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ARTICLE INFO ABSTRACT

Keywords: All plant a-tubulins encode a C-terminal tyrosine. An elusive tubulin tyrosine carboxypeptidase can cleave off,
Detyrosination and a tubulin tyrosine ligase (TTL) re-ligate this tyrosine. The biological function of this cycle remains unclear
Microtubule

but may correlate with microtubule stability. To get insight into the functional context of this phenomenon, we
used cold-induced elimination of microtubules as experimental model. In previous work, we had analysed a rice
TTL-like 12 (OsTTLL12), the only potential candidate of plant TTL. To follow the effect of OsTTLL12 upon
microtubule responses in vivo, we expressed OsTTLL12-RFP into tobacco BY-2 cells stably overexpressing
NtTUA3-GFP. We found that overexpression of OsTTLL12-RFP made microtubules disappear faster in response to
cold stress, accompanied with more rapid Ca®" influx, culminating in reduced cold tolerance. Treatment with
different butanols indicated that a-tubulin detyrosination/tyrosination differently interacts with phospholipase D
(PLD) dependent signalling. In fact, rice PLDal decorated microtubules and increased detyrosinated a-tubulin.
Unexpectedly, overexpression of the two proteins (OsTTLL12-RFP, NtTUA3-GFP) mutually regulated the accu-
mulation of their transcripts, leading us to a model, where tubulin detyrosination feeds back upon tubulin

Phospholipase D

Tubulin tyrosine carboxypeptidase
Tubulin tyrosine ligase like 12
Tyrosination

transcripts and defines a subset of microtubules for interaction with PLD dependent stress signalling.

1. Introduction

Microtubules are composed of a- and - tubulin heterodimers. These
heterodimers form a highly dynamic structure that exhibits both growth
at the plus-end and shrinking at the minus-end at the same time. The
transition between growth and shrinkage, so called dynamic instability,
forms the basis for the organisation and remodelling of microtubules
[1]. This unique feature of microtubules endows them with diverse
functions. For instance, the orientation of cortical microtubule arrays
defines the directional cell expansion, while different mitotic microtu-
bule arrays control axis and symmetry of cell division. Both processes
allow a control of plant shape.

In addition to these classical functions in morphogenesis, stability
and re-organisation of microtubules participate in the sensing of cold
stress [2]. Among the numerous physiological and molecular events for
cold sensing, signal transduction and adaptive responses, culminating in
cold tolerance, the rapid elimination of microtubules represents one of
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the early responses, preceding changes of gene expression [2]. Efficient
cold acclimation correlates with a rapid, but transient elimination of
microtubules, a phenomenon occurring both in winter wheat [3] and in
grapevine cells [4]. In both systems, this can be mimicked in absence of
cold stress by pronamide, a mild microtubule eliminating compound.
This demonstrates that the rapid elimination of microtubules is suffi-
cient to activate cold acclimation. On the other hand, stabilisation of
microtubules by taxol can improve acclimation as well [4]. These
seemingly paradox functions of microtubules derive from different
subpopulations that differ in dynamics and with respect to their role in
cold signalling [2]. While stable microtubules act as susceptors to collect
and amplify the physical input from cold-induced membrane rigidifi-
cation, dynamic microtubule arrays are needed as well to integrate
vesicles that contain signalling compounds into plasma membrane.
When different microtubule populations do different jobs, because their
dynamics differ, this leads to the question, how these populations are
assigned on the molecular level.
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It is generally believed that the stability of microtubules is regulated
by a great variety of microtubule associated proteins (MAPS), respon-
sible regulation of microtubule assembly and organisation [5]. One of
these MAPs is the enzyme phospholipase D (PLD), a 90 kDa protein
which can be isolated from membrane fraction of tobacco BY-2 cells, and
which decorates cortical microtubules and, thus, likely acts as a
cross-bridge between cortical microtubule and plasma membrane [6,7].
Treatment with n-butanol, which interferes with the accumulation of
phosphatidic acids, products of PLD with signal activity, eliminates
cortical microtubules. The functional context of this interaction between
PLD and microtubules might be the sensing and processing of stress
signals, especially cold stress [2]. Indeed, activation of PLD is necessary
for the microtubule response to cold as shown by experiments using
different butanols in a grapevine cell line, where microtubules were
tagged by GFP [8]. Also for the response of Arabidopsis thaliana to heat
shock, activation of a specific isotype of the enzyme, PLDS and an initial
microtubule elimination are important to induce heat acclimation [9].
These findings place PLD in a position upstream of cortical microtubules
in the processing of thermal stress. This sensory function depends on
specific subpopulations of microtubules that differ with respect to their
dynamics [10]. However, how these specific subpopulations of micro-
tubules are delineated, has remained elusive.

Promising candidates for such a molecular delineation event are
posttranslational modifications of a- and p- tubulins since they associate
with differences in stability and structure of microtubules. The most
common posttranslational modification is the cycle of a-tubulin detyr-
osination and re-tyrosination by enzymatic removal and re-ligation of
the C-terminal tyrosine. The enzyme tubulin tyrosine ligase (TTL),
responsible for ligation of C-terminal tyrosine has been identified firstly
in neural tubulins [11], while the tubulin tyrosine carboxypeptidase
(TCP) that removes C-terminal tyrosine has been identified only
recently, as vasohibins and small vasohibin binding proteins [12,13]. It
should be mentioned that plant lack any homologues for vasohibins, nor
small vasohibin-binding proteins. Nevertheless, they are endowed with
a tubulin tyrosine carboxypeptidase function (in plants often abbrevi-
ated as TTC). While TTL preferentially binds to free tubulin hetero-
dimers [14], TCP/TTC has a higher affinity for assembled microtubules
[15]. As a result, tyrosinated a-tubulin is enriched in dynamic micro-
tubules, whereas stable microtubules harbour more detyrosinated
a-tubulin. This correlation between stability and detyrosination seems to
be valid for plants as well, as shown for auxin-dependent reorientation
of cortical microtubules in maize coleoptiles [16]. In cold acclimation of
winter wheat, the sensory function of microtubules during the response
to cold stress requires a rapid, but transient elimination linked with high
dynamics. These becomes manifest as an increased tyrosination of
a-tubulin, while the cold-stable microtubule arrays that form later in
consequence of cold-hardening are mostly detyrosinated [3]. These
findings indicate that a-tubulin detyrosination and tyrosination might
define different subpopulations with different dynamics and functions
during cold sensing.

However, TTC, the enzyme responsible for detyrosination has
remained still elusive. Moreover, while TTL occurs in gene families in
animals, where canonical TTLs co-exist with several TTL-like proteins
that participate in various tubulin modifications [17], in plants, there
are only homologues of TTL-like 12 proteins, which, therefore, qualify as
most likely plant candidates for putative TTLs [18]. In fact, when we
overexpressed the rice TTL-like 12 (OsTTLL12) in rice and in tobacco
cells [18], we observed that tubulin detyrosination and tyrosination
were modulated, which coincided with changes in cell and organ
growth, but also with perturbations in the orientation of the phragmo-
plast, a plant-specific microtubule structure guiding the orientation of
the cross wall after mitosis. To find out, whether post-translational
modification of specific microtubule subpopulations play a role in cold
sensing, we overexpressed the OsTTLL12 fused with RFP in the back-
ground of a tobacco BY-2 microtubule marker cell line overexpressing
NtTUA3-GFP. We find that overexpression of OsTTLL12-RFP resulted in
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reduced cold tolerance, which correlated with rapid depolymerisation of
microtubules and elevated cold-induced Ca®" influx. We also find evi-
dence for differential interaction of microtubules with PLD depending
on their tyrosination or detyrosination status. Unexpectedly, we also
detect a feedback of detyrosination and tyrosination levels on the
expression of a-tubulin, acting on the post-transcriptional level. We
arrive at a model, where microtubule dynamics not only modulates cold
sensing, but also participates in a homeostatic loop calibrating tubulin
synthesis with microtubule turnover.

2. Materials and methods
2.1. Generation of transgenic tobacco BY-2 cell lines

To get the stable transformation of OsPLDa1-GFP BY-2 cell line, total
RNA was firstly isolated from coleoptiles of Oryza sativa ssp. japonica cv.
Dongjin by using the innuPREP Plant RNA kit (Analytik Jena, Jena,
Germany). After reverse transcription by the M-MuLV cDNA Synthesis
Kit (New England Biolabs) according to the instructions of the manu-
facturer. The full-length coding sequence of OsPLDal (Accession num-
ber: LOC4327647) was amplified from cDNA template by PCR using the
oligonucleotide primers: attB1-PLD (forward primer): 5'-GGGGA-
CAAGTTTGTACAAAAAAGCAGGCTTCATGGCGCA-
GATGCTGCTCCATG-3'

and attB2-PLD (reverse primer): 5-GGGGACCACTTTGTACAA-
GAAAGCTGGGTTCTATGAGGTGAGGATGGGGGGCATG-3' with initial
denaturation at 94 °C for 7 min, followed by 30 cycles of denaturation at
94 °C for 1 min, annealing at 60 °C for 1 min, and elongation at 72 ° for 2
min, terminated by a final elongation step at 72 °C for 4 min. Then, the
PCR amplicon was integrated into the entry plasmid pDONR/Zeo
(Invitrogen), which after verification of the sequence, was then cloned
into the binary GATEWAY vector pK7W6F2. This vector allows for N-
terminal fusion of the green fluorescent protein, driven by the consti-
tutive CaMV 35S promoter, and followed by kanamycin resistance. After
verification of the sequence, the vector was then ready for stable
transformation into tobacco BY-2 cell (Nicotiana tabacum L. cv Bright
Yellow 2) using an Agrobacterium-mediated protocol as described in
[18]. The non-transformed tobacco BY-2 cell was referred to as WT
BY-2.

To follow the localisation of OsTTLL12 in relation to microtubules,
the microtubule marker line NtTUA3-GFP BY-2 [19] was transformed
with the vector pH7WGR2-OsTTLL12 [18] wusing an Agro-
bacterium-mediated protocol as described in [18]. This vector harbours
the coding fusion of OsTTLL12: LOC_ Os03 g08140 behind the red
fluorescent protein, driven by the constitutive CaMV 35S promoter, and
followed by a hygromycin resistance in a stable manner. This line
overexpressing both, OsTTLL12-RFP and NtTUA3-GFP, was referred to
as TTLL12 + TUAS3 cell line, to distinguish it from the microtubule
marker line NtTUA3-GFP BY-2 which for brevity is designated as TUA3
line.

2.2. Cultivation of tobacco BY-2 cells and plant materials

The WT BY-2 cell line, along with the transformed BY-2 cell lines
used in this work were cultivated in Murashige-Skoog medium, con-
taining 4.3 g/L Murashige and Skoog salts (Duchefa, Haarlem, The
Netherlands), 30 g/L sucrose, 200 mg/L Ky;HPO4, 100 mg/L myo-
inositol, 1 mg/L thiamine and 0.2 mg/L 2,4-dichlorophenoxyacetic acid
(2,4-D), pH 5.8. For the transgenic lines, the medium was supplemented
with the appropriate antibiotics (OsTTLL12-RFP [18] with 30 mg/L
hygromycin); OsPLDal-GFP and TUA3 with 50 mg/L kanamycin;
TTLL12 + TUA3 with both 30 mg/L hygromycin and 50 mg/L kana-
mycin). The cells grew under continuous shaking at 150 rpm, at 25 °C in
darkness. The cells were subcultured either weekly (WT BY-2,
OsTTLL12-RFP and OsPLDal-GFP) or bi-weekly (TUA3 and TTLL12 +
TUA3) by inoculating 1.5 mL of stationary cells into fresh medium (30
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mL) in 100 mL flasks.

Etiolated coleoptiles were raised from an line of Oryza sativa ssp.
japonica cv. ‘Dongjin’ overexpressing rice phospholipase Dal fused with
GFP [20] along with non-transformed plants from the same variety.
After equidistant sowing, the caryopses were cultivated on a poly-
urethane mesh floating 100 mL ddH»0 in a Plexiglass box at 25 °C in
photobiological darkness as described by [18].

2.3. Cold stress treatment of tobacco BY-2 cells

To administer cold stress, aliquots of the cell suspension in 2 mL
Eppendorf tubes (Eppendorf, Hamburg) were submerged into an ice-
water bath (0 °C) and shaken in the dark on a horizontal shaker as
described in [8] using cells of lines TUA3 and TTLL12 + TUA3 BY-2
collected at day 7 after subcultivation.

2.4. Measuring extracellular alkalinisation

Before applying cold stress, 4 mL of suspension cells for lines WT,
OsTTLL12, TUA3 and TTLL12 + TUA3 BY-2 were first pre-equilibrated
at 25 °C on an orbital shaker for 30 min. After incubation in ice-water for
60 min, the cells returned to room temperature for one additional hour.
Throughout the entire experiment, including pre-equilibration, cold
treatment, and recovery from cold-treatment, the extracellular pH was
recorded by a pH meter (Schott handy lab, pH 12) combined with a pH
electrode (Mettler Toledo, LoT 403-M8-S7/120) coupled to a paperless
readout (VR06; MF Instruments GmbH, Albstadt-Truchtelfingen,
Germany).

2.5. Determination of cell mortality

After cold treatment for 24 h, we measured mortalities of WT,
OsTTLL12, TUA3 and TTLL12 + TUAS3 cells by the Evans Blue Dye
Exclusion Test in 1 mL of 2.5 % (w/v) Evans Blue (Sigma-Aldrich) as
described in [4], using custom-made staining chambers to remove the
medium. After washing 3 times with ddH5O for 5 min, we scored the
number of dead (blue) cells in a population of 500 cells per replicate
using an Axiolmager Z.1 microscope (Zeiss, Jena, Germany) as described
in [4]. Cell mortality was determined as ratio of dead cells over total cell
count. Data represent the values pooled from three independent exper-
imental series, representing 1500 individual cells.

2.6. Oryzalin and taxol treatment

To test the effects of oryzalin and taxol on steady-state transcript
levels for the transgenes OsTTLL12 and NtTUAS3, stationary cells of lines
TUA3 and TTLL12 + TUA3 BY-2 were treated at day 7 after sub-
cultivation with 5 uM oryzalin or 5 pM taxol. The solvent control con-
sisted in the equivalent volume of DMSO. After oryzalin treatment for 2
h under continuous shaking at 150 rpm in the dark, the cells were
harvested and stored in liquid nitrogen till extraction of RNA.

2.7. Actinomycin D and cycloheximide treatment

To block transcription, we used Actinomycin D [21] at 50 pg/mL
diluted from a stock of 1 mg/mL in 50 % EtOH along with the equivalent
of 50 % EtOH as solvent control. To inhibit translation, we used
Cycloheximide [22] at 100 pg/mL diluted from an aequous stock of 10
mg/mL. Treatment lasted for 2 h, continuously shaking at 150 rpm in the
dark, before the cells were harvested and stored in liquid nitrogen till
extraction of RNA.

2.8. Treatment with different butanols and GdCls

To test for a potential role of phospholipase D signalling in the
microtubular response, the formation of phosphatidic acids was
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outcompeted using 1% n-butanol for 1 h [23]. Treatment with 1%
sec-butanol, and 1% tert-butanol, respectively, served as negative con-
trol. We followed the microtubular responses to these compounds under
control temperatures, and in combination with cold stress in stationary
cells of lines TUA3 and TTLL12 + TUA3, respectively.

To test the requirements of calcium influx on cold-induced micro-
tubules depolymerisation, 150 pM GdCls was applied to prevent the
calcium influx as described in [8]. The TUA3 and TTLL12 + TUAS3 cell
lines were pre-treated with 150 pM GdCls for 30 min at room temper-
ature before transfer to cold stress (°C) and then we followed the
microtubular responses in a time series 0, 5 and 15 min under cold stress.

2.9. RNA extraction, cDNA synthesis and real-time PCR

To probe for gene expression, we used lines OsTTLL12-RFP BY-2,
TUA3 and TTLL12 + TUAS3 at the transition between proliferation and
cell expansion phase. Since lines TUA3 and TTLL12 + TUAS3 progress
more slowly, this time point was at day 7 after subcultivation, while for
the more rapid OsTTLL12-RFP, this transition occurred earlier, at day 4
after subcultivation. The three lines were either treated with 5 pM
oryzalin or with 5 pM taxol for two hours or kept untreated. After
removing the medium by a Buichner funnel via short-time vacuum (10 s),
the cells were collected in a 2 mL Eppendorf tube, immediately frozen in
liquid nitrogen, and homogenised with a Tissue Lyser (Qiagen/Retsch
Hilden, Germany). Total RNA was isolated using the innuPREP Plant
RNA kit (Analytik Jena, Jena, Germany) according to the instructions of
the manufacturer. The quality of extracted RNA was verified by elec-
trophoresis on a 1.0 % agarose gel that mixed with 0.6x MIDORI Green
Xtra (Nippon Genetics) and visualised on a Safe Imager blue light
transilluminator (Invitrogen, Germany). Reverse transcription into
c¢DNA was conducted with the M-MuLV cDNA Synthesis Kit (New En-
gland Biolabs) according to the instructions of the manufacturer using 1
pg of total RNA as template. Real-time PCR was performed by using a
Bio-Rad CFX detection System (Bio-Rad, USA) and the quantitative
relative expression level of OsTTLL12 and NtTUA3-GFP was calculated
with the 2722¢ method [24] using L25 ribosomal protein [25] as in-
ternal reference genes for normalisation. Supplementary Table 1 lists the
details of the oligonucleotide primers used in this study.

2.10. Protein extraction and Western blot

The cells overexpressing OsPLDal-GFP (at day 5 after sub-
cultivation), the TUA3 cells and the TTLL12 + TUAS3 lines (both at
day 7 after sub-cultivation) were harvested by a Biichner funnel via
short-time vacuum (10 s) under room temperature. Then, the cells were
transferred into an ice-cold mortar and ground to a fine powder with a
pestle. Proteins were extracted by adding the same volume of cold
extraction buffer (25 mM MES, 5 mM EGTA, 5 mM MgCl,-6H50, pH 6,9
adjusted by KOH, 1 mM DTT and 1 mM PMSF), and vigorously mixed as
described in [18]. After centrifugation at 13,500 rpm for 30 min at 4°C,
the sediment that contained cell wall debris and other insoluble remains
was discarded and the soluble protein in the supernatant was collected.

Protein extracts were then denatured at 95°C for 5 min and spun
down at 13,500 rpm for 30 min under room temperature. Equal amount
of protein samples was loaded to two sets of SDS-PAGE on 10 % (w/v)
polyacrylamide gels: one set was used for Coomassie Brilliant Blue
staining to verify the equal loading of lanes, while the other set was used
for Western blot, detecting detyrosinated or tyrosinated a-tubulin as
well as GFP fused TUA3 protein and p-tubulin. Pre-stained size markers
(P7704S or P7712S, New England Biolabs) were loaded as well and used
as a molecular weight standard. To detect tyrosinated and detyrosinated
a-tubulin and B-tubulin, we used the monoclonal antibodies ATT
(T9028, Sigma-Aldrich, Darmstadt, Germany) and DM1A (T9026,
Sigma-Aldrich, Darmstadt, Germany) and DM1B (ab9267, Sigma-
Aldrich, Germany), respectively [18], in a dilution of 1:2000 in TBS
buffer containing 20 mM Tris—HCI, pH 7.6 and 150 mM NaCl. To detect
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GFP fusions with tobacco TUA3, we used the monoclonal anti-GFP
antibody directed against a C-terminal peptide specific for GFP (mouse
clone GSN149, Sigma-Aldrich, Germany) was used at a dilution of
1:2000 in TBS buffer. The signal was visualised with a polyclonal
anti-mouse IgG coupled with alkaline phosphatase (Sigma-Aldrich,
Germany), applied at a dilution of 1:30000 in TBS buffer.

2.11. Microtubule visualisation and microscopy

Cortical microtubules were fluorescent though the GFP tagged
microtubule marker NtTUAS3 in lines TUA3 and TTLL12 + TUA3. This
allowed following their responses to various chemical treatments and
cold stress by spinning-disc confocal microscopy, collecting image z-
stacks as described in [8]. To assess the localisation of OsPLDua1-GFP

NtTUA3

cMTs

PPB

spindle

phragmoplast

OsTTLL12
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with microtubules, microtubules were stained by immunofluorescence
using a monoclonal anti-a-tubulin (DM14A, diluted 1:100,
Sigma-Aldrich, Deisenhofen, Germany) as primary antibody, and a
TRITC conjugated anti-mouse IgG antibody (diluted 1:20,
Sigma-Aldrich, Deisenhofen, Germany) as secondary antibody. Micro-
tubules were visualised in either cycling cells of the tobacco BY-2 cell
line overexpressing OsPLDal-GFP, or in etiolated coleoptiles of the
overexpressing OsPLDal-GFP rice line, as described in [18]. In case of
the GFP-tagged microtubules, time-lapse series of individual cells were
recorded every 30 min under a spinning disc confocal microscope
equipped with a cooled digital CCD camera (AxioCamMRm; Zeiss), and
the 488-nm and 561-nm lines of an Argon-Krypton laser (Zeiss, Jena,
Germany) to record the GFP and the TRITC signals, respectively.

merge

Fig. 1. Localisation of OSTTLL12 on different microtubule arrays in tobacco BY-2 cells. Cells overexpressing OsTTLL12-RFP and the microtubule marker
NtTUA3-GFP were analysed at different stages of the cell cycle by spinning disc confocal microscopy. a, cortical microtubules in G1 interphase cells; b, preprophase
band (PPB) in G2 cells; ¢, mitotic spindle in late metaphase; d, phragmoplast in telophase. Images show geometrical projections of confocal z-stacks. The white
arrows indicate, where the OsTTLL12-signalling was independent on microtubules. Size bar: 10 pm.
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3. Results

3.1. OsTTLL12 decorates all microtubule arrays, but also occurs in a free
pool

In our previous work, we had followed the localisation of OsTTLL12-
RFP with respect to the different microtubule arrays occurring during
the cell cycle using immunofluorescence [18]. This involves per-
meabilisation of the cells, following chemical fixation. To test, to what
extent OsTTLL12 associates with microtubules in vivo, we generated a
dual marker line expressing OSTTLL12-RFP in the background of the
microtubule marker line NtTUA3-GFP. We found that OsTTLL12 deco-
rated all microtubule arrays (Fig. 1), including cortical microtubules in
the G; phase, the preprophase band (PPB) during the late Gy phase,
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spindle microtubules during metaphase, and phragmoplast microtu-
bules during telophase. However, in addition to OSTTLL12 co-localising
with microtubules, there was also a smaller, but distinct pool of
OsTTLL12 that was not linking to microtubules (Fig. 1, white arrow). For
instance, in the longitudinal cytoplasmic strands tethering the nucleus
during the late Gy phase, OsTTLL12 did not decorate microtubules
(Fig. 1b). Likewise, in the cytoplasm surrounding the spindle, OsSTTLL12
seemed to be detached from microtubules (Fig. 1c). These observations
are consistent with our previous findings that the microtubular associ-
ation of OsTTLL12-RFP appeared very strict upon immunofluorescent
labelling, while in vivo a significant cytoplasmic signal was masking this
association [18]. Notably, after 50 pM taxol treatment, the
OsTTLL12-RFP signal became completely diffuse with no clear local-
isation with cortical microtubules (Supplemental Fig. 1). Since taxol

. 0°c _25°C
! wr
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Fig. 2. Effect of TTLL12 overexpression on cold responses in tobacco BY-2 cells. Non-transformed BY-2 cells (WT), cells overexpressing either OsTTLL12-RFP
(TTLL12), NtTUA3-GFP (TUA3), or both (TTLL12 + TUA3) were either kept without (-) or with (4) cold stress (0 °C) to assess different cold responses. A, Cell
mortality 24 h after the onset of the treatment. Data represent means and standard errors from three independent experiments comprising n = 500 cells per
experiment. B, Rapid response of cortical microtubules to cold stress visualised by the marker NtTUA3-GFP either in the absence (upper row) or presence of
OsTTLL12-RFP. Size bar: 10 pm. C, Extracellular alkalinisation in response to cold stress for 60 min and recovery at 25 °C room temperature after 60 min to 120 min.
Data represent mean values of three independent experiments. D, Effect of 150 pM GdCl; on the microtubular responses to cold stress (0 °C) visualised by the marker

NtTUA3-GFP either in the absence (upper row) or presence of OsTTLL12-RFP.
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stablised microtubules that would deplete the free tubulin dimers in the
cytoplasm pool, the observed completely diffuse signal of
OsTTLL12-RFP indicated that OsTTLL12 requires free of tubulin dimers
to enter microtubules.

3.2. Overexpression of OsTTLL12 promotes cold-induced microtubule
depolymerisation, calcium influx and cell death

Since OsTTLL12 localises to microtubules and microtubules are re-
ported to be the upstream signalling component in cold stress [2,8], we
wondered whether OsTTLL12 would modulate cold responses of mi-
crotubules. As first step, we probed for a potential modulation of cold
tolerance comparing non-transformed WT BY-2 cells, BY-2 cells stably
overexpressing OsTTLL12-RFP (TTLL12), the microtubule marker BY-2
cell line stably overexpressing NtTUA3 (TUA3), and the BY-2 cell line
overexpressing both OsTTLL12-RFP and NtTUA3-GFP (TTLL12 +
TUA3). We measured cell mortalities after 24 h of cold stress (0 °C).
While mortality in WT and TUA3 BY-2 cells was not significantly
elevated over the control, the cell mortality of TTLL12 and TTLL12 +
TUAS3 cell lines were significantly induced by cold stress for 24 h from
around 7%-26% in the TTLL12 cell line, and from around 15%-26% in
the TTLL12 + TUAS3 cell line (Fig. 2A). Thus, overexpression of
OsTTLL12 led to reduced cold tolerance, independently of presence or
absence of the TUA3 marker.

In the following, we wondered whether this reduced cold tolerance
correlated with changes of cold-induced elimination of cortical micro-
tubules due to overexpression of OSTTLL12. Therefore, we followed the
response of microtubules to cold stress (0 °C) in the TUA3 and TTLL12 +
TUAS3 cell lines (Fig. 2B). Without cold, cortical microtubules in TUA3 as
well as in TTLL12 + TUAS3 cells were mainly oriented as parallel bundles
that aligned perpendicular to the long cell axis (Fig. 2B, 0 min). Upon
cold stress, cortical microtubules in the TUA3 cell line became thinner,
detectable from 5 min, but even after 15 min of cold stress we could still
see numerous microtubules, although some had disappeared. Simulta-
neously, a diffuse background fluorescence appeared in the cytoplasm,
probably from fluorescently labelled tubulin heterodimers. The pattern
in TTLL12 + TUAS3 cells contrasted clearly. Here, already after 5 min of
cold stress, only few short remnants of microtubules remained, while the
diffuse background fluorescence was dominant (Fig. 2B). Likewise,
fluorescence accumulated around the nuclear envelope and at the cross
wall. After 15 min, not a single microtubule remained, while fluores-
cence at the cross walls had become very strong. Thus, upon over-
expression of OsTTLL12, cold stress eliminates cortical microtubules
more swiftly and more thoroughly.

Calcium is an important second messenger that triggers intercellular
processes in response to numerous external stimulus, such as cold,
drought and high salinity, and probably involved in transient disruption
of cortical microtubules to these stress factors [10,26]. Therefore, we
asked whether the more pronounced cold-induced elimination of
cortical microtubules in the TTLL12 + TUA3 BY-2 cell line would
associate with increased Ca®" influx. To test it, firstly we followed the
effects of microtubular responses to cold stress upon 30 min
pre-treatment with 150 pm GdCls, which is a commonly used blocker of
calcium influx [8]. We observed that GdCls pretreatment for 30 min
almost suppressed the cold-induced elimination of cortical microtubules
in both TUA3 and TTLL12 + TUAS cell lines (Fig. 2D, as compared with
Fig. 2B), suggesting the rapid cold-induced elimination of cortical mi-
crotubules due to overexpression of OsTTLL12 was caused by
cold-induced calcium influx. To further test this idea, we followed
extracellular alkalinisation as readout of Ca®' influx [27] under cold
stress for 60 min and subsequent 60 min of recovery at room tempera-
ture. As expected, in all tested BY-2 cell lines, cold stress triggered an
extracellular alkalinisation, which dissipated upon re-warming
(Fig. 2C). However, we observed distinct differences with respect to
the amplitude. In WT BY-2 cells, the pH increased by around 0.5 units
during the first 30 min of cold stress and remained stable during the
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following 30 min of cold stress. Upon transfer to room temperature, pH
dropped slowly, but did not return to the initial value, but remained
somewhat (by around 0.25 units) more alkaline. In the TUA3 cell line,
the alkalinisation was less pronounced and developed more slowly,
reaching 0.4 pH units after 60 min. It then returned more swiftly to the
initial value than for the non-transformed WT. Overexpression of
OsTTLL12 resulted in a more pronounced alkalinisation of around 0.8
units and a higher residual level after rewarming. Again, the presence of
the TUA3 marker slowed the increase in pH and supported its recovery
during re-warming. Thus, the overexpression of OsTTLL12 resulted in
more pronounced calcium influx under cold stress.

Taken together, overexpression of OsTTLL12 enhanced cold-induced
elimination of cortical microtubules, accompanied by a more pro-
nounced calcium influx under cold stress. These differences in early
signalling correlated with a reduced cold tolerance, as manifest from a
higher mortality under cold stress.

3.3. Overexpression of OsTTLL12 increases stability of cortical
microtubules to 1% n-butanol treatment

Phospholipase D (PLD), a 90-kD protein isolated from tobacco
membranes has been isolated as linker between plasma membrane and
microtubules [7,28] and disruption of PLD signalling by n-butanol can
mimick the elimination of microtubules in a manner similar to cold
stress [8]. Therefore, we wondered whether the effect of n-butanol
would differ depending on overexpression of OsTTLL12. This was
observed, indeed. Compared to the TUA3 marker line, where microtu-
bules were strongly affected, overexpression of OsTTLL12 preserved
microtubules under these conditions (Fig. 3c), such that they resembled
the situation seen in untreated cells at room temperature (Fig. 3a). Thus,
the pattern seen for n-butanol was just inversed to that seen for cold
stress (Fig. 3b, see also Fig. 2b). If n-butanol pre-treatment was com-
bined with cold stress, microtubules were eliminated in both cell lines,
whereby in the OSTTLL12 overexpressor some remnants of microtubules
could be observed, while in the TUA3 marker line, the GFP signal was
diffusely distributed over the entire cytoplasm indicative of a high pool
of tubulin heterodimers that were not assembling into microtubules
(Fig. 3d). To test, whether the effect of n-butanol was due to the dissi-
pation of phosphatidic acid, we also tested sec-butanol, which can
stimulate PLD activity, but cannot consume the resulting phosphatidic
acid [23]. While sec-butanol alone did not modulate microtubules in
neither cell line (Fig. 3e), it was able to suppress cold induced elimi-
nation (Fig. 3f). As a further control, we tested tert-butanol, which can
neither activate PLD, nor act as acceptor for phosphatidic acid. As ex-
pected, this treatment did not exert any effect, neither under room
temperature (Fig. 3g), nor under cold stress (Fig. 3h). The microtubules
behaved exactly as for the condition without any pre-treatment (room
temperature: compare Fig. 3g to Fig. 3a; cold stress: compare Fig. 3h to
Fig. 3b). In summary, stimulation of PLD allowing phosphatidic acid to
accumulate (sec-butanol pre-treatment) stabilised microtubules. Stimu-
lation of PLD, eliminating phosphatidic acid (n-butanol pre-treatment),
de-stabilised microtubules. While both cell lines behaved in a similar
way, if pre-treated by sec-butanol, they differed under cold stress and
under n-butanol treatment. Expression of OsTTLL12 rendered microtu-
bules more susceptible to cold, but more resistant to n-butanol. Given
the fact that n-butanol mimicked the effect of cold upon microtubules,
there seems to be a sign reversal with respect to the effect of OsTTLL12
overexpression.

3.4. Rice PLDal decorates cortical and mitotic microtubule arrays

In the previous experiment, we had observed that overexpression of
OsTTLL12 rendered cortical microtubule more stable against n-butanol
treatment, indicating a role of a member of the PLD family. Moreover, in
a previous work [29], we had co-purified rice PLDal together with
detyrosinated o-tubulin during EPC affinity chromatography. We
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wondered whether PLDal interacts with detyrosinated a-tubulin. For
this purpose, we cloned rice PLDal, generated a GFP fusion of it and
overexpressed this fusion in BY-2 cells and also used a rice line over-
expressing OsPLDa1 fused with GFP to test, whether OsPLDal decorates
microtubules upon immunofluorescence staining with a monoclonal
a-tubulin antibody (Fig. 4). Using tobacco BY-2 cells as model for cycling
cells, we could see OsPLDal bound to spindle microtubules during
metaphase, and phragmoplast microtubules during telophase (Fig. 4A).
The GFP signal reporting OsPLDal decorated microtubules like beads on

a string. The spacing of the signals was very dense, leading to an almost
continuous coverage. We further investigated the situation for cortical

TTLL12+TUA3
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Fig. 3. Microtubular responses in BY-2 cell
expressing NtTUA3-GFP (TUA3) and over-
expression of OSTTLL12-RFP in NtTUA3-GFP
BY-2 cell line (TTLL12 + TUA3) to 1% n-
butanol, 1% sec-butanol or 1% tert-butanol
treatment either at room temperature or
under cold stress (0 °C). a and b, microtubular
responses under room temperature and cold
stress (0 °C) for 15 min, respectively; ¢, e and g,
microtubular responses to 1% n-butanol, 1%
sec-butanol and 1% tert-butanol treatment for
60 min under room temperature, respectively;
d, f and h, microtubular responses to cold stress
(0 °C) in 15 min after pretreatment with 1% n-
butanol, 1% sec-butanol and 1% tert-butanol for
30 min, respectively. Zoom in represents the
enlargement of rectangle part in the right lane,
respectively.

Zoom in
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H

microtubules in the homologous system (rice) using epidermal cells of
the seminal root as model (Fig. 4B). Here, we observed a very close
co-localisation as well, albeit the punctate nature of the GFP signal was
more evident than for the mitotic microtubule arrays. Overall, OsPLDa1
was tightly matching microtubules both, for cycling and for interphase
cells.

3.5. Overexpression of Rice PLDa1 increases abundance of detyrosinated
a-tubulin

Since OsPLDal associated with microtubules and rendered them



K. Zhang et al.

A
tubulin

spindle

phragmoplast

cMTs

more stable, we wondered, whether overexpression of this protein
would modulate the abundance of detyrosinated a-tubulin. In fact, a
Western blot analysis probed with monoclonal antibodies against tyro-
sinated and detyrosinated a-tubulin showed a significant increase in the
signal of detyrosinated a-tubulin in BY-2 cells overexpressing OsPLDa1-
GFP in comparison with the non-transformed WT (Fig. 5A and B) while
the signal of tyrosinated a-tubulin remained unaltered. This was further
confirmed by the control of the signals of f-tubulin (Fig. 5C), where
overexpressing OsPLDa1-GFP did not affect the abundance of p-tubulin
compared with the non-transformed WT either. Thus, OsPLDal
increased microtubule stability and the abundance of detyrosinated
tubulin in the same manner as OsTTLL12 did, leading to the question,
whether there is a link between tubulin abundance and microtubule
stability.

3.6. Overexpression of OsTTLL12 increases the abundance of NtTUAS3-
GFP protein

To further test whether overexpression of OsTTLL12 would increase
detyrosinated a-tubulin (which might be the cause for the higher sta-
bility of microtubules upon n-butanol treatment), we conducted a
Western blot analysis probing for tyrosinated (Fig. 6B) and detyrosi-
nated (Fig. 6C) a-tubulin by using the monoclonal antibodies ATT and
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Fig. 4. Subcellular localisation of OsPLDal in
cycling and non-cycling cells. A, Double-staining of
OsPLDal in BY-2 cells overexpressing OsPLDa1-GFP in
relation to different mitotic microtubule arrays (spindle
and phragmoplast). B, Double staining of OsPLDal in
epidermal cells of the rice seminal root in a line over-
expressing OsPLDal-GFP. Microtubules were visualised
by immunofluorescence using a monoclonal antibody
against detyrosinated a-tubulin (DM1A), and a TRITC-
conjugated secondary antibody; OsPLDal is reported
by the GFP-signal, overlap of both signals in the merged
image is indicated by a yellow colour. (For interpreta-
tion of the references to colour in this Figure legend, the
reader is referred to the web version of this article).

DM1A, respectively [18], and comparing equally loaded total extracts
from TUA3 and TTLL12 + TUA3 cells (Fig. 6A). While neither the bands
around 50 kDa reporting tyrosinated (Fig. 6B), nor those reporting
detyrosinated (Fig. 6C) a-tubulin were showing any significant differ-
ences between the two cell lines, both antibodies visualised an addi-
tional band at approximately 80 kDa, which was significantly more
prounounced in the TTLL12 + TUA3 over the TUA3 cell line (Fig. 6B, C).
This was further confirmed by the amount of p-tubulin detected by
monoclonal antibody DM1B, where the signal of f-tubulin showed no
significant differences between TUA3 and TTLL12 + TUA3 cells
(Fig. 6D). Since the apparent molecular weight of GFP is around 28 kDa
and tobacco «a- tubulin 3 (NtTUA3) is around 55 kDa, it was assumed
that this 80 kDa protein band might be the product of transgene
NtTUA3-GFP. To verify this, the same lanes were also probed using a
monoclonal antibody directed against a C-terminal peptide that is spe-
cific for GFP. As expected, this antibody visualised a band at ~30 kDa,
well matching with the 28 kDa expected for free GFP (Fig. 6E). The
specificity of this antibody was further supported by the fact that it did
not pick up the TTLL12-RFP fusion (predicted to be 126 kDa). Similairly
to the two a-tubulin antibodies, this anti-GFP antibody detected a band
around 80 kDa, which was, again, more pronounced in the TTLL12 +
TUA3 double transformed cells and, thus, most likely seems to be the
NtTUA3-GFP fusion protein (Fig. 6B). In addition, a band of around 55

Fig. 5. Abundance of tyrosinated a-tubulin,
detyrosinated o-tubulin and g-tubulin in
soluble extracts of BY-2 cells overexpressing
OsPLDu1-GFP compared to the WT. A, SDS-
PAGE gel stained with Coomassie Brilliant
Blue (CBB) to show the loading of the lanes. B
and C, detection of tyrosinated (Tyr), detyrosi-
nated a-tubulin (deTyr) and -tubulin (B-tub) by
Western blotting using the monoclonal antibody
ATT, DM1A and DMI1B, respectively. M, size
marker; WT, extracts from non-transformed WT
BY-2 cells; PLDal, extracts from the OsPLDal-
GFP overexpressor line.
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Fig. 6. Abundance of tyrosinated and detyrosinated a-tubulin, §-tubulin as well as of GFP fusions in BY-2 cells expressing NtTUA3-GFP alone (TUA3) or in
combination with overexpressed of OSTTLL12-RFP (TTLL12 + TUA3), detected by Western Blot analysis. A, staining with Coomassie Brilliant Blue (CBB) to
show equal loading of lanes. Detection of tyrosinated a-tubulin (tyr) with the monoclonal antibody ATT (B), detyrosinated a-tubulin (detyr) with the monoclonal
antibody DM1A (C), p-tubulin (f-tub) with monoclonal antibody DM1B (D), and GFP with monoclonal antibody GSN149, against a C-terminal peptide specific for

GFP (E).

kDa appeared in both samples at similar abundance. Whether this
fragment represents a breakdown product of the fusion, where the
highly ordered domains (B-sheet cage and chromophore) have been
cleaved off, while the flexible and unstructured C-terminal lid [30]
harbouring the epitope for the anti-GFP antibody has been retained
along with the subsequent tubulin, is not known. Irrespective of the
identity of this band, the data suggest that overexpression of OsTTLL12
causes elevated levels of the NtTUA3-GFP fusion, both in tyrosinated
and in detyrosinated form.

3.7. Transcripts for OSTTLL12 and NtTUA3-GFP are mutually stimulated

To understand, why the NtTUA3-GFP fusion protein becomes more
abundant after overexpression of OsTTLL12-RFP, we measured steady-
state transcript levels of NtTUA3-GFP in both, the TUA3 and the
TTLL12 + TUA3 BY-2 cell line. We found that NtTUA3-GFP transcripts
were three times more abundant in the double transformant as
compared to the single TUA3 cell line (Fig. 7A). Surprisingly, when we
also scored the steady-state levels of the OsTTLL12-RFP transcript, we
found it around 20 times higher than that in BY-2 cells overexpressing
OsTTLL12-RFP alone (Fig. 7B). It should be noted, however, that the
transcript levels of OsTTLL12-RFP were more than an order of magni-
tude lower than those seen for NtTUA3-GFP. Given the fact that both
transgenes were under control of the constitutive CaMV 35S promoter,
rather than the endogenous promotor, the expression of the transgene
would not be expected to be altered by the presence of a second gene.
However, we observed that there is a marked difference in transcript
levels depending on the presence or absence of the other transgene,
indicative of pronounced post-transcriptional regulation.
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3.8. Oryzalin increases, whereas taxol decreases NtTUA3-GFP transcripts

To find out whether the elevated transcript levels for NtTUA3 in
presence of OSTTLL12-RFP might be caused by a feedback of tubulin
heterodimers upon transcript stability, we applied oryzalin to artificially
increase the level of non-polymerised tubulin [31]. In fact, oryzalin
treatment increase the steady-state level of NtTUA3-GFP in both cell
lines (TUA3 and TTLL12 + TUA3). The surplus was around 40 % of the
respective value seen without oryzalin, and, thus, more pronounced in
the TTLL12 + TUAS3 line (Fig. 7C). This result is consistent with a sce-
nario, where the pool of non-assembled tubulin dimers exerts a positive
feed-back upon the steady-state transcripts of NtTUA3-GFP. To test this
assumption further, we applied taxol as a compound that stabilises mi-
crotubules and, thus, decreases the pool of non-assembled tubulin. In
fact, treatment with 5 pM taxol decreased the transcripts for
NtTUA3-GFP (Fig. 7C). The decrease was around 40 % of the respective
value seen without taxol, and, thus, more pronounced in the TTLL12 +
TUAS3 line. Thus, we see a multiplicative interaction between the effect
of the microtubule drugs and the effect of the OsTTLL12-RFP transcript.

3.9. Cycloheximide increases the steady-state transcripts of NtTUA3-GFP

The higher transcript levels for NtTUA3-GFP in presence of
OsTTLL12-GFP despite the use of the constitutive 35S promoter raised
the question, whether this induction requires protein expression. To
address this, we used the cycloheximide (CHX), as inhibitor of de-novo
protein synthesis. We observed that 100 pg/mL CHX (given over 2 h)
induced the transcripts of NtTUA3-GFP in both, the TUA3 and the
TTLL12 + TUAS3 cell lines around two-fold (Fig. 8B). However, the
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Fig. 7. Steady-state transcript levels of the two transgenes in the NtTUA3-GFP, the OsTTL12-RFP, and the OsTTL12-RFP + NtTUA3-GFP double cell lines.
Steady-state transcript levels for GFP-NtTUA3 (A, C) and OsTTLL12-RFP (B) based on the ACt levels in the NtTUA3-GFP line (TUA3), the OsTTLL12-RFP line
(TTLL12), and the OSTTLL12-RFP + NtTUA3-GFP double transformant (TTLL12 + TUA3). Note that the scale in B is much smaller than in A. C same condition as in
A, but after treatment with 5 pM oryzalin (left), or 5 pM taxol (right) for 2 h. Transcripts were measured by real-time qPCR from four biological replicates, each in
technical triplicates. Asterisks (*) and (**) indicate significant differences (P < 0.05) and (P < 0.01) using a Student t-test for paired data.
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Fig. 8. Dependence of NtTUA3-GFP expression on
transcription and translation. Steady-state transcript
levels for GFP-NtTUA3 in the GFP-NtTUA3 and the
OsTTLL12-RFP + NtTUA3-GFP double transformant
(TTLL12 + TUAB3) either in untreated cells (control), or
after 2 h treatment with 50 pg/mL actinomycin D (A),
or 100 pg/mL cycloheximide (B), respectively. CK:

5 control, ethanol: solvent control for the AMD treat-
. ment, AMD: actinomycin, CHX: cycloheximide. Tran-

DTUA3+TTLL12
d

biological replicates, each in technical triplicates.

A GFP-NtTUA3 mTUA3 B
DOTUA3+TTLL12
3.5 b 7.0
b

3.0 6.0
s b §
5 25 % 50
2 7]
5 20 a 2 40
x a g
8 15 3 30 c
I e
E J g 2.0
© 05 e 1.0 _-a

0.0 0.0

CK ethanol AMD CK

NtTUAS3 line.

induction was more substantial in TTLL12 + TUAS3 cells, where the
resting level was higher as well compared to that in TUA3 cells. In
contrast, inhibition of transcription with Actinomycin (Fig. 8A) did not
cause significant changes of transcript levels. These results indicated
that the steady-state transcript levels of NtTUA3-GFP are negatively
regulated by a protein that is relatively short-lived, since blocking pro-
tein synthesis over two hours already causes substantial differences.

4. Discussion

In our previous work, we had identified a rice tubulin tyrosine ligase-
like 12 (OsTTLL12) protein as the most likely plant homologue for a TTL
function, and by overexpression of this OsTTLL12, we could demon-
strated that the partitioning between detyrosinated and tyrosinated
tubulin was modulated, accompanied by changes in stability and orga-
nisation of microtubules [18]. To get more insight into a potential role
for tubulin modification for stability-dependent functions of microtu-
bules, we analysed cold sensing which depends on a dynamic
sub-population of microtubules [2] and, thus, might serve as sensitive
readout. For this purpose, we overexpressed in the current work
OsTTLL12-RFP in the background of a microtubule marker line
expressing NtTUA3-GFP in tobacco BY-2 cells. We found that
OsTTLL12-RFP was present in two pools — one pool was linked with
microtubules (all known arrays of plant microtubules were decorated),
the other was present as diffuse signal in the cytoplasm (Fig. 1). This
second pool could be enhanced by taxol treatment (Supplemental Fig.
1). Since taxol depletes free tubulin dimers, the observed diffuse signals
of OsTTLL12-RFP indicated a pool of OsTTLL12-RFP that is not associ-
ated with tubulin dimers. Thus, the integration of OsTTLL12 into mi-
crotubules does not occur directly, but requires preceding association
with tubulin dimers [14]. Furthermore, overexpression of
OsTTLL12-RFP amplified cold responses including the rapid alkalinisa-
tion of the medium (reporting proton-calcium import), the cold-induced
elimination of microtubules, and cold-induced mortality. When we
addressed the role of phospholipase D (PLD), as early step of cold sig-
nalling, we found significant differences in the responses to different
butanols, compounds that can specifically interfere with activation and
signal transmission of PLD. Moreover, OsPLDal, previously identified as
protein binding to detyrosinated a-tubulin [29], was found to decorate
all microtubule arrays, and the pool of detyrosinated tubulin was
increased. Unexpectedly, the overexpression of the two proteins
(OsTTLL12-RFP, NtTUA3-GFP) mutually stimulated the accumulation of
their transcripts. This prompted us to probe for a potential feedback of
the free pool of tubulin heterodimers upon tubulin transcripts, which
was confirmed. This feedback was then shown to be amplified by
cycloheximide, but also by OsTTLL12-RFP.

These findings stimulate the following questions: 1. What is the role
of microtubule-detyrosination for PLD-dependent cold signalling? 2.
What can we learn on the feedback of microtubule integrity upon
tubulin expression?
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4.1. Tubulin tyrosination delineates formative and sensory microtubules

Microtubules have long been known as sensitive target for cold stress
mediating the inhibition of cell elongation by cold stress [32]. More
recently, they have emerged as a potential regulator for cold tolerance
[2,10]. In recent years, an increasing number of studies have shown that
the response of microtubules is biphasic. A transient and rapid disas-
sembly of microtubules is thought to be required for activation of sig-
nalling. For instance, the ability for cold acclimation in winter wheat
correlates with the swift elimination of microtubules during the onset of
cold stress, and it is even possible to activate cold acclimation in the
absence of cold by a transient elimination of microtubules using pro-
pyzamide [3]. As result of successful adaptation, microtubules reas-
semble and now are endowed with a higher cold stability. Also in the
initial sensory phase itself, microtubules differing in their dynamics
convey different functions [4]. Stable microtubules help to transfer the
force from cold-induced membrane rigidification, whereas dynamic
microtubules control the sensitivity of signal perception by restraining
the integration of vesicles to plasma membrane. This leads to the
question how different degrees of turnover are conferred to different
pools of microtubules and raises the importance of stability of micro-
tubules in cold stress signalling. The detyrosination and re-tyrosination
of a-tubulin is considered as central factor for (or as central readout of)
differential microtubule stability [33]. Our results lend some support to
the notion that post-translational modification of tubulin helps to recruit
microtubules to different functions:

Firstly, we observed that overexpression of OSTTLL12-RFP rendered
microtubules more sensitive to cold stress correlated with rapid depo-
lymerisation (Fig. 2B). This was rescued by GdCls, the blocker of calcium
influx, suggesting that the rapid depolymerisation of microtubules due
to overexpression of OsTTLL12-RFP was correlated with calcium influx
(Fig. 2D). This result was expected due to the co-transport of protons
with calcium, which is the base of the widely used strategy to use
extracellular alkalinisation as proxy for calcium influx in response to
elicitors, salt and cold stress [8,27,34]. Using the same argument, we
conclude from the increase in extracellular alkalinisation that over-
expression of OsTTLL12-RFP amplifies cold-induced calcium influx
(Fig. 2C). Secondly, we observed a possible functional interaction of
tubulin detyrosination with phospholipase D (PLD). The response of
microtubules to n-butanol, a specific inhibitor of PLD signalling, is
altered depending on overexpression of OsTTLL12 (Fig. 3). The specific
subtype PLDal had been recovered from EPC affinity chromatography
by co-elution with detyrosinated a-tubulin in presence of high ionic
stringency [29] indicative of specific binding to this modified form of
tubulin (while not binding to tyrosinated tubulin, despite the fact that
this form was eluted at much lower ionic stringency). We were then able
to show that a GFP fusion of OsPLDal was decorating microtubules,
both in cycling tobacco BY-2 cells as heterologous system and in
non-cycling rhizoderm cells of rice itself (Fig. 4). Eventually, we
observed that tobacco cells overexpressing OsPLDal showed an increase
of de-tyrosinated a-tubulin (Fig. 5).
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The functional and physical link between PLD and microtubules
corrobated by these findings is consistent with the literature record.
Plant PLD had been originally identified from tobacco membranes as a
linker between plasma membrane and microtubules [7], and has
emerged as a signalling hub for stress and phytohormonal signalling, but
also for membrane metabolism [2,35]. By cleaving phospholipids to
phosphatidic acid (PA), the Arabidopsis homologue AtPLDal was shown
to stabilise microtubules against salt stress by activating the microtubule
associated protein MAP65—1 [36]. When PA is consumed by transfer to
n-butanol as acceptor, microtubules were reported to detach from the
plasma membrane [28]. This finding was later questioned by experi-
ments with membrane ghosts, where microtubules remained attached to
the membrane [37]. However, the depolymerisation of microtubules by
n-butanol was confirmed in that study as well, even using in-vitro. While
these authors had claimed that this indicates a direct disruptive effect of
n-butanol, this conclusion seems not justified in our opinion, since they
used a purification protocol that did not include any separation of MAPs
from microtubules, such that their in-vitro microtubules would still be
decorated with MAPs such PLD. The fact that their disruption in-vitro
was not seen with tert-butanol, a chemically close analogue of n-butanol,
but not able to accept PA, represents a very specific signature for PLD
being involved as well. Irrespective of these details, one can state that
our observation that OsTTLL12 renders microtubules resilient against
n-butanol clearly supports a functional interaction between PLD and
cortical microtubules.
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4.2. Microtubules interact differentially with PLD depending on
detyrosination

Our pharmacological mapping of this phenomenon by using different
butanols allows some insight into the details of signalling (Fig. 3): The
effect on microtubule persistence is opposed for n-butanol (stabilisation
effect of OsTTLL12) and cold (de-stabilising effect of OsTTLL12). If n-
butanol is administered prior to cold stress, it amplifies microtubules in
response to cold in the absence of OsTTLL12, while it clearly mitigates in
presence of OsTTLL12. While the closely related tert-butanol does not
show any effect, sec-butanol does, although it should not be able to
accept PA. This seemingly enigmatic finding does not stand alone,
however, since sec-butanol had already found earlier to modulate the
cold response of microtubules in cells of grapevine [8]. These observa-
tions can be explained on the mode of action for these butanols [23]
(Fig. 9, upper circle): primary alcohols, such as n-butanol, can activate a
G-protein that in turn activates PLD, which then cleaves phospholipids.
The resulting phosphatidic acid (PA) would normally convey the signal
generated from the G-protein activation. However, the alcohol that had
stimulated the G-protein, also serves as acceptor for PA and, thus, dis-
sipates the signal. Secondary alcohols, such as sec-butanol can activate
the G-protein as well, but are not able to consume PA, such that they are
not expected to disrupt signalling. Tertiary alcohols can neither activate
the G-protein, nor accept PA, so they are completely inactive analogues.
While we can confirm that tert-butanol is completely inactive (Fig. 3g,
h), we see a clear activity on the microtubular cold response by

Fig. 9. Proposed Model of tubulin detyrosi-
nation in cold signalling and regulation of
tubulin synthesis. Amost all plant a-tubulins
can be genetically translated with a C-terminal
tyrosine and after translation, these tyrosinated
af tubulin dimers may act as inhibitor to block
the translation of a-tubulin mRNA to protein
(®), in order to calibrate tubulin accumulations
in cytoplasm. When overexpressed OsTTLL12,
it firstly accumulates pool of OsTTLL12 and
accelerates the process of posttranslational
modification, resulting more detyrosinated
o-tubulin dimers (®) that in turn diminish the
inhibitory of tyrosinated of tubulin dimers on
the translation of a-tubulin (®) and in other
hand interact with phospholipase D (®). Upon
influx, inducing
faster depolymerisation of microtubules (®). In
parallel, phospholipase D (PLD) can be acti-
vated by Ga protein and hydrolyses structural
phospholipids to produce phosphatidic acid
(PA) and free choline (®). Among this process,
n-butanol and sec-butanol both can activate Go
protein and stimulates PLD, while n-butanol has
an inhibitory effect on the forming of PA and
sec-butanol promotes PA forming. Over-
expression of OsTTLL12 has an inhibitory effect
on the PA-dependent microtubule stabilising,
probably by preventing the couples of micro-
tubules and MAP65-1, since OsTTLL12 might
compete the binding sites of MAP65-1 on mi-
crotubules (®@). In parallel, overexpression of
OSTTLL12 promotes the Ca®* induced micro-
tubule destabilising, possibly through the acti-
vation of MDP25 that destabilises microtubules
(®).

MDP25 ?

PLD: Phosphoalipase D
PA: Phosphatidic acid
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sec-butanol. We think that it is not possible to resolve the conundrum on
the base of a simplistic model, where PA is the only signal conveying
cold stress, but that additional signals need to be considered. We propose
a model (Fig. 9), where microtubules might be antagonistically regu-
lated by PA-dependent activation of a stabilising MAP (a good candidate
would be MAP65-1, which is activated by PA [36]), and the
calcium-dependent activity of a destabilising MAP (a good candidate
would be MDP25 [38], which has been shown to overrun the stabilising
effect of MAP65—1 in vitro [39]). These interactions might be modulated
by OsTTLL12. In our previous study, we showed that overexpression of
OsTTLL12 increases the abundance of detyrosinated tubulin [18], which
will increase the interaction with PLD [29] (Fig. 5). At the same time
PLD will promote the activity of OsTTLL12 leading to higher levels of
detyrosinated tubulin (Fig. 5). One reason why we consider MAP65—1
as possible candidate is the fact that MAP65—1 binds to the C-terminus
of a-tubulin [40], i.e. the site where OsTTLL12 might act and, therefore,
bind, such that both proteins might also compete for the binding site of
C-terminus of a-tubulin [18]. As a result, OsTTLL12 might uncouple
microtubules from MAP65—1.

If our hypothesis holds true, using this model, it is possible to spell
out our complex patterns: Since n-butanol consumes PA, it is expected to
lower the activity of MAP65—1, leading to microtubule elimination. Our
model predicts that the presence of OsTTLL12 is expected to partially
uncouple microtubules from the activities of MAP65—1, such that they
are now more persistent as compared to the situation, where OsTTLL12
is missing (Fig. 3c). Similarly to n-butanol, cold activates PLD within
minutes [41], which should increase the steady-state level of PA and
increase the stabilising activity of MAP65—1 leading to stable micro-
tubules. However, our observations contradict this implication, because
we see that microtubules are eliminated. We have shown earlier that
cold-induced elimination of microtubules requires calcium influx [8],
and we see now that a block of calcium influx by GdCls can suppress
cold-induced microtubules (Fig. 2D). We propose therefore that
microtubule-destabilising MAPs that are activated by calcium are rele-
vant here. The primary candidate would be MDP25 [38]. This protein is
linked to the membrane through N-terminal myristoylation [42], and
might, therefore, interfere with other membrane-microtubule in-
teractions, such as those between PLD and detyrosinated microtubules,
which would explain, why the cold-dependent elimination is more
prominent in presence of OSTTLL12 (Fig. 3b, and Fig. 3h). When
n-butanol is administered prior to cold stress, the steady-state level of PA
is not only strongly reduced, but also has no way to increase in response
to cold, because any PA generated in response to the cold activation of
the G-protein, would be immediately consumed. This should basically
eliminate the activity of MAP65—1, rendering microtubules more sus-
ceptible to the cold-induced effect of MDP25, which is consistent with
our observation (Fig. 3d). Again, OsTTLL12 should theoretically miti-
gate this, because it might uncouple microtubules from MAP65-1,
which is also consistent with our observation (Fig. 3f). Pre-incubation
with sec-butanol is supposed to activate the G-protein leading to a
higher steady-state level of PA (which is not consumed now, because
sec-butanol cannot accept it). This should activate MAP65—1 beyond the
usual level and cause microtubule bundling. This is a non-intuitive
implication of our model and matches exactly our observation
(compare Fig. 3g to Fig. 3a). However, a subsequent cold stress should
counteract this through the calcium-dependent activation of MDP25.
This implication as well is congruent with our observations (Fig. 3h). In
the presence of OsTTLL12, both, the microtubule bundling (in response
to sec-butanol alone), as well as the microtubule elimination (in
response to sec-butanol followed by cold) should be less pronounced,
due to the possible uncoupling from MAP65. This is again, consistent
with our observations (Fig. 3e, f).

In summary, we propose that post-translational modification of
a-tubulin delineates two pools of microtubules that probably interact
differentially with signalling (PLD, PA), and with microtubule-
associated proteins that, depending on signalling, eliminate or
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stabilise microtubules, respectively. By spelling out the implications of
this model, we can explain even non-intuitive results from our phar-
macological interference.

4.3. Tubulin detyrosination — a determinant of tubulin synthesis?

Modulations of microtubule turnover have a direct impact on the
steady-state level of soluble tubulin heterodimers. The pool of non-
polymerised tubulin must be tightly regulated - if it is too low, this
would impair the ability of the cytoskeleton for remodelling, if it is too
high, it would impair viability, because the self-organisation of micro-
tubules requires competition of different nucleation sites for a limited
pool of heterodimers [43]. In fact, attempts to overexpress tubulin in
different organisms were in most cases to no avail, because the surplus of
the exogenous tubulin was compensated by a corresponding suppression
of endogenous tubulin. A very impressive example has been the attempt
to overexpress a mutated tubulin with an altered binding site for dini-
troanilines, which was attempted in maize [44]. Not a single trans-
formant was recovered, where the abundance of a-tubulins dominated
over that of f-tubulin, which means that there must be a feedback from
the pool of dimers upon the expression of tubulin genes. This feedback
seems to act on the level of posttranscriptional regulation [45,46].

It seems that the overexpression of OsTTLL12 interferes with this
feedback (Fig. 9), and in the following we try to use this phenomenon to
infer several features on this feedback.

Since overexpression of OSTTLL12 in tobacco BY-2 cells increases the
abundance of the co-expressed GFP-NtTUA3, both, at the protein level
and the transcript level (Figs. 6 and 7A), although both transgenes are
driven by the constitutive CaMV 35S promoter, there must be post-
transcriptional regulation. In fact, the amplification of the tubulin-GFP
fusion transcripts was not modulated by the transcription blocker acti-
nomycin, while the translation blocker cycloheximide even amplified
the steady-state transcript levels for GFP-NtTUA3 in the double over-
expressor line (Fig. 8). Thus, the observed modulation of transcript
levels depends on a factor that requires translation and might be linked
with the pool of non-assembled tubulin heterodimers.

Indeed, the feedback from the non-assembled pool of tubulin dimers
upon tubulin transcripts is well known from mammalian cells. If this
pool is increased by colchicine or by microinjection of tubulin, the
excess dimers bind to the statu nascendi p-tubulin protein by virtue of a
MREI motif conserved in the N-terminus of f-tubulin resulting in
arrested translation and degradation of tubulin mRNA [47,48]. A second
feedback mechanism involves the binding of a-tubulin to a-tubulin
mRNA through a secondary structure in the 5 untranslated region
(UTR), again leading to inhibition of tubulin translation and subsequent
degradation of tubulin transcripts [49]. Whether these mechanisms exist
in plants, is not known, but the MREI motif is also found in f-tubulins
from plants and differential degradation of specific f-tubulin transcripts
has been demonstrated in a defence context for suspension cells of
soybean [50].

However, our results are not explained by such a negative feedback
of the non-assembled tubulin pool upon the steady-state level of tubulin
transcripts. When we increase the soluble tubulin pool by pre-treatment
with oryzalin (Fig. 7C), we see more, and not less transcripts of GFP-
tubulin fusion. Conversely, when we reduce the pool of soluble
tubulin by taxol, we see less, and not more transcripts of GFP-tubulin
fusion (Fig. 7D). Also, the fact that overexpression of OsTTLL12 can
increase the abundance of the GFP-tubulin fusion, both on the protein
(Fig. 6) and on the transcript level (Fig. 7) is not compatible with a
scenario in which non-assembled tubulin blocks transcripts. In our
previous work [18], we observed that overexpression of OsTTLL12 shifts
tubulin into the detyrosinated state linked with a higher resistance to
oryzalin, indicative for higher stability of microtubules, i.e., with a lower
level of non-assembled tubulin. Again, we do not see the reduction of
tubulin transcripts and fusion protein inferred from a negative feedback
of dimers on transcript levels. Instead, we see a clear induction. It should



K. Zhang et al.

be noted that overexpression of OsTTLL12 increased the level of
GFP-NtTUA3, without affecting the endogenous tubulins level (Fig. 6).
The GFP fusion is located at the N-terminal of NtTUA3, and the N-ter-
minal fusion of GFP has been reported to interfere with the GTPase
function that inhibits GTP hydrolysis, thus leading to
polymerisation-prone microtubules with a longer lifetime [51]. There-
fore, the OsTTLL12 is expected to act on the GFP-fused tubulin more
efficiently as compared to the endogenous tubulins.

It is possible, though, to reconcile our data with the negative feed-
back model by introducing a small, but decisive addition. If it were not
just any tubulin heterodimer that can block translation, but just a het-
erodimer containing tyrosinated a-tubulin that can act as inhibitor, it is
possible to reach congruence between model and data (Fig. 9). The in-
crease of tubulin dimers in response to oryzalin is coming from micro-
tubule treadmilling, ie., those dimers had a “history” of being
incorporated in microtubules, which means that they are preferentially
detyrosinated, because TTC acts post assembly [15]. These dimers
originate, therefore, mainly from the proximal part of microtubules,
which are preferentially detyrosinated [52]. The same holds true when
we block translation by cycloheximide, which will reduce the pool of
nascent (tyrosinated) tubulin. Similarly, since overexpress OsTTLL12
mainly shifts tubulins into the detyrosinated form [18] (as also observed
in Fig. 6C with an increase in detyrosinated GFP-fused tubulin due to
overexpression of OsTTLL12), we should expect an increase of transcript
levels as well, which is, what we observe (Fig. 7B). Instead, treatment
with taxol will suppress treadmilling and, thus, reduce the pool of
detyrosinated tubulin dimers, which makes it more likely that the
tubulin dimer hitting a ribosome harbours tyrosinated a-tubulin, such
that transcript levels should drop, which is, what we observe. Since in
mammalian cells, the fraction of detyrosinated tubulin is very small, less
than 2% [15], the difference between the tubulin forms with respect to
this feedback will be hardly detectable. However, in plant cells, where
the fraction of detyrosinated tubulin is far more relevant, this difference
will become manifest, which is exactly, what we observe.

5. Conclusions and outlook

While the strict conservation of the C-terminal tyrosine is valid for
plants as well, the functional relevance of this phenomenon has
remained elusive in plants. Extending our previous functional analysis of
the only bona-fide candidate in rice for tubulin modification, OsTTLL12,
we show in the current work that this protein is linked with a functional
differentiation of microtubules. We show that detyrosinated microtu-
bules interact with phospholipase D (PLD), which is modulating cold
sensing. In addition, we discovered a feedback of detyrosination on
tubulin transcripts, arriving at a model where a subset of soluble het-
erodimers (those harbouring tyrosinated a-tubulin) is reducing the
steady-state levels of tubulin transcripts. Thus, post-translational
modification partitions two functionally different pools of a-tubulin:
naive tubulin (which is tyrosinated) versus tubulin with a history of
having passed through a microtubule (which is detyrosinated). How-
ever, these results also open many questions: While OsTTLL12 rather
promotes detyrosinated tubulin, there is no other evident candidate that
might act as tyrosine ligase. Is it conceivable that this protein exerts
different functions dependent on complexation with different accessory
proteins? What is the structural base for the differential interaction of
different a-tubulin pools with tubulin transcripts? Why are the transcript
levels of OsTTLL12 increased in the background of the GFP-tubulin
marker line? To address these questions will require recombinant
expression of OsTTLL12 in a soluble form, which is the topic of ongoing
work. Furthermore, what is the structural base of the interaction be-
tween PLD and de-tyrosinated a-tubulin? Does this interaction depend
on additional modifiers? Pull-downs (in vitro) or Bimodal fluorescence
complementation or FRET assays (in vivo) would allow to test the
physical interaction between PLD and detyrosinated o-tubulin. To
follow the interaction of PLD and OsTTLL12-RFP in relation to
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microtubules in response to cold stress, a triple line expressing fluo-
rescently tagged PLD in the background of the OsTTLL12-RFP and
TUA3-GFP double expressor, would be an interesting tool. To generate
such a tool represents a certain challenge though. Last, but not least,
future study should establish a way to quantify the composition of free
tubulin dimers and tubulins on microtubules, which will provide a way
to study how tubulin expression is tightly controlled by microtubule
dynamics in responses to cold stress.
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