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ABSTRACT To test the hypothesis that prothymosin and
parathymosin contain amino acid sequences that cause them to
be targeted to the cell nucleus, expression vectors were con-
structed containing a simian virus 40 promoter and cDNAs that
would code for chimeric proteins composed of truncated hu-
man growth hormone (hGH) linked to the NH2 terminus of
prothymosin or parathymosin. The truncated hGH lacked the
signal peptide sequence required for its secretion. After trans-
fection of these constructs into HeLa S3 cells, which do not
normally synthesize hGH, the use of indirect immunofluores-
cence staining to follow the localization of the hGH chimeras
demonstrated that both prothymosin and parathymosin caused
targeting to the cell nucleus. Controls with a construct coding
for native hGH only, and one coding for the truncated hGH
lacking the signal peptide, revealed secretion into culture
medium and staining in the endoplasmic reticulum and Golgi
apparatus in the first case, and diffuse staining throughout the
cytoplasm in the second. The results provide direct evidence,
with proteins synthesized in situ, for the presence of nuclear
localization signals in both prothymosin and parathymosin.

Interest in proteins of thymic origin was stimulated by the
observation that a crude preparation from calf thymus,
designated thymosin fraction 5, showed immunomodulatory
properties in a number of in vitro test systems (reviewed in
ref. 1). Many of these properties were attributed to a single
peptide purified from this fraction, named thymosin a, (2),
which was proposed to function as a "thymic hormone"
influencing lymphocyte maturation (3). Based on evidence
suggesting that this thymosin a, might be a proteolytic
artifact that arose during the preparation ofthymosin fraction
5 (4, 5), a search was initiated for the native protein or
polypeptide precursor. A procedure designed to minimize
endogenous proteolysis led to the isolation of two homolo-
gous polypeptides, named prothymosin (6) and parathymosin
(7), the first of which contained the 28-amino acid sequence
of thymosin a, at its NH2 terminus. The proposed role of
thymosin a, as a thymic hormone was brought into question
when the putative precursor, prothymosin, and the mRNA
coding for this polypeptide were shown to be present in all
mammalian tissues examined (8, 9). In addition, the cDNAs
coding for both human (10, 11) and rat (12) prothymosins
were found to lack sequences coding for the signal peptides
expected in secretory proteins. An extracellular function was
also rendered unlikely by the observation that the mRNA for
prothymosin was localized exclusively on free polysomes
(13).
The experimental findings relating to parathymosin have

closely mimicked those for prothymosin, with quantitative
differences in tissue polypeptide and mRNA content (7, 9, 12,
14).

More recent studies have suggested a relationship between
prothymosin and cell growth. Increased prothymosin mRNA
in response to a variety of stimulators of mammalian cell
division has been reported (11), and elevated mRNA was also
found in lymphocytes from leukemic patients (15). In a rat
small intestinal cell line, levels of thymosin-immunoreactive
peptide, either thymosin a, or prothymosin, were sharply
elevated during cell proliferation, particularly during the G1
phase of the cell cycle (16). Down-regulation of prothymosin
mRNA was also observed in an HL-60 myeloid leukemia cell
line induced to differentiate with either dimethyl sulfoxide or
phorbol 12-myristate 13-acetate (36). In other reports, pro-
thymosin has been shown to be covalently linked to a small
cytoplasmic RNA (17), and parathymosin has been identified
as the Zn2+-binding protein that reversibly inactivates phos-
phofructokinase (18).
Recent evidence has also raised the possibility ofa nuclear

site of action for both prothymosin and parathymosin. On the
basis of the presence of a "nuclear localization signal" near
the COOH terminus ofprothymosin and superficial structural
similarities between prothymosin and a variety of nuclear
proteins, Gomez-Marquez and Segade (19) proposed that it
might function as a nuclear protein. Although a conventional
cell-fractionation procedure yielded detectable levels of pro-
thymosin only in the cytoplasmic fraction of calf thymus or
liver (20), an elegant series ofexperiments by Watts et al. (21,
22) demonstrated that both prothymosin and parathymosin
injected into Xenopus oocytes accumulated in the nucleus, in
contrast to thymosin f84, which remained in the cytoplasm.
Using an immunogold labeling procedure, Conteas et al. (16)
also found a nuclear concentration of the thymosin-
immunoreactive peptide that they observed to increase on
initiation of the cell cycle. Prothymosin has been reported to
copurify with high-mobility-group proteins in perchloric acid
extracts of rat thymus nuclei (23).
The present study was initiated to clarify the question of

nuclear targeting of prothymosin and parathymosin, since a
clear demonstration of their intracellular location would be
invaluable in the determination of the precise cellular func-
tion of these ubiquitous compounds. We report that both
polypeptides, synthesized in situ from their respective
cDNAs, are indeed targeted to the cell nucleus. For this
purpose, constructs were designed which coded for prothy-
mosin or parathymosin linked to human growth hormone
(hGH), which is not normally present in HeLa S3 cells, as a
"reporter molecule."
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MATERIALS AND PROCEDURES

Materials

HeLa S3 cells (American Type Culture Collection, CCL 2.2)
were grown in 100-mm plastic dishes in the presence of
Dulbecco's minimal essential medium (GIBCO) with 10o
fetal calf serum (HyClone). Goat antiserum directed against
hGH was a generous gift from Genentech. Rhodamine-
conjugated rabbit anti-goat IgG was purchased from Cappel
Laboratories. Bluescript KS M13 was purchased from Strat-
agene. BLpSV was obtained from M. Rosen (Roche Institute
for Molecular Biology, Nutley, NJ). pMV-7 (24) was a gift
from M. Chao (Cornell University Medical College, New
York).

Experimental Procedures

Construction of Expression Vectors. The cDNA for hGH
was isolated from a human pituitary library, prepared and
screened at the University of Sao Paulo, Brazil. It was
subcloned in Bluescript KS M13 and designated GS-GH-8.
Prothymosin and parathymosin DNAs were the cDNA
clones pHSproS65 (10) and pHK41188 (14), respectively.
Specific oligonucleotides (Fig. LA) were used in conjunction
with the PCR to insert suitable restriction enzymes sites and
amplify the relevant cDNAs to enable subcloning in the
expression vector BLpSV, which contains a simian virus 40
promoter and polyadenylylation signal and a multiple cloning
site.

Constructs were designed for expression of the following
protein products: I, native hGH; II, truncated hGH, lacking
the signal peptide necessary for secretion; III, truncated hGH
fused to the NH2 terminus ofprothymosin; and IV, truncated
hGH fused to the NH2 terminus of parathymosin (Fig. 1B).
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Expression in HeLa S3 Cells. For each construct, HeLa S3
cells were cotransfected with expression vector DNA and
DNA from pMV-7, a vector conferring resistance to the drug
G418. HeLa S3 cells were transfected by the calcium phos-
phate procedure and selected in medium containing G418 at
400 Ixg/ml as described (25). Cells were selected over a
10-day period to obtain resistant clones.

Stably transfected cells were initially screened by immu-
nofluorescence; approximately 75% of the clones were found
to express growth hormone constructs. For analysis of trans-
fectants, cells were plated on glass coverslips, grown for 2
days, and fixed with 2% (wt/vol) paraformaldehyde. After
permeabilization with 0.075% saponin, cells were incubated
with goat anti-hGH, stained with rhodamine-conjugated rab-
bit anti-goat IgG, examined by fluorescence light microscopy
with an epifluorescence microscope (Leitz), and photo-
graphed with 400 ASA film (Kodak Tri-X) (26).

Extracts from transfected cells were subjected to SDS/
PAGE on 12% acrylamide gels, transferred to nitrocellulose,
incubated sequentially with goat anti-hGH, rabbit anti-goat
IgG, and 125I-labeled staphylococcal protein A, and subjected
to autoradiography (27). For analyses of culture media, cells
were pulse labeled for 1 hr with Expre35S35S (NEN) in
methionine- and cysteine-free medium followed by a chase
period of 3 hr in complete medium containing 0.2% bovine
serum albumin. The medium was immunoprecipitated with
the goat antiserum directed against hGH followed by protein
A-Sepharose, and immunoprecipitates were analyzed by
SDS/12% PAGE and fluorography (28).

RESULTS
Nuclear Localization of Chimeric Proteins. The specific

approach was to prepare expression constructs coding for
chimeric proteins composed of hGH fused to either the NH2
terminus of prothymosin or the NH2 terminus of parathy-
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FIG. 1. (A) Oligonucleotides used in PCR
amplification of cDNAs of mutated forms of
hGH. To amplify construct II cDNA, hGH
(+68 to +99) oligonucleotide was used in
conjunction with the Bluescript reverse
primer. To amplify cDNA for the fusion con-
structs (III and IV), prothymosin or parathy-
mosin oligonucleotide was used in conjunc-
tion with the Bluescript primer, while the hGH
moiety was prepared with both hGH oligonu-
cleotides. Numbers above sequences refer to
corresponding nucleotides in the cDNA se-
quences, while asterisks denote changes from
the cDNA sequences. Engineered restriction
enzyme sites and translation start codons are
shown below oligonucleotide sequences. (B)
Protein products of expression constructs
coding for hGH and mutated forms. I, native
hGH; II, truncated hGH; III, truncated hGH
fused to prothymosin; and IV, truncated hGH
fused to parathymosin. Numbers refer to cor-
responding amino acids in the protein se-
quence, while asterisks denote changes from
the protein sequences. Letters identifying
amino acids are limited to the NH2 and COOH
termini of individual components.
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mosin (Fig. 1B). Upon transfection of HeLa S3 cells and
establishing stable expressing cell lines, the positional fate of
the newly synthesized proteins was determined by indirect
immunofluorescence using a polyclonal antibody directed
against hGH. The use of hGH, not normally present in HeLa
S3 cells, as a "reporter molecule" enabled the specific
detection of newly synthesized chimeric proteins without
interference from endogenous prothymosin and parathy-
mosin. Analysis of cells transfected with construct I, con-
taining the cDNA for native hGH, revealed that fluorescence
was confined to the perinuclear region typical for a location
in the endoplasmic reticulum and Golgi compartment, while
no fluorescence was observed in the nucleus itself (Fig. 2A).
In cells transfected with construct II, containing cDNA
coding for truncated hGH lacking the signal peptide respon-
sible for secretion, there was again no evidence for localiza-
tion of fluorescence to the secretory apparatus or the nu-
cleus; rather, diffuse staining was observed throughout the
cytoplasm (Fig. 2B). In contrast, in cells transfected with
DNA coding for the chimeric proteins, truncated hGH fused
to either prothymosin or parathymosin, the nucleus stained
strongly, with little or no staining evident elsewhere in the
cell (Fig. 2 C and D). The nuclear staining was more prom-
inent with the parathymosin chimera, indicating that higher
levels of this protein were expressed (see also Fig. 3A). The
nuclear staining evident in these cells appeared to be ex-
cluded from the nucleolar compartment.

Molecular Size of Expressed Proteins. As prothymosin and
parathymosin localization was performed by means of a
reporter molecule, which may not necessarily reflect the
presence of the intact protein product, the integrity of the
expressed polypeptide was examined in transfected cells and
culture media. For this purpose, extracts from transfected
cells were subjected to SDS/PAGE, transferred to nitrocel-
lulose, and incubated with goat anti-hGH followed by rabbit
anti-goat IgG and 125I-protein A (Fig. 3A). Analysis of com-
mercially available hGH revealed two major bands, one with
the expected molecular mass of 22 kDa and one with the
apparent molecular mass of =38 kDa, the latter most likely
representing hGH dimer (29). Extracts from nontransfected

FIG. 2. Indirect immunofluorescence localization ofhGH and its
mutated forms in transfected HeLa S3 cells. Cells were transfected
with constructs coding for native hGH (A), truncated hGH lacking
the signal sequence (B), truncated hGH-prothymosin chimera (C), or
truncated hGH-parathymosin chimera (D). Cells were plated on glass
coverslips, grown for 2 days, and fixed. After permeablization, cells
were incubated with rabbit anti-hGH, stained with rhodamine-
conjugated anti-rabbit IgG, examined by fluorescence microscopy,
and photographed. (x280.)
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FIG. 3. (A) Expression of hGH and its mutated forms in trans-
fected HeLa S3 cells. Cell extracts (1 x 106 cells) of control cells
(HeLa) and cells transfected with constructs coding for native hGH
[hGH(+)], truncated hGH [hGH(-)], and prothymosin and parathy-
mosin chimeras (Pro, Para) were subjected to SDS/PAGE. After
transfer to nitrocellulose, the membrane was incubated with poly-
clonal goat antiserum directed against hGH (1:5000), followed by
rabbit antiserum against goat IgG (1:1000) and '75I-protein A. A
similar analysis of commercially available hGH was included in the
leftmost lane for comparison. The fluorogram of the blot is shown.
Numbers refer to sizes of molecular mass markers. (B) Immunopre-
cipitation ofmedia oftransfected cells. Cells (1.5 x 106) were labeled
for 3 hr with 100 ,uCi (3.7 MBq) of Expre35S (NEN) in 500 ,l of
methionine- and cysteine-free medium. The medium was centrifuged
for 15 min at 12,000 x g to remove cellular debris, adjusted to 1%
Triton X-100, and mixed with 1 Al of goat antiserum directed against
hGH followed by 5 Al of rabbit antiserum against goat IgG and
protein A-Sepharose. Immunoprecipitates were analyzed by SDS/
PAGE. Gels were fixed and fluorographed, using sodium salicylate
as enhancer.

HeLa S3 cells contained no proteins that reacted with anti-
hGH, while extracts from cells transfected with cDNA cod-
ing for native hGH contained two proteins of molecular
masses identical to those of the proteins present in commer-
cially available hGH. Analysis of extracts from cells express-
ing truncated hGH revealed a single immunoreactive band of
similar size to monomeric hGH. Extracts from cells express-
ing the hGH-prothymosin and hGH-parathymosin chimeric
proteins each contained a single immunoreactive protein of
-34 kDa, consistent with the expected size of hGH fused to

intact prothymosin or parathymosin.
For analyses of culture media, cells were metabolically

labeled with Expre35S in methionine- and cysteine-free me-
dium for 1 hr and chased for an additional 3 hr. The medium
was then immunoprecipitated with the goat antiserum di-
rected against hGH, and immunoprecipitates were analyzed
by SDS/PAGE and fluorography (Fig. 3B). Measurable
quantities of immunoreactive material were detected only in
medium of cells transfected with the cDNA coding for native
hGH, clearly demonstrating that neither truncated hGH nor
the chimeric forms are secreted by the cells.

DISCUSSION
These results confirm the validity of the experimental sys-
tem: native hGH is confined to the secretory apparatus and
is detected in the culture medium, while truncated hGH is
diffusively distributed in the cytoplasm. Interestingly, al-
though truncated hGH is found throughout the cytoplasm and
is of a size reportedly small enough to diffuse through the
nuclear pores (30), no staining is observed within the nucleus.

6610 Biochemistry: Clinton et al.
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In marked contrast, when truncated hGH is expressed as a
chimeric protein fused to either prothymosin or parathy-
mosin, the nucleus stains brightly, providing direct evidence
to support the proposal that prothymosin and parathymosin
contain nuclear targeting sequences that function when the
proteins are synthesized in situ. For human prothymosin and
parathymosin, the targeting sequences would presumably be
Asp-Thr-Lys-Lys-Gln-Lys-Thr (residues 100-106) (10) and
Pro-Lys-Arg-Gln-Lys-Thr (residues 90-95) (14), respec-
tively. Although the chimeric proteins are small enough to
diffuse into the nucleus and the possibility exists that the
accumulation observed within the nucleus is the result of
specific retention of diffused proteins, this is unlikely for two
reasons. First, a fragment of this protein, truncated hGH,
does not diffuse into the nucleus, and second, in such a
situation, quantities of newly synthesized chimeric proteins
should be detectable diffused throughout the cystoplasm, and
this is not the case. It appears more likely that, on synthesis,
both prothymosin and parathymosin are specifically directed
into the nucleus.
From the literature (16, 17, 20) it seems obvious that

prothymosin, at least, is also found in the cytoplasm. This
could be the result of specific removal of prothymosin from
the nucleus by linkage to a small RNA, as described by
Makarova et al. (17). In our experimental system, the chi-
meric nature of the protein may somehow inhibit the return
of prothymosin and parathymosin to the cytoplasm.
On the basis of the structure ofprothymosin, some workers

have suggested that it may be associated with the nucleolus;
from this study it would appear to be excluded from the
nucleolar compartment. However, this aspect of thymosin
behavior may also conceivably be altered by the chimeric
structure of the protein.

Despite the lack of a signal sequence, a theory has per-
sisted that prothymosin is a secretory protein. The data
presented here argue strongly against this possibility, as
neither chimeric protein follows the accepted pathway of
secretion as delineated by expression of native hGH. In the
event that a specific NH2-terminal proteolytic fragment of
prothymosin-e.g., thymosin al1-was secreted by an alter-
native pathway as described recently for fibroblast growth
factor and interleukin 1,8 (31-33), this product would exist in
our study as an hGH-thymosin-al chimera and should have
been detected in the culture medium. It is conceivable that
the chimeric protein structure may interfere with a secretion
through this pathway, but this seems a less likely alternative.
The results reported here provide direct evidence for the

proposal by Gomez-Marquez and Segade (19) that prothy-
mosin contains a nuclear targeting signal, and they comple-
ment and support the data described by Watts et al. (21, 22)
and Conteas et al. (16). They also suggest that, upon syn-
thesis, both prothymosin and parathymosin are specifically
directed into the nonnucleolar compartment of the nucleus.
Although parathymosin does not contain a "classical" nu-
clear localization signal, as described by Gomez-Marquez
and Segade (19), a possible candidate for such a signal is the
region from residue 91 to residue 94, which differs from the
identified sequence by the substitution of arginine for lysine
at position 92.
Although the precise roles of prothymosin and parathy-

mosin remain unclear, it is interesting to note that a direct link
has been established between prothymosin and myc, a pro-
tein implicated in DNA replication and regulation of gene
expression (reviewed in ref. 34). In a recent study (35), the
stimulation of cell division by activation of myc resulted in
elevated prothymosin mRNA, independent of protein syn-
thesis, indicating a direct effect of the MYC product on
prothymosin gene transcription. This result suggests a role
for prothymosin in cell proliferation, early in the cascade of
events following mitogenic stimulation.

Note Added in Proof. While this manuscript was in preparation, the
results of a similar study on one of these proteins were reported by
Manrow et al. (37). These workers expressed prothymosin/,8-
galactosidase chimeric proteins in COS cells and reported evidence
for nuclear localization based on isolation of sealed nuclei and
indirect immunofluorescence. Although they did not report analyses
of culture media, these authors have extended our findings by
expressing chimeric proteins containing the NH2-terminal or COOH-
terminal regions of prothymosin and have confirmed that the nuclear
localization signal lies in the COOH-terminal regions of prothymosin,
probably in the sequence Thr-Lys-Lys-Gln-Lys-Thr. They did not
report experiments with constructs containing nucleic acid se-
quences for parathymosin.
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