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Plastins are a family of at least three cytoplasmic protein isoforms that are expressed differentially between
cells of the hematopoietic lineages and cells of solid tissues. Expression of the L-plastin isoform appears to be
restricted to replicating blood cells, and the two T-plastin isoforms appear to be restricted to replicating cells
of solid tissues. However, L-plastin is induced in many human solid tumor-derived cells. We used the anchored
polymerase chain reaction technique to amplify and clone the missing 5' ends of plastin mRNAs. We found that
both plastin isoforms contain a potential calcium binding site near the N terminus.

Plastin was first noted as a polypeptide that appeared to be
induced in human fibrosarcomas and other human tumor-
derived cell lines (2, 6-8). Initially, expression of a single
plastin species was thought to be restricted in normal cells to
hematopoietic cell lineages and activated in other cell types
as a consequence of neoplastic transformation (2, 8). When
plastin cDNAs were isolated from the human fibrosarcoma
cell line HuT-14, we discovered that at least two distinct
isoforms were coexpressed in this neoplastic cell line: L-
plastin, which was normally expressed in blood leukocytes,
and T-plastin, which was found in normal cells derived from
solid tissues such as fibroblasts, endothelial and epithelial
cells, keratinocytes, and melanocytes (8; J. Leavitt and
C.-S. Lin, unpublished results). The high cytoplasmic abun-
dance of L-plastin and its normal restriction to expression in
circulatory cells led to speculation that its induction in tumor
cells may govern some phenotypic characteristics of neo-
plastic cells, such as reduced cytoplasmic spreading on
substrates and reduced anchorage dependence, both of
which are normal properties of blood cells (2, 4). Initially, no
clues as to the cellular function of plastin isoforms were
apparent when we examined the amino acid sequences of the
two isoforms. Other than the appearance of L-plastin in
human cancer cells and its cytoplasmic location, our knowl-
edge of plastins was limited to the observation that L-plastin
was a substrate for phosphorylation at serine residues (1, 2,
5, 12).
A number of subsequent observations led us to question

whether we had correctly identified the N-terminal amino
acid sequence and the 5' ends of these cDNAs for both
plastin isoforms. Initially, we identified the N-terminal se-
quence (8) on the basis of the finding that the open reading
frames for both isoform cDNAs ended at a methionine
residue (amino acid 58 in Fig. 1). We were unable to identify
the N terminus of L-plastin by microsequencing because of
N blocking (8). Second, the L-plastin clone contained an
insert cDNA of 3.7 kilobases, the size of the L-plastin
mRNA. Because the L-plastin cDNA was the size of the
mRNA, we assumed that at least part of the upstream
noncoding sequence of this cDNA represented the 5' un-
translated region of the L-plastin mRNA. We then attempted
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to use this putative 5' sequence to map the transcription start
site in genomic clones in order to locate the L-plastin gene
promoter. Even though the L-plastin genomic clones used in
this work contained at least 22 kilobases of DNA upstream
from the putative initiation codon (characterized by se-
quence analysis), we could not identify a sequence in this
DNA clone that corresponded to the 5' (untranslated) se-
quence found in the L-plastin cDNA. Third, we discovered
that the 5' end of the T-plastin cDNA was actually a second
cDNA encoding another protein. This second cDNA was
linked to the T-plastin cDNA at the two overlapping nucle-
otides (TC) adjacent to the putative initiation codon for
T-plastin (now known to be codon 58; Fig. 1). Fourth, the
molecular weight of each of the two plastin isoforms deter-
mined by amino acid sequences predicted by the cDNAs was
64,000, whereas the apparent molecular weight determined
by migration rates in sodium dodecyl sulfate-polyacrylamide
gels was 68,000 (2, 8). We initially accepted this discrepancy,
since migration rates in gels are not strictly determined by
molecular size; for example, tropomyosins 1 and 3 (9) and
mutant and wild-type 13-actin (10, 16) are two sets of related
proteins that have the same amino acid length but different
migration rates in sodium dodecyl sulfate-polyacrylamide
gels. The concerns listed above, considered together, raised
the possibility that both the L- and the T-plastin cDNA
clones were the products of spurious fusions between two
unrelated cDNAs ligated together during library preparation.
This artifact was also found in a cDNA clone from the same
library that encoded the full length of tropomyosin 3 (9).
One additional finding was in conflict with our initial

conclusion relating to the sizes of the plastin polypeptides.
We initially detected a ninth oligopeptide sequence by
microsequencing that corresponded to a calcium-binding
sequence found in troponin C and calmodulin (3), yet we did
not find this sequence encoded by either the T- or L-plastin
cDNA. We dismissed this sequence as a potential artifact
resulting from the small amount of plastin used for microse-
quencing. Nevertheless, our inability to find the calcium-
binding sequence encoded in plastin cDNA sequences, and
difficulties in tracking the transcription start site in plastin
genomic clones, led us to question whether we had correctly
identified the N-terminal sequence of both plastin isoforms.
PCR amplification of the 5' ends of plastin mRNAs. Our
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T- AAAGATTCCGAGGTGCAGAAGT

L- ACTTCCTGCCCTGTGACCACACCCAGGCTTGACAAAGCTGTTCTGCAGATCAGAAAGAAGG

TGTCTGGTGGGTTGGTCGGCGGCAGTCGGGCCAGACCCAGGACTCTGCGACTTTACATCTTT

GGTTCCTGGTCATACACCAGTACTACCAAGGACAGCTTTTTTCCTGCAAGATCTGTTACCTAA
-3 -2 -1
N D E N A T T Q I S K D E L D E L K E A 17

AAATGGATGAGATGGCTACCACTCAGAlTTCCAAAGATGAGCT=TGATGAACTCAAAGAGGCCT

AGCAATAAAAA&TGGCC&GAGG&TCAGTGTCCGATGAGGAAATGATGGAGCTCAGAGAAGCTT
N A R G S V S D EE M M E L R E A

F A K V D L N S N G F I C D Y E L H E L F 38
T- TrGCAAAAGTTGATCTCAACAGCAACGGATTCATTTGTGACTATGAACTTCATGAGCTCTTCA

L- TTGCCAAGTG =ATGTGCA-GTACATCAGCTTCAATGAGTTGAATGACTTGTTCA
F A K V D T D G N G Y I S F N E L N D L F

K E A N N P L P G Y K V R E I I Q K L M* L 59
T- AGGAAGCTAATATGCCATTACC GGATATAGTGAGAGAAATTCAGAAACTCATGCTGG

L- AGGCTGCTTGCTTGCCTTTGCCTGGGTATAGAGTACGAGAAATTACAGAAAACCTGATGGCTA
K A A C L P L P G Y R V R E I Y E N L N A

D G D R N X D G K I S F D E F V Y I F Q E 80
T- GGTTTATATTTTTCAAGAGG

L- CAGGTGATCTGGACCAAGATGGAAGGATCAGCTTTGATGAGTTTATCAAGATTTTCCATGGCC
T G D L D Q D G R I S F D E F I K I F H G

V K S S D I A K T F R K A I N R K E G I C 101
TAAAAAGTAGTGATATTGCCAAGACCTTCCGCAAAGCAATCAACAGGAAAGAAGGTATTTGTG

I'-
L AAKGSVAKTCCF AGAAAAGCAATCEGA
L K S T D V A K T F R K A I N K K E G I C

A L G G T S E L S S E G T Q H S Y S E E E 122
T- CTCTGGGTGGAACTTCAGAGTTGTCCAGCGAAGGAACACAGCATTCTTACTCAGAGGAAGAAA

L- CAGAGAAGAAA
A I G G T S E Q S S V G T Q H S Y S E E E

K Y A F V N W I N K A L E N D P D C 140
AATATGCWJ TT~G?J~AACNGATAAACAAAGCTTGAAAATGATCCTGATTGTT-

ATATGC rl - - - l
K Y A F V N W I N K A L E N D P D C

FIG. 1. Nucleotide and deduced amino acid sequences of the 5' ends of plastin mRNAs derived by PCR amplification and cloning of the
5' cDNA sequences synthesized from plastin mRNAs. Identical nucleotides between the two isoforms are indicated by a colon. The
calcium-binding domain is underlined under the L-plastin peptide sequence. The three oligonucleotide primers used in the PCR amplification
experiments are also underlined (see text for explanation). The asterisk on amino acid residue 58 indicates the first codon of the previously
published sequences (8).

desire to identify the correct 5' mRNA sequence for both
plastin isoforms led us to use the anchored polymerase chain
reaction (PCR) technique (11) to amplify the 5' ends of both
plastin mRNAs (Fig. 1). To synthesize the first cDNA
strand, the primer 5'-ACAATCAGGATCATTTTCCA-3' (1
,ug) was annealed to HuT-14 poly(A) RNA (8 ,ug), and cDNA
was synthesized by reverse transcription (10-1.I reaction
volume containing 250 mM KCI and 10 mM Tris hydrochlo-
ride [pH 8.3]; the reaction mixture was incubated first at
80°C for 3 min and then at 49°C for 45 min). A 20-,u amount
of reverse transcription buffer (24 mM Tris hydrochloride
[pH 8.3], 16mM MgCl2, 8 mM dithiothreitol, 0.4 mM each of
the four deoxyribonucleotides), 1 ,ul of [a-32P]dCTP (3,000
Ci/mmol), and 0.5 ,u (100 U) of Moloney murine leukemia
virus reverse transcriptase (Bethesda Research Laborato-
ries, Inc.) were then added to the 10-,u primer-template
mixture. After 1 h of incubation at 37°C, the mixture was
extracted with phenol-chloroform, and nucleic acids were

precipitated twice with ammonium acetate and ethanol. For
tailing ofcDNAs, the product of first-strand cDNA synthesis
was suspended in 40 ,ul of water and mixed with 5 ,u of 10
mM dGTP, 5 pA of tailing buffer (1.4 M potassium cacodylate
[pH 6.9], 0.3 M Tris base, 10 mM CoCl2, 2 mM 2-mercap-
toethanol), and 1 pA (15 U) of terminal deoxynucleotide
transferase (International Biotechnologies, Inc.). For PCR
amplification, a total of three primers were used in two PCR
experiments. One primer, 5'-CTCGAGCTCCCCCCCCCC
CCCC-3', was used as the upstream primer in both attempts.
It contained a SacI site (GAGCTC) for convenient cloning
and a dC tail for annealing with the dG tail of the cDNAs.
The other two primers were downstream primers. One of
them, 5'-GGGGGCCCGCTTTGTTTATCCAGTT-3', was
used in the first attempt and contained an ApaI site (GGG
CCC) for convenient cloning and 17 bases that are comple-
mentary to both plastin isoform mRNAs starting at codon
128 (Fig. 1). The other downstream primer, 5'-AAAAGGGC
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CCATAGGAGTGTTGGGTGCCAA-3', which was used in
the second attempt, also contained an ApaI site, but the
3'-end sequence of 20 bases was complementary only to L-
plastin isoform mRNAs starting at codon 112 (Fig. 1). The
PCR reactions were set up as follows. Half of the dG-tailed
cDNA product (in 87.5 RId of water) was mixed with 10 ,ul of
PCR buffer (100 mM Tris [pH 8.3], 500 mM KCI, 15 mM
MgCl2, 0.1% [wt/vol] gelatin), 10 ,ul of a mixture of 2 mM
each of the four deoxyribonucleotides, 1 ,ug (in 1 ,ul of water)
of each of the upstream and downstream primers, and 0.5 ,ul
(2.5 U) of Taq polymerase (Perkin Elmer-Cetus). This mix-
ture was overlayed with 100 ptl of mineral oil and incubated
in a Temperature Cycler (Ericomp) for a total of 30 cycles.
The cycles consisted of 94°C, 1 min, 45°C (first five cycles) or
55°C (last 25 cycles), 1.5 min, and 72°C, 2.5 min. The
reaction was finished with an extra 10-min incubation at
72°C. For cloning and sequencing of amplification products,
the PCR products were either digested with Sacl and ApaI
or attached to EcoRI linkers after a kinase reaction. Both
modified PCR products were then cloned into Bluescript
plasmid (Strategene) and sequenced with Sequenase (U.S.
Biochemicals).

5'-Terminal sequences of plastin mRNAs. In the first PCR
amplification, we used an oligonucleotide primer that was
homologous to both T- and L-plastin-coding sequences
(codons 128 to 133; Fig. 1). The product was a single band of
DNA in an agarose gel of about 500 base pairs. After Sacl-
ApaI double digestion, this band was no longer visible. We
therefore opted to clone this undigested PCR product with
EcoRI linkers. Three clones were isolated that contained
identical sequences which matched 229 bases with the 5' end
of the T-plastin cDNA that we previously published (Fig. 1;
8). This PCR-cloned sequence extended for another 265
bases upstream and contained an additional 60 codons of the
T-plastin open reading frame heading upstream from the 5'
end of the previously published coding sequence for T-
plastin. This PCR sequence contained a SacI site at base 206
from its 5' end that could explain the disappearance of the
DNA band after a Sacl digestion.

In the second PCR amplification attempt using an oligo-
nucleotide primer specific for L-plastin only (complementary
to codons 112 to 118; Fig. 1), we obtained a single DNA
fragment approximately 500 base pairs in length. The ampli-
fied DNA was cloned after SacI-ApaI digestion or attach-
ment of EcoRI linkers. Eleven clones were sequenced, and
all exhibited identical sequences except for one that was
shorter at its 5' end. The longer sequence overlapped with
183 base pairs of the 5'-end sequence previously reported for
L-plastin. The sequence extended for another 308 base pairs
upstream, which contained an additional 57 codons of the L-
plastin open reading frame heading upstream from the 5' end
of the previously published coding sequence for L-plastin
(8). Surprisingly, the L-plastin 5' sequence also contained a
Sacl site at position 278 (Fig. 1); therefore, the larger PCR
clones that were obtained after SacI-ApaI double digestion
were in fact cloned from partially digested PCR fragments.
We have successfully used the 5' end of the new cDNA to
identify the gene promoter and transcription start site
through analysis of the structure of a genomic clone of the L-
plastin gene (Lin and Leavitt, unpublished results). There-
fore, we have concluded that this additional cDNA sequence
encodes the true N-terminal amino acid sequence for L-
plastin (Fig. 1).

Like the previously published plastin cDNA sequences,
the PCR-amplified L- and T-plastin cDNA sequences have a
high degree of identity with each other except for the 5'-end

noncoding regions. However, the T-plastin sequence has
three extra potential codons upstream from the methionine
codon (Met-1), the codon analogous to the first methionine
codon of L-plastin (Fig. 1). If both methionines (Met-1 and
Met-minus 3) are used as initiation codons, the three up-
stream codons (encoding Met-Glu-Asp) would generate a
second T-plastin polypeptide of 630 amino acids differing
from the other T isoform (627 amino acid) by approximately
two charge units. Both T isoforms were translated in vitro in
equal amounts from mRNA that hybridized to the single T-
plastin cDNA, and the T-plastin cDNA used as a probe also
detected only one mRNA species in Northern (RNA) anal-
ysis (8). Therefore, the presence of two possible initiation
codons (codons 1 and -3) in the T-plastin cDNA raises the
possibility that both T-plastin isoforms may be generated
from a single mRNA species. At present, however, we
cannot rule out the alternative possibility that there are two
distinct T-plastin mRNAs that have the same length. To
explore the origin of the two T isoforms further, we con-
structed two T-plastin cDNAs that start at the 5' end with
either codon 1 or codon -3. Using these cDNAs, we
expressed in Escherichia coli two T-plastin polypeptides
with the same isoelectric points and apparent molecular
weights as the two T-plastins in human cells. In E. coli, the
longer cDNA supports the synthesis of only the more acidic
(pl 5.4) T isoform and the shorter cDNA supports the
synthesis of the more basic (pl 5.5) T isoform (8; Lin and
Leavitt, unpublished results).

Identification of a potential calcium-binding domain in the
plastin sequence. A ninth oligopeptide derived from micro-
sequencing of L-plastin, which contained the consensus
calcium-binding site, was not encoded in the original cDNAs
(8). The sequence of this oligopeptide closely matched those
of the three calcium-binding sequences of human calmodulin
and the single calcium-binding sequence of human skeletal
muscle troponin C (Fig. 2; 3, 15). This sequence was
encoded in the PCR-amplified N-terminal domain of both
plastin isoforms, starting at amino acid 21 and ending at
amino acid 33 (Fig. 1). The oligopeptide sequence obtained
by microsequencing of L-plastin isolated from a T-lympho-
blastoid cell line matched the L-plastin sequence derived
from human fibrosarcoma mRNA amplified by PCR at 9 of
11 residues and exhibited conservative differences at the
remaining 2 residues. The conserved amino acids that po-
tentially interact with calcium ion or are important in EF-
hand helix formation (X, Y, Z, G, I, -X, and -Z [3, 15]) are
indicated above these sequences in Fig. 2. Protein microse-
quencing detected a conservative split sequence for L-
plastin at amino acid 24 (Asp and Glu), which indicated the
presence of an allelic polymorphism at this locus in the
lymphoblastoid cell line used as the source of L-plastin (8).
In the analogous sequence of T-plastin, which diverged from
L-plastin at 6 of 13 amino acids, the oxygen-containing side
chain at position Y was donated by an asparagine residue
(Fig. 2) instead of an aspartic acid, conserving the calcium-
chelating potential of this sequence (3, 15). The L-plastin
sequence matched the three calmodulin sequences collec-
tively at 11 of 13 positions and the troponin C sequence at 8
of 13 positions.
The discovery of a potential calcium-binding site in L-

plastin is consistent with the identity of this isoform with a
protein previously identified in human macrophages by
Pacaud (13) and Pacaud and Molla (14) that exhibited the
same molecular weight (approximately 70,000) and isoelec-
tric point (pl 5.3) as L-plastin in two-dimensional gels. We
have previously shown that L-plastin is one of the most
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FIG. 2. Comparison of the predicted calcium-binding domains of plastin isoforms with related domains of calmodulin and troponin C.
Matched residues are indicated in bold letters with double asterisks. Matched residues important for calcium ion interaction (X, Y, Z, -X,
and -Z) or for EF-hand helix structure (G and I) are indicated above the sequences (3, 15).

abundant proteins of human macrophages, especially of this
size and charge (2). The macrophage protein was shown to
bind to polymerized actin in a calcium-dependent manner
(13, 14). Also, Matsushima and co-workers (12) have purified
L-plastin from human macrophages (identified as L-plastin
by sequence [8]) and have demonstrated that it is phosphor-
ylated at serine residues.
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