in water but greatly magnified in
0.46M D-mannitol. These authors came
to the same conclusion that we
did, namely, that an increase in
“growth potential” of the embryo is
the essential factor in germination of
dormant seeds. Since Grand Rapids
lettuce is a light-promoted seed, the
pattern appears to be a general one
and to hold for photo-, scoto-, and
thermodormancy.
SHEPLEY S. C. CHEN
MSU/AEC Plant Research Laboratory,
Michigan State University, East Lansing
KENNETH V. THIMANN
University of California, Santa Cruz
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Hemoglobins in Sheep: Multiple Differences in Amino Acid

Sequences of Three Beta-Chains and Possible Origins

Abstract. Among the three adult sheep hemoglobins (A, B, and C), two (A and
B) are reportedly products of alleles. The B-chains of A and B differ by at least
seven scattered amino acid residues whereas the B-sequence of C differs from A
by at least 16 residues and from B by at least 21 residues. These changes suggest
that the origin of C-8 antedated the divergence of A and B. Five shared differ-
ences between A-8 and C-B with respect to B-8 can be interpreted as the result
of selective advantage in favor of B. A complex of additional mechanisms has
possibly been involved in maintaining the A-B-C polymorphism.

The hemoglobins A and B of do-
mestic sheep, described by Harris and
Warren (1), form an electrophoreti-
cally distinguishable genetic polymor-
phism. Electrophoretic chromatographic
patterns (fingerprints) of tryptic pep-
tides (2), molecular dissociation-reasso-
ciation experiments (3), and amino
acid composition of entire polypep-
tide chains (4) establish that rele-
vant variation between the two hemo-
globins is limited to the [-chains.
Amino acid composition of entire
chains indicates that the B-chains from
hemoglobins A and B (A-8 and B-8),
although apparently allelic products
(1, 5), possess multiple differences (4).
To this already unusual situation van
Vliet and Huisman (6) have recently
added a third hemoglobin which they
term hemoglobin C. An apparently
identical component, hemoglobin N,
has been described by Braend and Efre-
mov (7). Various analyses by van
Vliet and Huisman (6) and others (8)
indicate that the characteristic differ-
ences between C and the other two he-
moglobins are confined to the (-chains.
Comparison of amino acid composi-
tions of entire B-chains suggests that
there are at least 17 differences between
B and C and 12 between A and C (4).
Two dimensional peptide patterns (fin-
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gerprints) (9) and partial analysis of
tryptic peptides (8, 10) clearly indicate
that such differences are scattered
throughout the chains.

Two features (Z!) influencing the
occurrence of hemoglobin C (Fig. 1),
are the limitation of hemoglobin C to
animals heterozygous or homozygous
for the hemoglobin A gene (6, 7, 8),
and the fact that although traces of
hemoglobin C may be present in non-
anemic sheep, this component becomes
the sole form in animals severely ane-
mic from either blood loss (6) or
chemically induced hemolysis (Fig. 1).
During recovery from anemia, hemo-
globin C disappears while hemoglobin
A reappears (6). These features sug-
gest that the hemoglobin A-B-C system
might provide a useful model for ex-
amining genetic and cellular factors
concerned with regulation of protein
synthesis in higher organisms. It seemed
desirable first to delineate more exactly
the differences between the three known
sheep beta chains. The need for such
additional information arises from the
fact that protein structure and quan-
tity synthesized may, in part, have
a common genetic determinant (see
12).

In this report we describe nearly
complete sequences of the three sheep

B-chains and discuss the nature and
origin of the interchain differences.

Hemoglobins A, B, and C were ob-
tained from a local flock of Dorset
sheep. The a- and B-chains were sepa-
rated by gradient elution from carboxy-
methylcellulose (73). Isolated chains
were digested with trypsin, and peptides
separated either by high-voltage filter-
paper electrophoresis and solvent chro-
matography (/3) or by column chro-
matography. The most successful
method consisted of prior separation
of peptides into groups by passage
through Sephadex G-25 (Pharmacia)
columns (1.8 by 240 to 440 cm) (/4)
and subsequent intragroup resolution
through elution with a pyridine-acetate
gradient from columns of Beckman
Spinco 15A resin (15). This last com-
bination of methods completely sepa-
rated all but a few peptides (/6) and
gave higher yields than filter-paper
methods.

The amino acid composition of indi-
vidual peptides was determined (17),
and the identity of individual tryptic
peptides was established both by ho-
mology with known sequences of other
hemoglobin chains (/8) and by the
radioactive-assembly technique of Dint-
zis (13). The latter method was used
to identify B-8 and C-8 tryptic peptides.
The A-8 peptides were identified en-
tirely by homology with those from B
and C. Sequences of amino acids with-
in peptides were derived by a combina-
tion of the fluorescent end-group tech-
nique (/9) and modification of
Edman’s method of stepwise degrada-
tion (20). Selective hydrolysis of tryp-
tic peptides by weak acids, chymo-
trypsin, leucine aminopeptidase, and
carboxypeptidase A and B further
aided sequence analysis.

Comparison of sheep [-chain se-
quences is made in Table 1. With one
exception, the gross arrangement of
tryptic peptides depends upon mutually
confirmatory evidence from assembly
experiments and from homology with
the known sequences of horse and hu-
man hemoglobin chains (/8). The
outstanding example of the value of
assembly analysis is the exceptional
Pro-Asn-Lys (21) sequence of C-8-6
to -8, for which there is no obviously
homologous peptide in man, horse, or
sheep. This sequence is considered
NH,-terminal because its specific activ-
ity is the least of any on assembly with
radioactive lysine and because we find
that proline is the NH,-terminal amino
acid of the intact C-8 chain (22). The
precise placement of the first two resi-
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dues of C-8 compared to A-8 and
B-B is necessarily arbitrary since it.is
possible, for example, that a genetic
deletion of unknown size and location
exists between the codons for C-8-7
and C-8-8. Thus, C-8-6 to -7 may not
be genetically homologous with A-8-
and B-B-6 to -7, as implied in Table 1,
but rather—for instance—homologous
with the first two A-8 and B-8 residues.
This argument can be extended to ques-
tion the homology of lysine residues at
B-8. Such possibilities should not, how-
ever, be confused with the possible ex-
istence of a small but missing tryptic
peptide lying between C-8-8 and -9.
The existence of such a peptide seems
unlikely, since comparison of the sum
of amino acids derived from examina-
tion of individual peptides with the sum
deduced by Huisman et al. (4), and
independently by ourselves, from analy-
sis of acid hydrolyzates of entire sheep
B-chains indicates no major discrep-
ancies. We thus presume that the
B-chains shown in Table 1 are numeri-
cally complete.

A'’summary of the minimum number
of interchain differences is given in
Table 2. Differences between sheep -
chains and the 8- and y-chains of hu-
man hemoglobin are also compared in
this table. The latter comparisons indi-
cate, overall, that each of the three
sheep PB-chains resembles the human
B-chain more closely than the y-chain.
Such resemblance supports the propri-
ety of applying the term g to the
chains of adult sheep hemoglobin that
are not a-chains. Further inspection
indicates that the number of differences
between sheep B-chains and human
y-chains approximates that between hu-
man G- and y-chains. These relation-
ships suggest that the genetic duplica-
tion which presumably gave rise to the
precursors of 8 and y (23) took place
before evolutionary divergence of lines
leading to sheep and men.

The amino acid differences (Table 1)
can also be examined for the minimum
number of nucleotide substitutions, as
deduced from the genetic code (24),
necessary to account for such differ-
ences. The comparison of variant pro-
teins with the normal suggests that the
number of nucleotide substitutions can
be equated with the minimum number
of mutations. For example, the amino
acid changes present in each of 35
mutant human hemoglobins are expli-
cable by single nucleotide changes with-
in ‘single codons (25). Thus, single
substitutional mutations usually reflect
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Fig. 1. Starch-gel electrophoresis (12)

patterns demonstrating the effect of acute
hemolytic anemia upon sheep hemoglo-
bins. Gel was stained with amido-black
stain. Anode lies at top of figure. Anemia
was induced by intramuscular injection of
acetylphenylhydrazine, 4 to 7 mg per kilo-
gram of body weight each day for 8 to 12
days. Hematocrits (Hct) are those at time
of sampling. From left to right are shown
paired samples—before and after appear-
ance of anemia—in sheep VIII, homozy-
gous for hemoglobin A; in sheep I, heter-
ozygous for A and B; and in sheep VII,
homozygous for B. Results are identical
with those in similar sheep after chronic
loss of blood (6).

Table 2. Sheep hemoglobin 3-chain differences.
Comparisons are based on sequence and homol-

ogy as given in Table 1.

Number of minimum

Comparison* differences
Amino acids Nucleotides

Avs. B 7 7- 91
A vs C 16 18-19
Bvs C 21 22-24%
Human B8 vs. A 27 33
Human g8 vs. B 25 31
Human g vs. C 32 33
Human v vs. A 41 50
Human v vs. B 41 49
Human ¥ vs. C 40 43
Human « vs. }

‘human 39 48

* Absence of four residues from the NHa-terminal
region of C-g is scored as four amino acid differ-
ences in comparisons with A-8 and B-8 and as
five amino acid differences in comparisons with
human 8 and 4. No nucleotide differences are
assigned to these particular amino acid changes
thereby accounting, for example, for the fact that
the total number of amino acid differences be-
tween human 8 and C-g only slightly exceeds the
number of nucleotide differences. The minimum
amino acid differences between sheep g-chains
correspond closely to that described by Wilson
et al. (10). The comparison of human B with
sheep A-8 approximates the value estimated by
Beale et al. (8). {The range of the minimal
nucleotide changes derives from uncertainty con-
cerning distinctions between acid and amide
at residues B-g-50, C--125, and A-$-129. In
addition, certain comparisons involve assump-
tions of position not specifically established by
sequence analysis (Table 1). These occur at
A-g-50, -55, -58, -75, -76, -120, -125, and -129;
B-$-50 and -129; C-B-50, -75 and -76. When as-
signing - differences between shéep and - human
chains, Glx residues in sheep are considered
equivalent to either Glu or Gin in man and Asx
residues equivalent to either- Asp or Asn.

single nucleotide changes. Consequent-
ly, amino acid changes explicable only
by double "nucleotide changes prob-
ably represent at least two separate
mutations while those involving triple
nucleotide changes probably reflect at
least three separate mutations. Two of
three interchain comparisons (Table
2) in sheep involve more nucleotide
changes, that is, mutations, than im-
mediately are evident from the number
of amino acid differences. In some in-
stances, the minimum number of muta-
tions is possibly greater than given and
the ratio of nucleotide to amino acid
differences is certainly greater. For ex-
ample, no nucleotide value has been
assigned to the presumptive loss of four
amino acids from the NH,-terminus of
C-B. Although the mechanism of this
loss is unknown (26), it probably in-
volves at least one mutation. When
the first four amino residues of A-8
and B-B are omitted from interchain
comparisons, the ratio of nucleotide to
amino acid changes becomes more im-
pressive, for example, at least 18 nu-
cleotide changes are necessary to ac-
count for the 12 remaining amino acid
differences between C-8 and A-8.
These nucleotide changes are in part
dependent on homology assumed be- .
tween the NH,-terminal proline-aspa-
ragine (Pro-Asn) sequence of C-8 and
residues of the other sheep B-chains,

"The match, given in Table 1, between

Pro-Asn of C-8 and Glu-Glu (glutamic
acid) of the other chains requires a
total of four nucleotide changes, where-
as a match of Pro-Asn with the Leu-
Thr present at A-B- and B-8-3 to -4
requires a total of only two nucleotide
changes. However, this latter arrange-
ment necessitates an additional muta-
tion in the form of a genetic deletion
between Pro-Asn and Lys. All other
possible matches require a total of three
to four nucleotide changes plus what-
ever deletions are necessary. Thus
there appears to be a cluster of muta-
tions in the NH,-terminal region of
C-8, to which the two-step mutation
required at 8-10 can be added. While
not unique in interchain comparisons,
the clustering at the NH,-terminal seg-
ment of C-8 of two-step mutations
nonetheless suggested that this segment.
might be less like human B-chain than
the remainder of the chain. This con-
jecture is not supported by comparisons
of the first 12 residues of C-8 (C-8-6
to -17) with various other chains (I18).
Changes in these residues between C-8
and either human a«-chain or human
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B-chain involve a minimum of 11 muta-
tions while those with human y-chain
involve eight mutations. The slightly
enhanced correspondence between hu-
man C-g8 and -y can be discounted by
the parallel finding of even greater
similarity between homologous por-
tions of human y and both A-8- and
B-B3-6 to -17 chains. Accordingly, we
find no support for the conjecture that
C-B arose by intragenic, nonhomolo-
gous crossing over such that an q-like
or vy-like gene contributed the NH,-
terminal portion of the chain and a
[-like gene the balance of the chain.

An additional feature, based upon
nucleotide changes, emerges in com-
parisons of NH,-terminal residues of
A-B and B-B with the human B- and
v-chains. The NH.-terminal sequences
of man’s 8- and y-chains are, respec-
tively, NH,-Val-His-Leu-Thr-Pro-Glu-
Glu-Lys- and NH,-Gly-His-Phe-Thr-
Glu-Glu-Asp-Lys- (/8). When these
sequences are compared with A-8 and
B-f, questions of homology arise from
the fact that one residue is missing
from the corresponding tryptic peptide
in sheep A-B8 and B-f chains. Specifi-
cally, does the NH -terminal Met of
A-f and B-f3 correspond to the second
residue of the human chains, or is the
fiction of an intrachain gap within the
sheep A-B- and B-B-chains necessary
to afford maximum homology? No
firm solution is provided by simple
comparison of amino acids. However,
a reasonable decision can be reached
on the basis of the number of nucleo-
tide changes required to account for
various matches. A match between the
second residue (His) of the human
B- and vy-chains with the first residue
(Met) of A-B and B-B necessitates
three nucleotide changes, that is, three
mutations. However, if all NH,-termi-
nals are matched and a gap is allowed
such that the third residue of the hu-
man chains corresponds to the second
residue of A-8 and B-f, then—for
these two positions—only one nucleo-
tide alteration is required between hu-
man S- and sheep fB3-, and only two
between human v- and sheep S-chains.
This type of reasoning, given the fact
that triple nucleotide changes are never
necessary to account for differences be-
tween human S-, y-, and «-chains, sug-
gests that the latter arrangement is
preferable. This preference is reflected
in numbering residues (Table 1).

At first sight, the differences between
the three sheep SB-chains (Table 2) fit
easily into an evolutionary scheme
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whereby the gene duplication giving rise
to an ancestral form of 8° occurred be-
fore divergence of (* and B”. The
plausibility of this scheme is supported,
first, by the relatively close resemblance
of A-B8 and B-B; and second, by the
fact that A-8 and B-8 each differ from
C-B by approximately the same mini-
mum number of nucleotide changes
(Table 2). The approximate nature of
these numbers does not invalidate this
scheme since dispersion equivalent to
plus-or-minus the square root of each
difference can be expected. It is as-
sumed in this scheme that mutations
have randomly affected all three genes
and that selection has been equivalent
toward animals with these mutations.
The possibility that selection might be
relaxed against mutations of the essen-
tially inactive B¢ gene suggests an alter-
native evolutionary scheme. If selection
had a substantial effect in eliminat-
ing animals with mutations of 8" and
B, then lesser selection against muta-
tions of B° would result in an appar-
ently greater number of C-f alterations
per unit time. It is therefore possible
that the origin of C-8 is less remote
than predicted. If selective disparity is
great enough, it is even possible that
the duplication producing 3¢ arose after
divergence of B* and B". If BY arose
later as a result of 8* duplication, then
the slightly closer similarity between
A-f8 and C-B than between B-8 and C-f3
is explained. Specifically, A-3 and C-f8
share five dissimilarities with respect to
B-B# (27) whereas B-B8 and C-8 bear
no changes in common with respect to
A-B. These findings are unexpected by
the first scheme, in which duplication
producing C-8 precedes other events,
but not by the second scheme in which
selection is relaxed against C-3, and B¢
arises after divergence of B3* and j”.
Accordingly, these discrepancies invali-
date the first scheme. The principal
flaw to the second scheme is the sub-
stantial selective differential required
for its operation. Furthermore, the re-
quirement of a silent 8° gene may not
exist in nondomestic populations with
parasite-induced anemia. It is also pos-
sible that factors which limit the expres-
sion of B¢ to anemic animals have
comparatively recent origin.

A third scheme of A-B-C evolution
can be advanced which partially cir-
cumvents the flaws inherent in the two
just described. In this scheme, sup-
posedly, both the g4 and B” genes di-
verged long after the creation of S°.
The gross order of relatedness implicit

in Table 2 is thus satisfied as it was in
the first scheme. The lack of common
differences on the part of B-8 and C-f8
with respect to A-B could derive from
vigorous selection in favor of animals
with certain B-8 mutations. Within a
given time, the number of persistent
mutations in B-8 might thereby exceed
those that persist in A-8 and C-B8. If
these mutations involve the five residues
wherein 8" differs in the same way
from both B8* and B (27), then the
inconsistencies which made flaws in the
first scheme are overcome. Once again,
an appreciable selective differential is
required. However, in this instance
only five to six mutations are involved,
in contrast to the much larger number
demanded by the second scheme. When
seeking sources of selective advantage
in animals with B”, it is relevant that
the increased oxygen affinity shared by
hemoglobins A and C (6) in contrast
to B probably arises from one or more
of the five amino acid differences shared
by A-8 and C-B8 with respect to B-f3
(27). A seclective differential in some
way related to this variation in oxygen
affinity is easily imagined but has, at
present, no foundation. There is, how-
ever, evidence that the presence of he-
moglobin B may confer advantage in
the form of enhanced reproductive per-
formance (28).

If the third scheme for A-B-C evolu-
tion is correct (29) then the finding of
multiple differences between the pre-
sumably allelic (7, 5) B* and B” genes,
unexpected from study of human hemo-
globin mutants, is potentially explicable
as an episode in the selective process
whereby one allele replaces another.
Simultaneous displacement of both ¢
and B* by B” could be another feature
of this process. Similarities between
A-B and C-8 suggest that they were
produced as duplicates of a pre-existing
gene and would thus be, initially at least,
linked in coupling. 1f phase-limited
linkage persists, selection against the 8*
—pB¢ loci may operate—where B¢ is
largely silent—principally through g*
and its product. Coupled linkage be-
tween " and B¢ also provides a mecha-
nism for the limitation of hemoglobin
C to animals with the B3* gene. It
should be emphasized that these as-
sumptions, although consonant with the
origin of interchain differences postu-
lated by the second and third schemes,
are unproved. It is still possible, for
example, that 8%/B” animals possess the
B¢ gene but fail to activate it.

Despite the extent to which selective
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advantage in favor of animals with 8°
figures in our speculation, it is possible

—as Evans (28) has suggested—that .

selective pressures with respect to A and
B vary in different environments. Thus,
in some circumstances, selection may
favor animals with B* and B° It is
also possible that a portion of the pres-
ent day A-B-C polymorphism is the
product of genetic isolation followed by
admixture. For example, ancestors of
domestic sheep may have become iso-
lated into two or more groups. There-
after the successive mutations whereby
B* differs in the same way from both
B* and B° could be confined to a por-
tion of the species. Homozygosity for
BB” could be produced either by selective
advantages peculiar to new environ-
ments or by a combination of advan-
tage and genetic drift. Present day
heterogeneity might result from the ad-
mixture of such B%/8® animals from
one isolate with 84 — B°/B8* — B’ ani-
mals persistent in another isolate. Such
processes as these provide a means
whereby both 8* — 8¢ and B” can per-
sist in the species. Thus these mecha-
nisms complement the third evolutionary
scheme which seems to explain the ob-
served differences and similarities be-
tween the three B-chains, but does so
only at the apparent cost of complete
displacement of 8* — B¢ by 8°.
SAMUEL H. BOYER, PETER HATHAWAY,
FLORA PAscasio,
CHARLENE ORTON, JAMES BORDLEY
Division of Medical Genetics,
Johns Hopkins Hospital and
University School of Medicine,
Baltimore, Maryland
MICHAEL A. NAUGHTON
Department of Biophysics,
Johns Hopkins University
School of Medicine

References and Notes

1. H. Harris and F. L. Warren, Biochem. J. 60,
xxix  (1955); J. V. Evans, J. W. E. King,
B. L. Cohen, H. Harris, F. L. Warren, Na-
ture 178, 849 (1956); J. V. Evans, H. Harris,
F. L. Warren, Biochem. J. 65, 42P (1957).

2. M. A. Naughton, G. Meschia, F. C. Battaglia,
A. Helleghers, H. Hagopian, D. H. Barron,

" Quart. J. Exp. Physiol. 48, 313 (1963).

3. D. C. Schreffler and J. Vinograd, Biochim.
Biophys. Acta 65, 101 (1962).

4. T. H. J. Huisman, C. A. Reynolds, A. M.
Dozy, J. B. Wilson, J. Biol. Chem 240, 2455
(1965).

5. T. H. J. Huisman, H. J. van der Helm, H.
K. A. Visser, G. van Vliet, in Abnormal
Hemoglobins, J. H. P. Jonxis and J. F. Dela-
fresnaye, Eds. (Blackwell, Oxford, 1959), p.
181.

6. G. van Vliet and T. H. J. Huisman, Biochem.
J. 93, 401 (1964).

7. M. Braend and G. Efremov, Nature 205, 186
(1965).

8. D. Beale, H. Lehmann, A. Drury,
Tucker, Nature 209, 1099 (1966).

9. C. J. Muller, thesis (Assen, Gorcum and Co.,
The Netherlands); cited by Beale et al. (8).

10. J. B. Wilson, W. C. Edwards, M. McDaniel,

23 SEPTEMBER 1966

M. M. Dobbs, T. H. J. Huisman, Arch. Bio-
chem Biophys., in press.

11. We had been concerned with . mechanisms
producing different proportions of hemoglobins
found in human heterozygotes (12). Earlier
workers (5) failed to recognize that sheep
hemoglobin C was distinct from hemoglobin
B and suggested that the proportions of A
and B in heterozygotes changed with anemia.
Such animals seemed to provide an animal
analog for an extension of our studies of
human hemoglobins; thus we began the current
investigation with different goals from those
reported here.

12. S. H. Boyer, P. Hathaway, M. D. Garrick,
Cold Spring Harbor Symp. Quant. Biol. 29,
333 (1964).

13. H. M. Dintzis, Proc. Nat. Acad. Sci. U.S.
47, 247 (1961); M. A. Naughton and H. M.
Dintzis, ibid. 48, 1822 (1962).

14. R. E. Canfield and A. K. Liu, J. Biol. Chem.
240, 1997 (1965).

15. R. T Jones, Cold Spring Harbor Symp. Quant.
Biol. 29, 297 (1964).

16. Purity of isolated peptides was verified by
paper electrophoresis and chromatography.
17. Amino acid analyses were performed with
either a Technicon Auto-Analyzer or Beckman
model 120B and generally followed an adapta-
tion of the method of S. Moore and W. H.

Stein, J. Biol. Chem. 211, 908 (1954).

18. G. Braunitzer, K. Hilse, V. Rudloff, N.
Hilschmann, in Advan. Protein Chem. 19,
1 (1964), summarize sequences derived by
others from various chains. The recent de-
termination of bovine p-chain sequence by
W. A. Schroeder and R. T. Jones, Fortschr.
Chem. Org. Naturstoffe 23, 113 (1965); bovine
~v-chain sequence by D, R. Babin, W. A.
Schroeder, J. R. Shelton, J. B. Shelton, B.
Robberson, Biochemistry 5, 1297 (1966);
mouse a-chain peptide composition by D, R.
Rifkin, W. Rifkin, W. Konigsberg, Proc. Nat.
Acad. Sci. U.S. 55, 586 (1966); and mouse
a-chain peptide composition by R. A. Popp,
J. Biol. Chem. 240, 2863 (1965) are relevant
additions.

19. W. R. Gray and B. S. Hartley, Biochem. J.
89, 59P (1963); ibid., p. 379. Dr. M. Wallis
provided standards and details of technique.

20. W. Konigsberg and R. J. Hill, J. Biol. Chem.
237, 2547 (1962).

21. Abbreviations used in this report are: Ala,
alanine; Arg, arginine; Asn, asparagine; Asp,
aspartic acid; Asx, aspartic acid or asparagine,
identity not established; Cys, cysteine; Gln,
glutamine; Glu, glutamic acid; Glx, glutamic
acid or glutamine, identity not established;

Gly, glycine; His, histidine; Ile, isoleucine;
Leu, leucine; Lys, Lysine; Met, methionine;
Phe, phenylalanine; Pro, proline; Ser, serine;
Thr, threonine; Trp, tryptophan; Tyr, tyro-
sine; Val, valine; NHe-, free amino terminus
of chain; -COOH, free carboxyl terminus of
chain. .

22. The NHa-terminal segments of A-8 and B-8
chains are Met-Leu-Thr; in the chain in lamb
hemoglobin that is not the « chain, the NHos-
terminal is Met, while the NHz-terminal resi-
due of sheep a is Val. These NHe-terminal
residues and Pro of C-B correspond to those
obtained by two other groups of investigators
(8, 10).

23. V. M. Ingram, Nature 189, 704 (1961).

24. R. Brimacombe, J. Trupin, M. Nirenberg, P.
Leder, M. Bernfield, T. Jaouni, Proc. Nat.
Acad. Sci. U.S. 54, 954 (1965).

25. D. Beale and H. Lehmann, Nature 207, 259
(1965).

26. One of the most attractive hypotheses ac-
counting for the relative shortening of C-B3
involves deletion of several NHoa-terminal
region codons coincident with the duplication
which produced the gene for this chain. If
this occurred, it is also possible that portions
of the gene concerned with initiation of tran-
scription or translation were affected to the
extent that C-f synthesis is limited to the
anemic state.

27. A-B and C-8 share a common difference with
respect to B-B8 at p-58, -75, -76, -129, and
-144 (Table 1).

28. J. V. Evans and H. M. Turner, Nature 207,
1396 (1965).

29. Although attractive, the third scheme is not
without flaws. For example, recent mutations
affecting solely B-8 might be expected to
render that chain not only different from A-3
and C-f8, but also different from the homolo-
gous residue of other species. This is not
always the case, as illustrated by the Pro at
B-3-58; Pro at this position is ubiquitous in
the hemoglobin chains of other species (I8)
while it is Ala of A-8- and C-3-58 that is
unique. Similarly A-8- and C-3-76 rather
than B-8-76 bear the unique residues. Such
findings, although potentially explicable by
reversion of B-8 to antecedent types of resi-
dues, demand considerable specificity of the
selective process.

30. Supported by NIH grant GM-10189 and by
an institutional grant from the American
Cancer Society, Dr. C. Wadkins performed
a number of amino acid analyses.

5 June 1966 L

Ascending and Descending Cholinergic Fibers in

Cat Spinal Cord: Histochemical Evidencg

Abstract. The distribution of fibers staining for cholinesterase in the spinal
cord of the cat was examined after hemisection at the level of the third cervical
segment (C3), of the tenth thoracic segment (T10), or of the first lumbar segment
(L1). An accumulation of cholinesterase was found in many fibers of the cord
both rostral and caudal to the lesion, the distribution being different in the two
regions. These experiments indicate that there are ascending and descending

cholinergic fibers in cat spinal cord.

Studies of the distribution of cho-
linesterase following section or dam-
age to cholinergic nerve fibers have
shown that the enzyme accumulates on
the proximal side of the lesion (7).
With use of this result, the course of
cholinesterase containing fibers in the
brain has been determined from the
sites of accumulation of the enzyme
after lesions had been made in the
central nervous system (2). Confirma-
tion that the tracts observed by this

technique are most probably cholinerg-
ic has been obtained for fibers which
travel in the fimbria to innervate the
hippocampus (3) and for fibers which
ascend from subcordial structures to the
cerebral cortex (4). Thus the technique
of studying the distribution of cholines-
terase after lesions have been made
can be used to provide evidence of
the presence and course of cholinergic
fibers.

The spinal cords of four cats anes-
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