), a crude 
extract from which ribosomes were re- 
moved by centrifugation, hydrolyzed 
polyribonucleotides, including polyU 
and the messenger RNA of bacterio- 
phage T2, to 5'-mononucleotides. Thus 
the enzyme was distinguishable from 
the previously described ribonuclease of 
E. coli (7) which is found bound to 
ribosomes and produces 3'-mononucleo- 
tides. At the time of the Spahr report 
(6) we were engaged in the purification 
of a nuclease present in the supernatant 
fluid of extracts of E. coli B that had 
been centrifuged at 105,000g; the prop- 
erties of that enzyme led us to conclude 
that it is the same as the potassium- 
activated phosphodiesterase described 
(6). 

We have now purified the enzyme 
approximately 600-fold. The hydrolysis 
of C'-labeled polyA was used to mea- 
sure enzyme activity, one unit of en- 
zyme being equivalent to the hydrolysis 
of 1 ,umole of polyA to acid-soluble 
material per hour. Polymer concentra- 
tions are given as mononucleotide (or 
phosphate) equivalents. The optimum 
assay conditions are similar to those 
reported previously (6), namely, 1.5mM 
Mg++, 0.1M KCl, pH 7.5. Approxi- 
mately two-thirds of the activity of the 
initial crude extract (20,000g super- 
natant of an extract of sound-treated 
E. coli B) is apparently lost upon treat- 
ment with protamine sulfate or removal 
of the ribosomes by centrifugation at 
100,000g. As yet, we have been unable 
to account for these missing units. The 
best preparation we obtained was puri- 
fied about 600-fold compared to the 
supernatant fluid resulting from pro- 
tamine sulfate treatment (8) and it 
had a specific activity (units per mil- 
ligram of protein) of 2180. The puri- 
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Table 1. The effect of nonsubstrate poly- 
nucleotides on polymer hydrolysis. Reaction 
mixtures (0.1 ml) contained 0.1M tris, pH 
7.6; 1.5mM MgCl2; 0.1M KC1; 1.2 umole of 
polyU or 2.2 gmole of polyA per milliliter; 
and 1.3 enzyme units per milliliter (hydroxyl- 
apatite fraction, specific activity 2180). Ad- 
ditions per milliliter were as follows: E. coli 
sRNA, 20.6 OD.,, units; yeast sRNA, 19.4 
OD,26 units; E coli DNA, 0.93 ,mole P in 
the polyU experiment, and 0.68 1umole P in 
the polyA experiment; and polyI, 2.8 ,umole. 
The reaction mixtures were treated as de. 
scribed in the legend to Fig. 1. The results 
are expressed as millimicromoles of mono- 
nucleotide hydrolyzed per reaction per 20 
minutes. 

Addition 
Sub- 
strate Non E. coli Yeast E. coli 

None sRNA sRNA DNA Polyl 

PolyU 18 18 20 
PolyA 42 44 41 38 
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detected activity equivalent to one- 
thousandth of the phosphodiesterase 
activity. The maximum possible con- 
tamination with polynucleotide phos- 
phorylase is of the same order of magni- 
tude. With this preparation, as well as 
with less highly purified enzyme, the 
only product detected upon hydrolysis 
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Fig. 1. Hydrolysis of complexes of polyA 
and polyU. Each reaction mixture con- 
tained 0.1M tris, pH 7.6; 0.1M KC1; 
1.5mM MgCIh; 0.1 mg of bovine serum 
albumin per ml; 0.76 enzyme unit 
(DEAE-cellulose chromatography frac- 
tion, specific activity 570) per milliliter of 
reaction mixture; and 1.13 A/mole of 
polyA-C14 (specific radioactivity 27,300 
count/min per ,umole) per milliliter. They 
also contained polyU-C'4 (44,300 count/ 
min per umole) as follows: 1) Closed 
circles, A + U experiment, 1.16 umole; 
and 2) open circles, A + 2U, 2.32 ,umole/ 
ml. All reactions were carried out at 37?C. 
At the indicated times 0.1 ml portions were 
removed. Precipitation of undigested poly- 
mer was effected by two volumes of 
cold ethanol in the presence of unlabeled 
carrier RNA and 0.1M NaCl (6). Por- 
tions of the supernatant were counted. 
Results are expressed as count/min of 
soluble product per 0.1 ml of reaction. 
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Fig. 2. Hydrolysis of mixturtes of polyA 
+ polyU. The reaction mixture and pro- 
cedure were as described in the legend 
to Fig. 1, except that the mixture contained 
1.55 umole of polyU (unlabeled) per mil- 
liliter. The calculated amount of free 
polyA-C'T is, therefore, 0.035 Amole per 
0.1 ml. Results are expressed as millimicro- 
moles of 5'-AMP produced per 0.1 ml of 
reaction mixture. 

of polyA or polyU was 5'-AMP or 5'- 
UMP, respectively. Highly purified 
enzyme preparations are quite unstable, 
even in the presence of bovine serum 
albumin. Approximately 95 percent of 
the activity is lost after 2 weeks storage 
at 4?C. Furthermore, in the presence 
of substrate, Mg++, and KC1, the puri- 
fied enzyme loses its activity within 15 
minutes at 48?C. The relative activity 
of the purified fraction towards differ- 
ent polyribonucleotides is qualitatively 
similar to that reported previously (6), 
namely, polyA, 100; polyU, 55; yeast 
RNA of high molecular weight, 4.6; 
sRNA (yeast or E. coli), approxi- 
mately 1. PolyC is hydrolyzed at a rate 
similar to that found with polyU. 

Carbon-14-1abeled polyA, polyC, and 
polyU and unlabeled polyA and polyUG 
(base ratio 0.58 uracil to 1 guanine) 
were prepared with polynucleotide phos- 
phorylase purified from Micrococcus 
lysodeiktictus (9). Polyl and polyU were 
obtained from Miles Laboratories. Nu- 
cleic acids were prepared in this labora- 
tory according to the following published 
procedures: E. coli DNA (2), E. coli 
sRNA (10), and yeast sRNA (11). Car- 
bon-14-labeled high molecular weight 
RNA from yeast was isolated (12) 
from yeast grown on C'4-orotic acid and 
was purified further by phenol extrac- 
tion. All samples were assayed for 
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radioactivity in a Packard liquid scintil- 
lation counter in 10 ml of Bray's solu- 
tion (13) containing 0.1 ml of 1N 
NH4OH. Paper chromatography was 
carried out in a solvent containing 
saturated (NH4) 2SO. isopropanol, and 
1M sodium acetate in the ratio 80:2:18 
by volume, respectively (14). 

When polyA and polyU are mixed 
under the aforementioned standard as- 
say conditions, a triple helix containing 
one strand of polyA and two strands 
of polyU is formed (15). In Fig. 1, 
the lower curve shows the release of 
soluble radioactive material when a 
mixture of 1 mole of polyA-C" and 
2 moles of polyU-C"'4 is treated with 
enzyme. The reaction is quite slow 
compared to the hydrolysis of either 
polymer alone (see legend) and stops 
after only a small percentage of the 
possible radioactivity has been released. 
Paper chromatography of a portion of 
the reaction mixture after 1 hour of 
in cubation showed both 5'-AMP and 
5'-UMP as products. Elution from the 
paper strips by quantitative technique 
indicated that twice as much 5'-UMP 
as 5'-AMP had been formed. It is 
possible that the formation of the small 
amount of mononucleotide reflects the 
time required for completion of triple 
helix formation (15). 

The upper curve in Fig. 1 shows 
the release of radioactivity from an 
equimolar mixture of polyA-C"1 and 

polyU-C1". In this case, formation of 
the expected triple helix leaves one 
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half of the total polyA free in solution. 
If, as is suggested by the experiment 
with a mixture of polyA and polyU 
(1:2), the triple helix is resistant, only 
the polyA should be hydrolyzed. As 
thereby predicted, paper chromatogra- 
phy of portions of the reaction mixture 
after 1 hour of incubation showed 
5'-AMP as the only detectable product. 

These results are confirmed by the 
experiment shown in Fig. 2. In this 
case a small excess of unlabeled polyU 
over the amount of polyA-C14 was pres- 
ent, and the reaction was allowed to 
go to completion. The reaction stopped 
when the calculated amount of free 
polyA-C1 had been hydrolyzed. Again, 
S'-AMP was the only detectable prod- 
uct. 

Under our standard assay conditions 
mixtures of polyA and polyl also form 
a triple helix containing one polyA 
strand and two polyl strands (16). 
Figure 3 shows the rate of release (at 
23 C and 37 C) of 5'-AMP from 
polyA-C-4, a mixture of 1 mole of 

polyA-C14 and 1 mole of polyl, and a 
mixture of 1 mole of polyA-CT' and 2 
moles of polyl. The results are similar 
to those obtained with the mixtures of 
polyA and polyU. No hydrolysis of 
polyl itself could be detected, and this 
finding may reflect an ordered structure 
for polyl under our conditions (17). 
However, the polyl was not simply a 
nonspecific enzyme inhibitor since, as 
will be shown, it did not inhibit polyU 
hydrolysis. 

- -....... . ............... .. ...... .... L 
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TIME (minutes) 

Fig. 3. Hydrolysis of mixtures of polyA and polyl. Reaction mixtures and procedure 
were as described in the legend to Fig. 1, except that they contained 0.36 enzyme 
unit (hydroxylapatite fraction, specific activity 2180) per milliliter of reaction. In 
addition, appropriate tubes contained polyl as indicated. Closed circles, no polyl; 
open circles, 1.1 tmole of polyl per milliliter; closed triangles, 2.2 pmole of polyl per 
milliliter. 
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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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This diesterase should be a useful 
tool for studying both the primary and 
secondary structure of polyribonucleo- 
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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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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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