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Abstract—1. Significant differences between species in the mean level of enzyme activity, ranging from
50 to 400%,, were detected during a study of 10 enzymes from erythrocytes of humans and five non-human

primates.

2. The activity differences were consistent with variation, between species, at the structural loci for
specific enzymes rather than differences in mean cell age, hemoglobin content or other pleiotropic effects.
3. For seven of the eight loci at which direct comparisons among the six species could be made, the
number of species-specific activity differences was greater than the number of variants observed by

electrophoresis.

4. Thus not only do activity measurements detect previously “hidden™ variation among species but they
also provide information regarding genetic differences which may be of potential physiological and/or

selective relevance.

INTRODUCTION

Non-human primates, because of their significance in
biomedical and anthropological research have been
the subjects for numerous investigations into their
genetic composition, with most studies utilizing elec-
trophoretic techniques. With the exception of the
glucose-6-phosphate dehydrogenase activity studies
by Barnicot and Cohen (1970) and the studies of
carbonic anhydrase activity by Tashian (1977) rela-
tively little information is available on the compara-
tive enzymology of erythrocytes from non-human
primates. This is in stark contrast to our information
from many other species including sheep (Agar et al.,
1975b,¢) rabbit (Agar and Smith, 1974) cattle (Agar
et al., 1975a) dog (Smith and Kiefer, 1973) mar-
supials (Agar et al., 1976) and others (Smith et al.,
1965; Harvey and Kaneko, 1975). Since primates are
often selected as medical models, particularly for
studies in oncology, arteriosclerosis and re-
production, it is of particular interest and value to
define the range of variability which may be encoun-
tered, with emphasis on parameters of functional
significance.

Variation manifested as a deviation from “normal™
enzyme activity level is a class of “hidden” variation
with a probability of being of physiological im-
portance. The genetic basis for variation in erythro-
cyte enzyme activity levels has been well established
with approximately 509, of the loci in humans
identified as polymorphic by electrophoresis having
significant differences between the different allelic
forms in the levels of activity in erythrocytes (Harris,
1971; Modiano, 1976); the most studied examples are
glucose-6-phosphate dehydrogenase, (Morelli et al.,
1978) and erythrocyte acid phosphatase (Eze et al.,
1974; Spencer et al., 1974). Other enzymes, such as
glutathione peroxidase, however, exhibit poly-
morphic variation in activity without corresponding
electrophoretic mobility shifts (Beutler and Mat-

sumoto, 1975). A subset of the activity variants,
which are not associated with mobility shifts, are the
deficiency or “null” alleles. These are usually rare,
although some exist in polymorphic frequency in the
human population (Mohrenweiser, 1981, Moh-
renweiser and Fielek, 1982). Homozygosity for null
alleles is often associated with the disease conditions
which are collectively referred to as metabolic errors.
These rare “null” alleles, exist at higher cumulative
frequencies in human populations than do rare elec-
trophoretic alleles (Mohrenweiser and Neel, 1981).
Thus, the various categories of activity variants,
including the null variants, can be important com-
ponents of studies which seek to define the total
amount of genetic variation between and within
populations.

In this study we have attempted to begin this
process of defining the range of genetic variation
among primate species by an examination of erythro-
cyte enzyme activity differences among human and
five species of non-human primates. The six species
separate into three groups, the hominoids (human
and chimpanzee), the baboon-rhesus pair and the
vervet-patas pair. While the monkeys are all mem-
bers of the Cercopithecoidea, the baboons and rhesus
are more closely related to each other phylo-
genetically than they are to the vervets and the patas
(Napier and Napier, 1967).

MATERIALS AND METHODS

Twelve individuals from each of five species of non-
human primates were examined. All the individuals were
adults. The sample was equally divided between males and
females. The baboons (Papio anubis), rhesus (Macaca mu-
larta), and the chimpanzees (Pan paniscus), are all members
of colonies housed at the Laboratory for Experimental
Medicine and Surgery in Primates (LEMSIP) in Tuxedo,
New York. The vervet monkeys (Cercopithecus aethiops)
were wild caught and are currently housed as members of
a breeding colony at the Institute for Primate Research
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Table 1. Levels of enzyme activity in erythrocytes from six primate species

Human Chimpanzee Baboon Rhesus Vervet Patas

Enzyme (Units of activity per g hemoglobin + S.D.}
AK 11,840 + 1220 7210 + 1020 5075 + 890 3390 + 620 7060 + 1390 3970 + 1010
DPGM 2345 + 350 1130 + 280 1925 + 390 1550 + 280 1105 + 190 1185 + 305
ENOL 570 + 75 565 + 135 540 + 140 450 £+ 160 455+ 170 680 + 150
G6PD 227+ 40 226 + 108 81+ 14 112+ 16 172+ 50 159 + 47
GP1 2510 + 325 4715+ 875 9890 + 1890 5745 + 550 5155 + 840 5700 + 1130
GR 710 + 130 435 + 60 370 + 90 325190 375+ 65 380 + 65
LDH 10,180 + 1220 10,795 + 2140 7560 + 1425 8660 + 1815 5060 + 780 9145+ 1730
MDH 7860 + 2380 13,500 + 2125 5170 + 1465 4520 + 995 9550 + 2250 5540 + 860
PGK 7100 £ 1540 7150 + 1760 9150 + 1275 9850 + 2210 4260 + 1145 8135 + 1285
PK 926 + 180 855 + 135 2295 + 480 4135 + 670 1265 + 260 2505 + 480
TPI 139,500 + 26,880 40,660 + 7535 71,4154 26,090 46,100 + 10,050 43,870 + 18,250 57,790 + 22,670

(IPR) in Limuru, Kenya. The patas monkeys (Erythrocebus
patas) are members of a colony at the Caribbean Primate
Research Center in Puerto Rico. Blood samples from ali of
these animals have been previously examined by electro-
phoresis at the Laboratory of Physical Anthropology, New
York University. Samples from two of the species included
in this survey (vervet monkey and patas) have been the
subject of a population survey for genetic variation (Dra-
copoli et al., 1983). No electrophoretic variation within a
species was detected at any of the loci studied in this report.
Human samples were collected from laboratory personel.

Within four hours of drawing the blood, the samples were
centrifuged and the red cells washed four times in physio-
logical saline before the packed red cells were stored in
liquid N, thus all samples were handled uniformly and were
of excellent quality. The preparation of hemolysates and
electrophoretic techniques utilized in the current study were
as previously described (Neel et al., 1980).

The following enzymes: adenylate kinase (AK, E.C.
2.7.4.3), diphosphoglyceromutase (DPGM, E.C. 2.7.5.3),
enolase (ENOL, E.C. 4.2.1.11), glucose-6-phosphate dehy-
drogenase (G6PD, E.C. 1.1.1.49), glucosephosphate isomer-
ase (GPI, E.C. 5.3.1.9), glutathione reductase (GR, E.C.
1.6.4.2), lactate dehydrogenase (LDH, E.C. 1.1.1.27), ma-
late dehydrogenase (MDH, E.C. 1.1.1.37), phos-
phoglycerokinase (PGK E.C. 2.7.2.3), pyruvate kinase (PK,
E.C. 2.7.1.40) and triosephosphate isomerase (TPI, E.C.
5.3.1.1) were assayed as previously described by Fielek and
Mohrenweiser (1979) Mohrenweiser (1981) and Moh-
renweiser and Fielek (1982). The analytical design consisted
of single determinations per enzyme per individual with two
animals per species grouped together in each set of deter-
minations (Fielek and Mohrenweiser, 1979). Substrate levels
were at least four times K, values for the human isozyme
for all quantitative assays. The units of activity are pmoles
product per gramme hemoglobin per hour at 30°C.

RESULTS

The mean and standard deviation of the activity
level for each of 11 enzymes, by species, is given in
Table 1. The standard deviations are generally com-
parable in all groups. The small differences among
members of a species could not be correlated with the
sex of the individual.

Figure 1 graphically depicts these differences in
activity levels. Each enzyme is represented by a
vertical line; the species with the highest activity level
is designated 100%, and the means of the other species
are designated as a percentage of this level of activity.

It is immediately apparent that there is great
variability in the mean level of erythrocyte enzyme
activity among species, with some species exhibiting
three to four times the activity level of other species.
There is however, no apparent pattern in these activ-

ity differences as no species is always high or low in
its enzyme activity level.

Each species is represented at least once in the
highest and lowest activity groupings although hu-
man is the most frequent representative in the high
group and vervet is the most frequent representative
of the low activity group. Even within enzymes of the
same metabolic pathway no pattern of high or low
activity is detectabie. Also the activity pattern is not
consistent with significant differences in sample qual-
ity nor is the profile similar to that observed in human
blood samples with an increased percentage of re-
ticulocytes or a reduced mean cell age.

The least variation among the species in level of
enzymatic activity is observed for ENOL where patas
has the highest level of activity and rhesus and vervet
are the lowest, with approximately 70%, of the ENOL
activity level of patas erythrocytes. The other three
species, human, chimpanzee and baboon, had inter-
mediate levels of ENOL activity. The erythrocyte
LDH activity ranges from 55 to 100%,. The LDH
activity profile displays the least clustering among
species of any of the enzymes. The levels of PGK and
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Fig. 1. Relative levels of erythrocyte enzyme activity among
primate species. The activity is expressed as a percentage of
the highest activity species. The species designations—to the
right of the vertical axis—are: B baboon, C chimpanzee, H
human, P patas, R rhesus and V vervet. The relative
electrophoretic mobility of the enzyme from each species is
to the left of the species designation and is from Fig. 2.
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Fig. 2. Schematic diagram of electrophoretic mobilities for

erythrocyte enzymes from several primate species. Only the

primary isozyme is shown. The variant designations are
described in the text.

DPGM activity cover a 55 percentage-point range
and three clusters are identifiable for each enzyme.
The difference between the highest and lowest activity
species is approximately 70 percentage points for
MDH, G6PD and TPI. Three activity groups are
evident for MDH and G6PD while for TPI, the major
difference in enzyme activity is noted between human
and non-human primates. The largest differences in
enzymatic activity are seen for PK, GPI and AK with
4-fold differences in activity for these three enzymes;
the six species can be divided into three groups on the
basis of activity levels for each of these enzymes.

One other enzyme, glutathione reductase, was also
assayed. Two activity classes are observed with hu-
mans having the highest activity and all of the
non-human primates clustered together at 509 of the
activity in erythrocytes from humans. Although this
activity difference could be associated with genetic
variation, it is important to note that riboflavin
nutritional status has a key role in determining the
level of GR activity (Glatzle et al., 1974; Beutler,
1979). Given the possibility of a nutritional rather
than a genetic basis for the activity differences for this
enzyme, GR is not included in our estimates of the
number of activity variants.

Electrophoretic comparisons were conducted for
eight of the 10 enzymes studied for genetic variation
with quantitative techniques. The electrophoretic
profiles for these enzymes are represented sche-
matically in Fig. 2. The human enzyme is designated
as the normal phenotype and isozymes with less
anodal mobility are designated 2A, 2B, etc. while
isozymes with greater anodal mobilities, relative to
the human isozyme, are designated 3A, 3B, etc. The
electrophoretic phenotype for each species is shown
along with the activity level in Fig. 1. The enzymes,
ENOL, TPI and LDH had similar electrophoretic
mobilities in all six species while for four other
enzymes, (PGK, MDH, G6PD and GPI) two mobil-
ity classes were detected. Four electromorphs were
observed for AK. The enzymes from human and
chimpanzee have similar mobility in each instance
and differ from the other species for GPI, and G6PD
while PGK in baboon and rhesus has a different
mobility than the enzyme in the other species. In
only two instances, patas/vervet for AK and
baboon/rhesus for MDH do the closely related mem-
bers of a pair exhibit different electromorphs.
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Table 2. Estimation of the number of variants
identified in six primate species

Number of Number of Total
activity  electrophoretic number of

Enzyme classes classes variants
AK 3 4 5
DPGM 4 * 4
ENOL 3 1 4
G6PD 3 2 3
GPI 3 2 4
LDH 3 1 3
MDH 3 2 4
PGK 3 2 3
PK 3 * 3
TPI 2 1 2
Average 3.0 1.9 35
Total 35

*These enzymes were not studied with electro-
phoretic techniques.

For eight of the enzymes, it is possible to examine
the species specific variation for both activity and
electrophoretic mobility. The mobility of PGK in
rhesus and baboon, the two species with the highest
PGK activity differed from the mobility of the en-
zyme in the other species. Similar results were ob-
served for G6PD except that the high activity species
were humans and chimpanzees. The mobility of
MDH in baboons differed from the other species but
it was one of three species with activity levels at 40%,
of the activity in erythrocytes from chimpanzees.
Four electrophoretic mobility classes were observed
for AK but again they did not consegregate with the
four enzyme activity classes.

An estimate of the total number of species specific
variants existing among the six species is presented in
Table 2. With the exception of AK, the number of
groups identified by quantitative techniques is greater
than the number of mobility classes identified with
standard electrophoretic techniques. And in fact,
combining activity measurements with electro-
phoretic techniques suggests that almost twice as
many variants exist as expected from the electro-
phoretic studies alone.

DISCUSSION

Variation in natural populations is the basis of
evolution, providing the raw material upon which the
processes of natural selection and random genetic
drift operate. Traditionally, genetic variation within
and among populations has been assessed by electro-
phoretic analysis of blood proteins. However, this
technique underestimates the actual amount of gen-
etic variability in populations since only charge
change variants are recognized. Recently, thermo-
stability determinations as well as electrophoresis
using gradient acrylamide gels, multiple buffer sys-
tems, and isoelectric focusing techniques have
identified variation which was not detected with
“standard” electrophoretic techniques. (Johnson,
1974; Coyne and Felton, 1977; Kuhnl et al., 1977;
Bonhomme and Selander, 1978; Satoh and Moh-
renweiser, 1979; Wurzinger and Mohrenweiser,
1982).

Enzyme activity variants provide an additional
means of studying variation within and between
primate species. The level of enzymatic activity in a
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cell, in the absence of a significant change in K,,, is
a direct reflection of the quantity of functional en-
zyme protein, which in turn is the result of the
balance between the rate of synthesis and the rate of
degradation of the protein. In the enucleated erythro-
cyte only the rate of degradation of the enzyme and
the half life of the cell are factors. Thus, differences
in mean erythrocyte age and/or the percentage of
reticulocytes in the blood sample can alter the levels
of enzymatic activity. A reduction in mean cell age or
an increased reticulocyte content will result in an
increase in the activity for most enzymes with PK and
G6PD exhibiting the largest deviations rather than
the specific variation observed in this study (Bar-
thelmai and Vetrella, 1973; Komazawa and Oski,
1975; Mohrenweiser er al., 1981). This pattern of
increased activity for most enzymes associated with
differences in the distribution cell types may reflect
either a polygenic trait, the pleiotropic effect of a
major locus (Miwa et al., 1980) or an environmental
influence (Boivin er al., 1975; Kahn et al., 1976). No
evidence of this type of activity profile was observed
for any of the species in this study. Changes involving
the structural locus or the flanking regions, and which
alter the rate of synthesis or degradation of an
enzyme or the specific activity of an enzyme will not
yield a pattern observed in dyserythropoietic condi-
tions (Boivin, 1977) but will result in the types of
enzyme activity profiles observed among the species
in this study. Thus, it seems reasonable to suggest
that the species specific variation observed, reflects
genetic variation at the structural locus (or flanking
and/or intervening regions) for each of these en-
Zymes.

The diversities in enzymatic activities among the
six primate species are at least as large as observed in
similar comparisons of red cell enzymes in diverse
species. At present, we believe that the up to four fold
range of variation which exists among these species,
which are phylogenetically similar, is a reflection of
genetic differences at or near the structural locus for
each of these enzymes although additional studies
will be necessary to confirm this suggestion. Inclusion
of this quantitative variation increases the apparent
genetic differences among these species by a factor of
approximately two over the variation observed with
electrophoretic techniques alone. Additionally, some
of the quantitative differences are of sufficient mag-
nitude to be potentially physiologically significant
especially when these primate species are used as
models for human disease conditions, drug therapy
or other metabolic and/or physiological responses.
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