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ABSTRACT The 7.8-kilobase HindIII insert in phage
ANM589thyA [Borck, K., Beggs, J. D., Brammar, W. J., Hopkins,
A. S. & Murray, N. (1976) MoL Gen. Genet 146, 199] was con-
firmed as originating from Escherichia coli by hybridization anal-
ysis and was shown to encode the thymidylate synthetase (5,-
10-methylen~etetrahydrofolate:dUMP C-methyltransferase EC
2. 1. I45) o&E. coli K-12 by using biochemical, structural, and im-
munologic criteria. The 7.8-kilobase insert was reduced in size to
a quasi-random population ofDNA subfragments by partial diges-
tion with the 4-base-pair recognition enzymes Alu I and Hae S.
A clone containing a 1.1- to 1.2-kilobase fragment that encom-
passed the gene was obtained from this mixture by selecting for
Thy+ recombinants. Fusion of this DNA fragment to the phage A
PL promoter in plasmid pKC30 revealed the direction of tran-
scription of the thyA gene, and, in a phage A lysogen containing
a thermolabile repressor, intracellular synthetase levels were in-
creased about 700-fold. The enzyme was purified to homogeneity
from this source by affinity chromatography, and some of its prop-
erties are described.

Thymidylate synthase (5,10-methylenetetrahydrofolate:dUMP
C-methyltransferase; EC 2.1.1.45) was first described by Friedkin
and Kornberg (1) in extracts of Escherichia coli as an activity
that catalyzes the formation of dTMP from dUMP in the pres-
ence of 5, 10-methylenetetrahydrofolate (5, 10-CH2-H4PteGlu).
Because dTMP is an essential precursor of DNA synthesis, the
synthetase has become a target for attack by various chemo-
therapeutic agents, such as 5-fluorouracil and 5-fluorodeoxy-
uridine, which exert their action by being converted to fluo-
rodeoxyuridylate (FdUMP) (2). To understand the mechanism
of action of these agents, in addition to the unique catalytic re-
action promoted by this enzyme (3)., an extensive investigation
of the synthetase structure has been undertaken. Most of these
studies have been conducted on the Lactobacillus casei enzyme
because of its relative abundance (4, 5) and have led to a clar-
ification of its complete amino acid sequence and the location
of its active site (6).
New approaches to understanding the regulation and mode

of action of the enzyme are provided by studying thymidylate
synthetase genes, which have been cloned from a variety of viral
(7-9) and cellular (10-12) sources. Aside from the potential for
providing large quantities of enzyme (13), these cloned genes
afford the possibility of both mutational analysis and phylo-
genetic comparison (13-15). The E. coli thyA gene was selected
for this study because of the relatively facile nature of gene ma-
nipulation in E. coli and the ability to select thy- mutants. Phy-
logenetic comparison also is facilitated in E. coli because the
thymidylate synthetase gene from organisms as distantly re-
lated as yeast are known to be expressed in E. coli and to com-

plement thyA mutants (12). Further, these studies should pro-
vide a basis for understanding the different properties between
E. coli thymidylate synthetase and. the corresponding enzyme
produced on infection with T2, T4, or T6 phage (14).
Our studies are based on the thyA gene, which was first iso-

lated on a specialized AthyA+ transducing phage in the labo-
ratory of Murray (10). There have been subsequent reports on
the cloning of the E. coli thyA gene, by Rubin et al. (16) and
recently by Hickson et al. (11). Major discrepancies in the ge-
netic and enzymic properties of the two former thyA isolates
(10, 16) have required us to rigorously confirm in the ensuing
experiments that the thyA fragment in ANM589thyA is directly
derived from the E. coli genome. The major objectives of this
study are embodied in the subsequent subcloning and ampli-
fication experiments, which facilitate investigation of the E. coli
thyA gene and its thymidylate synthetase product.

MATERIALS AND METHODS
Bacterial and Bacteriophage Strains. Wild-type bacterial

strains used in this study are the E. coli. K-12 strain W3110 and
Bacillus subtilis 168. Other E. coli K-12 strains used include
Ruelo, which is HB1O1thyA (received from G. Wilson), and the
lysogens RuelO(AcId) and RuelO(AcI857S7), which carry pro-
phages with either a wild-type (cIW) or a temperature-sensitive
(cI857) phage A repressor. These strains were used as our stan-
dard highly transformable thyA- host cells. UC5826, which has
the genotype N99hfl-recAsu-(Aint6cI857cro27Pam3) (ob-
tained from D. Wulff), was used for enzyme overproduction by
resident plasmids constructed during the course of this work.
The defective prophage in this strain carries a cro- mutation,
which allows for enhanced enzyme production (17). ANM589thyA
is a AthyA' transducing phage generously provided to us.by N.
Murray. The phage consists of a 7.8-kilobase (kb) thyA-con-
taining HindIII fragment of E. coli cloned in the HindIII in-
sertion vector ANM540 (10).
DNA Procedures. Plasmid DNA was prepared by the method

of Clewell and Helinski (18), and filter hybridization was car-
ried out as described by Thomas (19). DNA restriction and
modifying enzymes and HindIII linkers were obtained from
Bethesda Research Laboratories or New England BioLabs and
were used according to the manufacturers' instructions.

The strategy for resecting flanking sequences from the thyA
gene involved partial digestion of pBTA with the 4-base-pair
(bp) recognition enzymes Alu I and Hae III (20) (Fig. 1). Three
reactions were set up,. each containing 10 jig of DNA and both
restriction endonucleases at enzyme/DNA ratios of 0.1, 0.3,
and 1.0 unit/pkg. After a 1-hr incubation at 370C, digestion
products ranged in size from 0.3 to 10 kb. Fragments between
1.0 and 1.6 kb were coelutedfrom a0.8% agarose gel onto DEAE-

Abbreviations: 5, 10-CH2-H4PteGlu, 5, 10-methylenetetrahydrofolate;
kb, kilobase(s); FdUMP, fluorodeoxyuridylate; bp, base pairs.
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Thymidylate synthetase was assayed spectrophotometrically (24)
and purified by the quinazoline affinity-column procedure (25).
One unit of activity is defined as the amount of enzyme re-
quired to convert 1 Amol of dUMP to dTMP per min at 30'C.
Conditions for NaDodSO4 gel electrophoresis are those as de-
scribed (26). Immunodiffusion of antibody to the purified syn-
thetase was performed on a microscope slide (27).

RESULTS AND DISCUSSION
Identification of the Origin of the Cloned thyA Fragment.

Verification that the 7.8-kb HindIII insert, which confers Thy'
character to transducing phage ANM589thyA, is a direct de-
rivative of the E. coli genome was necessitated by the following
findings: (i) structural, kinetic, and immunologic properties of
the enzymes encoded by the two putative thyA clones available
to us (10, 16) were inconsistent (unpublished data); (ii) no ho-
mology was detectable between the two Thy' fragments in hy-
bridization experiments (unpublished data); and (iii) contradic-
tions in restriction enzyme sites surrounding these two genes
are apparent (16, 28). The lack of correspondence of restriction
enzyme sites between the clone of Rubin et aL (16) and the thyA
clone of Hickson et aL has been reported also (11).
To confirm the identity of the Thy+ insert in ANM589thyA,

a Southern blot analysis was performed (Fig. 2). pBTA, which
was constructed by subeloning the 7.8-kb Hind fragment into
pBR322 (Fig. 1), was used as a hybridization probe in this ex-
periment. It is clear from the blot that the 7.8-kb insert in pBTA
(Fig. 2, lane 2) corresponds in size to the hybridizing band in
the HindIII digest of E. coli chromosomal DNA. Double diges-
tions of pBTA and E. coli DNAwith HindIII/Ava I, which cleaves
the insert fragment at least four times, further support the or-
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FIG. 1. (A) Subcloning the thyA gene into pBR322 and removal of
flanking sequences. The 7.8-kb E. coli thyA HindIHI fragment was ex-
cised from AthyA and ligated into the Hindm site of pBR322 to yield
pBTA recombinants that impart Thy' character to thyA E. coli (®).
A quasi-random population of fragments in the 1.0- to 1.6-kb range was
generated as described (®). The fragments were ligated toHindIlI linkers
and cloned into pBR322. Clones containing an intact thyA gene were
selected by complementation of thyA cells. pBTAH2, which contains
a 1.2-kb insert, was chosen for further study (®). (B) Construction of
expression plasmid pKTAH. The 1.2-kb thyA fragment, purified from
pBTAH2, was cloned into the Hpa I site of pKC30 adjacent to phage A
pL. pKTAH denotes the recombinant shown, whereas pKHAT hybrids
have the insert in reverse orientation. Single-headed arrows in A and
B point to the direction of transcription.

cellulose membrane (Schleicher & Schuell, NA45) (21). HindIII
linkers were ligated onto the flush Alu I or Hae III ends of the
purified fragments (linker-to-fragment ratio, =100: 1), which
were then cloned into the HindIII site of pBR322, and the mix-
ture was used to transform competent RuelO cells. The 1.1- to
1.2-kb fragment residing in one Thy+ recombinant (pBTAH2)
was purified. The 5' extensions created by HindIII were filled
in with DNA polymerase I (22), and the fragment was ligated
into the Hpa I site of expression plasmid pKC30, adjacent to
the PL promoter of phage A, as first described by Shimatake
and Rosenberg (23).
Enzyme Procedures. The conditions for cell growth, tem-

perature shift, extract preparation, and ternary complex for-
mation as outlined in the figure legends have been detailed (13).
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FIG. 2. Hybridization analysis of the thyA insert in pBTA. DNA
ragments resulting from digestion with Hindu (Left) and HindEll/Ava
I (Right) and separated on an 0.8% agarose gel were probed with 32p_
labeled pBTA after transfer onto nitrocellulose membrane (19). Lanes:
1 and 6, E. coli DNA; 2 and 5, pBTA DNA; 3 and 4, pBR322 DNA. Sizes
are shown in kb.
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igin of the 7.8-kb fragment. In addition to the two vector bands
(Fig. 2, lane 4) pBTA has five clearly visible insert bands in the
0.6- to 2.5-kb range (Fig. 2, lane 5), and five corresponding bands
hybridize to the probe in the lane containing total E. coli chro-
mosomal DNA (lane 6). *
The ability to demonstrate the ternary complex formed by

thymidylate synthetase, the substrate analog FdUMP, and 5,10-
CH2-H4PteGlu in crude cell-free extracts (13) has enabled us
to compare the size of the native E. coli K-12 enzyme with that
encoded by the cloned gene. The fluorogram depicted in Fig.
3 shows that the ternary complex produced in extracts of wild-
type E. coli K-12 (Fig. 3, lane 2) appears identical in Mr to that
which is present after infection or transformation of thyA- E.
coli with ANM589thyA (Fig. 3, lane 3) or pBTA (Fig. 3, lane
4), respectively. Based on these corroborative data, we have
used the clone of Borck et aL (10) for all subsequent experi-
ments.

Resection of Flanldng DNA from the thyA Gene. Restric-
tion sites for the enzymes BamHI, Pst I, Pvu II, and Sma I oc-
curring with the 7.8-kb HindIII fragment are shown in Fig. 1A.
It was possible to show by subcloning experiments that the en-
tire thyA gene resides within the 4-kb Sma I fragment. How-
ever, this fragment proved unsuitable for amplifying expression
of the thyA gene. Because of inconvenient placement of cleav-
age sites for all of 13 other 6-bp recognition restriction enzymes
tested, we resorted to excising the thyA gene by partial diges-
tion with the two 4-bp recognition endonucleases Alu I and Hae
III (20). Based on our estimate of the size of the thyA gene as
being =1.3 kb (ca. 900 bp, corresponding to ca. 300 amino acids
plus regulatory sequences), fiagments in the 1.0- to 1.6-kb range
were purified from the above partial digest of pBTA (Fig. 1A).
After this mixed population of DNA fragments was cloned into
pBR322 by using HindIII linkers, recombinants containing the
intact thyA gene were selected on the basis of their ability to
complement thyA- host cells. Thy' clones, representing ca.
0.4% of the total recombinant population, contained HindIII
inserts in the 1.1- to 1.6-kb range. Six of these were screened
on gel fluorograms to obtain the size of the gene product by
ternary complex formation. All produced an enzyme indistin-
guishable in size from the wild-type E. coli synthetase. The data
are shown only for representative recombinant pBTAH2 (Fig.
3, lane 6), which carries the intact thyA gene on a HindIII frag-
ment of =1.2 kb. This approach to subcloning a gene that has
its major functional components intact and yet is flanked by a
minimum of extraneous DNA is readily applicable to any gene
for which there is a positive selection.

Amplification of thyA Gene Expression. Amplification of
thyA expression was achieved by fusing the 1.2-kb fragment to
the phage A PL promoter in multicopy plasmid pKC30 (Fig.
1B). These pKC30-thyA hybrids were grown in phage A ly-
sogens carrying a thermolabile c1857 repressor. Upon elevation
of the temperature to 42°C, an additional band became ap-
parent in extracts of cells carrying pKTAH recombinants, which
have the thyA insert in transcriptional alignment to PL (Fig. 4A,
lane 3). The identity of the protein band, which is indicated by
a pointer, was confirmed by its ability to form a ternary complex
on incubating the extract with [14C]FdUMP and 5,10-CH2-
H4PteGlu. This was evidenced by a small but reproducible mo-
bility shift of the band relative to uncomplexed protein and by
its specific retention of label (Fig. 4A, lanes 4 and 4', respec-

1 2 3 4 5 6 7

40

30-rn r

20_
FIG. 3. Thymidylate synthetase ternary complexes in crude ex-

tracts. Cell-free sonic extracts containing 0.02-0.1 milliunits of en-
zyme were treated with [3H]FdUMP and 5,10-CH2-H4PteGlu as de-
scribed (13) before separation on a 12.5% NaDodSO4/polyacrylamide
gel. This fluorogram shows the ternary complex made with extracts
prepared from W3110 (thy') (lane 2), RuelO (thyA-) infected with
ANM589thyA (lane 3), RuelO/pBTA (lane 4), RuelO/pBTAH2 (lane 5),
and RuelO/pKTAH (lane 6). The complex is undetectable in the RuelO
host itself under these conditions (13). For comparative purposes, lane
1 shows the subunit ternary complex of phage T4 synthetase, while lane
7 shows the 2 synthetases present in extracts of B. subtilis 168. The Mr
scale (Mr shown x 10-3) was derived from a series of protein standards
separated on the same gel.

tively). It also should be noted that this band is not inducible
in pKHAT recombinants, where the insert is in reverse ori-
entation (Fig. 4B, compare lanes 3 and 4), and this allowed us
to infer the direction of transcription of the thyA gene as shown
in Fig. 1.

Specific activities of synthetase in the range of 80-100 mil-
liunits/mg of protein were initially obtained in temperature-
sensitive lysogens that carry a P prophage replication defect
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FIG. 4. Identification and purification of the amplified thyA gene
product. (A) Cell-free sonic extracts were prepared from a logarithmic
phase culture of UC5826/pKTAH grown at 32TC (lanes 1 and 2) and
after incubation at 4200 for 1 hr (lanes 3 and 4). The samples in lanes
2 and 4 were pretreated with [2-14C]FdUMP and 5,10-CH2-H4PteGlu
before electrophoresis on a 12.5% NaDodSO4/polyacrylamide gel. Lanes
2' and 4' are fluorograms of the corresponding portion of the gel. (B)
Crude extracts prepared from cultures of UC5826/pKHAT (lanes 1and
3) or UC5826/pKTAH (lanes 2 and 4) before (lanes 1 and 2) and after
(lanes 3 and 4) shifting the cultures to the elevated temperature were
separated on a 10% gel. The amplified synthetase band, which appears
only when the thyA gene is correctly oriented and only after incubation
at 4200 (lane 4), corresponds to the enzyme purified from such an ex-
tract on an affinity column (25) (lane 5).

* Contrary to the published report, no homology between the putative
thyA clone of Rubin et aL (16) and the E. coli chromosome was de-
tectable. Therefore, all of the spurious properties of this clone seem
attributable to its having been inadvertently derived from an organism
other than E. coli.
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(17). These yields represent an amplification factor of about 200,
several-fold lower than was achieved for other synthetase genes
(ref. 13; unpublished data). This is possibly due to the presence
of a control element that we have observed in the 5' region of
the gene, which acts in the opposite direction to the thyA pro-
moter and which may inhibit PL by initiating convergent tran-
scription (29).

After we switched to a lysogen that is not only P but also
lacks the Cro function, which ordinarily shuts off the PL pro-
moter late in a phage A infection (17), yields were improved 3-
to 4-fold to 300-320 milliunits/mg of protein, which corre-
sponds to 6-7% of total soluble protein. This represents a 700-
fold increase over basal enzyme levels found in wild-type E. coli
K-12 extracts (0.4 milliunit/mg) and a 28-fold increase over the
reported amplification due to high gene copy number alone (11).

Purification and Properties of E. coli K-12 Thymidylate
Synthetase. The enzyme was purified 20-fold to apparent ho-
mogeneity from a large-scale culture of UC5826/pKTAH after
heat induction by using the quinazoline affinity column of Rode
et aL (25). The purified synthetase at a specific activity of 5 units/
mg of protein is shown as a single band in Fig. 4B (lane 5). Al-
though the Mr estimate for the subunit is about 33,000 (based
on the gels shown in Figs. 3 and 4) and is in close agreement
with published values (11, 30), this may well be an overestimate
according to sedimentation equilibrium studies, which suggest
a Mr of 59,000 for the dimer. Other gel systems as well as our
DNA sequence analyses also support the lower estimates (un-
published data).

The immunoidentity between the E. coli B enzyme and that
from E. coli K-12 is shown in Fig. 5. This result is not surprising
in view of the relatedness of these genomes in the thyA region
as revealed by hybridization analysis with AthyA' DNA as a
probe (28). Additional evidence for their relatedness is revealed
by amino acid composition of the two enzymes, which appear
to be identical (15), and the finding that the DNA sequence of
the E. coli K-12 thyA gene agrees exactly with the amino acid
sequence that we have determined for portions of both the E.
coli B and K-12 enzymes (data to be published elsewhere). In-
cluded in this determination are the 20 amino-terminal amino
acids, 10 carboxyl-terminal amino acids, and the sequence of
the "active site" peptide that binds FdUMP.
The synthetases of T2, T4, and T6 phages, on the other hand,

have strikingly dissimilar properties from that of their E. coli

FIG. 5. Immunochemical crossreactivity. Antibody toE. coli B thy-
midylate synthetase (center well) is shown to react with purified syn-
thetase fromE. coli B (well 1) and from a heat-induced extract of pKTAH
(well 2) but not with purified phage T4 thymidylate synthetase (well
3).

host at the level of both protein and gene (Fig. 5) (13-15). This
stands in dramatic contrast to the conservation of thyA ho-
mologous sequences in genomes of many enteric bacteria (28,
31) and to sequence homologies between the E. coli enzyme
(ref. 15; unpublished data) and that of the relatively distantly
related L. casei (6). These similarities and differences should
ultimately relate to the various functional properties of this
metabolically important enzyme.
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