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Histone H5 is a phosphorylated nucle- 
ar protein found only in nucleated 
erythrocytes (1). Partial primary struc- 
ture studies of several H5 proteins isolat- 
ed from different avian sources indicate 
extensive amino acid sequence homolo- 
gy (1-3). In addition, H5 histones show 
definite homology with HI histones iso- 
lated from a wide variety of sources (4). 
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During erythropoiesis, HI is replaced by 
H5 in the nucleus of the developing nu- 
cleated erythrocyte (5). Through the ear- 
ly stages of erythropoiesis, H5 is highly 
phosphorylated and becomes dephos- 
phorylated as the erythrocyte matures. 
Dephosphorylation of H5 appears to 
coincide with chromatin condensation 
and genomic inactivation (6, 7). Al- 
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though the precise function of H5 is un- 
known, it is probably involved in ge- 
nomic regulation and may serve to main- 
tain a highly repressed state of avian 
erythrocyte chromatin (1, 7). 

Type C leukemia viruses contain a 
phosphoprotein (pI9 in avian, p12 in mu- 
rine, and p15 in viruses of primate origin) 
which has been shown to bind specifical- 
ly to homologous viral RNA (8-10). A 
low level of phosphorylation is neces- 
sary for binding activity, but highly 
phosphorylated forms of the proteins do 
not bind to RNA (10). It has been postu- 
lated that these phosphoproteins may 
have a role in viral assembly and in regu- 
lation of transcription (9-11). Partial 
amino acid sequences have been deter- 
mined for several p12 proteins isolated 
from murine viruses (12, 13). We now re- 
port that the amino acid sequences of 
conserved regions near the amino termi- 
nus of the leukemia virus p12 proteins 
show a distinct homologous relation to 
conserved regions near the amino termi- 
nus of the H5 histones. 

In Table 1, the amino terminal amino 
acid sequences of H5 histones isolated 
from goose (3) and chicken (2), together 
with the amino terminal sequences of 
various leukemia virus p12 proteins (12, 
13), are aligned to give a maximum num- 
ber of identities. Chicken H5 is aligned 
with goose H5 by introducing a gap be- 
tween residues 10 and 11 in the chicken 
sequence (3) (position 8 in the alignment, 
Table 1). The AKR mouse leukemia vi- 
rus (MuLV) p12 sequence is aligned with 
the other p12 sequences by placing a gap 
in positions 8 and 9 in the AKR sequence 
(12). The H5 and p12 sequence regions of 
primary interest are residues 4 to 15 in 
the goose H5 and 1 to 12 in Moloney 
(Mo)-MuLV p12 (positions 1 to 12 in the 
alignment). These two sequences give 
six identities out of 12 residues without 
the introduction of a gap in either se- 
quence. The introduction of a gap at po- 
sition 13 in the alignment of the H5 se- 
quences increases the number of posi- 
tionally identical amino acids between 
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Table 1. Alignment of amino terminal amino acid sequences of type C leukemia virus p12 proteins to avian histone H5 proteins. Rauscher murine 
leukemia virus (R-MuLV), AKR murine leukemia virus (AKR-MuLV), and Moloney murine leukemia virus (Mo-MuLV) p12 sequences are 
aligned with goose and chicken histone H5 sequences with the introduction of gaps (- * -). Residues in italics are positionally identical when 
comparing at least one of the H5 histones to one of the p12's; residues in bold face are considered to be functionally homologous in the two groups 
of proteins. In the chicken H5, there are at least two allelic genes for chicken H5, giving either Arg or Gln at residue 15 (24), position 14 in the 
alignment (last line of the table). 

Pro- Refer- Sequence Source 
Suctein ence 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

R-MuLV p12 (12) Pro -Thr -Leu -Thr -Ser-Pro -Leu-Asn -Thr -Lys -Pro-Arg -Pro -Gin -Val 
AKR-MuLV p12 (12) Pro -Ala -Leu -Thr -Pro-Ser -Leu- * - * -Lys -Pro-Arg -Pro -Ser -Leu 
Mo-MuLV p12 (13) Pro -Ala -Leu -Thr -Pro-Ser -Leu -Gly -Ala -Lys -Pro-Lys -Pro -Gin -Val 
Goose H5 (4) Thr-Asp-Ser -Pro -Ile -Pro-Ala -Pro-Ala -Pro-Ala -Ala -Lys -Pro-Lys - * -Arg-Ala 
Chicken H5 (4) Thr-Glu-Ser -Leu-Val -Leu -Ser -Pro-Ala -Pro- * -Ala -Lys -Pro-Lys - * -Gin -Val 
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Pro- Refer- Sequence Source 
Suctein ence 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

R-MuLV p12 (12) Pro -Thr -Leu -Thr -Ser-Pro -Leu-Asn -Thr -Lys -Pro-Arg -Pro -Gin -Val 
AKR-MuLV p12 (12) Pro -Ala -Leu -Thr -Pro-Ser -Leu- * - * -Lys -Pro-Arg -Pro -Ser -Leu 
Mo-MuLV p12 (13) Pro -Ala -Leu -Thr -Pro-Ser -Leu -Gly -Ala -Lys -Pro-Lys -Pro -Gin -Val 
Goose H5 (4) Thr-Asp-Ser -Pro -Ile -Pro-Ala -Pro-Ala -Pro-Ala -Ala -Lys -Pro-Lys - * -Arg-Ala 
Chicken H5 (4) Thr-Glu-Ser -Leu-Val -Leu -Ser -Pro-Ala -Pro- * -Ala -Lys -Pro-Lys - * -Gin -Val 

Amino Acid Sequence Homology Between Histone H5 and 

Murine Leukemia Virus Phosphoprotein p12 

Abstract. The amino terminal acid sequences of several mouse leukemia virus 
phosphoproteins (pl2) show definite homology with the amino terminal conserved 
region of H5 histones, the phosphorylated nuclear proteins of nucleated erythro- 
cytes. Differences in the amino acid compositions of the two groups of proteins seem 
to rule out the possibility that they evolved from a single common ancestral gene. 
The finding of sequence homology between viral p12's and cellular histones, how- 
ever, is consistent with evolution of retrovirus structural proteins by a process of 
differentiation from preexisting cellular genes. The conserved primary and second- 
ary structure at the amino terminal region, common to both groups of proteins, may 
be related to their common function of nucleic acid binding modulated by phosphory- 
lation. 
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the pl12's and the H5 histones: glutamine 
in position 14 and valine in position 15. 

Table 2 gives the amino acid composi- 
tions of Mo-MuLV p12 and goose H5, 
which represent their respective protein 
classes. From these data the probability 
of finding a given number of identities 
when comparing a given number of resi- 
dues can be calculated according to the 
procedure of Haber and Koshland (14). 
This procedure is based upon the logical 
assumption that the mole fraction of a 
given residue in a protein gives the prob- 
ability of finding that residue at any given 
locus in the sequence. In the case of the 
comparison of Mo-MuLV p12 and goose 
H5, the probability of finding six identi- 
ties in any sequence of 12 residues is 1 x 
10-4. Since the mole fraction of lysine is 
high in the H5 histones, the probability 
of finding a lysine at a given position is 
correspondingly high. However, only a 
relatively small fraction (one-fourth) of 
the total lysine residues is found in the 
amino terminal half of the molecule (4). 
When the amino acid composition of the 
amino terminal 100 residues of goose H5 
is used, the probability of finding 6 out of 
12 identities with Mo-MuLV p12 is even 
less (6 x 10-5). One of the most striking 
features of the sequence homology 
shown in Table 1 is that all the lysines of 
Mo-MuLV p12 (2/2) are involved in giv- 
ing identities in the alignment with H5 
histones. When this is taken into ac- 
count, the probability of finding such an 
alignment is further reduced. Thus, it is 
unlikely that the sequence homology is 
the result of chance. 

In addition to the positional identities, 
functionally homologous (14) amino acid 
residues appear in position 2 (Val-Ile, 
Val-Thr, Ala-Thr) (15), position 4 (Ser- 
Ala-Thr), position 8 (Ala-Gly), position 9 
(Ala-Thr), position 12 (Lys-Arg), posi- 
tion 14 (Gln-Arg), and position 15 (Val- 
Leu). Thus, if we consider all the identi- 
ties and homologies that occur in the 
compared region extended through posi- 
tion 15 in Table 1, we obtain the total 
number of correspondences (identities 
plus homologies) for any two sequences. 
In the aligned region the degree of relat- 
edness (total number of correspon- 
dences) of Mo-MuLV p12 to goose or 
chicken H5 is as high as or higher than 
that of chicken H5 to goose H5 or that of 
AKR-MuLV p12 to Rauscher (R)-MuLV 
p12 (Table 3). 

The Lys-Pro-Lys/Arg sequence at po- 
sitions 10 to 12 in Table 1 is conserved in 
all known viral p12 proteins and H5 his- 
tones. The frequency of occurrence of 
this sequence in other known proteins 
was determined for the 472 complete or 
partial structures listed by Dayhoffet al. 
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Table 2. Amino acid compositions (residues 
per mole with mole percent in parentheses) of 
Mo-MuLV p12, goose H5 histone, and the 
amino terminal 100 residues of goose H5 his- 
tone. 

Ami- N-terminal 
no Mo- Goose 100 residues 

acid MuLV H5 of goose 
resi- pl2* histonet H5 
due histone 

Lys 2( 1.9) 49 (24.8) 11 (11) 
His 0(0 ) 3( 1.5) 3(3) 
Arg 7( 6.5) 22 (11.2) 9( 9) 
Asp 11 (10.3) 4( 2.0) 4( 4) 
Thr 5( 4.7) 8( 4.1) 5( 5) 
Ser 8( 7.5) 21(10.7) 10(10) 
Gly 7( 6.5) 6( 3.0) 6( 6) 
Pro 28(26.2) 19( 9.6) 8( 8) 
Gly 8( 7.5) 10( 5.0) 8( 8) 
Ala 8( 7.5) 33 (16.8) 5 (5) 
Val 2( 1.9) 5( 2.5) 4( 4) 
Met 1 (0.9) 1( 0.5) 1( 1) 
Ile 1( 0.9) 6( 3.0) 6( 6) 
Leu 17(15.9) 7( 3.5) 6( 6) 
Tyr 1( 0.9) 3( 1.5) 3( 3) 
Phe 1( 0.9) 1 0.5) 1( 1) 

*Samples were hydrolyzed in 6N HCl at 110?C and 
analyzed on a Beckman 121M amino analyzer as de- 
scribed (12). tData taken from Yaguchi et al. (4). 

(16). The Lys-Pro-Lys sequence was 
found in nine listed structures; the Lys- 
Pro-Arg sequence was found in four list- 
ed structures. All but three (see below) 
of these structures showed little or no 
additional correspondence to either the 
H5 histones or the viral p12 proteins. 
The sequence Thr-Lys-Pro-Arg found at 
residues 9 through 12 in R-MuLV p12 is 
also found in human immunoglobulin 
gamma 4 (Vin), and in human immuno- 
globulin gamma 1 (Eu). In both immuno- 
globulin gamma chains, this sequence is 
not located near the amino terminus and 
shows little or no additional amino acid 
sequence correspondence to either H5 
histones or viral p12 proteins. The se- 
quence Lys-Pro-Lys-Gln found in chick- 
en H5 histone at residues 12 to 15 was 
also found at residues 13 to 16 in the mu 
heavy chain of human immunoglobulin 
OU (MHHUOU). These two amino ter- 
minal amino acid sequences could be 
aligned to give eight identities out of the 

first 16 residues with the introduction of 
a single gap in the chicken H5 histone se- 
quence. Alignment of the Mo-MuLV pl2 
amino terminal 12 residues with the same 
segment of the MHHUOU sequence re- 
quired the introduction of one gap in 
each sequence to produce five identities. 
On the basis of an analysis according 
to the method of Haber and Koshland 
(14), this comparison would suggest a 
possible structural relation between the 
amino terminal ends of chicken H5, 
MHHUOU, and Mo-MuLV p12. Further 
analysis suggests that the apparent rela- 
tion of the immunoglobulin chains to the 
other two proteins may be spurious. 
Chou and Fasman (17) have established 
a set of generalized rules for predicting 
secondary structure from amino acid se- 
quences. When these methods are ap- 
plied, the amino terminal sequence of the 
viral p12 proteins and H5 histones are 
predicted to be coiled structures, where- 
as the first five or more residues of 
MHHUOU are predicted to be involved 
in /3 structure, and residues 8 through 15 
are predicted to be part of the coiled 
structure followed by another region of /3 
structure. These predictions are in agree- 
ment with x-ray crystallographic data on 
immunoglobulins (18) where residues 10 
through 15 are involved in a bend be- 
tween /3 structures. The amino terminal 
amino acid sequence of MHHUOU 
shows considerable homology with sev- 
eral different immunoglobulin gamma 
chains (19) and mu chains (20), but of the 
Lys-Pro-Lys-Gln sequence representing 
residues 13 to 16, only the proline is con- 
served. Evidently this segment of the im- 
munoglobulins is involved in a bend be- 
tween /3 structures where considerable 
variation can be allowed in the residues 
on either side of the necessary proline 
residue. Thus, it appears that the appar- 
ent amino acid sequence similarities be- 
tween the immunoglobulin and the phos- 
phoproteins may be the result of chance 
and the method of comparison. Con- 
versely, the H5 histones and the viral 
p12 proteins appear to be under selective 
pressure to conserve the highly related 

Table 3. Number of correspondences between sequences shown in Table 1. The figures repre- 
sent the number of all corresponding residues between the compared regions of any two se- 
quences shown in Table 1. Two residues correspond when they are identical or functionally 
homologous (14). 

AKR- 
Item Chicken Goose Mo-MuLV R-MuLV MuLV H5 H5 p12 p12 p1 

Chicken H5 15 9 10 9 8 
Goose H5 15 10 8 7 
Mo-MuLV p12 15 12 12 
R-MuLV p12 15 10 
AKR-MuLV p12 15 
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Lys-Pro-Lys/Arg sequences in a coiled 
structure near the amino acid terminal 
regions. 

The amino acid compositions of the 
two groups of phosphoproteins are obvi- 
ously different. This seems to rule out 
the possibility that the two groups 
evolved from a common ancestor. How- 
ever, there remains the possibility that 
viral p12 evolved from H5 histones or re- 
lated proteins through a genetic recombi- 
nation process involving only the amino 
terminal end of the H5 histones. Alterna- 
tively, the sequence homology may be 
the result of convergent evolution. The 
finding of sequence homology between 
viral and cellular structural proteins is 
consistent with the emergence of infec- 
tious entities by a process of differ- 
entiation from preexisting cellular genes. 
Vestiges of these primordial origins 
might be more readily detected in retro- 
viruses because of their inheritance in 
the cellular genome. Given recent infor- 
mation on messenger RNA splicing (21) 
and shifts in physical location of specific 
DNA segments during maturation of the 
immune system (22), it is not unreason- 
able to suggest that similar mechanisms 
might have contributed to the origin of 
viral structural proteins. Thus, several 
cellular genes of diverse function could 
have contributed to the origin of individ- 
ual virion polypeptides. This speculation 
is readily derived from the protovirus hy- 
pothesis of Temin (23), in that the coding 
sequences assume their appropriate 
physical alignments by a series of rear- 
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interval on one side of -c, the cell density 
exhibits stable oscillations with ampli- 
tude which increases linearly with 
Ir - rcj112. For the nonlinear terms in A 
used in (1) (see Eq. 2 below) these oscil- 
lations, which are symptomatic of hema- 
topoietic disease, occur for r > Tc. Thus 
our qualitative advice is to seek to affect 
the system so as to increase rc and, 
thereby, possibly suppress oscillatory be- 
havior of the cell density. 

To illustrate, consider the particular 
choice of the function introduced in (1) 
[see also (2)], namely 
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This corresponds to production being a 
single-humped function of the delayed 
density; for physiological details and ref- 
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Control of Oscillations in Hematopoiesis 

Abstract. Results of a mathematical analysis of models of hematopoietic systems 
introduced by Mackey and Glass are given. The models include a constant time lag, 
and it is shown that this lag has a critical value above which oscillations in blood cell 
concentration occur. To reduce the likelihood of disease associated with such oscil- 
lations, physiologists should seek to learn how to increase this critical value of the 
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