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ABSTRACT The continuous sequence of 2.3 kilobases in a
3-kilobase DNA fragment encoding the structural gene for co-
liphage T4 thymidylate synthase (5,10-methylenetetrahydrofo-
late:dUMP C-methyltransferase, EC 2.1.1.45) was determined
by using the M13 dideoxy chain-termination method. From
the coding information within this gené and that provided by
sequence analysis of selected CNBr peptides from the protein
product, the primary structure of T4 thymidylate synthase
was determined. The most significant finding of these studies
is the presence of a 1017-base-pair interruption two-thirds of
the way through the nucleotide sequence of the structural
gene. The 5'- and 3'-terminal ends of this intron are demarcat-
ed by an apparent stop and start codon, respectively. The cor-
responding methionine preceding the second coding region of
the synthase is not incorporated into the final protein product.
Structural evidence confirming the presence of the intervening
sequence in the phage genome was obtained by restriction and
hybridization analysis. Support for the presence of the intron
was also obtained at the functional level by enzyme expression
studies using selected ¢d gene fragments. This work also con-
firms the findings of Purohit and Mathews [Purohit, S. &
Mathews, C. K. (1983) Fed. Proc. Fed. Am. Soc. Exp. Biol.
42, 1759], which reveal that the termination codon for the di-
hydrofolate reductase gene and the triplet initiating thymidy-
late synthase overlap by a four-base stretch, A-T-G-A. The
implications of this unusual gene arrangement are discussed.

Although intervening sequences are commonly found in the
genes of eukaryotes (1), no interruption in a protein coding
region of a prokaryotic gene has been reported to date. Re-
cently, however, it was shown by Kaine ez al. (2) that two
tRNAs from archaebacteria, which possess features of both
eukaryotes and prokaryotes, contain small introns. It is
therefore of particular interest that we have uncovered an
intervening sequence in the coliphage T4 td gene encoding
thymidylate synthase (5,10-methylenetetrahydrofolate:
dUMP C-methyltransferase, EC 2.1.1.45).

Although this enzyme is also expressed by the thyA gene
of Escherichia coli, the phage and host synthases exhibit
striking dissimilarities in both structural and functional prop-
erties (3-5). In an effort to better understand the reasons for
these differences as well as those underlying the differential
regulation of the td and thyA genes, we undertook to deter-
mine the sequences of both genes and their protein products.
The sequence of the thyA gene and its thymidylate synthase
product was described recently (6). We now present the
complete coding sequence of the td gene and the primary
structure of its protein product. In the course of these stud-
ies it became evident that unlike the thyA structural gene,
which exists as a continuous open reading frame encoding
264 amino acids, the td gene is interrupted by a 1-kilobase-
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pair (kb) polynucleotide segment. Thus, in contrast to what
has been found for all known prokaryotic genes, the T4
phage thymidylate synthase is divided into two separate
open reading frames by an intron. Evidence in support of
this significant finding forms the basis of this paper.

MATERIALS AND METHODS

Bacterial Strains, Phage Strains, and Plasmids. E. coli
strain JM103, obtained from Bethesda Research Labora-
tories, was used for the propagation of M13 phage (7). Strain
AB2497, from B. Bachmann of the E. coli Genetic Stock
Center, was used as the thyA™ host for complementation ex-
periments. The double-stranded replicative forms of M13
strains mp8 and mp9 (7) were from P-L Biochemicals. The 3-
kb EcoRI fragment’ encoding the T4 td gene was originally
cloned from strain T4alc4, in which about 50% of the gluco-
sylated hydroxymethylcytosine residues are replaced by cy-
tosine (9). It was ligated into a phage A vector to yield ATd (8)
and kindly provided to us by N. Murray. The 3-kb td frag-
ment was later subcloned into the EcoRI site of pBR322,
pUCS or pUC9 (10), and M13 vectors to generate pBTd (4),
pUCTd, and M13Td, respectively. The 3-kb fragment was
also cloned into expression plasmid pKC30 (11) by a blunt-
end cloning event that destroyed the EcoRlI sites flanking the
insert to yield recombinant pKTd (4). T4 DNA for restriction
hybridization experiments was extracted from strain T4alc7
(provided by H. Revel), in which cytosine residues are com-
pletely unmodified and the DNA is fully restriction enzyme
sensitive (9). )

Construction of Clones for DNA Sequence Analysis. Clon-
ing procedures (plasmid DNA preparation, restriction, liga-
tion, linker addition, and transformation) have been de-
scribed (4-6). Two libraries of DNA fragments were generat-
ed for cloning into M13 vectors by (i) Pvu I1 restriction of the
purified 3-kb ¢d fragment and (ii) HindIII restriction of pBTd
followed by BAL-31 digestion of the linearized DNA (6)
(Fig. 1B). Oligonucleotide linkers (BamHI, HindlIl, EcoRI)
used in cloning of blunt ends were from New England Bio-
labs.

DNA Sequence Analysis. The nucleotide sequence was de-
termined by the dideoxy chain-termination method of Sanger
et al. (12, 13) with single-stranded DNA from M13-mp8 or
-mp?9 clones of either Pvu Il restriction fragments or overlap-
ping BAL-31-gencrated deletions (Fig. 1B). [a-32P]dATP
(400 Ci/mmol, 10 mCi/ml; 1 Ci = 37 GBq) was purchased
from Amersham. Dideoxynucleoside triphosphates and the
heptadecanucleotide universal primer were from P-L Bio-
chemicals. Nucleoside triphosphates were obtained from
Boehringer Mannheim.

Amino Acid Sequence Analysis. T4 coliphage thymidylate
synthase produced by pKTd was purified to homogeneity as

Abbreviations: kb, kilobase pair(s); FAUMP, 5-fluorodeoxyuridy-

late.
tThis fragment was assessed previously as 2.7 kb in length (4, 8).
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described (4). The ternary complex of purified synthase con-
taining S-fluorodeoxy([2-'*Cluridylate (FAUMP) was car-
boxymethylated and then used for NH,-terminal sequence
analysis and conversion to peptides by reaction with CNBr
(14). The peptides were separated by Bio-Gel P-60 (Bio-Rad)
and HPLC and their partial amino acid sequences were de-
termined as described (6), thus locating the coding regions
for five of the six CNBr peptides within the structural gene
for td. The sixth peptide was identified on the COOH-termi-
nal end of the derivatized enzyme by progressive digestion
with carboxypeptidase Y (6). CNBr was obtained from
Pierce and chemicals for sequence analysis were from Pierce
or Beckman. Fd[2-*CJUMP (52 mCi/mmol) was purchased
from Moravek Biochemicals (Brea, CA). Sequence analysis
was performed with a Beckman 890B Sequencer.

Enzymes. The Klenow fragment of E. coli DNA polymer-
ase was from Bethesda Research Laboratories and T4 DNA
ligase from New England Biolabs. BAL-31 nuclease and
restriction enzymes EcoRI, Pst 1, Pvu 11, BamHI, Hincll,
HindIIl, and Hpa I were from either of these suppliers. Car-
boxypeptidase Y was kindly supplied by T. Plummer, Jr.

RESULTS

Sequence Analysis of the T4 td Gene. The strategy for se-
quence determination of restriction fragments and BAL-31-
generated deletion fragments of the td gene is depicted in
Fig. 1B. The extent and direction of sequence determination
using the dideoxy chain-termination method (12, 13) for each
fragment cloned into M13 vectors mp8 or mp9 is indicated by
the arrows in Fig. 1B. From the sequence analysis of B1, B2,
and P3, it was apparent that there might be an interruption in
the td gene, not only because of the UAA stop signal at nu-
cleotide 769 (Fig. 2) but also because nucleotides coding for
amino acids beyond residue 183 could not be found. Howev-
er, this problem was resolved with BAL-31 fragments B3-
B8, which revealed that the coding sequence for the COOH-
terminal end of the synthase appeared after an interruption
of 1017 nucleotides. As discussed below, the resumption of
the synthase sequence was confirmed by sequence analysis
of peptides from this region. These data make it apparent
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that the synthase coding region contains a 1-kb interruption
two-thirds of the way from the 5’ end of the ¢d structural
gene. The intron sequence, determined from one strand, will
be published elsewhere pending sequence verification from
the complementary strand.

The Extended Functional Length of the td Gene. To corre-
late the structural organization of the gene with its function,
expression of the 3-kb EcoRI fragment as well as that of rele-
vant subfragments was monitored after transcriptional fu-
sion to the p; ,. promoter in plasmid pUCS8 or pUC9 to yield
pUCTd (Fig. 1C). By introducing pUCTd into thyA™ E. coli
we were able to demonstrate that the intact 3-kb fragment
(Fig. 1, C1) allowed complementation of this synthase-defi-
cient strain to Thy*. As expected, Thy™ transformants were
obtained only when td was in transcriptional alignment with
PLac and not when the orientation was reversed (pUCdT),
since the td fragment does not have an internal promoter (4).
Extracts of cells with the Thy* phenotype were shown by
gel electrophoresis to form a ternary complex when treated
with Fd[5-*HJUMP and 5,10-methylenetetrahydrofolate,
which corresponded in size to the ternary complex of the T4
enzyme (4). This complex was present only in Thy* pUCTd
transformants and was not formed with extracts from Thy~
pUCAT cultures (data not shown). Complementation there-
fore provides a useful test for T4 synthase function.

Recombinants containing the HindIII-EcoRI subfragment
depicted in Fig. 1, C2 (pUCTd-HE), were predictably Thy~
since the HindIlI site is within the NH,-terminal coding se-
quence of the synthase [nucleotide 376, corresponding to
Lys-53 (Figs. 14 and 2)]. Further, pUCTd-ET recombinants,
containing the EcoRI-Taq 1 subfragment shown in Fig. 1,
C3, are also Thy ™, regardless of insert orientation. This find-
ing strongly suggests that the length of the ¢d structural gene
is greater than the coding requirements for the synthase
product. Based on data from the td gene sequence analysis
and studies with the purified protein, including amino acid
composition and sequence, we have concluded that the syn-
thase subunit comprises 286 amino acid residues. The coding
sequence of td, if present as a continuous open reading frame
starting at nucleotide 220 (Fig. 2), should extend no further
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than nucleotide 1078 (Fig. 14). The finding that the pUCTd-
ET clones are Thy™ despite the fact that their DNA encom-
passes the entire NH,-terminal portion of the gene and ex-
tends all the way to residue number 1672 (Fig. 1, C3) strong-
ly supports a physical interruption in the coding sequence of
the td gene.

eductase
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Relationship of the T4 td Gene to Its Protein Product. Con-
firmation of the amino acid sequence deduced from the nu-
cleotide data was greatly facilitated py information derived
from the partial sequence analysis of several peptides of the
T4 synthase. Of particular relevance was the peptide result-
ing from the CNBr cleavage of Met-158, which was instru-
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FiG. 2. DNA sequence of the T4 thymi-
dylate synthase gene and its deduced amino
acid sequence. The left-most nucleotide on
each line is numbered above the sequence
beginning at the 5’ end of the antisense
strand. The 5'-terminal EcoRlI site and the
internal HindIIl and Pvu II sites in the td
structural gene are labeled under the corre-
sponding sequences. The three stop codons
are underscored. The triplet TGA (nucleo-
tides 221-223) spanning the second to fourth
nucleotides in the td gene is the termination
codon for the T4 dihydrofolate reductase
gene (15). The sequence from the EcoRI site
to the AAA (lysine) preceding the termina-
tion codon encodes the COOH terminus of
T4 dihydrofolate reductase. The amino acid
sequence of the synthase is numbered in pa-
rentheses above specific amino acids begin-
ning at the NH,-terminal methionine resi-
due. Those residues confirmed by the analy-
sis of amino acid sequence are underscored
by arrows in the direction of the determina-
tion. The five internal methionines of the en-
zyme are overscored with bars, whereas the
FdUMP-binding site at Cys-156 is circled.
The intron stretching from nucleotides 769
to 1785, a total of 1017 base pairs, is boxed
in. Twenty nucleotides corresponding to the
5’ and 3’ ends of the intron are presented.
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mental in establishing that the interruption in the open read-
ing frame for the synthase occurred within the nucleotide
domain coding for this peptide. Thus, following the stop sig-
nal at nucleotide 769 (TAA), which is preceded by the codon
for Gly-183 (GGT), it was not possible to locate additional
codons for this peptide until after the ATG codon at nucleo-
tide 1783 (Fig. 2). This ATG is followed by the nucleotides
coding for the Leu-Pro-Phe-Asn residues of this peptide,
representing the beginning of the second open reading frame
for the td gene. It is of interest to note that the methionine
preceding the second coding segment is not included in the
union between Gly-183 and Leu-184. Carboxypeptidase Y
analysis of the COOH end of the enzyme and the amino acid
sequence of two additional CNBr peptides indicated the ab-
sence of additional interruptions in the DNA sequence of the
td gene (Fig. 2).

Previous data on the amino acids at the active sites of oth-
er thymidylate synthases, including those from Lactobacil-
lus casei, E. coli, and Saccharomyces cerevisiae (16), all of
which contain a Pro-Cys-His sequence, would appear by
analogy to implicate Cys-156 as the FAUMP-binding nucleo-
phile in this case (circled in Fig. 2). This was verified by
locating Fd[2-'*C]JUMP in the CNBr2 peptide (residues 152—
157) by amino acid sequence analysis.

The sequence of 20 amino acids on the NH, terminus of
the T4 synthase, beginning with the methionine start codon
(ATG) at nucleotide 220, had been determined previously by
us (4), and, as indicated in Fig. 2, it is in agreement with that
deduced from the DNA sequence of the td gene. This infor-
mation recently enabled Purohit and Mathews (15) to infer
that the dihydrofolate reductase structural gene terminates
within the same four bases (A-T-G-A, 220-223) associated
with the initiation codon for the td gene. Thus, although
TGA specifies a stop signal for dihydrofolate reductase, the
ATG portion of this 4-nucleotide region is responsible for
initiating translation of thymidylate synthase.

Verification of the Organization of the T4 ¢d Region by Re-
striction Analysis. Because of the unusual gene arrangement
within the td fragment (Figs. 1 and 2), it was important to
show that the same configuration exists in the intact T4
genome. Thus, restriction enzyme-sensitive T4alc7 DNA
was compared with various recombinant DNAs containing
the intact ¢d gene in hybridization experiments using the 3-kb
fragment originally derived from T4alc4 (8, 9) as a probe
(Fig. 3).

It was assuring to note that the EcoRI-restricted DNA
fragments (Fig. 3A, left panel) derived from T4alc7 (lane 1),
ATd (lane 2), pBTd (lane 3), M13Td (lane 4), pUCTd (lane $),
and the purified ¢d fragment itself (lane 6) all contained, in
addition to other bands characteristic of each DNA, a 3-kb
species (band a). More definitively, the 3-kb band hybridized
to the 32P-labeled 3-kb td fragment in all cases (Fig. 34, right
panel, lanes 1-6). Since the EcoRlI sites flanking the 3-kb
fragment have been destroyed in constructing pKTd (4),
EcoRI simply linearizes this plasmid by cleavage in the vec-
tor portion, accounting for the band at 9.4 kb, which also
hybridized to the probe (lane 7). To further probe the inter-
nal organization of the td fragment, a similar analysis was
conducted after mixed digestion with EcoRI and Pvu II (Fig.
3B). Here two fragments, b and c, comigrating at about 1.2
kb hybridized tp the probe throughout lanes 1-7. These cor-
respond to the two internal Pvu 1I fragments (see Fig. 1).
Moreover, while the one terminal Pvu II-EcoRI fragment
(<0.2 kb) migrated off the gel, the other appeared as a 0.65-
kb band (d), which is identical in all lanes except lane 7.
Again the exception is attributable to the destruction of the
relevant EcoRI sites in pKTd.

The striking similarity of the hybridization pattern be-
tween the T4 digests and that of the purified or cloned 3-kb
td fragment indicates that the DNA used in our cloning, am-
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FiG.3. Organization of DNA fragments in the ¢d region of the T4
genome. By using methods described by Thomas (17), hybridization
analysis with the nick-translated 3-kb EcoRI fragment as probe was
performed on EcoRlI-restricted (A) or EcoRI-Pvu II double-digested
DNA (B). Lanes 1-7 contain the following DNAs: lanes 1, T4alc7;
lanes 2, ATd; lanes 3, pBTd; lanes 4, M13Td; lanes 5, pUCTd; lanes
6, purified EcoRI td fragment; lanes 7, pKTd. Bands of interest are
the intact 3-kb EcoRI fragment (a), the Pvu II doublet of 1.2 kb (b
and ¢), and the 0.65-kb EcoRI-Pvu 11 band (d). The hybridizing band
above the 3-kb insert in lanes 4 (A and B) corresponds to single-
stranded DNA contaminating the M13 DNA preparation, whereas
the faint hybridization below the 3-kb band (A, lanes 2-5) probably
reflects EcoRI activity with reduced specificity. Sizes of molecular
weight markers are shown on the left.

plification, and sequencing experiments is a direct derivative
of the T4 genome rather than a product of an artefactual ge-
netic rearrangement. Furthermore, this genetic configura-
tion is the property of several T4 strains, as demonstrated in
Fig. 3 by the similarity of T4alc7- and T4alc4-derived td frag-
ments and as suggested by hybridization of an intron-specific
fragment to wild-type T4 DNA (unpublished dot blot experi-
ments). Moreover, enhanced thymidylate synthase levels
are observed after wild-type T4 and T4alc7 infection as well
as after transformation by pKTd, the plasmid containing the
td fragment from T4alc4. These results corroborate previous
findings that the purified product of the cloned gene is indis-
tinguishable from the T4 phage-specified enzyme by immu-
nologic, kinetic, and structural criteria. The latter include
size, amino acid composition, NH,-terminal amino acid se-
quence, and peptide maps (4, 18).

DISCUSSION

Although the unique sequence of the coliphage T4 td gene
described in this report is the only known example of an in-
tervening sequence within a gene coding for a prokaryotic
protein, its presence has not been entirely unanticipated. As
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indicated in a recent review (19), the T4 phage-specified en-
zymes RNA ligase and polynucleotide kinase have been
waiting for a role to be ascribed to them. Participation in
messenger splicing, following intron excision, might be the
logical function for these enzymes. However, our results in-
dicate that processing events necessary to produce mature
thymidylate synthase can occur in the absence of T4 phage
infection since active enzyme is produced from the cloned
gene. To account for the production of active enzyme, the
possible involvement of host processing enzymes such as en-
doribonucleases (20) and RNA ligase (21) or intron encoded
functions analogous to the yeast maturases (22) must there-
fore be considered. An autocatalytic RNA splicing reaction
similar to that described by Cech et al. (23) is yet another
possibility.

Regardless of the mechanism involved, RNA blotting ex-
periments, in which regional probes of the rd fragment were
hybridized to RNA extracted from T4 as well as T4alc7 in-
fected cells, suggest that td processing indeed occurs at the
RNA level (to be published elsewhere). Interestingly, the nu-
cleotides T at the 3’ end of the first exon and G at the 3’ end
of the intron (Fig. 2) correspond to the only two invariant
nucleotides at the splice junctions of those eukaryotic genes
whose introns appear to play an active role in their own exci-
sion (24). The relevance of this finding as well as of the UAA
stop codon that signals the end of the first coding region re-
mains to be determined. The termination codon may in fact
facilitate RNA processing by freeing the message of ribo-
somes.

Alternatively, it might have been suggested in view of the
stop and start signals at the ends of the 1-kb intron, that the
transcription products of the td gene are translated into two
separate peptide subunits, which are subsequently covalent-
ly joined to produce mature thymidylate synthase. This situ-
ation is in contrast to that encountered in eukaryotes, where
start and stop signals are not evident at the 5’ and 3’ termini
of the intron, which in effect signifies that the fusion of ex-
ons in these two systems probably differs. However, prelim-
inary experiments, including pulse—chase protein labeling
studies measuring precursor—product relationships of pro-
teins encoded by the 3-kb td fragment, argue against such a
peptide fusion model (unpublished results). It is, neverthe-
less, of interest to note that the methionine start codon at the
NH, terminus of the second segment of the synthase is not
included in the final product (Fig. 2). Although this triplet is
probably excised as part of the synthase RNA maturation
process, a role for this codon in independent translational
initiation of the COOH-terminal end of the synthase from the
primary transcript remains a possibility.

Another region of interest associated with the ¢d gene is
that coding for the NH,-terminal end of the synthase, which
has been shown recently to overlap with the COOH terminus
of the frd gene (16). Thus, it has been found that the two
genes have the four nucleotides A-T-G-A in common, pro-
viding both a termination signal (TGA) for frd and an initia-
tion codon (ATG) for td when these genes are read out of
phase by one nucleotide. One possibility that is suggested by
this overlap is an evolutionary link to certain protozoa that
contain dihydrofolate reductase and thymidylate synthase as
a bifunctional fusion product, with a molecular weight con-
sistent with these proteins being joined at their respective
COOH- and NH,-terminal ends (25, 26). On the other hand,
this four-nucleotide overlap may possess a regulatory func-
tion, which may in fact account for our earlier observation
that despite the cotranscription and proximity of the frd and
td genes, thymidylate synthase production is delayed in vivo
and dramatically retarded in vitro relative to dihydrofolate
reductase (27). Aside from this explanation, the processing
events required to allow synthesis of catalytically active thy-
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midylate synthase from the split td gene no doubt account
for some temporal delay between frd and td expression.

Perhaps a clue to the unusual structure of the ¢d gene re-
sides in the fact that its product plays a dual role. Thus, in
addition to its catalytic role the synthase molecule forms a
structural component of the phage base plate (28, 29). In this
regard, the splicing event may provide a means for differen-
tially regulating synthesis of the catalytically active and
structural components of thymidylate synthase.
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