












RAT SERUM ALBUMIN GENE 877

**

* * *** *

Exon A -------------HKSEIAHRFKDLGEQHFKGL
E LDAVKEKALVAAVRQRMKCSSMQRFGERAFKAW
I LAEFQPLVEEPKNLVKTNCELYEKLGEYGFQNA

* * *
** * ** * * *** ** * ** ** * *

B VLIAFSQYLQKCPYEEHIKLVQEVTDFAKTC-VADENAEN-CDKSI
F AVARMSQRFPNAEFAEITKLATDVTKINKECCHGDLLE---CADDR
J VLVRYTQKAPQVSTPTLVEAARNLGRVGTKCCTLPEAQRLPCVEDY

* * *
*

** * ** ** * ** ** ** * * * * * * * * ****
C HTLFGDKLCAIPKLRDNYGELADCCAKQEPERNECFLQHKDDN-PNLPPFQ---RPEAEAMCTSFQENPTSFLGH
G -AELAKYMCE-NQATIS-SKLQACCDKPVLQKSQCLAETEHDNIPADLPSIAADFVEDKEVCKNYAEAKDVFLGT
K LSAILNRLCVLHEKTPVSEKVTKCCSGSLVERRPCFSALTVDETYVPKEFKAETFTFHSDICTLPDKEKQIKKQT

* * * * ** * *
* * **** ** * ** * *** * ** ** *

D YLHEVARRHPYFYAPELLYYAEKYNEVLTQCCTESDKAACLTPK
H FLYEYSRRHPDYSVSLLLRLAKKYEATLEKCCAEGDPPACYGTV
L ALAELVKHKPKATEDQLKTVMGDFAQFVDKCCKAADKDNCFATE

FIG. 5. Internal amino acid homology. Peptides encoded by the four sets of equivalent exons were aligned
for maximal homology by introducing gaps in the shorter sequences. Two of three matches are denoted by an
asterisk, and three of three are denoted by a double asterisk. The first 13 amino acids of exons E and I are
absent from exon A. When a codon is split by an intron, it is awarded to the exon which includes two of the
three nucleotides. The numerical amino acid and nucleotide homologies are summarized in Table 2.

TABLE 2. Summary of internal homologya
Compari- o acids (%) Nucleotides (%)

son

Exons
A and E 3/20 (15) 26/58 (45)
A and I 4/20 (20) 22/58 (38)
E and I 5/33 (15) 37/98 (38)

B and F 11/43 (26) 51/130 (39)
B and J 6/44 (14) 46/133 (35)
F and J 8/43 (19) 55/130 (42)

C and G 16/71 (23) 93/212 (44)
C and K 10/71 (14) 72/212 (34)
G and K 11/72 (15) 86/215 (40)

D and H 18/44 (41) 68/133 (51)
D and L 9/44 (20) 51/133 (38)
H and L 10/44 (23) 57/133 (43)

Subgenes
1 and 2 48/179 (27) 238/536 (44)
1 and 3 29/179 (16) 191/536 (36)
2 and 3 34/192 (18) 235/576 (41)
a The exons were aligned as shown in Fig. 5. In each

comparison, the total was taken to be the length of
the shorter sequence; i.e., gaps were ignored in the
tabulation.

consensus sequences that have been adduced by
analysis of a large number of genes.
An unusual property of albumin introns is the

presence in introns CD and DE of the polydi-
nucleotides AC and TC, which are repeated
elsewhere in the rat and other genomes. Re-

peated sequences in introns might facilitate re-
combinations at these sites which could destroy
the albumin gene. It would be interesting to
know how long these simple intronic repeated
sequences have been present. Human (J. W.
Hawkins and A. Dugaiczyk, J. Cell Biol. 87:
llla, 1980), mouse (19), and chicken (18) albu-
min genes are under investigation in other lab-
oratories, so it should be possible to answer this
question soon.
Of course, it is possible that sequences other

than the simple tracts are repeated in the rat
genome. All hybridization data obtained to date
are consistent with the interpretation that the
repeated nature of introns CD, DE, and EF is
due to these elements, but definition ofthe limits
of a repeated sequence is difficult without exten-
sive nucleotide sequence data from many diverse
copies of the repeated element.
Relationship between exons and protein

domains. Serum albumin consists of three
structural domains of approximately 190 amino
acids each (9). These polypeptide segments are
similar in secondary and tertiary structure and
exhibit weak but significant overall amino acid
homology. The nascent protein also has a short
"signal" peptide attached to the amino terminus.
The periodic nature of the albumin gene is even
more pronounced in the nucleic acid sequence
of the mRNA, and is in turn reflected in an
obvious way in the pattern of exon sizes. The
three structural domains correspond to exons
ABCD, EFGH, and IJKL, which we have named

VOL. 1, 1981

 on M
ay 16, 2021 by guest

http://m
cb.asm

.org/
D

ow
nloaded from

 



878 SARGENT ET AL.

subgenes 1, 2, and 3. The divergence at the
protein and nucleic acid levels is extensive and
nonuniform (Table 2). Since the subgenes pre-
sumably result from saltatory duplication and
the divergence timne for all exons within a given
subgene is therefore identical, the relatively ex-
tensive conservation ofsome exons means either
that there has been greater selection on these
regions of the gene or that the basic mutation
rate is different for each exon. Similar disparities
in divergence have been observed in the exons
of globin genes (14).
A great deal of diversity has evolved in the

albumin protein by intragenic duplication fol-
lowed by fixation of nucleotide substitutions.
The polypeptides encoded by homologous exons
are quite different from one another and may
have correspondingly different functions. The
possible correlation between exons and protein
functional domains has been discussed at length
(12, 16). Except for the leader exon (see below),
this proposal may not be particularly appropri-
ate to albumin. A number of substances have
been found to bind to serum albumin; the active
sites for each ligand are usually confined to one
structural domain (reviewed by Peters and Reed
[28]), and in many cases are probably encoded
by individual exons. However, there is no reason
to presume that these activities existed before
the assembly of the ancestral albumin gene,
since there has been such extensive amino acid
sequence divergence since the subgene duplica-
tion events. Furthernore, the binding site for
copper(II) ions consists of the first three amino
acids of secreted bovine serum albumin (6), so
this functional domain is disrupted by intron ZA
(Table 1). Fatty acids apparently bind to the
hydrophobic clefts between albumin structural
domains, which are separated in the gene by
introns DE and HI. The interpretation of these
results is further complicated by the observation
that in humans (reviewed by Gitlin and Gitlin
[17]) and rats (15), the complete absence of
serum albumin, analbuminemia, is almost
asymptomatic. This suggests that albumin may
have no vital function at all, which casts some
doubt on the significance of those functional
assignments that have been made.

In addition to the 12 subgene exons that en-
code most of the albumin protein, there are 3
that have special significance. At the 5' end of
the gene is a leader exon, Z. This exon encodes
the 5' untranslated region of albumin mRNA,
the 18-amino-acid "pre" peptide (39), which in-
cludes the signal sequence (4) present on the
amino terminus of nascent albumin, and the 6-
amino-acid "pro" peptide. Exon Z also encodes
the first 21/3 amino acid residues of the secreted

MOL. CELL. BIOL.

protein. Leader exons are found attached to
other genes that encode secreted proteins.
Mouse immunoglobulin light-chain genes are or-
ganized in this manner (3), as are the chicken
ovomucoid (38) and conalbumin (11) genes and
the bovine preproopiocortin gene (25). Although
the structures of the leader exons differ consid-
erably, they do seem to encode an equivalent
protein functional domain, the signal peptide. At
the 3' end are two exons, M and N, that, like
exon Z, seem not to be part of the subgenes.
Exon N consists entirely of untranslated mRNA
sequences, including the putative 3' terminus of
the albumin gene. The significance of such an
exon is not clear. Obviously, it has nothing to do
with protein function, and 3' untranslated se-
quences tend to diverge more rapidly than the
coding region. However, these elements are con-
served to some extent (30), so they presumably
have some significant, if unknown, role (37).
Exon N does have a function in the sense that
its sequence includes the polyadenylation site.
Exon M is partly translated-the termination
codon, TAA, is included in its sequence, and it
encodes the COOH-terminal 13 amino acids. It
does show slight homology to the 5' third of
exon I (15 of 40 matching nucleotides), which
may be the result of one of the duplication
events (Fig. 6).

In summary, exon Z can be regarded as encod-
ing a functional domain, i.e., the signal peptide,
and the three subgene clusters clearly encode
the three structural domains of albumin. Other
correlations between the exons of the albumin
gene and domains in the protein are probably
not justified at present.
Evolution of the serum albumin gene.

Perhaps the most striking aspect of the serum
albumin gene is the clarity with which its evo-
lutionary history is preserved in its sequence.
Brown (9) inferred a triplex structure for this
gene from the pattern of internal amino acid
homology and concluded that the three struc-
tural domains evolved by duplication of a com-
mon ancestor gene. This hypothesis is strongly
supported by our observations.
Brown estimated the two duplications to have

taken place 700 million years ago, an extrapola-
tion from the amino acid sequence homology
between domains and between human and bo-
vine albumins and from the fossil record ofmam-
malian radiation. This presumes that the selec-
tive pressures on albumin over the past 80 mil-
lion years are indicative of the preceding billion
or so, which may be incorrect and misleading.
However, chicken serum albumin is approxi-
mately the same size as rat serum albumin (18),
so it may have a similar three-domain structure.
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©~~~~~~~~~~~~
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FIG. 6. Model for the evolution of the rat serum albumin gene. (A) Unequal crossover between two copies

of a five-exon gene duplicates the third and fourth exons. (B) The superfluous second y exon shrinks to 62
nucleotides by a deletion or by evolution of a new splicing signal, creating the proto-albumin gene. (C)
Unequal crossover between two alleles of the proto-albumin gene. The recombination sites are 40 nucleotides
into exonMand the first nucleotide ofexon a. This achieves a simultaneous duplication ofmost oftheprotein-
coding sequence and a frameshift to compensate for the duplication of3n + 2 nucleotides of the first subgene.
The second exon ,B also diverges slightly into exon 8. (D) Second major intragenic duplication, with boundaries
within introns, results in three approximately equivalent subgenes encoding three similar protein domains.
(E) Divergence of exons to approximately 40% DNA homology and approximately 20% protein homology and
extensive divergence of intron sequence and sizes. The a-fetoprotein-albumin gene duplication probably
occurred during this period. (F) The rat serum albumin gene.

If this is so, the domain duplications probably
predate the bird-mammal divergence that oc-
curred about 300 million years ago (44).
Because the albumin gene is so complex, there

are many plausible models that could explain its
evolution. We have applied two principal criteria
to advance one of these alternatives: (i) the
number of recombination and rearrangement
steps should be minimized; and (ii) the transla-
tional reading frame should be continuously
maintained throughout albumin evolution. Any

model will have to account for the observed
patterns of internal homology, which we inter-
pret as indications of sequence duplication, and
also the 40-nucleotide difference in the sizes of
exons A versus E and I.

Before the two duplication events, the "proto-
albumin" gene may have had a structure similar
to that shown in Fig. 4B; a leader exon, four
protein-encoding exons, exon M, and an untrans-
lated exon equivalent to N. Because of the
greater homology between protein domains I

VOL. 1, 1981

 on M
ay 16, 2021 by guest

http://m
cb.asm

.org/
D

ow
nloaded from

 

http://mcb.asm.org/


880 SARGENT ET AL.

and II, Brown concluded that domain III is the
"oldest" and would represent the ancestral al-
bumin gene. However, we believe that this is
incorrect and that the proto-albumin gene was
equivalent to the first subgene attached to the
5'- and 3'-terminal exons Z, M, and N. The
reason for this conclusion is that if an exon
equivalent to I or E were spiced to the leader
exon Z, a frameshift would result, since exon Z
terminates after the first nucleotide in a codon
and exons I and E begin between codons, assum-
ing that the GT-AG rule is and has always been
followed (Table 1). The leader exon could have
been one nucleotide shorter before the duplica-
tions, but this would have to have changed when
it became associated with what is now exon A.
It is extremely unlikely that a frameshifted gene
would survive long enough to become fixed in
the population. Nor is there any obvious mech-
anism that could have simultaneously deleted
40 nucleotides from the 5' end of the ancestor to
exon A and added a single nucleotide to the
ancestor to exon Z. Therefore, we favor the
hypothesis that exons Z and A have been asso-
ciated all along; i.e., subgene 1 is the evolution-
ary precursor to the other two.
Subgene 1 has 3n + 2 nucleotides, and this

was presumably the case when it represented
the proto-albumin gene. As such, a simple intra-
genic duplication of exons a through 8 would
result in a new second subgene that would be
translated out of phase. Figure 6C illustrates a
mechanism for the first subgene duplication that
circumvents this difficulty. A recombination
event between exon a and exon M of two differ-
ent copies of the proto-albumin gene would du-
plicate the first subgene and transfer 40 nucleo-
tides (3n + 1) to the 5' end of the new exon E.
This accomplishes a simultaneous duplication
and compensating frameshift, so the enlarged
gene would encode a translatable protein. This
model also explains the larger size of exon E
versus exon A. The extra 40 nucleotides of exon
e would not have been in the correct reading
frame, and the 13 amino acids encoded by this
DNA may serve merely as a linker polypeptide
whose particular sequence is not important. This
region of serum albumin is the most divergent
segment of the protein when rat, human, and
bovine albunins are compared, which is consist-
ent with this interpretation.

Since subgene 2 has 3n nucleotides (currently
576), its duplication does not present a reading
frame problem. This could be accomplished by
recombination within introns 82M and & (Fig.
6D). The result of this (Fig. 6E) would be a 15-
exon albumin gene with three homologous
subgenes. The greater amino acid homology be-

tween domains I and II is not explained by our
model, but this disparity is not overwhelming
(27% amino acid homology versus 16 and 18%;
Table 2), and the DNA homologies are even
more similar (44% versus 36 and 41%). Further-
more, any argument based upon such minor
differences in homology is considerably weak-
ened by the observation (Table 2; 14) that exons
can accumulate mutations at peculiar rates.
The period represented by the space between

Fig. 6E and 6F probably lasted at least 300
million years and involved the fixation of a large
number of nucleotide substitutions as well as
several 3-, 6-, 9-, and 12-nucleotide deletions and
insertions in the albumin exons (Table 1). The
intronic homology also disappeared during this
period. Another important evolutionary event
that evidently took place was an intergenic du-
plication that resulted in the creation of two
genes that evolved into what are now recognized
as albumin and a-fetoprotein. The evidence for
this is a very significant level of homology (50%)
between the rat serum albumin and rat a-feto-
protein mRNA sequences (21, 21a, 35).
Possible duplication events preceeding

the triplication ofsubgenes. It is also possible
to infer the nature of even earlier evolutionary
events that gave rise to the proto-albumin gene.
There is a remarkable similarity between exons
,B and 8 and their duplication products. The
codon interruption patterns are identical, and
the exon sizes and the positions of the cysteine
residues are nearly so. The DNA sequence ho-
mology between these exons is 47/133, 41/130,
and 47/133 matches for the B-D, F-H, and J-L
pairs, respectively, when they are aligned with
their 5' borders in register (Fig. 7). Assuming
that DNA sequence homology values are Pois-
son distributed and that the basic probability of
an accidental match is 25%, the probabilities
that these or higher levels of homology are ac-
cidents are 0.014, 0.084, and 0.014, respectively.
Although none of these values is small enough
to convincingly exclude accidental homology,
the probability that all three pairs of exons
independently acquired homology in this way is
miniscule (the product of the three pairwise
accident probabilities is 0.000017. The accident
probability for 135/396 matches is 0.00034). Nor
is it likely that exons f8 and 8 were initially
different and converged to a high enough level
ofhomology to account for the present similarity
of their descendants, considering the extent of
overall divergence that has taken place since the
subgene duplications. Thus, we conclude that a
duplication event was responsible for the gen-
eration of exons ,B and 8 from a common ances-
tor. Since these two exons are separated by exon

MOL. CELL. BIOL.
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RAT SERUM ALBUMIN GENE 881

t eg -y, the most straightforward assumption is that
~ .4 this intervening exon was also duplicated at the
c33(: t same time as the precursor to exons f and 8.
mu-^<I8>Q=3t t Figure 6A illustrates a hypothetical recombina-

"iy-t, ¢3<_- §0 tion event between two alleles of a five-exon
m3<_? < 0*3 so Q XWI V precursor gene that would result in a duplication
t3sy tz_ku [U-tz 4 Z of the third and fourth exons. The translational

-u ; l Og Q QSreadingframe would be preserved, but the sec-
ond y exon would have to be eliminated before

la EV< e cn Q e Q ¢3 5 < 5the next duplication event. This could occur via
-. -o either a deletion or the evolution of a new 3'

splicing junction, which we have depicted in Fig.
-.g 6B as resulting in the appearance of exon M.

0c);iy83->U_Although there is some weak homology sup-
,, x-:,< ,¢_0 ,¢ gporting this relationship between exon M and

4
. e- the descendents of exon y, it is not statistically

;QQwtu eQ i significant by our criterion. The primary justifi-
%-- cation for the proposed mechanism is that it is

=g - g_t l.n simple; i.e., it accounts for both the genesis of
otuI-C I.C= -C ;°=;°-C iexon M and the elimination of the superfluous

'C O=au a
,' _ exon -y in a single evolutionary event. Other

" _<_ < _C a -CU interpretations are ofcourse not excluded. There
-CMeQ3eUz e oo-g oy X 8are 18 positions ofamino acid homology between

k=33 second and fourth subgene exons, out of a total
IO XYo=o°o<a p-Pa-S>U ].@ of 131 sites compared. Six of these are cysteines,

u;U<-oI-_ and the rest are clustered primarily at three
<Q129_> _ , Epoints; the second amino acid is usually leucine

(5/6), the tenth is usually proline (5/6), and half
a-e ofthe positions immediately preceeding the dou-

1-9 gQ°<=30<:to'Y=-wOcoble cysteines are lysine residues. The double
u_g--e e cysteines are in the same alignment as the 5'

*S:_. gp_gy eU sy U t exonic boundaries and the single cysteines with
W-KF -C -C a It the 3' boundaries, so the different exon lengths

8__ le- are probably due to insertions or deletions be-
<<-iu tUe gY SY-t<-C 0 tween the second and third cysteine residues.
0Xu 3e-9- = The homology score can be improved by allow-
MO Co=3 3

a a t e {u-a ing for this, but we have not attempted to cal-
a<_o0-teu e< -igC_ U -C culate the statistical significance of such com-

*
u

parisons.
a W. S, Nucleotide sequence determination and anal-

E.-I;Q<3 i ig:lQ gtbysis has been an effective approach to the study
.2t-u-C 8SO_eeS 0 of this complex gene. The intricate pattern of

C iS -e i introns and exons originally elucidated by R-
=0_ loop analysis has been completely resolved, the

a*3a<0{-2zueu ,° .putative termini of the transcription unit have
t-OQ§AI been located, and the triplication model of al-

I.- -C<°et°=¢° 3W<-cz 4 bumin evolution has been confirmed and elabo-
'a3-° 53 e-°e 53-;- ; rated. We have been able to infer the probable

uig=eOi<XatQ0 S Enature ofa series of ancient duplications of mul-
.g=§r1Z IF Isgy Uo <tiexon sequences by inspection of the nucleotide

eu C go - - 0 sequence of existing genes. A number of pointso_oo Q ose o_ g q\have emerged that suggest future lines of inves-
0 p- . tigation. There is weak homology between exons

-Y>=ir §en-3 3eYz=i descended from a, ,B, and y, and it may be
-Ega\e{ a_O °i possible to adduce earlier events in albumin
<Q=- a 0 0 O < evolution by a more sophisticated analysis of

., .1.=̂~- ;4 athese data. Since this would represent the origin
I|| | | | t ;; of a primitive multiexon gene, it might serve as
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882 SARGENT ET AL.

a paradigm for the evolution of all introns. It
would also be interesting to know ifthe albumin-
a-fetoprotein gene family exists as cluster of
sequences, if it has additional members, and if
mechanisms other than intragenic and inter-
genic duplications were involved in its evolution.

Intragenic duplication has evidently been the
principal evolutionary mechanism for the accre-
tion of exons and introns by the ancestral pre-
cursor to the albumin (and a-fetoprotein) gene.
According to our model, at least 10 of 14 introns
and 10 of 15 exons were generated in this fashion.
In view of the large number of proteins with
internal periodicity (1), it is apparent that this
has been an important evolutionary source of
the complexity of eucaryotic genes and genomes.

ACKNOWLEDGMENIS
We thank Jim Posakony for helpful discussions and Mar-

garet Chamberlin for technical advice and for the gift of
pBR325 subcloning vector DNA.

This project was supported by Public Health Service grants
5 T32 GM 07616 and GM 13762, awarded by the National
Institute of General Medical Sciences.

LJIERATURE CITED
1. Barker, W. C., L. K. Ketcham, and M. 0. Dayhoff.

1978. Composition of proteins, p. 359-362. In M. 0.
Dayhoff (ed.), Atlas of protein sequence and structure,
vol. 5, suppl. 3. National Biomedical Research Foun-
dation, Washington, D.C.

2. Benoist, C., K. O'Hare, R. Breathnach, and P. Cham-
bon. 1980. The ovalbumin gene-sequence of putative
control regions. Nucleic Acids Res. 8:127-142.

3. Bernard, O., N. Hozumi, and S. Tonegawa. 1978.
Sequences of mouse immunoglobulin light chain genes
before and after somatic changes. Cell 15:1133-1144.

4. Blobel, G., and D. Dobberstein. 1975. Transfer of pro-
teins across membranes. II. Reconstitution offunctional
rough microsomes from heterologous components. J.
Cell Biol. 67:852-862.

5. Bolivar, F. 1978. Construction and characterization of
new cloning vehicles. III. Derivatives of plasmid
pBR322 carrying unique EcoRI sites for selection of
EcoRI generated recombinant DNA molecules. Gene 4:
121-136.

6. Bradshaw, R. A., W. T. Shearer, and F. R. N. Gurd.
1968. Sites of binding of copper (II) ion by peptide (1-
24) of bovine serum albumin. Biol. Chem. 243:3817-
3825.

7. Breathnach, R., C. Benoist, K. O'Hare, and P. Cham-
bon. 1978. Ovalbumin gene: evidence for a leader se-
quence in mRNA and DNA sequences at the exon-
intron boundaries. Proc. Natl. Acad. Sci. U.S.A. 76:
4853-4857.

8. Britten, R. J., D. E. Graham, and B. R. Neufeld. 1974.
Analysis of repeating DNA sequences by reassociation.
Methods Enzymol. 29E:363-418.

9. Brown, J. R. 1976. Structural origins of mammalian
albumin, Fed. Proc. 35:2141-2144.

10. Cattera1l, J. F., J. P. Stein, P. Kristo, A. R. Means,
and B. W. O'Malley. 1980. Primary sequence of ovo-
mucoid messenger RNA as determined from cloned
complementary DNA. J. Cell Biol. 87:480487.

11. Cochet, M., F. Gannon, R. Hen, L. Maroteaux, F.
Perrin, and P. Chambon. 1979. Organization and
sequence studies of the 17-piece chicken conalbumin

gene. Nature 282:567-574.
12. Crick, F. 1979. Split genes and RNA splicing. Science

204:264-271.
13. Dugaiczyk, A., H. W. Boyer, and H. M. Goodman.

1975. Ligation of EcoRI endonuclease-generated DNA
fragments into linear and circular structures. J. Mol.
Biol. 96:171-184.

14. Efstratiadis, A., J. W. Posakony, T. Maniatis, R. M.
Lawn, C. O'Connell, R. A. Spritz, J. K. DeRiel, B.
G. Forget, S. M. Weissman, J. J. Slightom, A. E.
Blechl, 0. Smithies, F. E. Baralle, C. C. Shoulders,
and N. J. Proudfoot. 1980. The structure and evolu-
tion of the human a-globin gene family. Cell 21:653-
668.

15. Esumi, H., M. Okui, S. Sato, T. Sugimura, and S.
Nagase. 1980. Absence of albumin mRNA in the liver
of analbuminemic rats. Proc. Natl. Acad. Sci. U.S.A.
77:3215-3219.

16. Gilbert, W. 1978. Why genes in pieces? Nature 271:501.
17. Gitlin, D., and J. D. Gitlin. 1975. Genetic alterations in

the plasma proteins of man, p. 321-374. In F. W. Put-
nam (ed.), The plasma proteins, vol. 2. Academic Press,
Inc., New York.

18. Gordon, J. I., A. T. H. Burns, J. L. Christmann, and
R. G. Deeley. 1978. Cloning ofa double-stranded cDNA
that codes for a portion of chicken preproalbumin. J.
Biol. Chem. 253:8629-8639.

19. Gorin, M. B., and S. M. Tilghman. 1980. The structure
of the alpha-fetoprotein gene in the mouse. Proc. Natl.
Acad. Sci. U.S.A. 77:1351-1355.

20. Gubbins, E. J., R. A. Mauer, M. Lagrimini, C. R.
Erwin, and J. E. Donelson. 1980. Structure of the rat
prolactin gene. J. Biol. Chem. 255:8655-8662.

21. Innis, M. A., and D. L. Miller. 1980. a-Fetoprotein gene
expression. Partial DNA sequence and COOH terminal
homology to albumin. J. Biol. Chem. 255:8994-8996.

21a.Jagodzinski, L. L., T. D. Sargent, M. Yang, C.
Glackin, and J. Bonner. 1981. Sequence homology
between RNAs encoding rat a-fetoprotein and rat se-
rum albumin. Proc. Natl. Acad. Sci. U.S.A. 78:3521-
3525.

22. Kushner, S. R. 1978. Improved method for transformna-
tion of E. coli with Col El derived plasmids, p. 17-23.
In A. W. Boyer and S. Nicosia (ed.), Proceedings of the
International Symposium on Genetic Engineering. El-
sevier/North-Holland Biomedical Press, New York.

23. Lerner, M. R., J. A. Boyle, S. M. Mount, S. L. Wolin,
and J. A. Steitz. 1980. Are sn RNPs involved in
splicing? Nature (London) 283:220-224.

24. Maxam, A. M., and W. Gilbert. 1980. Sequencing end-
labeled DNA with base-specific chemical cleavages.
Methods Enzymol. 65:499-560.

25. Nakanishi, S., Y. Teranishi, M. Noda, M. Notake, Y.
Watanabe, H. Kakidani, H. Jingami, and S. Numa.
1980. The protein-coding sequence of the bovine
ACTH-,8-LPH precursor gene is split near the signal
peptide region. Nature (London) 287:752-755.

26. Nishioka, Y., and P. Leder. 1979. The complete se-
quence of a chromosomal mouse a-globin gene reveals
elements conserved throughout vertebrate evolution.
Cell 18:875-882.

27. Nishioka, Y., and P. Leder. 1980. Organization and
complete sequence of identical embryonic and plasma-
cytoma K V-region genes. J. Biol. Chem. 255:3691-
3694.

28. Peters, T., Jr., and R. G. Reed. 1977. Serum albumin:
conformation and active sites, p. 11-20. In T. Peters
and I. Sjoholm (ed.), Albumin: structure, biosynthesis,
function. Pergamon Press, New York.

29. Pribnow, D. 1975. Nucleotide sequence of an RNA
polymerase binding site at an early T7 promotor. Proc.
Natl. Acad. Sci. U.S.A. 72:784-788.

MOL. CELL. BIOL.

 on M
ay 16, 2021 by guest

http://m
cb.asm

.org/
D

ow
nloaded from

 

http://mcb.asm.org/


VOL. 1, 1981

30. Proudfoot, N. J., and G. G. Brownlee. 1976. 3' Non-
coding region sequences in eukaryotic messenger RNA.
Nature (London) 263:211-214.

31. Sakonju, S., D. F. Bogenhagen, and D. D. Brown.
1980. A control region in the center of the 55 RNA gene
directs specific initiation of transcription: 1. The 5'
border of the region. Cell 19:13-25.

32. Sela-Trepat, J. M., T. D. Sargent, S. Sell, and J.
Bonner. 1979. a-Fetoprotein and albumin genes of rats:
no evidence for amplification-deletion or rearrangement
in rat liver carcinogenesis. Proc. Natl. Acad. Sci. U.S.A.
76:695-699.

33. Sanger, F., and R. Coulson. 1978. The use of thin
acrylamide gels for DNA sequencing. FEBS Lett. 87:
107-110.

34. Sargent, T. D., J.-R. Wu, J. M. Sala-Trepat, R. B.
Wallace, A. A. Reyes, and J. Bonner. 1979. The rat
serum albumin genes: analysis of cloned sequences.
Proc. Natl. Acad. Sci. U.S.A. 76:3256-3260.

35. Sargent, T. D., M. Yang, and J. Bonner. 1981. Nucleo-
tide sequence of cloned rat serum albumin messenger
RNA. Proc. Natl. Acad. Sci. U.S.A. 78:243-246.

36. Se;f, I., G. Khoury, and R. Dhar. 1979. BKV splice
sequences based on analysis of preferred donor and
acceptor sites. Nucleic Acids Res. 6:3387-3389.

37. Setzer, D. R., M. McGrogan, J. IL Nunberg, and R. T.
Schimke. 1980. Size heterogeneity in the 3' end of
dihydrofolate reductase messenger RNAs in mouse

RAT SERUM ALBUMIN GENE 883

celLs. Cell 22:361-370.
38. Stein, J. P., J. F. Catterall, P. Kristo, A. R. Means,

and B. W. O'Malley. 1980. Ovomucoid intervening
sequences specify functional domains and generate pro-
tein polymorphism. Cell 21:681-687.

39. Strauss, A. W., C. D. Bennett, A. M. Donohue, J. A.
Rodkey, and A. W. Alberts. 1977. Rat liver pre-
proalbumin: complete amino acid sequence of the pre-
piece. J. Biol. Chem. 252:6846-6855.

40. Sures, I., J. Lowry, and L. H. Kedes. 1978. The DNA
sequence of sea urchin (S. purpuratus) H2A, H2B, H3
histone coding and spacer regions. Cell 15:1033-1044.

41. Tucker, P. W., K. B. Marcu, N. Newell, J. Richards,
and F. R. Blattner. 1979. Sequence of the cloned gene
for the constant region of murine of 2b immunoglobulin
heavy chain. Science 206:1303-1306.

42. Wallace, R. B., T. D. Sargent, R. F. Murphy, and J.
Bonner. 1977. Physical properties of chemically ace-
tylated rat liver chromatin. Proc. Natl. Acad. Sci. U.S.A.
74:3244-3248.

43. Wasylyk, B., C. Kedinger, J. Corden, 0. Brison, and
P. Chambon. 1980. Specific in vitro initiation of tran-
scription on conalbumin and ovalbumin genes and com-
parison with adenovirus-2 early and late genes. Nature
(London) 285:367-373.

44. Wilson, A. C., S. S. Carlson, and T. J. White. 1977.
Biochemical evolution. Annu. Rev. Biochem. 46:573-
639.

 on M
ay 16, 2021 by guest

http://m
cb.asm

.org/
D

ow
nloaded from

 

http://mcb.asm.org/

