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SUMMARY

The frequency of inherited variations in thermo-
stability was investigated in a series of seven
enzymes in a Japanese population. Among a
total of 5,930 determinations, nine variants
were encountered. In each instance one parent
exhibited a similar finding. It is suggested that
this procedure should detect a high proportion
of the variants of these enzymes characterized
by amino acid substitutions not altering molecular
charge. Failure to detect more such variants is
interpreted to mean that electrophoresis detects
not only amino acid substitutions altering
molecular charge but also a considerable propor-
tion of those that do not alter charge.

INTRODUCTION

The first studies of the genetic consequences of
exposure to the atomic bombs were, as neces-
sitated by the state of the art at that time,
morphological in nature.! Since 1972, however,
a major effort to detect mutations affecting
protein structure/function has been in progress.
In this effort, the application of the technique
of electrophoresis to some 30 different proteins
has been the principal tool,2™* but a subset
of these proteins is also being examined for
variation characterized by an alteration in
the activity or thermostability of the protein.
These latter studies are restricted to proteins
functioning as enzymes. A report on the
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frequency of activity variants of 11 enzymes has
been recently published.® In the present
communication we report on the occurrence of
inherited variants in thermostability in a subset
of seven of the enzymes studied for frequency of
activity variants. Normative data resulting from
5,930 determinations will be presented, after
which we will discuss the potential of this
approach in a monitoring program. In addition,
we will consider the total frequency of variants
revealed by a combination of these three
approaches in a Japanese population, arguing
that electrophoresis is detecting a considerable
proportion of so-called ‘silent’ amino acid
substitutions.

MATERIALS AND METHODS

Population. The blood samples used for this
study were obtained from children of parents
proximally exposed to the A-bomb in Hiroshima
(one or both parents exposed within 2,000 m
from hypocenter) and from children of parents
distally exposed (one or both parents exposed
beyond 2,500 m from hypocenter). The latter
were sex and age matched to the former children.
About 30% of the population is composed of
siblings.  Further details concerning the two
groups of children are given elsewhere >
Inasmuch as all the thermostability variants
which were encountered were inherited, the
complication of a radiation effect does not
enter into this study and the results from the two
sets of children will be combined.

Systems, The seven enzyme systems examined
for heat denaturation characteristics were as
follows: glutamate-oxaloacetate transaminase,
soluble (GOT1, E.C. 2.6.1.1), lactate dehydro-
genase (LDH, E.C. 1.1.1.27), phosphoglycerate
kinase (PGK, E.C. 2.7.2.3), glucose phosphate
isomerase (GPI, E.C. 53.1.9), pyruvate kinase
(PK, E.C. 2.7.1.40), 6-phosphogluconate de-
hydrogenase (6PGD, E.C. 1.1.1.44), and adenylate
kinase-1 (AK1, E.C. 2.7.4.3).

Samples. The samples used in the heat denatu-
ration experiments were the same 1:20 diluted
hemolysates as those used in the screening for
deficiency variants of these same enzymes. As
described previously,” samples were processed
within 12-36 hours of collection. Leukocytes
were excluded by passing whole blood through
a column composed of a-cellulose and Sigmacell
(R) type 50, and thrice-washed packed cells
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transaminase (GOT1, E.C. 2.6.1.1), lactate de-
hydrogenase (LDH, E.C. 1.1.1.27), phospho-
glycerate kinase (PGK, E.C. 2.7.2.3), glucose
phosphate isomerase (GPI, E.C. 5.3.1.9), py-
ruvate kinase (PK, E.C. 2.7.1.40), 6-phospho-
gluconate dehydrogenase (6 PGD, E.C. 1.1.1.44)
& U adenylate kinase-1(AK1, E.C. 2.7.4.3).
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with 0.154 M NaCl solution were then either
immediately stored in liquid nitrogen (Nitrogen
Preserved, NP) or used for analysis within
three days of collection (FResh samples, FR),
depending on the laboratory schedule. NP
samples were used in two days to two months.
(Thermostability of these seven enzymes did not
change for four years as far as packed cells were
preserved in liquid nitrogen.) Hemolysates were
made from 150ul of packed cells and 2.85 ml
of the stabilizing solution described by Beutler’
or Beutler et al,B composed of f-mercaptoethanol
(0.7mM) and EDTA (2.7 mM), pH 7.0.

Procedures. Heat denaturation experiments
were performed as follows: 1) Three or four
100 ul aliguots of the hemolysates were prepared,
the number depending on the system under
study. The first aliquot was maintained in an
ice-water bath and served as the initial control.
The second to the fourth aliquots were heated
in thermistor-regulated water baths set at an
appropriate temperature, with £0.1°C accuracy,
for times as shown in Table 1. 2) Following
heating, the tubes were quickly cooled in an
ice-water bath and then centrifuged at 3,000 rpm
(1,200xg) for 10 minutes to precipitate
denatured proteins. 3) The enzyme activity
(IU/liter) remaining in the supernatant of
the heated hemolysates and in the untreated
hemolysates was determined following the
method of Beutler” and Beutler et al,s using an
Aminco Rotochem II a/36 centrifugal analyzer,
set at 340nm and 30°C. The volume of the
samples, lag time, number of reading points,
and reading intervals are shown in Table 1.
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TABLE 1 CONDITIONS EMPLOYED IN THE EXPERIMENTS TO DETERMINE
THERMOSTABILITY OR THERMOLABILITY OF ENZYMES
#F1l BEROMREERINIHRIFLTEREZMET 3 EBRICHV-RE

Heating condition Activity determination
Enzyme Tempe- Time  Time Time  Sampling Lag Reading  Reading
rature 1 2 3 volume time points interval
C) (min) (ul) (sec) (sec)
GOT1 60 10 20 10 600 10 60
LDH 60 10 20 5 14 10 5
PGK 52.5 20 30 5 30 20 5
GPI 52.5 10 20 30 5 120 10 20
PK 52.5 20 30 20 30 15 60
6PGD 52.5 20 30 20 30 10 30
AK1 50 20 30 5 80 30 5
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4) The activity remaining in the supernatant of
each of the incubated aliquots was compared with
that of the appropriate untreated hemolysate,
and the results expressed as percent remaining
activity.

As the heat denaturation experiments were
conducted on the same day as the enzyme
activity measurements screening for deficiency
variants, in order to reduce the complexity of
the procedure, no special buffer was employed
for the heat denaturation experiments, and the
conditions were chosen to be applicable to as
many enzyme systems as possible. As AKI
was relatively more labile and GOT1 and LDH
relatively more stable than the other enzymes,
they were incubated at 50°C and 60°C,
respectively. Since LDH is a tetramer composed
of A- and B-subunits, over 80% of its activity
being derived from the B-subunit. It is according-
ly assumed that there is some bias against the
detection of thermostability variants of this
enzyme and that any variants detected are
referrable to the B-subunit.

Data Selection. As described in the previous
paper on deficiency variants,® a set of operating
rules was adopted in order to minimize the
contribution of technical errors or extraneous
biological factors. Based on these rules, certain
determinations were excluded not only from the
data on enzyme activity but also from the data
on heat denaturation. When the activities of
duplicate determinations did not agree within
5%, or when for a given individual the activity
values of four or more enzymes were 20%
above or below the mean values for that day,
or when on a given day the mean value for a
certain enzyme was above or below the cumu-
lative mean by one standard deviation (SD),
those values were used neither to calculate the
final cumulative mean nor to select thermo-
stability variants. In addition, in the heat
denaturation experiment, one more basis for
excluding a result was adopted: if the daily
mean of the ‘percent remaining activity’ of a
specific enzyme was above or below the cumu-
lative mean by 2 SD, or 15%, at two conditions,
the results were deemed spurious and excluded
from consideration.

Definition of a Thermostability Variant. With
these procedures and constraints, we arbitrarily
define a thermostability variant as one in which
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the percent remaining activity after heating is
more than 2.5 SD below or above the cumulative
mean at two heating times and, at the same

time, the other six enzymes of the individual

exhibiting the variant are of normal stability.
In addition, these criteria must be met in two
independent samples. This practice guards
against false positives as a result of deteriorated
samples.

Family Studies. Whenever the presence of a
variant in a child was confirmed by a repeated
determination using a newly obtained sample,
an effort was made to analyze samples from
both parents and as many siblings as possible,
not only with respect to the enzyme in question
but for all the enzymes under study. This
analysis included the complete battery of electro-
phoretic and enzyme activity determinations.

RESULTS

Normative values for the heat stability of the
seven enzymes studied, including values for
both the genetic polymorphisms and the rare
electromorphs included in the series, are given
in Table 2. It will be apparent that conditions
of processing and/or storage affect the apparent
thermostability and that the various electro-
phoretic variants often have altered thermo-
stabilities (although for some phenotypes the
numbers are too small for definite conclusions).
All departures from normality (i.e., variants)
have been defined both with reference to the
conditions under which the sample was processed
(FR or NP) and the phenotype. In calculating
the frequency of thermostability variants and,
later, total wvariant frequencies, we will, to
avoid double counting, not score an abnormal
electromorph also as a thermostability variant.

Table 3 presents an accounting of the number of
presumptive variants encountered in the study
and the disposition of these variants on further
studies. It will be noted that of the 38 apparent
variants on the first screening, 22 (58%) were
not confirmed on a repeat determination on a
second sample, and were excluded, from further
studies. These ‘failures to repeat’ with a second
sample were usually not borderline, but rather
well within the normal range and so these false
positives are not ‘borderline’ thermostability
variants. For seven presumptive variants we
have been unable to obtain the second sample
necessary to confirm the findings with the
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TABLE2 THERMOSTABILITY PROFILES OF SEVEN ERYTHROCYTE ENZYMES FOR FRESH (FR)
AND NITROGEN-PRESERVED (NP) SAMPLES
#2 WBRA (FR) RUSERREEAE (NP) M0 ABE0 THORINKEEOBREEEOHE

FR NP
Fiigouis Electrophoretic Remaining activity (%) Remaining activity (%)
phenotype No. of No. of =
determinations Time 1 Time2 Time 3 determinations Time 1 Time 2 Time 3
(Mean £SD) (Mean £SD)
GOT1 1 260 788 75+8 732 82+8 8110
1-2HR1 9 7727  75%6 33 91L8 91%13
1-3NG1 1 73 64 4 868 8614
1-4NG1 3 89+2 86t4 6 9312 94 +8
2HR1 0 1 80 86
LDH Normal 251 575 426 376 61%5 467
PGK 1-Male 113 566 466 101 5210 42%10
1-Female 135 58%5 47%5 112 55%6 446
GPI 1 341 60£3  38%4 243 1031 624 40t 27%4
1-3HR1 0 4 61%1 39+ 262
1-4HR1 2 504 29%4 18%2 2 46+ 25k 15+0
1-5HR1 1 62 39 25 0
1-5NG1 0 2 63+%3 40£2 262
PK 1 237 566 54%6 137 526 516
6PGD A 281 89+4 844 565 86 £5 81%5
AC 63 65+7 59+7 114 61t6  54%6
G 5 3719 305 8 34£7 276
VSA* 0 1 56
AK1 1 173 435 38%5 226 3714 324

*A heterozygous slow variant with type A.
ABRNEHEI AT ORGHEOBHEOR ERE,

Description of phenotypes of GOT1 and GPI are shown by Kimura et al® and Tanis et al, 1o respectively.

GOT1 RUGPIDEREIZOwTIE, AH 5 R Tanis 50 &> TFhFnERshTv 3,
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first. Nine variants have been confirmed by a
second sample; family studies (minimum of
father and mother) have been carried out on
each and in each case one parent or the other
exhibited a similar thermodenaturation profile
(Table 4). In the last column of Table 3, variant
frequencies have been calculated not only on
the basis of the confirmed variant(s) but also
on the assumption that of the ‘not yet confirmed’,
the proportion of true variants would be as the
ratio of confirmed: (confirmed + false positive).
Only one of the nine confirmed variants exhibited
increased thermostability, so that variants with
decreased thermostability are relatively much
more common than those with increased
thermostability.

There follows a brief discussion of the findings
with respect to each system:

GOT1 - This series of 1,049 determinations
included 57 electrophoretic variants of four
types.”  Although the enzymatic activities
associated with these variants tend to be low at
30°C (approximately 80% of that of GOT1 1),°
the gene products do not appear to be less stable
than normal and one of them (GOT1 4NG1),
indeed, appears to exhibit an increased thermo-
stability. Otherwise, no abnormalities of thermo-
stability were encountered among the 1,049 tests.

LDH - Among a total of 627 determinations, a
single variant was encountered, characterized by
increased thermostability. The father of this
girl showed similar findings; the mother was
normal (Table 4). This is the only example of
a hereditary variant with increased thermal
stability encountered in the 5,930 determi-
nations. Electrophoretic patterns of the
propositus and her father suggested the variant
involved the A-subunit, since the intensity of
the LDH3 and LDH4 bands was weak. Among
the 3,121 samples subjected to electrophoretic
screening between 15 October 1979 and 28
September 1981, nine additional cases of similar
A-subunit deficiency were encountered. Family
studies could be performed on seven of these
nine cases. Two of these seven had been included
in the thermostability series and found to be
within normal limits, as were their parents, but
both the affected parents and children had
values 2 SD above normal. In the other five
cases, the values for the propositi (NP samples)
were 75+ 5% and 62 * 6% after heating at 10 and
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TABLE 4 FAMILY STUDIES OF THERMOSTABILITY VARIANTS

RERF TR 18-84

4 BEEMERAMOFERNE
Percent remaining activity
o Varii]nt Famiéy a{;i:ﬁ; after heating
MF No.
9 il (IU/gHb) Time 1 Time 2 Time 3
LDH Normal 1705+12.8  61%5 46+7
Child 177.8 80 (3.6SD) 69 (3.28D)
- [ Mother 165.1 68 (1.3SD) 53 (1.0SD)
Father 157.7 76 (2.8SD) 66 (2.85D)
PGK 1-Male 259.8%15.0  52%10 42£10
1-Female 26661156  55%6 44 %6
Child 252.7 23(~2.9SD) 12(~3.28D)
- Mother 278.6 40(—2.68D) 28(—2.8SD)
L Father 263.7 54 (0.2SD) 42 (0SD)
- Child 253.6 8(—4.4SD) 4(—4SD)
- Mother 2287 35(—3.55D) 25(—3.38D)
L Father 251.1 59 (0.7SD) 46 (0.4SD)
- Child 279.2 19(~3.3SD) 11(~3.38D)
B | vone 2899 35(-3.58D)  27(-2.95D)
- Father - - .
GPI 1 51.5+4.6 62%4 40%4 27+4
{ Child 39.4 42(~5.4SD) 20(~4.8SD)  11(—4.1SD)
Mother 50.8 65 (0.85D) 43 (0.7SD) 30 (0.8SD)
Father 46.3 48(—3.8SD) 26(—3.35D)  15(—3.1SD)
- Aunt 1 40.5 47(—4.18D) 26(—3.3SD)  15(-3.1SD)
Uncle 41.2 45(—4.68D) 24(-3.8SD)  13(—3.65D)
Brother 49.2 65 (0.88D) 43 (0.78D) 29 (0.8SD)
L Aunt 2 52.6 64 (0.55D) 44 (1.08D) 29 (0.5SD)
- Child 47.2 47(~4.18D) 25(-3.65D)  14(—3.3SD)
- Mother 49.5 64 (0.5SD) 42 (0.5SD) 29 (0.5SD)
L Father 47.9 49(-3.5SD) 27(-3.1SD)  16(—2.8SD)
- Child 415 47(~4.1SD) 25(-3.6SD)  16(—2.85D)
- Mother 50.5 46(—4.3SD) 29(-2.6SD)  16(—2.8SD)
- Father - - - -
6PGD A 6.0£0.5 86+5 81+5
- Child 6.48 58(—5.6SD) 52(—5.85D)
- Mother - - -
L Father 6.10 50(~7.2SD) 43(~7.6SD)
AK1 1 202.4+169  37+4 3244
- Child 135.2 24(—3.45D) 20(—3.1SD)
- Mother 134.1 26(~2.95D) 21(—2.8SD)
L Father 208.9 36(—0.25D) 30(—0.55D)

1) Mean*SD for the normal phenotype (or type 1, or type A) is shown on the first line for each of the

enzymes and data of the family members continued.

EREOWIFCERN2RRAR (F4b51%, XFAR) tMy3PHMENBREEYTL,

FHEMEAOF— 5 EaL 1.

ZFhizHnT

2) Data for children were those obtained from the second new NP samples since all their parents were
examined on NP samples and mean £ SD shown is for NP samples.

Hiz2Hl, SERFEELACTRELAZOT, FHRIZMT 37-513,

C2VTHAELDOTHY, FAPHHTHBURZBGERBERF N TILDTH 3.

3

~

Number in parentheses shows departure from the mean by SD unit.

EMNOHFE, FHE»SBBREZERETLACSVENS I ETT.
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20 minutes, respectively. In each case, one
parent showed the electrophoretic A-subunit
deficiency.  The thermostability values were
75+3% and 62+4% for the five affected parents
and 66*3% and 50%4% for the five normal
parents. The values of the affected children and
parents are elevated values, but technically do
not meet our criteria for a thermostability
variant. We conclude that we have identified
among the above-mentioned electrophoretic
series of 3,121 determinations at least one and
possibly several deficiencies of the A-subunit
of LDH in consequence of which the remaining
B-subunits exhibit increased thermostability,
although in general not to a degree that fulfilled
the criteria for a thermostability variant as
used in this paper.

PGK - This enzyme is the only sex-linked trait
in the series. The thermostability profiles of
males and females are identical. Among the 214
determinations on males, there were 3 exhibiting
increased lability (Table 3). In each instance,
as expected with a sex-linked trait, the mother’s
enzyme exhibited increased thermolability but
the father’s was normal. No thermostability
variants were encountered among the 247
females who were screened.

We have previously reported that this series
includes three male siblings exhibiting signifi-
cantly decreased enzyme activity at 30°C (appro-
ximately 40% of normal).® The enzyme of these
hree ales (Master File Numbers -
-nand q) also exhibited increased
thermolability, as that of the mother. Since,
however, these variants have already been

included in a tabulation of activity variants,
they are not included in Table 3.

GPI - Four different types of rare electrophoretic
variants of this enzymem were represented in
the sample of 1,383 examinations. As shown
in Table 2, three of these exhibited normal
thermostability but all four individuals with
the 1-4HR1 phenotype exhibited increased
lability, of about the same degree, confirming the
earlier observations of Satoh and Mohrenweiser!?
concerning the thermostabilities of electro-
phoretic variants of this enzyme.

Three thermolability variants have been en-
countered in this enzyme series, all confirmed by
family studies. In one instance (Table 4), in
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which the father was also affected, the family
studies were extended to include a brother,
two paternal aunts, and one paternal uncle;
the uncle and one of the aunts were also trait
carriers. This particular variant exhibited 77%
of normal activity at 30°C, and is mentioned in
our previous paper on activity variants,® but not
scored as an activity variant. With respect to
the other two variants, in both cases one parent
exhibited the trait, so that the genetic nature of
the variant is confirmed even though the father
of one child refused examination,

PK - No thermostability variants of this enzyme

were detected in the course of 974 determinations.

This seems surprising in view of the high
frequency of variants of this enzyme with low
activity (13.8/1,000 determinations).’ This
series included nine persons heterozygous for a
low activity variant; none of these showed
increased thermolability, a finding to be
expected since it is the thermolability of the
product of the normal allele which is being
measured.

6PGD - In contrast to the enzymes discussed
thus far, this system is characterized by a
relatively common polymorphism, so that the
1,037 determinations include homozygotes as
well as heterozygotes for this variant allele
(PGD*C). The heterozygote (type AC) shows
marked thermolability and the homozygote
(type C), very marked lability. Within the limits
of error, the loss in the homozygote is twice
that in the heterozygote. The activities of these
three phenotypes at 30°C (NP samples) differed
only slightly (A:6.0£0.51U/gHb, AC:5.6+
0.51U/gHb, C: 5.4+ 0.6 IU/gHb).

Aside from the above, two thermolability variants
were encountered. The loss of activity in the
first variant (MF No.q was similar to that
in type AC samples though it was type A and
its activity was normal (6.48 IU/gHD) for its
type. His father who was type A also showed
the same degree of thermolability (Table 4).
The second variant (MF No. ) had already
been identified as a slowly-migrating enzyme
band and so in our treatment of variant fre-
quencies (below) will be tabulated with the
electromorphs.

AK1 - A single thermolability variant was en-
countered in 399 determinations. This individual
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1/l (F4) Tz, FEAFELERLT, B1H
KEDHE2ZH, RULEFOMEL1IMELHEL .
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BAOERMZ 2, 0C CEBELEOTT% 52T,
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WA, EHERNL L TRERENE - AT
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KEABEREETL20A XY, TR EED
BUETHE LIRS TWAZ LI 3.

PK - 974 DREFIZE, ZoBXEoMEELER
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OHBREAE W (13.8/ 1,000 E)S 2L &2 5 &,
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had previously been noted to have a low activity
at 30°C, but the percent normality (67%) was
one percentage point above our arbitrary cut-off
level for activity variants.> The carrier mother
of this person also exhibited a low initial activity
(66% of normal). Rather arbitrarily, we score
this as a thermostability variant.

Although we do not feel the data are sufficiently
extensive to permit across-locus comparisons
as to types of variants, we note that less genetic
variation has been encountered with respect to
this enzyme than any other so far studied: no
electrophoretic variant in 10,817 electrophoretic
examinations, and no activity variants in 2,863
determinations other than the borderline case
mentioned above (which fully qualifies as a
thermostability variant).

DISCUSSION

This study confirms the demonstration of
Mohrenweiser and Neel'? that, under survey
conditions, it is possible to identify a class of
inherited biochemical variants solely by alter-
ations in thermostability.  Their frequency
of 0.0018 in this study, with 95% confidence
interval of 0.0008-0.003, is in agreement with
the frequency of 0.0038, with 95% confidence
interval of 0.0008-0.0110, encountered in the
predominantly Caucasoid population in Ann
Arbor, Michigan. For reasons detailed earlier,
this is thought to be a minimal estimate of the
frequency of such variants. Given the invariable
occurrence in one parent of a finding similar
to that in the proband, a finding lying outside
the normal distribution, we conclude we are
recognizing a qualitative trait exhibiting
monogenic inheritance.

Six enzymes have now been studied in Japanese
and Caucasians for the frequency of three kinds
of variants, namely, electrophoretic, activity,
and thermostability variants, The results are
summarized in Table 5. For these purposes,
an activity variant has been arbitrarily defined
as one which in a heterozygote results in enzyme
levels 66% of normal. The basis and empirical
justification for that designation has been
discussed in detail elsewhere.!® There is potential
overlap in this classification, i.e., there are many
examples of an electrophoretic variant also ex-
hibiting reduced activity and/or decreased ther-
mostability* "1¢; to prevent ‘double counting’,
precedence in classification is given to electro-
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morphs (regardless of other properties), then to
activity variants, and finally to thermostability
variants. We have limited the Caucasoid sample
of Table 5 to a predominantly Caucasoid
population from Ann Arbor, Michigan, because
the techniques for detecting these three types of
variants were introduced into the Japanese study
from Ann Arbor, thus ensuring maximum
comparability. The technique for determining
thermostability variants, however, differed slight-
ly in the two laboratories, the Ann Arbor study
holding the samples at each of three different
temperatures for 20 minutes. The simpler
approach adopted in the present study seems
more appropriate to large-volume screening.
(Failure of these frequencies per 1,000 to agree
precisely with those published earlier is due to
the fact that here we express the results with
a weighted mean.)

RERF TR 18-84

FRIZH o TIE (bDHEH % BH L T) WAk L
DERBZ FE—I0RY, RITEETREY, B
INHAEEMERYARAL., E50AANERE LT
¥, Ann Arbor DA AEF L LT AHEFMIZREL 2.
FTOMAE, Zhs 3MOERNEME T+ 21T
Michigan /1 Ann Arbor fi O HEMIZHV AL D%
HEDPEANLHBALAOT, HEAEF L B+ 3
LOLLTIE, COERIPEEAL2S5THS. LaL,
BEEMERNELE O -0 OBE#BIEHFESE T
PREL - THY, Ann Arbor @ Michigan A% &
BB THEA 2 =208 3BETFNFN205 R
MEL 7o, FRRMECHOAFEITE - &0 84 E 5%
T, ZHOBEEWIZA7) - 71213 E0@LT
WaHEIZB b A, (1,000 EFEHS-VD RS
ZERTOMEEN, VANCEERL 2 XHROBE 54
=B LT uHEHEBE, FRTEERE2E~NS
We, MEFEHEBwAEZLIZLE).

TABLE 5 FREQUENCY OF ‘RARE’ VARIANTS OF SIX ENZYMES PER 1,000 DETERMINATIONS IN A
JAPANESE POPULATION (HIROSHIMA AND NAGASAKI) AND IN A US PREDOMINANTLY
CAUCASOID POPULATION. THE ENZYMES ARE GOT1, LDH, PGK, GPI, PK, AND AK1

5 HAEAEH (RS- &) RUREOEELTAAOEFCHII6MOBED ‘Thy EEMO
1,000{07E ¥ & 7= D OB, B33 GOT1, LDH, PGK, GPI, PK, RUAKL.T& 5
Type of Number of  Number of Frequency 95% confidence
variant Graup determinations variants /1000 interval Refererse
Electrophoreticl) Japanese 38087 117 3.07 2.5- 3.6 Neeletal®
Caucasoid 8484 21 2.47 1.5- 3.8 Neeletal?
Activity Tapanese 18232 54 (60.8)2) 3.333) 2.5- 42 Satohetals
Caucasoid 6428 6 0.93 0.3- 2.0 Mohrenweiser™?
Thermostability ~ Japanese 4893 8(9.37)2) 1.914) 0.8- 3.5  This paper
Caucasoid 500%) 2 4.00 0.5-14.4  Mohrenweiser & Neel!?

1) Electrophoretic screening for PK and PGK were not performed. Numbers of determinations and variants were
based on the other four enzymes. The frequency/1,000 is a mean for the four enzymes.
PK EUPCGK EM¥ 2 WMAKMBIZ LA A0 )~y fTbh ok, WERUVERMOKIEZOM4IHOBEI Lo

HUE/1,0001% 4 7 o B 3 O F 1.

2) Number of variants in parentheses are calculated on the same assumption used to calculate the frequency of

variants/1,000 in Table 3 of this paper.

EMAOEREFAEL, FMOX3 THI3ERY/ 1 000HEOHEICAVALOLEILREZRSTVTHELALLO.
3) Mean calculated with the frequencies in Table 5 of Satoh et al’

PERE 5 S o Fe 5 MBI & - THE L - Pl

4) Mean calculated with the frequencies in Table 3 of this paper.

EEOE I OB Lo THEEL T,

5) GOTI1 not screened for Caucasoid.
GOT1i3, BALDWTRAZ Y -7 %{Thidr.
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Previous studies'®'”"!° have established that
among the 22 proteins then being studied in this
laboratory, the frequency of electrophoretic
variants in the enzymes not studied for activity
is somewhat higher than in those which were
so studied. If, as seems probable, there is intra-
locus correlation in the frequencies of these
three types of variants, then our estimates of
the frequency of activity and thermostability
variants could be on the low side.

The data on activity and thermostability variants
have not yet reached the point where specific
locus-type comparisons across ethnic groups
seem indicated. On the other hand, the data are
sufficient for a comparison by type of variant.
Because of the smallness of some of the
numerators, we have calculated confidence
intervals based on the expectation of a Poisson
variable for numerators below 50. With this
procedure, there appears to be a significant
difference between the two populations only
with respect to the frequency of activity variants,
An analysis of Table 5 for heterogeneity, which
would usually be the next step, is precluded by
the overlapping nature of the samples on which
the frequencies are based. The total frequency
of these three types of variants in the two
populations is quite similar, 8.3/1,000 in the
Japanese and 7.4/1,000 in the Ann Arbor
Caucasoids.

These data bear importantly on the issue of
average locus heterozygosity in human popu-
lations. In estimating this heterozygosity, it
has often been assumed that electrophoresis
detects only variants in which an amino acid
substitution has altered molecular charge. Since
it can be readily calculated that only about
one-third of mutations resulting in an amino
acid substitution will alter molecular charge, and
since selection against mutations resulting in
uncharged amino acid substitutions should not
be greater than against charged, and possibly
less, it is generally assumed there is a large pool
of ‘silent’ genetic variation awaiting discovery.
The present study raises questions as to the
size of this pool. As we have noted, the enzymes
examined in this study are electrophoretically
less variable than most proteins examined by
one-dimensional electrophoresis. Thus, whereas
the average Index of Heterozygosity for a series
of 23 proteins in Japanese (including those
covered by this report; Neel et al,’® Table 2)
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EaL, GLADNEVWEEZSRADT, BRFRNTHE
Milashaunk %, whwsd AL OBEN
FROKRELT-NMAHBEhTVEE, BoTwad e
— AL EZ SN TS, KFEEFEEL, 77—
RE o THB RT3, chzodrTai
o, RPETHEL ZBEER, —KTERAKE
Bl THRELAZEARO KRS L0 L, RS
FoERYDL. LA oT, BAREAERIZHET 3
WBHEOEAYE (FHTH-7-H0E8ET; Neel 52,
F2) I aATuaHL T F OFHMIET.T%T
botth', Zhs THOBEDFEH~TAF{ T 74
123.3%Ths. CORBKETH--EAKL 5T HAM



was 7.7%, for these seven enzymes the Index
is 3.3%. Generalization from this series to the
average should proceed cautiously. Of the
245 heterozygotes for electromorphs included
in Table 2, 196 (80%) exhibited increased
thermolability.  Thus assuming electrophoresis
detects only charged substitutions, thermo-
stability studies would have detected 80%
of the charged amino acid substitutions. This
small series, however, is dominated by the C
variant of 6PGD. It is an interesting coincidence
that in a review of the literature on experimental
organisms we have suggested that ‘at least two-
thirds and possibly three-quarters of the variants
recognized by electrophoresis exhibit easily
detected thermolability ... %'  While it is
possible that charged amino acid substitutions
are more likely to alter thermostability than
uncharged, let us assume this is not so. Then our
thermostability studies should be detecting the
majority of the uncharged substitutions not
detected by electrophoresis. This increment,
of 02%, is a much smaller increment than
anticipated. At least a partial explanation may
be found in the growing body of opinion that
electrophoresis is also detecting some portion of
the uncharged amino acid substitutions, pre-
sumably because of conformational changes in
the molecule (cf Bonhomme and Selander®? and
Ayala®), The pool of genetic variation charac-
terized by ‘silent’ amino acid substitutions which
was presumed to be awaiting discovery is almost
certainly substantially less than projected from
the 1 charged: 2 uncharged ratio mentioned
earlier.

With reference to the usefulness of thermo-
stability variants in a study of mutation rates, we
estimate that the effort involved in identifying
a thermostability variant in our hands (including
exclusion of false positives as well as routine
laboratory procedures) is approximately four
times that involved in detecting an electromorph
and two times that involved in detecting an
activity variant.  Given the evidence above
that electrophoresis is detecting a higher propor-
tion of all amino acid substitutions than usually
assumed, we conclude that this approach is
substantially less efficient than the search for
mutations altering electrophoretic or activity
characteristics.

Elsewhere?! we have discussed the paradox that
as estimates of protein variability are being
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HEEHHE AL TURBMEIT I MEEIMAECKED 2
iz szw., R2ULEFh3ERAM LOERROD
AT OESTR 245510 5 5, 1966 (80%) I3 EkAEeE
MEARIL 2. L2dt> T, BRIFAWFILEROH®
TEMOELZT I/ BABROH LK T 3 LR E
THE, BELEERBEIEFTOELAET I/ EEHR
D% EMBLTWAEZ LIRS, =20, 4[0O
MMl OREIZHWTIE, 6PGD OCERBDAF O
HEEEIRBIELED TS, ERWIZM 5 Lo
BECHWT, [EREANLE->TESSNAERT
DLHE LY, B RURBERB IR ah 38k
FEEEERT... M LREEshTwa k&, FE
THRAEAGEEN -HLAZETRERY. S FOER
AELEEAT I /BB, st inwT I B
BRI S TEREEEOECEEZ L F 5 Bt
5, SEIIEZIE55VEDEELLS. Kz,
SRl O L EEME T, BRIHMETHE S
o A BMEAERI S EVEHO KR I BT
END02HBETTHA. Z00.2%08MNiE, TR
LA XN aLIlhawn, B EaTRiEn
Zibowziz, BHICELOELLZVT I/ BEBO
HAEFEHBRKBFEEIBALTVAILVWIERY
WAL TWwEA, T2 04 < & LE5maEms
HENAHE LA %Ay (Bonhomme & (F Selander??,
A O Ayala®™ L B W) . WAk Tz g
EhEwT, O FETHEEhILE2FH->T0S
LOLEISNE YA LY D T3/ ERER A
TAHRZEMEROT— ML, KB BAELD S
2501 I BWEEOLZWLO2OEHILHE S
BLOLVHELLREVIERIFLALHETS 3.

EIREREOWEFICH T 2T EU TR G B
ZonTlt, FADOFTI b TREEEOMERIC
THHIBH (BEERENES 2010, EBRET
frbhalEOFEE, BTICESHTHLIOIZHE-S
TERPLanZb0zMOBIEELET) L,
WRAM EOTERUOBRBIIBELSE O 4458
EHERBIORMICHELS S o2 L fiEsh 3.
BREBEIE S NTOT I/ BERO S &, WikIC
EALNTVAENLEL OEYEHMEL TS L
WILEBRLALIZARENHEDT, 2OT77Ta—F
3, WA EOFECEEOBMEELI AL S
RIREROPEICHAT, EEMHIEDITE VY
ERashs.
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revised downwards, not only because of results
such as presented by the present study but
because of studies with two-dimensional poly-
acrylamide pgel electrophoresis, estimates of
variability at the DNA level are escalating rapidly.
We suggested that the resolution is to be found
in a very nonrandom distribution of DNA
restriction fragment length polymorphisms, for
which there is already some evidence. The
next decade will witness rapid progress in this
arena of inquiry, with its associated implications
regarding the relative roles of mutation and
selection in the origin of this nonrandomness.
As probes for more and more structural genes
are developed, this decade will also witness
the ability at the DNA level not only to confirm
the correctness of the conclusions from the
analysis of Table 5, but, in addition, to test to
what extent the numerical similarities are the
result of the same or of different mutations.

TH, EAROFERE I T3 EBIEROH
EINELHETEhTWwAIL 2 A2b5T, DNA ME R
HICH T 2EEBIBERPTHILVINTFI A
lZowT, BAFMORBX? TEELS. DNA O
HIREEREMT O B0 F B RIL, R L TEMFELED
A LTVREDTERZVEVILZIAUIRENES
NETHEIETRMBEL N, ZhIZ2VWTIHERILH S
FEOIEMY & 5. KROWEMIZE, EROMES
BRI L TREICHB I ET L L b0, ZERERL
BIRALEOL ) ZHMHEEERALLLZDIZ, 20
) EBESEIELILIE-RlnITE
FHLAHIIENZTHAS S, BIZZOI0FEMIZIE,
Tt ETELOMERETO T -7 HHEESNS
DT, £SO A» BN AFEHEOLEL & &R
TARAELD TR, £SIZRSN S HE Lo
A EOREE TR —LIZHRE L 3 8MEROFKEE
ThH5PEMETAHANAPDNA LALTIHFEERS
ol T B
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