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The rate and extent of entry of dTMP were measured in strains of Saccharomy-
ces cerevisiae carrying two new tup mutations (tupS and tup7) and most of the
other tup mutations which have been reported previously by others. The tup7
mutation allowed dramatically greater accumulation of dTMP than any of the
other mutations tested. Specific labeling of DNA by [CH3-3H]dTMP, fate of the
dTMP pool inside of the cells, and degradation of the dTMP in the culture medium
were investigated in strains carrying the tup7 mutation. The extracellular dTMP
was not appreciably degraded, and that accumulated intracellularly was readily
phosphorylated to dTDP and dTTP. Under optimum labeling conditions, 60 to
80% of the total thymidylate residues in newly synthesized DNA were derived
from the exogenously provided dTMP, even in the absence of a block in de novo
dTMP biosynthesis. An apparent Km for entry of 2 mM dTMP was found. The
tup7 mutation increased permeability to dTMP (and some other 5'-mononucleo-
tides), but did not affect uptake of nucleosides and purine and pyrimidine bases.
Uptake of dTMP could be almost completely inhibited by moderate concentra-
tions of Pi. These findings and other observations suggest that entry of dTMP in
strains carrying the tup7 mutation is mediated by a permease whose function in
normal cells is the transport of Pi.

Convenient and specific labeling of yeast
DNA in vivo with radioactive thymine or thymi-
dine is not possible because Saccharomyces
cerevisiae is impermeable to these compounds
(18). In addition, this yeast lacks detectable
thymidine kinase (TK) activity (19; L. F. Bis-
son, Ph.D. thesis, University of California,
Berkeley, 1980), which also accounts for the
ineffectiveness of thymidine as a precursor for
DNA synthesis. Normally the thymidylate syn-
thetase reaction (3) provides the dTMP that is
phosphorylated further and used for DNA repli-
cation. To circumvent these problems, many
research groups have isolated mutants which are
permeable to dTMP and capable of incorporat-
ing exogenously provided dTMP into DNA.
Such mutants have been called dTMP-per by
Jannsen et al. (21), typ by Laskowski and Leh-
mann-Brauns (23), tup by Wickner (33), and tum
by Brendel (6). Wickner and Leibowitz (33-35)
described and mapped four unlinked mutations
conferring dTMP permeability (tup), tup2, tup3,
and tup4). Three other mutations, apparently
different from those identified by Wickner, were
isolated by Laskowski and Lehmann-Brauns
(23) and were reported to be linked to each other
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(although their chromosomal location was not
determined).

Strains carrying such tup mutations have been
used extensively in studies requiring specific
labeling of yeast DNA (13, 14, 36). However,
essentially nothing is known about the mecha-
nism(s) or specificity of the entry of dTMP into
these dTMP-permeable mutants. Furthermore,
the efficiency of utilization of exogenous dTMP
by these strains is very low, usually requiring
extensive labeling periods of 18 to 48 h (8, 33). In
some cases (6, 21), the uptake and incorporation
of labeled dTMP into DNA were reported to
occur only for a limited period (2 to 3 h) during
growth of the cells. It is not known what growth
conditions or other factors impose these restric-
tions on the efficient utilization of dTMP. The
incorporation of exogenous dTMP into DNA is
enhanced in these strains if double mutants are
constructed which also carry a tmpl mutation
(7, 17, 24). We have demonstrated that the tmpl
locus is the structural gene for thymidylate syn-
thetase (2). Unfortunately, strains carrying a
tmpl mutation are of limited usefulness for the
study of DNA replication in normal cells be-
cause such strains segregate petites at a very
high frequency unless continual selective pres-
sure for respiratory competency is maintained
(24, 26). Also, tmpl tup mutants are reported to
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undergo thymineless death in the absence of
dTMP (1, 10).

Recently, we isolated many different tup mu-
tants from a single, genetically well-defined pa-
rental strain (L. F. Bisson and J. Thorner,
Genetics, in press) and subsequently measured
their relative efficiency of utilization of dTMP.
During the course of these studies, we discov-
ered a new mutation, tup7, which allows dTMP
uptake at a rate 5- to 100-fold higher than that
observed for any tup mutant previously de-
scribed and permits the highly efficient incorpo-
ration of exogenously supplied dTMP into cellu-
lar DNA. Because of the potential usefulness of
such a mutation, we have characterized in detail
the utilization of dTMP by strains carrying the
tup7 mutation.

MATERALS AND METHODS
Materials. Reagent chemicals were obtained from

the following sources: dUMP from P-L Biochemicals;
dTMP, 5-fluoro-dUMP (FdUMP), aminopterin, and
sulfanilamide from Sigma Chemical Co.; HP scin-
tillation fluid from Beckman Instruments, Inc.;
[5-3H]dUMP from Schwarz/Mann; [methyl-3H]dTMP
from Amersham Corp.; nitrocellulose filter disks (25-
mm diameter, 0.45-p.m pore size) from Gelman Sci-
ences, Inc.; polyethyleneimine-cellulose thin-layer
plates (Polygram Cel 300 PEI) from Brinkmann Instru-
ments, Inc.; medium constituents from Difco Labora-
tories. All other chemicals were reagent grade.

Organisms. The yeast strains used in this work and
their sources are listed in Table 1. Strains B111-2A,
B111-2D, B114-5D, and B114-8D were derived from
strains RW111 and RW114 (33), provided by R. B.
Wickner, by outcrossing twice with X21801A or
X21804lB.
Media and growth conditions. YPD and SD media

have been previously described (31). Medium A was
used for the labeling experiments and has been de-
scribed before (2). In all of the studies presented here,
medium A was buffered with 50 mM sodium succinate
and was adjusted routinely to pH 4.8 before autoclav-
ing.

Genetic methods. Crosses, complementation tests,
mating type determinations, and other genetic proce-
dures were performed by standard methods (31).
Uptake of nucedde monophosphates. Cells were

grown to mid-exponential phase (1 x 107 to 3 x 107
cells per ml) at 30°C on a rotary shaker in medium A.
To initiate an experiment, 1.5 ml of cells was placed in
a test tube (20 by 150 mm) and prewarmed to 30°C, and
0.025 to 0.5 ml of a stock of radioactive transport
substrate (4 mM; 5,000 to 10,000 cpm/nmol) was
added. Immediately, 0.5 ml of cells was removed and
ifitered through a nitrocellulose disk. The collected
cells were washed 10 times with 2 ml of distilled
deionized water each time, maintained at 30°C. Filters
were placed in scintillation vials, scintillation fluid (10
ml) was added, and radioactivity was measured in a
liquid scintillation counter (Beckman 3133P). For ex-
periments in which uptake was followed over a short
period of time, samples were removed at 1-min inter-
vals from test tubes incubated in a 30°C water bath and

TABLE 1. Yeast strains

Strain Genotype
X2180-1A a SUC2 mal gal2

CUP] TUP rho+
X2180-1B a SUC2 mal gal2

CUP) TUP rho+
RW108 a ade2 his4 trpl tupi-

66 rho
RW109 a ade2 his4 thr4 leu2

tupi -66 rho
B400D a SUC2 mal gal2

CUP) tupl-200 rho
B527C a adel his7 lys2 gall

SUC2 mal tup7-1
rho

B510C a SUC2 mal gal2
CUP) tup7-1 tmpl
rho

B600H-6C a trp5-1 leul tupS-)
rho'

B600H-6D a trpS-l leul lys2
tupS-) rho+

B111-2A a ade2 tup2-6 rho+
B111-2D a his4 tup2-6 rho+
B114-5D a ade2 lys2 tup4-SS

rho+
B114-8D a tup4-SS rho+
BT27C a adel his7 lys2 gall

tup7-1 rho+
BT27C-3A a adel his7 tup7-1

rho'

Source
YGSCa

YGSCa

R. B. Wickner

R. B. Wickner

This work

This work

This work

This work

This work

This work
This work
This work

This work
This work

This work

a YGSC, Yeast Genetic Stock Center (c/o R. K.
Mortimer, Department of Biophysics, Donnor Labora-
tory, University of California, Berkeley, CA 94720).

were treated as described above. In experiments in
which uptake was followed over a much longer period
(up to 8 h), samples were withdrawn at hourly inter-
vals from cultures that were incubated with the labeled
substrate in a gyratory water bath shaker at 30'C or on
a roller drum in a 30°C room. Experimental values
were corrected for any nonspecific adsorption of the
transport substrate by subtracting the zero-time val-
ues. Cell titers at each time point were determined by
cell counts in a Petroff-Hausser counting chamber and
represent the average of three separate determina-
tions.
Labeing of DNA with dTMIP. Cells were grown for

various periods of time in medium A containing [meth-
yl-3H]dTMP (10,000 cpm/nmol) at various concentra-
tions (0.1 to 2 mM). Samples (1 ml) were removed and
0.1 ml of 10 N NaOH was added. After alkaline
hydrolysis for 1 h at 80°C, the samples were chilled on
ice, and an equal volume of ice-cold 20%6 trichloroace-
tic acid was added to precipitate the DNA. After 15
min on ice, the precipitates were collected on nitrocel-
lulose disks. The tubes and filters were washed three
times with 2 ml of water each time. The ifiters were
washed 10 times more, and their radioactivity content
was determined.
The total DNA content per cell was determined by

the diphenylamine method (11) for samples taken over
the course of labeling experiments, as follows. At time
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zero, unlabeled dTMP was added to 200 ml of the same
culture from which 1.5-ml portions were removed for
measurements of [3H]dTMP incorporation as de-
scribed above. The cells in 80-ml samples of the
culture were collected by centrifugation at 8,000 x g
for 10 min and were washed twice with water. The
pellets were suspended in water and alkaline hydroly-
sis was performed as described above. The alkali-
extracted cells were centrifuged, washed with water,
resuspended in 1 ml of 0.5 N perchlorate, and heated
to 80°C for 15 min to depurinate the DNA. Absorbance
at 600 nm was measured after removal of cell debris by
centrifugation, and roe sperm DNA was used as the
standard.

Extraction of nucleotides. Cells were grown in the
presence of either [methyl-3H]dTMP or [5-3H]dUMP
as described for the uptake experiments. Cells in 2-ml
samples of cultures were removed by ifitration through
a nitrocellulose filter disk and washed 10 times with 4
ml of water each time (30°C). Cells were flushed off
filters with 3 ml of ice-cold 2 N formic acid and
allowed to stand on ice for 30 min. The filters were
rinsed twice more with 1 ml of acid each time. The
combined washes were clarified by centrifugation at
8,000 x g for 10 min at 4°C, and the cell-free solutions
were lyophilized. The dry material was suspended in 1/
20 of its original volume. For experiments in which
degradation of labeled 5'-mononucleotides in the me-
dium was assessed, 1-ml samples of the culture were
removed and filtered as above. In this case, however,
the culture filtrate was retained, lyophilized as before,
and suspended in water.
To analyze the extracted nucleotides, samples of

resuspended material were spotted onto polyethylene-
imine-cellulose thin-layer plates (prerun in water and
dried) and subjected to ascending chromatography,
using 1 M LiCl as the solvent (28). In some cases,
before chromatography the plate containing the sam-
ple spotted at the origin was dipped in anhydrous
methanol to remove salts. Individual sample lanes
were cut into 1-cm squares and placed in scintillation
vials containing 0.5 ml of 2 N HCI to elute bound
nucleotides, and scintillation fluid (10 ml) was added.
Standards consisting of authentic bases, nucleosides,
and nucleotides were run simultaneously.

RESULTS

Isolation of dTMP-permeable mutants. Inde-
pendent spontaneous mutants permeable to
dTMP were selected from X2180-1A and X2180-
1B as previously described (2, 21, 34). Comple-
mentation tests were done among these mutants
and against strains carrying the known tup muta-
tions originally isolated by Wickner (33). In
addition to obtaining mutants in the same com-
plementation groups (tupl, tup2, and tup4)
found previously by others, two new genes were
identified and designated tupS and tup7. A more
detailed genetic characterization of these two
novel mutations is presented elsewhere (Bisson
and Thorner, Genetics, in press).
Uptake of nucleoside monophosphates by

dTMP-permeable mutants. Accumulation of ra-

dioactively labeled dTMP from the medium by

intact cells carrying the various tup mutations
was measured (Table 2). Strains carrying the
tup7 mutation displayed the highest level of
dTMP accumulation at both of the dTMP con-
centrations tested. Strikingly, uptake by the
tup7 strains was about 100-fold greater than that
by the tup2 strains and was over five times
better than the next most efficient mutant (tup4).
The tup7 mutation also conferred the ability to

take up other nucleoside monophosphates.
Strains carrying both an adel and a tup7 muta-
tion were capable of utilizing 5'-AMP, and to a
lesser extent IMP (but not cyclic AMP), to
satisfy their requirement for adenine. In con-
trast, neither adenosine nor inosine permitted
growth of the adel tup7 cells. (Uptake of ade-
nine itself was unaffected in strains carrying the
tup7 mutation or any of the other tup mutations
[Bisson, Ph.D. thesis].) Cells bearing the tup7
lesion were dramatically sensitive to growth
inhibition by FdUMP, yet were completely re-
sistant to equivalent concentrations of fluoro-
deoxyuridine, as is documented in detail else-
where (L. F. Bisson and J. Thorner, Mol. Gen.
Genet, in press). Finally, strains carrying the
tup7 mutation also were able to take up
[3H]dUMP (data not shown).
Growth conditions affect the uptake of dTMP.

Actively growing cells of strain BT27C (tup7)
appeared to accumulate dTMP best, as evi-
denced by the fact that uptake occurred mainly
during the exponential phase of growth (Fig. 1).

TABLE 2. Uptake of dTMP by tup mutants'

dTMP uptake (pmol
accumulated/h per 1

Strain cells) with:

0.2 mM 1.0 mM

X2180-1A (a TUP) <1 <1
X2180-1B (a TUP) <1 <1

B400D (a tupl) -1 18
RW109 (a tupl) <1 15

B111-2A (a tup2) <1 3
B111-2D (a tup2) <1 4

B114-5D (a tup4) 10 62
B114-8D (a tup4) 11 56

B600H-6C (a tupS) 16 33
B60CH-6D (a tupS) 10 38

BT27C-3A (a tup7) 28 345
BT27C (a tup7) 39 330

a Cells were grown to mid-exponential phase (1 x
107 to 2 x 107 cells per ml) in medium A at pH 4.8, and
then the uptake of label at two different external
concentrations of [3H]dTMP (5,000 cpm/nmol) was
determined over a 2-h time course.
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FIG. 1. Accumulation of dTMP during growth of

yeast strains. Cclls of strains BT27C (tup7) (circles)
and X2180-IB (TUP+) (squares) were grown in medi-
um A (pH 4.8) to mid-exponential phase (2 x 107 to 4
x 107 cells per ml) and then transferred to flasks
containing [methyl-3H]dTMP (5,000 cpm/nmol) at a
final concentration of 0.2 mM. Samples were re-
moved, the amount of label accumulated by the cells
(closed symbols) was measured, and cell counts (open
symbols) were determined at each of the time points.

The parent strain showed no apparent uptake of
dTMP. The effect of pH on dTMP uptake was
examined in SD medium that contained succi-
nate (50 mM) as an additional buffering species.
Previously it had been reported only that utiliza-
tion of dTMP required pH values below 6 (15,
34). For strains carrying the tup7 mutation,
uptake of dTMP was dramatically increased
when the pH value of the medium was lowered
(Table 3). At 1 mM [methyl-3HJdTMP (25,000
cpm/nmol) and pH 3.8, it was possible to demon-

strate dTMP uptake by exponential-phase cells
of the tup7 mutant even over a short time course
(35 pmol accumulated/10 min per 1 cells), but
none by stationary-phase cells over the same
period (data not shown). Normal TUP cells at
either growth stage did not take up dTMP detec-
tably under these conditions.
dTMP concentration affects uptake. The

amount of dTMP taken up by the cells at differ-
ent extracellular concentrations of the com-
pound was measured. A double-reciprocal plot
of the amount of dTMP taken up by the cells
versus the concentration of dTMP yielded an
apparent Km for entry of2 mM (data not shown).
Over the 100-fold concentration range tested
(0.02 to 2 mM), dTMP uptake did not appear to
reach saturation; however, measurement of
dTMP uptake at higher concentrations (>0.5
mM) of the nucleotide, which would presumably
be in the saturating range, was difficult because
such high concentrations were somewhat inhibi-
tory to growth (data not shown). Equivalent
concentrations of other pyrimidine 5'-mononu-
cleotides, namely dUMP and dCMP, were not at
all inhibitory to growth of the tup7 strain.
Growth of the wild-type strain X21801B was
completely unaffected by the presence of any of
these pyrimidine 5'-mononucleotides. This in-
hibitory effect of high external dTMP concentra-
tion on the growth of dTMP-permeable strains
had been previously reported for certain typ
mutants (22, 24).
The effect on dTMP permeability of other

structurally related compounds was examined.
The presence of a fivefold molar excess of
thymidine did not detectably block dTMP up-
take. Similarly, the presence of another 5'-
mononucleotide, dUMP, did not prevent dTMP
uptake at all (data not shown).

Since studies reported elsewhere (Bisson and
Thorner, Genetics, in press) showed that
the tup7 mutation is a regulatory locus involved
in the control of the cellular response to phos-
phate limitation, the effect of Pi on dTMP accu-
mulation was examined. Phosphate had a pro-
nounced inhibitory effect on dTMP uptake (Fig.
2). This effect was due specifically to the pres-

TABLE 3. Effect of pH on dTMP uptake by the
tup7 straina

pH Accumulation of dTMPPH (pmol/h per 107 cells)
5.8 86
4.8 220
3.8 390

a Cells of strain BT27C were grown in SD medium
buffered with 50 mM succinate at the indicated pkI
value. Uptake was measured, using 1 mM [3H]dTMP
(3,000 cpm/nmol), over the course of 2 h.
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,13H]dTMP in the medium occurred even after 8
)o h of incubation with the tup7 strain (data not

shown).
Labeled dTMP is efficiently incorporated into

zo0 DNA by the tup7 strain. The incorporation of
exogenous [methyl-3H]dTMP into alkali-stable,

Of_ _, acid-precipitable material was measured in the

o 2 3 4 5 tup7 cells (Table 4). The net increase in the total
DNA content of the cells also was measured,

Phosphate Concentration (mM ) and the amount of thymidylate residues needed

. 2. Effect of extracellular phosphate concen- to synthesize this amount of DNA was calculat-
on dTMP uptake by tup7 cells. Cells of strain ed, assuming an adenine-thymine content of
were grown as before on medium A (pH 4.8), 60To for yeast DNA (27). Under the various

Led by centrifugation, washed three times with conditions used, 40 to >80% of the thymidylate

hate-depleted SD medium (30 FM P04-3), and residues in the newly synthesized DNA were

ided in the same low-phosphate medium. Pi was derived from the exogenously provided dTMP.
from a concentrated stock at pH 4.8 to the final
itration indicated along with [3H]dTMP (0.2 Although approximately 10 times more dTMP
,000 cpm/nmol), and uptake was monitored over was apparently accumulated by the cells at the
urse of 2 h. highest concentration ofdTMP tested than at the

lowest dTMP concentration, the net increase in
efficiency of labeling of DNA was only approxi-

af P1 the medium and not to the presence mately 25%. This finding suggests that the cellu-
assium or increased ionic strength general- lar pool of dTMP derived from de novo biosyn-

ty, oecause K;1 at equivalent or nigner concen-
trations had no effect on dTMP accumulation.
Although cells carrying the tup7 or the other tup
mutations are not more sensitive than their
parent strains to growth inhibition by a wide
variety of metabolic inhibitors (including cyclo-
heximide, nystatin, and cordycepin), the tup7
mutant was at least two to three times more
sensitive to the phosphate analog arsenate, as
determined by an agar diffusion assay (Bisson,
Ph.D. thesis).
Nature of labeled dTMP inside of cells. To

determine whether the ring-labeled dTMP was
taken up as the monophosphate or as some other
form derived from the monophosphate, cells of a
tup7 strain were grown in the presence of
[3H]dTMP, and soluble metabolites were ex-
tracted with formic acid and analyzed by thin-
layer chromatography. Greater than 95% of the
label in such extracts could be accounted for in
species which comigrated with dTTP, dTDP,
dTMP, and thymidine (Fig. 3). In every experi-
ment, the majority of the label (40 to 70%) was
present as dTDP, and a significant fraction
(-10%6) was present as dTTP, indicating that the
incoming dTMP was efficiently converted to its
more highly phosphorylated forms. Since the
tup7 strain does not taken up thymidine and
does not have detectable TK activity (Bisson,
Ph.D. thesis), the low proportion of the intracel-
lular label present as thymidine (-6%) suggested
that degradation of the internal pool of dTMP to
the nucleoside is negligible (or at least much
slower than the rate of dTMP phosphorylation).
In this same regard, unlike what has been report-
ed for several other dTMP-permeable mutants
(9, 29), no detectable degradation of the
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FIG. 3. Thymidine nucleotide pool of the tup7

strain labeled with [3H]dTMP. Cells of strain BT27C
were grown for 3 h at 30°C in medium A (pH 4.8)
containing 0.5 mM [methyl-3H]dTMP (5,000 cpm/
nmol) and harvested, and the nucleotides were ex-
tracted. Sample lane insert shows the approximate
relative positions of authentic markers run simulta-
neously, as determined by UV absorbance. T, Thy-
mine; TdR, thymidine.
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TABLE 4. Uptake and incorporation of dTMP into DNA by the tup7 straina

Incorporation into Thymidylate residues
dTMP (mM) Total uptake DNA in new DNA derived(pmol/h per 107 cells) (pmol/h: per lO' cells) from labeled dTMP

0.1 30 11 60
0.2 75 12 70
0.5 160 13 70
0.7 300 12 70
1.0 360 15 85

a Cells were grown in medium A (pH 4.8) at 30°C. The specific activity of the dTMP (5,000 cpm/nmol) was held
constant. Uptake of [3H]dTMP, increase in cell number, incorporation of radioactivity into DNA, and synthesis
of total cellular DNA were monitored over a 2-h time period.

thesis is very low and rapidly equilibrates with
the dTMP taken up by the cells.
A double mutant carrying the tup7 mutation

and a mutation in the structural gene for thymi-
dylate synthetase (tmpl) (2) was constructed. As
expected, in the double mutant, essentially
100%o of the thymidylate residues in newly syn-
thesized DNA were derived from the exoge-
nously provided dTMP (Table 5). This result
supports our previous conclusion (2) that the
thymidylate synthetase reaction is normally the
sole source of dTMP in yeast cells.
Because the tup7 tmpi double mutant was a

respiratory-deficient strain, the effect of the pe-
tite character on dTMP uptake was also mea-
sured (Table 5). A spontaneously arising petite
derivative (B527C) was obtained directly from
the respiratory-competent strain BT27C. The
amount of dTMP taken up by the petite deriva-
tive was considerably lower than that taken up
by BT27C. However, the amount of label incor-
porated into DNA in the two strains was approx-
imately the same, again indicating that the cellu-
lar pool of dTMP from de novo biosynthesis is
low. Respiratory capacity thus affects the level
of uptake of dTMP by the strain, but not the
efficiency of its subsequent utilization for DNA
synthesis.

Strain BT27C was dramatically sensitive to
growth inhibition by FdUMP (Bisson and
Thorner, Mol. Gen. Genet., in press). Work in
other systems (12, 20) has indicated that the
mechanism of growth inhibition by FdUMP is

due to inhibition of thymidylate synthetase,
which depletes the cell of its dTMP pool. If this
is indeed the case, then tup7 cells should grow
in the presence of FdUMP if dTMP is also
provided, and, furthermore, incorporation of
[3H]dTMP into DNA should be enhanced. As
anticipated, in the presence of FdUMP, essen-
tially all of the thymidylate residues in newly
synthesized DNA were derived from the exoge-
nously supplied dTMP (Table 6).

DISCUSSION
Strains carrying the tup7 mutation showed the

highest level of permeability to 5'-mononucleo-
tides of all of the tup mutants examined. The
accumulation of dTMP occurred continuously
during exponential growth, but stopped rather
abruptly as the cells entered stationary phase.
Jannsen et al. (21) and Brendel and Haynes (8)
reported that a prolonged period was required
before their dTMP-permeable strains accumulat-
ed detectable dTMP, which they ascribed to
"'medium conditioning." No such lag was ob-
served before dTMP uptake by the tup7 mutant
occurred. However, in the studies presented
here, dTMP uptake was examined in a minimal
medium rather than in the rich medium used by
these other workers. Uptake of dTMP by the
tup7 mutant was best at low pH values, as has
also been reported for strains bearing the typl
mutation (15). This result suggests that the ion-
ization state of the dTMP molecule is an impor-

TABLE 5. Effect of the tmpl mutation and petite character on dTMP accumulation and incorportion in a
tup7 mutanta

Strain Total uptake ~~~~~Incorporation Thymidylate residues
Strain Tol/ uptake into DNA in new DNA derived(pmol/h per 10 cells) (pmol/h per 10' cells) from labeled dTMP

BT27C (tup7 rho') 420 10 70
B510C (tup7 tmpl rho-) 60 16 105
B527C (tup7 rho-) 20 6 80

a Conditions were as described in the footnote to Table 4, at a dTMP concentration of 1 mM.
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TABLE 6. Effect of growth in the presence of FdUMP on dTMP uptake and incorporation into DNA in a
tup7 straina

FdUMPTotaluptakeIn.corporation Thymidylate residues
FdUMP Total uptake inoprtioDNA in new DNA derived

(pmol/h per 10 cells) (pmol/h per 107 cells) from labeled dTMP

None 350 10 80
10 Pg/ml 320 15 120

a Before uptake was measured, the cells were grown in medium A with dTMP (50 ,ug/ml) in the presence or
absence of FdUMP (10 ,ug/ml). Under these conditions, the extraceliular dTMP concentration was sufficient to
permit a normal growth rate. Cells were centrifuged, washed with fresh medium, and suspended in fresh medium
containing 1 mM [3H]dTMP (5,000 cpm/nmol), again with or without FdUMP (10 ,g/ml).

tant factor in its transport, as suggested previ-
ously by others (15, 16). On the other hand,
because transport of Pi in yeast occurs optimally
at pH values above 6.0 (5), there is an alternative
explanation: dTMP is transported via a phos-
phate permease, and at pH values below 6
competition between phosphate and dTMP for
the transport system is reduced. Consistent with
this interpretation, Pi was shown to be an effec-
tive inhibitor of the uptake of dTMP by the tup7
strain. The tup7 mutation has been identified as
an allele ofthe pho8O locus (Bisson and Thorner,
Genetics, in press), which is a regulatory
gene involved in the negative control of the
synthesis of acid and alkaline phosphatase.
Thus, it is unlikely that the tup7 mutation cre-
ates directly a system for the transport of nucle-
oside monophosphates, but rather the tup7 mu-
tation results in derepression of a phosphate
permease(s) with cross-specificity for certain
classes of phosphate-containing molecules, in-
cluding dTMP. We have been unable to demon-
strate dTMP inhibition of transport of radioac-
tive Pi, so it is possible that dTMP and
phosphate enter by different mechanisms. On
the other hand, the lack of detectable competi-
tive inhibition by dTMP could be due to its poor
affinity (Kin, -2 mM) for the permease com-
pared with that of phosphate. Indeed, yeast cells
have been reported to have at least two phos-
phate-transporting systems: one with a Km of
about 30 ,uM and another sodium-dependent
system with a Km of 1 to 10 pM (30). Moreover,
the uptake of phosphate is elevated in cells
carrying the tup7 mutation (Bisson and Thorner,
Genetics, in. press) just as it is in phos-
phate-starved cells (32), so both the tup7 muta-
tion and physiological phosphate limitation may
result in the derepression of an additional phos-
phate-scavenging transport system(s) other than
those previously studied.
The dTMP accumulated by the tup7 strains

was readily phosphorylated and incorporated
into DNA. There was no apparent degradation
of the dTMP in the medium by either the mutant
strain or its wild-type parent. At the lowest

concentration of dTMP tested (0.1 mM), about
60%o of the thymidylate residues in newly syn-
thesized DNA in a strain carrying the tup7
mutation were derived from the dTMP provided
in the medium. When the concentration of exog-
enous dTMP was raised to 2 mM, about 80% of
the thymidylate residues in new DNA came
from the medium. However, concentrations of
dTMP above 0.5 mM were somewhat inhibitory
to growth. This effect may represent limitation
for one or more of the other deoxyribonucleo-
tides due to allosteric inhibition of ribonucleo-
tide reductase by the high internal pool of dTTP
accumulated in tup7 cells. Indeed, over this
same concentration range there was a 20-fold
increase in the total amount of dTMP taken up
by the cells; hence, it appears that the endoge-
nous pool of dTMP supplied by de novo biosyn-
thesis is indeed low and is easily saturated by
relatively low external concentrations of dTMP.
A corollary to this finding is that the uptake of
dTMP is apparently not regulated by the demand
for DNA synthesis. All of the thymidylate resi-
dues in DNA were derived from the [3H]dTMP
provided in the medium when thymidylate syn-
thetase activity was eliminated either by muta-
tion (tmpl) or through inhibition by FdUMP.
McNeil and Friesen (25) have reported that

the TK of herpes simplex virus (type 1) can be
expressed in yeast when transcription of the
gene on a plasmid is initiated from a yeast
promoter. Although detectable TK activity is
present in the cells, a rather high concentration
of thymidine (-1 mM) is required to support the
growth of cells in which de novo synthesis of
dTMP has been blocked (by a tmpl mutation or
by the addition of sulfanilamide plus methotrex-
ate). Consequently, incorporation of [3H]thymi-
dine into DNA in such TK plasmid-containing
yeast cells is very inefficient (-5% of the poten-
tial thymidylate residues) and requires long-term
labeling (25). This situation is not surprising
considering the known relative impermeability
of yeast strains to this pyrimidine nucleoside
(18). Thus, it has yet to be demonstrated that the
introduction of a foreign TK gene provides any
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advantage in studies requiring radiolabeling of
yeast DNA.

In contrast, the tup7 mutation seems to be a
very useful tool for studies involving the specific
labeling of DNA. There is little waste since
[3H]dTMP is not appreciably degraded either
extra- or intracellularly. If a high specific activi-
ty of labeled dTMP is utilized, it is possible to
measure readily rates of incorporation of label
over very short time periods at modest external
dTMP concentrations. DNA replication studies
thus can be done in the absence of antifolate
drugs. Strains carrying the tup7 mutation have
been recently used successfully for studies of
nuclear and plasmid DNA replication (V. Za-
kian, personal communication), repair of radia-
tion-induced chromosome breaks (4), and in
density shift experiments substituting 5-bromo-
dUMP for dTMP (W. Fangman, personal com-
munication). In addition, the ability of tup7
strains to take up high levels of [3H]dTMP and 5-
bromo-dUMP should allow the development of
"suicide" techniques for the enrichment of
auxotrophs and for the selection of mutants
conditionally defective in DNA replication and
other macromolecular syntheses.

Strains carrying the tup7-1 allele may be ob-
tained from the Yeast Genetic Stock Center,
University of California, Berkeley, CA 94720.
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