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cDNA clones encoding three classes of human actins have been isolated and
characterized. The first two classes (y and ,B, cytoplasmic actins) were obtained
from a cDNA library constructed from simian virus 40-transformed human
fibroblast mRNA, and the third class (a, muscle actin) was obtained from a cDNA
library constructed from adult human muscle mRNA. A new approach was
developed to enrich for full-length cDNAs. The human fibroblast cDNA plasmid
library was linearized with restriction enzymes that did not cut the inserts of
interest; it was then size-fractionated on gels, and the chimeric molecules of
optimal length were selected for retransformation of bacteria. When the resulting
clones were screened for actin-coding sequences it was found that some full-
length cDNAs were enriched as much as 50- to 100-fold relative to the original
frequency of full-length clones in the total library. Two types of clones were
distinguished. One of these clones encodes y actin and contains 100 base pairs of
5' untranslated region, the entire protein coding region, and the 3' untranslated
region. The second class encodes 1 actin, and the longest such clone contains 45
base pairs of 5' untranslated region plus the remainder of the mRNA extending to
the polyadenylic acid tail. A third class, obtained from the human muscle cDNA
library, encodes a actin and contains 100 base pairs of 5' untranslated region, the
entire coding region, and the 3' untranslated region. Analysis of the DNA
sequences of the 5' end of the clones demonstrated that although 13- and y-actin
genes start with a methionine codon (MET-Asp-Asp-Asp and MET-Glu-Glu-Glu,
respectively), the a-actin gene starts with a methionine codon followed by a
cysteine codon (MET-CYS-Asp-Glu-Asp-Glu). Since no known actin proteins
start with a cysteine, it is likely that post-translational removal of cysteine in
addition to methionine accompanies a-actin synthesis but not 1- and y-actin
synthesis. This observation has interesting implications both for actin function
and actin gene regulation and evolution.

Actin is a highly conserved protein which
participates in a wide variety of cellular func-
tions in eucaryotes including muscle contrac-
tion, ameboid movement, cytokinesis, and mi-
totic division (9, 20). Amino acid sequencing
data have demonstrated that the range of actin
isotypes now observed (27) evolved from two
major classes of actin, "cytoplasmic" and
"muscle." All organisms thus far examined ex-
press a cytoplasmic actin form which is usually
utilized to construct the cellular microfilaments
(27, 25). In the case of simple eucaryotes like
Dictyostelium, Physarum, and Saccharomyces
cerevisiae, only one type of cytoplasmic actin is
expressed (5, 8, 16, 28). In mammals, there are

two cytoplasmic actins (1 and y) (26), and in
amphibians there are at least three (25). The
second class of actin proteins, the muscle (or
"a-like") actins, are found in birds and mam-
mals. It follows that the original a-like actin gene
evolved from the cytoplasmic type at some time
before the divergence of birds and mammals.
However, the precise time at which distinct a
actin genes and proteins arose is still unclear. In
mammals, four different tissue-specific muscle-
actin isotypes have been found: skeletal actin (or
a), cardiac actin, and two smooth muscle types,
aortic actin and stomach actin (27).

All of the actin proteins which have been
sequenced have an acidic amino acid at the
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amino terminus (25). Gene and cDNA sequence
data have shown that an initiation methionine
codon directly precedes the acidic amino acid
codon in the case of the lower eucaryotes Sac-
charomyces cerevisiae (8, 16) and Dictyostelium
(5). However, in all published reports to date
regarding protostome and deuterostome actin
genes this methionine codon is always followed
by a cysteine codon. This is true of all six actin
genes in Drosophila melanogaster (7). It is also
of interest that although all these Drosophila
genes encode cytoplasmic-like actin proteins,
some are expressed in muscle. This observation
raises two important points. First, it demon-
strates that the role of actin in muscle function is
not restricted to the a-like isoform; cytoplasmic-
like actins can perform the same role. Second, it
suggests that the a-like isotype arose after the
divergence of deuterostomes and protostomes.

Recently, sequence data of the chicken and
rat a-actin genes and the human cardiac actin
gene have also shown that the amino-terminal
acidic residue is preceded in the primary transla-
tion product by a cysteine residue (6, 11, 29).
Furthermore, two genes encoding cytoplasmic-
like actins in the sea urchin have recently been
shown similarly to have a cysteine codon at their
amino termini (2) (W. Crain, personal communi-
cation). Thus, since all protostome and deutero-
stome actin cDNAs or genes sequenced to date
encode an amino-terminal cysteine, yet none of
the sequenced actin proteins has amino-terminal
cysteines, one must conclude that cysteine is
removed at some point after translation. These
discoveries suggest that the transient presence
of an amino-terminal cysteine is a general prop-
erty of all protostome and deuterostome actins.
We have isolated essentially full-length human

cDNA clones encoding a, 1B, and y actin. Sur-
prisingly, sequence analysis of these clones
demonstrates that whereas human sarcomeric
actins have an amino-terminal cysteine residue,
the cytoplasmic ,B and -y actins do not. This
finding has interesting implications for both ac-
tin gene evolution and for post-translational
processing of actin.

MATERIALS AND METHODS
RNA isolation. RNA was prepared from adult human

skeletal muscle as described previously (3). The RNA
was further purified by digestion with proteinase K
(Beckman Instruments, Inc., Fullerton, Calif.) fol-
lowed by phenol-chloroform (1:1) extraction (19).
Polyadenylated mRNA was isolated from this RNA
preparation by the method of Aviv and Leder (1).

Construction of cDNA libraries. The construction of
the simian virus 40-transformed human fibroblast
cDNA library has been described previously (18) and
follows the method of Okayama and Berg (17). The
human muscle cDNA library was constructed exactly
as described by Okayama and Berg (17), with one

exception. In our hands, Escherichia coli DNA ligase
has proved to be unreliable, and we therefore substi-
tuted T4 DNA ligase (New England Biolabs, Inc.,
Beverly, Mass.), 1 mM dithiothreitol, and 1 mM ATP
for E. coli DNA ligase, 0.1 mM P NAD, 10 mM
(NH4)2SO4, and 50 ,ug of bovine serum albumin per ml
in the ligation reaction (17). The recombinants con-
structed from 2 ,ug of muscle polyadenylated mRNA
generated 5,400 transformants. Duplicate master
plates of the muscle library were harvested, and
plasmid DNA was prepared (3).

Screening cDNA libraries. About 3,000 fibroblast
library colonies and the entire muscle library were
screened by the Grunstein and Hogness method (10).
Actin-coding clones were identified by hybridization
to a nick-translated chick P-actin cDNA insert as
described previously (4).

General methods. Plasmid DNA preparation, restric-
tion enzyme digests, agarose gel electrophoresis, iso-
lation of DNA fragments from gels, Southern blotting,
and hybridizations were exactly as described previ-
ously (4). Mini-lysates were prepared by the method of
Holmes and Quigley (12). Nick-translations followed
that of Rigby et al. (21).

lsolation of full-length 0- and -y-actin cDNAs. The
fibroblast library in the form of plasmid DNA was
digested either with HindIlI or with Sall. Both digests
were run on a 0.6% agarose gel with size standards.
DNA was visualized with ethidium bromide, and re-
gions of the gel corresponding to full-length actin
cDNAs were excised. DNA was isolated from the gel
slices and religated by the ligation procedure described
above, with the DNA concentration below 1 ,ug/ml to
favor intra- over intermolecular ligation. Bacterial
transformants obtained by transforming E. coli HB101
with the ligation mixture were screened for actin-
coding sequences as described above.
DNA sequence analysis. The 5' ends of the cDNA

clones were sequenced as described by Maxam and
Gilbert (14).

RESULTS
Isolation of fibroblast actin clones. Approxi-

mately 3,000 clones in the human fibroblast
library were screened for actin-coding se-
quences, and 8 clones, designated pHF1 through
pHF8, were isolated. To identify which clones
were derived from identical mRNAs, we took
advantage of an intrinsic property of all clones
obtained by the Okayama-Berg method (18).
Since the clones are constructed starting at the
polyadenylic acid tail and extending in the 5'
direction, all clones derived from the same
mRNA should be identical at their 3' ends
(except for small differences in their polyadeny-
lic acid length) and vary only in the length of
primer extension by reverse transcription. By
using the partial restriction digest method (23),
we were able quickly to obtain a detailed restric-
tion fragment comparison of these eight clones.
The restriction fragment digests of five of the

eight clones were identical, although varying in
their overall lengths, and the restriction map of
the longest of these, pHF5, is shown in Fig. 1.
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FIG. 1. Restriction maps of actin-encoding human cDNA clone inserts. The open box on the left of each map
indicates the linker DNA fragment used in the cloning. The open boxes on the right represent the fragment of
primer DNA abutting the polyadenylic acid tail of the mRNA sequence. The bars indicate the segments used for
sequencing the 5' ends of pHF3A-1, pHFyA-1, and pHMaLA-1.

Two other clones displayed common restriction
sites distinguishable from the pHF5 type, and
the restriction map of the longest of these,
pHF1, is also shown in Fig. 1. The remaining
clone, pHF7, was identical to the pHF5 class
with the exception of a 200-base pair deletion at
its 3' end (Fig. 1). Sequence analysis has subse-
quently shown pHF5 and pHF7 otherwise to be
identical (data not shown). Since pHF5 has a

polyadenylation signal sequence at its 3' end,
whereas pHF7 does not, we suspect that pHF7
is a deletion mutant created during cloning rath-
er than deriving from a shorter mRNA.

Preliminary sequence analysis of these clones
indicated that they code for actin, but that the
longest of them extended only to about amino
acid 150 (data not shown). Since our initial
clones proved to be less than full length, we
devised a strategy to determine whether the
cDNA library contained any full-length copies of
the two mRNA classes (expected to be ca. 2.1
kilobases [kb]) and then to isolate them. The
library, in the form of plasmid DNA, was linear-
ized with either of two restriction enzymes,
HindlIl or Sall (18). Agarose gel-separated di-
gests revealed that most of the plasmids were 2.9
kb (equal to the vector size alone) to 5.0 kb and
thus contained inserts ranging in size from very

small up to 2.1 kb (Fig. 2). The strong staining
band at 2.9 kb probably reflects a considerable
proportion of vector that contained no insert or
cDNA inserts which were almost completely
removed by the enzyme digestions. In addition,
a number of stained bands can be seen larger
than 2.9 kb. These probably correspond to
cDNA-vector chimeras which are either full-
length cDNAs or result from strong reverse
transcription termination sites within abundant
mRNAs (see below).

After restriction enzyme digestion and gel
separation, we blotted the library onto nitrocel-
lulose paper and hybridized with a nick-translat-
ed actin-coding probe. This experiment revealed
that the actin cDNA clones in the library could
be separated into two classes. In one class the
cDNA insert is cut with HindlIl and in the other
it is not. Furthermore, since the probe hybrid-
ized to actin clones as great as ca. 5.3 kb in
length, we concluded that full-length actin in-
serts existed in the library.
When digested with HindIII, the class of

cDNA clones that contains a HindIII site within
the cDNA (a pHF1 type; see Fig. 1) gave rise to
a limited variety of different-length actin-coding
fragments ranging from ca. 0.8 to ca. 1.9 kb.
Since the vector Hindlll site is located just
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FIG. 2. Visualization of actin cDNA ler
geneity in the human fibroblast library.
samples of the fibroblast cDNA library we
with HindIll (lanes A, B, and C) or with S
and E). The linearized plasmids were elect
on a 0.5% (wt/vol) agarose gel and staine4
dium bromide (lanes A and D). The DNA
ferred to nitrocellulose paper and allowed t
to nick-translated chick P-actin cDNA in
scribed in Materials and Methods. The res
radiograms were obtained after exposur
(lanes B and E) or 4 days (lane C). TI
indicate the regions of a parallel gel which
recover full-length actin cDNAs (see the
relative migration of coelectrophoresed
standards is shown at the right in kilobase

beyond the 5' end linker region and
HindIII site is towards the 3' end of
Fig. 1), the actin-coding fragments relk
the vector are all cleaved at this 3' Hi
and their length heterogeneity must
various points at which reverse tra
stopped. The second actin cDNA clo
pHF5 type; see Fig. 1) lacks a HindIII
cDNA. Thus, the actin clones in ti
class are linear chimeric moleculeE
fragments released. They yield a sme
due to a range of molecular sizes, ti
being ca. 5.0 kb. The prominent band 4
presumably due to the presence of
reverse transcription stop. Sall doe
within either class of actin cDNA s
Therefore, the distribution of SalI-lin(

tin sequences reveals a strong band of hybridiza-
tion around 4.4 kb due to a strong stop signal and
a continuous range of hybridization up to 5.3 kb.
From the data of Fig. 2, it is clear that only a

very small fraction of reverse transcripts of the
pHF5 class reach the expected full-length actin
cDNA size of 5.0 kb, whereas the opposite

23.7 appears to be true of the pHF1 class. Strong
hybridization bands are seen representing less

9.7 than full-length cDNA sizes for both actin types.
This indicates that preferred premature termina-

6.7 tion sites for reverse transcriptase exist within
both the pHF1 and pHF5 type mRNAs. Thus, it

4.3 is not surprising that our initial screening efforts
failed to yield full-length actin cDNA clones.

Isolation of full-length fibroblast actin cDNAs.
23̂ The results of the HindIII and Sall digests
2.3 suggested a strategy for enriching for full-length2.0 clones of both types. Since SalI did not cut

within the inserts of either actin cDNA subclass,
linearized plasmids of 5.0 kb should be greatly
enriched for full-length actin cDNAs and should
not contain nonactin cDNAs that might be cut
into smaller fragments by the enzyme or actin
cDNAs which are less than full length.

After SalI digestion of total library DNA, we
igth hetero- extracted linear DNA from the gel regions con-
Tw-od-iLg taining the longest actin cDNAs (see Fig. 2). We
r (lagnesteD used this SalI-digested, size-selected DNA to
trophoresed transform bacteria as described in Materials and
d with ethi- Methods. Of the 3,300 clones screened, 22 were
was trans- actin clones. All 22 clones were identical with

to hybridize respect to their restriction maps with Hinfl,
isert as de- TaqI, and HindIII but differed in length at their
ulting auto- 5' ends. Of the 22, 7 were found to be of equal
es of 12 h size and maximal length. The restriction map of
he brackets one of these, pHFyA-1, a member of the pHF1was used to class, is shown in Fig. 1. Size selection resultedtext). The
DNA-size in a 10-fold enrichment for the pHF1 type actin
pairs. clone (22/3,300 = 0.7%) compared with the

frequency of this type in the total plasmid popu-
lation (2/3,000 = 0.07%). Apparently, a signifi-
cant proportion of the reverse transcripts of the

the cDNA pHF1 type approach full length, as we predicted
pHF1 (see from direct visualization of actin clone length in
tased from the library (Fig. 2).
indIII site, In contrast, when the library was digested
reflect the with HindIII and size-selected before transfor-
inscription mation, only 4 of the 1,600 clones screened were
)ne type (a actin clones. The four clones were identical with
site in the respect to their restriction maps, but differed in

his second length at their 5' end. The longest, pHFPA-1,
s with no corresponds to the pHF5 class (Fig. 1). Thus,
-ar on gels the pHF5 type was not greatly enriched in the
ie greatest size-selected population (4/1,600) relative to its
of 4.4 kb is proportion in the total library (6/3,000). This
f a strong result indicates that only a small fraction of the
-s not cut pHF5 type of reverse transcripts approach full
sequences. length. This was anticipated because we estimat-
earized ac- ed from the autoradiograph of hybridization of
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actin probe to the HindIII-linearized library
(Fig. 2) that only 1 to 2% of the pHF5-type
cDNAs approach full length. Given the frequen-
cy of all pHF5-type sequences in the plasmid
population (0.2%), we calculate that we would
have had to screen between 25,000 and 100,000
non-size-selected clones to obtain a full-length
clone such as pHFPA-1. Size selection thus
resulted in a 50- to 100-fold enrichment of full-
length pHF5 clones relative to their concentra-
tion in the library.
The failure to obtain any pHF5-type clones by

using the SalI-digested DNA is probably due to
a difference in the length distributions of these
two cDNAs. The longest pHF5 cDNA insert
(pHF,A-1) is 2.1 kb, whereas there proved to be
a significant population of pHF1 inserts of 2.3 kb
or greater (Fig. 2). Our gel excisions in the case
of the Sall digestion probably excluded the
pHF5 cDNAs.

First 16 amino acids encoded by fibroblast actin
cDNAs. A comparison of the first 16 amino acids
encoded by pHF-yA-1 to the published protein
sequence (27) conclusively identifies this clone
as encoding human y actin. Similarly, pHF,BA-1
is identified as encoding human P actin (27).
Within both clones, the initial methionine codon
is immediately followed by the identical amino
acid sequence previously defined for the corre-
sponding mammalian protein. These two human
fibroblast actin cDNAs are the first higher eu-
caryotic actins found to lack a cysteine residue
as their first amino acid. A full analysis of the
DNA sequence of these cDNA clones will be
presented elsewhere (P. Ponte, P. Gunning, and
L. Kedes, manuscript in preparation).

Analysis of the AUG initiator region of these
two mRNA sequences reveals that in both the
AUG is preceded at position -3 by a purine and
followed at position +4 by a G (Fig. 3). This is
characteristic of functional initiation sites for
protein synthesis (13). The two initiation regions
are otherwise nonhomologous, and neither

pHF8A-1

pHF YA-1

pHMaA-1 GAC ACA ATG GAC GAA GAC GAG ACC ACC GCC CTC GTG TGC GAC AAT GGC TCC GGC TTG GTG ...

MET[ Asp Glu Asp Glu Thr Thr Ala Leu Val Cys Asp Asn Gly Ser Gly Leu Val ...

FIG. 3. Amino-terminal amino acid sequences derived from human cDNA clones. The 5' ends of the two
fibroblast cDNA clones, pHF3A-1 and pHF-yA-1, and the muscle cDNA clone pHMcaA-1 were sequenced by
using the segments shown in Fig. 1. The derived amino acid sequences are identical with the corresponding
mammalian ,B-, y-, and a-actin proteins, and they unambiguously identify the coding capacity of the clones. Note
the presence of a cysteine codon immediately after the initiator methionine codon in a-actin (boxed) but not in
or y-actin mRNA.

mRNA contains the consensus sequence CAA
Pu AUG found at the initiation site of five of the
six Drosophila actin genes (7).

Isolation of muscle actin cDNA clones. To
evaluate the human muscle cDNA library, we
first analyzed the library in the form of plasmid
DNA. Linearization with either EcoRI or
HindIII revealed that most of the plasmids var-
ied in size from 2.5 kb (corresponding to vector
alone) to 4.5 kb (Fig. 4). A large number of
bands were visualized above the background
smear. Hybridization of these size-fractionated
cDNAs with a nick-translated probe to actin-
coding region revealed three size classes, the
longest of which, 4.3 kb (Fig. 4), contains a
cDNA insert of 1.6 kb. This is similar to the
expected size of mammalian a-actin mRNA (15,
22). The hybridized actin band corresponds to a
prominent band on the ethidium bromide-
stained gel of the linearized muscle library (but
not in the fibroblast library, allowing for the
difference in vector size [see Fig. 3]). This
supports our supposition that visible bands in
the linearized cDNA libraries represent either
products prematurely terminated by strong re-
verse transcription stops or full-length tran-
scripts of abundant mRNAs.
The entire library of 5,400 clones was

screened with a probe to the actin-coding region,
and 30 positive clones were identified. Restric-
tion endonuclease analysis of the 30 clones
demonstrated that they fell into three size class-
es corresponding to the three hybridizing actin
bands in Fig. 4. The three classes represent
transcripts of increasing length with a common
3' end. Eight clones fell into the longest class of
maximal 4.3-kb size. The restriction map of one
of these (pHMaxA-1) is shown in Fig. 1. It has
essentially no restriction sites in common with
either human I- or y-actin cDNAs.
Sequence analysis ofpHMaA-1 revealed that,

like the chick and rat a-actin mRNAs (6, 29), the
human muscle actin cDNA encodes a cysteine

... CTC ACC ATG GAT GAT GAT ATC GCC GCG CTC GTC GTC GAC AAC GGC TCC GGC ATG TGC ...
MET Asp Asp Asp lie Ala Ala Leu Val Val Asp Asn Gly Ser Gly Met Cys ...

... GCC GCA ATG GAA GAA GAG ATC GCC GCG CTG GTC ATT GAC AAT GGC TCC GGC ATG TGC ...
MET Glu Glu Glu lIe Ala Ala Leu Val Ie Asp Asn Gly Ser Gly Met Cys ...
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FIG. 4. Visualization of actin cDNA length hetero-
geneity in the human muscle library. Two 1-p.g sam-

ples of the muscle cDNA library were digested with
either EcoRI (lanes A and B) or with HindlIl (lanes C
and D). The linearized plasmids were analyzed exactly
as described in the legend to Fig. 2. Ethidium bromide
staining of the gel is seen in lanes A and C, and the
corresponding autoradiograms of actin hybridization
are seen in lanes B and D. The position of coelectro-
phoresed size standards are at the right in kilobase
pairs.

residue after the initiator MET residue. Howev-
er, neither of these amino acids is detected in
any mammalian actin proteins (Fig. 5) (27). The
next 17 amino acids encoded by this clone are
identical to those of mammalian a-actin protein
(27). These results suggest that the a-actin genes
of birds and mammals encode a penultimate
amino-terminal cysteine not found in the final
protein product.

Subsequent fine-structure analysis has re-

vealed that 2 of the 30 muscle cDNA clones
encode a distinct muscle actin. These clones
have been demonstrated to encode human cardi-
ac actin. The details and implications of finding
cardiac actin cDNA in a library prepared from
human adult skeletal muscle will be presented
elsewhere (P. Gunning, P. Ponte, H. Blau, and
L. Kedes, manuscript in preparation).

DISCUSSION

Evolution of human actin genes. We have
demonstrated that the human fibroblast p- and
y-actin genes do not encode a cysteine immedi-
ately following the MET initiation codon, unlike
human a actin (this work) or cardiac actin (11).
This result strongly suggests that two discrete

actin gene types gave rise to the deuterostome
actins, but this result also raises an unsettling
evolutionary paradox. The problem derives
from the following considerations. First, the
presence of a cysteine residue at amino acid 1
(referred to as "Cys+") is unique to protostome
and deuterostome actin genes (2, 6, 7, 29),
whereas all actin genes in more primitive organ-
isms lack this residue (called "Cys-") (5, 8, 16).
Second, the ubiquitous occurrence of both
Cys+ and a mechanism to remove the amino-
terminal cysteine in both protostomes and deu-
terostomes is too coincidental to be explained by
convergent evolution. The Cys+ line of evolu-
tionary argument therefore suggests that at some
time before the divergence of protostomes and
deuterostomes, two actin gene types already
existed, both encoding a cytoplasmic-like actin,
but only one of which had a cysteine at its amino
terminus. No amino-terminal cysteine has ever
been detected in any actin protein yet sequenced
(see Discussion in reference 25). Therefore, it is
likely that post-translational removal of this ami-
no acid is necessary for normal actin function.
Thus, one would predict that a mechanism for
removal of this residue coevolved with the Cys+
actin genes. The evolutionary paradox arises
from the fact that amino acid and nucleic acid
sequence data show a closer relationship be-
tween the protostome Cys+ actins and the mam-
malian Cys- ,B and y cytoplasmic actins.
A heterodox interpretation of the evolution of

these two gene types based on the Cys+/Cys-
data is shown in Fig. 5. According to this model,
the D. melanogaster genes and at least two sea
urchin cytoplasmic-like actin genes are evolu-
tionarily more closely related to each other and
to the mammalian a-actin gene than they are to
human cytoplasmic ,B- and y-actin genes. How-
ever, amino acid and nucleotide sequence analy-
ses indicate that this is not the case. Unfortu-
nately, intron location data shed no light on the
evolutionary relationship of the actin genes (al-
though such data have been used in an attempt
to do so [29]) and thus does not help us out of the
paradox. For example, D. melanogaster shares
no intron locations with any deuterostome actin
genes. Within the deuterostomes, the sea urchin
Cys+ gene contains one intron found at the
same site as in rat a but not p actin (amino acid
204), one intron location found in rat P but not a
actin (amino acid 121), and two intron locations
shared by all three (amino acids 41, 327), and it
lacks one intron location shared by rat a and a
actin (amino acid 267) and one intron found in
only rat a actin (amino acid 150) (29). On the
other hand, if it can be demonstrated that the
Cys- lineage is represented in most other deu-
terostome actin families, then the use of the
Cys+ and Cys- lineages may facilitate our
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Yeast Dictyostelium Human
Cy Cy 8,Yo,c

Rat Chicken Sea Urchin Drosophila
? a ? a ? Cy Cy

Duplication
Appearance of

Met Cys

FIG. 5. Heterodox evolutionary relationship of Cys+ and Cys- actin genes. The archetype actin gene
lineage, which presumably encoded a Cys- cytoplasmic-type actin (designated Cy), is represented by the thin
line. The appearance of the Cys+ lineage, presumably deriving from an ancient duplication of a Cys- gene, is
represented by the thick line. The vertical scale is not linear and merely represents relative evolutionary time. In
mammals and birds, the muscle actins are called a (skeletal) and c (cardiac) and the cytoplasmic actins are
termed 13 and -y. The broken lines represent uncertainties in the Cys- lineage due to absence of data. The
relationship is heterodox because the amino acid and nucleic acid sequence data suggest that the genes
designated Cy are more closely related to the 1 and y actins than they are to the a actins.

understanding of the evolution of actin genes
and the meaning of differences in intron loca-
tion. Such data will also serve to address an
alternative interpretation, namely, that the hu-
man 13 and y actin genes derive from a Cys+
lineage but have lost this cysteine coding triplet
at some stage of deuterostome evolution.
The possibility that Cys+ 1- and ly-actin genes

are also present in humans must be considered,
since we have demonstrated that there are at
least 30 actin-coding fragments in the human
genome (3, 4). However, using probes to the 3'
untranslated region of both our 1- and -y-actin
mRNAs, we can account for essentially all of
these human actin genes. An analysis of the 3'
ends of the 13- and y-actin cDNAs shows that
they are distinct and, therefore, define two non-
overlapping multigene subfamilies (Ponte et al.,
manuscript in preparation). Thus members of
each of the two subfamilies must have evolved
from a progenitor sequence and should be simi-
lar with respect to the coding capacity of their 5'
ends. This result indicates that if Cys+ cytoplas-
mic actin genes do occur in the human genome,
they must comprise only a small fraction of the
total number of actin genes.
On the role of cysteine at the amino terminus.

Since the human fibroblast 1- and y-actin

mRNAs do not encode a cysteine at amino acid
1, it can be confidently concluded that this
residue is not essential for nonmuscle actin
function. In contrast, the demonstration of this
encoded residue in chick a (6), rat a (29), human
cardiac (11), and now human a actin (this work),
in addition to all six Drosophila actin genes (7),
raises the possibility that this residue is intimate-
ly involved in muscle actin gene expression. If
this cysteine is post-translationally removed in
all cases, as it clearly is in chicken (6) and
mammals (26, 29), then this residue may serve a
regulatory rather than a structural role in actin
expression. We predict that cysteine is removed
before actin-myosin assembly since it would
probably interfere with major actin-myosin in-
teractions which involve the amino terminus of
actin (24).

Advantages of the Okayama-Berg cloning pro-
cedure. Finally, we wish to draw attention to
some aspects of the cloning procedure used.
Both cDNA libraries were generated by the
Okayama-Berg technique (17, 18). This method
optimizes conditions for the reverse transcrip-
tion of mRNAs and results in cDNA covalently
linked to a plasmid vector. By avoiding standard
nuclease trimming steps, the final cDNA clones
obtained contain all of the original cDNA syn-
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thesized (17). It is clear from our experiments
that the efficiency with which full-length cDNA
clones are obtained is quite variable, due to
differences in the particular mRNA template
used. Some mRNAs, such as human f actin, are
very poorly reverse transcribed and have espe-
cially strong termination sites within the mRNA
itself. In such cases, a full-length cDNA is rarely
obtained. Others, such as human a- and y-actin
mRNAs, are very good templates. For example,
in the case of a actin, 25% of all clones are close
to full length (within 100 base pairs).
We have found that evaluation of the pooled

plasmids derived from the cDNA library can
greatly facilitate the ultimate isolation of full-
length clones. These observations suggested two
general methods for cloning full-length cDNAs
of interest. Ideally, the library should be digest-
ed with one or more enzymes which cut the
vector only once, do not cut within the cDNA of
interest, but do cut other cDNAs. This will
result in an enrichment of the frequency of
cDNAs with the desired sequences in the region
of the gel corresponding to full-length size. With
a given restriction enzyme with a six-base recog-
nition site, roughly half of a random population
of 3.0-kb inserts might be expected to be cut
within the inserts. Full-length clones can be
excised from a gel, recircularized, and used for
transfections. In the case of clones which rarely
obtain full length due to strong internal reverse
transcription stops or to very large mRNA size,
this method increases the probability of obtain-
ing such a rare clone from among the transfec-
tants screened. Second, in this method the com-
mon starting point for reverse transcription of a
given mRNA generates a limited number of sets
of transcripts of homogeneous lengths. For
abundant classes of mRNAs, these limited sets
are visible as bands in ethidium bromide-stained
gels after linearization of the library. By compar-
ing libraries from different tissues or stages of
differentiation, cDNAs to genes whose expres-
sion changes can be identified. DNA excised
from such bands can be recircularized and used
for transfection. Different clones selected at
random should contain multiple examples of a
common cDNA insert representing the regulated
mRNA. Among the advantages of such an ap-
proach is the fact that no hybridization probe is
required for the selection process. A manuscript
providing a full demonstration of the power of
this approach is in preparation (Gunning et al, in
preparation).
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