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SUMMARY E B

Studies of a Japanese population, involving a total
of 539,170 locus tests distributed over 36 polypep-
tides, yielded three presumptive spontaneous mu-
tations altering the electrophoretic mobility of the
polypeptide. This corresponds to a mutation rate
of 0.6 x 10~5/locus/generation. ~ The a priori
probability that undetected discrepancies between
legal and biological parentage might in our test
system result in an apparent electrophoretic mu-
tation in this population is calculated to be only
0.3 x 10~ "/locus/generation. Since electrophoresis
only detects about half the amino acid substitutions
due to mutations of nucleotides, the corrected
rate for mutations causing amino acid substitutions
in polypeptides is 1.2 x 107%/locus/generation.
With allowance for synonymous mutations and
those resulling in stop codons, the total muta-
tion rate for nucleotide changes in the exons en-
coding a polypeptide becomes approximately 1.8
x 107%/locus/generation. When the present ob-
servations are combined with all the other avail-
able data concerning mutation resulting in elec-
trophoretic variants, the electrophoretic rate drops
to 0.3 x 10~ °/locus/generation, the total locus rate
to roughly 1.0 x 10~%, and the nucleotide rate to
1 x 1078, Even with this lower estimate, given
approximately 3 x 10° nucleotides in the haploid

FED A RTF FIZh 0, £§h539,17058 (% T 1
TAMDIThbOh7=HBEFAERMIZIE T A2PBEOH R,
RINRTFFOTWREZ LoB®ME -2t sE L &
HEIRMERLEZ ORI LOI WA R &N,
TR EIRIE R E A 0.6 X105 /3 AE -/ T
B4 5, BAeOMEEZICENT, FEFORED,
EE LOMBTELEEVIRVEVARE S R
ool B i3S aski Lo e
T2 EUH2HEMERTHILEALENAMERIT
ZOHERIZENT, T H0.3X10°7 /M58 /A
ThdEFtishtwa, TREkMETE, 271
AT FPORKERIIEI->TELATI /BB O
26, FFEHL PR EhEVOT, BYNTFE
o7 3 /@it e g sl T RREROHED
IEME 3, 1.2X107°5/fnFRE/ T H 2. Al
EHRERBU ALy 7IF 2 L3RR TERSE
ElT 2L, RIRTFFEa—-F+ 317y 8%
R Z VAT FERE2L -6 THEEMRET R,
F1.8X10 3 /lfEFHE/ L & 5 B, ABRTHLN
AR A, BRIV LoFERBA L U SEMTRIC
MLTAFLEBEITNTDIERADTF— & &1
T A&, BREkMETHRE &h 592 ME R oML
0.3X107°/MfE-FHE/ MR LETL, BEFREY 20
DFRRMERIT, $H1.0X107% (7 v s ho)
A7 LAF FYHLDOBBZERRIL 1 X108 L% 3.
FEHAET /S ARICIE, #3XIPEOR 7 LAFF
AHY, 1EOR)RTFFFEa— K+ 317Y

*RERF Consultant and Department of Human Genetics, University of Michigan Medical School; Supported by US

Department of Energy Contract AC-02-82-ER-60089.

T2 69F BT B OF Michigan K77 8 22 5 A BUBAZ 22405 K[ = 4 0 ¥ — #4247 AC-02-82-ER-60089 12 k % %48,

Approved 7 &8 1 June 1987

Printed FIR] June 1989



RERF TR 7-87

genome and an average of 10% exon nucleotides
per polypeptide encoded, the implication, if these
exon rates can be generalized, is of approximately
30 nucleotide mutations per gamete per generation.
This estimate of the frequency of "point” mutations
does not include small duplications, rearrangements,
or deletions resulting from unequal crossing over,
Iranscription errors, etc.

INTRODUCTION

In a previous report! we have described the protocol
and the preliminary results of a search for mutations
altering the electrophoretic behavior of a series of
proteins, in children of atomic bomb survivors and
a suitable group of control children. This study has
now been completed. In the present report we will
describe the spontaneous mutation rate observed in
the so-called control children of that study, ie.,
children both of whose parents were more than
2,500 m from the hypocenter at the time of the
bombings (ATB) or one of whose parents was at this
distance and the other not in the city. These parents,
referred to as the distally exposed, are presumed to
have received either no radiation, or very negligible
amounts (<1 rad) ATB. In a few instances, neither
of the parents in the control group were in the
city ATB. These data will be combined with other
similar data available from the world literature,
to obtain a best estimate of the rate with which
mutation results in electrophoretic variants, and to
infer both the total rate with which mutation results
in an amino acid substitution in proteins and the
nucleotide mutation rate to which this corresponds.

MATERIALS AND METHODS

Altogether, 10,609 children of distally exposed
parents living in Hiroshima and Nagasaki have
been examined with respect to the occurrence of
rare electrophoretic variants of 30 proteins (i.e.,
variants not occurring in polymorphic proportions,
allele frequency «0.01). The proteins examined,
with abbreviations, are listed in Table 1. Most
of the electrophoretic techniques employed have
been referenced in our previous publications?~5;
additional references for various proteins are as
follows: ESA, ESB, ESD, CAl, and CA26-10;
GOT1''; GPT!?; G6PD!3:14; and PGM3.15.16

Whenever a rare variant was encountered, an effort
was made to obtain a blood sample from both the
father and the mother, to confirm the hereditary
nature of the wvariant. On the few occasions
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when neither parent exhibited the variant and no
statement concerning adoption or paternity other
than assumed was forthcoming from the parents,
an effort was made to detect with the appropriate
genetic typings any discrepancy between stated and
biological parentage. To this end, determinations
were carried out for the following useful blood
types: A; and B of the ABO system; M, N, S, and
s of the MNSs system; C, D, E, c, and e of the Rh
system; and Fy? of the Duffy system. In addition,
among the 30 systems studied for the occurrence of
mutation, polymorphisms useful for the detection
of parentage discrepancies oceur in the following:
HP, ACP1. 6PGD, PGM1, PGM3, ADA, ESD,
GPT, and GOT1. A type of al-antitrypsin (PI)
was also used. Finally, histocompatibility (MHC)
typings were obtained, involving 12 antigens of the
A complex, 32 of the B complex, and four of the C
complex. In each instance of putalive mutation,
the system in which the mutation occurred was
excluded from the calculation.

RESULTS

The data base. Table 1 presents the number
of rare variants of each protein encountered. The
data on the common genetic polymorphisms are
not included in the table. We also exclude from
the table mention of two relatively high frequency
rare variants, TF Dgpyp, with an allele frequency
of 0.006, and CP Cygq, with a frequency of
0.009. For these two traits, as well as the common
polymorphisms, the probability that a family study
would reveal a mutation is much less than for
a truly rare variant. Later we will consider the
(small) error this omission might have introduced
into our estimation of the mutation rate. The entry
"Total loci screened” corresponds to the number of
locus tests, i.e., for an autosomal trait, and a sex-
linked trait in females, twice the number of elec-
trophoretic determinations, but for a sex-linked trait
in males, only the actual number of proteins typed
for variation. Hemoglobin Al and A2 are tetramers
which share a common polypeptide, hemoglobin
Al having the composition asfi; and A2, the
composition of asds. However, there arc two loci
encoding for the o polypeptides. Accordingly, the
numbers of A and é locus tests are each twice the
number of electrophoretic tests, but the number of
a locus tests is four times the determinations of the
system yielding the highest number of observations,
namely, Al. No other locus among those studied
is known to be duplicated in this fashion. LDH is
a tetramer involving two independently coded units
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TABLE 1 THE RESULTS FROM EXAMINING 30 PROTEINS (36 POLYPEPTIDES) FOR THE
OCCURRENCE OF SPONTANEOUS MUTATIONS ALTERING ELECTROPHORETIC
MOBILITY IN A JAPANESE POPULATION

#1 HAEAEMIEIA2ER/EM LOBDE L2425 BRRBAEROFEEHEIC
SVTMBEOELW (MO E)ARTF F)EABEL AR

Protein EC No. Symbol  Total loci  No. of rare bofhagﬁzts Equivalent  Exceptional
screened variants examined locus tests children

Haptoglobin HP 20922 15 12 16738 1
Transferrin TF 21210 92 62 14294
Ceruloplasmin CP 21196 10 8 16957
Albumin ALB 21212 33 25 16070 1T
Ilemoglobin Al HBA1 63612 1 0 42408
Hemoglobin A2 HBA2 21190 0 0 21190
Adenosine deaminase 354 4 ADA 21204 9 8 18848 1
6-Phosphogluconate

dehydrogenase 1.1.1 .44 6PGD 21208 9 5 11782 1
Adenylate kinase 1 274 3 AK1 21066 3 3 21066
Phosphoglucomutase 1 275 .1 PGM1 21144 60 43 15153
Phosphoglucomutase 2 2.75 .1 PGM2 21152 14 10 15109
Phosphoglucomutase 3 2.75 :1 PGM3 6900 0 0 6900
Acid phosphatase 1 3.13 2 ACP1 20370 0 0 20370
Triosephosphate isomerase  5.3.1 .1 TPI 18452 4 4 18452
Nucleoside phosphorylase 242 .1 NP 20530 18 11 12546
Esterase A 3.2 A ESA 80264 20 17 68224
Esterase B 3111 ESB 19420 0 0 19420
Esterase D 311 1 ESD 20362 1 1 20362
Peptidase A 3.4.11.- PEPA 21152 11 7 13460
Peptidase B 3.4.11.- PEPB 21218 11 4 7716
Glucophosphalte isomerase  5.3.1 .9 GPI 21218 75 63 17823 1Jr
Isocitrate dehydrogenase 1.1.1 42 ICD 21176 18 15 17647
Lactate dehydrogenase 1.1.1 .27 LDH 42392 2 2 42392
Malate dchydrogenase 1.1.1 .37 MDH 21212 3 1 7071
Carbonic anhydrase 1 421 .1 CAl 21118 3 3 21118
Carbonic anhydrase 2 421 .1 CA2 21172 2 0 0
Glucose-6-phosphate 1.1.1 .49 G6PD M 1794 1 0 0

dehydrogenase F 4164 8 7 3644
G“i.,‘:;';‘;‘;i’;i";‘:j{j;‘ic, 261.1  GOTI 16346 56 e 12551
S e 2612  GPT 16334 51 40 12811
Phosphoglycerate kinase 2323 PGK M 2218 0 0 2218

E 4830 0 0 _ 4830

Total 697,758 530 394 539,170 5

t Parentage exclusion



and so must be double weighted. Finally, the series
of isozymes termed esterase A are thought to be the
product of four loci, so that for this system the locus
tests are eight times the number of determinations.

Unlortunately, because of death or lack of coop-
eration, it was not always possible to test both
parents of a child with a rare variant. It is only
when both parents of a child with a variant can be
examined that the data permit a rigorous treatment
of mutation. Table 1 lists the number of times,
by system, in which both parents of a child with
a variant could be examined. We estimate for
each system the number of alleles which have been
elfectively screened for mutation by multiplying the
fraction of variants for which family studies are
complete by the total number of determinations.
This convention requires that all the determinations
of a polypeptide for which no variants have been
encountered are credited as contributing to locus
tests. With these conventions, we can calculate that
the series provides 539,170 "equivalent locus tests."

The putative mutations. There were in this series
five children with a variant not observed in either
parent, the presence of the variant confirmed by
duplicate, independent tests. In two of these five
children, the serological typings described earlier
revealed a discrepancy between stated and biologi-
cal parentage, and these children are excluded from
further consideration. We are thus left with three
putative mutants, as follows:

1. A rapidly migrating variant of haptoglobin
was encountered in a female child of parents who
were distally exposed in Nagasaki. The abnormal
phenotype consisted of the set of bands associated
with the Hp 2 phenotype and a set of bands with a
slightly faster mobility than the Hp 2 bands. The
variant will be further characterized and pictured
by J. Asakawa (in preparation). Neither of the
parents nor four siblings exhibited the unusual
bands on repeated determinations, and the bands do
not correspond to any variant encountered in the
course of the study. No parentage discrepancy was
revealed by the battery of tests enumerated earlier.

2. A slowly migrating variant of 6-phospho-
gluconate dehydrogenase was detected in a male
child of distally exposed, Hiroshima parents, neither
of whom exhibited the trait. This enzyme is a
dimer. The abnormal phenotype consisted of three
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bands, interpreted as corresponding to the normal
homodimer, a heterodimer of one normal and one
mutant polypeptide, and the homodimer of the
mutant polypeptide. The mutant isozyme migrates
more slowly than the type C isozyme which occurs
in 19% of the population, and it migrates more
slowly than any other variant isozyme encountered
in the study. The variant will be described in
greater detail by N. Takahashi (in preparation).
There was no parentage exclusion with the complete
battery of tests.

3. This putative mutation is a rapidly migrat-
ing variant of adenosine deaminase detected in a
male offspring of parents neither of whom were
in Nagasaki ATB. The normal phenotype of this
isozyme under our electrophoretic condition con-
sists of three bands. The mutant phenotype consists
of five bands. The two more anodal bands are
variant, the two more cathodal bands correspond
to ADA phenotype type 1. The central band is
interpreted as an overlap of the third band of type 1
with the first band of the variant. The phenotype
thus far in our hands appears identical to that of the
rare type 1-6 variant. There was no exclusion of
paternity with the full battery of test systems.

These three mutations among 539,170 equivalent
locus tests yield a crude mutation rate for electro-
morphs of 0.6 x 10~3%/locus/generation. The error
in this estimate is substantial, at the 95% confi-
dence interval the lower and upper bounds being
respectively 0.1 x 1075 and 1.6 x 1075, (This and
subsequent confidence intervals are found by fitst
treating the number of mutations as approximately
distributed as a Poisson variate with parameter A.
Upper and lower 95% confidence limits for this
parameter are obtained and then divided by the
sample’ size to yield a confidence interval for the
mutation rate.)

Correction for undetected discrepancies between
legal and biological parentage.  The available
tests will not detect all instances of a discrepancy
between stated and biological parentage. Earlier!”
we have suggested that the frequency with which
undetected discrepancies between stated and actual
paternity contribute to the apparent mutation rate
can be estimated by the expression
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where I=the frequency of nonpaternity in the pop-
ulation under consideration; W =the average fre-
quency in the population under consideration of the
alleles scored as rare variants; and D =probability
of detecting nonpaternity with the battery of exclu-
sion tests employed. A corrected estimate of the
mutation rate (uggr) is derived from the apparent
mutation rate (fgpg) by subtracting the value of
the above term, i.e.,
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We are fortunate that Dr. Howard B. Hamilton
of RERF has been responsible for a program that
typed a significant [raction of the children and
parents who entered into this study with respect to
the ABO blood groups (Hamilton, in preparation).
Among 3,295 mother-father-child trios typed with
respect to this system, there were three paternity
exclusions, i.c., a frequency of 0.0009. Given the
allele frequencies of the ABO system in Japanese,
the probability of detecting nonpaternity with this
system is 0.20.1% The corrected frequency of pa-
ternity discrepancies in our series (I) thus becomes
0.0045.

The allele frequency of rare variants in this se-
ries (W), variants which would be considered as
candidates for mutation, can be scen from Table
1 to be 0.0008. It should be noted that simply
employing the average frequency in this calculation
is a conservative procedure. Il is intuitively obvious
that if the putative mutant is a unique electromorph
in the series (as is the case for two of the putative
mutants), the probability that it is a true mutation is
enhanced over the probability if it had already been
encountered several times.

Finally, the average probability of delecting a
discrepancy between legal and biological paternity
can be calculated to be 0.859 from the allele
frequencies of the population with respect to the 13
useful blood types, serum proteins, and erythrocyte
enzymes for which we have data (excluding in
cach case the system thought to be contributing the
mutation). In this calculation we have employed
the probabilities supplied by Chakraborty et al,'8
plus those calculated by ourselves for the ESD
system. With respect to the MHC system, we are
indebted to Dr. Norikazu Yasuda of the Japanese
National Institute of Radiological Sciences for the
calculation that for Japanese, the probability of an
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APED frv v Ol IEEE (1) 130.0046 & % 5.

FMRICEHET 2 ENLERT, T4 hb, ERER
AL ot EE LN ZERNO RS T A
(W)IF#1»250.008THLZ&EDbHE, 20
AR THEICTFERES v TwanEbanick
MoTWEDRELVIZELFERTARETHSL, 20
ERMEREELI N B (2HORBERL &L
ENHLDEFE L DID) RIFETHIL & M electro-
morph DH CHE L LD ThhE, ZhATLOZMRE
HTH MR, TR EHE S TVI LD
OEEOHREIN LWL 3HOTHIRTS 5.

ki, AP F—FHBBLTVABHAMOAH
LR, MiSEARUHRMHEEBEEC>VWTHELR
R REOMMETHEE S S (B2 HVT, R
LRIIEET L EELSNE VAT AT 2),
FiLOmM > EHE LOomMBTEz eI fu
o ATHERR & R A P HIMRE R I$0.859 L HE & h B
ZDEHIZ H v TIE, Chakraborty 5™ AL -
MFE LG4 A ESD P A7 AANCHH L ZHEs4 v
Jo. MHC ¥ A7 AL TIE, MO MEFEAME
o HE—MEoTEIC XD, BEATE, He



RERF TR 7-87

exclusion with the battery of specificities employed
in our testing is 0.943. The combined probability
of an exclusion is therefore 0.992. (All of these
calculations assume that the nonlegal father would
be drawn at random with respect to the genetic
systems on which the exclusion probabilities are
calculated. Any tendency for such fathers to be
relatives of the husband would alter the calculation
substantially.)

Under the circumstances, the a priori probability
that an undetected parentage discrepancy (essen-
tially, discrepancy between legal and biological
paternity) is the cause of the apparent mutation
becomes 0.0045 x0.0008 x0.008, or 0.3 x10-7,
Thus, in the study of mutation under these circum-
stances, undetected discrepancies between legal and
biological parentage should not inflate the mutation
rate to the extent that an adjustment is indicated. In-
cidentally, the frequency with which our procedures
detected discrepancies between legal and biological
parentage as a cause of apparent mutations was
2/539,170 locus tests, or 0.37 x 1075, with the 95%
confidence bounds being 0.04 and 1.3 x 10~5. The
theoretical expectation from the above is 0.0045
% 0.0008 % 0.992 = 0.36 x 107°. The fact that
observation and expectation agree so well provides
some support for the validity of the procedures
employed.

Other sources of data; a combined estimate.
Table 2 summarizes the results of those various
other studies of electrophoretic variants in which
the data have been presented in such a fashion that
they can be used 1o estimate mutation rates. These
other studies yielded one putative mutation, in a
series from West Germany.2® The efforts to detect
a paternity discrepancy in this instance included
HLA typings as well as the more standard markers.
Since a baseline rate for paternity discrepancies does
not seem to be available for the sample on which
this study was based, we are unable to estimate the
probability that the apparent mutation resulted from
an undetected parentage discrepancy. Although
ethnic differences in mutation rates are a theoretical
possibility, at this stage of the data we will assume
homogeneity in the series. There are four putative
mutations in a total of 1,255,296 locus tests, for
a rate of 0.3 x 10~5/locus/gencration, with 95%
confidence limits of 0.1 x 107° and 0.8 x 107°.
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TABLE 2 THE RESULTS OF DIRECT TESTS FOR THE OCCURRENCE OF
MUTATIONS RESULTING IN ELECTROPHORETIC VARIANTS
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#2 WRAMEOERBE L 25 TRRTROBEIZMT 5
Ei#ET A b OfEE
Locate Population Locus tests  Mutations Reference
Japan Japanese 539,170 3 This paper
United Kingdom  Caucasians 133,478 0 19
West Germany Caucasians ~225,000 1 20
United States ~ Caucasians 218376 MaHEEE oL 8]
in preparation
American blacks 18,900 2
Central and - Neel et al
South America ~ Amerindians 118,475 0 in preparation
Marshall Islands  Micronesians 1,897 0 21
1,255,296 4
DISCUSSION £ B
Sources of error in the estimates. As noted MEMEOBRER sidokLi, 2ok s

carlier, the most obvious source of error in such
studies is a discrepancy between legal and biological
parentage. Operationally this category of error can
include a confusion of samples at some time during
collection and processing. Our experience indicates
that under the conditions of this study, this was a
minor problem. Two additional sources of error
must be mentioned. 1) In the formal sense, none
of these mutations is as yet proven on the basis
of genetic transmission or a demonstrated alteration
of the DNA. We accept these variants as resulting
from mutation because in this study they have a
phenotypic validity comparable to the numerous
other variants whose genetic nature was proven.
Evidence to the effect that these or comparable vari-
ants are transmitted in a codominant fashion, which
should in due time become available, is obviously
highly desirable. In animal systems where similar
electrophoretic variants have been induced, they
have had a high transmissibility.22=25 2) Whenever
the phenotype of a common polymorphism was
encountered, that phenotype was not investigated
for a mutational origin. We have shown that the
potential underestimate of the mutation rate intro-
duced by this omission is of the order of 10%.2!
An adjustment for so minor an error scarcely seems
indicated at this time.
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ZERB L RIFRIC AR E L TEYEEL SN SN
FRTALTHE. ChoDER A X IFHLUD
ZERB A IEMEA R T 5 2 L ERTERUE, F0
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To what rate for amino acid and nucleotide
substitutions does this observed rate correspond?
Roughly one third of all possible amino acid sub-
stitutions in a polypeptide should alter molecular
charge and be detected by electrophoresis. How-
ever, there is also evidence that electrophoresis
is sensitive to molecular configuration, and in a
recent review of the literature we have suggested
that electrophoresis detects about half of all amino
acid substitutions.?® The rate reported in this paper
when combined with other data sets thus indicates
a mutation rate resulting in amino acid substitutions
of 0.6 x 10~5/locus/generation.

It is also possible from the present study to reach
some preliminary inferences concerning the rate
with which mutation results in nucleotide substi-
tutions. Within exons, between 1/4 and 1/3 of
all nucleotide mutations should be synonymous or
result in stop codons, the exact frequency depending
on the gene under consideration. These types of
mutation will of course not be detected by the tech-
niques employed in this study. Thus electrophoresis
should detect about one third of all nucleotide
substitutions in exons. Let us assume the average
protein entering into these mutation rate studies
required 1,000 nucleotides for its specification.
Then the observed electrophoretic rate corresponds
to a nucleotide rate of (0.3 x 10~% x 3)/1000,
or approximately 1.0 x 10~8 /mucleotide/generation.
In addition to primary alterations in nucleotides,
this "nucleotide rate” can reflect the result of allelic
conversion or intragenic recombination, such as
we have discussed in connection with the PGM]
locus.?” The error term for this estimate must be
large but cannot be estimated with any precision at
present.

There have been several previous efforts to estimate
nucleotide mutation rates. On the basis of the
observed frequency of the hemoglobin variants in
population surveys Motulsky?® and Kimura and
Ohta®® estimated by an indirect approach nu-
cleotide rates per generation of 2.5 x 1072 and 2.8
x 1078, respectively, the difference between the
estimates being primarily due to their assumptions
concerning the proportion of the variants due to
mutation in the preceding generation. Nule and
Stamatoyannopoulos®? surveyed the world literature
for case reporls concerning the origin of an unstable
hemoglobin or a hemoglobin M through mutation,
collecting 40 examples from 10 countries. As they
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point out, neither the population base from which
these reports are drawn nor the completeness of
ascertainment can be precisely estimated. Only a
subset of the possible nucleotide mutations will re-
sult in a hemoglobin M-type mutation or an unstable
hemoglobin. Taking this factor into consideration,
they estimate a nucleotide rate (averaging o and
B locus rates) of 0.59 x 10~%/nucleotide/generation
on the basis of the unstable hemoglobins and 1.45
x 1073 /nucleotide/generation on the basis of the
hemoglobin M’s. The unweighted average of these
estimates, 1.0 %1078, is identical with our own
estimate.

A nucleotide rate of 1.0 x 1078 per generation
represents an amazing fidelity of replication. Even
so, if such exon rates are characteristic of the
DNA as a whole, then, with approximately 3
% 10° nucleotides comprising the haploid human
genome, a nucleotide rate of 1.0 x 108 leads to
the expectation of some 30 mutations involving
nucleotide substitutions in each gamete!  The
error in this estimate is of course large, but we
believe the estimate to be somewhat conservative,
because for any given enzyme, only a single type
of eclectrophoretic screening was employed, and
experience has demonstrated that no one screening
system will detect all the electrophoretic variants of
a given protein. Thus some electrophoretic variants
resulting from mutation may have been missed. On
the other hand, even if the estimate were too high by
a factor of 2, an estimate of 15 nucleotide mutations
per gamete is still a major departure [rom past
estimates of human mutation rates.

There are at present only very limited data from
which to estimate the additional frequency in hu-
mans of spontaneous mutation characterized by
submicroscopic duplications, deletions, and rear-
rangements of the DNA. Analysis of a series of
individuals with the sex-linked hypoxanthine phos-
phoribosyl transferase (HPRT) deficiency (Lesch-
Nyhan syndrome) revealed that 5 among 28 ex-
hibited Southern blot patterns suggestive of major
gene alterations.3! These findings do not provide
an unbiased view of mutational events at this locus
because, on the one hand, selection has already
lo some extent influenced which mutations are
still in the population and, on the other hand,
since ascertainment was through a functional test
(Lesch-Nyhan syndrome) nucleotide substitutions
resulting in little or no functional impairment will be
underrepresented. Studies of somatic cell mutations
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at this same locus—which may not have the same
spectrum as germ line mutations—revealed that
12 of 21 human, male-derived lymphocyte clones
selected for spontaneous loss of HPRT activity
exhibited substantial gene alterations.®? Analysis
of malignant tissue in retinoblastoma®® and Wilm’s
tumor®4~37 reveals evidence for a wide variety
of chromosomal events in the "second mutation”
that precipitates the tumor. Thus, chromosomal
mutations have been detected in 12 of 22 indepen-
dently derived specimens of Wilm’s tumor studied
by molecular techniques. In principle the basis for
these events may vary from mitotic recombination
or loss of a substantial portion of a chromosome to
small DNA lesions. For these somatic mutations,
as for the germinal, a functional test has been
superimposed on the primary event, and nucleotide
substitutions associated with little functional impair-
ment may be underrepresented. In addition to these
uncertainties, it is unlikely that mutation resulting
in duplication events such as those characterizing
the a-hemoglobin locus®®3® or the A-interferon
locus*® would come to attention in these studies.
To a first approximation, we suggest that on a
per locus basis, mutational events characterized
by other-than-nucleotide substitutions are roughly
half as common as nucleotide substitutions. If
this approximation is correct, then gamete rates for
"point” mutations become of the order of 40-50 per
generation. The error of this estimate is large and
somewhat indeterminate, but at this stage in our
study of mutation rates at the molecular level we
are still confronted with fixing orders of magnitude.

The implications of mutation rates of this magnitude
for population genetics and evolutionary theory are
profound. The first response of many population
genelicists is to suggest that most of these occur in
‘silent” DNA and are of no real biological signifi-
cance. Unfortunately for that line of reasoning, the
detailed studies of the globin loci have abundantly
documented the adverse effects of mutations in
introns and the sequences 5° and 3’ to the exons, as
well as the consequences of unequal crossing over
resulting from gene duplications.*1~%* The amount
of silent DNA is steadily shrinking. The question
of how our species accomodates such mutation rates
is central to evelutionary thought.
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