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Studies of the nature and manner of inheritance of differences in 'the primary
molecular structure of mouse hemoglobins are of both theoretical and practical
interest. The mouse system may yield results very helpful in understanding
certain aspects of human hemoglobin variation which are not open to direct ex-
perimental test, since planned genetic crosses and studies of developmental changes
can be made in the mouse. Although up to the present no studies of primary
chain structure, based on the "fingerprint" method, have been reported for mice,
variation in hemoglobin structure has been suspected from the existence of inherited
differences in electrophoretic pattern.
Ranney and Gluecksohn-Waelshl used paper electrophoresis to investigate

the hemoglobins of several inbred mouse strains and found two distinct electro-
phoretic patterns. One of these, the "single" pattern, showed one discrete elec-
trophoretic component. The second, the "diffuse" pattern, showed a trailing
edge on either side of a major component, suggesting the presence of one or more
minor components. Subsequent breeding experiments2 showed the single and
diffuse hemoglobins to segregate as though controlled by allelic genes. More
recently, the locus for single versus diffuse has been shown to be linked to the
gene for albinism in linkage group J.3 Single and diffuse hemoglobins of inbred
mouse strains have now been characterized by several different electrophoretic tech-
niques.4-8 In each case, single hemoglobins contained a single major component,
while diffuse hemoglobins have been observed to have two,5 three,2 or more6 signifi-
cant components. It was not possible to decide in each case whether all the com-
ponents were real or whether denaturation could account for some of them.
To provide a basis for future genetic studies using the structure of each chain as

marker, the differences between the hemoglobins of several inbred mouse strains
were studied by various chemical methods. The results show that a number of
different inbred strains have structurally different hemoglobins and that diffuse
hemoglobins consist of a mixture of two different hemoglobins.

Materials and Methods.-All the mice used in this investigation were produced at the Roscoe B.
Jackson Memorial Laboratory and came from inbred colonies regularly maintained there. The
inbred strains used were C57BL/6J, SEC/1-SeRe, AKR/J, DBA/2J, and C3H/HeJ. These are
referred to in the text as C57BL, SEC, AKR, DBA, and C3H, respectively. In addition, mice
from a stock (FL/Re) carrying the flexed gene, inbred through 17 generations of brother-sister
mating, were used. These are referred to as FL. C57BL and SEC are single-hemoglobin strains,
electrophoretically, while AKR, DBA, C3H, and FL carry diffuse hemoglobin.Y9

Preparation of hemoglobin: The brachial artery was severed and the blood which accumulated
between the rib-cage and the skin was drawn into a heparinized pipette. The erythrocytes were
sedimented (3,000 X g, 15 min) and washed 3 times with isotonic saline. The cells were lysed with
4 volumes of ice-cold distilled water, and all subsequent operations were carried out at 4°. To
this suspension, 0.05 vol. of 0.2 M MgCl2 and 0.05 vol. of 3 M KCl were added. After 15 min
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the stroma were removed by centrifugation (50,000 X g, 30 min). The supernatant was dialyzed
immediately, as described below, or stored at 5°. Hemoglobin prepared in this way from single
strains was homogeneous in the ultra-centrifuge. Radioactive hemoglobin was prepared by
incubating reticulocytes"° with C14-leucine in vitro," followed by the treatment described above.

Resolution of components of mixed hemoglobins: The hemoglobin solution was dialyzed (18 hr
at 40) against "Developer No. 2" of Allen et al."2 at 9/10 concentration. Columns of Amberlite
CG-50, Type II resin, were equilibrated and developed at 40 with the same developer. Hemo-
globin (10-15 mg) was applied to an analytical column (0.9 X 40 cm) and eluted with 300-400
ml of developer in 36 hr. Fractions of 5.0 ml were collected and the optical density read at 280
and 415 my. Hemoglobin (300-600 mg) was applied to preparative columns (5.2 X 35 cm) and
eluted with 7 liters of developer in 100 hr. Selected tubes were pooled, dialyzed against 15 volumes
of distilled water for 18 hr at 4°, and then concentrated by stirring for 2 hr at 40 with 0.005 volume
of a slurry of Amberlite CG-50 resin (previously equilibrated with Developer No. 212 at 2/10 con-
centration). After allowing the resin to settle, most of the clear supernatant was decanted and the
resin was collected by centrifugation. The hemoglobin was eluted by stirring 3 times with 0.5
volume of 0.5 M potassium phosphate buffer, pH 7.0, at 40 and centrifuging. The recovery by
this procedure was approximately 80%.

Polypeptide chain separation: Globin was prepared by the method of Rossi-Fanelli et al."3
with the omission of the bicarbonate dialysis step. The polypeptide chains were separated on
columns of CG-50 Type II resin by a method slightly modified from that of Wilson and Smith.'4-'6

Characterization of the C- and N-terminal groups: The N-terminal amino acid of intact hemo-
globin was studied by the dinitrofluorobenzene method.'7 The penultimate amino acid at the N-
terminus of each chain was determined by a procedure slightly modified from that of Wilson and
Smith.'8 To identify the C-terminal peptide of each chain, 5 mg of separated chain was digested
with carboxypeptidases A and B in a final volume of 0.45 ml according to the procedure of Gui-
dotti,"9 except that the total digestion time was 1 hr. After digestion, the residual protein was
precipitated by the addition of 20 volumes of acid acetone (0.6 ml of 4 N HCl per 100 ml acetone),
washed with ether, and dried. The carboxypeptidase-treated chain was then digested with
trypsin and fingerprinted.

Fingerprinting: The sample (hemoglobin, globin, or polypeptide chain) was adjusted to 5-10
mg/ml in 0.2 M ammonium bicarbonate, pH 8.0, denatured by heating and digested with TCA-
treated trypsin (Worthington Biochemical Co.) according to Hill et al.,20 except that the time of
digestion was extended to 4 hr at 37°. The insoluble material was removed by centrifugation and
the supernatant was stored at - 150. In some cases, the "tryptic" core was isolated and digested
with chymotrypsin. I Fingerprints were prepared by the method of Katz et al. After electro-
phoresis, the papers were dried at 900 for 30 min and stained either with ninhydrin or with special
stains for arginine, histidine, tyrosine, and tryptophan. The procedures used were those col-
lated by Chernoff and Liu.", The peptide patterns of the a- and ,-chains of adult human hemo-
globin prepared by these methods were used as standards for comparison with various mouse
hemoglobins (Fig. 1). The human peptides were numbered by comparison with the data of
Baglioni.21

Results.-Chromatographic analysis: Each of the single hemoglobins (C57BL
and SEC) showed a single major hemoglobin peak upon chromatography on
Amberlite CG-50 resin (Fig. 2a). A very minor component in all cases which
was not retained on the column was also observed but has not been studied. All
four diffuse hemoglobins (AKR, FL, C3H, and DBA) showed a major peak in
the same region as the single hemoglobin plus an additional minor component
(Fig. 2b), which was approximately 20% of the total hemoglobin. It was of some
interest to determine whether the major hemoglobin component of diffuse strains
was identical to the single hemoglobin of C57BL. When mixtures of C57BL and
AKR hemoglobins were chromatographed, a single major peak and one minor
peak of optical density were observed (Fig. 2b). When C14-labeled C57BL hemo-
globin (labeled by incubating C57BL reticulocytes'0 with C14-leucine in vitro'")
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was mixed with unlabeled AKR he- HUMAN t-CHA1N
moglobin and chromatographed, the s
peaks of optical density and radioac-
tivity in the major component did not
coincide perfectly (Fig. 2b). Essen-
tially the same result was obtained
when labeled C57BL and unlabeled Q14
FL hemoglobin were employed. In a 4

control experiment, when labeled and
unlabeled C57BL hemoglobins were 8
employed, the peaks of optical density Q E-7-?#;p wAis
and radioactivity coincided perfectly 7

(Fig. 2a). This asymmetric distribu- HUMAN f-CHAIN
tion of specific activity across the major
peak in diffuse-single mixtures suggests C
that the major component of the dif- 9

fuse strains is not identical with hemo-
globin of the single mouse, C57BL. 13

Thus, the chromatographic evidence
shows that hemoglobin of each of four
diffuse strains contains two compo-
nents (in addition to the chromatogra-
phic "front") while hemoglobin from 7__
each of two single strains has only one _-_
component. Furthermore, the hemo- FIG. 1.-Peptide patterns of the alpha and

beta chains of adult human hemoglobin. See
globin of C57BL is different in chro- the text for description of solvent systems used.
matographic properties from both com- Peptides were numbered by comparison with thedata of Baglioni,23 and based on position and
ponents of AKR and FL. staining characteristics. It will be noted that

Peptide patterns of hemoglobins: Four several peptides have not been identified as yet.
inbred strains were studied by the "fin-
gerprinting" technique. The individual, separated components ofAKR and FL and
the single hemoglobins of C57BL and SEC were used for these studies. The
differences observed were confirmed in most cases (see below) by studies of "finger-
prints" of the separated a- and I3-chains.if6 All of the six hemoglobins of these
strains were found to be different (Table 1). The a-chains of FL-1 and FL-2 were
the same, but differed from the a-chains of the other four hemoglobins. Four
different 8-chains were found. These were (1) C57BL, (2) SEC, (3) AKR-1 and
FL-1, and (4) AKR-2 and FL-2. A composite tracing showing all the peptides
studied in the four strains of mice is given in Figure 3. Most of the peptides were
clearly separated, but identification was confirmed where possible by specific
staining reactions. 16

In order to assign peptide differences to the proper chain, the a- and fl-chains
of each strain of mice were separated as described. i6 For AKR and FL, the sep-
arated chains contained the components of both hemoglobin peaks. No new
spots were found in any of the separated a-chains, compared to the intact hemo-
globins. Peptide a4 showed the presence of histidine in fingerprints of FL hemo-
globin. The new peptide (a4H) was considered to be present in both FL-1 and
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FIG. 3.-Composite tracing containing all of the peptides studied. See the text and Table 1
for details of the assignment of peptides to various mouse strains and alpha or beta chains. Pep-
tides a2 and aG were detected by the spray for his, since the ninhydrin color at the concentration
used was faint. Peptides a12 and (315 are lysine.

FL-2 as this histidine-containing spot was found on fingerprints of both intact
separated FL-1 and FL-2 hemoglobins.
The fingerprints of SEC (single) hemoglobin contained peptide f6 and lacked

peptide 07 (Table 1), in contrast to C57BL hemoglobin, which contained f37
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TABLE 1
DISTRIBUTION OF PEPTIDES IN VARIOUS MOUSE HEMOGLOBINS
Peptide Source of Hemoglobin -
number C57BL SEC AKR-1 AKR-2 FL-1 FL-2

a-chain 4 + + + + _ _
4H - - - - + +

,3-chain 2 + + + - +
3 - - - + - +
4 + + - + - +
5 - - + _ + _
6 - + + _ + _
7 + - - + - +
8 + + - _ _ _

The basis for these assignments is given in the text. Peptides which are not specifically mentioned
in this table were found in all of the a- or all of the 6-chains studied.

and lacked 136 (Table 1). With respect to these two peptides, AKR-1 and FL-1
were like SEC, while AKR-2 and FL-2 followed the C57BL pattern.

In fact, the 1-chains of AKR-1 and FL-1 were identical, as were the 1-chains of
AKR-2 and FL-2 (Table 1). Therefore, discussion of further 1-chain differences in
AKR-1 and AKR-2 will be understood to apply also to FL-1 and FL-2. Two
peptides, 133 and 134, were present in AKR-2 and not in AKR-1, while 12 and 15
were present in AKR-i and not in AKR-2. It is probable that 12 and 133 are
from homologous regions of the chains since where one was present, the other
was absent (SEC and C57BL contained 132, but not 133) and both contained arginine.
Peptides 134 and 135 may also be homologous (SEC and C57BL contained 134, but
not 135), but 134 contained histidine, while 135 did not. This was true also for the
16 and 137 pair which may be homologous, but only ,17 contained histidine. Finally,
peptide 18, a tryptophan peptide, was present in C57BL and SEC but absent from
both components of AKR and FL.
These differences have been checked many times in fingerprints of both intact

hemoglobins and separated chains.'6 No discrepancies were found in comparing
fingerprints of separated chains with those of intact hemoglobins. However,
the identities of peptides with the same mobilities, and especially the homologies
noted, must be considered tentative until confirmed by amino acid analysis of these
peptides. In particular, no peptide has been found in AKR or FL to correspond to
peptide 138 present in SEC and C57BL. As a further check on these results,
chymotryptic digests of the tryptic "cores" of all the hemoglobins were electro-
phoresed in one dimension. No tryptophan peptides were found and the patterns
obtained were the same for all four strains. A number of fingerprints with butanol-
pyridine-water as the chromatographic solvent were run. These confirmed the
results reported here, but were less satisfactory than the solvent used generally.

Characteristics of the isolated chains: Only valine was found as the N-terminal
amino acid of intact C57BL hemoglobin studied by the dinitrofluoro-benzene
method, although this must be confirmed since quantitative studies were not done.
Each of the separated chains of C57BL globin was analyzed for the penultimate
amino acid. One chain appeared to have leucine as the penultimate amino acid
and is termed the a-chain, whereas the 1-chain may contain glycine following
valine.16

After carboxypeptidase digestion, fingerprints of the a-chain of C57BL did not
contain peptide a10. No new peptides were seen, and no other peptide was
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TABLE 2
CHROMATOGRAPHIC COMPARISON OF MOUSE AND HUMAN PEPTIDES

-Peptide Number- Staining Sequence of the human
mouse human* reaction peptidet

a-chain 6 T-4 arg, his, tyr val-arg, 15 residues
8 T-3 tryp ala-ala-tryp-gly-lys
10 T-14 arg, tyr tyr-arg (C-terminal)
11 T-10 arg leu-arg
12 T-8 - free lysine
13 T-7 his gly-his-gly-lys

t3-chain 8 T-2 tryp ser-lys, 9 residues
12 T-15 his, tyr tyr-his (C-terminal)
13 T-6 val-lys
15 T-8 free lysine
16 T-7 his ala-his-gly-lys

* Nomenclature proposed at the Hemoglobin Structure Workshop, Boston, December, 1960. Numbers
were assigned to the human peptides using the dats of Baglioni.23

t Sequences were derived from data summarized by Watson and Kendrew.26

distinctly affected. This peptide contains arginine and tyrosine (Table 2). Upon
digestion of the /-chain, peptides 1312 and 1310 disappeared. In some digestions,
110 was present when 1312 was absent, suggesting that ,312 is C-terminal and /310 is
adjacent to it. Several new peptides appeared after carboxypeptidase digestion of
this chain, but these were not characterized.

Comparison of mouse and human hemoglobins: At the present time, there is a
great deal of interest in the comparative chemistry of homologous proteins from
various species of animals.24' 25 The peptide patterns of mouse (C57BL) and human
hemoglobins were compared by fingerprinting digests of each and mixtures of mouse
and human chains. Several peptides moved to identical locations and reacted
identically with the various specific amino acid sprays which were used (Table 2).
For most of the mouse-human peptide pairs which moved to the same position,
the peptide from human hemoglobins is known to be relatively small (Table 2).
The criteria for identity which have been employed do not establish definitively
that the peptides in question are common to both organisms. It will be of interest
to investigate the amino acid composition of these mouse peptides for comparison
with the homologous human peptides.
Discussion.-The present investigation, based on "fingerprinting," combined

with chain separation and isolation of hemoglobins by column chromatography,
provides direct evidence of differences in primary molecular structure of mouse
hemoglobins. Six chemically distinct hemoglobins have been isolated from the
erythrocytes of adult mice from four inbred strains. This sample may suggest too
high an estimate of the frequency of mouse hemoglobin variations, since the inbred
strains used in this study were selected in part on the basis of previous investigations
suggesting they might show differences in hemoglobin structure.'-9' 27 Alterna-
tively, since some structural variations may be "silent" under the analytical methods
used, mouse hemoglobins may vary even more than our results suggest. There is
little doubt that some hemoglobin variation exists in nature.3' 28 One generalization
we can make is that no hematological abnormalities have been found in adult mice
carrying any of the varying hemoglobin types which we have observed. This is
different from the current human situation, where practically all hemoglobin
deviations which have been described seem to be hemoglobinopathies.

In two of the tested inbred strains, AKR and FL, previously described as having
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electrophoretically diffuse hemoglobin,4' it was possible by column chromatography
to separate two distinct hemoglobins, present in decidedly unequal proportions
(roughly 80%o and 20%^). Erythrocytes from each of the other two inbred strains
tested, C57BL and SEC, known to have electrophoretically homogeneous (single)
hemoglobin,1' 4, 28 contained only one kind of hemoglobin, but a different hemo-
globin was found in each strain. In all, four different beta chains have been
identified by fingerprints, 3C57 in C57BL, ALEC in SEC, fAKR-1 in the minor compo-
nent of AKR and FL, and 1AKR-2 in the major component of AKR and FL. Alpha
chain fingerprints of hemoglobins from three of the inbred strains, AKR, C57BL,
and SEC, appeared identical, but that from the fourth inbred strain, FL, showed a
difference in the staining properties of one peptide. 16
The mouse hemoglobins, like other mammalian hemoglobins, are made up of two

distinct species of polypeptide chains. Because of their striking similarities to the
alpha and beta chains of human hemoglobin, these are also called alpha and beta.
The mouse and human alpha chains are eluted first from CG-0- resin in a urea
gradient.'6 Both appear to have the sequence valine-leucine at the N-terminus
and probably the same peptide (tyrosyl-arginine) at the C-terminus. Similarly,
mouse and human beta chains are eluted second, have valine not followed by leucine
at the N-terminus, and probably have the same dipeptide (tyrosyl-histidine)
at the C-terminus. In addition, several identical sequences appear to occur in
each pair of chains (Table 2). The interspecies correspondence of alpha and beta
is considerably greater than the intraspecies correspondence of alpha versus beta
chains. Thus, there is considerable evidence for homology, or origin from a com-
mon ancestral gene, for the alpha-chain determining genes of mouse and man, and
similarly for the beta-chain determining genes. Presumably, the hemoglobin of
the common ancestor of mouse and man already had differing alpha and beta
chains. Such recent homology does not, of course, rule out the possibility of an ulti-
mate common origin for genes at the alpha- and beta-determining loci. Present
evidence suggests that in the mouse, as in man, the beta-chain is more variable than
the alpha-chain, which may mean either that mutations affecting the latter occur
less frequently, or that they are selected against more stringently.

In the mouse, as in man, hemoglobins have been found which appear to differ
by position or staining properties of a single peptide and possibly, therefore, by a
single amino acid. It should be remembered, however, that further differences
may be found on more complete analysis of these globin chains. The alpha-chain
of FL differs from that of the other three inbred strains examined by the presence of
histidine in peptide a4.
The beta chain of SEC appears to differ from that of C57BL only by substitution

of peptide ,36 for p7. This difference in the :-chain may or may not be responsible
for the marked difference in solubility properties of the hemoglobins from the twc
strains, described by Popp."7

Analysis of the "diffuse" characteristic: For some time, a puzzling feature of the
genetics of mouse hemoglobin variation has been the apparent unit segregation of a
gene controlling "diffuse/single" electrophoretic pattern. Proof of the existence of
two distinct hemoglobins, with differing A-chains, in homozygous mice with diffuse
hemoglobin pattern clarifies but does not solve the problem of the nature of action
of genes at this locus. Two distinctly different 3-chains are synthesized in these
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mice, only a single 3-chain in mice with single hemoglobin. Any explanation
advanced for the diffuse pattern thus almost certainly will invoke the concept of
duplication and differentiation of the locus which directly controls /-chain structure.
There is a considerable difference (three peptide pairs) between the /-chain finger-
prints of the two hemoglobins from AKR or FL mice, and a similar difference be-
tween each of these and the /-chain fingerprints of either C57BL or SEC.
The double hemoglobin system in a homozygous diffuse mouse is in some ways

similar to the human AlA2 double hemoglobin system. The structural relation
between major and minor hemoglobin components in diffuse mice approaches
that between human A, and A2. Mouse /AKR-l and /AKR-2 differ by three peptide
pairs, human /A and deltaA by four peptide pairs.29 The minor component com-
prises approximately 20% of the total hemoglobin in a homozygous diffuse mouse,
1-3% in a normal human.30 In the mouse system, there is unit segregation of
two A-chains versus a single /-chain. A tempting hypothesis is that house mice as
a species are in the process of evolving toward a double-hemoglobin system analogous
to that in the human. The observed frequencies of genes for diffuse/single would
then be temporary, representing a particular stage in this evolution.
The structural differences reported here have been used as markers in genetic

studies of hemoglobin inheritance.3'
Summary.-Six different hemoglobins have been isolated from four strains of

homozygous, inbred mice. Analysis of peptide patterns indicated that four
different beta chains and two different alpha chains were present. Two strains,
AKR and FL, contained two major hemoglobin types. The separated chains of
mouse hemoglobin were similar in C-terminal, N-terminal, and certain internal
peptides to the alpha and beta chains of human hemoglobin. Possible evolutionary
implications of mouse hemoglobin variations were discussed.
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DIFFERENCES IN FREE AMINO ACID CONTENT OF SEEDLINGS
OF AWNED AND HOODED BARLEY, AND THEIR ALTERATION
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Communicated July 5, 1962

The antibiotic chloramphenicol has been used extensively in recent years for
studies of protein synthesis. Hahn and Wisseman' have shown inhibition of for-
mation of adaptive enzymes by chloramphenicol in E. coli. Wisseman et al.2
have demonstrated suppression of incorporation of glycine-1-C'4 into protein by
chloramphenicol. Smith' pointed out that chloramphenicol inhibited utilization
of certain free amino acids in Staphylococcus aureus. Studies of Gale and Folkes4
and Wolff5 have established that chloramphenicol inhibited protein synthesis in
bacteria and beans respectively without altering the rate of synthesis of nucleic
acids.

In some preliminary experiments of Stebbins and Khush (unpublished), chloram-
phenicol was used to study the effect of reduction of protein synthesis on flowering
of two genotypes of barley. A significant decrease in the number of days to flower-
ing in plants treated with 0.01 per cent chloramphenicol was observed under long
day conditions and full illumination with natural daylight. Furthermore, pre-
liminary analyses of protein and nucleic acid content in meristematic tissues indicate
that at some stages of development the ratio of protein/DNA is lower in hooded
(KK) than in awned (kk) plants (Stebbins et al., unpublished). Consequently,
an analysis of the specific effects of this antibiotic on the metabolism of the two
genotypes should provide evidence for a better understanding of the action of the
hooded (K) gene. The following is a report on the effects of chloramphenicol in
altering the free amino acid content of hooded and awned seedlings.

Materials and Methods.-Seeds of the two genotypes were obtained from C. A. Suneson, De-
partment of Agronomy, University of California, Davis. The k gene was represented by Atlas 46,
a six-rowed spring variety. The hooded genotype was produced by seven generations of back-


