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The C-terminal tyrosine (Tyr) of the a-tubulin chain is subjected to post-
translational removal and readdition in a process termed the “detyrosina-
tion/tyrosination cycle”. We showed in previous studies using soluble rat
brain extracts that L-3,4-dihydroxyphenylalanine (L-Dopa) is incorporated
into the same site as Tyr. We now demonstrate that L-Dopa incorporation
into tubulin also occurs in living cells. We detected such incorporation by
determining the “tyrosination state” of tubulin before and after incubation
of cells in the presence of L-Dopa. The presence of a tubulin isospecies fol-
lowing L-Dopa incubation that was not recognized by antibodies specific to
Tyr- and deTyr-tubulin was presumed to reflect formation of Dopa-tubulin.
L-Dopa was identified by HPLC as the C-terminal compound bound to
o-tubulin. L-Dopa incorporation into tubulin was observed in Neuro 2A
cells and several other cell lines, and was not due to de novo protein
biosynthesis. Dopa-tubulin had microtubule-forming capability similar to
that of Tyr- and deTyr-tubulin. L-Dopa incorporation into tubulin did not
notably alter cell viability, morphology, or proliferation rate. CAD cells (a
neuron-like cell line derived from mouse brain) are easily cultured under
differentiating and nondifferentiating conditions, and can be treated with
L-Dopa. Treatment of CAD cells with L-Dopa and consequent increase in
L-Dopa-tubulin resulted in reduction of microtubule dynamics in neurite-
like processes.

Introduction

Tubulin, the major protein constituent of micro-
tubules, is subjected following its biosynthesis to
removal and readdition of the tyrosine (Tyr) residue
encoded at the C terminus of the a-chain. This post-
translational modification of tubulin is termed the “de-
tyrosination/tyrosination cycle” [1,2]. Following
removal of terminal Tyr by tubulin carboxypeptidase
(TCP), Tyr is readded to the C terminus by tubulin
tyrosine ligase (TTL). Glutamic acid is exposed after

Abbreviations

Tyr removal; thus, two tubulin species are involved in
this cycle: Tyr-tubulin and deTyr-tubulin. Other
enzymes [3,4] remove the C-terminal glutamic acid
from deTyr-tubulin, generating a third tubulin species
termed A2-tubulin (because it lacks the two C-terminal
amino acids of the a-chain), which cannot re-enter the
cycle [5,6]. Thus, the so-called “tyrosination state” of
tubulin reflects the proportion of each species present
in a given soluble preparation, cell, or tissue. Tubulin

CPA, pancreatic carboxypeptidase A; deTyr-tubulin, tubulin lacking Tyr at the C terminus of the a-chain, such that glutamic acid is exposed,;
Dopa-tubulin, tubulin in which Dopa replaces Tyr at the C terminus of the a-chain; L-Dopa, 1-3,4-dihydroxyphenylalanine; TTL, tubulin tyrosine

ligase; Tyr-tubulin, tubulin having Tyr at the C terminus of the a-chain.
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was the first protein reported to undergo this type of
post-translational modification, and until recently was
considered to be the only substrate of TTL. A quanti-
tatively minor protein, EB1 (one of the microtubule
plus-end tracking proteins), was recently reported to
undergo detyrosination/tyrosination in a particular
highly specialized cell type [7]. However, EB1 evidently
does not undergo detyrosination in brain or neuronal
cells [8]. The physiological role of the detyrosination/
tyrosination cycle remains to be fully clarified,
although association of deTyr-tubulin and Tyr-tubulin
with particular proteins and molecular motors has
been reported [2,9—13]. In a series of studies, we have
examined the role of the cycle by altering tubulin
tyrosination state through replacement of C-terminal
Tyr with Tyr analogs, and measuring cell physiological
effects. Using soluble rat brain extracts, we showed
that several Tyr analogs can be incorporated into the
a-tubulin C terminus: phenylalanine (Phe) [14], L-3,4-
dihydroxyphenylalanine (L-Dopa) [15], aza-Tyr [16],
and 3-NO,-Tyr [17]. Incorporation of Phe into tubulin
altered certain physiological parameters in neuron-like
CAD cells, suggesting that this might be the cause of
observed neuronal dysfunction in phenylketonuric
patients [14]. Possible incorporation of rL-Dopa into
tubulin is of particular interest because the most fre-
quent therapeutic treatment for Parkinson’s disease
involves prolonged exposure of patients to high-
concentration L-Dopa. We speculated that a neuronal
dysfunction (Levodopa-induced dyskinesia) sometimes
observed in patients treated in this way may involve
incorporation of L-Dopa into the o-tubulin C termi-
nus. By using direct and indirect procedures, we
demonstrated post-translational incorporation of
L-Dopa into the a-tubulin C terminus of various types
of cells. Dopa-tubulin was assembled into and disas-
sembled from microtubules in vitro similarly to Tyr-
tubulin. L-Dopa incorporation into the o-tubulin C
terminus was associated with a reduction in micro-
tubule dynamics at growth cone-like structure of CAD
cells.

Results

Presence of Dopa-tubulin revealed by analyzing
the tyrosination state of tubulin

Because we were unable to obtain a reliable Ab speci-
fic to Dopa-tubulin for detecting and monitoring its
presence, we developed an alternative method based
on the analysis of the tyrosination state of tubulin.
Our rationale was that incubation of a tubulin prepa-
ration in the presence of L-Dopa under incorporating
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conditions results in the appearance of a new tubulin
species (presumably Dopa-tubulin) that is not recog-
nized by anti-deTyr- or anti-Tyr-tubulin Abs, and con-
sequent alteration of the tyrosination state of tubulin
relative to a corresponding preparation without
L-Dopa incorporation. This hypothesis was tested by
incubating soluble rat brain preparations in the pres-
ence or absence (control experiment) of CPA to
remove C-terminal Tyr from tubulin, thus increasing
the amount of acceptor tubulin molecules for subse-
quent incorporation of amino acids. After this, a CPA
inhibitor (CPi) was added to inhibit CPA activity, and
identical aliquots were incorporated with L-Tyr or -
Dopa and then subjected to western blotting using
anti-Tyr-, anti-deTyr-, anti-A2-, and anti-total-tubulin
Abs. We determined optical density (O.D.) of each
band, and tyrosination state of brain extract samples
before and after CPA treatment. O.D. determined for
various tubulin species were standardized relative to
total-tubulin. None of the treatments resulted in modi-
fication of A2-tubulin (Fig. 1A,B). CPA treatment
resulted in a striking (> 80%) decrease in Tyr-tubulin
and a corresponding increase in deTyr-tubulin. Fol-
lowing L-Tyr incorporation into CPA-treated prepara-
tion, the band corresponding to Tyr-tubulin increased
to pre-CPA-treatment level, and deTyr-tubulin
declined accordingly. In contrast, the aliquot subjected
to r-Dopa incorporation, although it contained a
much lower amount of deTyr-tubulin (because of par-
tial conversion into other tubulin species), did not
show a compensating increase in Tyr-tubulin. The
reduced content of deTyr- and Tyr-tubulin in the sam-
ple incubated with L-Dopa was presumed to result
from formation of Dopa-tubulin (which was not
revealed by any of the Abs used).

Dopa-tubulin is assembled into and
disassembled from microtubules in vitro to the
same degree as Tyr-tubulin

['“C]Dopa-tubulin and [*H]Tyr-tubulin were prepared
in vitro as described previously [15,17], mixed immedi-
ately with fresh rat brain soluble extract, incubated for
10, 20, or 30 min under microtubule polymerization
conditions, and centrifuged. ['*C] and [’H] radioactiv-
ity bound to protein was measured in supernatant
(nonassembled tubulin) and pellet (assembled tubulin)
fractions (Fig. 2A). Radioactivity amount, as a func-
tion of time, increased in pellet fraction and decreased
in supernatant fraction, suggesting a gradual increase
in microtubule mass. Degree of assembly was similar
for ["*C]Dopa-tubulin and [*H]Tyr-tubulin at any
given time, indicating that the two isoforms have the
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Fig. 1. /n vitro incorporation of -Dopa into tubulin. Fresh rat brain
soluble extract (SN) was incubated at 37 °C for 10 min with
10 pg-mL~" CPA, filtered through a Sephadex G-25 column
(SN + CPA), and added with 50 pg-mL™" CPI (a CPA inhibitor).
The preparation was incubated for 30 min at 37 °C to incorporate
L-Tyr (+Tyr) or L-Dopa (+Dopa) into endogenous tubulin under the
conditions described in Materials and methods. Equal aliquots
were analyzed by western blotting using Abs specific to deTyr-
tubulin (deTyr-tub), Tyr-tubulin (Tyr-tub), A2-tubulin (A2-tub), and
total-tubulin  (Total-tub). (A) Western blot from a typical
experiment. (B) O.D. of bands corresponding to three tubulin
isospecies,  standardized relative to  total-tubulin.  O.D.
corresponding to A2-tubulin bands was divided by four, and then
used for calculation of the ratio A2-tubulin O.D./total-tubulin O.D.
Data are expressed as mean + SD from four independent
experiments.
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same capability to assemble into microtubules under
in vitro conditions.

Under similar experimental conditions, Tyr- and
Dopa-tubulin showed the same capability to disassem-
ble from microtubules. ['*C]Dopa-tubulin and [*H]Tyr-
tubulin were prepared and mixed immediately with
fresh rat brain soluble extract. Two identical samples
were incubated for 30 min to form microtubules. One
sample (control) was then immediately centrifuged. A
second sample was diluted with nine volumes of buf-
fer, incubated at 0 °C for 30 min to induce disassem-
bly of microtubules, and centrifuged. [*H]Tyr-tubulin
amount in the second sample was ~ 45% of that in the
control sample (Fig. 2B). Thus, cold/dilution treatment
induced disassembly of > 50% of microtubules. Simi-
lar results were obtained for ['*C]Dopa-tubulin. These
findings indicate similar disassembly capability for the
two tubulin molecules (Dopa- and Tyr-tubulin) found
in microtubules.

L-Dopa is post-translationally incorporated into
tubulin in a concentration-dependent manner
without affecting cell viability

Incorporation of r-Dopa into tubulin of cultured
Neuro 2A cells was assessed as described previously
[18], with preincubation in mHBSS alone for 30 min
to reduce the amount of intracellular Tyr. Cells were
then incubated in mHBSS in the absence or presence
of 500 um L-Dopa or 150 pm Tyr for 3 h. Immunoflu-
orescence analysis showed that Tyr incubation resulted
in very weak deTyr-tubulin staining (Fig. 3A), presum-
ably because of transformation of deTyr- to Tyr-tubulin.
Tyr/deTyr immunofluorescence intensity ratio was
higher in this case (1.49 + 0.21) than that of control
cells (1.09 £ 0.11). L-Dopa incubation also resulted in
very weak deTyr-tubulin staining, and an immunofluo-
rescence intensity ratio (1.72 £ 0.16) higher than that
of control cells. However, the low deTyr-tubulin level
in this case cannot be attributed to the transformation
of deTyr- to Tyr-tubulin. Instead, we hypothesized
that it was due to the incorporation of L-Dopa into
tubulin. More precise quantitation was achieved by
analysis of tubulin tyrosination state from western
blots, as described in Materials and methods. A2-tubulin
was not analyzed because it is not present in Neuro
2A cells. Incubation in the presence of L-Dopa
(+Dopa) resulted in a reduction of deTyr- and/or Tyr-
tubulin relative to control cells, such that the sum of
these two isospecies did not account for total-tubulin
(Fig. 3B,C). The difference was attributed to the pres-
ence of Dopa-tubulin. The percentage of Dopa-tubulin
formed was estimated based on absolute amounts of
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Fig. 2. Capability of Dopa-tubulin to assemble into and to disassemble from microtubules. (A) Fresh soluble rat brain fraction was divided
into two identical portions, which were incubated for incorporation of ['*ClDopa and [PHITyr (respectively) into tubulin. Each fraction was
immediately passed through Sephadex G-25 column to eliminate unincorporated amino acid, mixed gently with three volumes of fresh
supernatant fraction (not passed through Sephadex), and incubated at 37 °C under microtubule assembly conditions. Aliquots were removed
at 0, 10, 20, and 30 min and centrifuged at 100 000 g for 15 min. [**C] and [3H] radioactivity bound to hot TCA-insoluble material was
determined in supernatant and resuspended pellet fractions. Values are expressed as percentage ['“C] and [°H] in a given fraction relative to
the sum of radioactivity bound to assembled (P) and nonassembled (SN) tubulin fractions. (B) Assembled ['*C] and [H] tubulin preparations
were obtained after 30 min of incubation under microtubule assembly conditions as described in (A). One aliquot was centrifuged to
separate P and SN tubulin fractions. Another aliquot was diluted with nine volumes of assembly buffer and incubated at 0 °C for 30 min.
SN and P fractions were simultaneously separated by centrifugation (2-4 °C for 20 min), then subjected to measurement of [**C] and [°H]
radioactivity bound to hot TCA-insoluble material. Data are expressed as percentage ['*Cl] and [°H] in each fraction relative to the sum of

radioactivity bound to P and SN fractions.

deTyr-, Tyr-, and total-tubulin in western blots and
the respective standard curves for each of the tubulin
species, as we described previously [14]. Dopa-tubulin
was estimated to comprise 38 + 6% of total-tubulin
following incubation of cells with 500 um rL-Dopa for
3 h (data not shown). In cells incubated with increas-
ing concentrations of ©r-Dopa, Tyr-tubulin level
remained constant (or was slightly reduced), while
deTyr-tubulin level declined gradually (Fig. 4A,B), indi-
cating that L-Dopa incorporation into the o-tubulin
C terminus is concentration-dependent.

L-Dopa incorporation into tubulin was not blocked
by cycloheximide (Fig. 4C,D). Thus, the presence of L-
Dopa in the C terminus presumably does not result
from de novo biosynthesis but rather via a post-
translational mechanism, perhaps TTL activity.

Viability of cells incubated for 3 h with L-Dopa did
not differ from that of control cells (Fig 4E). The
same was true for cells incubated for 3 h with L-Dopa
and then for 24 h without L-Dopa (Fig. 4E).

Identification and quantitation of the C-terminal
amino acid of a-tubulin in L-Dopa-treated cells

To confirm incorporation of L-Dopa into the a-tubulin
C terminus, we used HPLC coupled with electrochemi-
cal detector to identify the amino acid released by
CPA from tubulin of Neuro 2A cells incubated for 3 h

in the presence or absence of 500 um L-Dopa. Cells
were subjected to SDS/PAGE, transferred to nitrocel-
lulose sheet, and the portion of the sheet containing
the band corresponding to tubulin was cut out and
treated with CPA to release the C-terminal amino acid
[19]. The chromatogram of authentic L-Dopa
(0.02 nmol) used for identification and quantitation is
shown in Fig. 5A, and that of a sample of the amino
acid removed by CPA from 0.227 nmol tubulin (quan-
titated by western blotting with pure brain tubulin
sample as standard) is shown in Fig. 5B. The main
peak coincided with that of standard L-Dopa. L-Dopa
was detected in L-Dopa-treated cells (Fig. 5B), but not
in control cells (Fig. 5C). By comparison of the area
of the peak in Fig. 5B (10 317 mAU-s") with that of
the L-Dopa standard in Fig. 5A (3055 mAU-s ), we
calculated that the peak in B corresponds to
0.067 nmol L-Dopa. We thus estimated that 29.5% of
tubulin contained r-Dopa as the C-terminal amino
acid. This value is close to the value (~38%) obtained
from the method based on analysis of the tyrosination
state of tubulin as illustrated in Fig. 3.

L-Dopa is incorporated into the a-tubulin C
terminus in various cell types

Incorporation of L-Dopa into tubulin under the above
conditions was assayed in five cell lines (Neuro 2A,
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Fig. 3. Incorporation of -Dopa into tubulin. Neuro 2A cells were cultured as described in Materials and methods, medium was replaced by
mHBSS, incubation continued 30 min at 37 °C, medium was replaced by fresh mHBSS containing 500 pum -Dopa (+Dopa), 150 pum L-Tyr
(+Tyr), or neither (Control), and incubation continued 3 h. Cells were then placed on coverslips and subjected to double immunofluorescence
using Abs specific to Tyr-tubulin (Tyr-tub) and deTyr-tubulin (deTyr-tub). Cells remaining on dishes were dissolved with Laemmli sample
buffer and subjected to western blotting with Abs specific to Tyr-tub, deTyr-tub, and total-tubulin (Total-tub). (A) Immunofluorescence
images of Tyr-tub (green) and deTyr-tub (red). Total immunofluorescence intensity of each field was measured using Fiji. Tyr/deTyr ratio is
shown at right (mean + SD from three independent experiments). Images are from a typical experiment. (B) Western blotting of cells
remaining on dishes. Images are from a typical experiment. (C) O.D. values of bands from three experiments similar to that shown in (B)
were measured, and values for deTyr- and Tyr-tub were standardized relative to Total-tub. Data are expressed as mean + SD. Scale bar:

50 pum.

C6, CAD, CHO, COS). L-Dopa incubation resulted in
reduced levels of deTyr- and/or Tyr-tubulin in each of
the cell lines (Fig. 6A,B), indicating that Dopa-tubulin
formation is not exclusive to Neuro 2A cells. CAD
cells are of particular interest in that besides their
capability to incorporate L-Dopa into tubulin, they
actively proliferate when incubated in the presence of
serum, and differentiate into neuron-like morphology
(including several markers typical of functional neu-
rons) in the absence of serum [20,21]. After 2 days
incubation in the absence of serum, CAD cells
acquired a neuron-like morphology (Fig. 7A). At this
stage, incubation of cells with 500 pm L-Dopa for 3 h
resulted in reduced proportions of Tyr- and deTyr-
tubulin relative to total-tubulin, indicating significant
production of Dopa-tubulin (Fig. 7B).

The FEBS Journal (2018) © 2018 Federation of European Biochemical Societies

L.-Dopa treatment reduces microtubule dynamics

We used three techniques to evaluate effects of L-Dopa
treatment on microtubule dynamics: (a) measurement
of microtubule depolymerization rate following noco-
dazole treatment; (b) fluorescence recovery after pho-
tobleaching (FRAP) analysis of GFP-tubulin-
expressing cells [14]; (c) analysis of microtubule
dynamics by visualization of fluorescent “comets” at
the growing microtubule plus-ends [22-24] in EB3-
EGFP transfected cells. Western blotting was used in
each case to confirm that incubation of cells with L-
Dopa resulted in its efficient incorporation into tubu-
lin. Nocodazole treatment resulted in slower micro-
tubule depolymerization rate in cells preincubated with
L-Dopa than in control cells (Fig. 8A,B). For FRAP
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Fig. 4. .-Dopa is post-translationally incorporated into tubulin in a concentration-dependent manner without affecting cell viability. (A)
Cultured Neuro 2A cells were preincubated with mHBSS for 30 min at 37 °C, medium was replaced with mHBSS containing the indicated
concentrations of L-Dopa, and incubation continued for 3 h. Cells were harvested and subjected to western blotting and immunostaining
with anti-Tyr- (Tyr-tub), anti-deTyr- (deTyr-tub), and anti-total-tubulin (Total-tub) Abs to evaluate L-Dopa incorporation through analysis of
tyrosination state. The samples were run on the same gel from which intervening nonrelevant lanes were cropped. (B) Quantitation of Tyr-
tub and deTyr-tub based on O.D./Total-tub O.D. Data are expressed as mean £+ SD from three independent experiments. (C) Cells were
cultured as described in (A), and in the presence or absence of 100 um cycloheximide. Cells were analyzed by western blotting using
specific Abs to evaluate tubulin tyrosination state. Images from a typical experiment are shown. (D) O.D. of bands from four independent
experiments identical to that shown in C were measured and O.D. ratios of Tyr-tub and deTyr-Tub relative to Total-tub were calculated and
expressed as mean + SD. (E) Determination of cell viability. Cells were cultured as described in (A), incubated 3 h with or without -Dopa,
then either immediately or 24 h later incubated in DMEM/F12 medium for 24 h, and subjected to MTT assay as described in Materials and
methods. Absorbance was measured at 490 nm. Number of cells in each treatment group is expressed as the percentage (+ SD) relative to
the number of cells treated with the vehicle alone. Experiments were performed in triplicate.

analysis, GFP-tubulin-transfected cells were incubated
under differentiating conditions for 72 h, and then

in control cells was 283 £ 95 s, indicating a high level
of microtubule dynamics (Fig. 8C,D; Movie S1). In

with 500 um L-Dopa for 1 h. Selected areas of growth
cone-like structures were photobleached, and fluores-
cence recovery was measured as described in Materials
and methods. Fluorescence recovery half-life time (7 s)

contrast, fgs in L-Dopa-treated cells was > 600 s
(Fig. 8C,D; Movie S2), indicating a much lower level
of microtubule dynamics. In cells preincubated with
10 um  taxol  (microtubule-stabilizing agent), no

The FEBS Journal (2018) © 2018 Federation of European Biochemical Societies
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Fig. 5. Identification and quantitation of the C-terminal amino acid
of a-tubulin in L-Dopa-treated cells. Neuro 2A cells were incubated
in mMHBSS with or without 500 um (-Dopa for 3 h, and then
harvested in Laemmli buffer. Proteins were subjected to SDS/
PAGE and transferred to nitrocellulose sheet. The nitrocellulose
strip containing the tubulin band was cut out, treated with CPA to
remove C-terminal residues from tubulin, and the removed amino
acids were identified and quantitated by HPLC as described in
Materials and methods. Tubulin was quantitated by comparison of
western blots with corresponding pure tubulin standard. (A)
Chromatogram of -Dopa standard (0.02 nmol). (B) Chromatogram
of amino acids released by CPA from 0.227 nmol tubulin
corresponding to -Dopa treated cells. (C) Chromatogram of amino
acids released by CPA from 0.250 nmol tubulin corresponding to
control cells.

fluorescence recovery was observed after photobleach-
ing (Fig. 8C,D; Movie S3). For technique (c) as
described above, we transfected cells with plus-end-
tracking human EB3 fused to EGFP, and incubated
them with or without L-Dopa. EB3 comets [23,25] in

The FEBS Journal (2018) © 2018 Federation of European Biochemical Societies
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Fig. 6. Incorporation of L-Dopa into tubulin in several cell types. (A)
Cultured Neuro 2A, C6, CAD (undifferentiated), CHO, and COS
cells were preincubated in mHBSS for 30 min at 37 °C, medium
was replaced with mHBSS containing 500 um L-Dopa (+Dopa) or no
addition (Control), and incubation continued 3 h. Identical samples
were subjected to western blotting and stained on different lanes
using Abs specific to Tyr-, deTyr- and Total-tub. Typical blots for
each cell type are shown. (B) For each cell type, O.D. values of
bands from experiments identical to that shown in (A) were
measured. O.D. ratios of Tyr- and deTyr-tub relative to Total-tub in
the Controls were chosen as 100% and the ratio values
corresponding to L-Dopa-treated cells were expressed as a
percentage relative to the value of the corresponding Control. Data
shown for each cell type are mean + SD from three independent
experiments.

L-Dopa-treated cells were significantly shorter
(0.62 £ 0.06 um) than those in control cells
(1.02 £ 0.11 pm) (Fig. 9A,B). Images were taken at 3-
s intervals. Microtubule instantaneous growth velocity
was calculated by superimposing two images separated
by 6 s (e.g., image #3 and image #5), and measuring
the displacement of the comet during that 6-s period.
Mean growth velocity for vr-Dopa-treated cells
(7 pm-min~") was significantly less than that for con-
trol cells (11 pm-min~") (Fig. 9A,C). Taxol-treated
cells had only a few static, short comets (not shown).
These findings, taken together, clearly demonstrate
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Fig. 7. Incorporation of -Dopa into tubulin of differentiated CAD cells. CAD cells were cultured for 48 h under differentiating conditions
(absence of FBS). Differentiated cells were preincubated in mHBSS for 30 min, medium was replaced by mHBSS containing 500 pm -Dopa
(+Dopa) or vehicle alone (Control), and incubation continued for 3 h. Cells were visualized by microscopy and photographed (A), and
analyzed by western blotting (B) using Abs specific to Tyr-, deTyr-, and Total-tub. (C) O.D. values of bands were measured, and O.D. ratios
of Tyr- and deTyr-tub relative to Total-tub were expressed as percentage relative to value of Control. Data shown are mean + SD from

three independent experiments. Scale bar: 50 pm.

that L-Dopa treatment of CAD cells reduced micro-
tubule dynamics.

Discussion

Many years ago, we described a post-translational
modification of tubulin whereby the C terminus of its
o-chain can be tyrosinated or detyrosinated, both
in vitro and in vivo. We demonstrated also that certain
tyrosine analogs can replace tyrosine, and that L-Dopa
can be incorporated into tubulin in soluble rat brain
extracts [26]. In the present study, we used cultured
cells to study the incorporation of L-Dopa into the a-
tubulin C terminus. [PH]Tyr and ['*C]Dopa were useful
for labeling of tubulin in in vitro experiments (Fig. 2).
On the other hand, attempts to use radioactive L-Dopa
for monitoring of Dopa-tubulin formation within cul-
tured cells were unsuccessful because of the low speci-
fic radioactivity, and most likely because the amount
of detyrosinated tubulin was insufficient to act as L-
Dopa acceptor. We were not able to generate an Ab
specific to Dopa-tubulin to monitor such incorpora-
tion. As an alternative, we detected such incorporation
by determining the “tyrosination state” of tubulin
before and after incubation of cells in the presence of
L-Dopa, that is, measurement of relative amounts of
deTyr- and Tyr-tubulin (and A2-tubulin in some cases)
relative to total-tubulin. In effect, by incorporating
L-Dopa into tubulin of a soluble rat brain preparation,
and determining tubulin tyrosination state, we proved
that the reduction in the sum of deTyr- plus Tyr-

tubulin is necessarily due to the formation of L-Dopa-
tubulin. The sum of amounts of deTyr- plus Tyr-tubu-
lin (Fig. 1) did not account for total-tubulin, whereas
it did in a control preparation without L-Dopa incor-
poration. Although this is indirect evidence, it seems
clear that Dopa-tubulin was the “missing” (new) tubu-
lin species. These in vitro experiments indicate that for-
mation of Dopa-tubulin can be determined based on
reduced levels of deTyr- and/or Tyr-tubulin isospecies
following incubation of cell or tissue samples with
L-Dopa. Such a measurement allowed us to estimate
that, after a 3-h incubation period with 500 um
L-Dopa, the resulting amount of Dopa-tubulin in cul-
tured Neuro 2A cells was ~38% of total-tubulin
(Fig. 3). These results were further verified by HPLC
analysis of tubulin isolated from Neuro 2A cells that
were incubated in the presence of L-Dopa (Fig. 5). The
analysis showed that ~29.6% of total-tubulin con-
tained C-terminal L-Dopa, whereas none was found in
tubulin from cells incubated in the absence of L-Dopa.
This value may be an underestimate, since some loss
of L-Dopa may have occurred during CPA treatment
and subsequent steps. In any case, these values indi-
cate that a significant proportion of a-tubulin mole-
cules are modified by the presence of L-Dopa at the C-
terminal position. L-Dopa has a tendency to oxidize to
quinone forms. However, the results presented in
Fig. 5 not only indicate the amount of tubulin con-
taining L-Dopa as C-terminal amino acid but also
demonstrate that L-Dopa (not a derivative) is bound
to tubulin.
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Fig. 8. Effect of L-Dopa treatment on microtubule dynamics. Differentiated CAD cells were incubated with or without -Dopa, treated with
10 um nocodazole for the indicated times, and processed immediately to isolate cytoskeletal fractions that remained bound to the dish (see
Materials and methods). These fractions were subjected to western blotting and stained with anti-total-tubulin Ab DM1A. (A) Immunoblots
corresponding to control cells (upper) and to L-Dopa-treated cells (lower) from a typical experiment. (B) O.D. values of total-tubulin are
expressed as mean + SD from three independent experiments. (C) Undifferentiated CAD cells were transfected with pEGFP-Tub and
cultured under differentiating conditions for 72 h. During the last 3 h, cells were incubated in the absence (Control; left column) or presence
(+L-Dopa; middle column) of 500 um L-Dopa. As control (no microtubule dynamics), cells were incubated 10 min in the presence of 10 um
taxol (microtubule-stabilizing agent) (+ Taxol; right column). Selected fields containing growth cone-like structures not in contact with other
structures were subjected to FRAP analysis (white ROI) as described in Materials and methods. Images were taken at 20-s intervals during
a 10-min period after bleaching. Images representative of three replicate experiments are shown. (D) Quantification of fluorescence
intensity. tp s values were calculated from four independent experiments. Scale bar: 10 um.

Findings that the capabilities of Dopa-tubulin to condition, suggest that the new tubulin species is dis-
polymerize (Fig. 2A) and depolymerize (Fig. 2B) are tributed in a uniform fashion along microtubules. This
similar to those of Tyr-tubulin, at least under in vitro possibility was also supported by immunofluorescence

The FEBS Journal (2018) © 2018 Federation of European Biochemical Societies 9
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Fig. 9. Microtubule dynamics in EB3-EGFP
transfected cells. Differentiated CAD cells
were incubated for 1 h in the presence or
absence of 500 um -Dopa, and images
were recorded in vivo. (A) Overlap of three
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visualization of the microtubule network before and
after L-Dopa incorporation in cultured cells. DeTyr-
tubulin staining declined homogeneously through the
entire cell following L-Dopa incubation (Fig. 3A). The
similarity of assembly/disassembly behavior of Tyr-
and Dopa-tubulin observed in our in vitro studies
could theoretically be interpreted as an irrelevant
modification of microtubule function. However, the
possibility cannot be ruled out that the presence of
Dopa-tubulin in microtubules affects important func-
tions such as microtubule dynamics, displacement of
motor proteins, and association with microtubule-
associated proteins, +TIPs, and membrane. We further
investigated the possibility that rL-Dopa treatment of
CAD cells affects microtubule dynamics. Nocodazole
treatment causes gradual depolymerization of micro-
tubules by inhibiting the polymerization reaction, and
this process is faster when microtubule dynamics is
higher [27]. The finding that nocodazole-induced
depolymerization in L-Dopa-treated cells is slower than
that in control cells (Fig. 8A,B) suggests that rL-Dopa
treatment results in partial stabilization of microtubules.

10

Control

respectively, to allow measurement of
displacement and length of the comet tail.
Top: control cells. Bottom: 1-Dopa-treated
cells. Scale bar: 2.5 um. (B) For each
treatment, EB3 comet tail lengths from
seven cells was measured. Values
represent mean length of 50 comets per
cell. (C) Microtubule instantaneous growth
velocities in neurite-like processes. Values
represent average speed (um-min~")
calculated in five cells, 30 microtubules per
cell. ***P < 0.00001 (Student's t-test) for
comparison of Control vs. (-Dopa treated
cells. Error bars: SD.

+ Dopa

Direct measurement of microtubule turnover by FRAP
analysis supported this concept. After bleaching of
GFP-labeled microtubules, fluorescence recovery in
neuron-like processes was slower for L-Dopa-treated
cells than for control cells (Fig. 8C,D). Analysis of
EB3 behavior in growth cone-like structures further
supported the concept that L-Dopa treatment results in
partial stabilization of microtubules. EB3 binds to
microtubule ends to form structures that can be visual-
ized as “comets” [23,25]. The length and speed of these
structures are directly correlated with microtubule
dynamics [28]. Length and instantaneous growth veloc-
ity of EB3 comets in neurite-like processes were smal-
ler for vr-Dopa-treated cells than for control cells
(Fig. 9). L-Dopa treatment could conceivably affect
cell functions other than microtubule dynamics; how-
ever, the observed alterations seem most likely due to
L-Dopa incorporation into tubulin. Along this line, we
demonstrated previously [14] that phenylalanine can be
post-translationally incorporated into tubulin, and that
this modification affects microtubule dynamics along
with other cellular functions such as proliferation and
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differentiation. The presence of only one hydroxyl
group on the phenyl moiety of the C-terminal amino
acid of a-tubulin appears to be essential for correct
functioning of microtubules.

Microtubule dynamics is also affected by several
other post-translational modifications of tubulin
(acetylation, glutamylation, glycylation) [1,29]. Tubulin
tyrosination state has not been previously reported to
regulate dynamics; however, our present findings indi-
cate that enhanced level of an “anomalous” tubulin
isospecies may alter interactions with various proteins
involved in regulation of microtubule functions. In this
regard, the high concentrations of L-Dopa sometimes
administered to Parkinson’s disease patients could con-
ceivably result in incorporation of this amino acid into
tubulin and formation of Dopa-tubulin-enriched
microtubules, perhaps leading to dysfunction of such
microtubules which could be related with some of the
symptoms observed in Levodopa-induced dyskinesia.
This possibility is being addressed in our ongoing stud-
ies. CAD cells are particularly suitable for these stud-
ies because they are derived from a dopaminergic area
of mouse brain [20], differentiate to neuron-like mor-
phology, and display many characteristics of neurons
under defined culture conditions [30]. Large amounts
of L-Dopa can be incorporated into tubulin of differ-
entiated CAD cells without notable cell injury (Fig. 7).
This cell system, therefore, provides a simple, reliable
model for studying effects of Dopa-tubulin formation
on neural physiology.

Materials and methods

Chemicals

Unless otherwise stated, chemicals and culture media were
from Sigma-Aldrich, USA. L-[U-'*C]Tyr (specific activity
464 mCi-mmol™"), 1-[2,3,5,6-*H]Tyr (specific activity 96 Ci/
mmol), and L-3,4-dihydroxyphenyl[3-'*Clalanine (specific
activity 55 mCi-mmol~") were from Amersham Pharmacia
Biotech, UK. Tolcapone was kindly provided by P. Soares-
da-Silva, Dept. of Pharmacology and Therapeutics, Faculty
of Medicine, Porto, Portugal. FBS was from Natocor
(Cérdoba, Argentina). Y-27632 and FluorSave were from
Calbiochem (Billerica, MA, USA).

Antibodies

Rabbit polyclonal antibodies (Abs) specific to deTyr-tubulin
(anti-deTyr) and A2-tubulin (anti-A2) were prepared in our
laboratory as described previously [31]. Mouse monoclonal
Abs against Tyr-tubulin (Tub 1A2) and total-a-tubulin
(DM1A) were from Sigma-Aldrich. Secondary Abs IRDye
800CW goat anti-mouse IgG and IRDye 800CW goat
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anti-rabbit IgG were from Li-Cor Biosciences (Lincoln,
NE, USA). Alexa 488 and Alexa 546 were from Thermo
Fisher-Invitrogen (Waltham, MA, USA).

Rat brain soluble extract

Brains from 15- to 30-day-old Wistar rats were homogenized
in one volume (w/v) MEM buffer (100 mm Mes adjusted
with NaOH to pH 6.7, containing 1 mM EGTA and 1 mm
MgCl,). The homogenate was centrifuged at 100 000 g for
1 h at 4 °C, and supernatant solution was passed, as indi-
cated, through a column of Sephadex G-25-80 equilibrated
with MEM buffer to eliminate low molecular weight com-
pounds. Protein concentration in this preparation was
~ 13 mg-mL~". This was assumed to correspond to tubulin
concentration ~ 1.95 mg-mL~! (18 nmol-mL~! of tubulin),
on the basis of previous reports that tubulin represents
~ 15% of total proteins in such brain preparations [15].

In vitro incorporation of L-Tyr and L-Dopa into
tubulin

The incubation medium was composed of (per mL)
0.9 mL soluble brain extract passed through Sephadex G-
25, 2.5 ymol ATP, 12.5 pmol MgCl,, 30 pmol KCI,
100 pmol Mes buffer (pH 6.7), and 2 uCi (0.3 pmol) [**C]
Tyr or 3 pCi (0.3 pmol) ["*C]Dopa. For r-Dopa incorpo-
ration, 12 mm ascorbic acid was included. Incubation tem-
perature was 37 °C. When indicated, 50-uL aliquots were
removed and inactivated by addition of 2 mL 5% tri-
chloroacetic acid and heating (90 °C for 15 min).
Radioactivity bound to protein was measured in hot
TCA-insoluble material as described previously [17].
Radioactive Tyr-tubulin and Dopa-tubulin, for use as sub-
strates of tubulin carboxypeptidase and for determination
of assembly and disassembly capabilities, were prepared as
described above except for changes in the radioactive iso-
tope and the specific activity of radioactive amino acids in
the incubation system, depending on the particular experi-
ment.

Determination of the capability of Dopa-tubulin
and Tyr-tubulin to assemble into and to
disassemble from microtubules

PH]Tyr and ["*C]Dopa were incorporated in parallel into
tubulin of soluble rat brain extracts, the
mixtures were cooled to 0 °C and passed through Sephadex
G-25 columns equilibrated with MEM buffer, and eluted
proteins were combined. This preparation was added with
two volumes of a corresponding soluble brain preparation
not passed through Sephadex. The mixture was incubated
at 37 °C under assembly conditions (0.2 mm GTP, 40%
glycerol) for 10, 20, or 30 min (to measure assembly capa-
bility), and then centrifuged at 100 000 g for 10 min at

incubation
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27 °C. Radioactivity bound to protein was measured in ali-
quots of supernatant and resuspended pellet fractions.

To measure disassembly capability, two identical samples
containing mixed ["*C]Dopa-tubulin and [*H]Tyr-tubulin
were incubated under assembly conditions for 30 min as
described above. One sample was immediately centrifuged
for 15 min at 27 °C to separate assembled (P) and
nonassembled (SN) tubulin fractions. The other sample was
diluted by the addition of nine volumes of cold MEM buf-
fer, kept at 0 °C for 30 min with gentle stirring, and then
centrifuged for 15 min at 2-4 °C. Radioactivity bound to
the protein was measured in supernatant and pellet frac-
tions. Values (mean = SD from four independent experi-
ments) are expressed as percent radioactivity in each
fraction relative to sum of radioactivity in both fractions.

Cell culture

Neuro 2A, C6, CHO, and COS cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM), and CAD cells
were cultured in DMEM/F12 (50 : 50, v/v). Both media
were supplemented with 10% (v/v) FBS, 10 unitsmL™"
penicillin, and 100 pg-mL~! streptomycin. Cultured cells
were maintained at 37 °C in a humidified 5% CO, atmo-
sphere. Differentiation of CAD cells was induced by
replacement of medium with FBS-free medium, and differ-
entiation status (neurite growth) was assessed by optical
microscopic examination.

Incorporation of L-Dopa into tubulin in cultured
cells

L-Dopa was incorporated into cultured cells as described
previously [18]. In brief, culture medium was removed and
cells were washed twice with modified Hank’s balanced salt
solution (mHBSS) (137 mm NaCl, 5 mm KCI, 0.8 mm
MgS0O4, 0.33 mm Na,HPO,, 0.44 mm KH,PO,4 0.25 mm
CaCl,, 1 mm MgCl,, 0.15 mm Tris-HCI, freshly prepared
1 mm sodium butyrate, 50 um Carbidopa, and 1 pum tol-
capone; final pH = 7.4). Carbidopa and tolcapone were
added to inhibit enzyme activities of aromatic L-amino acid
decarboxylase (AADC) and catechol-O-methyltransferase
(COMT), respectively. Cells were washed, incubated in
mHBSS (37 °C; 5% CO, atmosphere) for 30 min, and
medium was renewed with fresh mHBSS with or without
500 pm L-Dopa. Cells were incubated in the dark for 3 h,
medium was removed, cells were harvested in sample buffer
[32], and proteins were subjected to electrophoresis and
western blotting as described below.

Identification and quantitation of the compound
bound to a-tubulin C terminus after incubation of
cells with L-Dopa

At the end of incubation for L-Dopa incorporation as
described above, Neuro 2A cells were harvested in Laemmli
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buffer, separated by SDS/PAGE, and transferred to nitro-
cellulose sheets. The nitrocellulose area corresponding to
tubulin was cut out and incubated in a minimum volume
with 100 pg-mL~" pancreatic carboxypeptidase A (CPA)
(52 U-mg™!) to remove the C-terminal residue from tubu-
lin. The liquid phase was collected, concentrated by
lyophilization, resuspended in a small volume, and an ali-
quot was analyzed by HPLC using a reverse-phase column
(Zorbax SB C18, 4.6 x 150 mm, 3.5 pm; Agilent Technolo-
gies, Santa Clara, CA, USA). Mobile phase: acetonitrile/
water (10 : 100) containing 0.01% EDTA-Na,, 0.01%
NaCl, 0.02% sodium I-octanesulfonate, pH adjusted to
3.2. Isocratic flow: 0.8 mL-min~'. Potentials: E1: +400 mV;
E2: —200 mV, with a guard cell potential of +300 mV.
Injection volume: 20 pL. Peak heights were measured using
an HP 1100 ChemStation (Agilent Technologies). A control
corresponding to cells incubated in the absence of L-Dopa
was run in parallel.

Determination of cell viability

The effect of L-Dopa on cellular proliferation/viability was
determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay. CAD cells were seeded
in 96-well plates in 100 pL. medium (density 5000 cells/
well), left to attach overnight, incubated with mHBSS for
30 min, and then incubated with 500 pm r-Dopa in
mHBSS (or vehicle alone) for 3 h. In one set of experi-
ments, cells were incubated immediately after L.-Dopa treat-
ment with MTT reagent (final concentration 5 mg-mL™")
for 4 h, intracellular formazan crystals were solubilized
with 100 pL isopropanol, and absorbance at 490 nm was
measured by an ELISA plate reader. In a second set of
experiments, cells were incubated after L-Dopa treatment
for 24 h in DMEM/F12 medium with 10% FBS without L-
Dopa, and MTT assay was performed. For each treatment
group, number of cells was expressed as percentage relative
to cells treated with vehicle alone. All experiments were
performed in triplicate.

Immunofluorescence assay

Cells were cultured on coverslips, fixed with NaCl/Pi con-
taining 4% paraformaldehyde and 3% sucrose for 10 min,
permeabilized with NaCl/Pi containing 0.25% Triton X-
100, washed with NaCl/Pi, incubated 1 h with 5% (w/v)
BSA in NaCl/Pi, incubated with primary Ab 4 h at 37 °C,
washed three times with NaCl/Pi, and incubated 1 h at
37 °C with Alexa 488 anti-mouse IgG and Alexa 594 (Life
Technologies, Carlsbad, CA, USA), both at 1 : 2000 dilu-
tion. Coverslips were mounted in FluorSave (Calbiochem,
San Diego, CA, USA), and fluorescence was observed by
confocal microscopy (FluoView 1000; Olympus, Tokyo,
Japan). For comparison of different preparations, pho-
tographs were taken using the same gain value.
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Electrophoresis and western blotting

Proteins were separated by SDS/PAGE (10% gels), and
transferred to nitrocellulose sheets. Blots were incubated
with primary Abs (anti-total-, 1 : 1000; anti-Tyr-, 1 : 1000;
anti-deTyr-, 1 :200; anti-A2-tubulin, 1 : 400), and then
incubated with infrared fluorescent secondary Abs
(1 : 20 000). Sheets were scanned using an Odyssey infrared
scanner (Li-Cor Bioscience), and O.D. of bands were quan-
titated using the scioN IMAGE software (Scion Corp., Hous-
ton, TX, USA).

Nocodazole assay

Differentiated CAD cells were incubated in mHBSS for 1 h
in the presence or absence of 500 um L-Dopa, treated with
10 um nocodazole for various times (0, 3, 6, 12 min), and
immediately processed to isolate cytoskeletal fraction as
described previously [33]. Cytoskeletons remaining attached
to dishes were washed twice with 5 mL prewarmed micro-
tubule-stabilizing buffer, subjected to SDS/PAGE and west-
ern blotting, and revealed with anti-total-tubulin Ab.

Fluorescence recovery after photobleaching
analysis

Undifferentiated CAD cells were grown to 80% confluence
in a microslide glass-bottom chamber (Ibidi; Martinsried,
Germany), transfected with pEGFP-Tub (Clontech; Moun-
tain View, CA, USA) according to the manufacturer’s pro-
tocol, grown for 72 h under differentiating conditions,
incubated (or not) with L-Dopa as described above, and
subjected to FRAP analysis, that is, photobleaching of
GFP-tubulin in a defined area of the cell, followed by mea-
surement of fluorescence recovery in this area as a function
of time. Fluorescence values were also measured in a back-
ground region, as control. Five to seven growth cone-like
structures were analyzed for each experimental condition.
Before and after photobleaching, images were acquired
every 20 s during a 10-min period, using a 20 x 0.5 numer-
ical aperture objective (Plan-Neofluar, Carl Zeiss, Oberko-
chen, Germany) with confocal pinhole of microscope fully
open. Selective photobleaching of GFP was performed
under a laser-scanning confocal microscope (FluoView
1000, Olympus). During image acquisition, living cells were
maintained at 37 °C in 5% CO, atmosphere. Fluorescence
in selected regions of interest was quantitated using the Fiji
processing package of the IMAGEJ program (National Insti-
tutes of Health; Bethesda, MD, USA).

Microtubule dynamics assay following
transfection with EB3-EGFP

The CAD cells were transfected with EB3-EGFP plasmid
(kindly provided by Dr. Mariano Bisbal, Instituto de
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Investigacion Médica Mercedes y Martin Ferreyra, Cor-
doba, Argentina) using Lipofectamine LTX reagent (Ther-
moFisher Scientific) according to the manufacturer’s
protocol, and 24 h later were treated with 500 um L-Dopa
as described above. Medium was replaced with DMEM/
F12, and cells were examined by microscopy. Because EB3
promotes microtubule stabilization, only cells with low
levels of EB3-EGFP expression were analyzed. Time-lapse
recordings of transfected cells were performed at 3-s inter-
vals during 5 min with a laser-scanning confocal micro-
scope (FluoView 1200, Olympus). During image
acquisition, living cells were maintained at 37 °C in 5%
CO, atmosphere. Comet length and velocity were quanti-
tated using Fiji.

For measurement of microtubule instantaneous growth
velocity, we analyzed five image stacks recorded from five
different cells for each treatment. For each stack, at five dif-
ferent time points, three successive images were merged. The
first and third images were digitally colored red and green,
respectively, so that displacement of microtubule tips could
be measured. Growth velocity was calculated as the displace-
ment (in pm) divided by elapsed time (6 s). Growth velocity
was measured for at least six microtubules per time point
selected (at least 30 measurements per cell). For comet length
measurements, six random images were selected from each
image stack obtained from five different cells.

Microscopy facilities

All microscopic observations, including those for FRAP
analysis, were performed at the Centro de Microscopia
()ptica y Confocal de Avanzada (CIQUIBIC-CONICET;
Cérdoba, Argentina).
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Movie S1. Fluorescence recovery after photobleaching
(FRAP) in vehicle-treated (control) CAD cells.

Movie S2. FRAP in L-Dopa-treated CAD cells.

Movie S3. FRAP in taxol-treated CAD cells.
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