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Review Article
Molecular basis and functional diversity of TOUSLED kinase

Hashimul Ehsan*
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ABSTRACT: TOUSLED (TSL) gene initially identified in the model
system A. thaliana, and later in numerous organisms, played diverse
role in replication, chromatin remodeling, DNA repair for normal
growth and development. In Arabidopsis and human, this kinase
activity fluctuates during the cell cycle and interact with several
substrates however the molecular mechanism of this gene regulation
remains it its infancy. Although TOUSLED kinase and TOUSLED-like
kinase (TLK1 & TLK2) research is increasingly advancing in
particularly cell cycle studies, more research is needed to fully explore
its functional role in cell division. This review will focus on a succinct
description of this kinase during the cell cycle and as well as its
interactors during the growth and development. Regardless of its
progress, TOUSLED kinase has potential during the cell cycle but have
yet to uncover furthermore using Arabidopsis cell suspension culture
as a model system.
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General information on TOUSLED and TOUSLED-
like kinases

The TOUSLED (TSL) gene was first identified by
mutagenesis studies in the Arabidopsis plant by Dr.
Judy Roe (UC Berkeley) and continued by Dr.
Hashimul Ehsan 2. Several years later, it has been
shown that these nuclear TOUSLED-like Kkinases
(TLKSs) are highly conserved in plants and animals.
TOUSLED-like kinases (TLKSs), have been found in
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mouse, human, tropical clawed frog, lizard, zebra fish,
fruit fly, Trypanosomes brucei (African parasitic
protist), Rotifers and worm except unicellular
eukaryotes including bacterial cells and yeast®. Since
then diverse range of TOUSLED Kkinase is responsible
for susceptibility of such a wide range of cell cycle
events in various organisms 3. This kinase is composed
of a C-terminal catalytic domain and an N-terminal
regulatory domain (Figure 1).
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Figure 1. Schematic depiction of deduced protein products of TOUSLED-like kinase family member genes
showing conserved features, The serine/threonine C-terminal catalytic domains are red, glutamine-rich stretches are
shown in grey, nuclear localization signals (NLS) in solid bars. Arabidopsis TSL protein is 78kDa and has an N-
terminal and regulatory and a C-terminal catalytic domain. MTK1 and MTK4 from Z. mays are almost identical to
each other .Human TLK1is an 82 kDa protein kinase which contains an NLS and three coiled-coil segments in
positions similar to TSL. A TLK1 from C. Elegans, ceTLK, is derived from the sequence of cosmid CO7A9 and
its expression is confirmed by the number of ESTs. The human Tlks and mouse TIk2 have also been cloned with
names PKU-a and PKU-R.

The regulatory domain contains a predicted coiled-coil
region, including a leucine zipper segment that is
required for catalytic activity and oligomerization in
vitro 4 This domain also includes three nuclear
localization signals (NLS), at least one of which is
functional, and a glutamine rich motif #. Cloned TLKs
from human and mouse and have shown involvement in

damaging agents and inhibitors of DNA replication °.
The two-known human TLKs, TLK1 and TLK2, are
84% similar at the amino acid sequence level,
ubiquitously expressed and act as dimers/ oligomers °.
TLKs contain similar functional motifs as TSL, and
these motifs are arranged in a comparable manner
(Figure 1).

cell cycle regulation and that they are sensitive to DNA-

Figure 2. a) Asfl phosphorylates by TLKs and stimulate chromatin assembly. CAF-1 mediates H3 deposition
through its interaction with PCNA during replication and DNA repair. ASF1 recruits H3 and H4 histones to RACF
together with CAF1 to assist the assembly of nucleosomes onto newly synthesized DNA during replication. b) Asfl
in DNA Repair: Asfl dissociates from Rad53 protein kinase upon DNA damage and promotes nucleosome
assembly on damaged DNA.
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Mutations in the founding member of the TOUSLED
family, Arabidopsis thaliana TOUSLED, resulted in
numerous developmental defects that led to a
“TOUSLED” appearance of various plant tissues. Since
then diverse range of TOUSLED Kkinase is responsible
for susceptibility of such a wide range of cellular events
in various organisms. In higher plants, the mechanisms
by which TOUSLED kinase contributes to an enhanced
response include the phosphorylation during the growth
and development and studies by several groups indicate
a good starting point for further functional role of this
kinase. tsl loss of function mutations cause pleiotropic
defects in both leaf and flower development, and
growth and initiation of floral organ primordia is
abnormal, suggesting that basic cellular processes are
affected.

Role of TOUSLED and TOUSLED-like kinases
(TLKS) in cell cycle

Human TOUSLED-like kinase (TLK) activity
oscillates during the cell cycle. TLK1 and TLK2 are
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involved in chromatin assembly, DNA repair,
transcription and chromosome segregation ®. TLK1
interacts specifically with the chromatin assembly
factors Asfl and Rad 9 "°. Asfl is a histone H3-H4
chaperone that is essential in mammals and other
organisms %13 Asfl, in conjugation with another
chaperone called CAF1, promotes the assembly of
nucleosomes onto newly replicated DNA strands . In
mammals, Asfl has been identified as a
phosphorylation target of TLKs which stimulate
chromatin assembly >*°. Human TLK activity increases
in S phase (DNA replication) of the cycle and interacts
redundantly with chromatin  assembly factor.
Phosphorylation of histone H3 at ser-10 by TLK 1B has
been shown but the significance of this phosphorylation
remains unclear. Asfl recruits H3 and H4 histones to
form replication-coupling assembly factor (RCAF)
together with chromatin assembly factor 1 (CAF1) to
assist the assembly of nucleosomes onto newly
synthesized DNA during replication 121 (Figure: 3).

b)

5 lad

Figure 3. Arabidopsis suspension culture cells were synchronized by aphidicolin treatment followed by washing.
a) (left) Cells from 13 hours after release were stained with propidium iodide and viewed by confocal microscope.
Three examples are shown, the lower two are in mitosis. b) Flow cytometry was performed on nuclei isolated and
stained with propidium iodide from stationary (upper left), S-phase (upper right), and G2/M (lower left) cells. The
same data is shown in the bottom right combined into a three-dimensional histogram. The stationary phase cells are
in G 0/G1 with a 2C DNA content. The S-phase sample contains nuclei which show an increase in DNA content as
cells are replicating their DNA. The G2/M cells show a peak at 4C DNA content. Approximately 30,000 nuclei

were measured at each time point.

TLKZ1 inhibition in response to DNA damage is
dependent on checkpoint protein CHKZ1, which
phosphorylates S695 leading to transient inactivation °.
This inactivation of TLK1 reduced its phosphorylation
capabilities towards ASFla which prevents DNA
replication/repair °.

TSL was found to be more highly expressed in
exponentially growing Arabidopsis thaliana culture
cells than in stationary, non-dividing cells. TSL kinase
activity increases during M phase and G1 in
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synchronized Arabidopsis suspension culture cells and
tsl mutants also display an aberrant pattern and
increased expression levels of the mitotic cyclin gene
CycB1;1, suggesting that TSL may repress CycB1;1
expression at certain times during development or the
cell cycle 2. These above-mentioned findings will led to
the assumption that TLKs are present only in multi-
cellular eukaryotes and likely play the fundamental
aspects of development during the cell cycle.
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Future directions

Cell cycle research has been aided tremendously by the
ability to synchronize a population of cells in culture
1718 These cell cultures lines are typically
undifferentiated cells that are maintained in the
presence of one or more plant “growth” hormones.
These cell cultures have been tremendously useful for
both plant cell cycle research, and for production of
anti-cancer drugs, such as taxol, vinblastine, and
vincristine, and other chemicals and herbal compounds.
The readily synchronizable tobacco BY-2 cell line has
been the workhouse in plant cell cycle research 7,
whereas Arabidopsis cell cultures have been used to a
lesser extent. The BY-2 cells are maintained in the
presence of auxin, whereas the Arabidopsis cells
require both auxin and cytokinin for proliferation. Two
methods can be used for synchronization of cell
cultures. First, hormone starvation causes the
population to stall G 0, which is then followed by
hormone addition to initiate synchronous entry into G1.
The second method utilized cell cycle blockers. Cells
are incubated in the drug, released from the block by
washing, whereupon they enter the subsequent cell
cycle phase synchronously. Depending on which
drug(s) is used, cells can be blocked initially within a
chosen stage, and the cells then progress synchronously
from that stage after release 820,

The TSL proteins are located primarily in the nucleus
and even less is known of their function and of
biochemical pathway, chromatin remodeling and
assembly, and organogenesis in higher plants. An open
question needs to be elucidated: what coordinates all
these cellular activities during higher plant
development? The significance in higher plants is not
yet fully understood, but so far suggests that to involve
in cell division cycle perhaps similar to mammalian
counterpart. One possible way similar to the human
TOUSLED (TLKSs) is to investigate the functional role
during the plant cell cycle of this kinase. Using
Arabidopsis cell suspension culture as a model system,
it is interesting to find functional role of this kinase by
applying  molecular-genetic  and  biochemical
approaches. The significance outcome on TSL and its
interaction with other cell cycle regulatory protein will
illuminate the mechanisms involved in the control of
the plant cell cycle and in the regulation of nuclear
events including transcription, DNA repair, and DNA
replication.
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