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ABSTRACT The complete nucleotide sequence of the actin
gene from Saccharomyces cerevisiae has been determined. The
coding region is interrupted by a 304-base-pair intervening se-
quence that is located within the triplet coding for amino acid
4. DNA sequences of the intron-exon junctions are similar to
those found in higher eukaryotes and can be aligned such that
the intron starts with the dinucleotide 5'-G-T-3' and ends with
5'-A-G-3'. Regions of homology within the sequences upstream
from the initiation codon and those following the termination
codon have been detected between the yeast iso-l-cytochrome
c gene and the actin gene. As deduced from the nucleotide se-
quence, yeast actin has 374 amino acid residues. Its primary
structure, especially the NH2-terminal third of the protein, is
highly conserved during evolution.

Actin is a major protein in all eukaryotic cells. It serves a number
of functions and seems to be involved in such vital cellular
processes as mitosis and cytokinesis (for review see refs. 1 and
2). It is well documented that in higher eukaryotic organisms
several actin genes are expressed; the different actins, however,
are similar in primary structure (3-6). Sequence comparison
has also shown that the structure of actin proteins from different
species is highly conserved during evolution. Actin from the
lower eukaryote Physarum polycephalum differs from mam-
malian cytoplasmic actins in only 17 out of 375 amino acids
(6).

Recently we have isolated by molecular cloning the actin
gene from yeast, Saccharomyces cerevisiae. We found that
there is very likely only one actin gene in this unicellular or-
ganism (7). Here we report the complete nucleotide sequence
of the yeast actin gene and show that a chromosomal yeast gene
coding for a protein is split. The sequence data suggest that the
splicing mechanism in yeast might be similar to that of higher
eukaryotes.

MATERIALS AND METHODS
Plasmids. A 5. 1-kilobase (kb) Pst I DNA fragment from S.

cerevsiae strain A364A (8) containing the actin gene was cloned
with pBR322 as described (7). This plasmid, pYA208, was
identified by using nick-translated DNA from clone pYA102
which harbors part of the yeast actin gene on a 3.93-kb HindIII
DNA fragment and which was cloned in Escherchia coli, using
Dictyostelium actin cDNA as hybridization probe (7). Re-
striction endonuclease sites were mapped (7, 9) and DNA
fragments were purified by agarose or polyacrylamide gel
electrophoresis in the Tris/borate/EDTA buffer system (10).

Nucleotide Sequence Analysis. DNA fragments were either
5'-end-labeled with 0.75 ALM ['y-32P]ATP (Amersham, 2000
Ci/mmol; 1 Ci = 3.7 X 1010 becquerels) and phage T4 poly-
nucleotide kinase (11) or 3'-end-labeled with either [a-

32P]dCTP or [a-32P]dGTP (New England Nuclear, 300-500
Ci/mmol) in 35 mM potassium phosphate, pH 7.5/3 mM
MgCl2/1 mM dithiothreitol/40 units of DNA polymerase I
(Klenow fragment; Boehringer Mannheim) per ml (12). Nu-
cleotide sequences were determined according to Maxam and
Gilbert (13) with separated strands or with end-labeled frag-
ments after secondary restriction enzyme cleavage. Labeled
single- or double-stranded fragments were recovered from gel
slices by electrophoresis into dialysis bags in 10 mM Tris-bo-
rate/0.2 mM EDTA, pH 8.3. Some DNA sequences were also
determined by using the enzymatic method of Sanger et al. (14)
as described (15).

Biohazard Considerations. Cloning experiments and growth
of recombinant DNA plasmids were carried out under L2-B1
conditions following the rules of the Bundesminister fur
Forschung und Technologie of the Federal Republic of Ger-
many. (L2-B1 equals P2-EK1 conditions according to the
National Institutes of Health.)

RESULTS AND DISCUSSION
The Yeast Actin Gene is Split. As previously reported, we

have cloned a 5.1-kb yeast DNA fragment (clone pYA208)
containing the actin gene, using cloned Dictyostelhum actin
cDNA as hybridization probe (4, 7). Only part of this heterol-
ogous probe hybridized to yeast actin DNA. Nucleotide se-
quence analysis identified part of a 0.54-kb Alu I fragment
from pYA208 DNA as the segment coding for amino acids 5-57
of actin (7). A restriction endonuclease map of the 5.1-kb Pst
I fragment was established (7, 9), and the complete nucleotide
sequence of the actin gene was determined as outlined in Figs.
1 and 2. As can be seen in Fig. 2, the coding region is interrupted
by an intervening sequence. In front of amino acid residue 4
no initiation codon (ATG or GTG) was found in reading frame.
This is illustrated in a sequencing gel shown in Fig. 3. Because
actin from yeast, as isolated by affinity chromatography on
DNase I/agarose (unpublished data) or by DEAE-cellulose
chromatography (17) shows nearly identical behavior as
mammalian actins in sodium dodecyl sulfate/polyacrylamide
gels, its chain length is not expected to be significantly different
from that of other actins. Therefore the actin.coding region
must be interrupted by an intron. Besides an ATG triplet that
is out of reading frame and ends five nucleotides upstream from
the GAG triplet coding for glutamic acid in position 4 (Figs. 2
and 3) there are two other ATG codons ending 49 and 299 base
pairs upstream from the GAG codon. Both, however, are fol-
lowed by termination codons. Twelve base pairs further up-
stream another ATG codon starts and is followed by a GAT
triplet coding for aspartic acid. We believe that this ATG is the
initiation codon of the actin gene for the following reasons: (i)
All actin proteins whose amino acid sequences have been de-
termined so far start with an acidic amino acid (5, 6, 18). (ii) The

Abbreviation: kb, kilobase(s).
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nucleotide sequences at the presumptive intron-exon junctions
are similar to the "prototype sequence" found at intron-exon
borders of other eukaryotic genes (19). The sequence can be

-*5'

FIG. 1. Sequence determina-
tion strategy of the actin gene from
S. cerevisiae. Cutting sites of re-
striction endonucleases used to
fragment the 5.1-kb Pst I yeast
DNA segment of pYA208 for se-
quence determination are indi-
cated. The nucleotide sequences of
5'- or 3'-end-labeled restriction
fragments were determined as
shown by arrows. Thick line: cod-
ing region, which is interrupted by
intron. Direction of transcription
is from right to left. bp, Base

200 bp pairs.

aligned such that the intron of the actin gene starts with 5'-
G-T-3' and ends with 5'-A-G-3'. (iii) There is a striking se-

quence homology of 10 out of 12 nucleotides immediately
-100 -90 -80 -70

5'.. .CGAAAAGGTCAATCIITGTTATAGAATAGGATCTTCTAC
3
... GCTTTTCCAGTTAGAAACAATATCTTATCCTAGAAGATG

-60 -50 -40 -30 -20 -10 MetA~LSet
TACAGCTTTTAGATT7TTCAcGCTTAcT~cTmC1 CTcT~CCCAAGATCG~AA IAcTGAATTAACAATGGATTCTGTTGTTCTAGCGCTTGCACCATCCCATTeAACTGTAAGAAG
ATGTCGAvAAATCTAAAAAGTGCGAATGACGAAAAAAGAAGGGTTCTAGCTTTTrAAATGACTTAATTGTTACCTAAGACCATACAAGATCGCGAACGTGGTAGGGTAAATTGACATTCTTC

AATTGCACGGTCCCAATTGCTCGAGAGATTTCTCTTTTACCTT111T11TACTATT111 ICACTCTCCCATAACCTCCTATATTGACTGATCTGTAATAACCACGATATTATTGGAATAAATA
TTAACGTGCCAGGGTTAACGAGCTCTCTAAAGAGAAAATGGAAAAAAITGATAAAAAGTGAGAGGGTATTGGAGGATATAACTGACTAGACATTATTGGTGCTATAATAACCTTATTAT

GGGGCTTGAAATTGGAAAAACTGAAATATITIITICGTGATAAGTGATAGTGATATTCTTCTII IATTGCTACTGTTACTAAGTCTCATGTACTAACATCGATTGCTTCATTCTl m
CCCCGAACTTAAACC 1 1 1 TGACTT' ATAAAAGCACTATTCACTATCACTATAAGAAGAAAATAACGATGACAATGATTCAGAGTACATGATTGTAGCTAACGAAGTAAGMAAA

10 20 30
GtuVatAtaAtaLeuVae I eA-spA&nGtqySeAGtyMe tCqyLqyAta( yPlicAtaGtqyApApAtaPtoA'tgAtaVatPhePtoSez lteVatGey

TGTTGCTATATTATATGTTAGAGGTTGCTGCTTGGTTATTGATAACGGTTCTGGTATGTGTAAAGCCGGTTTTGCCGGTGACGACGCTCCTCGTGCTGTCTTCCCATCTATCGTCGGT
ACAACGATATAATATACAAATCTCCAACGACGAAACCAATAACTATTGCCAAGACCATACACATT-CGGCCAAAACGGCCACTGCTGCGAGGAGCACGACAGMAGGGTAGATAGCAGCCA

40 50 60 70
KAgPhtoA.gHiosGtnGtyL teQletVatGtlqe tGtfGtiLy sA spSe rTy'tVafGtyA.spGtuAtaGtiSe tLqy-sAgGtlIee LeuTh' LeuATq Pto 1 teGtuHiuGtyIte Val
AGACCAAGACACCAAGGTATCATGGTCGGTATGGGTCAAAAAGACTCCTACGTTGGTGATGAAGCTCAATCCAAGAGAGGTATCTTGACTTACGT'TACCCAATTGAACACGGTATTGTC
TCTGGTTCTGTGGTTCCATAGTACCAGCCATACCCAGTITT 1TCTGAGGATGCAACCACTACTTCGAGTTAGGTTCTCTCCATAGAACTGAAATGCAATGGGTTAACTTGTGCCATAACAG

80 90 100 110
ThkA~nTipA-,pAsphle tGtuLyq 1eoT'tpH 5sHuTi tPzeTyqtAsiiGtu LetA'tgVatAtaPt oGt*(;tiztHi 5sP' oVaLetuLeuTh4tuAtaPrtohle tAsnP'coLy sSe'rAunAg
ACCAACTGGGACGATATGGAAAAGiATCTGGCATCATACCT-TCTACAACGAATTGAGAGTTGCCCCAGAAGAACACCCTGT-TCTIIMIGACTGAAGCTCCAATCCCTAAATAAcAGA
TGGTTGACCCTGCTATACCT-IM CTAGACCGTAGTATGGAAGATGTTGCTrAACTCTCAACGGGGTCT'TCTTGTGGGACAAGAAAACTGACTTCGAGGTTACTTGGGATTITAGTTGTCT

120 130 140 150
GtuLyqsle tTh'AGti lteele tPlie(tuTlz iPlieAusVatPtoAtaPlieTyqtVafSe' 1 te(fitnAfaatLctuS e LeutTyqtSe tSe tiGtyfAgTh 'tTh'tGty l teVatLeuAspSeaGey
GAAAAGATGACTCAAATTATGTTGAAACTITTICAACGTTCCAGCCTTCTACGTTCCATCCAAGCCGTIIM IGTCCTTGTACvTTccGGTAGAACTACTGGTATTGTTTGAT-TCCGGT
CTIIMICTACTGAGTI I IAATACAAACTITTIGAAAGTTGCAAGGTCGGAAGATGCAAAGGTAGGT'TCGGCAAAACAGGAACATGAGAAGGCCATCTTGATGACCATA4CAAMACCTAAGGCCA

160 170 180 190
A,5pGty~atThA Ht' sat~atPto IteTytAla(tyPlleSe. LeltP7oH r.Ata Ite Le( Aig9I teA5,oL euAtaz;tyAegA spLetiTh tA~pTyitLcusle tLy slIteeLeuSeatGtuA.g
GATGGTGTTACTCACGTCGT-TCCAAM ACGCTGGTTITCTCTCTACCTCACGCCAmTGAGAATCGAMGGCCGGTAGAGAT1GACTGACTACT-TGATGAAGATCT-TGiUGAACGT
CTACCACAATGAGTGCAGCAAGGTTAAATGCGACCAAAGAGAGATGGAGTGCGGTAAAACTCT-TAGCTAAACCGGCCATCTCTAAACTGACTGATGAACTACTTCTAGAACTCACTTGCA

200 210 220 230 234a
GtyTy'l Se' Plhe Seo'ThrTIL AaGtuAlgG'tu l teVatAAgA spl te Ly s(tGLyqsL(5L' Tyq VtAtaL e A spPhGe&tGttiGfuAfe tGtnTkiAtaAtaGettSe'tSe 'Sc' I ee
GGTTACTCTTCTCCACCACTGCTGAAAGAGAAATTGTCCGTGACATCAAGGAAAAACTATGTTACCTCGCCTTGGACTTGAACAAGAAATGCAAACCGCTGCTCAATCTTCTTCAATT
CCAATGAGAAAGAGGTGGTGACGACTTITCTCTTAACAGGCACTGTAGT-TCCTT111MGATACAATGCAGCGGAACCTGAAGCTTGTTCMACGTT-GGCGACGAGTTAGAAGAAGTTAA

240 250 260 270
G&tLy4SeATy'GeuLeuP'coA,5ptyGfeVoatlleeTIh 1heGeyA s5GtttA'gP~lcA~ gAtaP7oGAtiAtaLeuPlc HiLPwoSc zVatLeuGtyLeuGtuSe'tAtaGey IteAspGtei
GA4AAATCCTACGAACTTCCAGATGGTCAAGTCATCACTATTGGTAACGAMAGATTCAGAGCCCCAGAAGCMIIIGTTCCATCCTTCTGTTITTIGGGMGGAATCTGCCGGTAT'TGACCAA
C 1§ M|AGGATGCTTGAAGGTCTACCAGTTCAGTAGTGATAACCArrGCmrCTAAGTCTCGGGGTCTTCGAAAAAGGTAGGAAGACAAAACCCAAACCTTAGACGGCC-ATAACTGGTT

280 290 300 310
TfzTh'ATy'A^snSe' lelfe tLy6Cqy.sKpVatAokpLatA'[gLyqGeuLeuTyq'GetyAhl 'teatAle tSeGtIy(;fqyTh'TL'ife tPIe P.oGetylteAeaGeuAMg.letGetzLyGtzeu
ACTACTTACAACTCCATCATGAAGTGTGATGTCGATGTCCGTAAGGiAATTATACGGTAACATCGTTATGTCCGGTGGTACCACCATGTTCCCAGGTATTGCCGAAAGAATGCAAAGGAA
TGATGAATGTTGAGGTAGTACTTCACACTACAGCTACAGGCATTCCTTAATATGCCATTGTAGCAATACAGGCCACCATGGTGGTACAAGGGTCCATAACGGCTTCTTACGTTTTCCTT

320 330 340 350
IteTheeAaLeuAtaPloSeASeAetLfy4atLyoIte eAtaP'zoP'toGtuA'igLqyTytSeA-aeT'cp1 teGeyGtSe I cLeuAtaSccLeuThAT1LtPhcGetnGetn1e tT~tp
ATCACCGC 8 TGGCTCCATCTTCCATGAAGGTCAAGATCATTGCTCCTCCAGAAAGAAAGTACTCCGTCTGGArrGGTGGTTCTATCTTGGCTTCMGACTACCTTCCAACAAATGTGG
TAGTGGCGAAACCGAGGTAGAAGGTACTrCCAGTTCTAGTAACGAGGAGGTCT1CMCATGAGGCAGACCTAACCACCAAGATAGAACCGAAGAACTGATGGAAGGTTGTT'ACACC

360 370 10 +20 +30 +40

ATCTCAAAACGAAGTACGACGAAAGTGGTCCATCTATCGTTCACCACAAGTGTTCTAATCTCTGCTTTMGTGCGCGTATGTTATGTATGTACCTCTCTCTATTCTA . . .

TAGAGTTTTtGTTCTTATGCTGCTTCACCAGGTAGATAGCAAGTGGTGTTCACAAAGATTAGAGACGAAAACACGCGCATACAATACATACATGGAGAGAGATAAGAT...5

FIG. 2. Nucleotide sequence of the yeast actin gene. Amino acids of actin as deduced from the DNA sequence are numbered as proposed
(6, 16). Amino acids underlined are different from the corresponding residues in Physarum actin. ATG codons within the 304-base-pair intron
are marked by asterisks.
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FIG. 3. Autoradiogram of an 8% polyacrylamide sequencing gel

showing the intron-exon junction of the coding strand upstream from
the amino acid in position 4. Base triplets complementary to those
coding for amino acids 4-7 and to ATG codon out of reading frame
are underlined.

upstream from the initiation codon between the yeast iso-i-
cytochrome c gene and the actin gene (Fig. 5). (iv) A potential
binding region for the 3' end of 18S rRNA (20, 21) to actin
mRNA exists at position -34 to -28. The sequence 5'-T-A-
T-A-G-A-A-T-A-3' (positions -88 to -80) resembles a "Prib-
now box" structure (22), which was noted in the Drosophila
histone genes (23) and is found in the 5'-flanking region of many
eukaryotic genes, including the yeast iso-1-cytochrome c gene
(15, 21, 24-26).
The proposed splicing points at the intron-exon junctions of

the yeast actin gene are compared with the "prototype se-

quence" of Breathnach et al. (19) in Fig. 4. Although there is
no sequence redundancy at the intron boundaries of the yeast
actin gene, sequences surrounding the presumptive cutting sites

I"

5'. .EXON i,..TCTGZIA iTmoN~.. T"AGG.. EXON 11..3 Yeastgene
FIG. 4. Nucleotide sequence surrounding intron-exon junctions

of yeast actin gene. For comparison the "prototype sequence" of genes
from higher eukaryotes (19) is shown. Possible cutting sites are in-
dicated by arrows.

are similar to those found in genes of higher eukaryotes. This
suggests that a splicing mechanism similar to that of higher
eukaryotes also exists in lower unicellular organisms such as
yeast. A common enzymatic mechanism for excision and liga-
tion therefore might have arisen early in eukaryotic evolution.
If splicing results from bringing together DNA segments during
evolution to create new genes, as proposed by Gilbert (27), one
can speculate that an efficient transcription or translation ini-
tiation sequence was fused to the actin coding region. Because
the expressed actin gene(s) from Dictyostelium seems to lack
an intervening sequence (4), the possibility exists that it was lost
during evolution. In fact, as judged from the amino acid se-
quence, Dictyostelium actin (K. Weber, personal communi-
cation) must be considered as a higher evolved protein than
yeast actin. Structural comparison of different actin genes will
show whether our assumptions are correct.
The intron of the actin gene is 304 base pairs long and is ex-

tremely A+T-rich (70% A+T). No other obvious structural
features have been detected except for a 3-fold repetition of the
hexanucleotide 5'-G-T-G-A-T-A-3' starting at position 201 of
the intron (Fig. 2).

Structure of the Flanking Regions. The nucleotide se-
quences flanking the yeast actin and iso-1-cytochrome c genes
(26) are compared in Fig. 5A. As mentioned above, there is a
striking homology of the 12 nucleotides immediately upstream
from the initiation codon. At positions -34 to -28 and -40 to
-34 of the actin and iso-l-cytochrome c genes, respectively,
potential binding regions for the 3' end of 18S rRNA to the
mRNAs exist (20, 21). A stable complex

5'-U-U- C-U-U- C- C-3' Actin mRNA

11 1 11111 11 111 III
3'-A-G-G-A-A-G-G-5' 18S rRNA

with a free energy of formation AG of -9.1 kcal/mol (1 kcal
= 4.184 kj) (28) can be formed. It can also be seen in Fig. 2 that
there is no other ATG codon upstream from the initiation codon
at least up to position -107. This is characteristic for many
eukaryotic mRNAs (29). Another interesting feature in the
presumptive 5'-flanking region of the actin gene is the presence
of the sequence 5'-T-A-T-A-G-A-A-T-A-3' (position -88 to
-80). It resembles the "Hogness-box" (5'-T-A-T-A-A-A-T-A-3'),
which starts roughly 30 nucleotides in front of the capping site
and is implicated to function as part of the eukaryotic RNA
polymerase recognition site (21, 23-25). The iso-1-cytochrome
c gene from S. cerevisiae has a similar structure (5'-T-A-T-
A-A-A-A-3') beginning 123 nucleotides upstream from the
initiation codon (26). We have estimated the length of the actin
mRNA to be about 1250 nucleotides (7). The messenger
therefore contains about 120-130 untranslated nucleotides and
it is possible that one of the three purines at position -58 to -56
(Fig. 2) is its capping locus. The cap structure in yeast mRNA
is either m7G(5')pppA- or m7G(5')pppG- (30, 31).

In the 3'-flanking region we note another similarity between
the two yeast genes (Fig. SB). The termination codons are fol-
lowed by pyrimidine-rich tracts and a common heptanucleo-
tide, 5'-G-T-T-A-T-G-T-3', beginning 22 and 37 nucleotides
after the stop codon of the actin and iso-1-cytochrome c gene,
respectively.
Amino Acid Composition of Yeast Actin. Provided the

proposed excision points of the intron are correct, yeast actin
has 374 amino acids and equals in length the mammalian
cytoplasmic and y actins, which are one residue shorter than
the muscle-type a actin (6). Protein sequence data have re-

vealed that the NH2-terminal region of different actins is highly
variable (5, 6, 18). This region is acidic, and the NH2-terminal
residue in all actins whose amino acid sequences have been
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5' **GAG TM ACAGGCCCCTTTTCCTTTGTCGATATCATGTMTTAGTTATGTCACGC1TACATTCs. 3'

FIG. 5. Comparison of 5'- (A) and 3'- (B) flanking regions of yeast actin gene (upper sequences) and iso-1-cytochrome c gene (lower sequences)
(26). Regions of homology immediately upstream from the initiation codons and following the termination codons as well as potential binding
regions of the respective mRNAs to the 3' end of 18S rRNA are underlined.

determined so far is either aspartic acid or glutamic acid. Again,
provided the initiation codon is assigned correctly, yeast actin
has aspartic acid at its NH2-terminus, followed by serine. Actins
from Physarum (6) and Dictyostelium (K. Weber, personal
communication) likewise start with an acidic residue that is
followed by an amino acid with an uncharged polar group
(glycine). In contrast, muscle and nonmuscle actins from higher
eukaryotes have acidic amino acids in their first three or four
positions (5, 6, 18). In Fig. 2 the amino acids of actin have been
numbered as proposed by others (6, 16). Amino acids different
from Physarum actin are underlined. There are 44 amino acid
differences between the actins from these two lower eukaryotes.
If one disregards the highly variable NH2-terminal six amino
acids, yeast actin differs from Physarum actin by 39 residues,
from mammalian cytoplasmic y actin (6) by 37 residues, and
from rabbit skeletal muscle actin (18) by 44 residues. It is in-
teresting to note that yeast actin differs from mammalian
cytoplasmic actin to the same extent as from actins of the two
other fungi, Physarum and Dictyostelium, whereas actins from
the two slime molds exhibit a significantly higher degree of
homology to mammalian cytoplasmic actins.

It is evident that the NH2-terminal third of actin (except the
first six residues) is highly conserved during evolution. In the
region from amino acids 7 to 109 there are only three exchanges
between yeast and Physarum actin and only two amino acid
differences between yeast and cytoplasmic y actin from ver-
tebrates. The overall number of charged amino acids stays
rather constant in all actins whose primary structures are
known. In comparison to actins from Physarum and mammals,
yeast actin, which might be considered as the archetype actin,
displays eight changes in charged residues, in positions 68 (Arg
a Lys), 167 (Ala Glu), 262 (His Gln), 274 (Asp -- His),

275 (Gln - Glu), 291 and 310 (Glu -- Asp), and 371 (His

Arg). There is a relative abundance of serine residues in yeast
actin in comparison to all other actins whose sequences have
been determined. In the structural development of actins from
yeast to higher eukaryotes (including Physarum and Dictyo-
stelium) there are four Ser Ala changes (positions 114, 135,

144, and 170) and three Ser Thr changes (positions 194, 201,

and 323), in contrast to only one Gln - Ser change (position
232) and one Thr - Ser change (position 349).

It has recently been argued that the amino acid pattern at
positions 17 (Val), 298 (Met), and 357 (Thr) is typical for skeletal
muscle a actin and indicative for a actin's being the highest
developed actin species (17). Interestingly, yeast actin has a Met
in position 298 as well. The functional significance of the amino
acid exchanges in different actins remains to be determined.

Note Added in Proof. The location and length of the intervening se-
quence has been confirmed by electron microscopy of hybrids between
pYA208 DNA and yeast actin mRNA.
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