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When thymidylate production is diminished by a mutation affecting dCTP deaminase, Escherichia coli is known
to use an alternate pathway involving deoxycytidine as an intermediate. The pathway requires the gene for any of
three nucleoside diphosphate kinases (ndk, pykA, or pykF) and the gene for a 5ⴕ-nucleotidase (yfbR).
this paper, a similar approach is used to identify the additional
enzymes that are critical for this pathway, those involved in
each step of the conversion of dCTP to dCyd. The disruption
of the corresponding gene should cause a dcd deoA mutant to
require Thd.
Strain construction. A series of mutations that might affect
the dCyd pathway (Table 1) were transduced into BW1929
(dcd deoA) for testing. The pykF mutation is a transposon
insertion at nucleotide 812 of the 1,412-nucleotide open reading frame, as determined by inverse PCR (26). Each of the
other mutations, with the exception of cdd-50, was produced by
the replacement of 80% to 97% of the gene by transformation
with a PCR product containing an antibiotic resistance marker
(31). To alleviate the selective pressure for hidden mutations
to Thd independence, all newly constructed strains were isolated and propagated using Luria-Bertani medium (16) supplemented with Thd at 125 g/ml, which has been shown to be
necessary and sufficient for the preservation of the Thd requirement of dcd mutants (29). The following antibiotics were

FIG. 1. dCTP and dUDP pathways for de novo synthesis of dUMP.
The major (dCTP) pathway is shown with bold arrows. The genes and
their products are as follows: dcd, dCTP deaminase; dut, dUTPase
(dUTP pyrophosphohydrolase); ndk, nucleoside diphosphate kinase;
nrdAB, ribonucleoside diphosphate reductase; pykA, pyruvate kinase I;
and pykF, pyruvate kinase II. Abbreviations: (d)NDP and (d)NTP, any
ribo- or deoxyribonucleoside diphosphate and triphosphate, respectively; PEP, phosphoenolpyruvate.
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Escherichia coli has three known routes for the aerobic de
novo synthesis of dUMP, the substrate for thymidylate synthetase. They are referred to as the dCTP, dUDP, and deoxycytidine (dCyd) (17, 29) pathways after their characteristic
intermediates. In E. coli and in Salmonella enterica serovar
Typhimurium, dCTP is a precursor for 75% to 80% of thymidylate that is synthesized de novo (17). In the first step of this
dCTP pathway, dCTP is converted to dUTP by dCTP deaminase,
which is encoded by the dcd gene (Fig. 1). Then, dUTPase
(dut gene) catalyzes the hydrolysis of a pyrophosphate from
dUTP, yielding dUMP. Most of the remaining synthesis
of dUMP (and hence TMP) is presumed to occur through the
dUDP pathway, in which UDP is reduced enzymatically to
dUDP. Some of the dUDP may produce dUMP through the
reversible thymidylate kinase reaction, but most of it is phosphorylated to dUTP, which is then degraded to dUMP by
dUTPase (Fig. 1). The dCyd pathway (Fig. 2) comes into play
when dCTP deaminase is inactivated by a dcd mutation,
thereby disrupting the major (dCTP) pathway for dUMP synthesis (29). dcd mutants grow poorly in the absence of thymidine (Thd), indicating that the dUDP pathway is inadequate to
supply the needs of the cell. However, dcd mutants readily
acquire Thd independence through spontaneous mutations in
the deoA gene, which encodes a phosphorylase for both Thd
and deoxyuridine (dUrd) (29). This finding suggested that
dUrd could be an endogenous precursor for TMP. It was
surprising because de novo synthesis of nucleic acid precursors
occurs through nucleotide rather than nucleoside intermediates. Therefore, the dCyd pathway must rely on salvage enzymes. The blockage of dCTP deaminase in dcd mutants was
postulated to lead to a metabolic detour. The massively accumulating dCTP is degraded to dCyd, which is then deaminated
to dUrd. dUrd is converted to dUMP by Thd kinase, which,
like other enzymes that act on Thd, acts on dUrd as well. The
deoA mutation enables this pathway by blocking the breakdown of a critical intermediate, dUrd, and thereby renders a
dcd mutant Thd independent. The major evidence for this
pathway was that a mutation in cdd, the gene for cytidine (and
dCyd) deaminase, caused a dcd deoA mutant to again require
Thd (29), indicating that dCyd and dUrd are intermediates. In
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TABLE 1. Bacterial strains and plasmids used
Strain or plasmid

Relevant genotypea

Source or referenceb

Strains
BW934
BW1146
BW1670
BW1670 dcd
BW1670 nudG
BW1679
BW1697
BW1914
BW1915
BW1929
JW0893_11
JW2288_11
JW2502_11
JW2714_11
JW3889-1
KL16

KL16 deoA22
KL16 dcd-12::Tn10d kan deoA22 cdd-50 cir-52::Tn10
cI857 ⌬(cro-bioA) hsdR2 mdoB202::Tn10
BW1670 ⌬dcd::(FRT-Sp-FRT)
BW1670 ⌬nudG::(FRT-Tp-FRT)
pykF::Tn10dcat
BW1670 ⌬yggV::(FRT-kan-FRT)
BW1670 ⌬pykA::(FRT-Gm-FRT)
BW1670 ⌬yggV::(FRT-Tp-FRT)
KL16 ⌬dcd::(FRT-Sp-FRT) deoA22
⌬cmk::(FRT-kan-FRT)
⌬yfbR::(FRT-kan-FRT)
⌬ndk::(FRT-kan-FRT)
⌬surE::(FRT-kan-FRT)
⌬cdh::(FRT-kan-FRT)
Hfr KL16 (PO-45) thi-1 relA1 spoT1

8
8
28
PCR(pUC18::Sp) ⫻ BW1670
PCR(BW1915) ⫻ BW1670
This lab; random insertion of element 105 (14)
PCR(pKD4) ⫻ BW1670
PCR(pKD4::Gm) ⫻ BW1670
PCR(EZ-Tn⬍DHFR-1⬎Tnpc) ⫻ BW1697
P1(BW1670 dcd) ⫻ BW934
Keio collection (1)
Keio collection (1)
Keio collection (1)
Keio collection (1)
Keio collection (1)
2

Plasmids
pKD4
pKD4::Gm
pUCGm
pUC18::Sp

ori␥ bla FRT-kan-FRT
ori␥ bla FRT-Gm-FRT
pUC18::Gm bla; Gm cassette in multiple cloning site
pUC18::(FRT-Sp-FRT) bla

6
This labd
24
This labe

a
All strains are derivatives of E. coli K-12 and are F⫺ ⫺ unless indicated otherwise. cat, kan, Sp, Gm, and Tp indicate resistance to chloramphenicol, kanamycin,
spectinomycin, gentamicin, and trimethoprim, respectively. FRT (FLP recombinase target) sequences enable excision of the bounded resistance gene by site-specific
recombination (6).
b
Transductions with phage P1 dam rev6 (25) are described as follows: P1(donor) ⫻ recipient. Deletion/substitution mutations were produced by allelic replacement
with PCR-amplified DNA and are described as follows: PCR(donor template) ⫻ recipient. Details are available on request.
c
Transposon DNA from Epicentre Biotechnologies, Madison, WI.
d
An 855-bp SmaI Gm cassette of pUCGm (24) was cloned into pKD4, replacing a 360-bp PvuII segment containing the kan gene.
e
A HindIII segment of pKD3 (6) that contains an FRT-cat-FRT cassette was cloned in pUC18 (30), and then the cat gene was excised by digestion with AscI and
replaced by a PCR product of the Sp determinant of pKRP13 (22).
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FIG. 2. The dCyd pathway, an alternative, salvage pathway for the synthesis of dUMP in a dcd deoA mutant. The broad shaded arrows cover
identified steps, including those established in this work. The genes and their corresponding products are as follows: cdd, cytidine (or dCyd)
deaminase; cdh, (d)CTP-diglyceride hydrolase; cds, (d)CDP-diglyceride synthetase; cmk, (d)CMP kinase; deoA, Thd (dUrd) phosphorylase; nudG,
Nudix (d)CTP pyrophosphohydrolase; tmk, Thd (dUrd) kinase; and yfbR, a cytoplasmic 5⬘-nucleotidase. Other symbols and abbreviations are as
described in the legend to Fig. 1.
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used at the indicated concentrations (in g/ml): kanamycin, 35;
chloramphenicol, 20; spectinomycin, 50; gentamicin, 20; and
trimethoprim, 10. The absence of a wild-type copy of each
newly introduced mutant gene was verified by PCR.
From dCMP to dCyd. The mutant derivatives of the dcd
deoA strain BW1929 were grown in the presence or absence of
Thd, and their colony sizes were measured (Fig. 3). The parental strain, BW1929, should rely mainly on the dCyd pathway
for the synthesis of TMP. Any mutation blocking this route
should result in a growth requirement for Thd. A cdd mutation, which is known to interrupt the dCyd pathway (29), provided a positive control. Whereas the growth of the parental
strain was enhanced only 50% by exogenous Thd, that of the
cdd derivative was enhanced about 28-fold (Fig. 3). The small
growth enhancement of the parental dcd deoA strain, which
was previously observed and not seen in the wild type (29),
suggests that the dCyd pathway is not as robust as the dCTP
pathway.
The previous step, dCMP3dCyd, was then examined. Most
of the known enzymes with 5⬘-nucleotidase activities are located in the periplasm and are therefore not likely to be accessible to cytoplasmic nucleotides (27). Two newly discovered
cytoplasmic nucleotidases, YfbR and SurE (21), were considered. They each have a broad specificity and can hydrolyze
dCMP. The yfbR derivative of the dcd deoA strain became
dependent on Thd for optimum growth, whereas the surE
mutant did not (Fig. 3). The yfbR mutation is unlikely to affect
any genes other than yfbR; the deletion is confined to the gene
(1), there are no overlapping genes, and the next gene down-

stream is in the opposite orientation (23). Therefore, YfbR is
a dCMP phosphohydrolase that is essential for the dCyd pathway. This is the first physiological role found for this enzyme.
The conversion of dCMP to dCyd is likely to be unidirectional
because there is no dCyd kinase in E. coli.
From dCDP to dCMP. During aerobic growth, the reduction
of ribonucleotides to deoxyribonucleotides occurs at the
diphosphate level. Therefore, dCDP is the first dCyd nucleotide synthesized and could be the direct precursor for dCMP.
There are three known theoretical pathways from dCDP to
dCMP (Fig. 2). The first is that of a direct reaction catalyzed by
dCMP kinase, encoded by cmk. This freely reversible reaction
may be driven toward dCDP by the high concentration of
cellular ATP, or it may be driven toward dCMP by the subsequent hydrolysis of dCMP by YfbR. The other two pathways
involve dCTP as intermediates. dCTP may be hydrolyzed directly to dCMP in a reaction catalyzed by NudG, or it may be
converted to dCMP indirectly during membrane phosholipid
biosynthesis.
The CMP kinase pathway was tested first. CMP kinase,
encoded by cmk, catalyzes the reversible interconversion of
(d)CMP and (d)CDP. It is responsible for 94% of the ATPdependent CMP kinase activity in a cell extract of E. coli (9).
Because the cytosine residue is synthesized in the cell from
uracil at the triphosphate level, dCMP is not an intermediate in
the biosynthesis of dCTP. Therefore, CMP kinase is a salvage
enzyme. The slow growth produced by a cmk mutation (Fig. 3)
was previously attributed (3, 9) to the kinase’s role in helping
to regenerate the (d)CTP that is consumed during membrane

Downloaded from http://jb.asm.org/ on January 23, 2021 by guest

FIG. 3. Thd requirement of strain BW1929 (deoA dcd) and mutant derivatives. The strains were constructed by phage P1-mediated transduction (25) of mutations from the strains listed in Table 1. Saturated cultures were diluted in 10 mM MgSO4 and plated on a minimal agar containing
0.4% glucose and 1% Norit-treated Difco Casamino Acids (28), both with and without Thd at 125 g/ml. After 24 h of growth at 37°C, from 25
to 50 uncrowded colonies were measured. Each bar represents the mean colony area ⫾ standard error of the mean. The relative area
(⫹Thd/⫺Thd) is the ratio of the lengths of the corresponding bars.
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TABLE 2. Doubling times in liquid culture of some mutant derivatives of
BW1929 (dcd deoA) grown with and without Thd
Doubling time (min)a
Strain

Additional mutation(s)

BW1929
BW1930
BW1935

None
yfbR
ndk, pykA, pykF

⫹Thd

⫺Thd

38
42
60

44
340
148

a
The liquid medium was similar to the agar medium used for colony size
measurements. Cells at an initial concentration of about 2 ⫻ 107/ml were aerated
by shaking at 37°C in flasks with sidearm cuvettes, and growth was monitored by
determining the optical density at 560 nm by using a Klett colorimeter. Readings
were taken periodically at cell densities between 1 ⫻ 108 and 4 ⫻ 108/ml.

in a dcd deoA mutant background will amplify an apparent Thd
auxotrophy; in fact, as we might expect, slower growth may
even reduce a nutritional requirement.
The growth requirement of the pykA pykF ndk derivative is
specific for Thd or its precursors. In separate experiments
(data not shown), neither deoxyadenosine nor deoxyguanosine
could measurably stimulate the growth of the mutant. However, dCyd and dUrd, which are intermediates in the dCyd
pathway, were as effective as Thd. Another possibility is that
the pykA pykF ndk strain’s need for Thd was created by a
deficiency in the conversion of TDP to TTP, which was overcome by overloading the pathway with a very high concentration of exogenous Thd (125 g/ml). This concentration is
about 25 times that needed by a thymineless strain that has a
deoA mutation. However, when the ndk pykA pykF strain was
grown with Thd at 5 g/ml, its average colony size (1.08 ⫾ 0.03
mm2) was 35 times greater than that of the strain grown in the
absence of Thd (data not shown).
From dCTP to dCMP. The requirement for three nucleoside
diphosphate kinases strongly suggests that dCTP is an intermediate in the dCyd pathway. There are two known alternate
routes from dCTP to dCMP (Fig. 2). A direct reaction is
catalyzed by NudG, a Nudix triphosphatase that releases
pyrophosphate from 5-methyl-dCTP, dCTP, and CTP (20). A
nudG mutation was tested (Fig. 3) but did not produce Thd
auxotrophy even in combination with a cmk mutation. A second possible route is provided by membrane phospholipid
biosynthesis, in which (d)CMP is produced indirectly from
(d)CTP (5). Tight mutations of cds, which block the formation
of dCDP-diglyceride, are lethal (10) and could not be tested.
The pathway may be short-circuited by (d)CDP-diglyceride
hydrolase (encoded by cdh), which can transfer the deoxycytidylyl group to phosphate or to water to generate dCDP or
dCMP, respectively (4). However, a cdh mutation, even when
combined with a nudG mutation, failed to produce a Thd
requirement (Fig. 3).
Concluding remarks. The data clearly define a new component of the dCyd pathway: YfbR, which catalyzes the hydrolysis of dCMP to dCyd. Other steps are less clear. The cmk, cdh,
and nudG genes are not essential, which would appear to
suggest that they each have no significant role. However, it is
just as likely that they participate in parallel redundant routes
from dCDP to dCMP. The need for nucleoside diphosphate
kinases combined with the dispensability of (d)CMP kinase
suggests that (i) dCTP is an important intermediate in the
dCyd pathway, (ii) the direct conversion of dCDP to dCMP is
a much less significant route, and (iii) phospholipid metabolism may be relatively important for the production of dCMP
from dCTP.
This work was supported by a research grant (MCB0079086) from
the National Science Foundation.
I am grateful for the capable technical assistance of Carrie L. Flood.
REFERENCES
1. Baba, T., T. Ara, M. Hasegawa, Y. Takai, Y. Okumura, M. Baba, K. A.
Datsenko, M. Tomita, B. L. Wanner, and H. Mori. 2006. Construction of
Escherichia coli K-12 in-frame, single-gene knockout mutants: the Keio collection. Mol. Sys. Biol. 2:2006.0008. doi:2010.1038/msb4100050.
2. Bachmann, B. J. 1972. Pedigrees of some mutant strains of Escherichia coli
K-12. Bacteriol. Rev. 36:525–557.
3. Beck, C. F., J. Neuhard, E. Thomassen, J. L. Ingraham, and E. Kleker. 1974.

Downloaded from http://jb.asm.org/ on January 23, 2021 by guest

phospholipid biosynthesis (Fig. 2). However, the growth defect
persists despite a dcd mutation, which produces a greatly expanded pool of dCTP, suggesting the possibility that an important additional role for the enzyme exists, such as the salvage
of CMP generated by mRNA turnover. Although the dcd deoA
cmk mutant grew slowly, it did not display a Thd requirement.
Therefore, dCMP kinase is not essential for the dCyd pathway.
dCTP-dependent routes were investigated next.
Role of nucleoside diphosphate kinases. dCTP is a likely
precursor for dCyd in this pathway. In dcd mutants grown
without Thd, dCTP has been measured at levels ranging from
40% (19) to 150% (18) those of ATP and constituted from
17% to 40% of the total nucleoside triphosphate pool. There
are multiple nucleoside diphosphate kinases that may catalyze
the conversion of dCDP to dCTP (15), only three of which are
shown in Fig. 2. ndk encodes an enzyme that is not specific with
respect to its nucleoside di- and triphosphate substrates (12,
13). pykA and pykF produce pyruvate kinases that catalyze the
phosphorylation of any (deoxy)nucleoside diphosphate, using
phosphoenolpyruvate as a phosphoryl donor (11). The reactions catalyzed by Ndk should be freely reversible because the
reactants and the products both consist of a diphosphate and a
triphosphate. However, the pyruvate kinase reaction, in which
pyruvate is the phosphate acceptor, has an extremely unfavorable equilibrium. Its equilibrium constant (as measured with
the rabbit muscle enzyme) is about 4 ⫻ 104 for production of
the nucleoside triphosphate (7). All six permutations of ndk,
pykA, and pykF mutations were tested (Fig. 3). It should be
noted that although nucleoside diphosphate kinase activity is
essential for polynucleotide biosynthesis, a mutant lacking
these three enzymes is still viable because it retains similar
activities associated with succinyl-CoA synthetase and adenylate kinase (15). The loss of all three genes was required for
almost complete Thd dependence: whereas the parental dcd
deoA strain displayed only a 50% enhancement of growth by
Thd, the pykA pykF ndk derivative displayed a 10-fold enhancement (Fig. 3). The Thd dependence of this mutant, as well as
that of the yfbR mutant, was confirmed during growth in liquid
medium (Table 2).
Because of a general defect in nucleoside biosynthesis, the
pykA pykF ndk strain grows slowly even in the presence of Thd.
It could be argued, therefore, that the Thd dependence of this
mutant is an artifact attributable to this slow growth, which
might magnify the small effect that Thd has on the parental
strain. However, the slow-growing cmk mutant (Fig. 3) displays
no response to Thd, indicating that not just any growth defect

7925

7926

4.
5.

6.
7.
8.

10.
11.
12.
13.
14.
15.
16.
17.

18.

Salmonella typhimurium mutants defective in cytidine monophosphate kinase (cmk). J. Bacteriol. 120:1370–1379.
Bulawa, C. E., and C. R. Raetz. 1984. Isolation and characterization of
Escherichia coli strains defective in CDP-diglyceride hydrolase. J. Biol.
Chem. 259:11257–11264.
Cronan, J. E., Jr., and C. O. Rock. 1996. Biosynthesis of membrane lipids, p.
612–636. In F. C. Neidhardt, R. Curtiss III, J. L. Ingraham, E. C. C. Lin, K. B.
Low, B. Magasanik, W. S. Reznikoff, M. Riley, M. Schaechter, and H. E.
Umbarger (ed.), Escherichia coli and Salmonella: cellular and molecular
biology, 2nd ed. ASM Press, Washington, DC.
Datsenko, K. A., and B. L. Wanner. 2000. One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products. Proc. Natl. Acad.
Sci. USA 97:6640–6645.
Dobson, G. P., S. Hitchins, and W. E. Teague, Jr. 2002. Thermodynamics of
the pyruvate kinase reaction and the reversal of glycolysis in heart and
skeletal muscle. J. Biol. Chem. 277:27176–27182.
el-Hajj, H. H., L. Wang, and B. Weiss. 1992. Multiple mutant of Escherichia
coli synthesizing virtually thymineless DNA during limited growth. J. Bacteriol. 174:4450–4456.
Fricke, J., J. Neuhard, R. A. Kelln, and S. Pedersen. 1995. The cmk gene
encoding cytidine monophosphate kinase is located in the rpsA operon and
is required for normal replication rate in Escherichia coli. J. Bacteriol. 177:
517–523.
Ganong, B. R., and C. R. Raetz. 1982. Massive accumulation of phosphatidic
acid in conditionally lethal CDP-diglyceride synthetase mutants and cytidine
auxotrophs of Escherichia coli. J. Biol. Chem. 257:389–394.
Garrido-Pertierra, A., and R. A. Cooper. 1983. Evidence for two distinct
pyruvate kinase genes in Escherichia coli K-12. FEBS Lett. 162:420–422.
Ginther, C. L., and J. L. Ingraham. 1974. Nucleoside diphosphokinase of
Salmonella typhimurium. J. Biol. Chem. 249:3406–3411.
Hama, H., C. Lerner, S. Inouye, and M. Inouye. 1991. Location of the gene
(ndk) for nucleoside diphosphate kinase on the physical map of the Escherichia coli chromosome J. Bacteriol. 173:3276.
Kleckner, N., J. Bender, and S. Gottesman. 1991. Uses of transposons with
emphasis on Tn10. Methods Enzymol. 204:139–180.
Lu, Q., and M. Inouye. 1996. Adenylate kinase complements nucleoside
diphosphate kinase deficiency in nucleotide metabolism. Proc. Natl. Acad.
Sci. USA 93:5720–5725.
Miller, J. H. 1992. A short course in bacterial genetics. A laboratory manual
and handbook for Escherichia coli and related bacteria. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY.
Neuhard, J., and R. Kelln. 1996. Biosynthesis and conversions of pyrimidines, p. 580–599. In F. C. Neidhardt, R. Curtiss III, J. L. Ingraham, E. C. C.
Lin, K. B. Low, B. Magasanik, W. S. Reznikoff, M. Riley, M. Schaechter, and
H. E. Umbarger (ed.), Escherichia coli and Salmonella: cellular and molecular biology, 2nd ed. ASM Press, Washington, DC.
Neuhard, J., and E. Thomassen. 1976. Altered deoxyribonucleotide pools in

J. BACTERIOL.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.
29.

30.

31.

P2 eductants of Escherichia coli K-12 due to a deletion of the dcd gene. J.
Bacteriol. 126:999–1001.
O’Donovan, G. A., G. Edlin, J. A. Fuchs, J. Neuhard, and E. Thomassen.
1971. Deoxycytidine triphosphate deaminase: characterization of an Escherichia coli mutant deficient in the enzyme. J. Bacteriol. 105:666–672.
O’Handley, S. F., C. A. Dunn, and M. J. Bessman. 2001. Orf135 from
Escherichia coli is a Nudix hydrolase specific for CTP, dCTP, and 5-methyldCTP. J. Biol. Chem. 276:5421–5426.
Proudfoot, M., E. Kuznetsova, G. Brown, N. N. Rao, M. Kitagawa, H. Mori,
A. Savchenko, and A. F. Yakunin. 2004. General enzymatic screens identify
three new nucleotidases in Escherichia coli. Biochemical characterization of
SurE. YfbR, and YjjG. J. Biol. Chem. 279:54687–54694.
Reece, K. S., G. J. Phillips, K. S. Reece, and G. J. Phillips. 1995. New
plasmids carrying antibiotic-resistance cassettes. Gene 165:141–142.
Riley, M., T. Abe, M. B. Arnaud, M. K. Berlyn, F. R. Blattner, R. R.
Chaudhuri, J. D. Glasner, T. Horiuchi, I. M. Keseler, T. Kosuge, H. Mori,
N. T. Perna, G. Plunkett III, K. E. Rudd, M. H. Serres, G. H. Thomas, N. R.
Thomson, D. Wishart, and B. L. Wanner. 2006. Escherichia coli K-12: a
cooperatively developed annotation snapshot—2005. Nucleic Acids Res. 34:
1–9.
Schweizer, H. D. 1993. Small broad-host-range gentamycin resistance gene
cassettes for site-specific insertion and deletion mutagenesis. BioTechniques
15:831–834.
Sternberg, N. L., and R. Maurer. 1991. Bacteriophage-mediated generalized
transduction in Escherichia coli and Salmonella typhimurium. Methods Enzymol. 204:18–24.
Tchetina, E., and E. B. Newman. 1995. Identification of Lrp-regulated genes
by inverse PCR and sequencing: regulation of two mal operons of Escherichia coli by leucine-responsive regulatory proteins. J. Bacteriol. 177:2679–
2683.
Wanner, B. L. 1996. Phosphorus assimilation and control of the phosphate
regulon, p. 1357–1381. In F. C. Neidhardt, R. Curtiss III, J. L. Ingraham,
E. C. C. Lin, K. B. Low, B. Magasanik, W. S. Reznikoff, M. Riley, M.
Schaechter, and H. E. Umbarger (ed.), Escherichia coli and Salmonella:
cellular and molecular biology. ASM Press, Washington, DC.
Weiss, B. 2007. YjjG, a dUMP phosphatase, is critical for thymine utilization
by Escherichia coli K-12. J. Bacteriol. 189:2186–2189.
Weiss, B., and L. Wang. 1994. De novo synthesis of thymidylate via deoxycytidine in dcd (dCTP deaminase) mutants of Escherichia coli. J. Bacteriol.
176:2194–2199.
Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved M13 phage
cloning vectors and host strains: nucleotide sequences of the M13mp18 and
pUC19 vectors. Gene 33:103–119.
Yu, D., H. M. Ellis, E. C. Lee, N. A. Jenkins, N. G. Copeland, and D. L.
Court. 2000. An efficient recombination system for chromosome engineering
in Escherichia coli. Proc. Natl. Acad. USA 97:5978–5983.

Downloaded from http://jb.asm.org/ on January 23, 2021 by guest

9.

NOTES

