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Abstract

In vivo labeling of DNA with thymidine and thymidine analogs has long been a cornerstone of
replication studies. Unfortunately, yeast lack a thymidine salvage pathway and thus do not
incorporate exogenous thymidine. Specifically, yeast neither efficiently take up exogenous
thymidine from their growth media, nor phosphorylate it to thymidylate, the precursor of dTTP.
We have overcome these problem in fission yeast by expressing the human equilibrative
nucleoside transporter 1 (AENTI) along with herpes simplex virus thymidine kinase (k). hAENT1
tk cells are healthy and efficiently incorporate exogenous thymidine and thymidine analogs. We
present protocols for labeling DNA with tritiated thymidine, for /n7 situ detection of incorporated
BrdU by immunofluorescence, for double labeling with CldU and 1dU, for CsCl gradient
separation of 1dU labeled DNA and for using #ENTI and tk as both positive and negative selection
markers.
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Introduction

Incorporation of exogenous thymidine into the DNA of living cells is a widely used tool in
the study of DNA replication. Thymidine incorporation experiments take advantage of the
almost ubiquitous nature of the thymidine salvage pathway, which directly converts
thymidine (TdR, thymine deoxyriboside) to thymidylate (dTMP, deoxythymidine
monophosphate), whence it enters the cellular nucleotide pool and is incorporated into DNA.
Fungi are unusual among the eukaryotes in that they lack a thymidine salvage pathway.
There are two enzymes in particular lacking in fungi that prevent them from incorporating
exogenous thymidine and thymidine analogs. The first is thymidine kinase (tk), which is
required to phosphorylate thymidine to dTMP; the second is a plasma membrane thymidine
transporter required to allow efficient entry of thymidine into cells.

Address for correspondence: Nick Rhind, University of Massachusetts Medical School, 364 Plantation Street, LRB904, Worcester MA
01605 USA, 1 (508) 856-8316:vox, 1 (508) 856-8358:fax, nick.rhind@umassmed.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sivakumar et al.

Methods

Page 2

Expression of herpes simplex virus thymidine kinase (tk) is sufficient to allow incorporation
of thymidine into yeast DNA. This strategy has been used to label DNA in both budding and
fission yeast [1-4](J. Leatherwood, personal communication). The ability of tk to
phosphorylate toxic thymidine analogs has also been used in counter selection strategies [2,
3, 5]. However, the rate limiting step for thymidine incorporation in tk expressing yeast is
entry of thymidine into the cell, not the rate of DNA synthesis [6](our unpublished results).
Thus, these strains are not useful for kinetic studies of replication, or for techniques
requiring high levels of incorporation. Budding yeast mutants are available that take up
exogenous thymidine at higher rate, but they are quite sick [3].

To allow for efficient incorporation of exogenous thymidine in the fission yeast
Schizosaccharomyces pombe, we have introduced the human equilibrative nucleoside
transporter 1 (hENT1) into an established tk expressing background [5]. hENT1 is a passive
nucleoside transporter that allows nucleosides, but not nucleotides or bases, to diffuse across
the plasma membrane [7]. hENT1 has been shown to catalyze the diffusion of exogenous
thymidine into budding yeast cells [8]. We cloned a full length hENT1 cDNA into an
expression vector containing the strong constitutive adhZ promoter. This vector was
integrated in the existing adh1.tk background to create the adhl.tk adhl-hENTI strain
yFS240 [5]. yFS240 is healthy and grows with the same doubling time as the wild-type
yFS105 (data not shown). Susan Forsburg and colleagues have developed similar strains [9].
As described below, these strains provide useful tools for the /n vivo labeling of DNA, and
the accompanying tk plasmids provide positive and negative selection markers for knockout/
knockin and plasmid shuffle strategies.

General Methods

Growth media and general techniques have been described [10, 11]. The following strains
were used: YFS105 A- feul-32 ura4-D18, yFS233 h- leul-32 ura4-D18 ade6-210 his7-366
pJL218 (his7 adhl.:tk); yFS240 h- leul-32 ura4-D18 ade6-210 his7-366 pJL218 (his7
adhl.:tk) pFS181 (feul adh1:hENTI); yFS284 h- leul-32 urad4-D18 ade6-210 his7-366
cdc25-22pIL218 (his7 adhl:tk) pFS181 (leul adhl.hENTI). The pJL218 integrant used in
these strains is not integrated at £is7: presumably it is integrated at a random, non-
homologous locus. Furthermore, crosses with this integrant occasionally produce His-,
FUdR sensitive progeny. The adhl.tk construct does not appear to be affected by the loss of
the Ais7 gene.

Plasmid Constructions

To create the adhl:tk shuttle vectors, the minimal arsI sequence [12] was amplified with the
oligos NR74 (5'-CTCCCTAGGTCTATAATTATAGCTAAAAATTG-3") and NR75 (5'-
CTCCCTAGGTAGGCATTTTGTTTAGTTAAAG-3"), cut with Avrll and cloned into Avrll
cut pLIT28 (New England Biolabs) to create pFS253. The adhl.tk HindllI-Kpnl fragment
from pJL218, with the Kpnl site blunted by T4 DNA polymerase, was cloned into HindllI,
EcoRV cut pFS253 to create pFS254. The ura4 adh1.tk shuttle vector pFS118 (previously
known as pNR228) was created by cloning the ura4 Hindlll genomic fragment into HindlI11
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cut pFS254. The adeé6 adhl.tk shuttle vector pFS119 (previously known as pNR210) was
created by cloning the ade6 Stul-Spel genomic fragment into Bglll-Spel cut pFS254, with
the Bglll site blunted by T4 DNA polymerase.

To make the episomal adhil-hENTI expression vector pFS177, hENTI was amplified from
the IMAGE consortium cDNA clone # 610324 with the oligos NR140 (5'-
CAGCATGCGGCCGCGAGCTCTCACACAATTGCCCGGAA-3") and NR141 (5*-
GCGAGATCTCATATGACAACCAGTCACCAG-3"), cut with Bglll and Sacl, and cloned
into the BamHI and Sacl cut adh expression vector pART1 [13]. To make the integrating
adhl:hENTI expression vector pFS181, the Sspl-Sacl adh1.hENTI fragment from pFS177
was cloned into the SnaBI and Sacl cut /eu1 integration vector pJK148 [14].

The adh1.tkl kanM X6 cassette, contained in plasmid pFS255, was created by taking the
Hindl11/Bglll adhl:tk fragment from pFS118, blunting it with T4 DNA polymerase, and
cloning it into Bglll cut pFA6a-kanM X6, also blunted with T4 DNA polymerase.

Plasmid maps and sequences are available from the Forsburg Lab vector database at
pingu.salk.edu/~forsburg/vectors.html.

Labeling with 3H-Thymidine

Quantitation of the rate of thymidine incorporation using 3H-thymidine is a sensitive to
measure the rate of bulk DNA synthesis. Isolation of total cellular nucleic acid provides a
quick way to isolate the incorporated label; methyl-3H-thymidine is a specific for DNA
because it cannot be incorporated in to RNA without loss of the methyl-3H label. Strategies
designed to remove unincorporated counts by permeablizing and washing fixed cells were
found to result in unacceptably high background counts.

adhl:tk adh1-hENTI cells (yFS240) growing exponentially in YES at 30°C were labeled
with 5 uCi/ml 3H TdR for the indicated amount of time. 2 OD units of cells were taken at
each timepoint. (OD units are a measure of cell number calculated as the optical density of
the culture at 600 nm times the volume of the culture in milliliters. Thus a 20 ml culture at
an ODgqg of 0.5 contains 10 OD units of cells. 1 OD unit is about 2x107 cells.) Samples
were pelleted, resuspended in 200 ul lysis buffer (1% SDS 1XTE), and lysed by vortexing
with an equal volume of 0.5 pm glass beads for 5 minutes in a 1.5 ml screw cap microfuge
tube. The lysate was recovered by puncturing the bottom of the tube with a needle and
spinning the lysate into a new tube. The soluble lysate was extracted with 1XTE saturated
1:1 phenol:chloroform until the interface was clear (approximately 3 times). Total nucleic
acid was precipitated by the addition of 2 volumes of ethanol, resuspended in water, and the
recovered radioactivity was quantitated by scintillation counting. For DNase treatment,
samples were resuspended in restriction digestion buffer, incubated with 0.5 mg/ml DNase |
(or no DNase 1) for 30 minutes at 37°C, ethanol precipitated, and then resuspended and
counted (Figure 1A). For the temperature-shift experiments, cadc25-22ts adh1.tk
adh1:hENTI cells (yFS284) were grown at 25°C. Samples were taken every 30 minutes. At
60 minutes, half of the culture was transferred to 35°C for the remainder of the experiment
(Figure 1B). Each data point is the average of 3 experiments +/— standard deviation. A strain
lacking hENTZ, or the hENT1 strain treated with 10uM NBTI (Sigma N2255) , a hENT1
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inhibitor, incorporated 3H-thymidine at approximately 2% the rate (data not shown). The
unexpected incorporation of 3H-thymidine by G2 arrested cells is discussed below.

Labeling with Halogenated Thymidine Analogs

In addition to utilizing exogenous thymidine, A/ENT1 tk cells readily incorporate 5-
halogenated analogs of thymidine, such as CldU, BrdU and IdU, in which the 5-methyl
group is replaced by the halogen chlorine, bromine, or iodine, respectively. These
halogenated thymidine analogs are useful because there appears to be no significant
enzymatic discrimination between them and thymidine. In BrdU, in particular, the bromine
has steric and electrostatic properties that are very similar to a methyl group. These analogs
are recognized by several commercially available monoclonal antibodies raised against
BrdU. Of these antibodies, some recognize CIdU, but not IdU, and others vice versa,
allowing CldU and 1dU to be used for double labeling experiments. The differences in
molecular weight between thymidine and its halogenated analogs also allow halogenated
DNA to be separated from unlabeled DNA by CsCl density gradient centrifugation.

adhi:tk adh1:hENTI cells (yFS240) growing exponentially in YES at 30°C were labeled
with 5-chloro, 2'-deoxyuridine (CldU), 5-bromo, 2'-deoxyuridine (BrdU) or 5-iodo, 2'-
deoxyuridine (1dU) at a final concentration of 500 nM. The optimal concentration was
determined by titration during both single S phase and multiple S phase exposure. For single
S phase exposure (4 hours for a synchronous cultures), 500 nM BrdU gave as strong a signal
as higher concentrations, without effecting the subsequent mitosis. 2 mM BrdU caused a
significant, heterogeneous delay of mitosis. For multiple S phase exposure (12 hours for
asynchronous cultures), 70 nM BrdU showed no detectable slowing of cell growth; 100 nM
BrdU caused occasional elongation, suggestive of DNA damage and checkpoint activation;
500 nM BrdU caused significant cell death. Interestingly at the higher doses, most cells
appeared to die without elongating, suggesting that the lethality is due not to accumulating
DNA damage, but rather a general toxicity, possibly a disruption of major grove DNA-
protein interactions.

Labeled cells were prepared for indirect immunofluorescence [11]. 10 OD units of cells
were fixed by adding 1/10th volume of 30% formaldehyde to culture medium with agitation
for 1 hr. After fixation, the cells were pelleted and washed twice with PEM (100 mM PIPE
pH 6.9, 1 mM EGTA, 1mM MgSQ;,) and once with PEMS (1.2 M Sorbitol in PEM). The
pellets were resuspended in 1 ml of 300 ug/ml Zymolyase-20T in PEMS and incubated for
30 minutes at 37°C. The cells were again washed three times with PEMS and resuspended in
1 ml of 0.1% Triton X-100 in PEMS for 30 seconds at room temperature. They were
centrifuged and resuspended in PEMS with 0.1 N HCI, 0.5% Triton X-100 on ice. After 10
minutes of incubation, the cells were washed once with PEMS, resuspended in 1 ml PEMS,
heat-treated at 97°C for 10 minutes and chilled on ice. Next, the cells were centrifuged,
resuspended with PEMBAL (1% BSA, 0.1M L-Lysine HCI in PEM) and incubated in room
temperature for 30 minutes. The cells were again pelleted and resuspended in 10 pl
PEMBAL, to which 10 pl of mouse (Becton-Dickinson, B44) or rat (Abcam,
BU1/75(ICR1)) anti-BrdU antibody was added. The mouse antibody cross-reacts well with
IdU, but only weakly with CldU; the rat antibody cross-reacts well with CldU, but only
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weakly with 1dU. After 4 hrs of incubation with the primary antibody at room temperature,
the cells were washed three times with PEMBAL and resuspended with 50 ul PEMBAL
containing 1 pl Alexa-488 conjugated goat anti-mouse IgG or Alexa-594 conjugated anti-rat
IgG secondary antibody (Molecular Probes) for 4 hrs at room temperature. For double
labeling, the primary antibodies were combined, as were the secondary antibodies. For
positive control of nuclear staining, the cells were washed once with PBS containing 10
pg/ml DAPI. The cells were washed three times in PBS and visualized by epifluorescence
microscopy (Figure 2).

CsCl density gradient fractionation of IdU labeled DNA

Density gradient separation of pulse-labeled DNA is a powerful technique for measuring the
timing of specific sequences during S phase [15]. While 13C and 1°N are the most
commonly used density labels, they are quite expensive, and BrdU has been used
successfully as an alternative [3]. Density shift experiments using 13C and 15N labeled cells
achieves a maximum molecular weight difference of 27 dalton/bp between heavy and light
DNA. For CldU, BrdU and IdU, the difference is 10, 33 and 56 , respectively, assuming 50%
G+C content. We used high concentrations (70 uM) of 1dU to maximize the density
difference. The toxicity of this level of 1dU may account for the fact that only about half of
the DNA in the 1dU labeled sample has IdU incorporated (Figure 3). However, the DNA that
does have 1dU incorporated moves all the way to the bottom of the gradient, suggesting that
it would be possible to use less IdU, or to use BrdU, either of which would expected to be
less toxic. It may also be possible to separate IdU-labeled DNA from CldU-labeled DNA in
double label experiments.

adhl:tk adh1-hENTI cells (yFS240) growing exponentially in YES at 30°C were labeled for
three hours in 70 UM IdU. 50 OD units of cells were harvested. DNA was isolated as
described above and resuspended in 200 ul of TE with 20ug/ml RNase A. A CsCl solution
of refractive index 1.4021 (approximately 1.28 g/ml CsCl) was prepared in TE of refractive
index of 1.3329 (adjusted by adding 10 mM Tris). Refractive indices were measured using a
Reichert-Jung Leica Mark Il Abbe Refractometer. The DNA sample was placed ina 5 ml
Beckman quickseal centrifuge tube which was then filled with CsCl solution and sealed.
Gradients were formed by spinning for in an NVT90 rotor in a Beckman L8-55M
Ultracentrifuge at 50 krpm for 20 hours. Gradients were manually fractionated into
approximately 250pl fractions by dripping out of the bottom of the punctured tube. The
refractive index was taken using 100l of each fraction. 125pl of each fraction was diluted to
500 ul with water, and the DNA was precipitated by addition of 1ul of glycogen and 1 ml of
ethanol. The pellets were washed with 70% ethanol, dried and resuspended in 21ul of TE.
Seven pl of each fraction was run on a 1% agarose gel (Figure 3).

Positive and Negative Selection for tk and hENTL1

Negative selection makers are useful for plasmid shuffle experiments and for the knockin of
site-directed mutations into a genomic locus. wra4 can be selected against with 5-
fluoroorotic acid. However, in fission yeast, this selection is not very tight. Better results are
obtained by selecting against aagh1.tk using 5-fluoro-deoxyuridine (FdU, more commonly
called FUdR, for 5-fluorouracil deoxyriboside, Sigma F0503)[5]. (N.B. FUdR is 5-fluoro-2'-
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deoxyuridine; 5-fluoro-5'-deoxyuridine, an anti-cancer drug, is not specifically toxic to t+
cells.) FUdR is phosphorylated by tk to 5-fluorodeoxyuridylate (F-dUMP). F-dUMP is a
non-competitive inhibitor of thymidylate synthase, the enzyme that methylates dUMP to
make dTMP. Thus, F-dUMP starves cells for dTTP. adh.tk cells growing in YES are killed
by 100 nM FUdR, but are unaffected by 1 nM FUdR; k- cells are unaffected by 100 uM
FUdR (data not shown). At 10 nM FUdR, adhl:tk cells grow slowly and are elongated by a
rad3 dependent checkpoint (data not shown). The presence of adh1.hENTI does not affect
the sensitivity of cells to FUdR. The selection is strong enough that if aghl.tkis integrated
between repeated sequences, excision mutants are readily obtained (data not shown). One
advantage of the pJL218 integration used to construct yFS240 is that it does not readily
excise, presumably because it is integrated in a non-homologous locus.

The toxicity of FUdR to adhl.tk adhl.hENTI cells can be completely suppressed by
supplying exogenous 500 nM thymidine. This rescue demonstrates that /ENT1 cells can
grow normally on entirely exogenous thymidine. However, higher levels of exogenous
thymidine causes a toxicity of its own, presumably by upsetting cellular nucleotide pools. 1
UM thymidine slows growth somewhat, roughly doubling the growth rate of adhi:tk
adh1:hENTI cells; 100 uM prevents cell growth. 1 mM exogenous thymidine has no effect
on cells that lack tkor hENT1.

To facilitate plasmid shuffle experiments, we have constructed two episomal vectors that
carry adhl.tk; pFS118 is marked with wra4, and pFS119 is marked with adeé6 (Figure 4). The
use of such vectors for plasmid shuffle screening of temperature-sensitive mutants has been
described [5].

It is convenient to be able to both positively and negatively select for a marker. For instance,
a gene can be knocked out with ura4 by selecting for Ura prototrophy, and then a site-
directed mutant can be knocked back in by selecting for 5-FOA resistance. As described
above adhl:tk can be negatively selected by using FUdR. The combination of adh1.:tkand
adh1:hENTI can also be positively selected using sulfanilamide (SAA), methotrexate
(MTX) and thymidine. Sulfanilamide inhibits dihydropteroate synthase, an enzyme required
for dihydrofolate (DHF) synthesis; methotrexate inhibits dihydrofolate reductase (DHFR),
the enzyme that reduces DHF to terahydrofolate (THF). THF is then methylated to N°, N10
methyeneTHF (mTHF), a 1-carbon donor in many biosynthetic reaction, including the
synthesis of dTMP by thymidine synthase. However, thymidine synthase is the only enzyme
that oxidizes mTHF back to DHF. Therefore, dTMP synthesis requires high levels of DHFR
to regenerate THF, both for future dTMP synthesis and other mTHF dependent syntheses.
Carefully selected levels of SAA and MTX can block enough THF synthesis to lethally
inhibit dTMP synthesis while allowing sufficient THF accumulation for other mTHF
dependent reactions. adhl -tk adh1:hENTI cells can be rescued from SAA/MTX treatment
by supplying exogenous thymidine for the synthesis of dTMP (Figure 3). The selection on
SAA/MTX/TAR plates is not robust; adhl:tk adh1:hENTI cells grow quite slowly and form
only small colonies. Furthermore, a careful titration of the compounds is necessary. A two
fold change in the concentration of SAA or MTX can cause the selection to fail. We found 5
mM SAA, 0.66 mM MTX, 0.5 mM TdR worked best. Colonies can be seen after 5-7 days
(Figure 5).
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Because of the difficulty of selecting for adhl.tkand adhi-hENTI, we have created pFS255
containing a adhl.:tklkanMX6 cassette based on the commonly used kanM X6 cassette [16].
The primer binding sites of pFA6a-kanMX6 are preserved, so that the same oligos used to
make kanMX6 knockouts can also be used to make adhl.tklkanMX6 knockouts. adhl.tkl
kanMX6 knockouts can then be used as a knockin target by selecting against adh:tk as
described above.

Discussion

In an effort to establish a quantitative assay for replication in fission yeast, we created a
strain that expresses both herpes thymidine kinase and human equilibrating nucleoside
transporter 1. This strain readily incorporates exogenous H3-thymidine into DNA (Figure 1).
To our surprise, arresting cells in G2 and thus preventing nuclear replication, did not inhibit
the incorporation of H3-thymidine. From this result we conclude that the majority of the
incorporation is into mitochondrial DNA. Consistent with this conclusion, cells lacking
mtDNA incorporate at a much reduced rate and fail to incorporate during G2 (data not
shown). Fission yeast cell can survive without mtDNA if they carry the mutation pzp1-1
[17]. However these cells are quite sick, and we have been unable to perform meaningful
analyses with them. It is unclear why the rate of incorporation into mtDNA should be so
high, given mtDNA comprises only about 6% of total cellular DNA [18]. However, we see a
strong labeling of mtDNA by indirect immunofluorescence of incorporated BrdU (Figure 2).

The real strength of these labeling techniques seems to be the rapidity with which exogenous
thymidine can be incorporated. We see incorporation of BrdU in a 5 minute pulse (Figure
2A) and can detect 3H TdR incorporation with in two minutes (data not shown). Such short
pulse labelings should allow many experiments that have not previously been possible in
fission yeast. Another particularly promising approach is the use of BrdU labeling for /n situ
localization of replication. The ability identify the sites of DNA replication and the proteins
that localize to such sites has been a powerful techniques in metazoan cells that should now
be possible in fission yeast.
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Figure 1.

Untreated Mock DNase
DNase treated
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Labeling with tritiated thymidine
A) adhl:tk adhl-hENTI cells (yFS240) were labeled for two hours with 5 pCi/ml 3H TdR.

Total nucleic acid was prepared, treated as indicated and incorporation of 3H TdR was

measured by scintillation counting.
B) adhi:tk adh1:hENTI cells (yFS240) or adhl:tk adhl.hENTI cdc25-22ts cells (yFS284)
were labeled for 60 minutes at 25°C, and then half the culture was shifted to 35°C to arrest
the cells in G2. Samples were taken at the indicated times.

All points represent the average of 3 experiments +/- standard deviation.
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5 min.

30 min.

cdc25ts
2 hrs.at 35°C 4 hrs.

Figure 2.
Labeling with halogenated analogs of thymidine.

A) adhl1:tk adhi1:hENTI cells (yFS240) were labeled with BrdU for the indicated amount of
time. The brief pulses labeled only binucleate cells, confirming that the nuclear labeling is
confined to S phase. Both nuclear and mitochondrial DNA is evident in the 4 hour labeling.
The mitochondria are heavily labeled in yFS284 cells arrested in G2 at a cdc25-22block.
B) adhi:tk adh1:hENTI cells (yFS240) were labeled separately for 4 hours with CldU or
IdU, combined and stained simultaneously with anti-CldU (Abcam BU1/75(ICR1) anti-
BrdU) and anti IdU (Becton-Dickinson B44 anti-BrdU) antibodies. The one cell that stained
with both antibodies was not permeablized and stained non-specifically.
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Figure 3.
CsCl density gradient fractionation of 1dU labeled DNA

DNA from adhl:tk adhl1:hENTI cells (yFS240) labeled or unlabeled with 1dU was
fractionated on CsCl density gradients. DNA from the fractions was recovered by ethanol
precipitation, run on a 1% TAE agarose gel and visualized by EtBr staining. The gradient
fractions, from denser to lighter, were matched by refractive index, and loaded from left to
right on the gel.
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adhl:tkbased plasmid shuffle vectors
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Unique restriction sites are marked that can be used for cloning without disrupting the
function of the vectors. Sequence of the vectors is available at pingu.salk.edu/~forsburg/

vectors.html
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=

YES + SAA,
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Figure5.
Positive selection for adhl.tkand adhl:hENTI

Wild-type cells (yFS105), adhl.tk cells (yFS233) or adhl.tk adhl-hENTI cells (yFS240)
were grown for 3 days at 30°C on YES or 5 days on YES + 5 mM SAA, 0.66 mM MTX, 0.5
mM TdR.
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