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CTP synthetase is an essential enzyme that generates theCTP
required for the synthesis of nucleic acids and membrane phos-
pholipids. In this study, we examined the phosphorylation of the
human CTPS1-encoded CTP synthetase 1 by protein kinase A.
CTP synthetase 1 was expressed and purified from a Saccharo-
myces cerevisiae ura7� ura8� double mutant that lacks CTP
synthetase activity. Using purified CTP synthetase 1 as a sub-
strate, protein kinase A activity was time- and dose-dependent.
The phosphorylation, which primarily occurred on a threonine
residue, was accompanied by a 50% decrease in CTP synthetase
1 activity. The synthetic peptide LGKRRTLFQT that contains
the protein kinase Amotif for Thr455 was a substrate for protein
kinaseA.AThr455 toAla (T455A)mutation inCTP synthetase 1
was constructedby site-directedmutagenesis andwas expressed
and purified from the S. cerevisiae ura7� ura8� mutant. The
T455A mutation caused a 78% decrease in protein kinase A
phosphorylation and the loss of the phosphothreonine residue
and a major phosphopeptide that were present in the purified
wild type enzyme phosphorylated by protein kinase A. The CTP
synthetase 1 activity of the T455A mutant enzyme was 2-fold
higher than the wild type enzyme. In addition, the T455Amuta-
tion caused a 44% decrease in the amount of human CTP syn-
thetase 1 that was phosphorylated in S. cerevisiae cells, and this
was accompanied by a 2.5-fold increase in the cellular concen-
tration of CTP and a 1.5-fold increase in the choline-dependent
synthesis of phosphatidylcholine.

CTP synthetase (EC 6.3.4.2, UTP:ammonia ligase (ADP-
forming)) catalyzes the ATP-dependent transfer of the amide
nitrogen from glutamine (i.e. glutaminase reaction) to the C-4
position of UTP to generate CTP (1, 2). GTP activates the glu-
taminase reaction by accelerating the formation of a covalent
glutaminyl enzyme intermediate (2, 3). The enzyme displays
positive cooperative kinetics with respect to UTP and ATP and
negative cooperative kinetics with respect to glutamine and
GTP (2–10). The kinetic behaviorwith respect toUTPandATP
is attributed to the nucleotide-dependent tetramerization of

the enzyme (2, 8, 11, 12). In fact, it is the tetrameric form of the
enzyme that is active (2–10, 12).
CTP synthetase is an essential enzyme for life because it cat-

alyzes the formation of the CTP required for the synthesis of
nucleic acids and membrane phospholipids (13). In eukaryotic
cells, CTP synthetase activity controls the balance of nucleotide
pools (8, 14–19) and regulates the synthesis of membrane
phospholipids (19–21). The importance of understanding the
regulation of CTP synthetase is highlighted by the fact that an
unregulated level of its activity is a phenotype common to leu-
kemia cells (22–24) and rapidly growing tumors of liver (25),
colon (26), and lung (27). Indeed, CTP synthetase is a target of
antiproliferative drug development for cancer therapy (28–32,
34) and a target for parasite-based (35) and virally based (36)
diseases.
Two important modes of CTP synthetase regulation are

feedback inhibition byCTP (2, 8–10, 19, 37) and covalentmod-
ification by phosphorylation (38–40). A defect in CTP feed-
back inhibition of CTP synthetase activity causes elevated
intracellular levels of CTP (15, 19, 41), resistance to nucleotide
analog drugs used in cancer chemotherapy (42–45), and
increased rates of spontaneousmutations (16, 43, 45). The yeast
URA7-encoded CTP synthetase is phosphorylated on serine
residues by protein kinases A (39) and C (38, 46). These modi-
fications facilitate the nucleotide-dependent tetramerization of
CTP synthetase (12), attenuate the sensitivity of the enzyme to
feedback inhibition by CTP (38, 39), and stimulate enzyme
activity (38, 39, 46).
In humans, CTP synthetase is encoded by the CTPS1 (47)

and CTPS2 (48) genes, which are located on chromosomes
1p34 and Xp22, respectively. The CTPS1- and CTPS2-encoded
CTP synthetases have predicted molecular masses of 66.7 and
65.7 kDa, respectively, and show 74% identity in their amino
acid sequences (47, 48). CTP synthetase 1 contains conserved
synthetase and glutamine amide transfer domains that are
involved in enzyme catalysis (49–51) (Fig. 1). Human CTP syn-
thetase 1 shares a relatively high degree of amino acid sequence
identity (�53%)with the yeastURA7- andURA8-encodedCTP
synthetase enzymes (17, 18). In fact, either one of the human
CTP synthetase enzymes is functional in yeast and comple-
ments the lethal phenotype of a ura7� ura8� double mutant
lackingCTP synthetase activity (40). In addition, the expression
of human CTP synthetase 1 in yeast has revealed that the
enzyme is phosphorylated by protein kinase A (40). The speci-
ficity of this phosphorylation has been addressed through in

* This work was supported in part by United States Public Health Service
Grant GM-50679 from the National Institutes of Health. The costs of publi-
cation of this article were defrayed in part by the payment of page charges.
This article must therefore be hereby marked “advertisement” in accord-
ance with 18 U.S.C. Section 1734 solely to indicate this fact.

1 To whom correspondence should be addressed: Dept of Food Science, Rut-
gers University, 65 Dudley Rd., New Brunswick, NJ 08901. Tel.: 732-932-
9611 (Ext. 217); E-mail: carman@aesop.rutgers.edu.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 282, NO. 8, pp. 5367–5377, February 23, 2007
© 2007 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

FEBRUARY 23, 2007 • VOLUME 282 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 5367

 at R
utgers U

niversity on F
ebruary 16, 2007 

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org


vitro studies usingEscherichia coli-expressed pureCTP synthe-
tase 1 and mammalian protein kinase A (40).
In this study, we examined the protein kinase A phosphoryl-

ation of the human CTP synthetase 1 that was expressed and
purified from yeast. Unlike the yeast CTP synthetase that is
stimulated by protein kinase A phosphorylation (39), the
human enzyme activity was inhibited by protein kinase A. We
identified Thr455 as a major site of protein kinase A phospho-
rylation. Analysis of a T455A mutant CTP synthetase 1 indi-
cated that phosphorylation at Thr455 resulted in the inhibition
of activity in vitro and in vivo. In addition, data indicated that
phosphorylation at Thr455 attenuates the choline-dependent
synthesis of phosphatidylcholine when CTP synthetase 1
enzyme was expressed in Saccharomyces cerevisiae. The iden-
tification of Thr455 as a major protein kinase A target site
advances our understanding of human CTP synthetase 1 regu-
lation by phosphorylation.

EXPERIMENTAL PROCEDURES

Materials—All chemicals were reagent grade. Supplies for
the growth of yeast and bacteria were purchased from Difco.
New England Biolabs was the source of restriction endonucle-
ases, modifying enzymes, and recombinant Vent DNA poly-
merase. Kits for the purification of plasmid DNA and the
extraction of DNA from agarose gels and Ni2�-NTA2-agarose
resin were purchased from Qiagen. DNA size ladder used for
agarose gel electrophoresis was from Invitrogen. Oligonucleo-
tides were synthesized at Genosys Biotechnologies, Inc. Pep-
tides were synthesized and purified commercially by Bio-Syn-
thesis, Inc. Yeast transformation kit was obtained from
Clontech. The QuikChange site-directed mutagenesis kit was
purchased from Stratagene. PerkinElmer Life Sciences was the
source of radiochemicals. Aprotinin, benzamidine, bovine
serum albumin, 5-fluoroorotic acid, leupeptin, lyticase, nucle-
otides, pepstatin, phenylmethylsulfonyl fluoride, standard
phosphoamino acids, and L-1-tosylamido-2-phenylethyl chlo-
romethyl ketone-trypsin were purchased from Sigma. Protein
assay reagents, electrophoretic reagents, and protein standards
for SDS-PAGE were purchased from Bio-Rad. Mouse mono-
clonal anti-His6 antibodies and alkaline phosphatase-conju-
gated goat anti-mouse antibodies were purchased from Cell
SignalingTechnology and Pierce, respectively. Protein kinaseA
catalytic subunit (bovine heart) was purchased from Promega.
Hybond-P PVDF membrane and the enhanced chemifluores-
cence Western blotting detection kit were purchased from

Amersham Biosciences. Silica Gel 60 thin layer and cellulose
thin layer chromatography plates were purchased from EM
Science. Scintillation counting supplies were from National
Diagnostics.
Strains and Growth Conditions—The strains used in this

work are listed in Table 1. S. cerevisiae cells were grown in
synthetic complete (SC) medium containing 2% glucose at
30 °C as described previously (52, 53). For selection of cells
bearing plasmids, appropriate amino acids were omitted from
SC medium. Cells were also grown in YEPD medium (1%
yeast extract, 2% peptone, 2% glucose). Plasmidmaintenance
and amplifications were performed in E. coli strain DH5�.
E. coli cells were grown in LB medium (1% tryptone, 0.5%
yeast extract, 1% NaCl (pH 7.4)) at 37 °C. Ampicillin (100
�g/ml) was added to the growth medium for bacteria carry-
ing plasmids. The growth media were supplemented with
either 2% (yeast) or 1.5% (E. coli) agar for growth on plates.
Growth of cultures in liquid media was determined spectro-
photometrically at A600 nm.
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 (54). Standard methods were also
used for the transformation of yeast and E. coli (53, 55, 56).
PCRs were optimized as described previously (57). DNA
sequencing reactions were performed by the dideoxy method
using Taq polymerase (53) and analyzed with an automated
DNA sequencer.
Construction of Plasmids and Expression of CTPS1 Mutant

Alleles in S. cerevisiae—The plasmids and oligonucleotide
primers used in this work are listed in Table 2 and Table 3,
respectively.Mutant alleles of CTPS1were constructed by PCR
with the QuikChange site-directed mutagenesis kit using plas-
mid pDO105-hCTPS1 (40) as the template. This is a LEU2-
based plasmid that directs the overexpression of full-length
His6-tagged (C terminus) human CTP synthetase 1 in S. cerevi-
siae (40). The CTPS1T455A,S552A mutant allele was constructed
with the primers for the S552A mutation using plasmid
CTPS1T455A as the template. All mutations were confirmed by
DNA sequencing.
Strain SDO195 was transformed to leucine prototrophy with

plasmids containing the mutant alleles of the CTPS1 gene.
Strain SDO195 is a ura7� ura8� double mutant bearing plas-
mid pDO134. This plasmid, which bears a wild type URA7
allele, rescues the lethal phenotype of the ura7� ura8� mutant
(18) and, at the same time, confers uracil prototrophy to strain
SDO195 because it also bears the URA3 gene (19). The yeast
transformants, which contained URA3- and LEU2-based plas-
mids bearing the URA7 and CTPS1 genes, respectively, were
streaked onto SC-leucine plates containing 5-fluoroorotic acid
to evict (58) the plasmid bearing theURA3 gene. 5-Fluoroorotic
acid-resistant cells were further confirmed by their uracil aux-
otrophy. The 5-fluoroorotic acid-resistant cells, which are
ura7� ura8� mutant cells expressing the wild type andmutant
CTPS1 genes, showed growth that was indistinguishable from
that of cells expressing the yeast URA7 gene.
Purification of Human CTP Synthetase 1 from S. cerevisiae—

All steps were performed at 4 °C. Cells expressing His6-tagged
2 The abbreviations used are: NTA, nitrilotriacetic acid; PVDF, polyvinylidene

difluoride.

FIGURE 1. Domain structure of human CTP synthetase 1 and putative pro-
tein kinase A phosphorylation sites. The diagram shows the positions of
the synthetase domain (residues 1–272) and the glutamine amide transfer
(GAT) domain (residues 394 – 405) in the CTP synthetase 1 protein sequence.
The putative serine (S) and threonine (T) residues for protein kinase A phos-
phorylation are indicated.
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wild type andT455Amutant humanCTP synthetase 1 enzymes
were used for enzyme purification. Freshly harvested cells from
1-liter cultures were disrupted with glass beads using a Biospec
Products Bead-Beater in 50mMTris-HCl (pH8.0), 1mMEDTA,
0.3 M sucrose, 10 mM �-mercaptoethanol, 0.5 mM phenylmeth-
anesulfonyl fluoride, 1 mM benzamidine, 5 �g/ml aprotinin, 5
�g/ml leupeptin, 5 �g/ml pepstatin, 10 mM NaF, and 5 mM
�-glycerophosphate. Glass beads and unbroken cells were
removed by centrifugation at 1,500 � g for 5 min to obtain the
cell extract. The cell extract was centrifuged at 100,000 � g for
1.5 h to obtain the cytosolic fraction. The cytosolic fraction was
loaded onto a 1- ml Ni2�-NTA column. The column was
washed with 20 mM Tris-HCl (pH 7.9), 0.5 M NaCl, 45 mM

imidazole, 10% glycerol, and 7 mM �-mercaptoethanol to
remove nonspecific proteins. The His6-tagged enzyme was
eluted from the column with 20 mM Tris-HCl (pH 7.9), 0.5 M

NaCl, 250 mM imidazole, 10% glycerol, and 7 mM �-mercapto-
ethanol. Fractions containing the enzymewere dialyzed against
20 mM Tris-HCl (pH 7.9), 10% glycerol, and 7 mM �-mercapto-
ethanol and concentrated using an Amicon ultracentrifugal fil-
ter. For small scale purification, wild type and mutant enzymes
were purified directly from cell extracts using Ni2�-NTA resin.
Cell extract (0.5 mg of protein) was incubated with a 10% slurry
(w/v) of Ni2�-NTA resin for 1 h at 4 °C. The Ni2�-NTA resin-
bound enzyme was collected by centrifugation and used for
phosphorylation experiments. Analysis by SDS-PAGE indi-
cated that the enzymepreparations purified by both procedures
were nearly homogeneous.
Enzyme Assays—CTP synthetase activity was determined by

measuring the conversion of UTP to CTP (molar extinction
coefficients of 182 and 1520 M�1 cm�1, respectively) by follow-
ing the increase in absorbance at 291 nm on a recording spec-
trophotometer (2). The standard reactionmixture contained 50
mM Tris-HCl (pH 8.0), 10 mM MgCl2, 10 mM �-mercaptoetha-
nol, 2mM L-glutamine, 0.1mMGTP, 2mMATP, 2mMUTP, and
an appropriate dilution of enzyme protein in a total volume of
0.1ml. Alternatively, the CTP synthetase reaction product CTP
was determined by high performance liquid chromatography
using the method of Mole et al. (59). Enzyme reactions were
terminated by the addition of 0.1ml of 0.26M ammoniumphos-
phate/acetonitrile (10:1, pH 5.55). The reaction mixtures were
then filtered through Microcon-30 centrifuge filters. Samples
(0.1 ml) were then subjected to analytical high performance

TABLE 1
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 53
S. cerevisiae
SDO195 MATa leu2-3,112 trp1-289 ura3-52 ura7�::TRP1 ura8�::hisG �pDO134� 19
GHY55 MATa leu2-3,112 trp1-289 ura3-52 ura7�::TRP1 ura8�::hisG �pDO105-hCTPS1� 40
MCY24 MATa leu2-3,112 trp1-289 ura3-52 ura7�::TRP1 ura8�::hisG �pDO105-hCTPS1(T83A)� This study
MCY20 MATa leu2-3,112 trp1-289 ura3-52 ura7�::TRP1 ura8�::hisG �pDO105-hCTPS1(S219A)� This study
MCY25 MATa leu2-3,112 trp1-289 ura3-52 ura7�::TRP1 ura8�::hisG �pDO105-hCTPS1(T378A)� This study
MCY26 MATa leu2–3,112 trp1-289 ura3-52 ura7�::TRP1 ura8�::hisG �pDO105-hCTPS1(T455A)� This study
MCY21 MATa leu2-3,112 trp1-289 ura3-52 ura7�::TRP1 ura8�::hisG �pDO105-hCTPS1(S552A)� This study
MCY22 MATa leu2-3,112 trp1-289 ura3-52 ura7�::TRP1 ura8�::hisG �pDO105-hCTPS1(S562A)� This study
MCY27 MATa leu2-3,112 trp1-289 ura3-52 ura7�::TRP1 ura8�::hisG �pDO105-hCTPS1(T566A)� This study
MCY23 MATa leu2-3,112 trp1-289 ura3-52 ura7�::TRP1 ura8�::hisG �pDO105-hCTPS1(S573A)� This study
MCY28 MATa leu2-3,112 trp1--289 ura3-52 ura7�::TRP1 ura8�::hisG �pDO105-hCTPS1(T455A,S552A)� This study

TABLE 2
Plasmids used in this work

Plasmid Relevant characteristics Source or Ref.
YEpLac181 Multicopy E. coli/yeast shuttle vector with LEU2 33
YEpLac195 Multicopy E. coli/yeast shuttle vector with URA3 33
pDO105 Derivative of YEpLac181 with the ADH1 promoter and multiple cloning sites 19
pDO134 URA7 derivative of YEpLac195 19
pDO105-hCTPS1 CTPS1 derivative of pDO105 40
pDO105-hCTPS1(T83A) CTPS1T83A derivative of pDO105-hCTPS1 This study
pDO105-hCTPS1(S219A) CTPS1S219A derivative of pDO105-hCTPS1 This study
pDO105-hCTPS1(T378A) CTPS1T378A derivative of pDO105-hCTPS1 This study
pDO105-hCTPS1(T455A) CTPS1T455A derivative of pDO105-hCTPS1 This study
pDO105-hCTPS1(S552A) CTPS1S552A derivative of pDO105-hCTPS1 This study
pDO105-hCTPS1(S562A) CTPS1S562A derivative of pDO105-hCTPS1 This study
pDO105-hCTPS1(T566A) CTPS1T566A derivative of pDO105-hCTPS1 This study
pDO105-hCTPS1(S573A) CTPS1S573A derivative of pDO105-hCTPS1 This study
pDO105-hCTPS1(T455A,S552A) CTPS1T455A,S552A derivative of pCTPS T455A This study

TABLE 3
Oligonucleotides used in this work

Oligo Sequence
T83A Fa 5�-CTTGACATCCGCCTCGCCAAGGACAATAATCTG-3�
T83A Rb 5�-CAGATTATTGTCCTTGGCGAGGCGGATGTCAAG-3�
S219A F 5�-GTTGTATGCAGGTGCGCAAATCCACTTGACAC-3�
S219A R 5�-GTGTCAAGTGGATTTGCGCACCTGCATACAAC-3�
T378A F 5�-GATTTGGTGTTCGAGGAGCAGAAGGAAAAATCC-3�
T378A R 5�-GGATTTTTCCTTCTGCTCCTCGAACACCAAATC-3�
T455A F 5�-CTGGGCAAGAGGAGAGCCCTGTTCCAGACCAAG-3�
T455A R 5�-CTTGGTCTGGAACAGGGCTCTCCTCTTGCCCAG-3�
S552A F 5�-CTGTGGGGCGGCTCGCACATTACCTCCAG-3�
S552A R 5�-CTGGAGGTAATGTGCGAGCCGCCCCACAG-3�
S562A F 5�-GAAAGGCTGCAGGCTCGCACCCAGGGACACCTATAG-3�
S562A R 5�-CTATAGGTGTCCCTGGGTGCGAGCCTGCAGCCTTTC-3�
T566A F 5�-CTCTCACCCAGGGACGCCTATAGTGACAGG-3�
T566A R 5�-CCTGTCACTATAGGCGTCCCTGGGTGAGAG-3�
S573A F 5�-GTGACAGGAGTGGAGCCAGCTCCCCTGACTC-3�
S573A R 5�-GAGTCAGGGGAGCTGGCTCCACTCCTGTCAC-3�

a F indicates the forward orientation relative to sense strand.
b R indicates the reverse orientation relative to sense strand.
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liquid chromatography using a Partisil 10 SAX column (250 �
4.6 mm, inner diameter) with a SAX guard column (60). The
column was equilibrated and eluted with 0.26 M ammonium
phosphate/acetonitrile (10:1, pH 5.55) at a flow rate of 2
ml/min. The identity of CTP was determined by comparing
elution profiles with that of standard CTP using an ultraviolet
detector (A265 nm). The concentration of CTP was determined
from a standard curve. Enzyme assays were performed in trip-
licate with an average S.D. of 	3%. All assays were linear with
time andprotein concentration.Aunit ofCTP synthetase activ-
ity was defined as the amount of enzyme that catalyzed the
formation of 1 nmol of product/min.
SDS-PAGE and Immunoblot Analysis—SDS-PAGE (61) and

immunoblotting (62)with PVDFmembranewere carried out as
described previously. Mouse monoclonal anti-His6 antibodies
and alkaline phosphatase-conjugated goat anti-mouse antibod-
ies were used at dilutions of 1:1000 and 1:5000, respectively.
CTP synthetase 1 was detected on immunoblots using the
enhanced chemifluorescenceWestern blotting detection kit as
described by the manufacturer. The images from the immuno-
blots were acquired by FluorImaging. The relative densities of
the images were analyzed using ImageQuant software, and the
signals were in the linear range of detectability.
Phosphorylation of Human CTP Synthetase 1 and Synthetic

Peptides with Protein Kinase A—Phosphorylation reactions
were performed in a total volume of 25�l at 30 °C. PurifiedCTP
synthetase 1 (�1 �g) was incubated for 10 min with 50 mM
Tris-HCl (pH 8.0), 60 mM �-mercaptoethanol, 10 mM MgCl2,
50 �M [�-32P]ATP (5 �Ci/nmol) and the indicated concentra-
tions of mammalian protein kinase A catalytic subunit. At the
end of the phosphorylation, reactions samples were treated
with 4�Laemmli’s sample buffer (61), subjected to SDS-PAGE,
and transferred to PVDF membranes. The phosphorylated
enzyme was visualized by phosphorimaging, and the extent of
phosphorylation was quantified with ImageQuant software.
The data were normalized to the amount of human CTP syn-
thetase 1 protein on the membranes as determined by immu-
noblot analysis. Reactions using human CTP synthetase 1 syn-
thetic peptides were performed in a total volume of 40 �l and
were terminated by spotting 20 �l onto P81 phosphocellulose
paper. The papers were washed with 75 mM phosphoric acid
and then subjected to scintillation counting. Phosphorylation
reactions were performed in triplicate. A unit of protein kinase
A activity was defined as the amount of enzyme that catalyzed
the formation of 1 nmol of product/min.
In Vivo Labeling of Human CTP Synthetase 1—The S. cerevi-

siae ura7� ura8� mutant bearing the wild type and mutant
humanCTPS1 alleles was used to examine the phosphorylation
of the human CTP synthetase 1 enzyme. Cultures (50ml) in SC
medium were grown to the exponential phase of growth. Cells
were harvested and resuspended in 5 ml of fresh medium con-
taining 32Pi (0.25 mCi/ml) and incubated for 3 h. The 32P-la-
beled cells were harvested by centrifugation, suspended in 0.25
ml of spheroplast buffer (25mMTris-HCl (pH 7.4), 1 M sorbitol,
5 mM dithiothreitol, 10 mM NaF, 10 mM NaN3, and 30 units of
lyticase), and incubated for 30 min at 30 °C. The spheroplasts
were lysed by boiling for 3 min in 2% SDS. His6-tagged human
CTP synthetase 1 enzymes were isolated from the lysates with

Ni2�-NTA resin, subjected to SDS-PAGE, and transferred to
PVDFmembrane. Themembrane was used for phosphorimag-
ing analysis of 32P-labeled human CTP synthetase 1 enzymes.
ImageQuant software was used to quantify the extent of
enzyme phosphorylation. The data were normalized to amount
of human CTP synthetase 1 protein on the membranes as
determined by immunoblot analysis using anti-His6 antibodies.
Phosphoamino Acid Analysis and Phosphopeptide Mapping

Analysis—For phosphoamino acid analysis, a portion of a
PVDF membrane containing 32P-labeled human CTP synthe-
tase 1 proteinwas subjected to acid hydrolysiswith 6NHCl (39).
Hydrolysates were dried in vacuo and applied to cellulose thin
layer chromatography plates with standard phosphoamino
acids (2.5 �g of phosphoserine, 2.5 �g of phosphothreonine,
and 5 �g of phosphotyrosine) and separated by electrophoresis
using formic acid/acetic acid/water (50:156:1794, v/v) in the
first dimension (pH 1.9 buffer) and acetic acid/pyridine/water
(100:10:1890, v/v) in the second dimension (pH 3.5 buffer) (63).
Following electrophoresis, the cellulose thin layer plates were
dried and subjected to phosphorimaging analysis. Standard
phosphoamino acids were visualized by spraying the plate with
0.25% ninhydrin in acetone.
For phosphopeptide mapping analysis, PVDF membrane

slices containing 32P-labeled CTP synthetase 1 protein were
subjected to digestionwith L-1-tosylamido-2-phenylethyl chlo-
romethyl ketone-trypsin and to two-dimensional peptidemap-
ping analysis (64). Peptides were separated by electrophoresis
(1% ammoniumbicarbonate buffer at 1000V for 45min) and by
ascending chromatography (n-butyl alcohol/glacial acetic acid/
pyridine/water, 10:3:12:15, for 8 h) on cellulose thin layer chro-
matography plates. Dried plates were then subjected to phos-
phorimaging analysis.
Extraction and Analysis of CTP—Nucleotides were

extracted from S. cerevisiae cells with 1 M formic acid, 10%
1-butanol (v/v) as described previously (17). The nucleotide
extract (0.1 ml) was analyzed for CTP by high performance
liquid chromatography (60).
Analysis of Phospholipids—Exponential phase yeast cells

expressing the wild type and mutant human CTP synthetase 1
enzymes were incubated with 32Pi or with [methyl-14C]choline
for 30 min to label phospholipids (65, 66). 32Pi is incorporated
into phospholipids synthesized by both CDP-diacylglycerol-
dependent and CDP-choline-dependent pathways, whereas
[methyl-14C]choline is incorporated into phosphatidylcholine
synthesized by only the CDP-choline-dependent pathway.
Phospholipids were extracted (67) and analyzed by two-dimen-
sional thin layer chromatography on silica gel thin layer chro-
matography plates (68). The solvent systems for dimensions
one and two were chloroform/methanol/ammonium hydrox-
ide/water (45:25:2:3, v/v) and chloroform/methanol/acetic
acid/water (64:8:10:2, v/v), respectively. The radiolabeled phos-
pholipids were visualized by phosphorimaging analysis. The
positions of the labeled phospholipids on chromatography
plates were compared with standard phospholipids after expo-
sure to iodine vapor. The relative amounts of 32P-labeled phos-
pholipids were quantified using ImageQuant software, whereas
the amount of 14C-labeled phosphatidylcholine was deter-
mined by liquid scintillation counting.
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Analyses of Data—Statistical analyses were performed with
SigmaPlot 7 software.

RESULTS AND DISCUSSION

Protein Kinase A Phosphorylation of S. cerevisiae-expressed
Human CTP Synthetase 1, and the Effect of Protein Kinase A
Phosphorylation on CTP Synthetase 1 Activity—Human CTP
synthetase 1 was first identified as a phosphoprotein in a large
scale characterization of HeLa cell nuclear phosphoproteins
(69). Covalent modification by phosphorylation is a major
mechanism by which the activity of an enzyme is regulated (70,
71). Our phosphorylation studies on the human CTP synthe-
tase 1 have been facilitated by the functional expression of the
human CTPS1 gene in the S. cerevisiae ura7� ura8� double
mutant that lacks CTP synthetase activity (40). In vivo labeling
experiments using the yeast surrogate have confirmed thatCTP
synthetase 1 is phosphorylated and that some of this phospho-
rylation ismediated by protein kinaseA (40). Protein kinaseA is
a serine/threonine kinase and the principal target of the second
messenger cAMP (72). That CTP synthetase 1 is a substrate for
mammalian protein kinase A has been established by in vitro
studies using CTP synthetase 1 expressed and purified from
E. coli (40).
The direct effect of protein kinase A phosphorylation on

CTP synthetase 1 activity has been unclear because the
E. coli-expressed enzyme has negligible activity and phos-
phorylation does not restore activity (40). We have reasoned
that the E. coli-expressed CTP synthetase 1 is inactive
because the enzyme is not subject to all of the post-transla-
tional modifications required for maximum expression of
activity (40). On the other hand, when human CTPS1 is
expressed in S. cerevisiae ura7� ura8� cells, the activity of
CTP synthetase 1 is comparable with that of the yeastURA7-
encoded CTP synthetase enzyme (40). In this work, His6-
tagged human CTP synthetase 1 was expressed and purified
from S. cerevisiae. Analysis by SDS-PAGE indicated that the
CTP synthetase 1 preparation used in this study was purified
to apparent homogeneity (Fig. 2). The purified S. cerevisiae-
expressed CTP synthetase 1 was phosphorylated bymamma-
lian protein kinase A, and this phosphorylation was depend-
ent on the time of the reaction and on the concentration of
the kinase (Fig. 2). The effect of mammalian protein kinase A
on purified CTP synthetase 1 activity is also shown in Fig. 2.
Phosphorylation of CTP synthetase 1 resulted in a dose-de-
pendent decrease in enzyme activity. At the concentration of
0.5 unit of protein kinase A, the activity of CTP synthetase 1
was reduced by 53%.
Human CTP Synthetase 1 Synthetic Peptides Containing a

Protein Kinase A Sequence Motif Are Substrates for Protein
Kinase A—Identification of the protein kinase A phosphoryla-
tion site(s) in CTP synthetase 1 was examined to gain insight
into the relevance of enzyme phosphorylation. Analysis of the
human CTP synthetase 1 sequence with the NetPhosK 1.0
server (73) indicated that the enzyme has potential protein
kinase A phosphorylation sites at four serine (Ser219, Ser552,
Ser562, and Ser573) and four threonine (Thr83, Thr378, Thr455,
and Thr566) residues (Fig. 1). Peptides containing each of the
putative protein kinase A target sites were synthesized and

tested for their ability to serve as substrates for mammalian
protein kinase A. Of the eight peptides, only peptides T455 and
S552 served as substrates; the protein kinase A activity using
peptide T455 was 4-fold greater than the activity using peptide
S552 (Table 4). The incorporation of the �-phosphate of ATP
into the T455 and S552 peptides by protein kinase A was
dependent on the concentration of each peptide (Fig. 3). The
peptides A455 and A552 were synthesized and tested as sub-
strates for protein kinase A phosphorylation (Table 4). These
peptides did not serve as substrates for protein kinase A, indi-
cating that the threonine and serine residues contained within
the protein kinase A motif of the peptides T455 and S552 were
the target sites for protein kinase A phosphorylation.

FIGURE 2. Phosphorylation of S. cerevisiae-expressed human CTP synthe-
tase 1 by protein kinase A and the effect of protein kinase A phosphoryl-
ation on CTP synthetase 1 activity. A, purified wild type human CTP synthe-
tase 1 was incubated with mammalian protein kinase A (0.1 unit/ml) and
[�-32P]ATP for the indicated time intervals. B, purified wild type human CTP
synthetase 1 was incubated with [�-32P]ATP and the indicated amounts of
mammalian protein kinase A for 10 min. After incubations, samples were
subjected to SDS-PAGE and transferred to PVDF membrane. The phospho-
rylated proteins were subjected to phosphorimaging analysis, and the
relative amounts of phosphate incorporated were quantified using
ImageQuant software. The maximum extent of CTP synthetase 1 phos-
phorylation was set at 100%. The data were normalized to the amount of
human CTP synthetase 1 protein as determined by immunoblot analysis
using anti-His6 antibodies. The values reported were the average of four
separate experiments 	 S.D. C, purified human CTP synthetase 1 was phos-
phorylated for 20 min with the indicated amounts of mammalian protein
kinase A using unlabeled ATP. The control reaction contained unlabeled ATP
and omitted protein kinase A. The product CTP was extracted from the reac-
tion mixture and analyzed by high performance liquid chromatography. The
CTP synthetase activity measured without protein kinase A phosphorylation
was set at 100%. The values reported were the average of three separate
experiments 	 S.D. D, purified wild type CTP synthetase 1 was subjected to
SDS-PAGE and stained with Coomassie Blue. The positions of the protein
molecular mass standards are indicated on the left side of the figure.
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Effects of Protein Kinase A Phosphorylation Site Mutations
on the Phosphorylation of Human CTP Synthetase 1 by Pro-
tein Kinase A—In complementary studies, four serine
(Ser219, Ser552, Ser562, and Ser573) and four threonine (Thr83,
Thr378, Thr455, and Thr566) residues within the human CTP
synthetase 1 were mutagenized to further test the hypothesis
that these sites may be targets for mammalian protein kinase
A phosphorylation.CTPS1 alleles with serine-to-alanine and
threonine-to-alanine mutations were constructed by site-di-
rectedmutagenesis and expressed as His6-tagged proteins. The
protein kinase A phosphorylation site mutant alleles were
expressed from a multicopy plasmid in a ura7� ura8� mutant
to obviate any effects because of the CTP synthetase activities
encoded by the native yeastURA7 (17) andURA8 (18) genes. A
multicopy plasmid was used for increased expression to facili-
tate purification of the mutant His6-tagged enzymes. Immuno-
blot analysis using anti-His6 antibodies showed that the muta-
tions did not affect the expression levels of the human CTP
synthetase 1 enzyme in yeast. In addition, the mutations in the
CTP synthetase 1 did not affect the growth of ura7� ura8�
cells.

The mutant His6-tagged proteins were isolated from yeast
cell extracts using Ni2�-NTA-agarose resin, and the resin-
bound proteins were then incubated with mammalian protein
kinase A and [�-32P]ATP. After the phosphorylation reactions,
samples were subjected to SDS-PAGE, transferred to PVDF
membrane, and then analyzed for the radioactive label incor-
porated into human CTP synthetase 1. The amounts of the
mutant proteins on the membrane were confirmed by immu-
noblot analysis using anti-His6 antibodies. Of all the mutant
proteins tested, only the T455Amutant showed a defect in pro-
tein kinase A phosphorylation. The extent of phosphorylation
of theT455Awas reduced by 78%when comparedwith thewild
type enzyme (Fig. 4A). When human CTP synthetase 1 is
expressed and purified from E. coli, protein kinase A primarily
phosphorylates the enzyme on a serine residue(s) (40). How-
ever, when the enzyme was expressed and purified from S. cer-
evisiae, protein kinaseAprimarily phosphorylatedCTP synthe-
tase 1 on a threonine residue(s) (Fig. 4B). The reason for this
difference is unclear but may be related to post-translational
modification(s) of the protein that occurred in yeast but not in
E. coli.
The effect of the T455A mutation on phosphoamino acid

composition was examined following phosphorylation with
protein kinase A. The T455A mutation resulted in the loss of
the phosphothreonine that was present in the wild type CTP
synthetase 1 (Fig. 4B). We also examined the effect of the
T455A mutation on the phosphopeptide map of the human
CTP synthetase 1. Following the phosphorylation with protein
kinase A and 32P-labeledATP, thewild type andmutant T455A
CTP synthetase 1 enzymes were subjected to two-dimensional
phosphopeptide mapping analysis (Fig. 5). The major phos-
phopeptide of the wild type enzyme was missing in the map of
theT455Amutant enzyme. This indicated that Thr455 was con-
tained in the major phosphopeptide present in the wild type
enzyme after phosphorylation with protein kinase A. Taken
together, the data supported the conclusion that Thr455 was the
threonine residue in CTP synthetase 1 that was phosphorylated
by protein kinase A.
Although the S552 peptide was a substrate for protein kinase

A phosphorylation, the S552A mutation alone, and in combi-
nation with the T455A mutation, did not affect the phospho-
rylation of CTP synthetase 1 (Fig. 4A). Moreover, the S552A
mutation did not have a major effect on the amount of phos-
phoserine in the enzyme, and the phosphoamino composition
of the T455A,S552A double mutant was essentially the same as
that of the T455Amutant enzyme (Fig. 4B). These results indi-
cated that Ser552 was not the serine residue within CTP synthe-
tase 1 that was phosphorylated by protein kinase A.
Effect of the T455A Mutation on the Phosphorylation of

Human CTP Synthetase 1 in S. cerevisiae—We examined the
effect of the T455A mutation on the phosphorylation of CTP
synthetase 1 in vivo. Exponential phase S. cerevisiae ura7�
ura8� cells expressing the His6-tagged wild type and T455A
alleles were labeled with 32Pi for 3 h; the enzymes were isolated
from cell extracts with Ni2�-NTA resin, subjected to SDS-
PAGE, and transferred to PVDF membrane. Phosphorimaging
analysis showed that the extent of phosphorylation of T455A
mutant CTP synthetase 1 was reduced by 44% when compared

FIGURE 3. Phosphorylation of human CTP synthetase 1 synthetic pep-
tides by protein kinase A. Mammalian protein kinase A activity was meas-
ured as a function of the concentration of the indicated synthetic peptides
T455 and S552. The values reported were the average of two separate exper-
iments 	 S.D.

TABLE 4
Protein kinase A activity using human CTP synthetase 1 synthetic
peptides

Peptidea Sequence b Protein kinase A activity
nmol/min/mg

T83 LDIRLTKDNN NAc

S219 VVCRCSNPLD 0.57 	 0.1
T378 FGVRGTEGKI 0.45 	 0.2
T455 LGKRRTLFQT 107.1 	 20
A455 LGKRRALFQT NA
S552 SVGRLSHYLQ 27 	 1
A552 SVGRLAHYLQ NA
S562 QKGCRLSPRD NA
T566 PRDTYSDRSG 0.11 	 0.1
S573 YSDRSGSSSP NA

a Protein kinase A activity measured with 0.5 mM peptide.
b Putative phosphorylation site is underlined.
c NA indicates no activity.
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with the phosphorylation of the wild type enzyme (Fig. 6A).
Immunoblot analysis using anti-His6 antibodies confirmed the
identification of the phosphorylated proteins. As described pre-

viously (40), thewild type humanCTP synthetase 1 enzymewas
primarily phosphorylated on a serine residue(s) when it was
expressed in S. cerevisiae (Fig. 6B). The relative proportion of
phosphoserine to phosphothreonine was about 70:30.
Although the overall extent of enzyme phosphorylation was
reduced in the T455A mutant enzyme (Fig. 6A), a threonine
residue(s) was still phosphorylated in CTP synthetase 1 (Fig.
6B). These results indicated that CTP synthetase 1 is phospho-
rylated on a threonine residue(s) by a protein kinase(s) other
than protein kinase A.
Effect of the T455AMutation on CTP Synthetase 1 Activity in

Vitro and on the Cellular Concentration of CTP in Vivo—The
effect of the T455Amutation on the activity of purified human
CTP synthetase 1 activity was examined. The specific activity of
theT455AmutantCTP synthetase 1was 2-fold greater than the
specific activity of the purified wild type enzyme (Fig. 7A). This
result supported the conclusion that phosphorylation at Thr455
by protein kinase A contributed to the inhibition of CTP syn-
thetase 1 activity. We questioned whether the elevated CTP
synthetase 1 activity of the T455Amutant enzyme would affect
the cellular concentration of CTP. S. cerevisiae ura7� ura8�
cells expressing the wild type and T455A mutant human CTP
synthetase 1 enzymes were grown to the exponential phase of
growth; nucleotides were extracted and analyzed for CTP by
high performance liquid chromatography. The cellular concen-
tration of CTP in cells that expressed the T455A mutant CTP
synthetase 1was 2.5-fold greaterwhen comparedwith cells that
expressed the wild type human enzyme (Fig. 7B). This result
was consistentwith the in vitro effect of theT455Amutation on
CTP synthetase 1 activity and supported the conclusion that
phosphorylation of the enzyme at Thr455 by protein kinase A
was relevant in vivo.
Effect of the T455A Mutation in CTP Synthetase 1 on Phos-

phatidylcholine Synthesis in S. cerevisiae—CTP plays an essen-
tial role in the synthesis of the major membrane phospholipid
phosphatidylcholine in S. cerevisiae. Phosphatidylcholine is

FIGURE 4. Effects of the T455A, S552A, and T455A,S552A mutations on the
phosphorylation of human CTP synthetase 1 by protein kinase A and phos-
phoamino acid analysis of phosphorylated proteins. A, wild type (WT) and the
indicated mutant human CTP synthetase 1 enzymes were purified from cell
extracts using Ni2�-NTA resin. The enzymes were phosphorylated with mamma-
lian protein kinase A and [�-32P]ATP for 10 min at 30 °C. After the phosphorylation
reactions, the samples were subjected to SDS-PAGE and transferred to polyvinyli-
dene difluoride membrane. The phosphorylated proteins were subjected to
phosphorimaging analysis, and the relative amounts of phosphate incorporated
were quantified using ImageQuant software. The maximum extent of wild type
CTP synthetase 1 phosphorylation was set at 100%. The data were normalized to
the amount of human CTP synthetase 1 proteins as determined by immunoblot
analysis using anti-His6 antibodies. The values reported were the average of two
separate experiments 	 S.D. B, 32P-labeled wild type and indicated mutant
human CTP synthetase 1 enzymes on polyvinylidene difluoride membranes
were hydrolyzed with 6 N HCl, and the hydrolysates were separated on cellulose
thin layer plates by two-dimensional electrophoresis. The positions of the carrier
standard phosphoamino acids phosphoserine (P-Ser) and phosphothreonine
(P-Thr) are indicated in the figure. The position of the phosphothreonine that was
absent in the T455A and T455A,S552A mutant enzymes that was present in the
wild type and S552A mutant enzymes is indicated in the figure. The phospho-
serine signals from the T455A and T455A,S552A samples were less than the phos-
phoserine signals from the wild type and S552A samples because less radioactiv-
ity was applied to the cellulose thin layer plates. The data shown are
representative of two independent experiments.

FIGURE 5. Effect of the T455A mutation on the phosphopeptide map of
human CTP synthetase 1 phosphorylated by protein kinase A. The puri-
fied wild type (WT) and T455A mutant human CTP synthetase 1 enzymes were
phosphorylated with mammalian protein kinase A and [�-32P]ATP for 10 min.
After phosphorylation, the samples were subjected to SDS-PAGE and trans-
ferred to polyvinylidene difluoride membrane. The 32P-labeled proteins were
digested with L-1-tosylamido-2-phenylethyl chloromethyl ketone-trypsin.
The resulting peptides were separated on cellulose thin layer plates by elec-
trophoresis (from left to right) in the first dimension and by chromatography
(from bottom to top) in the second dimension. The position of the major
phosphopeptide that was absent in the T455A mutant enzyme that was pres-
ent in the wild type enzyme is indicated in the figure. The data are represent-
ative of three independent experiments.
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