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CTP synthetase (EC 6.3.4.2, UTP:ammonia ligase (ADP-form-
ing)) is an essential enzyme in all organisms; it generates the CTP
required for the synthesis of nucleic acids andmembrane phospho-
lipids. In this work we showed that the human CTP synthetase
genes,CTPS1 andCTPS2, were functional in Saccharomyces cerevi-
siae and complemented the lethal phenotype of the ura7! ura8!
mutant lacking CTP synthetase activity. The expression of the
CTPS1- and CTPS2-encoded human CTP synthetase enzymes in
the ura7! ura8! mutant was shown by immunoblot analysis of
CTP synthetase proteins, the measurement of CTP synthetase
activity, and the synthesis of CTP in vivo. Phosphoamino acid and
phosphopeptide mapping analyses of human CTP synthetase 1 iso-
lated from 32Pi-labeled cells revealed that the enzymewas phospho-
rylated on multiple serine residues in vivo. Activation of protein
kinase A activity in yeast resulted in transient increases (2-fold) in
the phosphorylation of human CTP synthetase 1 and the cellular
level of CTP. Human CTP synthetase 1 was also phosphorylated by
mammalian protein kinase A in vitro. Using humanCTP synthetase
1 purified from Escherichia coli as a substrate, protein kinase A
activity was dose- and time-dependent, and dependent on the con-
centrations of CTP synthetase 1 and ATP. These studies showed
that S. cerevisiae was useful for the analysis of human CTP synthe-
tase phosphorylation.

CTP synthetase (EC 6.3.4.2, UTP:ammonia ligase (ADP-forming))
catalyzes the final step in the pyrimidine biosynthetic pathway (1). The
end product CTP is required for the synthesis of nucleic acids andmem-
brane phospholipids (2). Thus, CTP synthetase is an essential enzyme
for the growth and metabolism of all organisms (2). In eukaryotes, CTP
synthetase activity regulates the balance of nucleotide pools (3–9) and
influences the pathways by whichmembrane phospholipids are synthe-
sized (9–11). The importance of understanding the mode of action and
regulation of CTP synthetase is further highlighted by the fact that
elevated CTP synthetase activity is a common property of several can-
cers in humans (12–20).
CTP synthetase has been purified and characterized from bacteria

(21–23), Saccharomyces cerevisiae (8, 24), and rat liver (25). In addition,
crystal structures for the Escherichia coli (26) and Thermus thermophi-
lus (27) enzymes have been solved. The enzymological properties of

CTP synthetase enzymes from various sources are similar, although
some differences have been identified (23). The enzyme catalyzes a
complex set of reactions involving the ATP-dependent transfer of the
amide nitrogen from glutamine (i.e. glutaminase reaction) to the C-4
position of UTP to generate CTP (Fig. 1) (21, 28). GTP activates the
glutaminase reaction by accelerating the formation of a covalent glu-
taminyl enzyme intermediate (21, 29). CTP synthetase exhibits positive
cooperative kinetics with respect to UTP and ATP and negative coop-
erative kinetics with respect to glutamine and GTP (8, 21, 23, 24,
29–33). The positive cooperative kinetics toward UTP and ATP is
attributed to the nucleotide-dependent tetramerization of the enzyme
(8, 21, 34, 35). Indeed, the CTP synthetase tetramer is the active form of
the enzyme (8, 21, 23, 24, 29–33, 35). The enzymemay also utilize dUTP
for the synthesis of dCTP (23, 36).2

An important mode of CTP synthetase regulation is feedback inhibi-
tion by CTP (8, 21, 23–25). CTP inhibits CTP synthetase activity by
increasing the positive cooperativity of the enzyme for UTP (8, 21, 24,
25). dCTP does not substitute for CTP as a feedback inhibitor of CTP
synthetase activity using dUTP or UTP as a substrate (23, 36). A defect
in CTP feedback inhibition results in abnormally high intracellular lev-
els of CTP and dCTP (4, 9, 37), resistance to nucleotide analog drugs
used in cancer chemotherapy (38–41), and an increased rate of spon-
taneous mutations (5, 39, 41).
Studies on the URA7-encoded enzyme from S. cerevisiae have

revealed that CTP synthetase activity is regulated by phosphorylation.
The yeast enzyme is phosphorylated on multiple serine residues in vivo
(42). In vitro studies have shown that CTP synthetase is a substrate for
protein kinases A (43) and C (42, 44). These phosphorylations result in
the stimulation of CTP synthetase activity by a mechanism that
increases catalytic turnover (42–44). In addition, phosphorylation facil-
itates the nucleotide-dependent tetramerization of the enzyme (35) and
causes a decrease in the sensitivity of the enzyme to feedback inhibition
by CTP (43, 44).
Genes encoding CTP synthetase have been isolated from a variety of

bacteria (23, 45–48), yeast (6, 7), and human (49, 50). Owing to the
relatively high degree of deduced amino acid sequence identity (!53%)
between the yeast and human enzymes, we examined the hypothesis
that the human CTPS1 and CTPS2 genes are functionally expressed in
S. cerevisiae. We showed in this study that the CTPS1 or CTPS2 genes
complemented the lethal phenotype of an ura7" ura8" mutant lacking
CTP synthetase. In addition, expression of the CTPS1-encoded human
CTP synthetase in yeast revealed that the enzyme was phosphorylated
and regulated by protein kinase A.

* This work was supported in part by United States Public Health Service, National Insti-
tutes of Health Grants GM-50679 (to G. M. C.) and GM-63109 (to E. P. B). The costs of
publication of this article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
Section 1734 solely to indicate this fact.

1 To whom correspondence should be addressed: Dept. of Food Science, Rutgers Uni-
versity, 65 Dudley Road, New Brunswick, NJ 08901. Tel.: 732-932-9611 (ext. 217); Fax:
732-932-6776; E-mail: carman@aesop.rutgers.edu.

2 The major pathway for dCTP synthesis is the reaction sequence CTP3CDP3dCDP3
dCTP (83).
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EXPERIMENTAL PROCEDURES

Materials—All chemicals were reagent grade. Growth medium sup-
plies were purchased from Difco Laboratories. Restriction endonucle-
ases,modifying enzymes, and recombinant VentDNApolymerasewere
purchased from New England Biolabs. Plasmid DNA purification and
DNA gel extraction kits and Ni2#-NTA3 agarose resin were purchased
from Qiagen. Oligonucleotides were prepared by Genosys Biotechnol-
ogies, Inc. The Yeast Maker yeast transformation kit was purchased
from Clontech. Invitrogen was the source of the DNA size ladder used
for agarose gel electrophoresis. Radiochemicals were purchased from
PerkinElmer Life Sciences. Nucleotides, 5FOA, phenylmethylsulfonyl
fluoride, benzamidine, aprotinin, leupeptin, pepstatin, tricarboxyeth-
ylphosphine, lyticase, bovine serum albumin, and standard phos-
phoamino acids were purchased from Sigma. Protein assay reagents,
electrophoretic reagents, and protein standards were purchased from
Bio-Rad. Mouse monoclonal anti-His6 antibodies were from Cell Sig-
naling Technology. Alkaline phosphatase-conjugated goat anti-mouse
and goat anti-rabbit antibodies were purchased from Pierce. Protein
kinase A catalytic subunit (bovine heart) was purchased from Promega.
Hybond-P PVDF membrane and the enhanced chemifluorescence
Western blotting detection kit were purchased fromGEHealthcare. An
Ni2#-NTAcolumnwas obtained fromNovagen. The PorosHQcolumn
was purchased from Applied Biosystems. Cellulose thin layer glass
plates were from EM Science. Scintillation counting supplies were pur-
chased from National Diagnostics.

Strains and Growth Conditions—The strains used in this work are
listed in TABLEONE. Yeast cells were grown in SCmedium containing
2% glucose at 30 °C as described previously (51, 52). For selection of cells

bearing plasmids, appropriate amino acids were omitted from the SC
medium. Cells were also grown in YEPD medium (1% yeast extract, 2%
peptone, 2% glucose) or YEPA medium (1% yeast extract, 2% peptone,
2% acetate). Plasmid maintenance and amplifications were performed
in E. coli strain DH5!. E. coli cells were grown in LBmedium (1% Tryp-
tone, 0.5% yeast extract, 1% NaCl, pH 7.4) at 37 °C. Ampicillin (100
"g/ml) was added to the growth medium for E. coli-carrying plasmids.
Media were supplemented with either 2% (yeast) or 1.5% (E. coli) agar
for growth on plates. Yeast cell numbers in liquid media were deter-
mined spectrophotometrically atA600 nm. For purification of the human
CTP synthetase 1 from E. coli, BL21(DE3) cells bearing plasmid pET-
28b(#)-hCTPS1 were grown in 6 liters of LB medium at 37 °C to a cell
density ofA600 $ 0.15. The cells were then slowly cooled to 15 °C over a
2-h period until they reached a cell density of A600 $ 0.3. At this point,
the expression of human CTP synthetase 1 was induced by adding 0.5
mM #-isopropylthioglactoside to the culture. Maximum expression
occurred after 16 h at 15 °C. Under these growth conditions, !50% of
human CTP synthetase 1 protein was in the soluble fraction of the cell
lysate.

DNA Manipulations, Amplification of DNA by PCR, and DNA
Sequencing—Standard methods were used to prepare genomic and
plasmid DNA, to digest DNA with restriction enzymes, and to ligate
DNA (52). Transformation of yeast (53, 54) and E. coli (52) was per-
formed according to standard protocols. PCR reactions were optimized
as described by Innis andGelfand (55). DNA sequencing reactions were
performed by the dideoxy method using Taq polymerase (52) and ana-
lyzed with an automated DNA sequencer.

Construction of Plasmids—The plasmids used in this work are listed
in TABLE TWO. To construct E. coli expression vectors for the human
CTP synthetase genes, coding sequences for CTPS1 or CTPS2 were
amplified by PCRusing cDNAclones (OpenBiosystems clones 3355881

3 The abbreviations used are: Ni2#-NTA, nickel-nitrilotriacetic acid; SC, synthetic com-
plete; 5FOA, 5-fluoroorotic acid; PVDF, polyvinylidene difluoride.

TABLE ONE

Strains used in this work

Strain Relevant characteristics Source or Ref.
E. coli
DH5! F%, $80dlacZ"M15, "(lacZYA-argF)U169, deoR, recA1, endA1, hsdR17(rk% mk

#), phoA,
supE44, l%thi-1, gyrA96, relA1

(52)

BL21(DE3) F% ompT hsdSB (rB%mB
%) gal dcm (DE3) Novagen

S. cerevisiae
SDO195 MATa leu2–3,112 trp1–289 ura3–52 ura7"::TRP1 ura8"::hisG &pDO134' (9)
GHY52 MATa leu2–3,112 trp1–289 ura3–52 ura7"::TRP1 ura8"::hisG &pDO134' &pDO105' This study
GHY53 MATa leu2–3,112 trp1–289 ura3–52 ura7"::TRP1 ura8"::hisG &pDO134' &pDO105-hCTPS1' This study
GHY54 MATa leu2–3,112 trp1–289 ura3–52 ura7"::TRP1 ura8"::hisG &pDO134' &pDO105-hCTPS2' This study
GHY55 MATa leu2–3,112 trp1–289 ura3–52 ura7"::TRP1 ura8"::hisG &pDO105-hCTPS1' This study
GHY56 MATa leu2–3,112 trp1–289 ura3–52 ura7"::TRP1 ura8"::hisG &pDO105-hCTPS2' This study

FIGURE 1. Reaction catalyzed by CTP synthe-
tase. The figure shows the structures of UTP and
CTP and the reaction catalyzed by CTP synthetase.
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and 5268973, respectively) as templates. The forward and reverse prim-
ers used in the amplification contained a DraI site and an XhoI site,
respectively. Digestion of the PCR products (!1.8 kb) with DraI and
XhoI produced the CTPS1 sequence for codons 2–591 and a linker
(Leu-Glu), and the CTPS2 sequence for codons 2–586 and a linker
(Leu-Glu). The bacterial expression vector pET-28b(#), which contains
the T7 lac promoter, was digested with NcoI, filled with T4 polymerase
to provide a start codon, and digested with XhoI to provide the linker.
DNA fragments of CTPS1 or CTPS2 were ligated to the linear pET-
28b(#) to produce plasmids pET-28b(#)-hCTPS1 or pET-28b(#)-
hCTPS2, respectively. The sequences for the humanCTPS1 andCTPS2
genes in the bacterial expression vectors were confirmed by DNA
sequencing. These plasmids directed the expression of full-length His6-
tagged (C terminus) versions of human CTP synthetase 1 or human
CTP synthetase 2, respectively, in E. coli.
To construct yeast expression vectors for the human CTPS1 or

CTPS2 genes, their coding sequences were released from pET-28b(#)-
hCTPS1 or pET-28b(#)-hCTPS2 by digestion with XbaI and XmnI.
TwoXbaI/XmnI fragments of similar size were differentiated by EcoRV
treatment, which only cleaves the fragment that does not contain
CTPS1 or CTPS2 coding sequences. Plasmid pDO105, a yeast expres-
sion vectorwith theADH1 promoter, was digestedwithMluI, filledwith
Klenow, and digestedwithXbaI. TheXbaI/XmnIDNA fragments (!2.7
kb) containing the CTPS1 or CTPS2 coding sequences were ligated to
the linear pDO105 to produce pDO105-hCTPS1 or pDO105-hCTPS2.
These plasmids direct the expression of full-length His6-tagged (C ter-
minus) versions of human CTP synthetase 1 or human CTP synthetase
2, respectively, in S. cerevisiae.

Construction of S. cerevisiae Strains Expressing CTPS1 and CTPS2—
Strain SDO195 is a ura7" ura8" mutant bearing plasmid pDO134,
which contains a wild-type URA7 allele (9). This strain confers uracil
prototrophy, because pDO134 also contains the URA3 gene (9). Strain
SDO195 was transformed to leucine prototrophy with plasmid
pDO105-hCTPS1 or plasmid pDO105-hCTPS2. The yeast transfor-
mants were streaked onto SC-leucine plates containing 5FOA. 5FOA-
resistant cells, which bear only pDO105-hCTPS1 or pDO105-hCTPS2,
were further confirmed by their uracil auxotrophy.

Preparation of the Cytosolic Fraction from S. cerevisiae—All steps
were performed at 4 °C. Yeast cells were suspended in 50 mM Tris-HCl
(pH 8.0), 1mMEDTA, 20mM L-glutamine, 0.3 M sucrose, 10mM 2-mer-
captoethanol, 0.5 mM phenylmethanesulfonyl fluoride, 1 mM benzami-
dine, 5"g/ml aprotinin, 5"g/ml leupeptin, and 5"g/ml pepstatin. Cells
were disrupted with glass beads (0.5-mm diameter) using a Biospec
Products Mini-BeadBeater-8 as described previously (56). Unbroken
cells and glass beads were removed by centrifugation at 1,500 ( g for 5
min. The cytosolic fraction was obtained by centrifugation at 100,000(

g for 1 h. Protein concentration was estimated by the method of Brad-
ford (57) using bovine serum albumin as the standard.

Purification of Human CTP Synthetase 1 from E. coli—All steps were
performed at 4 °C. Cells from a 6-liter culture were harvested by cen-
trifugation, resuspended in 100ml of 20mMTris-HCl (pH 7.9), 500mM
NaCl, 5mM imidazole, and 0.05% sodium azide, and lysed in aMicroflu-
idizer (Microfluidics Corp.). Unbroken cells and cell debris were
removed by centrifugation, and the supernatant was loaded onto a 5-ml
Ni2#-NTA column. The human CTP synthetase 1 enzyme was eluted
(!150 mM) from the column with a linear imidazole gradient (0–300
mM). Fractions containing the enzyme were first dialyzed against 500
mM NaCl, 10 mM EDTA, and 0.5 mM tricarboxyethylphosphine and
then dialyzed against storage buffer (20 mM Tris-HCl (pH 7.9), 0.5 mM
EDTA, and 0.5 mM tricarboxyethylphosphine). The dialyzed enzyme
was then applied to a 4-ml Poros HQ column that was equilibrated with
storage buffer. Human CTP synthetase 1 was eluted (!0.3 M) from the
PorosHQcolumnwith a linearNaCl gradient (0–1M) in Storage Buffer.
The enzyme preparation was dialyzed against storage buffer and con-
centrated to 10–20 mg/ml using an Amicon Ultra Centrifugal filter.
Analysis by SDS-PAGE indicated that the enzyme preparation was
homogeneous.

Enzyme Assays—CTP synthetase activity was determined by meas-
uring the conversion of UTP to CTP (molar extinction coefficients of
182 and 1520 M%1 cm%1, respectively) by following the increase in
absorbance at 291 nm on a recording spectrophotometer (21). The
standard reaction mixture contained 50 mM Tris-HCl (pH 8.0), 10 mM
MgCl2, 10 mM 2-mercaptoethanol, 2 mM L-glutamine, 0.1 mM GTP, 2
mM ATP, 2 mM UTP, and an appropriate dilution of enzyme protein in
a total volume of 0.1 ml. Enzyme assays were performed in triplicate
with an average standard deviation of )3%. All assays were linear with
time and protein concentration. A unit of enzyme activity was defined
as the amount of enzyme that catalyzed the formation of 1 nmol of
product/min.

SDS-PAGE and Immunoblot Analysis—SDS-PAGE (58) and immu-
noblotting (59) using a PVDF membrane were performed as described
previously. For His6-tagged human CTP synthetase 1 and human CTP
synthetase 2, mouse monoclonal anti-His6 antibodies were used at a
dilution of 1:1000. For yeast CTP synthetase, rabbit anti-yeast CTP syn-
thetase antibodies were used at a dilution of 1:5000. The anti-yeast CTP
synthetase antibodies were raised against the peptide sequence
QDVIEGKYDLEAGENKFNF (residues 561–579 at the C-terminal end
of the deduced protein sequence of the URA7 gene) in New Zealand
White rabbits by standard procedures (60) at Bio-Synthesis, Inc. Goat
anti-mouse and goat anti-rabbit IgG-alkaline phosphatase conjugates
were used as secondary antibodies at a dilution of 1:5000. His6-tagged
human CTP synthetase 1 and human CTP synthetase 2 proteins and

TABLE TWO

Plasmids used in this work

Plasmid Relevant characteristics Source or Ref.
pET-28b(#) E. coli expression vector with the T7 lac promoter and C-terminal His6-tag fusion Novagen
pET-28b(#)-hCTPS1 CTPS1 derivative of pET-28b(#) This study
pET-28b(#)-hCTPS2 CTPS2 derivative of pET-28b(#) This study
YEpLac181 Multicopy E. coli/yeast shuttle vector with LEU2 (84)
YEpLac195 Multicopy E. coli/yeast shuttle vector with URA3 (84)
pDO105 Derivative of YEpLac181 with the ADH1 promoter and multiple cloning sites (9)
pDO134 URA7 derivative of YEpLac195 (9)
pDO105-hCTPS1 CTPS1 derivative of pDO105 This study
pDO105-hCTPS2 CTPS2 derivative of pDO105 This study
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yeast CTP synthetase were detected on immunoblots using the
enhanced chemifluorescence Western blotting detection kit as
described by the manufacturer. Images were acquired by FluorImaging
analysis. Immunoblotting signals were in the linear range of
detectability.

In Vivo Labeling—The S. cerevisiae ura7" ura8" mutant bearing the
human CTPS1 gene was used to examine the phosphorylation of the
human CTP synthetase 1 enzyme. Cultures (50 ml) in SCmediumwere
grown to the exponential phase of growth. Cells were harvested and
resuspended in 5 ml of fresh medium containing 32Pi (0.25 mCi/ml)
and incubated for 3 h. The labeled cells were harvested by centrifugation
and disrupted with glass beads in 50 mM Tris-HCl (pH 7.4) containing
protease (0.5 mM phenylmethylsulfonyl fluoride, 1 mM benzamide, 5
"g/ml aprotinin, 5 "g/ml leupeptin, 5 "g/ml pepstatin) and phospha-
tase (10 mM NaF, 5 mM #-glycerophosphate, 1 mM sodium vanadate)
inhibitors. The His6-tagged human CTP synthetase 1 was isolated from
the cell extracts withNi2#-NTA resin as described by themanufacturer.
SDS-PAGE treatment buffer was added to the Ni2#-NTA resin-bound
enzyme followed by SDS-PAGE and transfer of proteins to a PVDF
membrane. Images of the 32P-labeled proteins were acquired by phos-
phorimaging analysis.
To examine the effect of the Ras-cAMP pathway on the phosphoryl-

ation of humanCTP synthetase 1, exponential phase cells (50ml) grown
in YEPD medium were washed and incubated overnight in YEPA
medium (100 ml) to deplete internal stores of glucose. Cells were har-
vested and resuspended in lowphosphate (61) YEPAmedium (2ml) and
labeled with 32Pi (0.5 mCi/ml) for 3 h. Glucose was added to a final
concentration of 5% to activate the Ras-cAMP pathway and protein
kinase A activity (62). At the indicated time intervals, cells (0.5 ml) were
treated with 20 mM NaN3 and harvested by centrifugation. The cells
were suspended in 0.25 ml of spheroplast buffer (25 mM Tris-HCl (pH
7.4), 1 M sorbitol, 5 mM dithiothreitol, 10 mMNaF, 10 mMNaN3, and 30
units of lyticase) and incubated for 30 min at 30 °C to prepare sphero-
plasts. The spheroplasts were lysed by boiling for 3 min in 2% SDS.
His6-tagged human CTP synthetase 1 was isolated from the lysates with
Ni2#-NTA resin as described above followed by SDS-PAGE and trans-
fer of proteins to a PVDF membrane. The membrane was used for
phosphorimaging analysis of 32P-labeled human CTP synthetase 1 and
for immunoblot analysis using anti-His6 antibodies. ImageQuant soft-
ware was used to quantify the relative amounts of the phosphorylated
human CTP synthetase 1 enzyme.

Phosphoamino Acid Analysis and Phosphopeptide Peptide Mapping—
32P-labeled human CTP synthetase 1 was extracted from PVDF mem-
brane slices and subjected to acid hydrolysis with 6 N HCl as described
previously (43). Hydrolysates were dried in vacuo and applied to 0.1mm
cellulose thin-layer chromatography plates with standard phos-
phoamino acids (2.5 "g of phosphoserine, 2.5 "g of phosphothreonine,
and 5 "g of phosphotyrosine). Phosphoamino acids were separated by
two-dimensional electrophoresis (63). Following electrophoresis, the
plates were dried and subjected to phosphorimaging analysis. Standard
phosphoamino acids were visualized by spraying the plate with 0.25%
ninhydrin in acetone. PVDF membrane slices containing 32P-labeled
human CTP synthetase 1 were subjected to digestion with L-1-tosyl-
amido-2-phenylethyl chloromethyl ketone-trypsin and two-dimen-
sional peptide mapping analysis (64). Electrophoresis (1% ammonium
bicarbonate buffer at 1000 V for 45 min) and ascending chromatogra-
phy (n-butyl alcohol/glacial acetic acid/pyridine/water, 10:3:12:15, for
8 h) were performed on cellulose thin-layer glass plates. Dried plates
were then subjected to phosphorimaging analysis.

Phosphorylation of HumanCTP Synthetase 1with Protein Kinase A—
Phosphorylation reactions were measured for 10 min at 30 °C in a total
volume of 40 "l. Samples of pure human CTP synthetase 1 were incu-
bated with 50 mM Tris-HCl (pH 8.0), 60 mM dithiothreitol, 50 "M
[%-32P]ATP (5 "Ci/nmol), 10 mM MgCl2, and the indicated concentra-
tions of the bovine heart protein kinase A catalytic subunit (43). At the
end of the phosphorylation reactions, samples were treated with 2(
Laemmli sample buffer (58), followed by SDS-PAGE. SDS-polyacryl-
amide gels were dried, and the phosphorylated proteins were subjected
to phosphorimaging analysis. The relative amounts of phosphate incor-
porated into human CTP synthetase 1 were quantified using Image-
Quant software.

Extraction andMass Analysis of CTP—CTPwas extracted from yeast
cells with 1 M formic acid-10% 1-butanol (v/v) as described by Ozier-
Kalogeropoulos et al. (6). The extract was analyzed for CTP by high
performance liquid chromatography using a Partisil 10 SAX column as
described by Pappas et al. (36).

Analyses of Data—Statistical analyses were performed with Sig-
maPlot software

RESULTS

Human CTPS1 and CTPS2 Genes Complement the CTP Synthetase
Defect of the ura7" ura8" Mutations in S. cerevisiae—To determine if
the human CTP synthetase genes (CTPS1 and CTPS2) were functional
in S. cerevisiae, we examinedwhether these genes could rescue the lethal
phenotype of the ura7" ura8" doublemutant by plasmid shuffling (65).
The ura7" ura8" mutant bearing the URA7 gene on an URA3-based
plasmid was transformed with either the CTPS1 or CTPS2 gene on a
LEU2-based plasmid (TABLE ONE). When these transformants were
subjected to 5FOA selection, cells that were resistant to the drug were
produced (Fig. 2). 5FOA selects against the cells carrying the URA3
gene, and this result indicated that the 5FOA-resistant cells did not
carry the URA3-based plasmid, and thus the URA7 gene. In addition,
the viability of 5FOA-reistant cells in the absence of the URA7 gene
indicated that the CTPS1 and CTPS2 genes were functional and com-
plemented the CTP synthetase defect of the ura7" ura8" mutant. As
expected, transformants bearing the plasmid that did not contain the

FIGURE 2. Complementation of the CTP synthetase defect of the S. cerevisiae ura7!
ura8! mutant by the human CTPS1 or CTPS2 gene. Strain SD195, a ura7" ura8"
mutant carrying the URA7 gene on a URA3-based plasmid (pDO134), was transformed to
leucine prototrophy with the empty LEU2-based plasmid (pDO105), or with the same
plasmid containing the human CTP synthetase genes (pDO105-hCTPS1 or pDO105-
hCTPS2). The transformants were streaked onto SC-leucine plates containing 5FOA and
incubated for 3 days at 30 °C. The 5FOA-resistant colonies were produced only from the
transformants carrying pDO105-hCTPS1 or pDO105-hCTPS2. Four independent colonies
from 5FOA-resistant cells were patched onto SC-leucine plates and grown for 2 days at
30 °C. Strain SD195 carrying pDO105 was included in this analysis as a negative control.
The patches were replica-plated onto SC-leucine, SC-leucine plus 5FOA, and SC-uracil
plates. The plates were incubated for 3 days at 30 °C.
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human CTP synthetase gene were sensitive to 5FOA, because the cells
required the URA7 gene and could not lose the URA3-based plasmid.
The lack of the URA3 gene in the 5FOA-reistant cells was further con-
firmed by the uracil auxotrophy (Fig. 2). The 5FOA-resistant cells,
which are ura7" ura8" mutant cells expressing the human CTPS1 or
CTPS2 gene, showed growth that was indistinguishable from that of the
mutant cells expressing the yeast URA7 gene.

Expression of the Human CTP Synthetase Enzymes in S. cerevisiae—
The CTPS1 and CTPS2 genes, which were functional in the ura7"
ura8"mutant, directed the expression of CTP synthetase enzymes con-
taining aHis6 tag at theC terminus of the proteins. Immunoblot analysis
showed that anti-His6 antibodies specifically recognized the His6-
tagged human CTP synthetase 1 and CTP synthetase 2 proteins from
the extracts of ura7" ura8" mutant cells expressing the CTPS1 or
CTPS2 gene (Fig. 3, left). Anti-Ura7p antibodies, which were directed
against a peptide sequence at the C-terminal end of theURA7-encoded
CTP synthetase, did not show cross-reactivity to the cell extracts con-
taining the human enzymes (Fig. 3, middle). There is no sequence
homology between the peptide sequence and either of the human CTP
synthetase enzymes. Thus, this result also confirmed that the 5FOA-
resistant cells (i.e. ura7" ura8" mutant cells expressing the CTPS1 or
CTPS2 genes) did not express the yeast CTP synthetase enzyme. The
His6-tagged human CTP synthetase 1 and CTP synthetase 2 proteins
showedmigration on SDS-polyacrylamide gel withmolecular masses of
75 and 73 kDa, respectively, which is in close agreement with the
deduced sizes of the proteins (Fig. 3, left). The human CTP synthetase
enzymes expressed in yeast showed different protein levels. From about
equal amounts of cell extracts (Fig. 3, right), the level of human CTP
synthetase 1 protein was about 3-fold higher than that of human CTP
synthetase 2 protein (Fig. 3, left).

Next, we examined the CTP synthetase activity of human CTP syn-
thetase 1 and CTP synthetase 2 proteins in vitro from the cytosolic
fractions of ura7" ura8" mutant cells expressing the CTPS1 or CTPS2

gene. The human CTP synthetase 1 and CTP synthetase 2 proteins
exhibited CTP synthetase activities that were in the same range as that
of the CTP synthetase activity encoded by theURA7 gene product (Fig.
4A). The CTP synthetase activity of humanCTP synthetase 1 was about
2-fold higher than the activity of human CTP synthetase 2. The differ-
ence in the CTP synthetase activities correlated with the difference in
the amounts of humanCTP synthetase 1 andCTP synthetase 2 proteins
detected from cell extracts by immunoblot analysis. We also examined
the CTP synthetase activity of human CTP synthetase 1 and human
CTP synthetase 2 in vivo by analyzing the levels of CTP from ura7"
ura8" mutant cells expressing the CTPS1 or CTPS2 gene. High per-
formance liquid chromatography analysis of CTP extracted from the
cells at the exponential phase showed that the human enzymes did
indeed synthesize CTP in vivo (Fig. 4B). The amounts of CTP found in
the yeast cells expressing the human CTP synthetase enzymes were
similar, but slightly lower than that found in cells expressing the yeast
enzyme.

Phosphorylation of Human CTP Synthetase 1 in S. cerevisiae—Anal-
ysis of the human CTP synthetase 1 and CTP synthetase 2 sequences
using the NetPhosK 1.0 server (www.cbs.dtu.dk/services/NetPhosK/)
(66) indicated potential phosphorylation sites for several protein kinases
(e.g. protein kinase A, protein kinase C, protein kinase G, calmodulin-
dependent protein kinase, casein kinase I, casein kinase II, and glycogen
synthase 3). Accordingly, we questioned whether the human CTP syn-
thetase enzymes are phosphorylated when expressed in S. cerevisiae. To
examine the in vivo phosphorylation of the human CTP synthetase
enzymes, ura7" ura8" mutant cells expressing the His6-tagged human
CTP synthetase 1 or CTP synthetase 2 enzymes were labeled with 32Pi.
The human enzymes were then isolated from cell extracts with Ni2#-
NTA resin and subjected to SDS-PAGE, followed by transfer to PVDF
membrane. Phosphorimaging analysis showed that protein phosphoryl-
ation was detected at the expected molecular mass of the His6-tagged
human CTP synthetase 1 (Fig. 5A). The protein phosphorylation was
specific to the human CTP synthetase 1, and it was not detected from
cells expressing theURA7-encoded CTP synthetase enzyme. Immuno-
blot analysis using anti-His6 antibodies confirmed that the protein
phosphorylated in vivo corresponded to the His6-tagged human CTP
synthetase 1 (Fig. 5A). Phosphoamino acid analysis of 32P-labeled

FIGURE 3. Expression of human CTP synthetase 1 and human CTP synthetase 2 pro-
teins in S. cerevisiae. The ura7" ura8" mutant bearing plasmids with the yeast URA7
gene (strain GHY52) or the human CTPS1 (strain GHY55) or CTPS2 (strain GHY56) genes
were grown to the exponential phase of growth. Cell extracts were prepared, and sam-
ples (20 mg of protein) were subjected to SDS-PAGE, followed by transfer to a PVDF
membrane. The membrane was probed with anti-His6 antibodies to detect the His6-
tagged human CTP synthetase 1 (hCTPS1) and human CTP synthetase 2 (hCTPS2) pro-
teins (left). The membrane was stripped of the anti-His6 antibodies and reprobed with
anti-Ura7p antibodies to detect the yeast URA7-encoded CTP synthetase (yCTPS) protein
(middle). Prior to probing with the antibodies, the PVDF membrane was stained with
Ponceau S to detect the total amount of protein on the membrane (right). The data
shown were representative of two independent experiments.

FIGURE 4. CTP synthetase activities and the synthesis of CTP in S. cerevisiae express-
ing human CTP synthetase 1 and human CTP synthetase 2. The ura7" ura8" mutant
bearing plasmids with the yeast URA7 gene (strain GHY52) or the human CTPS1 (strain
GHY55) or CTPS2 (strain GHY56) genes were grown to the exponential phase of growth.
A, the cytosolic fraction was isolated from the cells and assayed for CTP synthetase activ-
ity from the indicated yeast (yCTPS) or human CTP synthetase 1 (hCTPS1) and CTP syn-
thetase 2 (hCTPS2) enzymes. B, CTP was extracted from the cells and analyzed by high
performance liquid chromatography. Each data point represents the average of dupli-
cate determinations from two independent experiments ) S.D.
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humanCTP synthetase 1 showed that the human enzymewas phospho-
rylated on serine residues (Fig. 5B). Digestion of the 32P-labeled enzyme
with trypsin followed by phosphopeptide mapping analysis showed
multiple phosphopeptides (Fig. 5C). Taken together, these results indi-
cated that human CTP synthetase 1 was phosphorylated at multiple
serine residues when expressed in yeast. In contrast to human CTP
synthetase 1, it was difficult to determine unambiguously whether
human CTP synthetase 2 was phosphorylated in S. cerevisiae. This may
be due to the abundance and/or extent of phosphorylation of CTP syn-
thetase 2 when compared with CTP synthetase 1.

Effect of Protein Kinase A Activation on the Phosphorylation and
Stimulation of Human CTP Synthetase 1 in S. cerevisiae—The human
CTP synthetase 1 enzyme contains potential phosphorylation sites for
protein kinase A. To determine whether the phosphorylation of the
enzyme in S. cerevisiaewas mediated by protein kinase A, we examined
the extent of the protein phosphorylation in cells under the condition
where protein kinase A activity is stimulated (67). In S. cerevisiae, pro-
tein kinase A activity is stimulated by the addition of glucose to nonfer-
menting cells (62, 67). Glucose (a fermentable carbon source) triggers a
rapid and transient increase in cAMP levels due to the activation of
adenylate cyclase activity via the Ras-cAMP pathway (67, 68). In turn,
cAMP stimulates protein kinaseA activity by causing the dissociation of
the regulatory subunits from the catalytic subunits of the enzyme (67,
68). Cells expressing the His6-tagged human CTP synthetase 1 were
grown inmedium containing acetate (a nonfermentable carbon source)
to attenuate the Ras-cAMP pathway (62). The cells were labeled with
32Pi for 3 h, followed by the addition of 5% glucose to activate the Ras-
cAMP pathway (62). The human CTP synthetase 1 enzyme was then

isolated with Ni2#-NTA resin, and the extent of the enzyme phospho-
rylation was determined. The activation of the Ras-cAMP pathway
resulted in a time-dependent and transient increase (maximum 2-fold)
in the phosphorylation of human CTP synthetase 1 (Fig. 6A). To assess
the physiological consequences of human CTP synthetase 1 phospho-
rylation by protein kinaseA,we examined the cellular levels of CTP.The
transient increase in human CTP synthetase 1 phosphorylation corre-
lated with a time-dependent and transient increase (maximum of
2-fold) in the cellular concentration of CTP (Fig. 6B).

Phosphorylation of Human CTP Synthetase 1 by Protein Kinase A in
Vitro—To examine the hypothesis that human CTP synthetase 1 is a
substrate for mammalian protein kinase A, we utilized a homogeneous
preparation of the protein that was expressed in E. coli, and the protein
kinase A that was purified from bovine heart. The human CTP synthe-
tase 1 proteinwas incubatedwith the protein kinaseA in the presence of
[%-32P]ATP, and the phosphorylation of human CTP synthetase 1 was
monitored by the incorporation of the radioactive %-phosphate into the
protein. SDS-polyacrylamide gel electrophoresis followed by phospho-
rimaging analysis showed that human CTP synthetase 1 was phospho-
rylated by mammalian protein kinase A in vitro (Fig. 7). Using human
CTP synthetase 1 as a substrate, protein kinaseA activitywas dependent
on the concentration of the kinase (Fig. 7A) and on the time of the
reaction (Fig. 7B). In addition, protein kinase A activity was dependent
on the concentration of human CTP synthetase 1 (Fig. 7C) and on the
concentration of ATP (Fig. 7D). Phosphoamino acid and phosphopep-
tide mapping analyses of 32P-labeled human CTP synthetase 1
showed that the enzyme was phosphorylated on multiple serine res-
idues (data not shown). The stoichiometry of the phosphorylation of
human CTP synthetase 1 by protein kinase A was determined by
calculating the amount of radioactive phosphate incorporated into
enzyme protein after the kinase reaction was carried out to comple-
tion. At the point of maximum phosphorylation, protein kinase A
catalyzed the incorporation of 0.12 mol of phosphate per mol of
human CTP synthetase 1. This stoichiometry was based on the tet-
rameric form of the enzyme.

FIGURE 5. Phosphorylation of human CTP synthetase 1 in S. cerevisiae. A, the ura7"
ura8" mutant bearing plasmids with the yeast URA7 gene (strain GHY52) or the human
CTPS1 gene (strain GHY55) was grown in 50 ml of growth medium to the exponential
phase of growth. Cells were harvested, resuspended in 5 ml of fresh medium containing
32Pi (0.25 mCi/ml), and incubated for 3 h. Cell extracts were prepared from the labeled
cells and incubated with Ni2#-NTA resin to bind the His6-tagged human CTP synthetase
1. Proteins bound to the Ni2#-NTA resin were eluted with SDS-PAGE treatment buffer,
followed by electrophoresis and transfer to PVDF membrane. The membrane was sub-
jected to phosphorimaging (left) followed by immunoblot analysis using anti-His6 anti-
bodies (right). The arrow indicates the position of human CTP synthetase 1 (hCTPS1). B, a
PVDF membrane slice containing 32P-labeled human CTP synthetase 1 was hydrolyzed
with 6 N HCl for 90 min at 110 °C, and the hydrolysate was separated by two-dimensional
electrophoresis. The positions of the standard phosphoamino acids phosphoserine
(P-Ser), phosphothreonine (P-Thr), and phosphotyrosine (P-Tyr) are indicated in the fig-
ure. C, a PVDF membrane slice containing 32P-labeled human CTP synthetase 1 was
digested with trypsin. The resulting peptides were separated on cellulose thin layer
plates by electrophoresis (from left to right) in the first dimension and by chromatogra-
phy (from bottom to top) in the second dimension. The data shown in the three panels
were representative of two independent experiments.

FIGURE 6. Effects of protein kinase A activation on the phosphorylation of human
CTP synthetase 1 and on the cellular concentration of CTP in S. cerevisiae. A, cells
expressing human CTP synthetase 1 (strain GHY55) were labeled with 32Pi for 3 h in low
phosphate YEPA medium. Following the labeling period, glucose was added to a final
concentration of 5% to activate the Ras-cAMP pathway and protein kinase A activity.
Human CTP synthetase 1 was precipitated from lysates with Ni2#-NTA resin, followed by
SDS-PAGE and transfer of proteins to PVDF membrane. The membrane was subjected to
phosphorimaging and immunoblot analyses followed by the quantification of the sig-
nals using ImageQuaNT software. Relative phosphorylation was calculated by dividing
the signal intensity of 32P-labeled human CTP synthetase 1 by that of enzyme protein.
The extent of phosphorylation of human CTP synthetase 1 before glucose addition was
set at 1. B, in a separate experiment, the cellular concentration of CTP was measured from
unlabeled cells that were activated in the Ras-cAMP pathway. The data are representa-
tive of two independent experiments.
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DISCUSSION

CTP synthetase is an important regulatory enzyme that is essential to
life because it catalyzes the formation of the CTP required for the syn-
thesis of nucleic acids and membrane phospholipids (2). The impor-
tance of understanding the regulation of CTP synthetase is emphasized
by the fact that unregulated levels of its activity is a common property of
leukemia cells (12–14) and rapidly growing tumors of liver (15), colon
(16), and lung (17). Notwithstanding the importance of the human CTP
synthetase enzymes, they have not been well characterized.
In this study, we initiated the characterization of the human CTP

synthetase enzymes by expressing the genes encoding the enzymes in
yeast. The yeast S. cerevisiae is a convenient model organism to study
the structure/function and regulation of human gene products (69–76).
We showed that the human CTP synthetase genes, CTPS1 and CTPS2,
were functional in S. cerevisiae and could rescue the lethal phenotype of
the yeast ura7" ura8" doublemutant that lackedCTP synthetase activ-
ity. In previous studies, CTPS1 and CTPS2 were identified as genes
encoding humanCTP synthetase enzymes by genetic complementation
of mutant (mouse or E. coli) cells defective in CTP synthetase activity
(49, 50). However, the direct gene-enzyme relationship for the human
CTP synthetases had not been established. In this report, we demon-
strated that the genetic complementation of the yeast ura7" ura8"
mutant by CTPS1 and CTPS2 was the consequence of enzymatically
active CTP synthetase proteins. Although CTPS1 and CTPS2 genes
were expressed in yeast from the same ADH1 promoter, the relative
abundance of these proteins in cells differed; CTP synthetase 1 was
more abundant when compared with CTP synthetase 2. The reason for
this difference was unclear but may be due to differential forms of reg-
ulation at the posttranslational level. Additional studies are required to
address this question.

Phosphorylation is a major mechanism by which enzymes are regu-
lated (77, 78), and indeed, theURA7-encodedCTP synthetase of yeast is
phosphorylated and regulated by phosphorylation (42–44). As demon-
strated in this study, human CTP synthetase 1 expressed in S. cerevisiae
was also phosphorylated. Phosphorylation of human CTP synthetase 1
in human cells had been indicated by the identification of a phos-
phopeptide derived from the human enzyme in a large-scale character-
ization of HeLa cell nuclear phosphoproteins (27). These findings sup-
port the hypothesis that human CTP synthetase 1 is a bona fide
phosphoprotein in human cells.
The yeastURA7-encodedCTP synthetase is phosphorylated and reg-

ulated by protein kinase A (43). Ser424 is the sole protein kinase A phos-
phorylation site in the yeast enzyme (79). The phosphorylation of CTP
synthetase at Ser424 results in the stimulation of activity by amechanism
that includes an increase in catalytic turnover and a decrease in sensi-
tivity to feedback inhibition by CTP (79). In addition, this phosphoryl-
ation stimulates the synthesis of the phospholipid phosphatidylcholine
via the CDP-choline pathway (80). The protein kinase A phosphoryla-
tion site in yeast CTP synthetase is not conserved in human CTP syn-
thetase 1. However, multiple protein kinase A sites are predicted in the
human enzyme. Given the fact that the yeast protein kinase A catalytic
subunit is structurally and functionally identical to themammalian pro-
tein kinase A catalytic subunit (81), we predicted that protein kinase A
would phosphorylate and regulate human CTP synthetase 1 in yeast. In
this work, we showed that the phosphorylation state of human CTP
synthetase 1 increased (2-fold) in yeast cells activated for the Ras-cAMP
pathway. The response of human CTP synthetase 1 phosphorylation to
the activation of the Ras-cAMP pathway was similar to that previously
shown for the URA7-encoded CTP synthetase (43) and other enzymes
known to be phosphorylated by protein kinase A in yeast (62, 67, 82).

FIGURE 7. Phosphorylation of E. coli-expressed
human CTP synthetase 1 by protein kinase A. A,
pure human CTP synthetase 1 (1 "g) was incu-
bated with [%-32P]ATP (50 "M) and the indicated
amounts of protein kinase A for 10 min. B, pure
human CTP synthetase 1 (1 "g) was incubated
with protein kinase A (1 unit/ml) and [%-32P]ATP
(50 "M) for the indicated time intervals. C, protein
kinase A (1 unit/ml) and [%-32P]ATP (50 "M) were
incubated with the indicated concentrations of
pure human CTP synthetase 1 for 10 min. D, pro-
tein kinase A (1 unit/ml) and pure human CTP syn-
thetase 1 (1 "g) were incubated with the indicated
concentrations of [%-32P]ATP for 10 min. Following
the phosphorylation reactions, samples were sub-
jected to SDS-PAGE. The SDS-polyacrylamide gels
were dried, and the phosphorylated proteins were
subjected to phosphorimaging analysis. The rela-
tive amounts of phosphate incorporated into
human CTP synthetase 1 were quantified using
ImageQuant software. Portions of the images with
the phosphorylated human CTP synthetase 1 are
shown above each graph. The data are representa-
tive of two independent experiments.
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Moreover, the protein kinase A-mediated increase in human CTP syn-
thetase 1 phosphorylation correlated with the stimulation of CTP syn-
thesis in vivo. Taken together, these results indicated that protein kinase
Amediated the phosphorylation and regulation of human CTP synthe-
tase 1 in vivo.
Human CTP synthetase 1, expressed and purified from E. coli, was

also a substrate for mammalian protein kinase A in vitro. Characteriza-
tion studies showed that mammalian protein kinase A activity was both
dose- and time-dependent, and dependent on the concentrations of
human CTP synthetase 1 and ATP. That the enzyme was phosphoryl-
ated on multiple serine residues by protein kinase A was shown by
phosphopeptide mapping analysis. This supports the notion that
human CTP synthetase 1 would be phosphorylated by protein kinase A
at multiple sites in human cells. Although human CTP synthetase 2 was
not unambiguously identified as a phosphoprotein in yeast cells, prelim-
inary studies indicated that CTP synthetase 2 purified from E. coli was
also phosphorylated by protein kinase A (data not shown).
The phosphorylation of the E. coli-expressed human CTP synthetase

enzymes with protein kinase A did not stimulate their activities. In fact,
the humanCTP synthetase enzymes expressed and purified from E. coli
did not exhibit detectable CTP synthetase activity. Likewise, when the
yeast URA7-encoded enzyme was expressed and purified from E. coli
(8), it did not exhibit detectable CTP synthetase activity.4 Although the
human and yeast CTP synthetase genes can complement a CTP synthe-
tase defect in E. coli (6, 50), these eukaryotic enzymes expressed in this
organism did not show significant activity whenmeasured in vitro. One
possible explanation is that the E. coli-expressed enzymes might not be
subject to all of the post-translational modifications required for maxi-
mal expression of their activities.
In addition to protein kinase A, the humanCTP synthetases are likely

phosphorylated by other protein kinases. Clearly, the phosphorylation
of humanCTP synthetase is complex and the analysis of these phospho-
rylations in human cells would be a daunting task. The studies reported
here indicated that humanCTP synthetase enzymeswere expressed and
analyzed in yeast in the absence of competing CTP synthetase activities.
Moreover, we showed that human CTP synthetase 1 was phosphoryl-
ated and regulated by protein kinase A in yeast. The yeast expression
system, like bacterial systems, facilitates the isolation of large quantities
of protein for structure-function studies. However, the yeast expression
system has the advantage over bacterial systems in that the effects of
post-translational modifications (e.g. phosphorylation) on human
enzymes can be evaluated. Thus, expression of mutant human CTP
synthetase enzymes in yeast should facilitate the identification of phos-
phorylation sites by protein kinase A, as well as by other protein kinases,
to assess the biochemical and physiological consequences of specific
phosphorylation site mutations.
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