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ABSTRACT Analysis of the sequence of cDNA corre-
sponding to mouse thymidylate synthase (5,10-methylenetet-
rahydrofolate:dUMP C-methyltransferase, EC 2.1.1.45)
mRNA revealed that the termination codon TAA was followed
immediately by a poly(A) sequence. This raised the possibility
that mouse thymidylate synthasemRNA lacks a 3' untranslated
region. In the present study, we have further investigated this
possibility. DNA corresponding to the 3' end of the thymidylate
synthase gene was isolated from a genomic library. The
sequence of the genomic DNA was identical to that of the cDNA
in the coding region. However, the termination codon wasTAG
in the genomic sequence rather than TAA, and poly(A) was not
present in the genomic DNA. Sequences flanking the site
of poly(A) addition were in good agreement with polyaden-
ylylation consensus sequences. S1 nuclease analysis revealed
that -80% of the thymidylate synthase mRNA molecules were
polyadenylylated at the termination codon. A secondary
polyadenylylation site was detected 190-200 nucleotides down-
stream of the primary site. We conclude that the major species
of mouse thymidylate synthase mRNA lacks a 3' untranslated
region and that the final A of the termination codon is added
by poly(A) polymerase. It appears that a 3' untranslated region
is not essential for the accumulation or translation of this
mRNA.

Thymidylate synthase (TS; 5,10-methylenetetrahydrofol-
ate:dUMP C-methyltransferase, EC 2.1.1.45) is the enzyme
that catalyzes the reductive methylation of deoxyuridylic
acid during the de novo synthesis of thymidylic acid. TS is
synthesized primarily during the S phase of the cell cycle and
is present at much higher levels in proliferating cells than in
quiescent cells (1-7). In growth stimulated mouse cells,
expression of the gene encoding TS is regulated in part by
controlling the rate of transcription of the gene and in part by
controlling the extent of polyadenylylation of TS mRNA (8).
DNA corresponding to the entire coding region of mouse

(9, 10) and human (11) TS mRNA has been cloned and
sequenced. The predicted amino acid sequences revealed
that the mouse and human enzymes are -90% identical. The
mammalian enzymes are also -55% identical to bacterial TS
sequences, indicating that TS is among the most highly
conserved proteins that have been examined. Although the
amino-terminal region of the enzyme is not well conserved,
the carboxyl-terminal region is very similar for all TS se-
quences that have been analyzed. In particular, all of the
enzymes end with Ala-Val except for the Escherichia coli
enzyme, which ends with Ala-Ile (10). The most highly
conserved region is in the vicinity of the dUMP binding site,
where the bacterial and mammalian enzymes are -80%
identical (10, 11).

All previously characterized nuclear-encoded mRNA spe-
cies have a 3' untranslated region between the termination
codon and the poly(A) tail (12, 13). The untranslated region
is usually several hundred nucleotides long, but it may be as
large as several thousand nucleotides for some mRNA
species. The function of the 3' untranslated region is unclear.
The region contains the hexanucleotide AATAAA (or a
related sequence) that is important for the polyadenylylation
reaction (14, 15). In addition, recent studies have suggested
that the region may be important for regulating the stability
of some mRNA species (16).
Human TS mRNA is typical in that it has a 500-nucleotide

3' untranslated region and the sequence AATAAA 12 nucle-
otides upstream of the poly(A) tail (11). We were surprised to
find that for mouse TS mRNA, the TAA termination codon
was followed immediately by an oligo(A) segment (10). This
raised the interesting possibility that mouse TS mRNA lacked
a 3' untranslated region preceding the poly(A) tail. An
alternative explanation was that the oligo(A) segment in the
mRNA was encoded by the TS gene and was followed by a
3' untranslated region and then the real poly(A) tail of the
mRNA. The unusual cDNA sequence might be due to
priming of the reverse transcriptase at the internal oligo(A)
region rather than at the poly(A) tail of the mRNA.
To distinguish between these possibilities we have isolated

the 3' end of the mouse TS-encoding gene. This DNA region
was sequenced and was used as a probe in RNA blot and S1
nuclease protection assays to analyze the structure of the 3'
end of TS mRNA. All of these studies confirm that the
predominant 1.1-kilobase (kb) mouse TS mRNA lacks a 3'
untranslated region preceding the poly(A) tail.

MATERIALS AND METHODS
Cell Lines. The LU3-7 cell line (17) is a FdUrd-resistant

derivative ofmouse 3T6 fibroblasts that overproduces TS and
TS mRNA by a factor of 50 due to TS gene amplification (18).
By all criteria examined so far, the structure of TS enzyme
and mRNA are the same in LU3-7 cells as in parental 3T6
cells. Southern blot analyses showed that the restriction map
of the amplified TS gene was the same as that of the parental
gene, suggesting that no rearrangements have occurred in the
vicinity of the TS gene during the amplification process.
Furthermore, there is no evidence for more than one TS gene
in mouse cells (18).
DNA Sequence Analysis. Overlapping restriction fragments

containing the entire mouse TS gene were isolated from
BamHI and partial Sau3A libraries ofDNA from LU3-7 cells
(35). Restriction fragments containing the 3' exon and sur-
rounding DNA were subcloned into the M13 vectors mpl8
and mpl9 (19) and were sequenced by the dideoxy-chain
termination method (20) using a sequencing kit obtained from
New England Biolabs. The deletion subcloning procedure

Abbreviations: TS, thymidylate synthase; kb, kilobase(s).
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FIG. 1. Restriction map and sequencing strategy of 3' end of TS
gene. The top line represents the region of the gene that was
analyzed. The thick line represents the coding region (as determined
by sequence analysis), and the thin line represents the 3' flanking
region. Lines 2-5 indicate the regions of genomic DNA that were
cloned into M13. The regions that were sequenced and the direction
of sequencing are represented by the heavier portions of the line and
by arrows, respectively. Lines 4 and 5 represent sequences that were
determined by the deletion subcloning procedure. The Bgl II site
(Bgl) is located several hundred nucleotides upstream ofthe Cla I site
(Cla) in an intron. The other sites are Hph I (Hph) and Sac I (Sac).
bp, Base pair(s).

(21) was used to determine the sequence of DNA that was
located >200 nucleotides from the universal primer site.
Sequences were analyzed using the Bionet Computer Re-
source.

Isolation and Analysis of Cytoplasmic RNA. Cultures of
cells were harvested, and the cytoplasmic compartment was
isolated (22). RNA was purified by phenol/chloroform ex-
traction at room temperature (22). Poly(A)+ RNA was
isolated by chromatography on an oligo(dT) cellulose column
(23). TS mRNA was analyzed by RNA blot analysis (8) using
probes from the 3' exon and 3' flanking DNA of the TS gene.
The DNA probes were purified by gel electrophoresis and
labeled using the Klenow fragment of E. coli DNA polymer-
ase that was primed with random hexanucleotides from calf
thymus DNA (Pharmacia) (24). TS mRNA was also analyzed
by the S1 nuclease digestion procedure ofFavaloro et al. (25).
DNA probes were labeled at the 3' end either by extending
a 3'-recessed Hinfl restriction site with [a-32P]dATP using the
Klenow fragment of DNA polymerase or by digesting a
5'-recessed Pst I restriction site with T4 DNA polymerase in
the presence of [a-32P]dCTP (26). The labeled fragments were
then digested with Sac I and purified by electrophoresis on
6% polyacrylamide gels.

ile asp asp phe lys val glu asp phe g1n
ATC GAT GAT TTC AAA GTT GAA GAC TTT CAG

'Cla I

RESULTS

Sequence Analysis of 3' End of TS Gene. Restriction
fragments that correspond to the 3' end of the mouse TS gene
were isolated from an LU3-7 genomic library and sequenced
by the dideoxy-chain termination procedure. The restriction
map and sequencing strategy are shown in Fig. 1. Identical
sequences were obtained for two independently isolated
genomic fragments and for two different TS cDNA clones,
pMTS-3 and pMTS-4 (10) [except that the poly(A) stretch was
longer for pMTS-4 than for pMTS-3]. Fig. 2 shows the
sequence of the 3' end of the TS gene. The sequence was
identical to that of the cDNA up to the end of the coding
region. However, the termination codon of the cDNA, TAA,
was followed immediately by a stretch of poly(A), whereas
the termination codon in the genomic sequence was TAG and
was not followed by poly(A). This strongly suggests that the
poly(A) stretch was the result of a post-transcriptional
addition.
RNA Blot Analysis. Although the coding regions of mouse

and human TS mRNA species are nearly the same length (10,
11), RNA blot analysis showed that the messages are quite
different in size. Fig. 3 (lanes 1 and 2) shows that the
predominant species of mouse TS mRNA is -1.1 kb, where-
as human TS mRNA is =1.6 kb long. Mouse TS mRNA
appears to be somewhat heterogeneous in size, as shown by
the diffuse appearance of the band on the RNA blot. This is
due in part to heterogeneity at the 5' end (35) as well as the
3' end (see below) of the mRNA species. As noted previously
(8, 9), some minor high molecular weight RNA species were
also detected by the TS cDNA probe. The structure and
significance of these species are not known.
Comparison of the cDNA and genomic sequences indicat-

ed that some TS mRNA molecules do not have a 3' untrans-
lated region. To determine whether any TS mRNAs extend
past the termination codon, an RNA blot of poly(A)+ mRNA
from LU3-7 cells was probed with a 0.24-kb Hph I to Sac I
restriction fragment beginning 18 nucleotides downstream of
the termination codon (see Fig. 2). Fig. 3 (lane 3) shows that
this probe did hybridize to a 1.3-kb RNA species, suggesting
that at least some TS mRNA molecules were polyadenylyl-
ated downstream of the termination codon. When a similar
blot was probed with a 0.1-kb fragment starting at the Cla I
site in the coding region and extending to the Hph I site, the
1.1-kb TS mRNA was detected (lane 4). The intensity of the
band was much greater with the latter probe than with the
former, suggesting that the 1.3-kb TS mRNA species was

ile glu gly tyr asn pro his pro thr
ATT GAA GGG TAT AAT CCA CAT CCA ACG

ile lys met glu met ala val ***
ATT AAA ATG GAA ATG GCT GTT TAG AGTGCTTTCAGTGATGCTATGAATATCACCGTTTTTTTTTTTT

'Hph I

TTAATTAGGTATTTTCCTCATTTACATTTCCAATGCTATACCAAAAGTCCCCCATACCCTCCCCTCCACTCCCCT

ACCCACCCACTCCCACTTCTTGG CCCTGG CATTCCCTTGTACTGGGG CATATAAAGTTTGCAAGTCCAATGGG CC

TCTCTTTCCAGTGATGGCCGACTAGGCCATCTTTTGATACATATGCAGCTAGAGTCGAAGAGCTC
'Sac I

FIG. 2. Sequence of the 3'-terminal region of the mouse TS gene. The amino acid sequence predicted by the nucleotide sequence is shown.
The sequence of the cDNA is identical to that of the gene in the coding region. However, the termination codon (***) in the cDNA is TAA,
which is followed by an oligo(A) region (10). The locations of pertinent restriction enzyme cleavage sites are noted.
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FIG. 3. RNA blot analysis of TS mRNA. Poly(A)+ cytoplasmic
RNA was separated on a 1.5% agarose gel containing formaldehyde,
transferred to nitrocellulose, and probed with 32P-labeled DNA
fragments. Lanes 1 and 2 contain 10 1Lg of poly(A)+ RNA isolated
from human (HeLa) and 6 Ag of poly(A)+ RNA isolated from mouse
(3T6) cells, respectively. These RNAs were probed with TS cDNA.
Markers were synthetic RNA molecules ofthe indicated sizes. These
were transcribed from the SP-6 promoter of the vector pGEM 1
(Promega Biotec, Madison, WI) that was linked to restriction
fragments of known length. Lanes 3 and 4 contain 3 ,g of poly(A)+
RNA from LU3-7 cells. Lane 3 was probed with the Hph I-Sac I
probe (3' flank probe) shown in Fig. 1, whereas lane 4 was probed
with the Cla I-Hph I fragment (3' exon probe). The specific activity
of the probes was -2 x 109 cpm per .ug ofDNA. Blots were exposed
for 6 hr (lane 1) or 18 hr (lanes 2-4).

present at much lower concentrations than the major 1.1-kb
TS mRNA species.

Si Nuclease Assays. The structure of the 3' end ofmouse TS
mRNA was also studied by S1 nuclease protection assays.
The probes used in these analyses were derived from a
plasmid containing TS cDNA sequences linked to the 3' exon
and flanking sequences of the TS gene at the Cla I site in the
final exon, as shown at the top of Fig. 4. The two probes were
3'-end-labeled either at the Hinfl site or at the Pst I site in the
coding region. The 5' end of both probes was the Sac I site
in the 3' flanking region. The probes were hybridized to total
poly(A)+ cytoplasmic RNA from LU3-7 cells, digested with
S1 nuclease, and analyzed by polyacrylamide gel electropho-
resis. Comparison of the sizes of the digestion products with
those of molecular weight markers (Fig. 4) revealed that the
majority of the TS mRNA molecules diverged from the
genomic sequence at the termination codon. Similar results
were obtained with mRNA isolated from 3T6 cells (data not
shown).
The S1 nuclease assays also revealed two minor signals

corresponding to RNA species terminating =35 nucleotides
and 190-200 nucleotides downstream of the termination
codon. A small amount ofundigested probe was also detected
in some assays. The intensities of these minor signals varied
somewhat from experiment to experiment. These signals
most likely represent the TS mRNA molecules that extend
beyond the termination codon that were detected in the RNA
blot analyses. The DNA sequence 35 nucleotides down-
stream of the termination codon consists of an oligo(dT)
stretch. The thermal instability of oligo(dA)-oligo(U) hybrids
may permit S1 nuclease attack in this partially denatured
region ofthe hybrid, thus giving rise to an inaccurate estimate
of the total length of the RNA species. It is possible that all
of the longer TS mRNA species extend 190-200 nucleotides
beyond the termination codon. To estimate the relative
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FIG. 4. S1 nuclease analysis of the 3' end of TS mRNA.
Cytoplasmic poly(A)+ mRNA was isolated from LU3-7 cells and
hybridized to 3'-end-labeled DNA fragments that corresponded to
the 3'-terminal region of TS mRNA and adjacent flanking sequences
of the TS gene. The DNA probes were derived from a recombinant
DNA fragment representing a fusion between TS cDNA (light line)
and the 3' end of the TS gene (heavy line) linked at the common Cla
I site (C), as shown at the top of the figure. Other sites are Sac I (S),
termination codon (T), Hinfl (H), Pst I (P), Bgl II (G), BamHI (B),
ATG initiation codon (I). The sizes of the two probes as well as the
distances between the labeled end (*) and the G of the nonsense
codon are indicated. n, Nucleotides. In lanes 1, 2 ,ug of mRNA was
hybridized to 10i cpm (100 ng) of labeled DNA fragment for "16 hr
at 460C. Lanes 2, control in which the fragment was treated under
identical conditions in the absence of mRNA. The hybrids were
digested with S1 nuclease, and the resulting fragments were analyzed
on an 8% polyacrylamide/urea sequencing gel and detected by
autoradiography. Probe A was used for lanes in A, and probe B was
used for lanes in B. Molecular size markers consisted of Msp I
restriction fragments of pBR322 that were end-labeled with [a-
32P]dCTP using the Klenow fragment of E. coli DNA polymerase.

amounts of the major and minor TS mRNA molecules,
several of the autoradiograms from S1 nuclease assays were
analyzed by a computer-linked laser densitometer. These
measurements showed that the two minor bands represented
between 10% and 25% of the total signal detected in the S1
nuclease assays. Therefore, 75%-90% of the TS mRNA
molecules did not extend beyond the termination codon.

DISCUSSION

The results ofRNA blot and S1 nuclease protection assays as
well as comparison of the cDNA and genomic sequences all
indicate that the predominant 1.1-kb mouse TS mRNA lacks
a 3' untranslated region preceding the poly(A) tail. The
termination codon in the TS gene is TAG rather than TAA,
suggesting that at least one, and possibly both, of the A
residues in the TAA termination codon are added by the
poly(A) polymerase. Although a similar phenomenon has
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been shown for several human and bovine mitochondrial
mRNAs (27-29), to the best of our knowledge this phenom-
enon has not been demonstrated previously for a nuclear-
encoded mRNA species. After this paper was submitted for
review, Bishop et al. (30) reported that in the human
a-galactosidase A mRNA, the UAA termination codon is
followed by a stretch of oligo(A). Although they have not yet
shown that the oligo(A) region was absent from the gene, it
appears likely that this is another example of a nuclear-
encoded mRNA species that lacks a 3' untranslated region.

It is uncertain whether the absence of a 3' untranslated
region preceding the poly(A) tail has any physiological
significance. Clearly, a 3' untranslated region is not essential
for the accumulation or translation of this mRNA species.
One possibility is that sequences downstream of the termi-
nation codon may be responsible for destabilization of mouse
TS RNA. We found previously that the half-life of poly(A)+
TS mRNA (that lacks this downstream region) is =8 hr.
However, indirect evidence suggested that poly(A)- TS
RNA molecules, which may contain sequences that extend
beyond the termination codon, have a much shorter half-life
(8).

It is interesting that the TS gene has a TAG termination
codon at the same position as the TAA codon found in TS
mRNA. The TAG codon probably serves as a backup
termination codon for those TS mRNA species that are
polyadenylylated downstream of the normal site. Translation
of these longer TS mRNAs would still give rise to the normal
enzyme, even though the mRNAs lacked the normal TAA
termination codon.
The polyadenylylation reaction in mammalian nuclei is

believed to be a two-step reaction consisting of endonucle-
olytic cleavage of the RNA molecule followed by addition of
the poly(A) tail (12, 13). The sequences (or secondary
structures, etc.) that specify the site of polyadenylylation
appear to be somewhat conserved for different mRNAs but
clearly are not universal. The sequence AATAAA (or slight
variations) located 11-20 nucleotides upstream of the site of
polyadenylylation of almost all mRNA species is one impor-
tant factor for specifying the site of poly(A) addition (13-15).
The mouse TS cDNA contains the oligonucleotide ATTAAA
16 nucleotides upstream from the start of the poly(A) stretch
in the coding region for the enzyme. This hexanucleotide
appears to function as part of the polyadenylylation signal for
-12% of the mRNA species studied to date (13).
Deletion analyses have shown that for many mRNA

species, sequences located downstream of the polyadenyl-
ylation site are also important. Sequence comparisons have
suggested the existence of consensus oligonucleotides, al-

though the composition and location of these do not appear
to be rigidly defined (13). McLauchlan et al. (31) noted that
the sequence YGTGTTYY and an oligo(dT) sequence down-
stream of the polyadenylylation site appear to be important
for the polyadenylylation of many mRNA species. Fig. 5
shows that a similar sequence, AGTGCTTT, is adjacent to
the termination codon at the 3' end of the mouse TS gene.
Furthermore, a stretch of 14 T residues is present 31 nucle-
otides downstream from the termination codon. Thus, rea-
sonable upstream and downstream polyadenylylation con-
sensus sequences for the predominant 1.1-kb TS mRNA
species appear to be present.
The precise site of poly(A) addition for the minor 1.3-kb TS

mRNA species has not been determined. S1 nuclease assays
suggest that the site is 190-200 nucleotides downstream from
the termination codon. The sequence TATAAA starting 168
nucleotides downstream from the UAG codon (Fig. 2) may
serve as the upstream polyadenylylation signal for this minor
mRNA species. However, downstream consensus sequences
[YGTGTTYY and oligo(dT)] do not appear to be present in
this region of the gene. It will be interesting to determine
whether other sequences are able to provide the downstream
signal for this secondary polyadenylylation site.
The human TS mRNA has a TAG termination codon

followed by a 3' untranslated region of several hundred
nucleotides preceding the poly(A) tail (11). Comparison ofthe
mouse genomic and human cDNA sequences in this region
(Fig. 5) revealed that the 3' end ofthe coding sequence for the
mouse and human TS mRNAs is identical from ATTAAA to
the termination codon. Curiously, the similarity extends for
a short distance beyond the termination codon. In particular,
the sequence GGTGCTTT, located next to the termination
codon in the human cDNA sequence, is as similar to the
YGTGTTYY consensus signal as the corresponding oligo-
nucleotide in the mouse gene. However, the human sequence
lacks the oligo(dT) region.
Workers in several laboratories have suggested that the

ability to form a duplex structure between the upstream
signal and sequences located downstream of the polyaden-
ylylation site may be important for the cleavage/polyaden-
ylylation reaction (33, 34). The mouse genomic sequence
shown in Fig. 5 appears to be capable of forming a stem and
loop structure in which the upstream polyadenylylation
signal ATTAAAA forms a perfect seven-nucleotide duplex
with the downstream sequence TTTTAAT. A variety of
additional base-paired structures are possible in the region,
one of which is shown at the bottom of Fig. 5. The lack of the
oligo(dT) region in the human TS gene would prevent human
TS RNA from forming this structure and thus may prevent

protei n:
mouse cDNA:
mouse genomic:
human cDNA:
consensus:

thr ile lys met glu met ala val
ACG ATT AAA ATG GAA ATG GCT GTT TAA
ACG ATT AAA ATG GAA ATG GCT GTT TAG
ACT ATT AAA ATG GAA ATG GCT G1T TAG

AAT AAA --(11-20 nucleotides)--

AAAAAAAAA
AGTGCTTTCAGTGATGCTATGAATATCACCGTTTTTTTTTTTTTTAATTAG
GGTGCTTTCAAAGGAGCTTGAAGGATATTGTCAGTCTTTAGGGGTTGGGCT
YGTGTTYY- (oligo(T) regions)

T C G
ACGATTAAAA GGAAATGG TGTTTA AGTGCTTTC

:IIIIIII ::III:II I:II:I II
GATTAATTTT TTTTTGCC ATAAGT TCGTAGTGA

T T A T A
T T A-C
T

-6.9 KCAL/MOLE

FIG. 5. Potential polyadenylylation regulatory sequences. Sequences in the vicinity ofthe 3' ends ofthe coding region ofthe mouse TS cDNA,
the mouse TS gene, and the human TS cDNA, as well as the deduced amino acid sequence of the enzyme in this region are shown. A consensus
sequence that appears to be important for 3' cleavage and polyadenylylation (31) is also indicated. One possible secondary structure of this region
of the genomic sequence (and, therefore, the initial TS gene transcript) is shown at the bottom of the figure. The * indicates the site of poly(A)
addition. Normal base pairs are indicated by "I", whereas GT (GU) base pairs are indicated by ":". The stability of the secondary structure
was calculated as described (32).
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the polyadenylylation at the termination codon of the human
mRNA species.
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