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Introduction

Recent studies of the structure and genetics of hemoglobin have shown
several instances of clusters of genes producing sets of closely related globin
polypeptide chains. The first such cluster to be demonstrated was the pair of
genes coding for the 8 and 8 chains of humans.! Closely linked pairs of a-
chain genes have been found in some individuals in Hungary,? although in
Melanesia there are individuals with only one a-chain locus.®* There may be
as many as four y-chain loci clustered together in humans.* I will call a closely
linked pair, such as the genes coding for human 8 and 8 chains, a “doublet,”
and a single gene a “singlet;” the terminology is based on that of Spofford.”

Mice provided one of the first examples of a globin chain doublet in non-
humans. In 1962, Hutton and colleagues & 7 showed that some inbred strains
of mice have an adult S-chain doublet producing two B8 chains in unequal
amounts, which subsequently was called Hbb?; other strains have an adult
B-chain singlet, Hbb®. Morton® discovered a third allele at the 8-chain locus
of mice, Hbb?, with the p hemolysate bearing some resemblance to the d
hemolysate. The conclusions of Hutton and colleagues remained in some dispute
until recently, because there were no actual sequence data confirming that the
d hemolysate contains two structurally different 8 chains. In 1972, I reported
that the hypothesis of Hutton and colleagues was correct; I isolated two hemo-
globins from the d hemolysate and showed that they possess structurally different
B chains, gdmin (produced as about 20% of the total) and gimaJ (accounting
for the remaining S-chain production).? I also confirmed that Hbb? is a variant
of the Hbb? allele, since it produces a variant minor 8 chain, gemin. Rifkin 10, 12
presented tryptic peptide composition data on 8% and BImai, and Popp has se-
quenced most of g% and B9mal.13 A summary of my data and those of Rifkin
and Popp, showing the differences that are known among the B8 chains of
laboratory strains of mice, is shown in FIGURE 1.

Mice have also been shown to have a-chain doublets. Rifkin and col-
leagues *° showed in 1966 that one inbred strain of mice has two a chains,
which differ from each other in at least one position. Another inbred strain
that they examined has only one a chain. Von Ehrenstein ** had earlier found
that the rabbits he examined have two o« chains; he suggested that perhaps only
a single gene was responsible for producing both chains, by means of “ambig-
uous translation.” Rifkin and colleagues suggested that translational ambiguity

* This work was supported in part by Grants GM20069, GM00398 and 1 FO 2
HL55564-01 from the National Institutes of Health.
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might be operative in the case of mice as well, although they did not rule out
the possibility of gene duplication. _ o

In 1968 Hilse and Popp'® showed that the two « chains found within a
given inbred strain of mice differ at three positions. Two differences occur

Bdmaj 0 fpmaj
"(5 y
9 Bs 11
2

Bdmin ¢———9 Bpmin

9 13 16 20 22 23 58 73 76 717 80 109 139
Bs Ala Gly Gly Ala Glu Val Ala Asp Asn His * Met Ala
Bdmaj Ala Cys Gly Ser Glx Val Ala Asp Asn His * Met (Thr)
Bdmin Ser (Cya) Ala Pro Glx Val Pro Glu Lys Asn Asn Alx (Thr)
Bpmin Syr Cys Ala Pro Ala Ile Pro Glx Lys Asn Asn ? (Thr)

FIGURE 1. A comparison of Mus musculus musculus g chains g*, ™%, p*™'* and
gr™'" at the positions where differences were found. No differences were found be-
tween g*™* and g""*. Data of Rifkin' " and of Popp'* ' are used for 8° and
g™ whereas my data * give partial sequence information on g™'», g*™!* and g*™*,
as well as on 8" and g*. My data on 8" do not agree with those of Popp at posi-
tions 72 and 80; in this figure I use my data for position 80. The alanine-threonine
difference between g* and g*™*), in the C-terminal region covered by tryptic peptide
BT-14, was demonstrated by Rifkin; ™ Popp has suggested that this difference occurs
at position 139."® Bonaventura and Riggs * first demonstrated that cysteine is at posi-
tion 13 of g™,

Uncommon symbols are $, Syr, serine or cysteine; Alx, probably alanine, pos-
sibly valine; ?, an unknown residue; *, probably serine; ** not arginine; ***, not
methionine. Standard abbreviations are: A, Ala, alanine; R, Arg, arginine; N, Asn,
asparagine; I" Asp, aspartic acid; C, Cys, cysteine; E, Glu, glutamic acid; Z, Glx,
glutamic acid or glutamine; G, Gly, glycine; H, His, histidine; I, Ile, isoleucine; L,
Leu, leucine; K, Lys, lysine; M, Met, methionine; F, Phe, phenylalanine; P, Pro,
proline; S, Ser, serine; T, Thr, threonine; W, Trp, tryptophan; Y, Tyr, tyrosine; V,
Val, valine. Parentheses around a residue mean that tryptic peptide composition
data are all that are available, and that the position in the sequence has been in-
ferred by homology.

within a single tryptic peptide, yet only two of the four possible tryptic peptide
variants were found, which is not compatible with any simple scheme of trans-
lational ambiguity. They also showed that, in some cases, an inbred strain with
only one a chain had one of the a-chain variants possessed by a strain with



418 Annals New York Academy of Sciences

two a chains. Hilse and Popp interpreted their data to mean that mice with
two a chains have an a-chain doublet, rather than an ambiguously translated
singlet. In rabbits, as well, the translational ambiguity hypothesis has not been
supported by recent evidence, which suggests that the two & chains found in
rabbits are allelic variants.’® Thus, globin-chain doublets have not been demon-
strated in rabbits, although there is a good deal of evidence that doublets occur
in mice.

The situation in rat hemoglobin bears a strong resemblance to that in the
mouse. Early electrophoretic studies of hemoglobin from inbred and random
bred rats showed several hemoglobin components in unequal proportions.!*
Three electrophoretic patterns were found among the various animals. The
patterns could be interpreted as two pure patterns and a mixture of the two.
In each pure pattern, four components were found. The two pure patterns
differed in that two components of one pattern were displaced relative to the
homologous components of the other pattern.

Using isoelectric focusing, Stein and colleagues ! isolated and studied six
hemoglobins of the inbred rat hemolysate, and they failed to show a poly-
morphism. However, results of Drysdale and colleagues '? suggest the need for
caution in interpreting isoelectric focusing data. They studied human and
animal hemoglobins. The human study shows that the method is extremely
sensitive, resolving hemoglobin components that differ from each other by
chemical modification of the globin (N-terminal blockage, for example). They
found that the rat hemolysate has eight components, though several of those
components are present in very small amounts. Recent data of Garrick *®
suggest that isoelectric focusing data are correctly interpreted as suggesting six
hemoglobin components; she found that the inbred rat hemolysate contains two
a chains and three 8 chains.

Brdi€a and colleagues ' have presented partial sequence data on one of
the a chains of rat hemoglobin, and Garrick has sequenced the major & chain
and most of the minor .2 Comparing a-chain sequences of rat, mouse and
rabbit, it is clear that substantial divergence has occurred. Rabbit** and
mouse 23 a chains differ in at least 22 positions, and the data of Brdi¢a and
colleagues and of Garrick, suggest that about the same number of differences
would be found upon comparing rabbit and rat or mouse and rat. This con-
trasts with the relatively smaller -number of differences found among variant
o chains of mice. I obtained structural data on 79% of the a chain of M.
caroli.** Compared with Popp’s sequence of M. musculus e chain,** caroli o
was seen to differ in only three positions (see FIGURE 6 below), despite the
fact that DNA hybridization data 2* show that the two Mus species, caroli and
musculus, diverged V3 as long ago as mouse and rat.

The major question with which my present paper tries to deal is whether
some function is served by the existence of doublets. There are two limiting
possibilities, complete redundancy of the two loci and their absolute importance
to the survival of the animal. For example, Boyer and colleagues *¢ suggested
that the 8 chain of humans probably serves no function not also fulfilled by the
B chain, because 8 is present at a level only a few per cent that of the 8 chain.
This implies that the doublet could be replaced by a singlet producing only
the 8 chain without any disadvantage. An example of the other limiting possi-
bility is provided by the linked embryonic and adult B-chain loci in mice.**
The embryonic locus serves a function quite important and distinct from that
of the adult locus. Both loci are presumably essential to the mouse’s survival.
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In the evolution of doublets, there are likely to be intermediate stages be-
tween the limiting possibilities of redundancy and absolute importance of the
two loci. A doublet may confer some selective advantage to an animal without
both loci being absolutely essential for its survival. There is some evidence that
this is true in the base of the mouse Hbb? allele. The electrophoretic study by
Selander and colleagues 2 of hemoglobins of wild North American mice,
showed that the Hbb?-Hbb* polymorphism occurs in every mouse population
that they had adequately tested. In some populations there was an excess of
heterozygotes. These data are consistent with the hypothesis that the Hbb’-
Hbb* polymorphism is being maintained by balancing selection, which means
that one homozygote may be inferior to the other, but that the polymorphism
is maintained because the heterozygote is superior to either homozygote. The
major difference between the Hbb? and Hbb* alleles lies in the production by
Hbb? of a minor chain, gimin, gince there are only three known differences
between major chains 89maJ and 8* but nine differences between gimin and
Bimal and eleven between Bdmin and g% (see FIGURE 1). One is led to ask
whether the minor 8 chains may not have a more marked effect than the major
chains in the maintenance of the doublet-singlet polymorphism.

I decided to investigate this question by studying the structures of hemo-
globins from mouse species other than the laboratory species, M. musculus
musculus, which was used in the previous studies. I reasoned that, if gimin
served no function that contributed to the selective advantage of a heterozygous
mouse possessing it, then there would be few selective constraints on it and its
structure would be rather variable in different mouse species, since even dele-
terious mutations might be incorporated as substitutions. If I were to find a
large degree of variability among minor 8 chains of the various mouse species
being examined, or if the minor 8 chain were frequently not present in mice,
I would tentatively conclude that there is no selective advantage in possessing
the minor 8 chain produced by the Hbb? locus. If very little variability were
found among minor 8 chains, I would interpret this to mean that it is likely
that the minor 8 chain is selectively important to the mouse.

Materials and Methods

Wild Asian mice of species M. caroli, M. cervicolor and M. musculus
castaneus were originally trapped and characterized in Thailand by Dr. Joe T.
Marshall. M. musculus molossinus were originally from Dr. Fusanori Hamajima
(Kyushu University, Fukuoka, Japan). I obtained M. musculus molossinus,
M. musculus castaneus and M. caroli from Dr. M, Potter (National Institutes
of Health, Bethesda, Maryland), and M. cervicolor and additional M. caroli
from Dr. T. C. Hsu (University of Texas, M. D. Anderson Hospital and Tumor
Institute, Houston, Texas).

Starch gel electrophoresis of hemoglobins was performed using gels made
with “tris-borate-versene” (TBV) buffer ** but with the ethylenediamine-tetra-
acetic acid (versene) concentration increased to .005 M. (Tris concentration
was .045 M and boric acid concentration .025 M). Hemoglobin samples were
run both with and without prior treatment with cystamine, which couples
S-ethylamine groups to the accessible sulfhydryl groups of the protein. The
procedure for cystamine treatment was reported by Wegmann and Gilman.?®
Untreated samples, when run on a gel containing treated samples, were subject
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to the treatment procedure except that an equivalent amount of sodium chloride
was substituted for cystamine. Alkaline urea gels were made with the same
concentration of TBV buffer as gels without urea. Urea concentration was
6 M, mercaptoethanol concentration was .05 M, and gels were made using
the procedure of Smithies and colleagues 3!

Sequencing was carried out using an Edman-Begg sequenator,3? with pro-
cedures of sequenator sample processing as described by Smithies and col-
leagues 23 with one modification. Milder sodium hydroxide (NaOH) hydrolysis
than they described (for conversion of thiazolinones to amino acids) permitted
recovery of asparagine in about 50% vyield, whereas the harsher procedures
convert it all to aspartic acid. The mild procedure uses .15 N NaOH (instead
of .2 N) and one hour hydrolysis (instead of 3.5 hour) in an autoclave of
21 pounds pressure (127°C). Following NaOH or hydriodic acid, (HI) hy-
drolysis, samples were analyzed on a modified Technicon TSM-1 amino acid
analyzer, as described by Smithies and colleagues. I also use their computer
processing technique to correct for out of step cleavages and background, with
one modification: For each amino acid, the same background was subtracted
at every position so as to minimize background noise but not lose information.

Unfractionated hemolysate was sometimes run on the sequenator; to obtain
sequence data on major or minor hemoglobins separately, hemolysates were
fractionated by means of diethylaminoethyl-Sephadex® chromatography using
a concentration gradient of ammonium acetate (from .03 M to .12 M) at about
pH 9. Heme was removed from the globin before sequencing by the method
of Rossi-Fanelli and Antonini.3*

In order to gain information on the interior of goerok, unfractionated caroli
globin was cleaved with cyanogen bromide (CNBr).?* The solution contained
10 mg./ ml. of protein, 40 mg./ml. of CNBr, 7 M guanidium hydrochloride and
.33 N HClI, and the reaction was for 18 to 24 hours at room temperature. Salts
were removed using a column of Sephadex G-50, which also achieved some
fractionation of peptide material.

Results
Asian Mus musculus: molossinus and castaneus

Alkaline starch gel electrophoresis suggests that the hemolysates of the
Japanese mouse M. musculus molossinus have one major and one minor hemo-
globin, which are similar to those of the d hemolysate, as shown in FIGURE 2a.
The four mice that I tested of the Thai species M. musculus castaneus gave
hemoglobin patterns, like that shown in FIGURE 2b, similar to that of a 50:50
mixture of p and d hemolysates. Hemolysate from another mouse, analyzed
on acrylamide gel by Whitney,?® showed a pattern like that of the d hemolysate.
These data suggest that M. musculus molossinus has the Hbb® allele, whereas
M. musculus castaneus has both the Hbb? and Hbb? alleles segregating in the
population. Urea starch gel analysis of the globin chains of these animals
(FIGURE 2c) suggests, however, that both M. musculus molossinus and M.
musculus castaneus possess a minor chain that migrates slightly differently
from gdmin  gomin migrates like the a chain at the alkaline pH of this gel,>* so
that this gel result is consistent with the presence in the castareus hemolysate
of grmin even though only one minor band is seen. Therefore, molossinus and
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FiGURe 2. Starch gel electrophore-
sis of hemoglobin from Asian mice
Mus musculus molossinus and Mus
musculus castaneus, as compared to
hemoglobin of laboratory strains of
Mus musculus musculus. In A, B and
C labels refer to hemoglobin compon-
ents of Mus musculus musculus sam-
ples.

A. A comparison of hemolysates of
M. musculus molossinus (left) and
M. musculus musculus (genotype
Hbb'/Hbb*). Sample 1: Molossinus
hemolysate, +.0065 M. dithioerythri-
tol (DTE). Sample 2: d hemolysate,
+.0065 M. DTE. Sample 3: d hemo-
tysate, no DTE. The heavy streaking
in front of the major band of molos-
sinus hemolysate, seen in the d sam-
ple only in the absence of DTE, may
be due to the fact that the molossinus
sample was several days old when
tested.

B. A comparison of a hemolysate of
M. musculus castaneus (left) with a
50:50 mixture of d and p hemoly-
sates from M. musculus musculus.
Both samples are .0065 M. in DTE.
Sample 4: M. musculus castaneus
hemolysate. Sample 5: 50:50 mix-
ture of d and p hemolysates.

C. Alkaline-urea starch gel electro-
phoresis of globin from M. musculus
castaneus, d and M. musculus molos-
sinus. Sample 6: M. musculus cas-
taneus globin. Sample 7: d globin.
Sample 8: M. musculus molssinus
giobin.
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castaneus probably both possess a variant of Hbb?, and castaneus also possesses
the Hbbr allele.

Sequenator studies of molossinus and castaneus hemoglobins were con-
sistent with starch gel data.?* An N-terminal sequence for 26 positions of
unfractionated molossinus globin showed no differences compared to Popp’s
sequence of d hemolysate.’® Sequence data were also obtained on 57% of
purified molossinus minor 8 chain, and no differences were found compared to
dminor hemoglobin. If, as the starch gel data suggest, there is a small difference
between 8min and molossinus minor 8, it must be in the 43% of the molecule
for which I have no sequence data.

An N-terminal sequence analysis was also performed on unfractionated
castaneus globin for 26 positions. At position 20, castaneus major 8 has
alanine, rather than the serine found in gdmaj gnd grmai, That was the only
difference found, compared to the sequence expected from a mixture of d and
p hemolysates. At positions 16, 20 and 23 I could distinguish residues present
in low amounts relative to the predominant amino acid at a given position,
which I will call “minor residues.” The minor residues at 16, 20 and 23 were
alanine, proline and isoleucine, respectively, which are the ones expected if
the castaneus hemolysate is like a 50:50 mixture of molossinus and p hemoly-
sates, as the starch gel data implied.

Mus caroli

Starch gel data had suggested that the hemolysate of the Thai mouse M.
caroli has one major component, with only traces of trailing components.2
It therefore resembles s hemoglobin, the sole hemoglobin of homozygous
Hbb*/ Hbb* mice. Cystamine treatment studies similar to those described below
for hemoglobin of M. cervicolor showed, however, that caroli hemoglobin has
two cysteines per 8 chain, like gdmai and unlike g8%.2¢ A sequence analysis was
therefore undertaken in order to see why a 8 chain resembling gdmai in cysteine
content was found in an animal that did not also produce gimin,

FiGURE 3 shows N-terminal sequenator data for unfractionated caroli
globin. The data are presented as a semilogarithmic plot of relative yield of
amino acids at each position versus position number, as described by Smithies
and colleagues.?®* Above the “noise” cutoff line, no more than two different
amino acids are found at each position, being from the sequences of o and 8
chains. Since 8° and the musculus a-chain sequences have been almost com-
pletely elucidated by Popp,'% 23 the two residues at each position of the plot
can be sorted out with reasonable assurance into the one from the a chain and
the one from the 8 chain. These interpretive sequences of caroli a and 8 chain
are shown below the data plot.

These data show a surprising result: In the region analyzed (the N-terminal
43 residues), Bearet has the same amino acids as Bdmin at two of the three
positions at which gdmiz differs from gdm2. The data also show that the caroli
a chain has asparagine at position 8, compared to the serine of musculus a.

In order to determine whether gearoli resembles gdmin at the other points of
difference between Bimin and gdmai, a procedure was used to gain sequenator
data on the interior of gearoll, M. caroli globin was cleaved with CNBr, and
the resulting mixture of peptides was partially fractionated on Sephadex G-50.
The initial peak off the column, which contained one of the larger peptides
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FIGURE 3. N-terminal sequence of unfractionated Mus caroli globin. Valine at
Position 1 is not shown; it is off scale at a value of 1.8. The plot is that of HI hydro-
lysis data, as modified to include NaOH hydrolysis data where appropriate. (See
legend to FiGUrE 1 for symbols.)
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and a considerable amount of heme, was sequenced and found to give predomi-
nantly a single sequence starting at position 56 of the 8 chain (by homology
with Popp’s sequence of 8°1%). FIGURE 4 shows the semilogarithmic plot of
the data for this peptide. Above the cutoff line, residues were recovered at
every position but 4 and 14 (which correspond to 859 and B69). Other
sequenator data on mixtures of CNBr fragments from caroli globin suggest
that lysine and threonine are present at those positions, respectively, as is the
case for musculus B chain. These residues are shown in parentheses in the
interpretive sequence below the data plot. These data show that gearoli s like
Bémin at positions 16, 20, 58 and 80, whereas it is like gimai at 9, 73, 76 and 77.

Mus cervicolor

Hemoglobins of Thai species M. cervicolor show starch gel electrophoresis
patterns quite different from the single band of caroli hemoglobin. FIGURE §
shows an alkaline starch gel analysis of hemolysates from two mice of species
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FIGURE 4. Sequence of a peptide from the interior of g®**°%, obtained by CNBr
cleavage of unfractionated caroli globin and Sephadex G-50 fractionation of the mix-
ture of peptides. The plot is that of NaOH hydrolysis data. (See legend to FIGURE
1 for symbols.)
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FIGURE 5. Starch gel electrophore-

sis of hemoglobins of two mice (1 and l::dlng (e)
3) of species Mus cervicolor, as com- ner
pared to hemoglobin of laboratory

strains of Mus musculus musculus. major (¢)
All samples are .0065 M. in dithio-

erythritol (DTE). In both A and B, S

labels refer to hemoglobin compon-
ents of the two samples on the right.
A. Demonstration that the major
hemoglobin of cervicolor mouse 3 has
half as many free cysteines as pmajor
(which has four per hemoglobin mole- inor
cule, like dmajor). See text for the ‘- "rﬂ”y}ﬂlc}
reasoning behind this conclusion.

Sample 1: p hemolysate, +.25 M. L
NaCl. Sample 2: Cervicolor mouse

3 hemolysate, 4.25 M. NaCl. Sam-

ple 3: p hemolysate, +.25 M. cysta- b
mine. Sample 4: Cervicolor mouse 3 “
hemolysate, +-.25 M. cystamine.

B. Demonstration that the major
hemoglobin of cervicolor mouse 1 has

the same number of free cysteines as

+

dmajor. Sample 5: d hemolysate, leading (¢)
+.25 M. NaCl. Sample 6: Cervico- il
lor mouse 1 hemolysate, +.25 M. dmajor
NaCl. Sample 7: d hemolysate, +.25 major (c)
M. cystamine. Sample 8: Cervicolor 5% dminor
mouse 1 hemolysate, .25 M. cysta-
mine. trailing

L === minor ()

5 6 7 8

M. cervicolor, which shows that there is a polymorphism in that species for the
major hemoglobin component. Hemolysates from the two mice were run both
with and without cystamine treatment, which attaches a positively charged
S-ethylamine group to each free cysteine of the hemoglobin molecule. In
FIGURE 35a, cystamine treated and untreated samples of hemolysate from cervi-
color mouse 3 are compared to treated and untreated samples of p hemolysate.
It can be seen that the mobilities of the leading minor component and the major
component of cervicolor hemolysate are altered by cystamine treatment to about
the same extent, but that the mobility of the major component of the p
hemolysate (pmajor) is altered by about twice that amount. Since pmajor has
four free cysteines, two per 8 chain, this suggests that both the major and lead-
ing minor components of mouse 3 have only one cysteine per 8 chain. On the
other hand, the mobility of the trailing minor hemoglobin of the p hemolysate
(pminor) and that of the cervicolor hemolysate are altered to the same extent
by cystamine treatment, which suggests that the cervicolor trailing minor com-
ponent has a B8 chain with two cysteines as does the 8 chain (8rmin) of the
trailing minor component of the p hemolysate.

FIGURE 5b shows that the hemolysate of cervicolor mouse 1 does not yield
the same result. The mobilities of the leading minor component and the major
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component of this hemolysate are altered to the same extent as that of dmajor
hemoglobin. This suggests that the major band and the leading minor band
of the hemolysate of mouse 1 have 8 chains with two cysteines, like gimal,
Since the mobility of the trailing minor band of the mouse ! is altered by the
same amount, it probably has a minor 8 chain with two cysteines, like the
minor 8 chain of mouse 3.

Thus, these starch gel electrophoresis data on cervicolor hemoglobin suggest
that there is a polymorphism for the major 8 chain of cervicolor. The data
indicate that one of the cervicolor major 8 chains has one cysteine, whereas the
other major 8 produced by the other allele at the B-chain locus has two
cysteines. The major 8-chain polymorphism of cervicolor therefore bears some
resemblance to the major S-chain polymorphism of musculus for g2 and gimal,
since £* has only one cysteine whereas 84ma) has two. The starch gel data
also suggest that cervicolor has a minor a chain: When a given cervicolor
hemolysate has a major hemoglobin with a 8 chain with two cysteines, the
mobility of the leading minor band is altered by cystamine as if it had a 8
chain with two cysteines; when a cervicolor hemolysate has a major hemoglobin
with a 8 chain with only one cysteine, the mobility of the leading minor band
is altered by cystamine treatment as if it had a 8 chain with one cysteine. This
suggests that the leading minor band has the major 8 chain, like the major
band, in which case the most likely explanation for the difference in elec-
trophoretic mobility between the major band and the leading minor band is
that they differ in « chains, the major band having the major a and the leading
minor band a minor & . By analogy with the p hemolysate, the trailing minor
band is probably composed of the major & chain and a minor 8 chain.

Sequenator data have confirmed that there is a polymorphism in the major
B chain of M. cervicolor. FIGURE 6 summarizes the differences that I have
found between the two major 8 chains of cervicolor and compares them with
Bima) and Bearoll; FIGURE 6 also shows a comparison of & chains of musculus,
caroli and cervicolor. These data confirm what was sugggested by starch gel
data; that one major cervicolor 8 has glycine at position 13 (like 8°), whereas
the other has serine or cysteine (89! has cysteine). The other two positions
at which the two major cervicolor 8 chains differ, 16 and 73, are, however, not
positions at which g% and gimaj differ (the latter differ at 20 and near the C-
terminus, probably at 139 13),

In the sequence data on unfractionated cervicolor globin,>* minor levels
of amino acids were found at positions 12 (Asx), 13 (Gly), 16 (Ala), 73
(GlIx), 76 (Asn) and 77 (Lys). It is likely, by homology with gimin that all
of the minor residues but those at positions 12 and 13 are from the cervicolor
minor 8 chain. At 12 and 13, it is possible that they are from either the
minor & or minor 8 chains. So it appears that cervicolor minor g8 is probably
like gdmin and unlike gim=J at 16, 73, 76 and 77. Cervicolor minor B is also
like gdmin in lacking methionine at 109, although this is also true of cervicolor
major 8. There were two positions at which minor residues were not found,
although they would be expected if cervicolor minor 8 were like gimin: At
20 and 58, no minor residues of proline were detected. In addition, at 22,
neither cervicolor major nor cervicolor minor 8 chain has “GIx.” At 22, the
major chain has alanine; the minor 8 may have serine or alanine, so that at
this position both chains are probably like gomin (which has alanine). Thus, at
seven of the nine positions at which gimin differs from gimai (16, 20, 58, 73,
76, 77 and 109), some statement can be made. as to whether or not cervicolor
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minor B is like gimin, At five of these positions (16, 73, 76, 77 and 109)
cervicolor minor 8 does resemble gdmin,

Discussion

Three alleles at the 8-chain locus (Hbb) have been identified in laboratory
strains of M. musculus. Hbb®, a singlet, produces one major 8 chain, 83, and

Beta Chains:

13 14 16 20 22 25 S8 73 76 80 104 109 111 121
caroli Cys Met Ala Pro Glx Gly Pro Asp Asn Asn ** Met Leu Glx

major
cervicolor 2 Syr Leu Ala Syr Ala Ala Ala Asp * Asn ? #%% 2 ?

major
cervicolor 3 Gly Leu Gly Syr Ala Ala Ala Glx * Asn ? %k 27 7

Bdma i Cys Leu Gly Ser Glx Gly Ala Asp Asn * Arg Met Val Asp

FIGURE 6. A comparison of major « and 3
chains of Mus cervicolor** and Mus caroli®* with
o chain # and g*™* ™ * # of Mus musculus mus-
culus, at the positions where differences were
found. My data on Mus musculus molossinus a
chain * differ from Popp’s data ® on Mus muscu-
lus musculus a. 1 found alanine at 70 and glycine

Alpha Chains:

carol{ Asn Ser Ala .91 "whereas Popp found glycine at 70 and ala-
nine at 71. Mus caroli o, chain also has alanine at
1 A 2 70.* The simplest assumption, which I make in
cervicolor sn *  this figure, is that musculus o chain has glycine at
71. I have sequence or tryptic peptide composi-
tion data on 79% of caroli a chain, 42% of cervi-

musculus Ser Gly Gly

color major a chain, 70% of caroli 8 chain, 48%
of the major 8 chain of cervicolor mouse 2 and
36% of the major 8 chain of cervicolor mouse 3.
Alkaline-urea starch gel electrophoresis of globin
chains shows that cervicolor mouse 2 has, as its
only major 8 chain, that 8 which was found in
mouse 1% (see FIGURE 5). (See legend to FiG-
URE 1 for symbols.)

no minor chains. Hbb?, a doublet, produces a major 8-chain variant, gimai, as
well as a minor 8 chain, gimin, Hbbr, a doublet, produces a major 8, grmai,
which has not been found to differ from gma, as well as a minor B-chain
variant, gemin, Sequence differences among the various chains are shown in
FiGURE 1. The Hbb'-Hbb* polymorphism is found in every North American
or European wild mouse population that was adequately tested by Selander
and colleagues; ** they suggested that selection may be maintaining the poly-
morphism.
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Hemoglobins of wild Asian mice were examined in order to see the extent
to which the minor 8 chain varies among various species. A large degree of
variability among minor 8 chains, or lack of a minor 8 chain in many species,
was to be taken as evidence that there are few selective constraints on the
minor 8 chain, and that it serves no function that contributes to the selective
advantage of a mouse possessing it. If this is the case, then it is likely that
selection is acting only on the major 8-chain polymorphism, for 8% and gimsj,
and that the production by Hbb? of the minor 8, and its lack of production by
Hbbs, does not contribute to the maintenaince of the polymorphism.

Variants of the Hbb! and Hbb? alleles were found in the Asian musculus
subspecies M. musculus molossinus and M. musculus castaneus. Starch gel
electrophoresis data indicated that M. musculus molossinus has a doublet like
Hbb?, except that its minor 8 chain differs somewhat from gimin (although the
differences were not revealed by sequence analysis covering 57% of molossinus
minor B8). Starch gel electrophoresis indicated that M. musculus castaneus has
hemoglobins like a mixture of molossinus and p hemoglobins; however, a
difference was found between castaneus major 8 and gimal (or grmnd), at
position 20. Structural analyses of gImin from three laboratory strains of
musculus (Swiss, AKR/J, and C3H/HeJ) showed no variability.?* These data
on the minor 8 chain of a variety of mice of species M. musculus, as well as
the electrophoretic study of Selander and colleagues,?® which reveal no vari-
ablity in a large sample of wild mice, are consistent with the hypothesis that
the minor 8 chain fulfills some functionally significant purpose in mice, since
little variability was found.

In contrast, hemoglobins from non-musculus species differ considerably
from those of M. /nusculus, both in major and minor 8 chains. M. cervicolor
apparently has one major and one minor B chain, as well as a major and a
minor & chain (major and minor & chains have also been demonstrated in
musculus *®). There is a polymorphism for the cervicolor major 8 chain, that
resembles the g%, gdmai polymorphism of musculus, although both cervicolor
alleles are doublets, each producing a minor 8 chain as well as the major. At
two of the positions at which gimin differs from g™, the minor 8 chain of
cervicolor does not resemble g¢min (at 20 and 58). At five of those positions,
however, it does resemble gdmin (at 16, 73, 76, 77 and 109). (For two of
those positions, 9 and 80, there is no information.) This conservation of resi-
dues in the C-terminal half of the molecule suggests that, if there is a functional
differentiation between major and minor 8 chains, then these C-terminal posi-
tions (73, 76, 77 and 109) are the most important in causing that differentiation.
A rationale for the functional importance of some of these residues is presented
below.

M. caroli, the other non-musculus species examined, produces a major 8,
Bearell but no minor 8. The similarity of gearell to gimin jn jts N-terminal
region, and to 89mni in its C-terminal region, led me to hypothesize that gearelt
is a Lepore type of 8 chain.? In other words, I suggested that the gene coding
for gearelt might have arisen by means of an unequal crossover between Hbbdmai
(coding for Bdm*j) and, on the other chromosome, Hbbimin (coding for gimin),
This possibility is illustrated in FIGURE 7. Other interpretations of the data
are possible, however, which do not assume that gearoll js a Lepore type of
B chain.?

The fact that M. caroli apparently has no minor 8 chain does not support
the hypothesis that the minor 8 chain of other Mus species is functionally
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important. If caroli hemoglobin were superior to the major hemoglobins of
other mice, however, then the fitness of M. caroli might not be less than that
of other mice, despite the lack of the contribution to its fitness that the minor
hemoglobin might be expected to make. 1 have suggested that gcorel may be
functionally different from the other mouse major 8 chains, because it differs
from them at position 14 in having methionine instead of the usual leucine;
1 proposed that residues of the 8 chain (such as at 14) that are in contact with
tryptophan at position 15 in its hydrophobic pocket may be functionally
important.® If my hypothesis is correct, the difference at position 14 between

Hypothetical
Ancestral Sequences:

9 14 16 20 58 73 76 77 80 104 109 111 121

Bdmaj Ala Leu Gly Ser Ala Asp Asn His Asn Arg Met Val Asp

Bdmin Ala Leu Ala Pro Pto/Glu Lys Asn Asn Arg Met Val Asp

Rcaroli Ala Leu Ala Pro Pro Asp Asn His Asn Arg Met Val Asp

Further
Divergence

Present
Sequences

Bdmaj Ala Leu Gly Ser Ala Asp Asn His _* Arg Met Val Asp
Bdmin Ser Leu Ala Pro Pro Glu Lys Asn Asn Arg Alx Val Asp

Bcaroli Ala Met Ala Pro Pro Asp Asn His Asn ** Met Leu Glx

FIGURE 7. Unequal crossover. The “Lepore hypothesis” that I proposed as one
way to account for the evolution of g*“*°"® The sequences are shown for only those
positions where differences were found between g™, g™ and g<*v°", Positions
where divergence is assumed to have occurred following the unequal crossover event
are underlined. (See legend to FIGURE 1 for symbols.)

Bearot and the major 8 chains of other mice might be expected to lead to
functional differences between them.

If Aot js indeed a Lepore type of 8 chain, then it is possible that selective
factors favoring fixation of the crossover chromosome (which lacks the minor
B-chain locus) may have been more important than selective factors favoring
retention of the minor 8-chain locus. For example, if the mutation from leucine
to methionine at position 14 took place in the minor 8-chain locus, before the
unequal crossover event, and if methionine at 14 would have been more
advantageous had it occurred in a B8 chain with C-terminal residues of the
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major 8 chain, then the unequal crossover might have created a selectively
favored singlet lacking the minor 8-chain gene.

My analysis leaves open the question of whether or not the minor 8 chain
found in most of the mouse species examined serves an important function.
Implied in my analysis is the assumption that functional differences between
major and minor hemoglobins can lead to selective differences, so that an
animal with a minor B-chain locus has a selective advantage over an animal
without it. These selective differences are also assumed to be able to account
for the maintenaince of the Hbb2-Hbb* polymorphism by balancing selection.

A hypothesis offered by Spofford  suggests how selective differences deriving
from functional differences might account both for the existence of doublet loci
and for the maintenaince of the doublet, singlet polymorphism. Spofford as-
sumes, -however, that both proteins made by a doublet locus are produced in
equal amounts, which is not the case for the Hbb? locus in mice. So I have
generalized Spofford’s model to permit its application to those doublet loci
which produce the two proteins in unequal amounts, using Spofford’s assump-
tions but a different mathematical formulation.

The most important assumptions are that the enzyme chains produced by
the locus in question associate randomly into dimers, and that the “adaptive
value W of the genotype is the weighted average of the adaptive values of
individuals, real or hypothetical, containing only one of the several dimers
formed by the genotype.” ° Although hemoglobin is a tetramer, I am assuming,
for the purposes of this analysis of the doublet B-chain locus, that the a chain
is the same in every mouse, so that hemoglobin can be formally considered a
dimer of 8 chains. I am also assuming, for the purposes of the analysis of the
Hbbe-Hbb* polymorphism, that 8 and g9™a) are functionally equivalent, as
seems reasonable from the nature of the structural differences between them.

In my mathematical formulation, I define “x” as the relative fitness of the
mouse with only a,8.° (or a,8,9m3). I define “nx” as the relative fitness of the
hypothetical animal with only the hybrid a,8imaigdmin (or g,898dmin), I define
the fitness of the hypothetical animal with only o.8,9™in as unity. Then the
fitness W, of an animal with the arbitrary ratio k of gimaj to gdmin_js (k2x +
2knx + 1)/(k2 4 2k + 1). One can then show, by equating dW/dk to zero
and stipulating that d?W/dk? be negative, that the fitness W has a unique
maximum, as long as x > 1 and n > 1, which occurs when k has the value
(nx — 1)/(nx — x). In other words, an animal with the ratio of gimai to gdmin
equal to (nx — 1)/(nx — x) is the fittest possible animal, as long as «,8,9maJ
is selectively as good as or superior to a,B,9™" and as long as a,Bdmajgdmin jg
superior to both of them. The more superior a,8,9m2) is to a,8,'™®, or the more
similar a,8,9m%} is to a,Bimajgdmin_ the larger the ratio of gimal to gImin wil] be
that optimizes the fitness. This theory shows one way in which the Hbbd-Hbb*
polymorphism may be maintained by balancing selection: It suggests that the
Hbbi/ Hbb® heterozygote has 8 chains in an optimum ratio of major to minor
chain not obtainable by simple homozygosity and is therefore superior to
either homozygote.

This formulation shows that functional differentiation between the major
and minor 8 chains might account for selective differences which maintain
the Hbbe-Hbb?* polymorphism. Using the sequence data, it should be possible
to guess whether such functional differences might occur. The criterion of
Perutz and Lehmann,?” that internal changes can lead to functional alterations,
suggests that at least one of the sequence differences between gémei and gimis
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could lead to functionally important differences between them: At internal
position 109, gdmaJ has methionine and gdmin has either valine or alanine.

It is also possible that points of difference clustered at positions 73, 76, 77
and 80 might be causes of functional differentiation. Those substitutions are
at positions that are potentially able to interact with each other, which suggests
the possibility that functionally important interactions may be occurring. The
residues, however, are all external. Perutz and colleagues suggest that it is
unlikely that position 76 has any functional significance. Their argument is
that the residue at position 76, at which alanine is found in humans, “is ex-
ternal, and has no contact with the haem; it is also a site that is highly variable
in different species (Asn, Gln, Lys, His and Ser have all been found there),
which is against its having any functional importance.” 3® These same arguments
also hold for positions 73, 77 and 80.

I suggest that this view may be over-simplified. There is evidence that
structural variation in at least one of those positions, 73, can lead to func-
tional variation. Bookchin and colleagues showed that Hemoglobin C Harlem,
with a B-chain variant that differs structurally from sickle cell hemoglobin in
having asparagine rather than aspartic acid at position 73, has an oxygen dis-
sociation curve that differs from that of normal hemoglobin Hb A.3® Since
sickle cell hemoglobin has the same oxygen affinity as Hb A,° it is likely that
a substitution at position 73 can cause a functional change in human hemo-
globin, despite the facts that 73 is external and that evolutionary variation
occurs there. Thus, the argument that evolutionary variability implies lack of
functional importance may not be completely valid. Indeed, that argument
seems to be based on the valid converse assertion, that lack of evolutionary
variability at a position implies the functional importance of that position. I
feel that a more correct outlook on the meaning of evolutionary variation at
a position is that it implies lack of vital functional importance of the position.
Any mutation in a vital position would probably alter hemoglobin functioning
considerably, and it would therefore have a high probability of being harmful.
A mutation in a functionally less important position would have a much greater
chance of being only slightly deleterious or even slightly beneficial, and thus it
could have a significant probability of being incorporated as a substitution in
the species.

The Perutz model of hemoglobin structure-function relations therefore does
not allow a clear-cut prediction to be made as to whether or not g¢min and
Bimaj are likely to differ functionally. It does, however, when applied to a-chain
structural differences, suggest that the two a chains produced by the a-chain
doublet of mice are likely to differ functionally. Two of the three positions at
which those a chains differ are almost invariant in mammalian & and 8 chains:
At positions B6[25] and E11{62], one of the a chains produced by the doublet
has the usual residues glycine and valine, respectively, whereas the other o
chain has valine and isoleucine.’® The a chain produced by the singlet a-chain
locus of mice generally has the usual residues at 25 and 62,2° except for one
mouse strain that is now extinct.?

Perutz suggested that position E11{62] has direct functional importance in
hemoglobin.4? It is a heme contact, and it changes its position relative to the
heme upon oxygenation: In deoxy hemoglobin, the valine at E11 blocks the
oxygen binding site in the 8 chain, though not in the a chain, whereas in oxy
hemoglobin valine at E11 does not block the binding site. Position 25 is
invariant in mammalian globin chains because, according to Kendrew,*3 there



432 Annals New York Academy of Sciences

is no room between the B and E helices at that position for a side chain larger
than that of glycine.

The fact that one of the mouse a chains has unusual residues at two essen-
tially invariant positions (25 and 62) suggests that the substitutions at those
two positions may be interacting. One would expect that one substitution at
an invariant position would be harmful, whereas two such substitutions would
probably make the hemoglobin totally dysfunctional unless the effects of one
substitution compensated for the effects of the other. This impression is rein-
forced by the fact that grey kangaroo & chain, the only mammalian globin
chain besides the unusual a chain of mouse to have other than glycine at B6,
has isoleucine at E11 as in the case of that mouse « chain.*

It is likely that the unusual mouse a chain, with valine at B6 and isoleucine
at E11, would be functionally inferior to the more usual o with glycine at B6
and valine at E11, since no existing mouse strain with a singlet a-chain locus
has the unusual & chain as its sole a. Spofford’s hypothesis suggests that it is
possible that the hybrid hemoglobin containing both a chains is functionally
superior to either nonhybrid hemoglobin. A test of this hypothesis could shed
light on how hemoglobin evolves functionally.

[NOTE ADDED IN PROOF: The recent study by Nute and colleagues ¢
demonstrates the potential functional importance of position 8109, which I had
suggested in this paper.]
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DISCUSSION PAPER:
STRUCTURAL STUDIES OF RAT HEMOGLOBINS *

L. M. Garrick, V. S, Sharma,t and H. M. Ranney {

Department of Medicine
State University of New York at Buffalo
Buffalo, New York 14207

Since we are considering structural aspects of rodent hemoglobins, it seems
appropriate to mention some studies on the hemoglobins of the rat. Rat hemo-
globins are of particular interest because a severe anemia resembling thalassemia
exists in the Belgrade strain.! Before we could examine this strain, however,
we first characterized the hemoglobins of normal aduit Wistar animals,

Six hemoglobin components were isolated from rat hemolysate preparatively
by DEAE-cellulose chromatography and analytically by electrophoresis on
cellulose acetate.? As would be expected from the presence of six hemoglobins,
five globin chains were observed, two a chains and three 8 chains. The chains
were isolated from unfractionated hemolysate by CM-cellulose chromatography
according to Dintzis,® which resolved a from 8 chains, followed by CM-cellulose
chromatography according to Clegg and colleagues,* which separated a chains
into two components and 8 chains into three.? The subunit composition of
the hemoglobins was established by electrophoresis on urea-starch gels.> TABLE
1 presents the relationships found. Ya is the major & chain and ", the minor.
These chains are present in about a 3:1 ratio. 18 is the major 8 chain, whereas
I8 and 114 are both minor chains.

The amino acid sequence of Ta was determined and is presented in TABLE 2.
There are 22 differences between rat loo and mouse «. Also, 80% of the
sequence of 'a was established. a is very similar to 'a; only one charge
difference was found occurring at residue 5, which is Ala in Ya and Asp in

TABLE 1
SuBuNIiT COMPOSITION OF THE Six RAT HEMOGLOBINS

Hb Number Subunit Composition

1 1L, M1,
2 1,11,
3 agtisy

4 11,15,

5 L, 114,

6 Le,Ls,

* Supported in part by Grant AM-15234 from the National Institutes of Health
and by the Richard E. Wahle Endowment.

1 Present address: Department of Medicine, University of California at San Diego,
University Hospital, San Diego, Calif. 92103.
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Ig. Two other differences were also found: position 70 in Yo was Ala instead
of Val and position 73 in Ha was Val instead of Leu.

Over 200 rats were examined in our laboratory and all contained six hemo-
globins. The presence of two a chains thus probably represents nonallelic a
loci, i.e., an a-gene duplication. Structural studies of the three B chains are
not yet complete; their presence may reflect a S-gene triplication or may be
due to some type of postsynthesis modification.

TABLE 2
PRIMARY SEQUENCE OF RaAT I,

H-val®-Leu-Ser-Ala-Asp-Asp-Lys-Thr-Asn-Ile-Lys-Asn-Asn-Trp-Gly- 15
Lys-Ile-Gly-Gly-His-Gly-Gly-Glu-Tyr-Gly-Glu-Glu-Ala-Leu-Gln- 30
Arg-Met-Phe-Ala-Ala-Phe-Pro-Thr-Thr-Lys-Thr-Tyr-Phe-Asn-His- 45
Ile-Asp-Val-Ser-Pro-Gly-Ser-Ala-Gln-Val-Lys-Ala-His-Gly-Lys- 60
Lys®Val-Ala-Asx-Ala-Leu-Ala-Lys-Ala-Val-Glx-Aex-Leu-Asx-Asx- 75
Leu-Pro-Gly-Ala-Leu-Ser-Thr-Leu-Ser-Asx-Leu-His-Ala-His-Lys- 90
Leu-Arg-Val-Asx-Pro-Val-Asx-Phe-Lys-Leu-Leu-Ser-His-Cys-Leu- 105
Leu-Val-Thr-Leu-Ala-Asx-His-Gly-Pro-Ser-Asx-Phe-Thr-Pro-Ala 120
Met-His-Ala-Ser-Leu-Asp-Lys-Phe-Leu-Ala-Ser-Val-Ser-Thr-val 135
Leu-Thr-Ser-Lys-Tyr-Arg~OH 141

* Residues not underlined were assigned after automatic sequencing.
" Residues underlined were assigned after amino acid analysis of the relevant pep-

tide and placed by homology to mouse and rabbit & chains.

° Residue not identified.
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