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INHIBITORS OF TYROSINE KINASES
AND PHOSPHATASES AS A TOOL FOR
THE INVESTIGATION
OF MICROTUBULE ROLE
IN PLANT COLD RESPONCE

Tyrosine phosphorylation plays a vital role in the
variety of signal transduction pathways in eukaryotic
cells, however its role and relevance in plants are still
largely unknown. To investigate the functional role of
tubulin tyrosine phosphorylation in plant cells the inter-
play between the effects of tyrosine kinases (herbimycin
A) as well as tyrosine phosphatases (sodium orthova-
nadate) inhibitors on microtubules sensitivity to cold in
A. thaliana root cells were studied. Since it was found
that inhibition of tyrosine kinases significantly increased
the microtubules sensitivity to cold, while inhibition of
tyrosine phophatases enhanced their cold-resistance,
we suggest an existence of certain functional interaction
between the phosphorylation on tyrosine residues and
sensitivity of cortical microtubules to low temperatures.
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Introduction. Microtubules (MTs) are essential
cytoskeleton elements involved in numerous
fundamental processes in plant cells [1]. The diverse
functions of MTs are defined by the dynamic
properties of MTs as well as by distribution and
arrangement of MTs through out the cell [2,
3]. Plants have distinct gene sets coding main
structural MTs protein (a- and B-tubulin) even
for MTs arrays apparently similar in structure [4].
It is known that a specific expression of tubulin
genes does exist under different developmental
stages and environmental conditions [5—9]. Tubulin
composition varies both spatially and temporally
by transcription of different tubulin genes that
is further diversified by the mechanisms of post-
translational modifications (PTMs) used for labe-
ling of MTs subpopulations [10].

It was found that both o- and B-subunits of
plant tubulin are post-translationally modified
[11—17]. However, for the most PTMs of
plant tubulin the functional importance needs
to be elucidated. Recently using biochemical
approaches we have shown that both plant
tubulin subunits (a- and B-) are phosphorylated
on tyrosine residues [16]. Immunofluorescence
microscopy revealed that tyrosines in poly-
merized MTs are indeed phosphorylated, and
this phosphorylation occurs on both cortical
and mitotic MTs in Arabidopsis cells [18, 19].
Our experiments with tyrosine kinase and
phosphatase inhibitors identified also tyro-
sine phosphorylation as an important factor
in regulation of MTs organization in A. tha-
liana primary root cells [20]. However, the
functional significance of MTs phosphorylation
on tyrosine residues with impact on MTs
organization and stability, including responses
to various external stimuli, remains an open
issue to date.

For instance, it is know that temperature is
an important factor that affects MTs orga-
nization and dynamics in plant cells [21].
Several studies have shown that plant MTs
disassemble in response to low temperature
[22—24]. Depolymerization of MTs has been
linked to cold induced gene expression and
activation of the low temperature signalling
pathway [25]. Differential expression of plant
tubulin genes during cold treatment have been
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observed, but relatively little information is
available on functional role of tubulin PTMs
as one of the potential important component
of signal transduction mechanism in higher
plants. However, it has been demonstrated that
MTs behavior can be influenced by protein
phosphorylation process [26—29] as a set of serine/
threonine protein kinases inhibitors can modify
MTs stability under low temperature [22, 24].

Thus, the aim of present research was to
investigate MTs organization in response to cold
treatment, and estimate whether the interplay
between the phosphorylation/dephosphorylation
processes and MTs sensitivity to cold exposure
does exist in plant cells. Here we report that
inhibition of tyrosine kinases significantly in-
creases plant MTs sensitivity to cold. As opposed
to that cell treatment with tyrosine phosphatase
inhibitor resulted in resistance enhancement of
cortical MTs to cold as compared to control.
Obtained results allow us to suggest an existence
of certain functional interaction between the
tubulin phosphorylation on tyrosine residues and
sensitivity of cortical MTs to cold treatment in A.
thaliana primary root cells.

Materials and methods. Plant material. Seed-
lings of Arabidopsis thaliana (Landsberg erecta
(Ler) ecotype) expressing gfp-map4 |30] were
grown under aseptic conditions as described
earlier [20]. Four-day-old seedlings were used
for the experiments. Cold treatment were admi-
nistered either as seedlings exposition at +0,5 °C
for time period during 1—5 h.

Chemical treatment. Stock solutions of her-
bimycin A (inhibitor of non-receptor tyrosine
kinases) and sodium orthovanadate (inhibitor
of tyrosine phosphatases) were prepared as
described earlier [20]. For the study of the
combined effects of tyrosine kinases or phos-
phatases inhibitors and low temperature A. tha-
liana seedling were pretreated firstly with her-
bimycin A (50 uM) or sodium orthovanadate
(250 uM) at room temperature (+23 °C) during
1 or 2 h and than transferred to cold chamber
(+0,5 °C) for 1-5 h.

Confocal microscopy. Confocal imaging was
performed using a LSM 510 META confocal laser
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scanning microscope («Carl Zeiss», Germany)
with a Zeiss 63x Plan-Apochromat NA 1.4 oil-
immersion objective lens. Green fluorescent
protein (GFP) excited with the 488 nm wa-
velength of an argon laser (at 15 % power output)
with emission collected by the BP 510—570 nm
filter. Immediately following treatments the seed-
lings were transferred on glass coverslips and cells
of meristematic, transition, elongation as and dif-
ferentiation zones of A. thaliana primary root were
scanned to observe MTs organization. The effects
of inhibitors and cold shock treatments on MTs
organization in different cell types were examined
from 15 different plants. Each set of treatments
and observations were preformed in at least three
experiments.

Results. MTys response to cold. At first the in-
fluence of low temperature on cortical MTs orga-
nization in cells of different growth root zones
of A. thaliana seedlings were investigated. Ty-
pical organization of cortical MTs in cells of
A. thaliana (GFP-MAP4) primary root were
described in details earlier [31] and it is shown
in Fig. 1, a—c. It was found that cold exposure of
A. thaliana seedlings during 1 and 2 h caused no
obvious changes in cortical MTs orientation and
organization in cells of meristematic, elongation
as well as differentiation zones of primary roots
(Fig. 2, a, c¢) as compared to control (Fig. 1, a—c).
Whereas in some cells of transition zone MTs
less amount of MTs were visualised (Fig. 2, b) as
compared to control (Fig. 1, b).

Seedlings subjected to low temperature
during >3 h revealed dramatic changes in MTs
organization. For instance, cold exposure during 4
h caused significant fragmentation of cortical MTs
in the majority of cells of meristematic zone (Fig.
2, d). At the same time MTs in epidermal and
cortex cells of transition and elongation as well as
differentiation zones completely lost their organized
structure (Fig. 2, e, f). Moreover, after 5 h seedlings
exposure under low temperature cortical MTs in all
types of A. thaliana root cells were depolymerised.

Tyrosine kinases and tyrosine phosphatases in-
hibitors impact on cortical MTs sensitivity to cold. It
was established that the treatment of A. thaliana
seedlings with 50 uM herbimycin A during 1 and
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2 h caused no changes on MTs organization
in all types of primary root cells (Fig. 3, a—c).
However our previous data suggest that only
4 h treatment with herbimycin A at the same
concentration resulted in MTs depolymerization
in cells of differentiation zone, whereas MTs in
epidermal cells of the meristematic, transition as
well as elongation zones were less sensitive to
herbimycin A treatment [20].

It was found that A. thaliana seedlings
pretreatment with herbimycin A for 1 h and their
further exposure to cold during 1 or 2 h provoked
dramatic changes in MTs organization. MTs
disorientation and depolymerization in some
epidermal cells of meristematic zone (Fig. 3,
d) as well as in the most epidermal cells of
transition and elongation zones (Fig. 3, e) were

found while in the cells of differentiation zone
MTs were partially or totally depolymerized
(Fig. 3, /.

However, in cells of seedlings exposed to
cold only during the same time (1 or 2 h)
were no visible changes of MTs organization
(Table). It should be noted that 2 h seedlings
pretreatment with herbimycin A and further cold
exposure during 1 h led to complete cortical
MTs depolymerization in epidermal cells of all
primary root growth zones (Table). Therefore,
it is likely that inhibition of tyrosine kinases
significantly increases the cortical MTs sensi-
tivity to cold.

On the other hand, A. thaliana seedlings
treatment with 250 uM sodium orthovanadate
only (inhibitor of tyrosine phosphatases) during

Effect of herbimycin A, sodium orthovanadate and cold on MTs organization
in cells of A. thaliana roots

Treatment, h Root growth zone
Root tip Transition Elongation Differentiation
Inhibitor ¢ o
Qﬁ o = é = = & g
= R 2 3] 3] )
H = 3 2 5y 2 = 2 = 2 = 3
= S g g g g S g S & S S
- 1 + + + + + + + + + +
- 2 + + + +/— + + + + + +
- 3 +/—- +/—- +/- - +/- +/—- +/— +/— +/— +/—-
- 4 +/— +/— - - - - - +/—- - -
_ 5 _ — — — — — — _ — _
Herbimycin A 1 - + + + + + + + + + +
1 1 +/— +/— +/— +/— +/— +/— +/— +/— - -
1 2 - +/— - - - - - - - -
2 - + + + + + + + + + +
2 1 - - - - - - - - - -
Sodium orthova- 1 - + + + + + + + + + +
nadate 1 1 + + + + + + + + + +
1 2 + + + + + + + + + +
1 5 + + + + + + + + + +
2 - + + + + + + + + + +
2 1 + + + + + + + + + +
2 2 +/— + + + + + + + + +
2 5 +/— + + +/— + +/— + + + +

Indications. «+» — normal MTs organization; «+/—» — partial MTs depolymerization, «—» — MTs could not

be visualized.
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1 and 2 h did not affect MTs organization in
primary root cells (Fig. 4, a—). Pretreatment of
A. thaliana seedlings with sodium orthovanadate
(1 or 2 h) and their further exposition to cold
during 1 and 2 h have not caused alterations in
MTs organization as well (Table). Nevertheless,
after further cold exposure of A. thaliana seed-
lings during 3, 4 and 5 h in the majority of
cells of meristematic, transition, elongation and
differentiation zones MTs were visualized (Fig.
4, d-f). Though, MTs in cells of the same A.
thaliana primary growth zones exposed only
to cold during the 3, 4, 5 h were shortened or
totally depolymerized as it was described above.
Thereby these results indicate that A. thaliana
seedlings pretreatment with inhibitor of tyrosine
phosphatases increases stability of cortical MTs
to low temperature treatment.

Effects of tyrosine kinases and tyrosine phos-
phatases inhibitor treatments as well as low tem-
perature on MTs organization in cells of A. tha-
liana primary root are summarized in the Table.

Discussion. Our data clearly demonstrate
that MTs in cells of A. thaliana primary
root zones have different sensitivity to low
temperature exposure. The most sensitive to
cold were MTs in cells of transition zone,
whereas the most stable were MTs in cells
of meristematic zone. These results are in
accordance with other data showing that MTs
in cells of various maize root tissues at different
distances from apex exhibited diverse sensitivity
to cold [32]. It was established that MTs in
cells of post-mitotic and rapidly elongating
zones of the maize root apex (transition zone)
were more sensitive to low temperature than
MTs in cells of the meristem, as well as in cells
of the proximal portion of the elongation zone,
where cell elongation was slow [32]. Recently
it was found that transition zone integrates
diverse inputs from endogenous and exogenous
stimuli and translates them into signalling
and motoric outputs as adaptive differential
growth responses [23]. Generally MTs in cells
of transition zone characterized with highly
dynamic parameters of MT polymerization
are highly sensitive to the range of different
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factors like gravity [33], UV-B irradiation [32],
phytohormones [32], serine/threonine protein
kinase and phosphatase inhibitors [20, 28, 29].
According to our data as well as results of other
research groups it could be assumed that MTs,
especially in transition zone, could play an
integral role in perception of different signals
that enable plants adapt to environmental
changes, including cold.

Reversible protein phosphorylation is one of
the most common means of signal transduction
pathways in plants, including cold stress-res-
ponse (freezing) and cold-acclimation (chilling)
pathways [35, 36]. Recently we have found that
phosphorylation of MTs proteins, primarily
tubulin, on serine/threonine residues can be
involved in cell cycle progression [27], primary
root elongation processes as well as induction,
formation and growth of root hairs in A. tha-
liana seedlings [29]. Furthermore protein phos-
phorylation on serine/threonine residues could
participate in regulation of MTs cold stability in
plant cells [22, 24].

Until recently the importance of phospho-
rylation on tyrosine residues has been largely
neglected because typical tyrosine kinases were
not found in plants. However, specific tyrosine
phosphatases do exist in higher plants and play
a key role in some physiological processes in
plant cells [37-39]. It was also established that
tyrosine phosphorylation participates in different
cellular processes in plants like disease-resistance
signalling [40, 41], MAP kinase cascades [42]
as well as other processes in plant cell signaling
[43-47].

Bioinformatics approaches allowed us to
demonstrate the similarity of some Arabidopsis
proteins with the unknown functions to the
profiles of animal tyrosine specific protein kinases
[48]. Moreover, in green alga the tyrosine kinases
(Syk-like) with the putative key role in growth
and development were identified [49].

Recently we have shown also that plant
tubulin is phosphorylated on tyrosine residues
[16]. Immunofluorescence microscopy revealed
that tyrosine phosphorylation of B-tubulin [18] as
well as o-tubulin [19] could be one of the targets
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for tyrosine kinases. Homological modeling of
tubulins in A. thaliana estimated that tyrosines in
C-terminal region of - and B-tubulin subunits are
exposed on the MT outer side that makes them
the candidates for the potential targets of tyrosine
kinases [18]. Analysis employing tyrosine kinase
and phosphatase inhibitors allowed us to assume
that tyrosine phosphorylation/dephosphorylation
processes could be involved in the regulation of
growth and development of A. thaliana roots as well
as in the regulation of overall MTs organization in
different cell types [20].

In present study we primarily established the
functional interaction between the inhibition of
tyrosine kinases/phosphatases activity in plant
cells and cortical MTs sensitivity to cold. It was
found that A. thaliana seedlings pretreatment
with tyrosine kinases inhibitor significantly
increase the cortical MTs sensitivity to cold
as MTs in cells of differentiation zone of A.
thaliana almost completely depolymerized
after 1 h exposure in cold conditions. Whereas
in control seedlings after 1 h exposure at
the same low temperature MTs in cell of all
growth zones of the A. thaliana root preserve
initial organization. As opposed to that after
root pretreatment with tyrosine phosphatase
inhibitor cortical MTs in A. thaliana cells
became more resistant to cold exposure as
compared to control exposed only to cold.

Thus, summarizing our data obtained we
can suppose that phosphorylation of plant
tubulin on tyrosine residues can be one of the
mechanisms of MTs sensitivity/stability to low
temperature exposure and could input in to cold
acclimatization process.

This assumption relies on our previous data
showing that in Daucus carrota suspension cells
anti-phosphotyrosine antibody PY-20 stained in
cold-stable MTs fraction the dominant proteins
corresponds to the position of o—f-tubilin
dimers [16]. We can speculate also that tyrosine
phosphorylation may affect MTs binding to
microtubule associated proteins or motor proteins
that can input into MTs cold stability/sensitivity.
The next challenge would be to identify the
protein kinases that participated in MTs protein
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phosphorylation on tyrosine residues and define
the possible functional role of this process in
plant cells.

A.A. lllepemem,
A.U. Emey, 5.5. barom

NCIIOJIb3OBAHME MHI'MBUTOPOB
TUPO3MHOBBIX KNHA3 1 ®OCDATA3
IJIA NCCIENOBAHMA POJIN
MUKPOTPYBOYEK B OBECITEYHEHNU
OTBETA PACTEHUWI HA XOJIOJ

®ochopuapoBaHUEe OCTATKOB TUPO3MHA SIBJISIETCS
BaXHBIM KOMIIOHEHTOM CHMTHAJTbHBIX KACKAJIOB B JyKa-
PMOTUYECKMX KJIETKAX, OMHAKO €r0 POJib M 3HAUMMOCTh B
PACTEHUSIX OCTACTCST MPAKTUYESCKU HEM3BECTHOM. [1y1sT TOro
YyTOOBI BBISICHUTH (DYHKIIMOHAJIBHYIO POJIb TUPO3MH(DOC-
(oprmpoBaHus TyOYJIMHA B PACTUTEJIBHOM KIIETKE, WC-
CJICIOBAIA B3aMMOCBSI3b MEXIY BIMSHUEM WHTHMOMTOpA
TUPO3UHKKUHA3 (repOuMuiMHa A) U TuposuHbocdaras
(opToBaHanaTa HaTpUsl) U YyBCTBUTEIILHOCTBIO MUKPOTPY-
00YeK B KJeTKax KOpHS A. thaliana K HeiicTBUIO XoJozna.
ITockobKY OBbITO BBISIBIIEHO, YTO MHTMOMPOBAHWE THUPO-
3MHKWHA3 3HAYUTETLHO YBEJIMUMBAECT YyBCTBUTEIBHOCTD
MUKPOTPYOOUYEK K XOJIOMYy, a WHTMOUpOBAaHWE TUPO3UH-
(ocaTas MoOBBIIAET UX XOJIOIOYCTONYMBOCTb, MbI TIPE/I-
roJjlaraéM HaJInyyMe ONpeaeIeHHON (DYHKIIMOHATBLHOM
B3aMMOCBSI3U MeXKIy (hochoprImpoBaHUEM TIO0 OCTATKAM
TUPO3WHA W YYBCTBUTEIHHOCTBIO KOPTUKATBHBIX MUKPO-
TpyOOUeK K JIEHCTBUIO XOJIOA.

A.0. Illepemem,
A.l. Emeyn, 5.b. barom

BIUUKOPUCTAHHA IHI'IBITOPIB
TUPO3MHOBUX KIHA3 I ®OCDATA3
JJIA JOCIIIKEHHA POJII MIKPOTPYBEOUOK
Y 3ABE3INTEYEHHI BIAITOBIAI
POCJIMH HA XOJIO[

DochoprTioBaHHS 3aJTUIIKIB TAPO3UHY € BAXKITUBUM
KOMIIOHEHTOM CUTHAJIbHUX KacKajliB B €yKapiOTUYHUX
KJIITUHAX, IPOTE MOTO POJIb i BAXKJTMBICTb B POCIMHAX I0TE-
TIep 3aJIMILIAETHCS TTPAKTUYHO HeBiomoro. 106 BusiButn
yHKIIOHATBHY POJIb TUPO3UHMOChOpMITIOBAaHHS TYOY-
JIIHY B POCJIMHHIN KJIITWHI, JOCTIIKEHO B3a€EMO3B’SI30K
MiX BIJIMBOM iHTIOITOpPiB TUPO3MHKIHA3 (TepOimilu-
Hy A) i TuposuHdocdaraz (opToBaHagaTy HATPilO) Ta
YYTJIMBICTIO MIKPOTPYOOUOK B KIIITUHAX KOpeHs A. tha-
liana mo nii xonoxy. OcKiTbKu OyJI0 BCTAHOBJICHO, IO
iHTIOyBaHHSI THUPO3MHKIHA3 3HAYHO 30UIBIIYE YYTJIA-
BiCTb MIiKpPOTPYOOUYOK IO XOJIOLY, TOHi SIK iHTiOyBaHHS
Trpo3nH@ocdaTa3 miIBUIIYE IXHIO XOJIOOOCTIMKICTh, MU
MPUITYCKAEMO ICHYBAaHHSI II€BHOTO (PYHKIIIOHAJIHLHOIO
B3aEMO3B’SI3KY MiX (POChHOPMIIOBAHHSAM II0 3aJIMILKAX
TUPO3UHY Ta UYTIMBICTIO KOPTUKAJIBHUX MIiKpOTPy0O-
YOK JI0 HU3BKUX TEMITepaTyp.
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