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Molecular cloning of the human CTP synthetase gene
by functional complementation with purified human
metaphase chromosomes
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Successive rounds of chromosome-mediated gene transfer
were used to complement a hamster cytidine auxotroph
deficient in CTP synthetase activity and eventually to
clone human genomic and cDNA fragments coding for
the structural gene. Our approach was to isolate human
Alu+ fragments from a tertiary transfectant and to
utilize these fragments to screen a panel of primary
transfectants. In this manner two DNA fragments, both
mapping within the structural gene, were identified and
used to clone a partial length cDNA. The remaining
portion of the open reading frame was obtained through
the RACE polymerase chain reaction technique. The
open reading frame encodes 591 amino acids having a
striking degree of similarity to the Escherichia coli
structural gene (48% identical amino acids with 76%
overall similarity including conservative substitutions)
with the glutamine amide transfer domain being
particularly conserved. As regulatory mutations of CTP
synthetase confer both multi-drug resistance to agents
widely used in cancer chemotherapy and a mutator
phenotype, the cloning of the structural gene will be
important in assessing the relevance of such phenotypes
to the development of cellular drug resistance.
Key words: CTP synthetase/chromosome transfer/drug
resistance/mutator/nucleotide synthesis

Introduction
The stringent regulation of intracellular levels of cytidine
nucleotides in mammalian cells is essential for maintaining
the accuracy of DNA replication and governing sensitivity
to several cytotoxic drugs (Meuth, 1989). These nucleotides
are synthesized in both prokaryotic and eukaryotic cells by
the amination of UTP in the reaction UTP + ATP +
glutamine - CTP + ADP + Pi + glutamate. The enzyme
catalysing this step, CTP synthetase, is also a key regulatory
point as its activity is subject to activation by GTP and
inhibition by CTP (McPartland and Weinfeld, 1979) and
mutant cell strains altered in this regulation (insensitive
to inhibition by CTP) display a complex phenotype: (i)
increased intracellular pools of CTP and dCTP (Meuth
et al., 1979, 1985; de Saint Vincent and Buttin, 1980), (ii)
multi-drug resistance-arabinosyl cytosine, 5-fluoruracil,
thymidine, bromodeoxyuridine and DNA alkylating agents
(Meuth, 1981; Meuth et al., 1982; Aronow et al., 1984;
Kaufman, 1986), and (iii) an increased rate of spontaneous

mutation (Meuth et al., 1979; Aronow et al., 1984; Chu
et al., 1984).

Since many nucleoside and base analogues are widely used
in the chemotherapy of leukaemias and other tumours, the
development of such genetically codominant mutations in
target cell populations could have important consequences
for the outcome of the treatment. We attempted to define
the nature of the regulatory mutations at the DNA sequence
level through the cloning of wild type and mutant CTP
synthetase genes. To accomplish this, we first isolated
hamster cell strains deficient in CTP synthetase activity that
are dependent upon exogenous cytidine for survival (Kelsall
and Meuth, 1988). We then attempted to complement this
auxotrophy by DNA mediated gene transfer. When the DNA
transfers met with little success, we introduced purified
metaphase chromosomes isolated from CTP synthetase
proficient HeLa cells into our deficient strains since previous
observations showed that chromosome mediated gene
transfer (CMGT) was more effective in complementing
purine auxotrophs (Yamauchi et al., 1989). This strategy
has proved considerably more successful as, after several
rounds of chromosome transfer and selection, genomic
fragments bearing the structural gene were cloned. Here we
describe the isolation and characterization of genomic and
cDNA sequences encoding the human CTP synthetase.

Results
Complementation of CTP synthetase deficient
mutants by CMGT
The Chinese hamster (CHO) CTP synthetase deficient
cytidine auxotroph CR-2 was treated with DNA or mitotic
chromosomes co-precipitated with calcium phosphate. After
recovery and expression, the cells were plated in selective
medium (lacking cytidine) to allow formation of colonies
acquiring the human CTP synthetase gene. The frequenc,
of such colonies in the first round of transfer was - 10-
When purified DNA was used instead of isolated
chromosomes, the frequency of colony formation was about
10-7. In control cultures (no added DNA or chromosomes)
no colonies were observed (frequency < 10-7).
To determine if the colonies survived as a result of the

uptake and expression of the human CTP synthetase gene,
DNAs purified from several of the isolates were digested
with the restriction endonuclease EcoRI. Digests were frac-
tionated by electrophoresis on agarose gels and transferred
to nitrocellulose filters. These filters were then hybridized
with labelled human Alu repeat BLUR 8. Figure 1 shows
that DNA purified from the colonies recovered after CMGT
contained a smear of fragments hybridizing with the BLUR
8 probe. Colonies derived from DNA transfers, on the other
hand, showed no human Alu containing DNA (data not
shown).
To reduce the number of human DNA fragments,
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Fig. 1. Southern blot analysis of DNA purified from primary,
secondary and tertiary transfectants of the cytidine auxotroph CR-2.
EcoRI digests were blotted and probed with labelled BLUR8 human
Alu sequence. Primary, secondary and tertiary transfectants are
indicated.

chromosomes isolated from one of the transfectants
(apparently containing the least number of Alu+ fragments,
PC91) were used to transfect CR-2 for a second round of
transfection and chromosomes purified from a secondary
transfectant (PC91C) were subsequently used in a third
round. The frequencies of colonies growing in the absence
of cytidine in the latter two rounds were somewhat lower
than the first (1-2 x 10-7), but DNA purified from these
survivors clearly contained human Alu sequences (Figure 1).
It also appeared that the colonies obtained from these further
rounds of CMGT had progressively fewer human Alu
containing fragments.

Isolation of human Alu containing fragments linked to
CTP synthetase
As common bands were evident among the tertiary trans-
formants, DNA obtained from one of the isolates (91C12)
was digested with EcoRI, size fractionated and ligated to
EcoRI cleaved DNA from the X vector NM1 149. The
recombinant phage libraries derived were screened for
human Alh bearing fragments: 120 independent isolates were
eventually picked and cloned inserts from these recombinants
were used to screen a panel of primary, secondary and
tertiary transfectants. Presumably any fragments retained by
all the strains would be closely linked with the CTP* ..s s e *p * :: t Sggl 1* .. ki 2l *r.r ., *8S
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Fig. 2. Screens of human Alu+ fragments isolated from a tertiary transfectant (91C12) against a panel of DNAs purified from primary, secondary
and tertiary transfectants. (A) A 4.9 kb human fragment present in DNA digests of all primary transfectant and human (HeLa) DNAs but not CHO
recipient cell (CR-2) DNA. (B) Southern blot showing the presence of a 1.9 kb human fragment in primary, secondary and tertiary transfectants.
(C) An example of one of the many human Alu+ fragments, cloned from the tertiary transfectant, not represented in all primary transfectants. (D)
Hybridization of the conserved 3.3 kb fragment (obtained by its linkage to the two common fragments in a genomic X clone) to primary, secondary
and tertiary transfectants. Note the faint hamster specific fragments detected.
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synthetase structural gene. Of the 120 fragments screened
in this manner only two were common to the entire panel
(Figure 2A -C).
To determine the proximity of these two fragments, one

of them (1.9 kb in size) was used to probe genomic libraries
prepared from partially digested human DNA ligated into
the XDASH vector. One isolate having a 16 kb human DNA
insert was obtained in the screen. To our surprise, the insert
also contained the second (4.9 kb) 'linked' fragment only

- 6 kb away from the first (Figure 3). Furthermore, a unique
3.3 kb fragment subcloned from the 16 kb insert gave faint
hamster specific signals when it was used to probe blots
containing digests of human, hamster and transfectant DNA,
indicating that these fragments carried sequences conserved
in both hamsters and humans (Figure 2D).
Given the conserved sequences present on this fragment,

RNA prepared from human cells was fractionated and probed
on Northern blots with the labelled 3.3 kb fragment. Figure 4
shows a clear band of - 3 kb hybridizing with this probe.
In contrast RNA prepared from the CTP synthetase deficient
hamster strain showed no band.

Isolation of human cDNAs homologous to the
conserved sequences
The conserved 3.3 kb fragment was used to screen human
cDNA libraries. Of several screened only one (prepared from
human testis DNA) yielded positives. DNA purified from
all the positive clones had common 1.1 and 0.5 kb EcoRI
fragments, but one (clone 14) had a larger, 2.3 kb, insert
(Figure 3). All of the clones hybridized with the original
4.9 kb fragment as well.

Sequence analysis of the cDNA clone and isolation of
the complete coding sequence
To determine whether the 2.3 kb cDNA encoded the human
CTP synthetase, the fragment was sequenced and the open
reading frames found were used to search protein databases.
This analysis revealed a long open reading frame which had
a strong homology with only one protein, that of the
Escherichia coli CTP synthetase (Weng et al., 1986). The
match was extensive, >40% identical amino acids and
>70% similarity when conservative substitutions were
considered, and it included the entire open reading frame.

However, it only covered about two thirds of the E. coli gene
(the carboxyl portion up to amino acid 146) indicating that
the amino end was still to be cloned.
To obtain upstream portions of the CTP synthetase

message, the RACE polymerase chain reaction (RACE PCR)
technique (Frohman et al., 1988) was employed. An
oligonucleotide complementary to the sequence just
downstream of the BgIL site of our cDNA (Figure 3) was
used as primer for reverse transcription of the CTP
synthetase message in RNA prepared from HeLa cells.
Transcripts were then A tailed and a second (nested)
oligonucleotide complementary to the cDNA together with
a tail specific oligonucleotide (also bearing a SalI site for
subsequent cloning) were used to amplify the products
generated from reverse transcription. A portion of the
products of the amplification were fractioned by electro-
phoresis on agarose gels and blotted onto nitrocellulose for
probing with an appropriate cDNA fragment (upstream of
the Bgll site). This revealed that the extension was successful
and a further 527 bp upstream was sequenced from
Bglm-SalI digested products subcloned into M13. From this
determination a potential ATG start codon (consistent with
the criteria of Kozak, 1986) was found in a position which
would correspond to the start of the E. coli enzyme and an
open reading frame of 1773 nucleotides or 591 amino acids
was evident (Figure 5). A polyadenylation signal was present
905 bp downstream from the stop codon but there was no
poly(A)tail. This sequence has been deposited into the EMBL
database, accession number X52142.

Sequence features of the CTP synthetase cDNA
The 591 amino acid open reading frame would represent
a protein of 66 700 kd, virtually identical to the mol. wt
of 66 000 determined by protein purification protocols
(Kizaki et al., 1985; Thomas et al., 1988). Alignment of
this sequence with that of the E. coli CTP synthetase reveals
a striking similarity over the entire length with the human
enzyme being only 46 amino acids larger, mainly at the
carboxyl end. 248 amino acids (48%) were identical with
another 139 representing conservative substitutions (for an
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Fig. 3. Maps of cloned genomic and cDNA fragments. Top figure
shows the 16 kb XDASH insert isolated by probing human libraries
with the 1.9 kb fragment common to all transfectants (Figure 2B).
This fragment also contained the common 4.9 kb fragment
(Figure 2A). The conserved 3.3 kb fragment was used to probe
Northern blots and cDNA libraries. Bottom figure shows the map of
the cDNA. The portion to the right of the triangle represents that
cloned from the human testis cDNA library using the conserved 3.3 kb
fragment as probe, the remainder was obtained by RACE PCR. The
filled portion represents the 591 amino acid open reading frame.
Although the alignments between the genomic and cDNA sequences

have not been precisely determined, the 3.3 kb fragment hybridizes to
the BglII-EcoRI cDNA fragment.

Fig. 4. Northern blot analysis of RNA obtained from primary
transfectants, HeLa and CR-2 hamster cells using the 3.3 kb fragment
as probe. A -3 kb RNA species is detected in human and transfectant
cells. Positions of 18 and 28S ribosomal subunits are indicated.
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NYIISG. SLGKGLIAAIAAIIEARGLNVTDPYINVDPGIMSPIQHGEVFVr
KYILVIXGVISGIGKGIIASSVGTIKSGIHVSIKIDPYINIDAGIFSPYEHGEVFVL

64 aDGAETDLGHYERTIRlRYSD vKRRcGDL2ATv2ipHiTNAi
62 DDGGEVDLDILYEIDIRFLTK(NIYGIKFyQYVINKERKGDYLKVNVPHITDAI

124 KERVL EG GE GHDV V LVEIGGVGDIESLPFE.AIPVEIGEHTlEHlT
122 EVM4LIPVDEDGLEP[CVIEGGIVGDIES4PIEAFII:XVKRENFCNIHVS

176 LVPY!ASGEVKFPSVISIGI~EIIGIQpDIAVPAIDERAX1AI.CE2 EKAV
182 LVPQPSSI IDWCeV2EQV

236 ISUKOVDSIYKIPGUKSQGLDDYICKRFSIN PEA N LSEW2/IFEEANPVSEVTI
242 ICVIHYSSIYRVPT1EQTT FIYPRDpIPIEDPCRI4I-E RYDR1LECSI

293 GMYE KS IELPGVN S E REI IK G L
302 ALVAKTEFSSYASVIKIEHSAIAINHKEIKYIDSADLEPITSQEEPVRYHEPAWL

345 DA ILVPC TARRGIETTARFANNIPYLGI CIDAYIDYAPVARD4ANS
362 CHVP.. ILtA V WEFS N

402 IEEVPDCKYPVALI3DPD PJEVRSEKSDLGGIMRLGNQ2L VDDSLVRQLY N
422 TEFDPITSHPVV V D MPEH N PGQ IGGII G DYGD

460 APTIVER1H1HtVNlUIELAGLRVRARSG3CJVEI IEVPNHWFVAC32FHPEFT
471 AD PFEVG HFFVGVQYHPEFL

520 STPRDGHPIFAVKAA
531 SPPIRPSPPYFGLLUAS

536
547

B
ASII PsA 52 VL-I G RPE1AG41ELLAWARG RPIFVLGVC GHOAL-73-GLiFHPESI
CIrS hun 367 VLVPGG GE IOALa W I IAV-116-GVQYHPEFL
CIPS eco 346 ILVPGGFGYRGVE G MIITARFARE2NIPYLGICIZQ VAI-120-ACFNPEF

Fig. 5. Alignments of human CTP synthetase amino acid sequence
with E.coli sequence (top in A) and glutamine amide transfer domains
of anthranilate synthetase from Pseudomonas aeruginosa. (B). Matched
residues are starred, conservative substitutions are indicated by dots.

overall similarity of 76%, Figure SA). However several gaps
were also present, mostly the result of insertions in human
sequence.

Searches of protein databases revealed another significant
match with anthranilate synthase from Pseudomonas
aeruginosa in the conserved glutamine amide transfer domain
of this protein (Figure SB, also present in the E. coli CTP
synthetase).

Discussion
In this communication we describe the use of chromosome
mediated gene transfer to clone and sequence the cDNA for
the human CTP synthetase gene. Although this technique
has been used for transferring linked markers into recipient
cells (Miller and Ruddle, 1978), this is the first time it has
been successfully used to clone a human structural gene in
place of DNA transfections. We took this unusual approach
as we had very little success in transforming cytidine
auxotrophs lacking CTP synthetase to cytidine independent
growth by purified DNA, the colonies surviving were
invariably revertants. CMGT has proved to be surprisingly
effective as the only two fragments we cloned that are
common to all the primary transformants are only 6 kb apart
in the structural gene. A large number of independent human
DNA fragments (120) were screened in this study to obtain
the two present in the CTPS gene, but, in retrospect, this

difficulty could have been avoided by cloning fragments from
a library containing larger human DNA inserts. It is known
that rearrangements, particularly interstitial deletions, occur
in the 'transgenomes' taken up by recipient cells (Porteous
et al., 1986; Pritchard and Goodfellow, 1987). Our
observations indicate that this process must be extensive in
order to reduce the overlapping sequences in the primary
transfectants to such a low level. As a result, we would
suggest that CMGT can be considered as a means of
transferring and eventually cloning 'selectable' genes,
particularly those which are very large or for other reasons
have proved refractory to DNA mediated gene transfer.

It is not obvious why CTP synthetase proved to be difficult
to clone by DNA mediated gene transfer as the structural
gene is not unusually large. Southern blot analysis, using
the full length cDNA as probe, indicates a size of - 40 kb
(M.Yamauchi, unpublished observations). A pertinent
explanation is that exonucleolytic degradation ofDNA taken
up by cells generates intracellular DNA precursor pool
imbalances that increase the frequency of reversion at some
loci (Meuth, 1989).
The cDNA cloned through this chromosome comple-

mentation approach has a 591 amino acid open reading frame
possessing a high degree of homology with the bacterial gene
(Weng et al., 1986). This similarity is nearly as extensive
as that reported for the uracil-DNA glycosylase, reported
to be the most conserved protein from bacteria to man (with
a 55.7% amino acid identity, 73% overall similarity; Olsen
et al., 1989), although gaps are present in the CTP
synthetase alignments and the human enzyme is - 46 amino
acids larger. Examination of coding sequences for related
nucleotide synthetic enzymes reveals high levels of similarity
between human/rodent and bacterial forms. Thymidylate
synthase has a > 50% identity between bacterial and human
forms (Takeishi et al., 1985) while the nucleotide binding
MI subunit of ribonucleotide reductase has a 33% identity
(Caras et al., 1985). This similarity does not extend to all
enzymes involved in nucleotide metabolism. The similarity
between mouse and bacterial forms of M2 ribonucleotide
reductase subunit, for example, is limited to a small region
of the protein (Thelander and Berg, 1986). It is worth noting
that the enzymes which are highly conserved, CTP
synthetase and thymidylate synthetase, both represent
important branches in the de novo pathways of nucleotide
synthesis. The conservation of the glutamine amide transfer
domain is particularly striking. This domain is common to
glutamine utilizing enzymes in diverse pathways in bacteria
(Weng et al., 1986) and is conserved in CTP synthetases
of bacteria and man. No such consistent matches were found
with other nucleotide synthetic enzymes.
Numerous studies have shown CTP synthetase to be an

important regulatory step in the synthesis of cytidine and
deoxycytidine nucleotides. Mutations of the structural gene
eliminating the feedback regulation of the enzyme activity
by CTP produce intracellular pool imbalances that, in turn,
cause multi-drug resistance and an increase in spontaneous
mutation rates. As this dominant phenotype involves several
drugs widely used in the chemotherapy of leukaemias and
colon cancer, the occurrence and enrichment of cells with
the mutator phenotype in target populations could be critical
for the outcome of the treatment. The isolation and
characterization of the CTP synthetase structural gene will
allow us to define the molecular basis of this complex
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phenotype and provide a means of rapidly assaying its
development.

Materials and methods

Cells
The cytidine auxotrophic strain CR-2, originally isolated from the Toronto
Pro- CHO cell line (Kelsall and Meuth, 1988), was grown in a minimal
essential medium (cx-MEM, GIBCO) supplemented with 7.5% fetal calf
serum, 10 yM thymidine, and 20 tiM cytidine. When CTP synthetase
proficient transfectants were selected, 5% dialysed fetal calf serum was used
for the cytidine deficient medium.

Chromosome and DNA mediated gene transfer
Metaphase chromosomes were prepared essentially as described by Lewis
et al. (1980). Colcemid was added to a 11 exponentially growing culture
of HeLa cells to a final concentration of 50 ng/ml. After 18 h cells were
harvested and resuspended in 100 ml of ice cold 75 mM KCI for 30 min.
After recentrifugation, the cells were then resuspended in 2 ml ice cold
15 mM HEPES(Na) pH 7.0, 3 mM CaCl2, and 1% NP-40 for disruption
by a Dounce homogenizer (10 strokes, on ice). The homogenate was
centrifuged at 200 g to remove debris and the resulting supernatant was
then centrifuged at 1500 g for 20 min at 4°C. The pellet obtained was washed
once with ice cold homogenization buffer without detergent. This
chromosome preparation was then resuspended in 10 ml of gene transfer
buffer (25 mM HEPES(Na) pH 7.1, 140 mM NaCI, and 0.75 mM
Na2HPO4) and 0.5 ml of 2.5 M CaCl2 was added. The resultant co-
precipitate was immediately added to recipient (CR-2) cells (2-3 x
106/10 cm dish) in growth medium supplemented with antibiotics
(0.05 mg/ml gentamycin and 1 pig/mi amphotericin B, Sigma), 15 mM
HEPES(Na) pH 7.1, and 0.1% polyethylene glycol (MW1500).
For DNA mediated gene transfer, DNA was resuspended in the same

gene transfer buffer and added to cells as described above.
Recipient cells were exposed to chromosome or DNA-calcium phosphate

co-precipitate for 8-16 h, treated with 10% DMSO in the last 30 min,
and then allowed to recover in nonselective growth medium for 24 h. Treated
cells were trypsinized, washed in PBS twice and plated at a density of 2-5
x 105/10 cm dish in the absence of cytidine. Colonies appearing after
2-4 weeks were picked for further analysis.

Genomic and cDNA cloning
EcoRI digested DNA purified from tertiary transfectants was fractionated
by electrophoresis on agarose gels followed by electroelution of DNA of
the desired size as described previously (Nalbantoglu et al., 1986). This
size fractionated DNA was then ligated with EcoRI cut DNA of the X
insertion vector NM 1149. These reactions were then packaged and plated
on the strain NM514 recA hfl giving efficiencies of - 1 x 106
recombinants/jig vector. These libraries were screened with the human Alu
repeat BLUR8 (Amersham) and the positives were picked for further
screening against our panel of transfectants.
Sau3A partial digests of HeLa cell DNA were ligated with BamHI digested

DNA purified from the XDash vector (Stratagene). Libraries of recombinant
phage were obtained by plating the packaged DNA on E.coli strain P2392
and screened using a 1.9 kb fragment present in all our transfectants (isolated
in the screens decribed above).
A human XgtI 1 cDNA library, prepared with RNA isolated from human

testis (Clontech), was screened with the conserved 3.3 kb unique human
DNA fragment common to all our transfectants. Positives obtained were
then used for DNA sequence analysis.

RACE PCR
Total RNA prepared from HeLa cells for RACE PCR (rapid amplification
of cDNA end polymerase chain reaction; Frohman et al., 1988) was reverse
transcribed using an oligonucleotide primer (nucleotides 784- >765 or
5'-CAACATGGCAGAACATTGAT-3') and super RT (Anglian Biotec Ltd,
UK). The product was A tailed by nucleotidyl transferase (BRL) and the
opposite DNA strand was synthesized using a (dT)17 adaptor and the Taq
polymerase (Perkin Elmer Cetus). The resultant double stranded DNA was
then amplified using the adaptor and a nested primer (nucleotides 758->739
or 5'-TCCTTCACTGATGTGTCAAG-3') by PCR. The product of this
reaction was digested with Sall and BglII and cloned into the M13 vectors
mpl8 and 19. The clone with the longest insert (700 bp) was sequenced.

DNA sequencing
Fragments purified from the Xgt 11 isolates were subcloned into the M13
vectors mpl8 or 19. Sequencing was performed by the dideoxy chain

termination method using [cs-35S]dATP. Polymerization reactions using
Sequenase (USB) were primed by either the 17mer universal primer or
appropriate internal primers. Sequencing reactions were electrophoresed
on 5% polyacrylamnide denaturing gels.

DNA sequence analysis
Sequences were analysed using Intelligenetics software. Protein databases
were screened using the program Prosrch (Coulson et al., 1987) on an AMT
DAP (Distributed Array Processor) 610.
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