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Tousled-like kinases (TLKs) constitute a family of serine/threonine kinases conserved in plants and animals
that act in a cell cycle-dependent manner. In mammals, their activity peaks during S phase, when they
phosphorylate the antisilencing function protein 1 (ASF1), a histone chaperone involved in
replication-dependent chromatin assembly. Here, we show that Drosophila ASF1 is also a phosphorylation
target of TLK, and that the two components cooperate to control chromatin replication in vivo. By altering
TLK activity through loss-of-function mutations, we show that nuclear divisions are arrested at interphase,
followed by apoptosis. Overexpression of TLK alters the chromatin structure, suggesting that TLK mediates
the activity of chromatin proteins. These results suggest that TLK coordinates cell cycle progression through
the regulation of chromatin dynamics.
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DNA of eukaryotes is wrapped repetitively around his-
tone octameres, forming nucleosomal arrays. This so-
called beads-on-a-string arrangement constitutes the
backbone for building higher-order chromatin structures
(Luger et al. 1997). Distinct chromatin structures are as-
sembled depending on covalent histone tail modifica-
tions (histone-code), resulting in activation or repression
of gene expression. These active/silenced chromatin
states are epigenetically inherited through cell divisions
(Turner et al. 1992; Jenuwein and Allis 2001; Richards
and Elgin 2002). During S phase, nucleosomal array, and
consequently, higher-order chromatin complexes, are
partially disrupted by the passage of the replication forks
(Sogo et al. 1986; Gruss et al. 1993). Therefore, in order to
transmit the epigenetic state of chromatin through the
cell cycle, nucleosomal arrays must be duplicated faith-
fully during DNA replication (Enomoto and Berman
1998; Shibahara and Stillman 1999; Zhang et al. 2000).
Assembly of newly synthesized DNA onto nucleo-

somes is under the control of replication-dependent

chromatin assembly systems (for review, see Mello and
Almouzni 2001; Tyler 2002). It involves the deposition
of a histone H3 and H4 tetramer onto the newly gener-
ated daughter strands, followed by incorporation of two
histone H2A–H2B dimers to complete the nucleosome
core particles (Smith and Stillman 1991; Lucchini et al.
2001). This process is facilitated by histone chaperones
such as the chromatin assembly factor 1 (CAF-1) and by
the recently identified antisilencing function protein 1
(ASF1). Additionally, ATP-dependent chromatin remod-
eling factors are required to produce regularly spaced ar-
rays (for review, see Mello and Almouzni 2001; Tyler
2002).
Coupling of chromatin assembly and DNA synthesis

is, in part, mediated by interactions between CAF-1 and
PCNA, a loading factor for the replication machinery.
This association is thought to be important for the loca-
tion of the chromatin assembly factors to the sites of
DNA synthesis (Shibahara and Stillman 1999; Zhang et
al. 2000). Further biochemical analysis revealed that
CAF-1 nucleosome assembly activity on replicating
DNA is facilitated by the replication-coupling assembly
factor (RCAF) complex (Tyler et al. 1999, 2001; Mello et
al. 2002) composed of ASF1 and newly synthesized
acetylated histones H3 and H4 (Tyler et al. 1999). Gene
disruption studies of CAF-1 subunits in yeast (Tyler et
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al. 1999) and asf1 in yeast and flies (Sharp et al. 2001;
Moshkin et al. 2002; Umehara et al. 2002) support the
idea that de novo chromatin assembly is required for
epigenetic inheritance of silenced chromatin. In yeast,
the lack of ASF1 activity causes a substantial slowing
down of the cell cycle in S phase, an effect that is en-
hanced by mutations in CAF-1 subunits (Le et al. 1997;
Tyler et al. 1999). Both genetic and biochemical data
suggest that ASF1 functions synergistically with CAF-1
in the regulation of chromatin assembly and cell divi-
sions (Tyler et al. 1999, 2001; Sharp et al. 2001; Mello et
al. 2002).
In mammals, ASF1 has been identified as a phosphory-

lation target of the cell cycle-regulated Tousled-like ki-
nases (TLKs). These kinases are members of a conserved
serine/threonine kinase family present in both animals
and plants (Silljé and Nigg 2001). The prototype TLK in
Arabidopsis thaliana was shown to be essential for
proper flower and leaf development by possibly regulat-
ing cell divisions (Roe et al. 1993, 1997). Mammalian
TLKs are localized in the nucleus during interphase and
display maximal activity during S phase, when DNA
synthesis and replication-dependent chromatin assem-
bly occur (Silljé et al. 1999). In further studies, TLKs have
also been shown to be able to phosphorylate Ser 10 of
histone H3 (Li et al. 2001).
We describe the function of the single tousled-like ki-

nase (tlk) gene of Drosophila. Analysis of tlk mutants
shows that reduced tlk levels cause abnormal nuclear
divisions followed by apoptotic death, and that increased
tlk levels alter the chromatin structure. TLK interacts in
vitro with ASF1, resulting in phosphorylation of ASF1.
In vivo, TLK cooperates with ASF1 in the control of en-
doreplication, indicating that TLK regulates cell cycle
progression through the chromatin assembly pathway.

Results

Characterization of the Drosophila tlk

The Drosophila genome contains only a single member
of the Tousled-like kinase family of genes, termed
tousled-like kinase (tlk). The gene is located in the re-
gion 3F of the Drosophila X chromosome (Adams et al.
2000; Fig. 1A). Comparison of the tlk cDNA sequences
(LD15160, GH07910) with the corresponding genomic
DNA sequences (Berkeley Drosophila Genome Project,
BDGP) revealed that the gene encodes alternatively
spliced transcripts. They differ in their 3� untranslated
region, resulting from the use of different polyadenyla-
tion sites. In addition, they have an alternatively spliced
first exon. The predicted proteins share a common ORF
of 1242 residues and differ in the N-terminal region (de-
tails in legend to Fig. 1). The structure of the gene, the
deduced amino acid sequence of TLK, and a comparison
with human and Arabidopsis homologs are summarized
in Figure 1.
TLK, human TLK1 and TLK2, and the Tousled kinase

ofArabidopsis (TSL) show a high degree of sequence con-
servation in the C-terminal serine/threonine kinase do-

main with 71%, 68%, and 52% sequence similarity, re-
spectively (Fig. 1B). The catalytic domain of TLKs carries
an unusual ATP-binding motif, which contains a
GXGXXS (position 73–78; Fig. 1B) instead of the canoni-
cal GXGXXG motif (Hanks et al. 1988). A structural
comparison of Drosophila TLK with mammalian and
plant homologs is shown in Figure 1C.

tlk expression patterns and subcellular protein
localization

In situ hybridization of the tlk cDNA probe to ovaries
shows that the transcripts are expressed in nurse cells
fromwhere they are transported into the oocyte (data not
shown). tlk transcripts remain ubiquitously distributed
in the egg and throughout embryonic development (Fig.
2A). Northern blot analysis confirms that the highest
amount of tlk transcript is present during the early syn-
cytial phase of embryonic development, when rapid
DNA replication and chromatin assembly occur (data
not shown). Moreover, ubiquitous expression of tlk is
found in proliferative tissue, the larval imaginal discs
(data not shown).
To examine the cellular localization of Drosophila

Tousled-like kinase protein (TLK), we generated antibod-
ies against TLK (see Materials and Methods). In Western
blots prepared from crude extracts of freshly laid eggs or
nuclei of embryos (Fig. 2B), anti-TLK antibodies recog-
nize two bands of ∼135 and 125 kD, the predicted size of
TLKs. In addition, the antibodies detect two smaller
bands. All bands are absent from corresponding crude
extracts of tlk�14 mutants (see below), indicating that
anti-TLK antibodies are specific and have no cross-reac-
tivity. The two smaller bands seen in the Western blots
(Fig. 2B) likely represent TLK degradation products.
Early proliferation events during Drosophila embryo-

genesis proceed through 13 rapid and synchronous syn-
cytial mitotic cycles. After cellularization, which occurs
during nuclear division cycle 14, cells enter an extended
G2 phase. Cells that continue to divide are restricted to
so-called mitotic domains (Foe 1989). Immunostaining
detects TLK during nuclear division cycle 10, when nu-
clei align at the periphery of the embryo, in a distinct cell
cycle-dependent localization pattern. TLK is strongly en-
riched in interphase nuclei (Fig. 2C). During all other
stages of mitosis, TLK is not associated with the mitotic
chromosomes, but rather, diffusely distributed through-
out the cells (data not shown; Fig. 2D). After cellulariza-
tion, when the mitotic domains of the embryo have
formed, and throughout embryonic development (Foe
1989), TLK again becomes enriched only in interphase
nuclei (Fig. 2D).
The subcellular pattern of TLK during interphase sug-

gests that the protein could be linked to chromatin. To
test this hypothesis, we examined polyploid salivary
glands of larvae. We found that the protein is enriched in
salivary gland nuclei, in which it concentrates around
the polytene chromosomes (Fig. 2E,F). However, no
staining was obtained with squashed polytene chromo-
somes (data not shown). This observation indicates that
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TLK is not associated directly with DNA and may stay
in only weak contact with the interphase chromatin of
polytene chromosomes.

tlk is an essential gene

To assess the in vivo function of TLK, we generated mu-
tant tlk alleles by P[lacW]-element insertion mutagen-

esis (Peter et al. 2002). We recovered a lethal mutation,
tlkl(1)G0054, in which a P[lacW]was inserted into the first
intron of the tlk gene (Fig. 1A). Homozygous tlkl(1)G0054

individuals die as larvae. This effect is due to the P[lacW]
insertion into the tlk gene, because precise excision of
the transposon restores full viability. We also recovered
two imprecise excisions that gave rise to deletion mu-
tants, the tlk�14 and tlk�40 alleles (Fig. 1A). As observed

Figure 1. Characterization of the tlk gene,
tlk mutations, and tlk protein. (A) Structure
of the tlk gene and position of the P-element
insertion l(1)G0054. cDNA was obtained
from the LD15160 clone. AE refers to the
contig number of the Drosophila genome
project (Adams et al. 2000). Comparison of
different tlk cDNA sequences and tlk ge-
nomic sequences (Berkeley Drosophila Ge-
nome Project, BDGP) showed that tlk en-
codes differentially spliced transcripts. The
tlk LD15160 and GH07910 transcripts differ
in their 3� untranslated region (different
polyadenylation sites), and they have an al-
ternatively spliced first exon. The predicted
protein sequences encoded by tlk LD15160
and tlk GH07910 (gene CG2829) share a
common ORF of 1242 residues and differ in
the first putative 13 (MPVVKQRKMSRFK)
and 24 amino acids (MDQFQTSLNPRKL
ELLESRITGVR), respectively. Database
searches revealed that cDNAs LD16185 and
LD09833 also encode a protein with 12 al-
ternative N-terminal residues (MCVQKD
MRRLKK) and the cDNAs LD41810 and
LD16882 lack the alternatively spliced first
exon. The alleles tlk�14 and tlk�40 result
from an imprecise excision in which 2357 bp
have been deleted (tlk�14) and 1143 bp have
been replaced by a 22-bp sequence interval of
the P-element (tlk�40), respectively. Non-
translated regions and coding region of the
gene are shown by open and black boxes, re-
spectively; deleted genomic DNA of the mu-
tants is shown by brackets. PK indicates the
cDNA region that encodes the tlk kinase do-
main; ABP (green box) indicates the position
of the peptide used for antibody production.
(B) Alignment of the conserved C terminus
containing the Tousled kinase domain of
Drosophila tlk, Arabidopsis (Atha), and hu-
man homologs (Hsap TLK1 and Hsap TLK2)
using the CLUSTALW program (Thompson
et al. 1994). Identical residues or conserva-
tive replacements are shaded; dots denote
gaps in the alignments. The amino acid po-
sition 217 is labeled with an asterisk; A in-
dicates that the tlkdead transgene carries a
replacement of the aspartic acid residue by
alanine. (C) Schematic representation of
Drosophila, Arabidopsis, and human TLKs.
The kinase domains (PK; yellow boxes),
nuclear localization signals (red oval), leucine zipper motives (blue boxes), coiled-coil regions (green spirals), and glutamine-rich
regions (green boxes) are shown. Numbers refer to positions of amino acids.
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with the original tlkl(1)G0054 allele, the homozygous
tlk�14 and tlk�40 mutant individuals die during larval
stages. The fact that tlk�14 and tlk�40 mutations lack
parts of the TLK coding sequence (Fig. 1A) and fail to
express detectable amounts of protein as shown by anti-
TLK antibody staining onWestern blots of crude extracts
of eggs from females containing tlk�14 germ-line clones
(Fig. 2B) indicate that the two alleles are loss-of-function
alleles and that tlk�14 is possibly amorphic. These data
indicate that tlk wild-type activity is necessary for the
viability of the organism, and that the activity of mater-
nally derived tlk transcripts is possibly sufficient to carry
the mutant individuals throughout and beyond embryo-
genesis (Fig. 2A).
To address the role of maternal tlk transcripts, we used

the FLP-ovoD system (Chou and Perrimon 1996) to gen-
erate homozygous tlk mutant germ-line clones, which
causes the loss of maternal tlk activity in embryos. Male
progeny derived from the tlkl(1)G0054 mutant female
germ line died during embryogenesis, whereas the fe-
male individuals, which received a paternal wild-type tlk
gene copy, developed into fertile adults. This result in-
dicates that maternally derived tlk activity has an essen-
tial function, which can be compensated for by zygotic,
paternally derived tlk activity.
Corresponding experiments with tlk�14 and tlk�40 al-

leles resulted in embryonic lethality of both males and
heterozygous females, showing that these mutants are
stronger than the tlkl(1)G0054 allele. At 25°C, females
with germ-line clones for both tlk�14 and tlk�40 muta-
tions are sterile, laying a small number of eggs that col-
lapse shortly after deposition. At 18°C, however, these
females lay eggs that look normal, but a substantial por-
tion of them appears to be shorter than wild type.
tlk�14 mutant embryos fail to hatch, and about two-

thirds die during the first nine nuclear divisions (class I
embryos). The other embryos form a syncytial blasto-
derm and only 12.5% (of total embryos) initiate gastru-

lation (class II embryos). tlk�40 is a weaker allele, be-
cause about half of the embryos gastrulate (52% of the
total embryos), and some of them even develop into
hatching larvae.

Loss of tlk affects nuclear divisions and causes DNA
fragmentation

Closer examination of aged tlk�14 class I embryos re-
vealed that no DNA could be detected in most of them
(data not shown). Those containing DNA have a few en-

Figure 2. Distribution of tlk transcripts and protein. (A) In situ
hybridization of whole-mount preparations from embryos
(stages 3 and 9) as revealed by antisense RNA corresponding to
LD15160. (B) Western blots of SDS gels loaded with crude ex-
tracts from eggs of either wild-type females (WT) or females
containing a homozygous tlk�14 germ line (tlk14) were probed
with anti-TLK antibodies; anti-actin antibodies were used to
monitor the protein loading. Asterisks indicate bands corre-
sponding to predicted sizes of TLKs, dots indicate possible deg-
radation products (for details, see text). (C,D) Confocal images of
embryos showing DNA (green; SYTOX Green), lamin (red; anti-
lamin antibodies), or TLK (blue; anti-TLK antibodies). (C) Stage
5 wild-type embryo with synchronized nuclei at interphase;
TLK is concentrated in the nuclei (see enlarged area, right). (D)
Stage 8 wild-type embryo with asynchronous cell divisions.
TLK is enriched in interphase nuclei. During all other stages of
the division cycle, TLK is distributed diffusely and not associ-
ated with condensed chromosomes (enlarged area, right). (E)
Staining of whole-mount salivary glands for TLK (green) and
DNA (blue). Note that TLK is concentrated in nuclei. (F) Mag-
nification of nuclei showing that TLK is not associated with
polytene chromosomes but concentrated around them.
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larged nuclei, in which DNA forms either unstructured
supernovas (Fig. 3A,B) or network-like structures (Fig.
3C,D). The latter observation reflects apoptotic nuclei as
revealed by TUNEL staining (data not shown), visualiza-
tion of DNA fragmentation, and nuclear envelope break-
down, as detected by anti-lamin antibodies (Fig. 3E–G).
The network-like DNA structures suggest defects in
chromatin structure as has been reported for JIL-1 kinase
(Wang et al. 2001). These results indicate that loss of
maternal tlk activity impairs the early nuclear divisions
of class I embryos and leads to apoptotic death.
Although nuclei of class II embryos divide and migrate

in a wild-type-like fashion toward the periphery, they
harbor a number of distinct defects. The early nuclear
divisions are asynchronous, as revealed by the appear-
ance of both interphase and anaphase nuclei that is
rarely observed in wild-type embryos (Fig. 4A,B). Fur-
thermore, nuclei are connected by elongated DNA
bridges (Fig. 4A–D), indicating incomplete chromosomal
segregation. Moreover, nuclei are heterogeneous in size
(Fig. 4D, inset) and the DNA of the enlarged nuclei has a
uniform cloudy appearance with some strongly stained
DNA spots (data not shown).
The early stages of Drosophila embryogenesis undergo

a rather specialized division cycle, with nuclei cycling
between S andM phases only, for example, lacking the G
phases in between. To find out whether TLK is also im-
portant for proliferating tissues that follow a conven-
tional cell cycle, we performed mitotic recombination
experiments to generate homozygous tlk mutant cells
during imaginal disc development (Dang and Perrimon
1992). We found that imaginal disc cells homozygous for
tlk�14 mutant are able to initially form clones of up to
eight cells and then disappear from the growing tissue,
whereas the wild-type twin clones continue normal
growth (data not shown). These observations confirm
that loss of tlk activity causes cell death.

tlk mutants show a reduced level of phosphorylated
histone H3

TLK1 was shown to phospholylate Ser 10 of histone H3
and to substitute for the absence of Ipl1, a kinase re-
quired for histone H3 phosphorylation in yeast (Li et al.

2001). We therefore asked whether the amount of his-
tone H3 phosphorylation is altered in tlk mutant em-
bryos. Figure 5A–F show that tlk�14mutants have only a
low number of nuclei that are stained with antibodies
directed against phophorylated histone H3, a molecular
marker of M-phase nuclei (Hendzel et al. 1997). This
indicates that the majority of tlk mutant nuclei remain
in interphase, and only a few continue mitosis (Fig. 5A–
F). Reduced levels of phophorylated histone H3 in tlk�14

mutants could be confirmed by Western blot analysis,
showing that although tlk�14 and wild-type embryos
contain similar amounts of histone H3, the amount of
phosphorylated histone H3 in tlk�14 mutants was re-
duced significantly (Fig. 5G). It is noteworthy that we

Figure 3. Apoptosis in tlk�14 class I mu-
tant embryos. DNA staining with SYTOX
Green of preblastodermal wild-type (A,C)
and tlk�14 loss-of-function mutant em-
bryos (B,D). Nuclei fail to replicate prop-
erly and undergo apoptosis. (E–G) DNA
and lamin double staining shows DNA
fragmentation and nuclear membrane
breakdown in tlk�14 mutant embryos,
both characteristics of apoptotic death.
The nuclear envelope is outlined with an-
tibodies against lamin (LAM; white in F,
red in G).

Figure 4. Asynchronous nuclear divisons in tlk�14 class II mu-
tant embryos. DNA is stained with SYTOX Green (DNA; green
in A–D). The nuclear envelope is outlined with antibodies
against lamin (LAM; inset, D). (A) Synchronous nuclear divi-
sions (here: metaphase) in a preblastoderm wild-type embryo.
(B) tlk�14 mutant embryo of younger age showing that nuclear
divisions are asynchronous. Note that nuclei at the left and
right margins have already divided and are separated, whereas
nuclei in the central region are still in anaphase and show a
defective chromosome segregation pattern (long DNA bridges).
(C,D) Nuclear cycle 12 wild-type (C) and corresponding tlkmu-
tant embryo (D). Note the loss of mitotic synchrony and uneven
spacing of mutant nuclei (inset, D). The nuclear envelope is
labeled with antibodies against lamin (red). tlk embryos show
heterogeneity in the size of the nuclei.
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failed to detect increased levels of histone H3 phosphory-
lation in embryos that overexpressed TLK (data not
shown). Reduced levels of phosphorylated histone H3
in tlk�14 mutants could be an indirect consequence of
fewer cells entering mitosis. In summary, these results
show that the loss of tlk activity causes the nuclei to
arrest in interphase. Those nuclei that are capable of
entering the next division cycle fail to segregate chromo-
somes properly and subsequently undergo apoptosis.

Increased tlk activity alters the pattern of cell
proliferation

We next asked whether increasing tlk expression also
matters to dividing cells. To answer this question, we
used the GAL4/UAS system (Brand and Perrimon 1993)
to examine the effects of transgene-dependent tlk over-
expression throughout the early embryos. Overproduc-
tion of tlk in response to some of the most active Gal4
drivers during early embryogenesis such as V32-Gal4,
arm-Gal4, and en-Gal4 (see Materials and Methods) re-
sults in embryonic lethality.MS1096-driven overexpres-
sion (Milan et al. 1998) of tlk in the dorsal compartment
of wing imaginal discs results in fewer and enlarged cells
(data not shown). These findings are consistent with the
conclusions drawn from the loss-of-function mutant
analysis, showing that the level of TLK activity plays a
general and provital role during the cell cycle and
thereby affects proliferating tissues.

TLK interacts with ASF1 in vivo

Studies on human TLKs have shown that they are able to
phosphorylate ASF1, a histone chaperone involved in

chromatin assembly (Silljé and Nigg 2001). Thus, the
tlk-dependent nuclear division defects in Drosophila
might be mediated by ASF1 and thereby affect the chro-
matin assembly pathway. Therefore, we investigated
whether TLK and ASF1 interact functionally in vivo by
gain-of-function experiments, in which tlk and asf1were
expressed in response to the eyeless-Gal4 (ey-Gal4)
driver during eye development. Figure 6A shows that
overexpressing tlk or asf1 alone results in mild rough-
eye phenotypes, whereas the coexpression of both genes
causes a dramatic effect. Most of the derivatives of the
eye-antenna imaginal disc fail to develop, resulting in a
so-called pin-head phenotype (Fig. 6A). The enhance-
ment of the phenotype due to the combined expression
of asf1 and tlk strongly suggests that the products of the
two genes act either in the same genetic pathway or con-
tribute to the same process in an independent fashion.
To further establish whether asf1 and tlk act in the

same genetic pathway, we performed a complementary
experiment, in which we coexpressed ASF1 and a domi-
nant negative variant of TLK (TLKdead), which contains a
single amino acid replacement (D to A, position 217 of
the catalytic domain; Fig. 1B). Overexpression of tlkdead

in response to ey-Gal4 had a devastating effect on eye
development, leading to a pin-head phenotype, as ob-
served in response to the combined overexpression of tlk
and asf1 (see above; Fig. 6A). Interestingly, expression of
asf1 in addition to tlkdead significantly suppressed the
effect of tlkdead (Fig. 6A). Suppression of the tlkdead ef-
fects by coexpression of asf1 is not due to the dilution of
the Gal4 driver, because coexpression of the flippase en-
zyme does not suppress the effects of tlkdead overexpres-
sion. These findings show that asf1 overexpression is

Figure 5. tlk�14 mutants have reduced phosphory-
lated histone H3 levels. DNA is stained with SYTOX
Green (DNA; white in A,D; green in C,F). Nuclei in M
phase are visualized by staining with anti-phospho-his-
tone H3 antibody (P-H3; white in B,E; red inC,F). (A–C)
DNA and phosphorylated histone H3 patterns in stage
8 wild-type embryos. Note P-H3 antibody stained cells
within the mitotic domains. (D–F) tlk�14 mutant em-
bryo stained with P-H3 antibody. Note few mitotic
cells undergoing DNA fragmentation (large thin ar-
rows). Most nuclei remain in interphase and accumu-
late big clumps of DNA (small fat arrows). (G) Western
blots of SDS gels loaded with crude extracts from eggs
that derived from either wild-type females (WT) or fe-
males containing homozygous tlk�14 germ lines were
probed with antibodies against phosphorylated histone
H3 (anti-phospho H3). Controls for loading of protein
extracts; antibody staining of nonphosphorylated his-
tone H3 (anti-histone H3) and actin (anti-Actin); in-
creasing amounts of the protein extracts are indicated
by triangles. Note that the tlk�14 mutants show re-
duced levels of phosphorylated histone H3.
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able to inactivate TLKdead dominant negative function.
Taken together, these coexpression studies suggest that
in vivo ASF1 is a substrate of TLK.

TLK binds and phosphorylates ASF1 in vitro

One possibility to explain the ASF1-dependent suppres-
sion of the dominant negative effect of TLKdead is to
suppose that, like in humans (Silljé and Nigg 2001), ASF1
is able to form a stable complex with the mutated ki-
nase, and thereby suppresses its action by competition-
based dilution of the active molecule.
To test this hypothesis and to further characterize the

interaction between TLK and ASF1, we performed GST
pull-down experiments. We found that bacterially pro-
duced GST–ASF1 fusion protein is able to pull down
TLK or TLKdead synthesized and radiolabeled by in vitro
transcription/translation (IVT) reaction (Fig. 6B). TLK
produced in vitro migrates in two forms (slow and fast
migrating; Fig. 6B,C), TLKdead migrates only as the fast
moving form (Fig. 6B,C). These observations raise the
possibility that in vitro synthesized TLK is phosphory-
lated, possibly by autophosphorylation. Figure 6D shows
that in vitro synthesized TLK is active and able to phos-

phorylate both the GST–ASF1 fusion protein and itself.
Treatment of TLK preparations with phosphatase or
ATP further confirms that the fast and slow moving
forms differ in phosphorylation status and provide in-
sights into the interactions between ASF1 and TLK. We
find that upon treatment with ATP, TLK migrates even
slower (probably due to hyperphosphorylation) and is not
pulled down by the GST–ASF1 fusion protein (Fig. 6C).
We noted that ATP treatment may also alter the binding
of ASF1 to hypophosphorylated TLK, as the recovery of
the fast-migrating protein band seems to be reduced (Fig.
6C). This could be due to continued TLK autophosphory-
lation during the binding reaction or to partial ASF1
phosphorylation that may alter the interaction with
TLK. In contrast, upon phosphatase treatment, TLK mi-
grates only as the fast moving form and forms a stable
complex with the GST–ASF1 fusion protein. Phospha-
tase or ATP treatments have no effects on TLKdead and
do not alter its ability to interact with the GST–ASF1
fusion protein (Fig. 6C). These data suggest that ASF1
binds dephosphorylated (or moderately phosphorylated)
TLK and dissociates upon TLK hyperphosphorylation. In
addition, phosphorylation of ASF1 may regulate the in-
teraction.

Figure 6. TLK acts in the same genetic
pathway as ASF1 and phosphorylates it in
vitro. (A) tlk interacts with asf1 in vivo. In
wild-type flies, synchronized cell divisions
give rise to adult eyes with regularly dis-
tributed facets. In flies overexpressing ei-
ther tlk kinase or asf1 in the eye under the
control of eyeless-GAL4 driver, the facets
distribution is slightly altered, giving rise to
a rough eye phenotype. Coexpression of
both tlk and asf1 in the eye using the eye-
less-GAL4 driver leads to severe develop-
mental defects, resulting in pin-head phe-
notype. Overexpression of tlkdead alone in
the eye with the same eyeless-GAL4 driver
results in pin-head phenotype, whereas co-
expression of both tlkdead and asf1 rescues
the tlkdead pin-head phenotype. (B) GST
pull-down assays with radiolabeled TLK
and TLKdead produced by coupled in vitro
transcription/translation (IVT) in the pres-
ence of [35S]methionine as detected by au-
toradiography. Both TLK and TLKdead bind
to GST–ASF1 fusion protein, but not to
GST. A total of 10% of the input mixture
was loaded as control (Input). A major frac-
tion of TLK kinase (P) migrates slower on
SDS-PAGE compared with TLKdead due to
autophosphorylation. (C) Stability of the in-
teraction between TLK and ASF1 depends on TLK’s autophosphorylation state. Radiolabeled TLK and TLKdead were treated with either
calf intestinal alkaline phosphatase (CIP) or with ATP. CIP treatment results in a fast migrating TLK form of samemobility as TLKdead,
which is pulled down by GST–ASF1. Addition of ATP results in a slower migrating form of TLK, which is presumably hyperphos-
phorylated (labeled PP) and does not bind GST–ASF1. Gel mobility of TLKdead and binding to GST–ASF1 protein is unchanged after
treatments either with CIP or ATP. (D) Nonradiolabeled, in vitro translated TLK phosphorylates GST–ASF1 protein and itself, but not
GST alone, as detected by autoradiography with 32P. TLKdead lacks phosphorylation and autophosphorylation activities because of a
mutation in the catalytic domain. TLK and TLKdead proteins were not synthesized in sufficient amounts to be revealed by Coomassie
staining; however, they were revealed by immunoblotting using anti-TLK antibodies (data not shown).

Carrera et al.

2584 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on February 24, 2016 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


TLK and ASF1 affect chromatin structure and DNA
replication

To gain further insight into the processes regulated by
the TLK–ASF1 pathway during development, we have
generated individuals in which UAS–asf1 and/or UAS–
tlk transgenes can be ubiquitously activated. Because
early acting GAL4 drivers cause embryonic lethality, we
used heat-shock inducible GAL4 drivers. We found that
2-h heat-shock at any time during larval development
caused UAS–asf1 or UAS–tlk-dependent lethality. We
therefore decided to take advantage of the fact that the
heat-shock promoter (hsp70) is leaky, and we determined
the experimental conditions (25°C–30°C; see Materials
and Methods) under which larvae developed into adult
flies. Under these conditions, the overall growth and dif-
ferentiation of larvae is not affected by expressing either
asf1, tlk, or tlkdead, whereas the size of the third instar
salivary glands is greatly reduced. The reason for the en-
hanced or even specific effect of ASF1 and TLK on sali-
vary gland nuclei is that, in contrast to most other larval
tissue, they undergo 10 rounds of endoreplication, in
which DNA is replicated without daughter strands sepa-
ration. Lack of endoreplication, therefore, would cause
significantly smaller nuclei, and in turn, smaller salivary
glands.
During normal salivary gland growth, endoreplication

gives rise to polytene chromosomes showing a charac-
teristic pattern of chromosomal bands. Polytene chro-
mosomes provide a prime model to study in vivo the
structure of interphase chromatin. Overexpression of
ASF1 and/or TLK had severe effects on the morphology
and the size of nuclei of salivary glands (Fig. 7). EGFP,
which serves as an internal control for the overexpres-
sion of a protein in response to heat-shock-induced Gal4,
had no such effect (Fig. 7A,G). Overexpression of asf1
results in smaller salivary glands composed of fewer cells
(Fig. 7B), which contain chromosomes that are reduced
in size (Fig. 7H). These findings suggest that excess of
ASF1 slows down cell cycle progression or leads to cell
death and that overexpression of ASF1 interferes with
endoreplication. In the case of tlk overexpression, the
salivary glands are also smaller, but the cell number is
not significantly reduced, suggesting that the reduced
size seems to be due primarily to reduced endoreplica-
tion, leading to thinner chromosomes than in wild-type
and ASF-overexpressing glands (Fig. 7I; cf. Fig. 7G,H; see
also Fig. 7H). In addition, tlk overexpression alters
higher-order chromatin structures, as the chromosomes
are grossly disrupted, losing their typical banding pattern
(Fig. 7I). These observations suggest that TLK is essential
for the proper assembly of higher order chromatin struc-
tures.
Coexpressing asf1 and tlk together aggravates the sali-

vary-gland mutant phenotypes as compared with over-
expression of either asf1 or tlk only. Under these condi-
tions, salivary glands are composed of only a few cells
(Fig. 7D) that contain strongly underreplicated DNA (Fig.
7J). As observed with the eye (see above), overexpression
of tlkdead affects salivary gland development severely,
that is, we could only recover individuals with salivary

glands by growing the larvae at 18°C. These glands are
composed of only a few cells, all with underreplicated
polytene chromosomes. This finding shows that the
presence of tlkdead strongly inhibits endoreplication and
interferes with cell divisions or cell viability (Fig. 7E,K).
The effect of tlkdead overexpression can be suppressed by
coexpression of asf1 (Fig. 7F,L), confirming an interac-
tion between ASF1 and TLK. Despite a strong effect on
chromatin structure and endoreplication in salivary
glands, larvae overexpressing either asf1 and/or tlk at
30°C (hsp-driver) are able to develop into adults that,
however, lack a number of the large thoracic bristles
(macrochaetae). Also, the sex ratio of the flies hatching
in these overexpression studies was skewed toward fe-
males, indicating that males are more sensitive to the
altered levels of tlk and asf1 (data not shown). Alto-
gether, these data imply that the TLK–ASF1 pathway is
important for both DNA replication and chromatin as-
sembly, suggesting a mechanism by which TLK controls
cell cycle progression.

Discussion

The tlk gene encodes a conserved serine/threonine ki-
nase with homologs in plants and animals. In humans,
the TLKs are activated during the S phase of the cell
cycle and were shown to phosphorylate at least two tar-
gets, ASF1 (Silljé et al. 1999; Silljé and Nigg 2001) and
histone H3 (Li et al. 2001). ASF1 acts as a histone chap-
erone and participates in replication-dependent chroma-
tin assembly (Tyler et al. 1999). Phosphorylated histone
H3 is an important factor in the condensation of chro-
matin during mitosis (Wei et al. 1999). These discoveries
revealed a possible link between the TLK family mem-
bers and regulation of chromatin condensation and/or
the assembly of chromatin during cell cycle progression.
More recently, TLK activity has been shown to be down-
regulated upon exposure to DNA-damaging ionizing ra-
diation during S phase, a response depending on ATM
and Chk1 kinases (Groth et al. 2003).
We show that Drosophila tlk is essential for nuclear

divisions and cell viability, and required for the main-
tenance of the higher-order chromatin structure of in-
terphase chromosomes. We also demonstrate that
Drosophila TLK phophorylates ASF1, and that both
proteins cooperate in the control of chromatin replica-
tion in vivo, suggesting a mechanism that links cell pro-
liferation and a TLK-dependent chromatin assembly
pathway.

TLK is essential for nuclear divisions and cell viability

The Drosophila tlk gene is transcribed throughout de-
velopment in both somatic and germ-line tissues. Its ac-
tivity is essential for survival as required for normal
nuclear divisions in proliferating tissues. Loss of tlk
causes an arrest of cell cycle progression at interphase
and subsequently leads to apoptotic death.
Nuclear division defects are already detected in early

embryos that lack tlk. Normally, early Drosophila em-
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bryos develop in a syncytium, in which the nuclei pro-
ceed through rapid nuclear divisions undergoing S and M
transitions only. When embryos lack TLK activity,
nuclear cleavages stop. In both Drosophila and human
cells, TLK is enriched in S-phase nuclei and reaches its
maximal activity during S phase (Silljé et al. 1999). These
observations suggest that TLK activity is required for
proper DNA replication and/or proper chromatin assem-

bly. The elongated DNA masses (Fig. 4), however, imply
that the most prominent effects occur during anaphase.
Therefore, we cannot exclude the possibility that TLK
affects not only the replication and chromatin assembly
during interphase, but also other steps in the cell cycle
(Fig. 8). In humans, TLK also phosphorylates histone H3
(Li et al. 2001), a step thought to be important for pro-
gression through mitosis. Although our results support a
role of Drosophila TLK in histone H3 phosphorylation
(Fig. 5G), they do not demonstrate that histone H3 is a
direct phosphorylation target of TLK.

Chromatin assembly factor ASF1 is a phosphorylation
target of TLK

In support of a role of TLK in controlling the assembly
and/or condensation of chromatin, we found that, as in
humans (Silljé and Nigg 2001),Drosophila chromatin as-
sembly factor ASF1 is phosphorylated by TLK. However,
unlike in humans, in which TLKs interact only tran-
siently with ASF1a and ASF1b (Silljé and Nigg 2001), we
found that Drosophila TLK and ASF1 proteins form a
stable complex that is disrupted upon TLK hyperphos-
phorylation. Interestingly, in human, TLK kinase is hy-
perphosphorylated during S phase, a time point which
coincides with maximal TLK activity. Dephosphory-
lated forms of TLK are found throughout the rest of the
cell cycle (Silljé et al. 1999). In light of these observa-
tions, we suggest that Drosophila ASF1 stably binds de-
phosphorylated TLK prior to initiation of DNA replica-
tion. During S phase, the initiation of DNA replication
probably results in the activation of TLK concomitant to
its autophosphorylation and the subsequent release of
phosphorylated ASF1 from the complex. Phosphorylated
ASF1 may then be used in de novo chromatin assembly
coupled to DNA replication. A dynamic mode of the

Figure 7. Overexpression of the TLK–ASF1 pathway affects
chromatin structure and endoreplication in salivary glands.
(A,G) Salivary glands from larvae overexpressing egfp at 25°C
under Heat-Shock-gal4 (HS-gal4) driver show normal cell num-
ber (128 per lobe) and morphology of polytene chromosomes.
(B,H) Overexpression of asf1 results in smaller salivary glands
with only half of the normal cell number (upper salivary gland).
Occasionally, some of the salivary glands have normal size and
almost normal cell number (lower salivary gland). Polytene
chromosomes appear thinner, indicating that DNA is underrep-
licated. (C,I) Overexpression of tlk produces small salivary
glands with nearly normal cell number, but with chromosomes
that are extremely thin and unstructured, showing global
changes in higher-order chromatin structure. (D,J) Coexpression
of both tlk and asf1 gives rise to tiny salivary glands with few
cells (∼1/10 of the normal) and tiny chromosomes. (E,K) Expres-
sion of the dominant negative tlkdead allele almost completely
abolishes cell proliferation in salivary glands, even at 18°C. In
these glands, chromosomes appear to be underreplicated. Chro-
mosomes from few preparations that could be obtained show a
banded pattern (K, inset). (F,L) Coexpressing asf1 with tlkdead

partially rescues tlkdead effects on cell cycle progression and
DNA replication. Note thatG–L (with the exception of the inset
in K) are presented at the same magnification.
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TLK–ASF1 interaction may also explain the rather weak
association of TLK with polytene chromosomes and the
absence of TLK-associated chromosomal bands on
squashed chromosomes (Fig. 2E,F).
A similar mechanism has been suggested in yeast for

the interactions between the RAD53 checkpoint kinase
and ASF1 (Emili et al. 2001). In this case, activation of
RAD53 by hyperphosphorylation induced by DNA dam-
age results in the release of ASF1 from the complex.
Upon release, ASF1 is thought to function in chromatin
assembly on repaired DNA (Emili et al. 2001). However,
the yeast ASF1 protein does not seem to be phosphory-
lated by the RAD53 kinase. In addition, there is no ho-
molog of TLK in yeast, suggesting that the phosphoryla-
tion of ASF1, as observed in both humans and fly, is
likely to be specific for higher eukaryotes.
It is interesting to note that the C-terminal part of the

yeast ASF1 protein is enriched in acidic residues relative
to its higher eukaryotic counterparts. This raises the pos-
sibility that the phosphorylation of ASF1 in Drosophila
and humans adds negative charges to the C-terminal tail
of ASF1 to allow fly or human ASF1 to attain a structure
similar to that of yeast ASF1. Although, in yeast, an
ASF1 protein lacking the polyanionic stretch is suffi-
cient to complement asf1-growth defects and establish-
ment of telomeric silencing in vivo, we believe that the
negatively charged protein may enhance the deposition
of histones. In support of this hypothesis, it was found
that the yeast ASF1 protein lacking the polyanionic tail
displayed markedly reduced binding to histones H3/H4
(Umehara et al. 2002).

TLK and chromatin assembly

Overexpression of TLK appears to block endoreplication
of polytene chromosomes in the salivary glands, further
substantiating the role of TLK in DNA replication. By

overexpression of both genes, we were able to show that
TLK cooperates with ASF1 in this process, arguing that
the TLK-dependent effects on endoreplication are medi-
ated through components of the chromatin assembly
pathway (Fig. 7). ASF1 in yeast has been found to be
important for histone gene regulation (Sutton et al.
2001). In this process, ASF1 cooperates directly with the
histone regulation protein (HIR). Studies in which the
HIR was up-regulated show that excess of the protein
leads to the repression of histone gene transcription, fol-
lowed by a block of DNA synthesis and an arrest of the
cell cycle in S phase (Sharp et al. 2001; Nelson et al.
2002). In addition, the Xenopus laevis homolog of HIR,
called HIRA, is able to assemble nucleosomes on naked
DNA, suggesting a more general role for HIR proteins in
chromatin organization (Ray-Gallet et al. 2002). These
findings raise the possibility that TLK affects endorepli-
cation by regulating DNA replication through the ASF1–
HIR pathway, a proposal that will need to be addressed
by future experiments.
TLK is not directly associated with distinct sites on

polytene chromosomes, but TLK overexpression signifi-
cantly disrupts their higher-order chromatin structure
(Fig. 7I). Thus, TLK may participate in chromatin assem-
bly and/or condensation by, for example, regulating or
modifying chromatin proteins (Fig. 8). Several mutations
have been reported that affect the higher-order chroma-
tin structure of polytene chromosomes. Whereas muta-
tions in iswi and nurf301, two genes encoding proteins
involved in nucleosome sliding, affect mostly male X
chromosome structure, mutations in the jil-1 kinase and
Su(var)2–10 disrupt the chromatin structure of all poly-
tene chromosomes (Deuring et al. 2000; Hari et al. 2001;
Li et al. 2001; Wang et al. 2001; Badenhorst et al. 2002).
Within such a scenario, TLK could exert its function in
the maintenance of higher-order chromatin structures by
modulating the activity of ASF1 or some other chroma-
tin protein during chromatin assembly. Possible mecha-
nisms by which altering TLK activity leads to a disrup-
tion of chromatin and cell cycle arrest are summarized in
Figure 8.
Although further experiments will be required to de-

termine exactly how TLK-dependent phosphorylation af-
fects cell cycle progression, our findings suggest the ex-
istence of a crucial link between cell cycle progression
and chromatin structure. First, we show that the lack of
TLK activity leads to an arrest of cell cycle progression at
interphase, and as consequence, to reduced levels of
phosphorylated histone H3. Second, the fact that TLK
seems to interact with chromatin, and that the only two
known substrates of TLK are proteins involved in chro-
matin structure (histone H3 in humans and ASF1 in both
humans and Drosophila) suggests that TLK activity may
be targeted primarily to chromatin proteins. Finally, a
closer examination of the chromosomes following TLK
overexpression demonstrates that an alteration of TLK
activity causes a global change in chromatin structure.
These findings raise the intriguing possibility that the
lack of proper chromatin structure may be the cause of
the cell cycle arrest, and that there might be a specific

Figure 8. Possible control over cell cycle progression by TLK
via chromatin. Altering TLK expression affects cell cycle pro-
gression most likely via Asf1. Altered Asf1 phosphorylation
could affect chromatin assembly in S phase and/or during DNA
repair. TLK may also act on chromatin through histone H3 (Li
et al. 2001), and have additional functions via as yet unidenti-
fied substrates.
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cell cycle checkpoint determining whether the chroma-
tin is properly assembled. In support of this hypothesis,
a recent study shows that treating tissue-culture cells
with chromatin-modifying drugs activates the ATM ki-
nase, a protein whose activity is thought to lead to the
cell cycle arrest following exposure to DNA-damaging
ionizing radiation (Bakkenist and Kastan 2003). In addi-
tion, altering in vivo chromatin assembly by expressing
a dominant negative mutant of the largest CAF-1 sub-
unit induces S-phase arrest through activation of DNA-
damage checkpoint pathway (Ye et al. 2003). It is inter-
esting, then, to speculate that the cell cycle arrest fol-
lowing the alteration of chromatin structure due to TLK
misregulation may occur through the activation of the
DNA damage checkpoint pathway.

Materials and methods

Isolation and characterization of tlk alleles

Maintenance and handling of fly stocks and crosses were done
according to standard techniques (Peter et al. 2002). l(1)G0054 is
a lethal PlacW insertion in the first intron of tlk (Peter et al.
2002) that was used for subsequent studies. Isolation of new
alleles by P-element excision was carried out with jump-starter
females [genotype w tlkl(1)G0054/w FM6; TM2 Ubx �2–3/+] that
were crossed with Y/FM6 males. P-element excisions were
scored in female progeny (white-eye phenotype) and crossed
with Y/FM7 GFPmales, so that progeny can be distinguished on
the basis of the visible GFP marker. Of 1250 independent exci-
sion events, we established 36 homozygous lethal strains that
were balanced over FM7 GFP. The lethal phase of each tlk allele
was determined with hemizygous males, genomic DNA sur-
rounding the original l(1)G0054 insertion site was amplified by
PCR and the DNA fragments were sequenced (Peter et al. 2002).
Further detailed analysis was done with two deletion alleles,
tlk�14 and tlk�40 (see text and Fig. 1).

Generation of germ-line clones

The alleles tlkl(1)G0054, tlk�14, and tlk�40 were each recombined
onto a chromosome carrying P(w+ FRT)101. Homozygous cell
clones were generated by mitotic recombination using the FRT/
FLP system (Dang and Perrimon 1992); germ-line clones were
generated using the FLP-ovoD system (Chou and Perrimon
1996). Virgin females of the genotype w, tlk, FRT101/FM7 GFP
were mated with w ovoD1 v FRT101/Y; HS-Flp males. Flies
were transferred to fresh food once every 24 h, and F1 larvae
were heat shocked (37°C; 2 h) during the second and third instar
larval stages to induce mitotic recombination events in prolif-
erating germ cells. Embryos derived from a tlk homozygous
female germ line were examined at 18°C and 25°C.

Antibody production, immunocytochemistry, and microscopy

Rabbit anti-TLK antibodies were generated against the peptide
KSQIVGNQKTIDQHKCHIAKC located within the TLK N-ter-
minal domain (position 585–606; Eurogentec). The position of
the peptide within the ORF of the TLK coding sequence is in-
dicated in Figure 1A. The cysteine in position 16 of the peptide
was modified C(t-Bu) to block the coupling in internal positions.
Both antiserum and affinity-purified antibodies (Thiopropyl
Sepharose 6b, Amersham Pharmacia) were tested with Western

blots of nuclear extracts of wild-type and tlk mutant embryos
(see Fig. 2B) and by immunostaining of such embryos. Immu-
noreactivity on Western blots was detected with extracts of
wild-type but not of tlk mutant embryos, indicating that the
antibodies were specific for TLK. They were used in a 1:1000
dilution. Inmunostainings of wild-type and en-Gal4/UAS–tlk
mutant embryos (showing overexpression of TLK in an ectopic
stripe pattern) with antibodies against Tousled are fully com-
peted by incubation of the antibody with the peptide antigen at
concentrations below 10 µg/mL. We also used mouse anti-La-
min (1:200), rabbit anti-phospho-histone H3 (1:100; Upstate Bio-
technology) as well as Cy3- or Alexa 488-, Alexa 543-, and Cy5-
or Alexa 633-conjugated secondary antibodies as recommended
by the manufacturer (Molecular Probes). For nuclear staining,
samples were treated with RNAse A (Sigma; 400 µg/mL; 20
min) and incubated with 0.1 µM SYTOX Green (Molecular
Probes; 2 h). Fixation of Drosophila embryos was in 4% para-
formaldehyde. In general, embryos were incubated with the pri-
mary antibodies (PBS; overnight at 4°C), and then with the sec-
ondary antibodies and SYTOX Green. Embryos were mounted
in VECTASHIELD mounting medium (Vectorlabs) and viewed
by confocal microscopy. Digoxigenin-labeled antisense
LD15160 RNA was used for whole-mount preparations of ova-
ries and embryos (Hauptmann and Gerster 1996). Immunostain-
ing of whole-mounted salivary glands or squashed polytene
chromosomes were done using a 1:200 dilution of anti-TLK an-
tibody (Platero et al. 1995; Hari et al. 2001). DNA was stained
with 1 µg/mL of DAPI.

Overexpression of TLK

The UAS/GAL4 system was used as decribed (Brand and Perri-
mon 1993). The UAS–tlk transgene was constructed by insert-
ing the NotI–Asp718 fragment of LD15160, containing the
full-length ORF of the tlk cDNA, into the pUAST vector. The
UAS–tlkdead transgene contains a replacement of the aspartic
acid residue in position 217 of catalytic domain by alanine (Fig.
1). The UAS–asf1 line was described previously (Moshkin et al.
2002). The UAS–tlk, UAS–tlkdead, and UAS–asf1 lines were
crossed with the different Gal4 drivers described in the text.
The heat-shock-dependent promoter (hsp70) was used to ex-
press the Gal4-dependentUAS–asf1 and/orUAS–tlk under con-
ditions that have been described (Moshkin et al. 2002). For de-
tails on the driver lines used, see FlyBase (http://flybase.bio.
indiana.edu).

GST pull-down

TLK and TLKdead were synthesized using rabbit reticulocyte in
vitro transcription-translation system (IVT) in the presence of
[35S]methionine, as described by the manufacturer (Promega).
GST–ASF1 fusion protein was expressed and purified from bac-
teria (Moshkin et al. 2002). GST pull-down experiments with
TLK or TLKdead were performed for 1–2 h at 4°C in binding
buffer (20 mM HEPES-KOH at pH 7.6, 150 mM KCl, 2.5 mM
MgCl2, 10% glycerol, 1% Triton X-100, 1 mM DTT, and 10
mg/mL BSA) with GST–ASF1 or GST (negative control) coupled
to the Glutathione Sepharose 4B beads (Amersham). Beads were
washed three times with 10-bed volumes of buffer (20 mM
HEPES-KOH at pH 7.6; 150 mMKCl; 2.5 mMMgCl2; 1% Triton
X-100; 1 mM DTT). Proteins were separated on 6% SDS-PAGE.
Bound TLK or TLKdead were revealed by autoradiography.

TLK autophosphorylation and phosphatase treatments

For autophosphorylation studies, [35S]methionine radiolabeled
IVT-produced TLK or TLKdead were incubated for 30 min at
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30°C in TLK kinase buffer (50 mM Tris-HCl at pH 7.5; 10 mM
MgCl2; 1 mM EGTA; 0.5 mM DTT; 5 mM NaF) in the presence
of 10 µm ATP (Silljé et al. 1999). Dephosphorylation was per-
formed with 10 U of calf intestinal alkaline phosphatase in sup-
plied buffer (NEB) for 2 h at 37°C (Silljé et al. 1999). Reactions
were subsequently diluted in GST pull-down binding buffer and
incubated with GST–ASF1 coupled to beads for 1–2 h at 4°C.
After washes, proteins were separated on 6% SDS-PAGE and
revealed by autoradiography.

In vitro kinase assays

TLK–GST–ASF1 or TLKdead–GST–ASF1 complexes obtained af-
ter GST pull-downs with nonlabeled IVT-produced TLK or TLKdead

were incubated for 30 min at 30°C in TLK kinase buffer in the
presence of 10 µm ATP, 2 µCi of [�-32P]ATP (Hartmann Ana-
lytic). The reactions were stopped by boiling in Laemmli SDS-
PAGE loading buffer. GST alone was tested as negative control.
To monitor the amount of complexes, proteins were stained
with Coomassie after separation on 10% SDS-PAGE. TLK and
TLKdead were detected by immunoblotting with anti-TLK anti-
bodies (data not shown). 32P incorporation was revealed by au-
toradiography.
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