Peafowl Lactate Dehydrogenase:
Problem of Isoenzyme Identification

Abstract. Peafowl, like other ver-
tebrates, contain multiple forms of lac-
tate dehydrogenase. The electrophoretic
properties of the peafowl isoenzymes
are unusual in that the isoenzyme from
heart tissue can be either more or less
anodic than that of muscle, depend-
ing on the pH. This finding focuses
attention on the problem of isoenzyme
identification. It is suggested that iso-
enzymes be identified on the basis of
properties that are chemically and bio-
logically more significant than electro-
phoretic mobility.

Multiple forms, or isoenzymes, of
lactate dehydrogenase (/) occur in
most vertebrates. It is now generally
agreed that each form is composed of
four subunits and that two major
types of subunit (H and M) are present
in most species. Thus, whenever ran-
dom combination of subunits takes
place (2), five tetrameric forms of lac-
tate dehydrogenase result. The subunit
composition of the five forms is in-
dicated by the following formulas:
H4, H3M, HgMg, HM3, and M4. This
explanation of the nature of the five
major forms of LDH (3) is based main-
ly on work from the laboratories of
Markert (4) and Kaplan (5, 6).

The H, isoenzyme is most suscept-
ible to pyruvate inhibition and usually
predominates in heart muscle (5). The
M, isoenzyme is least susceptible to
pyruvate inhibition and usually predom-
inates in skeletal muscle (5). Upon elec-
trophoresis, the H, enzyme of mam-
mals is the most anodic and the M,
enzyme is the least anodic of the five
forms. However, some bird species
were found, after a survey of many
vertebrates, in which the multiple forms
of lactate dehydrogenase, detected by
catalytic, immunological, and thermo-
stability methods, did not differ in elec-
trophoretic mobility (7). Some amphi-
bians and fishes were found in which
the least anodal form of lactate dehy-
drogenase predominated in heart mus-
cle (7, 8) and was most susceptible to
pyruvate inhibition (7). Cases of the
latter type have now been found in a
few birds, such as the peafowl (Pavo
cristatus) and the Australian swamp
quail (Synoicus ypsilophorus). Isoen-
zymes of the peafowl are described in
this report.

Peafowl were obtained from several
sources (9). Carcasses or tissues were
preserved in the frozen state until
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needed for preparation of extracts
which were made by homogenizing a
1-gram sample of tissue in 5 ml of
cold 0.25M sucrose. Extracts were clari-
fied by centrifugation (40,000g for 30
minutes) and stored frozen at —10°C.
Crystalline chicken H, and M, LDH’s
were used as examples of well-charac-
terize<d LDH’s whose electrophoretic
and catalytic properties are typical of
birds (5, 6, 10). Lactate dehydrogenase
activity was assayed spectrophotometri-
cally at 23°C (II). Several properties
of peafowl and chicken LDH’s were
compared; these included electro-
phoretic mobility, thermostability, cata-
Iytic characteristics, and immunological
properties.

Electrophoresis was carried out in
horizontal starch gels (/2). Samples
containing one or two units of LDH
activity (/1) were applied to the gels.
After electrophoresis, LDH activity
was located in the gels with a specific
nitroblue tetrazolium staining mixture
(12). Five types of LDH were detected
in tissues such as neck muscle, leg
muscle, and liver. Heart and breast
muscle, however, each contained a sin-
gle predominant isoenzyme. One of the
extreme electrophoretic types predomi-
nated in the heart and the other in
the breast muscle. All further studies
were conducted with extracts of these
two tissues.

After the extract of peafowl heart
was subjected to electrophoresis at pH
7.0 in citrate-phosphate buffer (12) for
20 hours with a gradient of about 12
volt/cm, a single cathodal spot of
LDH activity with a center of inten-
sity 0.7 cm from the origin (Fig. 1)
was observed. The breast extract
yielded a single cathodal spot about
1.2 cm from the origin. Under the
same conditions, the chicken H, enzyme
moved 2.2 cm toward the anode, and
chicken M, enzyme moved about 0.5
cm toward the cathode. Peafowl thus
differs from chicken in that both iso-
enzymes migrated cathodally and were
poorly separated at this pH. By con-
trast, when electrophoresis was per-
formed at pH 8.6 in tris-borate-EDTA
buffer (13) or at pH 9.7 in glycine
buffer (13), the peafowl heart and
breast enzymes both moved toward the
anode, the breast enzyme moving faster
than the heart enzyme as shown in
Fig. 1. The peafowl LDH’s not only
changed their direction of migration,
but their relative mobilities were re-
versed. Other properties of the peafowl
isoenzymes were therefore investigated
9.

Table I. Catalytic properties of chicken and
peafowl lactate dehydrogenases.

Chicken Peafowl
H, M, Heart Breast
NADH,;/NADHy* at 23°C
34 0.86 3.9 0.75
NADH,/NADH, at 37°C
1.1 0.36 1.3 0.26
AcPyAD/NADY at 23°C
0.22 1.4 0.16 1.6

* Ratio of the activity with NADH at a low
concentration of pyruvate (3.3 X 10-*M) to that
at a high concentration of pyruvate (1 X 10-2M).
+ Ratio of the activity with the acetylpyridine
analog of NAD to that with the natural coen-
zyme. The reaction mixtures contained one or the
other of the two coenzymes (2 X 10-¢M), lithium
1-lactate (0.1M), sodium pyrophosphate buffer
(0.1M, pH 8.9), and enzyme in a final volume of
3 ml

Thermostability studies were con-
ducted (Fig. 2, legend) with extracts
or pure enzymes diluted in a buffer
containing bovine serum albumin (15).
The chicken H, enzyme is much more
resistant to thermal denaturation than
is the chicken M, enzyme (I/6). Figure
2 shows that, at pH 7.5, peafowl
heart LDH was almost as thermostable
as the chicken H, enzyme, whereas
LDH from peafowl breast extract re-
sembled chicken M, LDH in being rel-
atively thermolabile. When thermosta-
bility experiments were conducted at
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Fig. 1. Electrophoresis at different pH’s.
Gels were made of 14 percent starch (Con-
naught, Toronto) in either citrate-phos-
phate buffer at pH 7.0 (I2) or tris-
borate-EDTA buffer at pH 8.6 (13). The
ionic strength was 0.025 in both cases. The
dimensions of the gel slabs were 20.3 X
7.7 X 0.6 cm. Other conditions: 12 volt/
cm; current, 18 ma; 20 hours; 10°C.
After electrophoresis, slices of the gels
were treated with LDH-specific stain (12),
and tracings were made to indicate the
location of L.DH.

1411



[%2]

£ ! 3

=2 1004 =

=

< 80

.

<C

S 60

=

=

é 40

= °

= 20 peafowl breast

=

Q

;3 0 ! e A | \
50 55 60 65 70 75 80

TEMPERATURE (°C)

Fig. 2. Thermal denaturation of LDH. Extracts or pure enzymes were diluted at
least 100-fold in BSA buffer (I5) at pH 7.5 to a concentration of about one unit
of LDH activity per milliliter (about 1 ug of LDH per milliliter). Portions (0.5 ml)
were incubated in test tubes in a water bath at the temperature indicated for
20 minutes. After the tubes were rapidly cooled to 0°C, samples were taken from
the tubes for assay of LDH activity at 25°C (/7). Under these conditions, extracts
of chicken heart and breast muscle behave exactly like the pure H. and M, enzymes,
respectively, with regard to thermal denaturation of LDH.

pH 7.0 or 8.6, essentially similar re-
sults were obtained.

Two catalytic properties were exam-
ined next, (i) substrate inhibition and
(ii) utilization of a coenzyme analog.
The inhibitory effect of high concen-
tration of pyruvate on the conversion
of pyruvate to lactate, catalyzed by the
H, enzyme, has long been known (/7)
and has been interpreted as being of
biological significance. Thus, the func-
tional difference which is believed to
exist between the Hy and M, enzymes
is thought to depend on the fact that
the M, enzyme is less susceptible than
the H, enzyme to pyruvate inhibition
(78).

Pyruvate inhibition may be ex-
pressed, as in Table 1, by the ratio
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Fig. 3. Ouchterlony double-diffusion tests
with antiserum to chicken H; LDH (right)
and with antiserum to chicken M, LDH
(left). The wells contained 0.1 ml of anti-
gen or antiserum and were 0.8 cm apart,
The central well contained undiluted anti-
serum. The surrounding wells contained
10 units of ILDH activity (approximately
10 ng I.DH), CH, (chicken H, LDH), CM,
(chicken M, LDH), PH (peafowl heart
extract), and PM (peafowl breast muscle
extract). Diffusion was allowed to proceed
for 24 hours, and then tracings were made
to indicate the position of the precipitin
lines.
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NADH,/NADH,,, which is the reaction
rate at a low concentration of pyru-
vate (3.3 X 10—*M) divided by the
reaction rate at high concentration
(1 X 10—2M). Table 1 shows that
peafowl heart LDH was strongly in-
hibited by pyruvate, as was chicken
H, LDH. Peafowl breast LDH, like
the chicken M, enzyme, was only
slightly inhibited. When measurements
were made in reaction mixtures at 37°C,
lower values of NADH,/NADH,
were obtained, as expected (/9), but
the catalytic difference between heart
and muscle LDH’s was maintained (20).
Pyruvate inhibition was also measured
at pH 7.0 and at pH 8.6, with 0.1M
tris-chloride as buffer. At both these
pH’s, peafowl heart LDH was more
susceptible than the breast muscle en-
zyme to pyruvate inhibition.

Coenzyme analogs have been used
before (5, 27) to demonstrate differences
between LDH isoenzymes. For our
study, the analog AcPyAD was substi-
tuted for NAD, and the rate of the lac-
tate to pyruvate reaction was measured
spectrophotometrically at 23°C. As
shown in Table 1, the analog reacted
rapidly with peafowl breast LDH and
chicken M, LLDH, but it reacted slowly
with the peafowl heart enzyme and
chicken H; LDH.

Immunological experiments were
done with two rabbit antiserums, one
directed to pure chicken H, LDH and
the other directed to pure -chicken
M, LDH. The antiserums were pre-
pared and characterized as described
(5). To test for reactivity of these ser-

ums with peafowl lactate dehydro-
genases, two methods were used: (i)
the Ouchterlony double-diffusion meth-
od and (ii)) quantitative complement
fixation (“micro” method). The Ouch-
terlony method was applied (Fig. 3)
as recommended by Stollar and Le-
vine (22). The antiserum to M, reacted
strongly with both chicken M, LDH
and peafowl breast extract (Fig. 3a).
No line of precipitation was obtained
with chicken H; LDH or peafowl heart
extract. Conversely, when antiserum
H, was used (Fig. 3b), a strong pre-
cipitin line was obtained with chicken
H, LDH and peafowl heart extract. No
reaction was detected between chick-
en M, LDH or peafowl breast extract
and antiserum to Hy. In all cases, the
precipitin lines stained strongly when
the Ouchterlony plates were treated
with the LDH-specific, nitroblue tetra-
zolium staining mixture (12).
Quantitative microcomplement fixa-
tion was performed as described by
Wasserman and Levine (23, footnote
3), but with 7-ml reaction volumes.
Antiserum to My reacted well with
chicken My, LDH and peafowl breast
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Fig. 4. Results of “micro” complement fix-
ation tests with antiserums to chicken H.
LDH and to chicken M.LDH. All reagents
were diluted in BSA buffer (15). (a) Anti-
serum to M, (antiserum No. 11B6), testing
pure chicken ML,LDH (A), peafowl breast
muscle extract ([]), and peafowl heart
extract (). The antiserum dilutions used
were 1/18,000, 1/18,000, and 1/5000, re-
spectively. (b) Antiserum to H. (antiserum
No. 174BS), versus pure chicken H.IL.DH
(), peafowl heart extract ([]), and pea-
fowl breast muscle extract (O). The anti-
serum dilutions were 1/3000, 1/2000, and
1/1000, respectively.
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extract (Fig. 4a), but the peafowl heart
extract did not react even when the
antiserum concentration was raised. By
contrast, antiserum to H, reacted strong-
ly with the peafowl heart extract as
well as with chicken H; LDH, but
showed no reaction with the peafowl
breast extract (Fig. 4b).

The immunological, catalytic, and
thermostability experiments permit us
to identify peafowl breast LDH as an
M, isoenzyme and peafowl heart LDH,
despite its low electrophoretic mobility
(24), as an H, isoenzyme. Had only
electrophoretic criteria been employed,
the peafowl isoenzymes might have
been incorrectly identified.
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Cell Size and Rate of Protein
Synthesis in Ventral Horn Neurones

Abstract. Autoradiographic studies
show that small ventral horn neurones
synthesize protein at a greater rate per
unit area of cytoplasm than do large
ones. It is suggested that this is related
to the faster rate of firing of the smaller
neurones.

Henneman et al. (I) have shown an
inverse relation between the size of mo-
tor neurones and their excitability. Small
motor neurones have a low threshold
to excitation and fire more often than
large motor neurones.

In order to determine whether the
rate of protein synthesis in neurones
is related to their firing rates, I have

Fig. 1.
motor neurones in the mouse lumbar spi-
nal cord. In order to photograph cells and
grains, both are slightly out of focus.

An autoradiograph of two large

investigated the rate of uptake of H3-
phenylalanine into large and small ven-
tral horn neurones of the mouse. If
there is a direct relation, then the small-
er neurones should show a greater rate
of incorporation per unit area of cyto-
plasm than the larger.

An adult mouse was injected with
100 pc of H3-phenylalanine 4 days after
the left sciatic nerve had been sectioned
in the region of the midthigh. Five
hours later the mouse, anesthetized with
ether, was perfused through the left
ventricle with 10 percent formal-saline.
After several hours the lumbar en-
largement was removed, fixed for 3
days, washed, dehydrated, embedded in
paraffin, and serially sectioned at 10 .
After the sections had been mounted
and the paraffin removed, the slides were
dipped in Kodak NTB-3 emulsion,
and after a 3-week exposure were de-
veloped at 10°C in Kodak D-19.

I examined ventral horn neurones
(Fig. 1) with discernible nucleoli at a
magnification of 450X using a calibrated
ocular micrometer. The area of the cell
body was estimated by two measure-
ments at right angles, usually the long
and short axes of the cell. The nuclear
diameter was also measured, and the nu-
clear and cytoplasmic areas calculated.
Grains were counted over the cyto-
plasm and nucleoplasm separatedly, and
the number of grains (above back-
ground) per square micron of cytoplasm
was obtained. About 250 cells from
several sections on two slides were ex-
amined in this manner. Unless other-
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