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Electrofocusing and Kinetic Studies of Adult and

Embryonic Chicken Pyruvate Kinases'

Kenneth H. Ibsen,* Lowell Murray,? and Steven W. Marles

ABSTRACT: Chicken embryos less than 15 days old contain
only the K isozyme of pyruvate kinase, which appears to
exist in vivo as an R, T conformational set with pI values of
7.2 and 6.6, respectively. Sets of lower pl and higher pl K-
isozyme variants also are obtained. Whole embryos of 15
days or more of development show progressively increasing
amounts of higher pl, lower K¢ ss enzymatic variants. Tis-
sue distribution and kinetic properties suggest that the

Rat tissues contain three basic noninterconvertible pyr-
uvate kinases. They are: the K form!, regarded by Imamura
and Tanaka (1972) as the prototype enzyme since it is the
fetal enzyme as well as the major isozyme of many normal
adult tissues; the 1. form, found as the major liver enzyme
and as a minor kidney cortex enzyme; and the M form,
found in differentiated skeletal muscle, brain, and heart.

TFrom the Department of Biological Chemistry, California College
of Medicine, University of California, Irvine, California 92717. Sup-
ported by National [nstitutes of Health Research Grant CA-07883.

*To whom correspondence should be addressed.

!An NSF CAST High School Fellow, Summer 1974.

"The K, L, and M nomenclature for pyruvate kinase isozymes is em-
ployed in this study. Various nomenclatures have been compared (Os-
terman et al., 1973; Yanagi et al., 1974; Schloen et al., 1974; Stran-
dholm et al., 1975: Ibsen et al., 1973a).
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highest pl form (pH 8.8-9.0) is an M-isozyme analogue.
The intermediate forms are postulated to be hybrids. Adult
liver extracts contain only the embryonic K isozyme; no evi-
dence for an L-isozyme analogue was obtained. All major
forms of the enzymes are compared with respect to satura-
tion by phosphoenolpyruvate in the absence of effector and
in the presence of fructose 1,6-diphosphate, alanine, serine,
phenylalanine, tryptophan, and /or Mg-ATP.

Hybrids may exist in the erythrocyte (Imamura and Tana-
ka, 1972; Peterson et al., 1974) and kidney (Cardenas et al.,
1975b).

Surveys of organs from many other mammals show all to
have similar isozyme patterns (Schulz and Sparmann,
1972; Imamura and Tanaka, 1972; Whittell et al., 1973;
Balinsky et al.,, 1973; Carbonell et al., 1973; Osterman and
Fritz, 1973; Imamura et al., 1973; Kozhevnikovn,: 1973;
Ibsen et al., 1975a; Cardenas et al., 1975b). Thus among
mammals, homology may be assumed.

The mammalian L and M isozymes appear to be homote-
tramers (Kayne, 1973; Cardenas et al., 1973; Cardenas and
Dyson, 1973). Hybridization studies show the bovine K iso-
zyme also is likely to be a homotetramer (Cardenas et al,,
1975b). Therefore, unless the one isozyme arises from an-
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other by epigenetic modification, as once suggested (Ibsen
and Trippet, 1972), the three isozymes should be coded for
by distinct genes. The generally independent tissue distribu-
tion (Susor and Rutter, 1968, 1971; Imamura and Tanaka,
1972; Whittell et al., 1973; Farina et al., 1974; Cardenas et
al., 1975b) and the nonreciprocal regulation of the three
isozymes (Krebs and Eggleston, 1965; Tanaka et al., 1967,
1972; Suda et al., 1972; Nakamura et al., 1972; Ibsen et al.,
1975a) suggest one is not formed from another. This leaves
the three-gene hypothesis as the most plausible one.

Organisms outside of the mammalian family also have
multimolecular forms of pyruvate kinase. These include: E.
coli (Malcovati et al., 1973); Mucor rouxii (Friedenthal et
al., 1973); locust (Bailey and Walker, 1969); oyster (Mus-
tafa and Hochachka, 1971); trout (Somero and Hochachka,
1968); Rana pipiens (Schloen et al., 1974); Xenopus laevis
(Ibsen et al., to be published); turtles (Kornecki-Gerrity
and Penny, 1974); quail shell gland (Yamada, 1974); pi-
geon (Gabrielli and Baldi, 1972); and chickens (Cardenas
et al.,, 1975a,b; Strandholm et al., 1975).

Reported herein is an electrofocusing investigation of the
isozyme patterns of chicken organ extracts. Despite the fact
that some ten different bands of activity were obtained, it is
concluded, in agreement with Cardenas et al. (1975b) and
Strandholm et al. (1975), that chicken tissues contain
homologues of mammalian K and M isozymes but no L iso-
zyme. Of the ten bands isolated, six appear to be K-isozyme
variants, one the M4 homotetramer, and three KM hybrids.
The K and M isozymes bear remarkable similarity to their
mammalian counterparts. An attempt is made to relate the
six K variants to forms previously described.

Materials and Methods

Chickens. All data reported were obtained using white
Leghorn cocks or fertilized eggs obtained locally. Eggs were
incubated at 39 °C. Similar data were obtained using
Rhode Island red-white Leghorn hybrids.

Reagents. All biochemical reagents were of the highest
grade available from Sigma or Calbiochem. Common
chemicals were all analytical grade or the equivalent. Am-
pholines were obtained from LKB.

Preparation of Tissue Extracts. Adult cocks were killed
by an intravenous overdose of phenobarbitol. Embryos and
young chicks were decapitated. Tissue extracts and electro-
focusing studies were performed as described (Ibsen and
Trippet, 1972), except in most studies 1% pH 3.5 to 10 am-
pholine gradients were used. Electrofocusing in the presence
of '#C labeled fru-1,6-P,2 was done as described by Ibsen et
al. (1975b), except that fresh extracts were employed and
pre-incubation was eliminated. Recombination studies were
performed as described by Cardenas et al. (1973), except
that guanidine-HCI was removed by dialysis against a solu-
tion containing either 50 mM triethanolamine, pH 7.0, 5
mM MgS0O4, 15 mM KOH, 50 mM KCl, 10% glycerol or
containing 10 mM KH»PO, adjusted to pH 7.0 with 6 mM
KOH, 60 mM KCI, 5 mM MgSOy, 10% glycerol, and 12
mM  (-mercaptoethanol. The latter solution promoted
greater recovery of activity.

Kinetic Measurements. Kinetic assays were conducted at
pH 7.5 using conditions described by Ibsen and Trippet
(1973), except the enzyme was not dialyzed after isoelectro-
focusing. Some preparations were stored at —70 °C after

2Abbreviations: P-enolpyruvate, phosphoenolpyruvate; fru-1,6-Pa,
fructose |,6-diphosphate.
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FIGURE 1. Typical pyruvate kinase activity profiles obtained when
whole embryonic extracts were electrofocused. Panel A shows data ob-
tained from an extract of an embryo which had developed for 8 @ and
15 W days. Panel B shows data obtained from an extract of an embryo
obtained just prior to hatching after 21 days of development.

Table I: Relative Proportion of the Major Pyruvate Kinase Variants
during Embryonic Development.

Percent of Total Activity at pH

Days after

Fertilization 6.6—-7.2 8.1 8.8-9.0
8 99.0
11 99.0 0.5
15 98.5 0.6 0.9
17 95.3 0.5 4.2
19 62.3 8.0 14.8
21 39.8 12.5 34.3

focusing and prior to kinetic analysis. In the absence of
ADP but in the presence of P-enolpyruvate and/or fru-1,6-
P,, the rate of NADH oxidation was minimal, indicating
the absence of relevant contaminating enzymes.

Kinetic constants for hyperbolic curves were obtained
using the Lineweaver-Burk double reciprocal plot. Kinetic
constants for data yielding sigmoidal rate plots were deter-
mined using the Hill plot.

Results

The Developing Embryo. At least two extracts prepared
from whole chick embryos at 8, 11, 15, 17, and 21 days of
development were electrofocused. As a rule, embryos 15
days or younger showed more than 90% of the total activitv
at pH 7.1-7.2 (Figure 1). However, in an 11 day embryo,
the predominant activity peak was obtained at pH 6.6.
Other preparations commonly yielded a minor peak at this
pH (Figure 1). Traces of activity also were obtained at
about pH 4.5 or 5.0 (Figure 1). In addition, one of three
electrofocused 8 day extracts differed from the younger em-
bryos in that it had two additional peaks of activity at pH
8.2 and 8.6. This preparation yielded about 5% of the total
activity in a band which peaked at pH 4.6, 54% in a band
peaking at pH 7.1, 10% at pH 8.2, and 30% at pH 8.6.

Figure 1 illustrates and Table I quantitates the increasing
proportion of activity which occurs at about pH 8.1 and 8.9
15, 1976 1065
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Table I1: Characteristics of Pyruvate Kinases Obtained from Embryonic Extracts.

Variants Found in 8 to 21 Day

Variants Found Only after 15

Characteristic Embryonic Extracts Days of Development Derived or Uncommon Forms
Mean pH 4.42 5.07 6.64 7.18 8.14 8.86 8.2a 8.6a 8.80
pl value = SE (n)  £0.05 (3) +0.05(3) =z0.08 (4) +0.02 (8) +0.06 (4) +0.07 (4) ) (1) (D
Ko.s5s value, mM P-enolpyruvate

No effector 0.12 (1.4)c 0.024 (1.0) 0.020 (1.0) 0.27(2.2) 0.18(1.9) 0.17 (1.2)

S mM Alaa 0.21 (1.8) 0.026 (1.0) 0.020 (1.0)

S mM Phe 0.70(1.2) 0.071 (>1.0) 0.059 (1.0)

S mM Ser 0.060 (1.2)

SX107° M 0.022(0.9)

tru-1,6-P,

aFound in one 8 day embryo extract. » Derived from pH 7.2 enzyme by incubation with fru-1,6-P,ase. ¢ Numbers in parentheses indicated

the ny value.
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FIGURE 2. Typical pyruvate kinase activity profiles obtained from
liver extracts. In panel A the @ show data obtained from a fresh un-
treated extract. In about half the experiments, the ratio between pH
7.2 and 6.6 enzymes was reversed. The O show data obtained with an
extract dialyzed against excess EDTA. In panel B the A illustrates pyr-
uvate kinase activity values obtained from a fresh liver extract focused
in the presence of [!“C]fru-1,6-P;. The @ illustrate cpm X 1072 minus
background. Counting was performed for 10 min.

as development proceeds beyond the 11th day of develop-
ment. These two activity peaks increase in parallel fashion,
the higher pl form always predominating. The failure of ac-
tivity between pH 7.2 and 8.1 and between pH 8.1 and 8.9
to fall to the baseline suggests that still smaller activity
peaks exist but are masked. As was the care with the youn-
ger embryos, small activity peaks were obtained at lower pl
values. Moreover, a 15 day embryonic extract yielded traces
of activity at both pH 4.9 and 4.5, suggesting that indeed
two distinct forms of the enzyme exist with low pl values.
Attempts were made to test possible interconversion of
some of these peaks. Electrofocusing a previously isolated
pH 6.6 enzyme in the presence of fru-1,6-P; converted the
enzyme to a pH 7.2 form. Incubation of another isolated
pH 7.2 enzyme preparation with fru-1,6-P;-ase (Ibsen and
Trippet, 1972) generated pH 8.8 enzyme as detected by
reelectrofocusing. Reelectrofocusing of a preparation hav-
ing an activity peak at pH 7.2 resulted in much loss of activ-
ity and isolation of pH 4.6 enzyme only.
1066 15, No. 5, 1976
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P-enolpyruvate saturation kinetics were performed on pH
7.2 enzyme isolated from both young and old embryos and
on pH 8.1 and 8.8 enzymes obtained from 19 and 21 day
embryos. Some of these data are summarized in Table II.3
Kinetic behavior of pH 7.2 enzyme from younger and older
embryos is indistinguishable. In the absence of effector, the
mean Ko ss value was 0.12 mM and the ny value 1.4. Ala
and Phe acted as typical negative K-type effectors raising
the Koss value without lowering the V.. Ala tended to
raise the ny value while Phe did not. Ser and fru-1,6-P,
acted as K-type activators. Trp and Mg-ATP had their
most marked efects on the V,,. The former lowered it by
about 50%, and the latter by 30%.

The enzymes having pl values of 8.1 and 8.9 and which
were isolated from fresh extracts of older embryos had ki-
netic properties which differed markedly from those of the
pH 7.2 enzyme (Table II). For both of these enzymes, the
Koss value in the presence or absence of effector, other
than Phe, was similar to that obtained in the presence of
fru-1,6-P> for the pH 7.2 enzyme (0.020-0.025 mM).
Moreover, rate vs. P-enolpyruvate concentration plots were
not sigmoidal. Phe was a weak competitive-type inhibitor,
while Trp was an atypical noncompetitive inhibitor, lower-
ing the Vg, some 50% but yielding convex-up double recip-
rocal plots.

Kinetic parameters associated with P-enolpyruvate satu-
ration were aiso determined for the high pl peaks obtained
from the apparently aberrant 8 day embryonic extract and
on the pH 8.8 enzyme generated from pH 7.2 enzyme
(Table IT). The K¢ ss values for the pH 8.2, 8.6, and 8.8 en-
zymes are 0.27, 0.18 and 0.17 mM, respectively; the ny
values are 2.2, 1.9, and 1.2. These limited data are suffi-
cient to show that these high pl forms are kinetically more
similar to the pH 7.2 enzyme than to the high pl forms iso-
lated from fresh extracts of the more highly developed em-
bryos.

Liver. Extracts prepared from embryonic (19 days post
fertilization), young chick (5 and 7 days after hatching),
and adult cock livers yielded indistinguishable electrofocus-
ing patterns, which in turn were similar to the patterns ob-
tained using extracts of whole embryos of less than 15 days
development. In half the preparations, pH 7.2 enzyme pre-
dominated; in half, pH 6.6 enzyme did (Figure 2A). Ex-
tracts electrofocused in the presence of ['*C]fru-1,6-P;
yielded both enzymatic activity and radioactivity at pH 7.2

3A more detailed description of much of the kinetic data is presented
elsewhere (Ibsen and Marles, 1976).
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Table I1I: Characteristics of Pyruvate Kinases Obtained from Extracts of Adult Liver.

Characteristic Variant Forms
Mean pH 4.844 5.040 6.65 7.18
pl value = SE (n) =0.19 (7) +0.31(5) +0.07 (8) +0.05 (8)
Relative quantity
in fresh extracts >6% >6% 10-85% 10-85%
Ko.55 value, mM P-enolpyruvate
No effector 0.26 (1.7)¢ 0.38 (1.8) 0.36 (1.6) 0.14 (1.4)
5 mM Ala 0.13(1.8) 0.53 (1.6) 0.65 (2.0) 0.38 (1.8)
5 mM Phe 0.50 (2.0) 0.47 (0.8) 0.52 (1.6) 0.85(1.3)
5 mM Ser 0.070 (2.3) 0.032 (1.0) 0.060 (0.9) 0.060 (1.2)
SX 107" M 0.40 (1.2) 0.039 (0.9) 0.025 (0.8) 0.022 (0.9)
fru-1,6-P,

aKinetic data derived from a preparation treated with EDTA. ?Kinetic data derived from a frozen preparation. Similar values were ob-
tained from an EDTA preparation. ¢ Values in parentheses after the K¢ 5 values indicate the ny values.

(Figure 2B). Lower pl peaks were also obtained in small
yield from fresh extracts (Figure 2A). In one preparation,
two such peaks were obtained, one at pH 5.0 and one at 5.4.
Because of the wide variation in pl values obtained at about
pH 5.0 and the simultaneous presence of two peaks in a sin-
gle extract, it was considered probable that two activity
bands existed in liver extracts. The mean pl values shown in
Table III for these two bands were arrived at by assuming
that peaks with pl values of 5.0 or less represented one type
of enzyme, while those with pl values greater than 5.0 rep-
resented a second type. Too little activity was obtained from
fresh extracts to permit further study of these forms. How-
ever, frozen extracts (—70 °C) tend to yield more, lower pl
material. Aliquots of one extract were run before and after
freezing. Before freezing 90% of the total activity was ob-
tained at pH 7.2. Although freezing and thawing resulted in
no loss of activity, the preparation focused after freezing
yielded 50% of its activity at pH 5.4 and 40% at pH 6.6.
This suggests that both the pH 6.6 and 5.4 peaks can arise
from the pH 7.2 peak. Similarly, refocused pH 7.2 enzyme
again yielded small quantities of pH 5.3 enzyme.

In a further attempt to generate low pl material, another
liver preparation was divided into two aliquots. One was di-
alyzed for 18 h against a solution containing 50 mM
triethanolamine buffer, pH 7.0, with 50 mM KCI and 5
mM MgSOy. The other was dialyzed against a similar solu-
tion which also contained 10 mM EDTA. The preparation
without EDTA yielded a typical liver pattern. The prepara-
tion dialyzed against EDTA yielded the majority of activity
at pH 4.6 and 5.0 (Figure 2A).

P-enolpyruvate saturation kinetics were determined on
the two lower pl forms and on pH 6.6 and 7.2 enzymes,
using the same effectors as used with the embryonic ex-
tracts (Table I11). As may be seen by comparing Tables II
and III, the kinetic behavior of pH 7.2 enzyme from liver
and embryos is very similar. The enzymes also behaved sim-
ilarly with respect to Trp and Mg-ATP: 5 mM concentra-
tions of these effectors lowered the Vi, of the pH 7.2 liver
enzyme 55 and 32%, respectively.

The pH 6.6 and 5.0 enzymes have similar kinetic proper-
ties (Table I1I), which differ from those of the pH 7.2 en-
zyme only in that the K¢ ss and ny values obtained in the
absence of effector, or in the presence of Ala, are higher.
Trp lowered the Vi, of the pH 5.0 and 6.6 enzymes by 53
and 43%, respectively. The lowest pl form obtained from
the EDTA treated extract (Figure 2A) also had distinct ki-
netic properties; i.e., it was neither activated by fru-1,6-P,
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FIGURE 3. Profiles of pyruvate kinase activity obtained from extracts
of adult brain (panel A) and heart (panel B). The @ illustrate data
using a heart extract obtained from a 19 day embryo. The W illustrate
data obtained from an extract prepared from an adult cock heart.

nor inhibited by Ala (Table III). As discussed below, these
properties are shared, in the qualitative sense, by the lowest
pl form obtained from extracts of brain or chick thigh mus-
cle (Tables IV and VI).

Brain. Two fresh and one frozen adult brain extract and
one 7 day old chicken brain extract yielded activity profiles
similar to the one illustrated in Figure 3A. At least five ac-
tivity peaks always were obtained, at about pH 4.8, 7.3, 8.0,
8.5, and 9.0. In the case illustrated, a peak also was ob-
tained at pH 6.9. The pH 4.8 peak was the major one but
the pH 9.0 peak was also relatively large (Figure 3A).
Table IV summarizes the mean pl values obtained for each
peak and some salient kinetic parameters.

The pH 8.5 and 9.0 enzymes obtained from fresh brain
extracts had relatively low Ko ss values and yielded hyper-
bolic rate plots. Phe and Ala acted as weak competitive in-
hibitors. The pH 4.8 peak also yielded essentially hyperbol-
ic rate vs. P-enolpyruvate concentration plots, but had Ko ss
values which are significantly higher than those obtained
using pH 8.5 or 9.0 enzyme from fresh extracts (Table I'V).
1976 1067
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Table 1V: Characteristics of Pyruvate Kinase Variants Obtained by Flectrofocusing Brain Extracts.

Characteristic Variant Forms

Mean pH 4.82 ~6.9 7.25 7.95 8.50 8.99 8.9a

pl value = SE (1) :0.18 (4) (1) +0.03 (4) +0.12 (4) +0.01 (4) +0.06 (4) (1)

Ko.58 value, mM P-enolpyruvate
No effector 0.08 0.056 (1.1)2 0.024 0.018 0.050 (0.9)
S mM Ala 0.08 0.260 (1.4) 0.032 0.030 0.15(1.3)
5 mM Phe 0.08 (<1.0) 0.450(1.7) 0.024 0.028 0.16 (1.4)
SmM Ser 0.18 0.025 0.011 0.017
Sx 107 M 0.10 0.020 0.016 0.020 0.11 (1.5
fru-1.6-P,

aGenerated from pH 4.84 enzyme by incubation for 30 min at 37 °C. » The number in parentheses after the Kg.5s value is the rq value. The

absence of a parenthetical number indicates the Ko, sSvalue was derived from a double reciprocal plot which was, at least as a first approxima-

tion, linear.

Table V: Characteristics of Pyruvate Kinase Variants Obtained trom
Heart Extracts.

Characteristic Variant Forms

Mean pH 7.49 8.1 8.9

pl value = SE (n)  +0.08 (3) (1) (1)

When obtained Embryo (19 day), Cock Cock

chick, cock

K¢.5g value, mM P-enolpyruvate
No effector 0.045 (1.0)4 0.027 (1.0) 0.018 (1.0)
S mM Ala 0.250 (1.3) 0.024 (1.0)  0.021 (1.0)
S mM Phe 0.095 (0.9) 0.036 (1.0)  0.020 (1.0)

@ The parenthetical numbers indicate the iy value.

This low pl variant was relatively insensitive to Ala or Phe.
One pH 4.8 peak was incubated at 37 °C for 30 min and
then refocused; the majority of enzyme obtained by this
treatment had a pl value of 8.9, Table IV summarizes ki-
netic constants obtained for the regenerated pH 8.9 peak.
In the presence of Ala or Phe, sigmoidal rate vs. P-enolpy-
ruvate concentration plots were obtained and, in general,
the kinetic parameters were much different from those of
the high pl peaks found in fresh extracts of late embryos or
brain. Indeed, the kinetic properties are compatible with
those of the pH 8.8 enzyme generated from embryonic pH
7.2 enzyme. Neither the pH 4.8 nor the pH 8.9 enzymes are
activated by fru-1,6-P; in fact, the former enzyme may
even be inhibited by both fru-1,6-P; and serine.

In the absence of P-enolpyruvate, the pH 7.3 activity
peak yields essentially hyperbolic rate plots, but Ala and
Phe act as typical K-type inhibitors increasing the K¢ sg and
ny values to levels approaching those reported in Tables |
and III for pH 7.2 enzyme. Fru-1,6-P; and Ser act as posi-
tive effectors.

When the pH 9.0 enzyme obtained from fresh extracts of
brain was incubated and reelectrofocused, about 90% of the
activity was recovered at pH 9.0.

Heart. Fresh heart extracts prepared from a 19 day old
embryo, a 5 day old chick, and a cock were electrofocused.
The embryonic and 5 day chick heart extracts yielded one
peak at pH 7.4. However, the adult heart yielded three
peaks of similar activity at pH 7.4, 8.1, and 8.9 (Figure
3B). As may be seen from Table V, the pH 7.4 peak yielded
kinetic parameters very similar to the pH 7.3 peak obtained
from brain, and the pH 8.1 and 8.9 peaks yielded values
similar to those obtained from the analogous peaks pre-
viously described.

1068 BIOCHEMISTRY. VOL. 15, NO. 5, 1976
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FIGURE 4. Pyruvate kinase activity profiles obtained from muscle ex-
tracts. Panel A illustrates results obtained from an extract prepared
from all the thigh muscles of a 5 day old chick. In panel B the B repre-
sent data obtained from adult cock breast muscle, pectoralis major,
and the O represent data obtained from adult thigh muscle, mainly the
semimembranosus.

Skeletal Muscle. Figures 4A and 4B and Table VI sum-
marize data obtained using muscle extracts. An extract pre-
pared from the thigh muscle of a 5 day old chicken yielded
a complex pattern similar to that obtained from brain ex-
tracts. Kinetic analysis of the pH 4.9 and 8.5 peaks showed
these forms to be similar to the analogous forms previously
isolated from fresh extracts.

Adult thigh muscle extracts yielded only two activity
peaks, at pH 8.0 and 8.8, suggesting that the lower pl forms
are lost during development (Figure 4B). Adult breast mus-
cle yields only one major band of activity at pH 8.8, but the
asymmetric nature of the band suggests smaller peaks of
activity are masked. Traces of activity were also found at
pH 5.3 and 6.6. Analysis of the pH 8.0 and 8.8 peaks
showed them to be of the low K ss type (Table VI).

Testes. Extracts prepared from testes yielded one sym-
metrical activity peak at pH 7.3. Kinetic analysis showed
this peak to have kinetic properties similar to the pH 7.3-
7.5 enzyme obtained from brain and heart. The mM Ko sg
and ny values for P-enolpyruvate are: 0.05 and 1.1. respec-
tively in the absence of added effectors; 0.18 and 1.5 in the
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Table VI: Characteristics of Pyruvate Kinase Variants Obtained from Muscle Extracts.

Characteristic Variant Forms
Mean pH 4.9 5.2 6.5 7.5 7.96 8.51 8.76
pl value = SE (n) () 2) (2) (1) +0.13 (3) +0.04 (3) =0.05 (5)
Relative amount Chick thigh Chick thigh Chick thigh Chick Cock thigh Chick thigh Chick thigh
obtained and (large) (small), (trace) thigh (large) (small) (large)
source cock breast cock breast (small) cock thigh
(trace) (trace) (large)
cock breast
(major)
Ko.55 value, mM P-enolpyruvate
No effector 0.060 0.022 0.037 0.022
S mM Ala 0.050 0.025 0.054 0.050
5 mM Phe 0.048 0.033 0.080 0.071
SX 107 M 0.033 0.019
fru-1,6-P,

a All values derived from basically linear double reciprocal plots.

presence of 5 mM Ala; 0.10 and 1.8 in the presence of 5
mM Phe; 0.024 and 1.2 in the presence of 5 mM Ser; and
0.027 and 0.9 in the presence of 5 X 1075 M fru-1,6-P5.

Discussion

Overview. Table VII summarizes the isoelectric variants
obtained and some of their more obvious kinetic properties
as well as their proposed quaternary structure. As was also
true in the rat (Ibsen and Trippet, 1972), at least six variant
forms of the K isozyme (which appear as a low pl set, an in-
termediate pl set and a high plI set) have been isolated. The
intermediate pl set is the one most commonly derived from
fresh extracts; the lower and higher pl sets, although some-
times present in fresh extracts, are generally found in in-
creasing quantities after handling. Although the higher pl
set of the K isozyme has pl values similar to the suspected
M, and/or MK forms, they are readily distinguished kine-
tically. Therefore, both kinetic and electrofocusing data are
required for identification. Similarly the proposed pH 7.2
K4 and pH 7.4 KsM forms can only be clearly distinguished
by electrofocusing and kinetic data. Support for the identity
of these various pl forms is supplied in the discussion below.

Properties and Distribution of the K Isozyme. Since the
pH 7.2 (mean pl value 7.18) activity peak predominates in
younger embryos (Figure 1), it might be related to the iso-
zyme of the mammalian embryo. Therefore, it too will be
called a K isozyme. Incubation of the less commonly isolat-
ed pH 6.6 enzyme (mean pl value 6.64) with fru-1,6-P;
converted it to the pH 7.2 variant. This suggests that the
pH 6.6 enzyme represents another form of the K isozyme,
possibly the T conformer. Studies on rat (Ibsen and Trip-
pet, 1972; Ibsen et al.,, 1975b) and mouse (Ibsen et al.,
1975a) extracts show the form of the K isozyme predomi-
nating in fresh extracts is also derived in two interconverti-
ble forms. As in the chick, fru-1,6-P, converts the lower pl
form to the higher pI form, which also binds ['*C]fru-1,6-
P,. Both of these intermediate pl forms of the rat K iso-
zyme also have the kinetic properties expected of an R, T set
and molecular weights in the 200 000-dalton range (Ibsen
and Trippet, 1972; Ibsen et al., 1975b).

Fresh extracts of fetal or adult chicken liver show pre-
dominant activity peaks at pH 6.6 (mean 6.65) and/or pH
7.2 (mean 7.18) (Figure 2). The similarity of these pl
values to those obtained from embryonic extracts suggest
that the major adult liver isozyme is also K type; i.e, that
chicken liver does not differentiate to form an L isozyme as

does mammalian liver. Further evidence of identity is
shown by the fact that the two pH 7.2 enzymes have indis-
tinguishable kinetic characteristics (Tables II and III). The
conclusion that adult chicken liver retains the embryonic K
isozyme is consistent with the observations of Cardenas et
al. (1975b) and Strandholm et al. (1975).

The pH 6.6 enzyme tends to have the higher K 55 values
for P-enolpyruvate which is consistent with its being the T
conformeric form (i.e., presumably, the pH 7.2 enzyme was
isolated in the R form and was largely, but not fully, con-
verted to the T form during the 5-min preincubation associ-
ated with the assay). Electrofocusing in the presence of
14C-fru-1,6-P; clearly demonstrates an association between
fru-1,6-P> and pH 7.2 enzyme (Figure 2B), again indicat-
ing it is the R conformer. A smaller peak of radioactivity
was also obtained at about pH 6.6. As would be expected
from a preparation run in the presence of fru-1,6-P,, little
pyruvate kinase activity was obtained at this pH value.
These data might indicate, however, that the pH 6.6 en-
zyme also binds fru-1,6-P;. If so, the ratio of radioactivity
to enzyme activity is much greater than for the apparently
more stable pH 7.2 complex. On the other hand, the pH
value of this peak of fru-1,6-P, corresponds to an anoma-
lous peak obtained from rat liver and kidney cortex extracts
(Ibsen et al., 1975b).

Both pH 6.6 and 7.2 enzymes are homotropically activat-
ed by P-enolpyruvate and heterotropically by fru-1,6-P; and
Ser. These K-isozyme variants also are strongly inhibited by
Phe, Trp, and Ala. These characteristics are shared by the
analogous rat K-isozyme variants but not by rat L or M iso-
zymes (Ibsen and Trippet, 1974). Thus again, the rat and
chick K isozymes behave similarly. Moreover, the conclu-
sion that the enzyme obtained in extracts of chicken liver is
not L type is further supported.

As was also demonstrated for the corresponding rat K-
isozyme variants (Ibsen and Trippet, 1972), the chick pH
6.6 or 7.2 enzyme could be converted to at least two lower
and two higher pl forms (Tables II and III). A slight differ-
ence between the chick and mammalian systems was that,
whereas higher pl forms routinely were found in fresh rat or
mouse extracts (Ibsen and Trippet, 1972; Ibsen et al.,
1975a,b; Criss, 1969; Yanagi et al., 1971; Nakamura et al,,
1972, 1974), they were observed in only one fresh chick ex-
tract from an 8 day embryo. However, a high pl form of the
K isozyme (presumably equivalent to the highest pl form
obtained from the apparently aberrant 8 day embryo) could
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Table VI: Summary of the Pyruvate Kinase Variants Isolated and Their Proposed Relationships.

K Isozyme Variants

Low pl Forms Intermediate pl Forms High pl Forms M Isozyme Hybrid Forms
pl value 4.8 S.1 6.6 7.2 8.2 8.8 7.4 7.9 8.5
Range 4.4-49 49-54 6.5-6.7 7.1-7.3 8.6-89 87-90 7.2-75 7.8-8 8.5
Suspected subunit structure K K, K, (Tform) X, (Rform) K K M, 80 KM K, M, KM,
Gross kinetic properties
No effector S or ha S S S S Sorh H h H H
Alanine 0b - - - 0 - 0 0
fru-1.6-P, Oor - + + + - 0 + 0 0
Serine Oor+ + + + 0 + 0 0

a§ indicates sigmoidal kinetics; h indicates not obviously sigmoidal with a relatively high K¢.5s value (0.05 mM or greater); H indicates
hyberbolic with a Kq.58 of less than 0.04 mM. b0 indicates no gross effect; — indicates a negative effect which increases the Ko 5g and ny
value: + indicates a positive effect which decreases the Kg sg and np values. A blank space indicates no data are available.

be generated from both pH 7.2 enzyme (Table 11) and pH
4.8 enzyme (Table 1V).

The similarities in developmental patterns and in kinetic
and physical properties suggest the chicken and mammalian
K isozymes are homologous.

Relationship among K-Isozyme Variants. High pl iso-
zyme variants appear to be the most common form obtained
after electrophoresis in Mg2*-containing buffers (Ibsen and
Krueger, 1973). Moreover, the rat K isozyme elutes from
DEAE-cellulose as if it were a high pl form (i.e., as if it
were cationic at pH 7.0-7.5). Indeed, passage of an inter-
mediate plI form of the rat K isozyme through DEAE ap-
pears to convert it to a high pI variant (Ibsen and Trippet,
1972). This observation may explain the somewhat distinc-
tive kinetic properties of enzyme separated using DEAE
(e.g., Costa et al., 1972). Reelectrofocusing studies show
that both rat and chick high pl variants can be formed from
either low or intermediate pl forms (Tables IT and IV; Ibsen
and Trippet, 1972). Although the mechanism of conversion
is not clear, conceivably an oxidation is involved (see e.g.,
Badwey and Westhead, 1975).

That EDTA treatment induces formation of a low pl var-
iant (Figure 2) suggests that their presence is associated
with loss of bound Mg?*. This mechanism is also consonant
with the observations that more, low pl enzyme is formed
after freezing and thawing or by reelectrofocusing. Low pl
forms of the rat K isozyme have molecular weights of
~100 000 daltons (Ibsen and Trippet, 1972; Ibsen et al.,
1975b).

Pogson (1968a,b) and Van Berkel (1974) have isolated a
form of the rat K isozyme which is produced by Mg?* de-
privation. This variant, called the A form, travels as an
anion (suggesting it has a low pl value) and sediments as if
it had a molecular weight of ~100 000 (Pogson, 1968a).
The kinetic properties (Pogson 1968b; Van Berkel, 1974)
are qualitatively similar to those of the pH 5.0 chicken vari-
ant. These data suggest that the A variant described by
these workers and the next to lowest pl form isolated by
electrofocusing are identical. It is further hypothesized that
incubation in the presence of Mg2* converts this dimeric
form A of the enzyme to the T conformer of the tetrameric
form, i.e., to the lower pl form of the intermediate pl set
(Table VII). This conversion is suggested by the following
observations: when the lower pl form of the enzyme is
subjected to kinetic studies initiated by addition of enzyme,
higher and more variant Kg ss values for P-enolpyruvate are
obtained. suggesting the dimeric form has intrinsic activity
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(Ibsen and Trippet, 1972); when the same enzyme is prein-
cubated with Mg?* containing solutions as under assay con-
ditions, the kinetic properties are nearly identical with those
obtained starting with the tetrameric form (e.g., Table 111),
suggesting tetramer is being assayed; and Mg?* is able to
convert apparent dimers to tetramers (Ibsen et al., 1975).

Van Berkel (1974) further reports that the A variant
spontaneously converts to a third form. Conceivably, this
would represent the lowest pl form. It may be that there
are, in fact, a family of low pl forms. This is suggested by
the somewhat disparate kinetic properties and the range of
pl values (Table VII). Similar variability with the respect
to lower pI forms was observed in extracts of rat tissue
(Tbsen and Trippet, 1972).

Walker and Potter (1973) also identify two forms of the
K isozyme in extracts from cultured liver cells. The so-
called B form obtained from cells grown in the presence of
glucose had a low Kgss value and yielded hyperbolic rate
plots, while the A form was obtained from cells grown in
the absence of glucose and yielded sigmoidal rate plots. Be-
cause of the kinetic similarity, Walker and Potter proposed
that these enzymes were equivalent to the B and A forms of
Pogson. While the relationship between B forms seems
probable, it seems possible that Walker and Potter’s A form
is equivalent to the proposed tetrameric T form. This suppo-
sition is supported by the following: fru-1,6-P2 drives the T
form to the R form, apparently without need of a dimeric
intermediate (Figure 1: Ibsen et al., 1975b): addition of glu-
cose to whole cells rapidly raises the fru-1,6-P» concentra-
tion to a level more than sufficient to activate the enzyme
(e.g., Ybsen and Schiller, 1971); in the rat, starvation pro-
motes a transition from the R to T forms, apparently with-
out forming dimers (Ibsen and Trippet, 1972): and Walker
and Potter (1973) noted fru-1,6-P; could convert their A
form to the B form without adding Mg?*, although Mg’*
did act synergistically.

The tendency of the middle pH (tetrameric) forms to
give rise to lower and higher pl (probably dimeric) forms
(Ibsen and Trippet, 1972; Ibsen et al., 1975b) suggests an
asymmetric cleavage of the enzyme. Moreover, in the rat
the low pl forms have pl values similar to those of the L iso-
zyme, and the high pl variants have pl values similar to
those of the M isozyme, suggesting that the rat tetramer is
a heterologous dimer of dimers, as had been suggested (Ta-
naka et al., 1967; Bigley et al., 1968). However, this conclu-
sion was not consistent with the pattern of interconvertibil-
ity (Ibsen and Trippet, 1972). Further evidence that high
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and low pl forms are not L and M subunits isolated from an
L,M; hybrid is obtained by the studies reported herein,
since the chicken seemingly lacks L isozyme, but the K iso-
zyme still yields high and low pl forms. Nonetheless, the
data still suggest an asymmetric cleavage, the most docu-
mented aspect of which is the tendency of the T conformer
to yield lower pl, dimeric forms. This cleavage is accentuat-
ed by chelators and the process is reversed by Mg2*. These
data, plus the observations which suggest it is the higher pl
tetrameric conformer which has bound fru-1,6-P,, suggest
that the T-conformational tetramer is stabilized by Mg?* in
a way which fully neutralizes the charge. In contrast, in the
R conformation, the Mg?* charge is not fully neutralized.
This could account for the unexpected tendency of fru-1,6-
P; to raise the pl value as well as the greater susceptibility
of the T conformer to cleavage.

Although the pleomorphism of the pyruvate kinase iso-
zymes can no longer be disputed, it is not clear how the en-
zyme exists in vivo. Implicit in this discussion and in previ-
ous reports concerning the mammalian enzymes is the as-
sumption that the predominant forms obtained by electrofo-
cusing fresh extracts represent the true in vivo forms,
whereas the forms which increase in quantity after manipu-
lation are derived forms. Yet, other workers have obtained
greater proportions of higher pl enzyme after electrofocus-
ing fresh extracts. Moreover, evidence has been obtained
for the presence of multiple forms (other than R,T sets) in
fresh extracts (Ibsen and Trippet, 1972; Boivin et al., 1972,
Van Berkel et al., 1974) or for different variants in different
tissues (Tanaka et al.,, 1970). The human red cell enzyme
also appears to change its physical properties when aged
under blood bank conditions (Ibsen et al., 1971) or in the
body (Paglia et al., 1970). Possibly the enzyme is pro-
grammed for destruction if held in vivo in the T conforma-
tion for extended periods. Certainly the T conformer is less
stable in vitro (Ibsen and Trippet, 1973).

Tissues having multiple forms of non-K-type isozyme
(notably brain and young chick thigh muscle) yield primar-
ily the lowest pl form of the K isozyme upon electrofocus-
ing (Figures 3A and 4). The significance of this observation
is not clear, but a similar pattern was observed in Xenopus
tissue extracts (Ibsen et al., to be published).

M Isozyme. Cardenas et al. (1975a) and Strandholm et
al. (1975) obtained a band of activity from chicken brain
and muscle which migrated more slowly than did the K iso-
zyme and obtained evidence indicating this enzyme was the
homologue of mammalian M isozyme. Cardenas et al.
(1975a) found the purified chicken breast muscle enzyme to
have a pl value of 8.77 and adduced kinetic and physical ev-
idence indicating this enzyme to be a homotetrameric (My)
enzyme. The pl values of the highest pI form (pH 8.8-9.0)
found in fresh extracts of adult brain, heart, and muscle and
in the more developed embryos are compatible with these
forms being the My isozyme studied by Cardenas et al.
(1975a). Moreover, the adult tissues showing this high pl
form are the same tissues which have the M isozyme in
mammals.

In addition, the mammalian My isozymes, the purified
pH 8.77 chicken enzyme, and the 8.8-9.0 enzymes isolated
in these studies have similar kinetic properties. In the ab-
sence of effector, hyperbolic rates plots are obtained and the
Ko.ss values are low. In a study of highly purified chicken
M4 enzyme, Cardenas et al. (1975a) obtained a Kg ss value
of 0.04 mM for P-enolpyruvate, while in this study the pH
8.8-9.0 enzyme from electrofocused extracts had Kpss

Table VIII: Summary of Recombination Experiments.

Recovered Activity

0.55 MM
% of P-énol- Suspected
Preparations Useda pH Total pyruvate Isozyme
Liver pH 7.2 7.4 11.3 0.05 KM
peak plus 8.0 37.5 0.10 K,
breast muscle 8.5 50.4 0.03 KM,
pH 8.8 peak
(K, plusM,)
Embryo pH 7.2 5.5 2.6 K,
peak plus 7.1 6.9 0.14 K,
chick thigh muscle 8.0 17.3 0.06 KM,
pH 8.9 peak 8.6 322 0.03 KM,
(K, plus M,) 9.0 35.7 0.03 M,
7 day chick liverd 6.5 25.5 K,
pH 7.2 peak 7.2 11.5 K, ot KM
plus 8.0 11.5 KM,
brain pH 8.9 peak 8.4 10.2 KM,
(K, plus M,) 8.8 18.9 M,
Adult liver? 6.6 35.5 K,
pH 7.2 enzyme 7.2 22.1 K,
plus 7.6 10.6 KM
brain pH 8.9 8.8 10.6 M,
K, plusM,)
Thigh muscle 7.4 227 0.066 KM
pH 8.0 peak 7.8 343 0.040 K,M,
(K,M,) 8.3 20.0 0.026 KM,
8.7 32.3 0.026 M

kS

a All preparations were mixed in the presence of guanidine— HCl
until activity was lost. They were then dialyzed as described in the
methods section. # Total activity recovered was only about 10%.

values of about 0.02 mM. This difference could well be re-
lated to the different pH and ADP levels used in the two
studies. That Leveille (1969) using crude extracts, obtained
still higher Ko sg values suggests the difference is not relat-
ed to the amount of purification.

Ser, Ala, and Phe have but a minor effect on the chicken
M isozyme (Tables IV-VI). However, the Phe- and Trp-
inhibited enzyme is activated by Ala (Ibsen and Marles, ac-
companying manuscript). This activating effect of Ala also
has been noted for the rat M isozyme (Carminatti et al.,
1971; Ibsen and Trippet, 1974).

The low Ko ss values, the absence of homotropic activa-
tion effects, and the relative lack of susceptibility of Ala or
Ser inhibition provide kinetic characteristics which clearly
distinguish the suspected My isozyme from the high pl vari-
ants of the K isozyme. Moreover, it was not possible to gen-
erate K-variant forms from low K ss, high pl enzyme.

In summary, these data indicate that the pH 8.8-9.0 en-
zyme: represents an isozyme distinct from any of the K
forms; has kinetic properties and tissue distribution patterns
similar to those of the mammalian M isozyme; and has ki-
netic properties and pl value similar to the My isozyme
studied by Cardenas et al. (1975a). These observations sup-
port the concept that this low Ko ss, pH 8.8-9.0 enzyme
from chicken tissues is the homologue of the mammalian
My isozyme.

KM Isozymes. In an electrophoretic survey of the pyr-
uvate kinases of chicken tissues, Cardenas et al. (1975b)
and Strandholm et al. (1975) found only two different ac-
tivity bands. In contrast, electrofocusing yields at least ten
activity bands, six of which are K-isozyme variants and one
the M isozyme. The remaining bands of activity are: a low
Ko ss, pH 8.5 enzyme found in muscle and brain extracts; a
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low Kg.ss pH 7.8-8.1 band found in the more developed em-
bryonic extracts and in brain, muscle, and heart extracts;
and an intermediate Ko ss, pH 7.3-7.5 enzyme obtained in
extracts of muscle, brain, heart, and testes. Although the pl
value of this latter enzyme is within experimental error of
the range of values obtained from the pH 7.2 K isozyme,
the Ko ss values obtained in the absence of effectors appears
to be significantly different. Moreover, hyperbolic rate plots
are obtained. Thus there appear to be five pl forms com-
monly isolated from fresh tissue extracts of organs having
the M4 enzyme, namely: the pH 6.6, 7.2 forms, believed to
be Ky4; a pH 7.3 to 7.5 (7.4) form; a pH 7.8 to 8.1 (7.9)
form; a pH 8.5 form; and a pH 8.8 to 9.0 (8.9) form, be-
lieved to be an My isozyme. The roughly 0.5 pH unit incre-
ments of pl values suggest the presence of hybrid forms:; i.e,
pH 7.4 enzyme would be KsM, pH 7.9 enzyme K>M>, and
pH 8.5 enzyme KM3j. The kinetic properties of these forms
are compatible with this concept inasmuch as the pH 6.6-
7.2 set tends to have the highest K¢ ss and ny values, and
the pH 8.8-9.0 forms the lowest. However, this progression
is not proportional. There is a more marked change in ki-
netic properties between the pH 7.4 and the 7.9 forms than
between any of the others. That is, kinetically the suspected
KsM; enzyme resembles the M4 enzyme much more than it
does the K4 enzyme. Dyson and Cardenas (1973) and Car-
denas et al. (1975b) found a somewhat analogous relation-
ship among the purified bovine L4 and My enzymes and
their hybrids formed in vitro.

Table VIII summarizes the results of a series of experi-
ments designed to determine if similar hybrid forms can be
formed in vitro. The data are somewhat variable, possibly
because the experiments were performed with partially pu-
rified preparations, but dissociation and reassociation of
mixtures of K4 and My isozymes or of the K,M; isozyme
generate new forms with the kinetic properties and pl
values of the suspected hybrid forms. These data reinforce
the concept that the intermediate pl forms are hybrids.
When the dissociation agent, guanidine-HCl, was not
added, but the enzyme fractions were otherwise treated
identically, only one bit of evidence for the formation of a
hybrid was obtained, namely: in one of the experiments run
without guanidine~-HCI in parallel with those reported in
Table VIII, a pH 8.2 variant having a low K ss value for
P-enolpyruvate was isolated. On the other hand, no evi-
dence for hybrid forms was obtained when liver or breast
muscle tissues were mixed prior to homogenization and
then treated as usual. This suggests that the hybrids were
not formed during isolation and that, if the intermediate pl
forms are hybrids, they are formed in vivo, within the same
cell (Garnett et al., 1974).

That no evidence for intermediate pl forms was obtained
in the electrophoretic studies of Cardenas et al. (1975b) and
Strandholm et al. (1975) may be due to limitations in the
electrophoretic methods. In the first place the K4 and My
forms migrate on cellulose acetate at similar rates, and a
minimal separation was obtained even after 15 h of electro-
phoresis. Secondly, the method of visualization employed
(i.e., disappearance of NADH fluorescence) has an inher-
ent bias against minor bands in juxtaposition to major ones.
An alternate, but unlikely, possibility is that there is differ-
ence between the Oregon and California White Leghorns.
Such a possibility is made even more remote by the fact
that intermediate pl bands also were obtained from Rhode
[sland Red-White Leghorn hybrids. Still additional., but re-
mote, possibilities for this apparent discrepancy are that the
1072 BIOCHEMISTRY. VOL. 15,
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My enzyme is also highly pleomorphic or that the K iso-
zyme can exist in still more forms. Some evidence of pleo-
morphism for the rat M isozyme was obtained (Ibsen and
Trippet, 1972), but the changes in pl value observed were
less than 0.2 of a pH unit. Conceivably the same sort of
pleomorphism in the M isozyme may have been observed in
these studies; e.g., brain M, isozyme tends to have a slightly
higher pl value than muscle My isozyme (Tables 1V and
VI). It is interesting to note that Cardenas et al. (1975a)
obtained a relatively small activity peak at pH 8.45 when
their purified, apparently homotetrameric, M4 isozyme was
electrofocused. They ascribed this to microheterogeneity.
Conversely, it may be that some M;K isozyme was copuri-
fied with the M, isozyme.
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Inhibition of Chicken Pyruvate Kinases by Amino Acids’

Kenneth H. Ibsen* and Steven W. Marles

ABSTRACT: Alanine, serine, and phenylalanine behave as
inhibitors competitive with phosphoenolpyruvate for the ac-
tivated forms of the chicken pyruvate kinases. On the other
hand, phenylalanine and alanine behave as K-type inhibi-
tors and serine behaves as a heterotropic activator of pyr-
uvate kinase variants which undergo homotropic activation.
Tryptophan lowers the Vi, and tends to yield complex plots
with all variants studied. Kinetic patterns obtained in the
presence of phenylalanine also show some characteristics
not generally associated with a competitive mechanism.
These observations are related to data previously obtained
using the rat isozymes and are used to formulate a mecha-
nism which explains the effects of the amino acids. This
mechanism hypothesizes that all the effector amino acids

bind to the phosphoenolpyruvate site; however, amino acids
with nonpolar side chains also interact with a nonpolar re-
gion of the T conformer and thereby stabilize it. It is fur-
ther proposed that there are two such nonpolar regions on
the various pyruvate kinases—the one which reacts with the
nonbulky side chains, and another which reacts only with
relatively bulky side chains. The stabilizing effect of this
second nonpolar interaction imparts inhibitory characteris-
tics which are not competitive in nature. Serine and perhaps
other polar compounds may also bind at the phosphoenolpy-
ruvate site, but because of their polarity exert a repulsive
force at the same nonpolar site with which the nonbulky
nonpolar amino acids interact. This repulsion stabilizes the
R conformation. Presumably the homotropic activating ef-
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