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ABSTRACT

Electrophoretic phenotypes of the esterase-5 locus were examined in the
sibling species D. pseudoobscura, D. persimilis and D. miranda. D. persimilis
alleles were found to have uniformly higher charge on monomers than corre-
sponding alleles of either D. pseudoobscura or D. miranda. Consequently, D.
persimilis shares no alleles in common with either D. pseudoobscura or D.
miranda, while the latter two species share a number of alleles. It was dis-
covered that by increasing the concentration of acrylamide gel and increasing
the length of migration, more allelic differences could be distinguished. Also
more alleles were discovered by examining monomer mobility in addition to
dimer mobility. In D. persimilis and D. miranda it was found that the pre-
viously known high frequency allelic classes broke down into several allelic
classes. A test of goodness-of-fit to the infinite alleles model was dene and a
rough agreement with the model was found.

AN important quantity in molecular population genetics is the number of

allelic forms of genetic loci coding for proteins in natural populations. The
most common method used to detect genetic polymorphism of enzyme loci is gel
electrophoresis. It has been proposed that routine methods of gel electrophoresis
allow the investigator to detect roughly 279 of new mutations involving a
change of a single amino acid (LewonTtIN 1974). Consequently, it is suspected
that there are more alleles present in samples than have been reported in past
studies.

In addition to the question of how many alleles are present in populations,
there is much interest in the number and frequency of alleles common to related
species. It is possible that some electromorphic alleles which are common to related
species are not the same but rather have differences that are not revealed by
routine methods of electrophoresis. This latter possibility is of particular interest,
as the observaticn of the same electromorphic alleles in related species has been
used in arguments attempting to distinguish between alternative models explain-
ing the existence of enzyme polymorphisms (LEwoNTIN 1974).

The esterase-5 locus in the sibling species Drosophila pseudoobscura, D. per-
similis and D. miranda is of interest, as it has been found to be highly polymorphic
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in all three species.There are 15 alleles known in D. pseudoobscura (PRAKASH,
LewonTIiN and Hussy 1969; Cosss 1976), 6 alleles in D. persimilis (PrRakAsH
1969) and 5 alleles in D. miranda (Praxasu, 1977). The Est-5"" and Est-5"'2
mobilities exist in all three species (Prakasu, 1977 and present data).

This paper will report that with relatively minor changes in the methods of
electrophoresis we have been able to find many more alleles in both D. persimilis
and D. miranda. We have found that D. persimilis has no allele in common with
either D. pseudoobscura or D. miranda. D. pseudoobscura and D. miranda have
some alleles which, so far, appear to be common to both species.

MATERIALS AND METHODS

Collections: Forty-three isofemale lines of D. persimilis collected from Mather, California in
1968 were sib mated until electrophoretically homozygous lines were obtained. These lines had
been kept in vials for a number of years before sib matings and very few of them were segregat-
ing for electrophoretic alleles. Thirty-three isofemale lines of D. miranda collected from Sisters,
Oregon in 1969 were also treated in the above manner. Again very few of these lines were segre-
gating for electrophoretic alleles. Thirty D. pseudoobscura lines were derived as above from a
sample taken at Mesa Verde, Colorado in 1971.

Electrophoresis: Vertical acrylamide gel electrophoresis was performed according to the
methods of Hussy and LewonTin (1966). The steps of centrifuging and imnmersion of the gel
in boric acid solution for the staining of esterase-5 were omitted. The concentration of acrylamide
varied from 49, to 129 and the gels were run for longer periods of time. The time of electro-
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Figure 1.—Est-51-97 electrophoretic phenotypes in 5% acrylamide gel. Pockets A, D, and
G are D. pseudoobscura, pockets B, E and H are D. persimilis and pockets C, F and I are D.
miranda. Origin is toward bottom of picture.
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phoresis varied with the percent gel. Higher concentration gels were run much longer than
lower concentration gels. Gel concentrations of 5% and 8% were run for 2!, and 4 hours,
respectively, at 16.1 volts/cm and 2 and 3 hours respectively for 11.6 volts/cm.

RESULTS

Monomer mobility differences

In 5% acrylamide gels run at 11.6 v/cm we found, as previously reported,
Est-5'7 alleles in all three species. The Est-5/%7 electrophoretic mobility of D.
pseudoobscura and D. miranda appeared identical. The D. persimilis Est-5""7
phenotype differed from the above phenotypes by the presence of additional fast
band. Examples of these phenotypes are shown in Figure 1. If the same strains
are examined in 89, gels at 16.1 v/cm, then all three species give two banded
phenotypes. Often the two bands have a continuum of light stain between the
two bands. In 8% gels all three species retain the original Est-5"°7 bands, which
are still identical. The faster band of D. pseudoobscura and D. miranda appear
identical and are slower than the faster band of D. persimilis. Examples of these
phenotypes are given in Figure 2. The faster bands of D. pseudoobscura and D.
miranda are not seen in 5%, gels because both bands have the same mobility. The
faster bands seen in 89, gels must have a lower molecular weight than the normal
Est-5"°7 enzyme because their relative mobilities increase with increasing con-
centration of gel. This follows from the well known relationship between log R,

Est-5
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Fi6ure 2.—Est-51-97 electrophoretic phenotypes in 89 acrylamide gel. Pockets A, D, and
G are D. pseudoobscura, pockets B, E and H are D. persimilis and pockets C, F and I are D
miranda. Origin is toward bottom of picture.
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and molecular weight (see RopBarp and Caramsacu 1971). If the same strains
are run in 3% gels, slow bands appear in D. pseudoobscura and D. miranda that
are not seen in D. persimilis. These are the same bands that migrate faster than
the normal Est-5""7 bands in 89, gels.

The Est-5"'2 allele was also found to be common to all three species. Here again
it was found that additional faster bands were present in 89, gels and the addi-
tional band in D. persimilis was faster than those of either D. pseudoobscura or
D. miranda. This same result was also found when comparing Es¢-5'-'¢ mobilities
of D. pseudoobscura and D. persimilis.

Examination of the three species in 8%, gels showed that all strains produce
two bands connected by a continuum of stain similar to those shown in Figure
2. The mobilities of the slower and faster bands were found to be highly corre-
lated. Strains containing the alleles Est-5-%, Est-5-°, Est-5'"%, Est-5"%, Est-5"",
Est-5'"% and Est-5"'° in D. pseudoobscura, Est-5'°7, Est-5"'%, Est-5"'°, Est-5"*°
and Est-5"#* in D. persimilis and Est-5'-"°, Est-5"-"" and Est-5""* in D. miranda
were studied in 8%, acrylamide gels. The faster band and slower band mobilities
were found to be correlated in all of these strains. Figure 3 also shows this correla-
tion in esterase-5 mobility of faster band and slower band in both D. pseudo-
obscura and D. persimilis.
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Ficure 3.—Correlation between monomer (faster mobility) and dimer (slower mobility)
forms of esterase-5 in D. pseudoobscura and D. persimilis. Pockets A and B contain Est-5-%% C
and D contain Est-5-9 and E and F contain Est-5!-12 of D. pseudoobscura. Pockets G and H
contain Est-5'-97_ T and J contain Est-5'-'% and K and L contain Est-5'-2% of D. persimilis. Origin
is toward bottom of picture.
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The high correlation between mobilities of the slow and fast bands suggests that
they may have a common genetic basis. It is possible that the two bands are due
to different degrees of polymerization of the Est-5 gene product. Cosss (1976)
has reported strains of D. pseudoobscura which apparently contain both dimer
and monomer forms of Est-5. The phenotypes reported by Cosss (1976) showed
a continuum of light stain between the two bands as do the phenotypes reported
here. This continuum of stain between the two bands could result from the dis-
sociation of subunits into lower molecular weight forms.

Evidence that the two bands are the same gene product is obtained by electro-
phoresing at high field strength. When 89, acrylamide gels are run at 32.3
volts/cm it is found that proportionally more of the esterase-5 activity is present
mn the faster band than in the slower band. At a field strength of 36 volts/cm
nearly all the activity is in the fast band with a trailing smear. At 9 volts/cm
nearly all the activity is present in the slow band. These results suggest that the
slow band is dissociated by higher voltage to form the faster band.

It was suspected that these bands may be the dimer and monomer forms of the
Est-5 gene product, similar to the two-banded phenotypes reported by Cosrs
(1976). In order to test this hypothesis, molecular weights were compared by the
method of Ferguson plots (see Ropsarp and CuramBacu 1971; and Cosss 1976
for references). A graph of the relation between the log of relative mobility, R,
and gel concentration is shown in Figure 4 for the fast and slow bands of a num-
ber of Est-5 alleles in D. pseudoobscura and D. persimilis. Linear regression anal-
ysis indicates that the Ferguson plots of the suspected dimer bands shown in Fig-
ure 4b all have essentially the same slope of zero. The suspected monomer bands
also all show essentially the same slope (Figure 4a). Consequently all these sus-
pected monomer bands have the same molecular weight. In Figure 2 there are
also bands slightly faster than the suspected dimers in pockets A, D, G and I. The
molecular weight of these bands was found to be the same as the suspected dimers.
These bands could be conformational forms of the dimer. The bands of Est-51-154P
have been studied previously by Cosss (1976), and it was found that the slow
band had twice the molecular weight of the fast band. In view of Figure 4, it
appears that this finding is true for all the strains studied here.

This evidence is consistent with the hypothesis that the slower and faster bands
in 8% gels are dimer and monomer forms of the Esz-5 gene product. Of course it
is possible that the bands are some other level of polymerization such as tetramer
and octomer. The fact that heterozygotes produce three bands with the molecular
weight of the slow band suggests that the two bands present in homozygotes are
dimer and monomer.

Further evidence that the slow and fast bands of these lines are products of the
same gene comes from the examination of null alleles. Three strains homozygous
for Est-5"*!! alleles were examined. One of these was isolated from a Mesa Verde
population by Prakasux and MerrrrT (1972) and two were isolated from a River-
side, California population by Cosss (1975). Under the electrophoretic conditions
used here, none of the three null strains showed activity for either the low or
high molecular weight bands. This suggests a common genetic basis for these
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Freure 4.—Relation between log,, of relative mobility to slow band of Est-51-09 of D. pseudo-
obscura. Figure 4a is fast bands and figure 4b is slow bands. In both figures the symbols represent
the following Est-5 strains:

D. pseudoobscura strains D. persimilis strains

@ — Est-5%5 A — Est-51.17
B — Esz-5-95

% — Est-51.00

A — Est-51.07

[[] — Esz-51.12

O — Esz-51-13MD

two bands. Whatever the reason for the lack of esterase-5 activity in the null
lines, it is unlikely that a mutant would affect two loci simultaneously. Therefore,
a single gene coding for these two bands seems a reasonable explanation.

There is the possibility that the difference in monomer mobilities results from
an epigenetic modification of the charge on the binding region in one or the
other species. In order to test this hypothesis, genetic studies were done. First,
D. persimilis Est-51°7 /Est-519" females were crossed to D. pseudoobscura Est-5°%°
males. Second, D. pseudoobscura Est-5%7/Est-51°7 females were crossed to D.
persimilis Est-5'-*° males. For each of these two crosses at least 10 male ¥, progeny
were examined in 89, gels at 16.1 v/cm. All F, males examined exhibited matri-
clinal inheritance of both monomer and dimer mobilities. This information alone
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makes an epigenetic model seem highly unlikely. For each of the above crosses,
F, females were backcrossed to both of the parental strains. Then for each back
cross at least 20 F, males were examined. There was complete linkage of the
Est-51°7 monomer and dimer mobilities in all crosses. These experiments suggest
that the difference in monomer mobilities between D. pseudoobscura and D. per-
similis is caused by a difference at the Est-5 locus and is not the result of an epi-
genetic factor.

The high and low molecular weight bands in these gels are most easily inter-
preted as dimer and monomer forms of the Est-5 gene product. The fact that D.
persimilis alleles Est-597, Est-5"'* and Est-511¢ gll have monomers with faster
mobility than the corresponding alleles in either D. pseudoobscura or D. miranda
suggests that there may be a fixed difference between these species at this locus.
Specifically, an amino acid difference that changes monomer mobility but does
not change dimer mobility is indicated.

There are at least two mechanisms by which an amino acid difference could
cause the above effect. First, the change could occur in the region of the monomer
which is involved in dimerization. The charge change in the monomer may not
be apparent in the dimer because the site of change is no longer accessible to the
ionic environment or the dissociation constants are altered by the dimerization
or both of these. Second, the change may occur at a site, not necessarily in the
dimerizing region, which causes the monomer but not the dimer to assume a
different conformational structure with a higher charge. These two mechanisms
are not mutually exclusive and some mixture of these two models may be oper-
ating. The two models will be referred to as the binding site model and the con-
formational change model.

Measurement of charge ratios

In order to obtain evidence that there is a fixed difference between D. persimilis
and the other two species at the Esz-5 locus, a study of charge ratios was done. We
will first present expressions for the interpretation of charge ratios in terms of the
binding site and conformational change models and then present observations
relating to the charge ratio. Methods for estimating net charge on the surface of
proteins have been given by Ropsarp and Carameaca (1971). Their methods
are based on several assumptions about the structure of proteins which are dis-
cussed in their paper. Consequently, estimates of absolute net charge have du-
bious accuracy. Fortunately, we may measure the ratio of net charge of two pro-
teins with greater accuracy than we can measure absolute charge. Formulae for
estimating the ratio of charges of two proteins are easily obtained from the
formulae of Robsarp and CuramBAcH (1971) and are given in the appendix to
this paper. The values of charge ratios were estimated using equation (4) of the
appendix and a single pocket of an electrophoretic gel. For each allele, several
such estimates were made in gels of different concentration and the average of
these was taken as the estimated value of the charge ratio.

Denote the ratio of the charge of monomer to dimer for allele i by CR;. Now
denote the contribution of each monomer to the charge of the dimer by b;. It is



704 G. COBBS AND 5. PRAKASH

reasonable to assume the two monomer subunits contribute equally to the charge
of the dimer because heterozygotes produce three dimer mobilities with the inter-
mediate mobility equidistant from the other two mobilities. This was found to
be true by measuring the distances in a number of Est-5 heterozygous females.
Now let the total charge on the monomer he «; + b; where a; represents the
charge change due to dissociation and conformational change. Here @; may be
positive, negative, or zero. With these definitions we may then write
a + b
CR; = —op (1)
The above expression for CR; is valid for both the binding site and conforma-
tional change models. The two models differ by attributing the value of «; to
different causes. Under either model, if the values of a; for one species were dif-
ferent in a consistent way from another species, then a fixed difference between
the species is suggested. Consequently, we are most directly interested in the

comparison of @; values between species. We therefore introduced the variable
z; which is defined as

z; = U; {QCRi——l}

where v; is the charge of the dimer of allele ; divided by the charge of ihe dimer
of Est-57°° of D. pseudoobscura. As seen in Figure 4b and to be reported elsewhere
(CoBBs and PrakasH, in preparation), the value of v is very close to or indistin-
guishable from R, at any concentration of gel for esterase-5 dimers. We will
employ R,, as an estimate of p. Since z; = a;/b1.¢0, Where b, 4, is the b value for
Lst-5" of D. pseudoobscura, comparison of z; values is essentially the compari-
son of a; values.

Values of z; for a number of alleles in D. pseudoobscura and D. persimilis are
given in Table 1. The z; values of D. persimilis are uniformly higher than those
of D. pseudoobscura. A Mann-Whitney test shows the two species to be signifi-
cantly different with respect to this attribute. The data supports the hypothesis
that there is a fixed difference between these species at this locus. Values of z for
D. miranda were found to be essentially the same as those for D. pseudoobscura.

TABLE 1

Values of z for strains of D. pseudoobscura and D. persimilis

AIlellZ. pseudoobscm:z AlleleD. persimilis .

0.85 0.436 1.07 0.614
0.95 0.472 1.12 0.630
1.00 0.452 1.17 0.656
1.04 0.448 1.18 0.690
1.07 0.452 1.20 0.630

1.12 0.450 1.24 0.656
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Levels of intraspecies variation

The ability to examine monomer mobilities may allow us to distinguish more
alleles in a sample than can be distinguished on the basis of dimer mobility alone.
If this is true, it should be possible to find alleles having the same dimer mobility
but different monomer mobilities. Such cases were found in both D. persimilis
and D. miranda. An example of two Est-5'7 dimer alleles with different mono-
mer mobilities is shown in Figure 5. Similarly an example of D. miranda Est-5""*
dimer mobilities with different monomer mobilities is shown in Figure 6. The
strains shown in Figure 6 give two monomer bands under these conditions. These
patterns were found to be repeatable differences between strains and will be
interpreted as allelic differences of the esterase-5 locus. The two monomer bands
present in Figure 6 were found to have the same molecular weight by using Fer-
guson plots similar to those shown in Figure 4a. The two monomer bands may
represent two conformational forms of the monomer.

Upon examination of all the strains listed in the MATERIALS AND METHODS there
were 3 alleles in D. persimilis and 2 alleles in D. miranda which could not be de-
tected by dimer mobility, but were detected by monomer mobility. The Est-5'-*
allele of D. persimilis produced only monomers under the electrophoretic condi-
tions used here and will therefore be referred to as Est-5'**. In addition. there
were new alleles found which were previously undetected. Most of these were

Fioure 5.—Est-51-17 electrophoretic phenotype of D. persimilis in 8%, acrylamide gel. Pockets
B and D are both from one strain with a slow monomer mobility, Pocket A is another strain with
slow monomer mobility, Pocket C is a strain with fast monomer mobility. Origin is toward bottom
of picture.
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Fi6Uure 6.—Est-51-12 electrophoretic phenotypes of D. miranda in 8% acrylamide gel. Pockets
A, C, E, G and I are all a single strain having normal monomer mobility. Pockets B, D, F, and
H are all a single strain having slow monomer mobility. (Note the presence of two monomer
bands in both strains.) Origin is toward bottom of picture.

very small differences in R,, that were not resolved with shorter periods of elec-
trophoresis. For example, a difference in R,, of less than 19, is found in D. per-
similis. Such small differences were often undetected in previous studies, as
repeated alternating pocket tests and extended length of migration are necessary
to be confident of such differences.

A summary of the alleles and their frequency in the samples is given in Table
2 for D. persimilis and Table 3 for D. miranda. The R,, values were calculated
using the Est-5'%° allele of D. pseudoobscura as the standard mobility. Homolo-
gies with the allelic classification of Prakasu (1969) for D. persimilis are givenin
Table 2. If the data of Table 2 are compared with those of Prakasu (1969) we
find a factor of increase in number of alleles of two. If we compare the number of
alleles detected in the two gel conditions we find that the 8%, gels resolved 1.5
and 1.8 times more alleles than 5%, gels in D. persimilis and D. miranda, respec-
tively. The allele frequency distribution of data from 8%, gels is different than
that for 59, gels. In both species the more common classes were the ones which
broke into more classes. For example, the 1.17 mobility class of D. persimulis
separated into 5 allelic classes in 8%, gels. The less frequent allelic classes rarely
split into more classes. Consequently, the data obtained using 89 gels indicate
that neither species has an extremely common allele at this locus. A similar re-
sult has also been found in D. pseudoobscura (McDowEeLL and Prakasu 1976).
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TABLE 2

Allele frequency disiributions in D. persimilis

Allele of Relative mobility Relative mobility Frequency
Praxasu 1969 in 5% acrylamide in 8% acrylamide of alleles

1.07 1.07 1.07 0.093
1.12 1.12 1.12 0.047
1.14 1.14 0.047

116 1.16 1.16 0.023
1.20 1.17 1.17-+sm 0.023
1.17 0.349

1.47+fm 0.023

1.18 0.209

1.18-4+fm 0.070

1.20 1.20 0.047

1.29 1.24 1.24 0.023
1.33 1.33 1.33m 0.047

The symbols +fm and -+sm stand for fast and slow monomer mobility, respectively.
Number of strains = 43.

Number of alleles = 12.

Effective number of alleles = 5.3,

Heterozygosity — 0.81.

Levels of interspecies variation

A study was done to reveal differences between the Est-5'-°7 mobilities of D.
pseudoobscura and D. miranda. Six Est-51°7 lines were selected from each of these
two species and were compared under a large number of buffer conditions. The
buffer conditions used included the following: (1) 0.01 m, 0.05 m and 0.1 m Tris-

TABLE 3

Allele frequency distributions in D. miranda

Relative mobility in Pnelative’mobility in Frequency
5% acrylamide 89 acrylamide of alleles
1.00 1.00 0.182
1.03 1.03 0.030
104 1.04 0.030
1.07 1.06 0.091
1.07+4sm 0.091
1.07 0212
1.08 0.061
1.12 1.11 0.091
1.124-sm 0.061
1.12 0.030
1.15 1.15 0.121

The symbol +sm stands for slow monomer mobility.
Number of strains — 33.

Number of alleles = 11.

Effective number of alleles — 7.8.

Heterozygosity = 0.872.
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borate EDTA, pH=9.1; (2) 0.05 m Tris-HCl, pH =75, 85; (3) 0.005 m
NaPO,, pH=7.0, 7.5, 8.0; (4) 0.05 m Tris-borate, pH = 9.1; (5) 9 mm Tris-
3mM citrate pH 6.8, in 129, starch gel. In all the above conditions the Esz-5"
dimer mobilities of both D. pseudoobscura and D. miranda were not perceptively
different. Also the other mobilities common to both D. pseudoobscura and D.
miranda did not appear to be different in 0.1 m TBE and 89, gel concentration.

DISCUSSION

A question which naturally arises from the data presented here is whether or
not there is information available to distinguish between alternative models pro-
posed to explain the existence of protein polymorphism. Much literature has
been directed toward deciding if natural selection plays an important role in de-
termining the allele frequencies at loci such as the one studied here. As pointed
out by Ewens (1972), the hypothesis that selection exists is not sufficiently pre-
cise to formulate an appropriate test to use in making such decisions. Conse-
quently, most tests pertaining to the above question have in one way or another
been limited to a test of goodness-of-fit to a selectively neutral model of one type
or another.

Even a test of goodness-of-fit to a selectively neutral model may be impossible
to interpret in terms of our original question of whether or not natural selection is
involved. All selectively neutral models are based on assumptions which may not
be satisfied in natural populations. For example, the now famous infinite alleles
model of Kimura and Crow (1964) assumes that each new mutant is unique,
there is no subdivided structure in the population, and the population is in an
equilibrium state. The first of these assumptions may be approximately correct
for a locus such as esterase-5; however, the second and third assumptions may be
considerably off. Consequently, a significantly poor fit to a neutral model may
indicate either that some type of selection is occurring or that some other as-
sumption of the model is not correct.

In spite of these and other problems in interpreting goodness-of-fit tests to neu-
tral models, such tests may be instructive. The nature of deviation, if any, may
indicate which assmptions are incorrect. For example, if allele frequencies were
too uniform to fit the infinite alleles model, it would be difficult to attribute this to
subdivided populations and possibly some form of balancing selection would be
implied. Alternatively, if allele frequencies were too skewed, then both selection
and subdivided populations could be responsible. Further investigation may be
able to distinguish between these possibilities.

Another difficulty arises from the fact that most of the forces which may affect
allele frequencies are not mutually exclusive. Some mixture of forces affecting
allele frequency distributions may be impossible to detect from the study of allele
frequencies alone.

With the above factors in mind, a test of goodness-of-fit of our data to the infi-
nite alleles model was done. The test derived by Ewens (1972) was applied to the
data of Tables 2 and 3. Neither species deviated significantly from the expecta-
tions of the infinite alleles model. The values of L, F (v,,) were — 0.37, 0.86
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(64.4,12.7) and 1.22, 1.99 (68.4, 11.8) corresponding to probabilities of approxi-
mately 0.79 and 0.08 for D. persimilis and D. miranda, respectively. Examination
of the L values for these two species indicates that D. persimilis fits the model well
and D. miranda fits the model only moderately well. A similar test on esterase-5
of D. pseudoobscura gives a moderately good fit (p ~ 0.12) to the infinite alleles
model (McDoweLy and Praxasu 1976). We may therefore assume that the al-
lele frequencies are in rough agreement with the expectations of the infinite
alleles model. These resulis suggest that many of the alleles at this locus may be
effectively neutral with respect to fitness. This conclusion is not proven, as there
are many selective models that could give the same conclusion. Also, the test ap-
plied here is not extremely powerful in terms of detecting slight deviations from
expected distribution (Ewens 1972).

Other evidence also suggests that esterase-5 alleles may be neutral. The experi-
ments of Yamazaxkr (1971) failed to find selective differences between two Est-5
alleles in laboratory environments. Also, Cosss (1975) failed to find any selec-
tive disadvantage even with null phenotypes of this locus in D. pseusoobscura.
CosBs (1976) has found alleles in natural populations which have unusual
dimerizing properties. The existence of these alleles suggests that the enzyme
may tolerate changes in quaternary structure. All these reports in addition to the
present study suggest that mutation to effectively neutral alleles and genetic
drift may be a predominant force in maintaining the extensive polymorphism at
the esterase-5 locus.

A curious finding is that the alleles of D. persimilis have undergone at least one
complete substitution while D. pseudoobscura and D. miranda still share a num-
ber of apparently common alleles. The Est-5-%°, Est-5%°, Est-57%, Est-5'%,
Est-511% alleles all occur in both D. pseudoobscura and D. miranda. This observa-
tion is surprising, as D. pseudoobscura and D. persimilis are much more closely
related to each other than to D. miranda. Observations of interspecies hybrids,
karyotype differences, and morphology all show D. pseudoobscura and D. per-
similis to be more closely related than D. pseudoobscura and D. miranda or D.
persimilis and D. miranda (DoBzrANsky and Tan 1936).

It seems unlikely that this pattern of interspecies difference could have resulted
from mutation and genetic drift alone. It is possible that some of the differences
between the Est-5 of D. persimilis and the other two species is the result of natural
selection. This could happen even if most of the extant variation of this locus is
selectively neutral—or nearly neutral. Clearly, more work, both experimental
and theoretical will be necessary to obtain a more complete understanding of the
intra- and interspecies differences at this locus. ’

One must be extremely cautious in attempting to extend the results reported
here to other enzyme loci. The esterase-5 locus was chosen for this study because
it was previously known to be highly polymorphic. It certainly should not be
assumed to be an average or typical enzyme locus.
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APPENDIX

A method for measuring the ratio of the charge of two proteins can be derived from the
equations of Ropparp and Carameacu (1971) and other well known equations of electrophoresis.
The charge ratio (CR) will be estimated from the relative electrophoretic mobility of the two
proteins, Pi and Pj, under identical experimental conditions. In the application used here, the
relative mobilities of the proteins were measured in the same pocket of an electrophoretic gel.

An expression for free electrophoretic mobility derived by Gorin (1939) and also given in
Tanrorp (1961, eq. 24-8) may be written as

= Gan;?i} {1 —|—1ic—(};{:r—)[—r)} FleBy) M

where

U; = free mobility of P;

Q; = charge of P;

R; = radius of P,

f(xR;) = Henry’s function

r == average radius of counter ions

7 = viscosity.
Here « is the Depye-HuckLE constant for the buffer and may be calculated from knowledge of
the Dielectric constant, absolute temperature and ionic strength. The value of x was calculated as

8 7NN &2 )‘/2
k= —— 1%
1000 DxT
where
N = Avogadro’s number

e == 4.80 X 10-10 electrostatic units

D = Dielectric constant

%k = Boltzman’s constant

T = absolute temperature

I — ionic strength
Equation (i) of Ropsarp and CrarameacH (1971) may be rewritten to obtain an expression for
electrophoretic mobility, M, in a gel of concentration C which may be written as

M, = 10—K,-0Ui (2)

where

M ; = electrophoretic mobility of P,

K, = retardation coefficient of P;

U, = free electrophoretic mobility as defined in equation (1)

C —= concentration of gel.
Using equations (1) and (2) we may obtain an expression for the ratio of the mobilities of
proteins i and j in a gel of concentration C. This expression may be written as

M, L fQi R [ k(B [FRD

S R RLEGLE i ;

a, = O C{oj} {Ri} 1‘+K(Ri+r)} {f(x’%) ®
Let CR = Q,/Q;, R, = M,/M, and K = K, K. A slight rearrangement gives

. .3
CR— R {101{0}{&} 1+x(Ri+r)} {f(x 1) . )
R; 1+ «(R;+7) f(x®:)

Equation (4) provides the means to estimate the charge ratio of two proteins without know-
ing the absolute charge of either protein. The radius of a protein may be estimated from its
molecular weight (MW) by equation (vii) of Ropsarp and CuramMsacu (1971) which is given
as (5) below.

R= {3 (MW 7)/4=N}¥ (5)
where
MW, = molecular weight of P,
v=0.74
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Equations (4) and (5) now permit one to estimate CR from knowledge of Rm, K, MW, MW ,,
C and r. The values of C and r are experimental constants. Rm may be measured directly and
K;, K;, MW ;, and MW ; may be determined from Fercuson plots as described by Ropbsarp and
Curamsace (1971). The values of MW, and MW ; may also be estimated by the methods of
Comps (1976), which are only a slight modification of the methods of Ropsarn and CHraMBACH
(1971). The value of X may be estimated as the slope of the relationship between log (Rm)
and C. The value of Henry’s function may be evaluated numerically or through an approximation
given by equation (vii) in appendix V of the paper by Robearp and CeramBaca (1971).
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