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We characterized nine human actin genes that we isolated (Engel et al., Proc.
Natl. Acad. Sci. U.S.A. 78:4674-4678, 1981) from a library of cloned human
DNA. Measurements of the thermal stability of hybrids formed between each
cloned actin gene and a-, ,B-, and y-actin mRNA demonstrated that only one ofthe
clones is most homologous to sarcomeric actin mRNA, whereas the remaining
eight clones are most homologous to cytoplasmic actin mRNA. By the following
criteria we show that these nine clones represent nine different actin gene loci
rather than different alleles or different parts of a single gene: (i) the restriction
enzyme maps of the coding regions are dissimilar; (ii) each clone contains
sufficient coding region to encode all or most of an entire actin gene; and (iii) each
clone contains sequences homologous to both the 5' and 3' ends of the coding
region of a cloned chicken 1-actin cDNA. We conclude, therefore, that the human
cytoplasmic actin proteins are encoded by a multigene family.

The actins represent a group of proteins that is
abundant in most eucaryotic cell types and that
is highly conserved throughout its evolution.
They participate in a wide variety of processes
including muscle contraction, amoeboid move-
ment, cytokinesis, and mitotic division (11, 21).
Although a number of the lower eucaryotes
appear to make use of only a single major actin
protein, at least six distinguishable actin iso-
forms are utilized by mammals (31). The two
mammalian cytoplasmic actins, 1B and y, are
found in most cells as components of the cyto-
skeleton (3). The amino acid sequences of these
proteins are similar in all of the eucaryotes yet
studied. The other four mammalian actins,
which include the skeletal muscle a-actin, cardi-
ac muscle actin, and two smooth muscle actins,
are tissue specific and are more closely related
to each other than to the cytoplasmic actins (31).
This conservation of primary structure may re-
flect their common role in muscle contraction.
Since the level of resolution in the amino acid
sequencing studies can only detect isoforms
present at greater than 5% of the total actin
content, it is unknown whether minor actin
isoforms exist as well.

Studies utilizing recombinant DNA technolo-
gy have convincingly demonstrated that, with
the exception of yeast (10, 18), actin is encoded
by a multigene family (4, 6, 7, 9, 13, 14, 17, 24,
30). On the basis of protein analysis, this result
is certainly to be expected in mammals. The
surprising finding, however, has been the dis-
covery in the slime mold of the expression of

different actin genes encoding an identical major
actin protein and of another encoding a minor
variant actin not previously detected by protein
analysis (16). Furthermore, Cleveland et al. (4)
have shown that the chicken genome may en-
code several cytoplasmic y-actin genes, al-
though only one y-actin protein has been identi-
fied in this organism. Thus the genomic
organization and expression of actin genes are
more complex than might be expected from the
analysis of the actin proteins.
We recently isolated nine unique, nonallelic

DNA clones from the human genome which
contain coding regions for actin genes, and our
analysis of genomic nitrocellulose blots suggests
that there may be as many as 30 actin genes in
the human genome (7; unpublished data). Since
only six different actin proteins have been identi-
fied in mammals, it is of interest to know both
the type of the actin encoded by and the coding
capacity of these clones. To this end, we now
report that these nine clones each include all or
most of a different actin gene and that the human
genome contains at least eight different actin
genes coding for cytoplasmic actin proteins. (We
use "gene" to indicate a region ofDNA which is
capable of encoding a protein without implying
that this DNA sequence is functional or ever
expressed within a cell.)

MATERIALS AND METHODS
RNA and DNA isolation. RNA was isolated from

HeLa cells or from human muscle tissue by standard
methods as reported previously (7). Plasmid DNA,
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Charon 4 phage DNA, and human high-molecular-
weight nuclear DNA were prepared by the method of
Engel (7). Restriction fragments prepared by digestion
of plasmids were purified by electrophoresis through
agarose gels in 89 mM Tris-89 mM borate-2.5 mM
EDTA and eluted by binding to powdered silica glass
(32). Briefly, each gram of agarose gel containing a
restriction fragment was homogenized in 3 ml of NaI
solution (containing 90.8 g ofNaL and 1.5 g of Na2SO3
in 100 ml of water) and allowed to dissolve at 37°C for
1 to 2 h. Twenty microliters of a 50o glass slurry
solution was added to 15 ,ug of DNA and shaken
vigorously at 4°C for 1 to 12 h. The solution was
pelleted by centrifugation and washed twice with 100
volumes of NaI solution followed by two washes (100
volumes each) with a 50%o ethanol-100 mM NaCl-1
mM EDTA-10 mM Tris-hydrochloride (pH 9.5) solu-
tion. The DNA was then eluted twice in 10 volumes of
50 mM Tris-hydrochloride (pH 9.0)-0.2 M NaCl and
incubated at 60°C for 20 min each time. The eluted
DNA was precipitated by adding sodium acetate to 0.3
M plus 2.5 volumes of ethanol.

Purification of human actin mRNA. The EcoRl frag-
ment, which encodes actin from clone XHRL34, was
linked to ABM-cellulose (Miles Biochemicals) by stan-
dard methods (19). Total HeLa RNA (6 mg) was
hybridized to 100 ,ug of DNA-cellulose. The specifical-
ly bound RNA was eluted into water and passed over
oligo(deoxyribosylthymine) cellulose (Collaborative
Research, Inc.). The eluate containing polyadenylic
acid-containing RNA was lyophilized, dissolved in 10
pJ of water, and ethanol precipitated. This preparation
migrated as a single band of 2,000 to 2,100 nucleotides
on a 7 M urea-5% polyacrylamide gel as determined
by ethidium bromide staining and autofluorography of
the 3H-labeled mRNA (data not shown). Analysis by
electrophoresis on two-dimensional gels of the protein
products, which were synthesized in vitro with this
mRNA preparation as the template, revealed equal
amounts of 1- and y-actin protein (data not shown).
Nick traslaton and end labeling of DNA and RNA.

Nick translation was carried out by the method of
Rigby et al. (23). Plasmid DNA or human high-molecu-
lar-weight nuclear DNA was labeled to a specific
activity of 108 cpm/nlg. Plasmid DNA or purified actin
mRNA was end labeled with [-y-32P]ATP (Amersham
Corp., 4,500 Ci/mmol) by polynucleotide kinase (New
England Nuclear Corp.) by the method ofMaxam and
Gilbert (15). To prevent labeling ofRNA that contam-
inated the DNA preparations, the DNA was digested
with the appropriate enzyme in the presence of bacte-
rial alkaline phosphatase (Miles Biochemicals), elec-
trophoresed on preparative agarose gels, eluted by
binding to silica glass, radiolabeled with polynucleo-
tide kinase, digested with a second restriction enzyme,
and then electrophoresed on a second preparative
agarose gel. The fragnents of interest were eluted
again by binding to silica glass.

Restriction enzyme digestion and mapping, aprose
gel electrophoresis, and transfer of nudeic acids to
nitroceflulose paper. Purified DNA was digested with
restriction enzymes under conditions specified by the
supplier (New England Biolabs) by using a two- to
threefold excess of enzyme. DNA fragments were
separated by electrophoresis on agarose gels in 89 mM
Tris-89 mM borate-2.5 mM EDTA and transferred
onto nitrocellulose ifiter paper (Millipore Corp.) by the

HUMAN ACTIN GENES 675

method of Southern (28). After prehybridization for 6
h at 650C in 4x SSC (lx SSC = 0.15 M NaCl plus
0.015 M sodium citrate)-2.5x Denhardt's solution-50
mM sodium orthophosphate (pH 7.0), the blots were
hybridized to 105 to 106 cpm per ml of nick-translated
DNA probe in the above buffer for 18 h. Extensive
washing of the filters was carried out in 0.5x SSC-
0.1% sodium dodecyl sulfate at 65°C. Restriction
enzyme sites were mapped by single and double
restriction enzyme digests or by partial digestion of 5'
end-labeled fragments (27).

Subeloning of genomnc actin sequences into plasmid
vectors. XHRL actin genes containing isolates were
digested with EcoRI, ligated to EcoRI-cleaved
pBR325 (1), and transfected into C600. Recombinants
were screened for antibiotic resistance, and DNA was
prepared from 5-ml overnight cultures of clones resis-
tant to ampicillin and tetracycline and sensitive to
chloramphenicol by a modification of the cleared
lysate method (29). After digestion with EcoRI, the
recombinant plasmid DNA was electrophoresed on
0.8% agarose gels in 89 mM Tris-89 mM borate-2.5
mM EDTA. The subcloned EcoRI fragment was iden-
tified by size or by transfer of the DNA to nitrocellu-
lose paper followed by hybridization to a DNA probe
derived by nick translation of the actin-encoding insert
of the chicken 3-actin cDNA clone, or by both.
RNA-DNA thermal stability experiments. Positive

mRNA selection was performed essentially as de-
scribed previously (7), except that the RNA was eluted
in 0.1 x SSC by incubating at 55°C and by increasing
the temperature stepwise in 5°C increments, allowing 5
min for temperature equilibration at each temperature
step. After ethanol precipitation in the presence of 5
,ug of carrier tRNA, the entire sample from each
temperature was translated in reticulocyte lysate mix
(Amersham Corp.) and electrophoresed on one-dimen-
sional and two-dimensional gels as reported previously
(7).

RESULTS
Determination of the ype of actin encoded by

human actin gene clones. To identify the type of
actin protein encoded by each of the nine human
actin clones that we had previously isolated, we
determined the thermal stability of hybrids
formed between a particular clone and various
human actin mRNAs. DNA isolated from each
clone was bound to nitrocellulose filters and
hybridized to a mixture which included a-, ,1-,
and y-actin mRNAs. Specifically bound RNA
was then eluted at increasing temperatures and
used as a template to direct the synthesis of
proteins in a rabbit reticulocyte lysate. A sample
of the [35S]methionine-labeled protein products,
synthesized in vitro with the mRNA template
being eluted at each temperature step, was elec-
trophoresed on a sodium dodecyl sulfate-poly-
acrylamide gel. Those samples containing la-
beled actin protein were further analyzed on a
two-dimensional gel system capable of separat-
ing the a-, P-, and y-actin proteins (20).

This protocol allowed us to compare the rela-
tive thermal stabilities of hybrids formed be-
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tween each DNA clone and different actin
mRNAs. Three types of melting behavior were
observed among the nine clones examined, and
an example of each type is shown in Fig. 1.
Column A shows that all three actin mRNAs
could be eluted from XHRL83 at low tempera-
tures, but that only a-actin mRNA was present
in the eluant at high temperatures. The data
presented in Fig. 1B suggest that XHRL24 en-
codes a 1-like actin; only 1-actin mRNA was
bound to it and was subsequently eluted at all
temperatures tested. Fig. 1C shows results ob-
tained with a class of clones that hybridized
poorly to a-actin mRNA, but that released 1-
and -y-actin mRNA at a constant ratio at all
temperatures tested.
An analysis of such experiments for each of

the nine clones reveals the surprising result that
eight of these clones are most homologous to the
cytoplasmic 1- and y-actin mRNAs (Table 1).
Only one of these clones (XHRL83) encoded an
a-actin-like protein (Fig. 1, Table 1). It should be
noted that we did not include actin mRNA from
cardiac or from smooth muscle tissue in the
hybridization mixture. Since the muscle-specific
actin proteins differ from each other by only a
few amino acids, one might expect that the
mRNAs that encode them are also well con-
served. However, Shani and co-workers (26)
have found that rat smooth muscle actin mRNA
has diverged significantly from both the rat
skeletal muscle and cytoplasmic actin genes.
Thus, one would expect a smooth muscle actin
gene to hybridize similarly to a-, 1-, and -y-actin
mRNA. In contrast, the rat cardiac muscle
mRNA is still quite homologous to the rat skele-
tal muscle actin gene as assayed by thermal
stability or by S1 protection experiments of
mRNA-DNA hybrids (26). Similar results have
been reported in the chicken actin gene studies
(25). If human smooth muscle actin genes and
skeletal muscle actin genes have also diverged
significantly from each other in DNA sequence,
then we can expect that the hybridization of a-
actin mRNA to XHRL83 at high temperatures
would allow us to identify that clone as encoding
a cardiac or an a-actin protein, rather than a
smooth muscle actin isoform. Preliminary DNA
sequencing in fact indicates that this clone en-
codes cardiac actin-specific amino acid residues
at each of the locations known to distinguish it
from other actin isoforms (amino acids 1 through
4, 298, and 357; H. Hamada and T. Kakunaga,
personal communication). Four clones
(XHRL21, XHRL24, XHRL25, and AHRL35) hy-
bridize preferentially or solely to 1-actin
mRNA. We have confirmed the ,B-actin-like
identity of clones XHRL21 and XHRL25 by
DNA sequence analysis (unpublished data). The
remaining four isolates, XHRL23, XHRL34,

AHRL45, and AHRL84, hybridize to both 1- and
y-actin mRNA at stringent temperatures. Al-
though XHRL45 appears to release -y-actin
mRNA only at the higher temperatures, the level
of y-actin mRNA in the mixtures of RNAs used
in the hybridization was about fivefold less than
that of ,3-actin mRNA, making detection of y-
actin mRNA difficult at low efficiencies of hy-
bridization. XHRL34 hybridizes to almost equi-
molar amounts of 1- and y-actin mRNA, thus
enriching for y- over 1-actin mRNA (Fig. 1 and
data not shown). These two clones, therefore,
may encode y-actin proteins.
The thermal stability of the actin clone-mRNA

hybrids at high temperatures implies that each of
these cloned sequences is very homologous to
its preferentially bound mRNA. It should be
noted that the recombinants which hybridized to
only 3-actin mRNA have apparent melting tem-
peratures approximately 5°C higher than those
which hybridize to both P- and -y-actin mRNA.
This result may indicate that considerable se-
quence differences in the untranslated regions or
third base changes in the codons (or both) distin-
guish 1- from y-actin mRNAs. Similarly, the
lack of a-actin mRNA hybridization to the cyto-
plasmic actin clones would suggest that a-actin
mRNA is diverged significantly from 1- and -y-
actin mRNAs, a result predicted by amino acid
comparisons of the proteins (3).

Since only two cytoplasmic actin proteins (13
and y) have been identified in mammals (3), the
isolation of eight clones that encode cytoplasmic
actin proteins is of considerable interest. There
are three possible explanations for these data.
First, although the recombinant DNA library
from which these clones were selected was
constructed from the DNA ofa single individual,
some of these clones could still be allelic and,
therefore, not represent eight different actin
coding loci. Second, some of these clones may
encode different regions of the same gene (which
would have to be spread over many kilobases
[7]). Finally, and of most interest, they could
represent eight different genes, each of which
may be capable of encoding a cytoplasmic actin
protein. To distinguish between these possibili-
ties, we performed the experiments described
below.
Mapping actn coding and flanking sequences.

We previously used hybridization to cloned
chicken actin cDNA and Drosophila genomic
actin gene probes to demonstrate that each of
these human actin gene clones encodes actin
coding sequences on only a single EcoRI frag-
ment (7). We have now corroborated these re-
sults by using a homologous actin gene probe
prepared from human actin mRNA (see Materi-
als and Methods). Purified human 1- and -y-actin
mRNA was fragmented, radiolabeled at the 5'
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TABLE 1. Summary of thermal stability experimentsa

HUMAN ACTIN CLONE 550 600 650 700 750 800 850

AHRL83

AHRL21

AHRL24

AHRL2

AHRL35

AHRL23

AHRL34

AHRL45

AHRL84

a+8+y a+P+Ya+#+Ya+P,+Y a+p a+p a+p

p p p p p

a+P o+P3 P p
p, a+ p p8

p8 p p p pe

900
a

p p8

p8

p+Y P+Y p+Y P+Y P+Y

.6+Y p4)+Y #+Y P+Y P+Y P+Y

p p p+v p+v P+Y

a+p+Y P+Y)p+Y +r
a Differential hybridization of human actin gene clones to a-, P-, and -y-actin mRNAs at increasing

temperatures. The type of actin mRNA, as assayed by in vitro translation, which was eluted from each clone at
the indicated temperatures is shown. No attempt was made to distinguish relative amounts of translational
activity of each assay mixture.

end by polynucleotide kinase, and hybridized to
a nitrocellulose blot of EcoRI digests of each of
the XHRL actin clones. Each EcoRI fragment
that hybridized to the heterologous actin gene
probe also hybridized to this homologous probe
(Fig. 2 and 3; data not shown for AHRL21).
XHRL25 and XHRL84 each contain two EcoRI
fragments of similar size, of which only one
contains actin coding region (7). Hybridization
of the homologous human actin probe to both
similarly sized fragments in each clone was
verified by blotting digests of subclones contain-
ing these fragments to the homologous probe
(data not shown). It should be noted that the
sizes of the EcoRI fragments diagramed in Fig. 3
are the averages of sizes derived from multiple
determinations by electrophoresis of the frag-
ments through agarose gels of various concen-
trations (data not shown; [7]). The hybridization
of additional EcoRI fragments in clones
XHRL23, XHRL25, and XHRL84 to the homolo-
gous actin gene probe suggests that these frag-
ments may specify the untranslated portion of an
actin mRNA. Since the EcoRI fragments in
XHRL23 which hybridize to the human actin
gene probe are not contiguous, this clone could
contain an intervening sequence in the portion of
the actin gene encoding the untranslated region
of its actin mRNA. Alternatively, this clone may
encode regions belonging to two separate actin
genes.
The actin gene dones are nonallelic. Each of

the EcoRI fragments containing actin coding
regions was subcloned into pBR325 (1) and
subjected to restriction enzyme mapping by a
combination of single and double restriction

enzyme digests (the subcloned EcoRI fragment
from each of the XHRL actin gene isolates is
indicated by the prefix pHRL). Figure 4 dia-
grams the location of the sites of cleavage in
each of the subcloned fragments for the restric-
tion enzymes PvuII, BamHI, HindlIl, XhoI,
KpnI, and SmaI. The data in this figure demon-
strate that all of the actin coding fragments have
significantly different restriction enzyme maps.
Thus, we conclude that none of these clones
derive from similar regions of allelic genes.
Identical conclusions were reached by mapping
the EcoRI restriction enzyme sites in each of the
AHRL actin clones (7).

Fine structure mapping of actin coding regions.
To determine whether each actin clone could
encode a separate actin gene, we designed ex-
periments to answer the following questions.
First, is the length of the actin coding region on
each clone long enough to encode an actin
mRNA? Second, does each clone encompass
sequences from both the 5' end and the 3' end of
the coding region of the actin gene?
Length of actin coding region. To address the

first question, we initially hybridized each of the
heterologous actin gene probes to nitrocellulose
blots of each of the subcloned EcoRI coding
region fragments, which had been further
cleaved into smaller fragments by using a combi-
nation of restriction enzymes (Fig. 5). A map is
also shown (see Fig. 8) which locates specific
restriction enzyme cleavage sites in each clone
and identifies those fragments that hybridize to a
nick-translated chicken ,-actin cDNA probe.
Identical results were obtained when two Dro-
sophila actin genes were used as probes (data

MOL. CELL. BIOL.
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FIG. 2. Identification of actin coding and flanking sequences. DNA (1 1Lg) from each of the XHRL actin gene
clones (AHRL24, AHRL25, XHRL34, AHRL35, AHRL45, XHRL23, or AHRL83) or subcloned EcoRI fragments
(pHRL84B, a subclone which contains the 9.8-kilobase EcoRl actin coding fiagment of XHRL84) was digested
with EcoRI and electrophoresed through a 0.6% agarose gel. The ethidium bromide stain of the gel is shown in
(A). (B) Gel was blotted onto nitroceliulose paper (28) and hybridized to 106 cpm of 32P-labeled purified human 1-
and y-actin mRNA. Sizes in kilobases are indicated on the left. The observed hybridization to the 4.6-kilobase
EcoRl vector fragment of pHRL84B resulted from vector contamination of the probe during purification of the
human ,B- and y-actin mRNA (see the text).

not shown). The hybridization observed only
corresponds to actin coding and perhaps 5'
untranslated sequences. The latter is unlikely,
however (26), since the 3' untranslated region of
the chicken 1-actin cDNA does not cross-hy-
bridize with human actin genes (4).
The length of the coding region and the nonal-

lelic nature of each of the actin gene isolates
were further evaluated by digesting each of the
AHRL actin clones with the more frequently
cleaving restriction enzymes MspI, AluI, or
Hinfl. Nitrocellulose blots of these digests hy-
bridized to a chicken 1-actin cDNA probe show
that six of the clones (XHRL23, XHRL25,
AHRL34, XHRL35, XHRL82, and XHRL83) con-

tain enough coding region to specify an entire
actin gene (Fig. 6 and data not shown). By these
criteria XHRL21, XHRL45, and XHRL84 do not
encode an entire gene. However, it is possible
that we are underestimating the coding capacity
of these three isolates because fragments that
are less than 100 base pairs in length would not
be transferred efficiently in our nitroceliulose
blot procedure. Furthermore, two fragments of
identical size would be scored only as a single
fragment. Evidence presented below suggests
that these three clones do each contain most of
an actin coding region. We conclude, then, that
to the resolution limit of our restriction enzyme
maps, the sum of the lengths of the restriction
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AHRL21

XHRL84
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AHRL24 I
9.2 0.8 3.8 1.9 3.9

AHRL36 _
5.6 1.4 8.8 1.9

XHRL25 -

0.6 1.6 6.2 65
XHRL23 I - 'I

1.1 0.6 4.7 0.91.0 3.2 6.0 1.0

XHRL34_ I s
6.5 5.9 0.8

AHRL46 |1.2 1.6 1.0 1.9 1.0 6.0

HYBRIDIZATION TO CHICK P ACTIN cDNA PROBE
HYBRIDIZATION TO HUMAN + r ACTIN mRNA PROBE

FIG. 3. Schematic map of actin coding and flanking
sequences in XHRL clones. The EcoRI sites in each of
the XHRL actin clones are indicated by vertical lines,
and the wavy lines represent the vector CH4A arms.
The actin coding region in each clone (heavy black
line), localized to a single EcoRI frament, was de-
fined by hybridization to a chick ,-actin cDNA probe.
This part of the figure is taken from Engel et al. (7).
The location of actin gene sequences which hybridize
to a homologous human P- plus -y-actin mRNA probe
is indicated by the heavy stippled line.

fragments which contain actin coding regions in
at least six of these clones is greater than the
length of DNA necessary to specify an entire
actin gene (1,122 base pairs). This calculation,
however, does not take into account the possible
existence or size of intervening sequences in the
coding regions of actin genes.
None of the putative cytoplasmic actin-encod-

ing clones contained similarly sized MspI, AluI,

0 1 2 3 4 5 6 7 8 9 10 11 12 kb

CHICK 3-ACTIN PROBE

A
REPETITIVE DNA

B
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FIG. 5. Hybridization of coding region or repeti-
tive DNA probe to human actin genes. DNA (1 Fg)
from each of the subcloned EcoRI fiaments that
contain actin coding sequences was digested with a
combination of restriction enzymes and electrophor-
esed on 1% agarose gels. The gel was blotted onto
nitroceilulose (28) and hybridized to nick-translated
chicken ,B-actin cDNA probe (A) or to a probe generat-
ed by nick translation of human nuclear DNA (B).
Lane 1, pHRL21 digested with HindIll plus BgIII.
Lane 2, pHRL45 digested with BglII plus PvuII. Lane
3, pHRL 84 digested with HpaI plus BgfIH. Lane 4,
pHRL25 digested with SmaI plus PvuII plus PstI.
Lane 5, pHRL34 digested with Hincd plus HindIII.
Lane 6, pHRL23 digested with KpnI plus BamHI. The
hybridization of the chicken 3-actin probe to the 2- and
4-kilobase fragments resulted from incomplete diges-
tion of the DNA. Lane 7, pHRL35 digested with HpaI
plus PvuII plus BgIlI. Lane 8, pHRL24 digested with
SmaI plus PvuII. Lane 9, pHRL24 digested with
HpaI. Lane 10, pHRL83 digested with BgIII plus SmaI
plus BamHI. Sizes in kilobases are shown on the right.

pHRL23 1
0°gm

pHRL24 1 ° 9v I

pHRL2I 9 "° O

pHRL34 -

pHRL36 v 9O

pHRL45
pHRL83 IQ 0 0994 9O Q

pHRL84 9 V I

FIG. 4. Restriction enzyme maps of human actin
gene clones. The location of the sites of cleavage of
PvuH (9), XhoI (p), HindIII (y), BamHI (4), KpnI
(4), SmaI (T), and HpaI (7) are shown for each of the
EcoRI actin coding regions containing fragments sub-
cloned from each ofthe XHRL actin genes. An enzyme
site that does not appear on a particular map indicates
that this enzyme does not cut within this EcoRI
fragment. Distances in kilobases are indicated by the
scale at the top of the figure.

or Hinfl fragments which hybridized to this
coding region probe. From the DNA sequence
heterogeneity of each of the coding regions of
these actin genes suggested by this result, we
can again infer the nonallelic nature of each of
the eight cytoplasmic actin gene clones. The
diversity of Hinfl sites contrasts their conserva-
tion in the actin genes of Drosophila (8) and sea
urchins (24) and may reflect the presence of
intervening sequences. We have shown previ-
ously (7) that this sequence divergence between
different actin genes reflected in restriction en-
zyme site variation does not result from genetic
polymorphism in the actin gene loci. Also, as
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FIG. 6. Estimation of length of coding region contained in each human actin gene clone. DNA (2 p.g) from
each of the XHRL actin clones was digested with MspI (A) or Hinfl (B) and electrophoresed on 2% agarose gels.
The DNA was transferred to nitrocellulose (28) and hybridized to a nick-translated chicken f-actin cDNA probe.
Sizes in kilobases are indicated to the left or right of the appropriate blot.

noted earlier, each of these actin genes that we
have cloned derives from the DNA of a single
individual.
Gene orientation. To further ascertain whether

each of our actin clones could encode an entire
gene, we made use of S'-end and 3'-end coding
region probes derived from the chicken 0-actin
cDNA clone. This heterologous probe was di-
gested with BglI plus PstI to yield a 0.5-kilobase
fragment containing 300 bases from the 5' un-
translated region of the mRNA and the first 200
bases of the coding region. A 3'-end coding
region probe was isolated by digesting the chick-
en 1-actin cDNA clone with KpnI to generate a
fiagment which included 300 bases of the coding
region plus 200 bases from the 3' untranslated
region (unpublished data). We reasoned that if
both of these 5'- and 3'-end coding region probes
hybridized to a particular human actin gene
clone, then that clone must contain most or aU of
an actin gene. Furthermore, all such clones
hybridizing to both 5' and 3' probes must be
distinct from one other; they could not be de-
rived from different parts of the same gene
because they would contain overlapping coding
regions. It should be noted that this approach
assumes that the entire chicken 1-actin cDNA
coding sequence is homologous to the human
actin gene coding sequences and that its speci-
ficity derives from the short length of the coding
region contained in the 5' and 3' probes.

The appropriate Bgll-PstI and KpnI fragments
of the chicken ,-actin cDNA clones were eluted
from a gel and nick translated. No cross-hybrid-
ization of the fragments to each other or to any
of the DNA fragments located between the two
end fragments was observed (data not shown).
These radioactive probes were then hybridized
to nitrocellulose blots of appropriate restriction
enzyme digests of each of the subcloned EcoRl
coding fragments. Each of the nine human actin
gene clones that we have described hybridizes to
both the 5' and 3' chicken actin gene probes
(Fig. 7). Figure 8 summarizes the hybridization
data from each of the clones. The data presented
in these figures demonstrate that all nine clones
contain part or all of a distinct actin gene. In
addition, the data define the polarity of tran-
scription relative to the restriction enzyme map
for most of the genes. The fact that XHRL21,
AHRL45, and AHRL84 hybridize to both the 5'
and 3' probes suggests that our previous experi-
ments (Fig. 5) underestimated the size of their
actin coding regions. We can conclude, there-
fore, that the human genome encodes at least
eight actin genes which could specify a cytoplas-
mic actin protein. In addition, it encodes at least
one sarcomeric actin sequence.
We have also prepared a BaIH-PstI fragment

which contains only the 50 most 5' bases from
the coding region of the chicken ,B-actin cDNA
clone (unpublished data). This probe only hy-
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bridizes to XHRL21, XHRL25, A
XHRL45, AHRL64, and XHRL83 (Fig. E
the other clones lack the 5'-most part of
coding region or they have significantly
from the chicken ,B-actin cDNA clone
in this region.

Actin genes are embedded in highly i

DNA. It has been shown previously
when total genomic DNA is nick trans]
used to probe nitrocellulose blots of r(
enzyme digests of cloned DNA, only f
that contain sequences that are highly r
in the genome hybridize to this probe. t
method, we have determined that mo
actin gene coding regions are embedde4
ly repetitive DNA. Figure 5 shows the I
hybridization of the repetitive DNA
probe to nitrocellulose blots of restri
zyme digests of each of the subclos
gene-encoding EcoRI fragments and co
with the pattern of hybridization of the
,B-actin coding region probe to an ident
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FIG. 7. Hybridization of 5' or 3' cod
probes to human actin genes. DNA (1 pLg) fr
the subcloned EcoRI actin coding regions
fragments was digested with a combination
tion enzymes and electrophoresed on 1% ag
The gel was blotted onto nitrocellulose (2
bridized to a nick-translated 5' coding re
(PstI-BgIl fragment; A) or to a nick-tra
coding region probe (KpnI fiagment; B) de
the chicken f-actin cDNA clone. The DN
zyme digests are the same as for Fig.
kilobases are shown on the left.

,HRL34,
B). Either
the actin
diverged
sequence

repetitive
(5) that

lated and
estriction
ragments
reiterated
Jsing this
st of the
d in high-

The hybridization data, summarized in Fig. 8,
demonstrate that most of our subcloned EcoRI
fragments contain highly repetitive DNA, but
these reiterated sequences almost never inter-
rupt the actin gene coding regions as defined by
their pattern ofhybridization of the heterologous
actin gene probes. Since restriction fragments
previously identified as containing actin coding
regions do not hybridize to the nick-translated
human genomic DNA probe, we can estimate
that only sequences which are repeated more
than 30 times in the genome have been detected
in this experiment (7).

DISCUSSION
pattern of From an incomplete screening of a human
sequence genomic library derived from a single individual,
ction en- we have isolated eight genes which potentially
ied actin encode cytoplasmic actin proteins and one se-
impares it quence which specifies a sarcomeric actin gene.
E. chicken Several lines of evidence support these findings.
tical blot. (i) Eight of the clones each form stable hybrids

with cytoplasmic actin mRNA but not with a-
actin mRNA, whereas the ninth clone hybridizes
most stably to a-actin mRNA. (ii) Restriction
maps of the nine clones suggest that they are
nonallelic. (iii) Each clone contains sufficient
coding region, at the level of resolution afforded

;j by the restriction maps, to encode all or most of
a complete actin gene. (iv) Each clone contains
sequences complementary to the first 200 nucle-
otides and to the last 300 nucleotides of the
coding region of the chicken 3-actin cDNA
gene, thus indicating that none of them derive
from different regions of the same gene.
These findings further suggest that the large

number of actin genes found in the human
genome (over 25 [7]) primarily encode cytoplas-
mic rather than muscle-specific actins. This con-
clusion must await further confirmation, howev-
er, since the human genomic library that we
have screened does not necessarily reflect the
relative sequence composition of the human
genome with respect to actin genes (unpublished
data). Because the library was constructed by
cloning 15- to 20-kilobase fragments generated
by a single partial EcoRI digestion, regions of
the genome which have either very many or very
few EcoRI sites are inevitably underrepresent-

ling region ed. Thus, it remains a formal possibility that the
om each of muscle-specific actin genes have been selected
containing against during the construction of this library.

i of restric- Hamada and co-workers (12) have recently
garose gels. reported that only two bands of human nuclear
8l) and by- DNA cleaved with EcoRI or BamHI were ob-gion probe served to hybridize to probes generated by nick
arived from translation of a Dictyostelium actin cDNA or a

{A and en- human P-actin cDNA clone. Their results are at
5. Sizes in variance with our previously reported observa-

tion (7) of multiple EcoRI, BamHI, or HindIII
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FIG. 8. Summary map of hybridization and restriction enzyme sites of cloned human actin genes. The
hybridization of the chicken ,-actin cDNA probe (in), chicken ,B-actin PstI-BglII 5' coding region probe
(lZZ), chicken ,B-actin PstI-BgtI 5' coding region probe (63), chicken 0-actin KpnI 3' coding region probe
(1), or repetitive DNA probe (-) is localized to fragments generated by restriction enzyme digestion of each
subcloned EcoRI fragment (PvuII [9], XhoI [9], BamHI, [41d, KpnI [41, HpaI [71, SmaI [T], HindIII [P]I, PstI
[9], BglII [P], and HincII [yI). The direction of transcription relative to the restriction map is indicated by
marking the 5'-3' orientation of each clone. Distances in kilobases are shown by the scale at the top of the figure.
The assignment of highly repetitive DNA sequences to the coding fragment in clone pHRL83 was confirmed by
hybridizing subcloned restriction fragments ofpHRL83 to the repetitive DNA sequence probe (data not shown).

fragments of human DNA that cross-hybridize
to chicken or Drosophila actin gene probes and
may reflect differences in technique.

It is now clear that the human cytoplasmic
actins are encoded by a multigene family.
Whether the genes that we have isolated are
functional is unknown. Three of these isolates
hybridize to a probe derived from the 3' untrans-
lated region of a human -y-actin cDNA clone
(unpublished data), a finding that suggests that
they may in fact be transcribed. In the case of
other multigene families such as the globin
genes, the majority of these multiple gene copies
are at least capable of being expressed (22).
Recently, another group (2) has demonstrated
the stable existence of a third isoform of cyto-
plasmic actin in a transformed mouse sarcoma
cell line. This finding lends additional credence
to the existence of multiple actin genes that code
for cytoplasmic actin proteins in mammalian
genomes.

Furthermore, the multiplicity of cytoplasmic
actin genes is not unique to the human genome.
DNA sequencing of portions from the six Dro-
sophila actin genes has shown that they all more
closely resemble cytoplasmic actin genes than
skeletal muscle actin genes (8). In particular,
one of these cytoplasmic-like actin genes en-
codes the major actin component of the insect

ffight muscle, thus demonstrating that the emer-
gence of an a-actin-type protein occurred after
the divergence of protostomes from deutero-
stomes. Similarly, Dictyostelium encodes 17 cy-
toplasmic actin genes (14). At least six of these
genes are transcribed into mRNAs specifying
different actin proteins. Three of these genes
code for an identical protein, but are transcribed
at different times during development (16).
These data indicate that tissue and developmen-
tal stage-specific expression of cytoplasmic-like
actin genes arose during evolution long before
the advent of mammalian muscle-specific actin
genes. Our finding of multiple human cytoplas-
mic actin genes raises the possibility that similar
tissue-specific or developmental stage-specific
expression of cytoplasmic actin genes may also
occur in humans.
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