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Tubulin Polyglutamylase: Partial Purification and Enzymatic Propérties
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ABSTRACT: In this work, we report on a novel enzyme, tubulin polyglutamylase, which catalyzes the
posttranslational formation of polyglutamyl side chains ontoand S-tubulin. The length of the
polyglutamyl side chain regulates the interaction between tubulin and various microtubule-associated
proteins. We first developed an in vitro glutamylation assay. Activity measured in brain, a tissue
particularly enriched with glutamylated tubulin, decreases during postnatal development. Thus, brains
from 3-day-old mice were chosen as the starting material, and the enzyme was pufi@8a-fold. Its

M, was estimated to be 360K and its sedimentation coefficient 10 s. The enzyme catalyzes the MgATP-
dependent addition af-glutamate onto tubulin subunits. Microtubules are much better substrates than
unpolymerized tubulin, and the reaction is very specific for glutamate, other amino acids or glutamate
analogues not being substrates. Moreover, glutamyl units are added sequentially onto tubulin, leading to
progressive elongation of the polyglutamyl side chains. Side chains of one to six or seven glutamyl units
were obtained with microtubules, whereas much longer side chains (up-td0lénits) were formed

with unpolymerized tubulin. Interestingly, such very long polyglutamyl side chains were recently detected
in some situations in vivo.

Microtubules (MT3), alone or as a part of complex Polyglutamylation was first identified in neuronal tubulin
structures, are implicated in numerous cellular functions such and is the main cause of its high isoelectric heterogeneity.
as cell division, directed intracellular transport, dynamic Almost 90% ofa-tubulin, >85% of class IlI3-tubulin, and
organization of cell morphology, or cilia and flagella beating. the vast majority of class j}-tubulin are glutamylated, with
The structural unit of MTs, theys-tubulin heterodimer, is  side chains ranging from one to six or seven glutamyl units
characterized by a great polymorphism, particularly in the in length 8—10). The first unit of the side chain is linked
C-terminal domain of each subunit which is exposed on the via an amide bond to thg-carboxylic group of a glutamate
surface of the MT lattice and implicated in interactions with residue near the C terminus. Within the side chain, either
microtubule-associated proteins (MAPs)—5). a- and y- or a-linkages were found foa-tubulin, buto-bonds are
SB-tubulin are encoded by a multigene family (for review, largely predominantl(1—13).
see ref6) and are targets for various posttranslational Immunodetection with a specific mAb, GT3384],
modifications (PTMs; for a recent review, see T&f Some revealed that polyglutamylation is a widespread modification
of these PTMs, such as acetylation and phosphorylation, areof tubulin from protozoa 15) to differentiated cells in
shared with other proteins, but others, specific for tubulin, metazoa, especially neurons and spermatozoa. In mouse
are reported, for instance, the reversible excision of the spermatids and spermatozoa, centrioles and flagella are
C-terminal tyrosine ofa-tubulin as well as formation of  decorated while MTs of the manchette are i) ( Interest-
tubulin isoforms lacking the penultimate glutamate residue ingly, in HeLa, KE37, and 3T3 cells, a limited but significant
(A2-tubulin). Moreover, we and others have characterized immunoreactivity associated with centrosomes, mitotic
new PTMs, consisting of the addition of either polyglutamyl spindles, and midbodies is observdd)(
or polyglycyl side chains of various lengths ome and Polyglutamylation appears to play crucial roles in MT
B-tubulin. functions. Very low concentrations of anti-polyglutamylated
tubulin mAbs (GT335 and B3) completely inhibit flagellar
T This work was supported by the Centre National de la Recherche motility (18). Recent data also indicate thatandj-tubulin
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2-(N-morpholino)ethanesulfonic acid; CHES, B-¢yclohexylamino)- Moreover, interesting properties of the reaction were pointed

2-hydroxy-1-propanesulfonic acid; PIPES, piperaziis‘-bis(2- ; inn i i PR
ethanesulfonic acid); PAGE, polyacrylamide gel electrophoresis; HPLC, out. In particular, glutamylation is very sensitive to micro

high-performance liquid chromatography; BICINEN-bis(2-hydroxy- tubule-depolymerizing drugs, suggesting that MTs are much
ethyl)glycine; TX-100, Triton X-100. better substrates than heterodimeric tubulif))
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To further investigate the role of tubulin polyglutamylation, 20 psi for 10 min in an A100 Airfuge rotor (Beckman). The
a better understanding of the enzymatic mechanisms involvedsecond method was based on immunofluorescence visualiza-
in this process is needed. In this report, we describe thetion of MTs (24). Briefly, the MT samples were diluted to
partial purification (~1000-fold) of tubulin polyglutamylase  0.04 mg/mL, cross-linked with 0.75% glutaraldehyde, cen-
from brains of 3-day-old mice and some unusual properties trifuged on glass coverslips, and processed for immunof-
of this modification. luorescence using the amtitubulin mAb DM1A (Amer-

sham) and fluoresceine-conjugated anti-mouse IgG secondary

EXPERIMENTAL PROCEDURES antibodies (Biosys). The length and density of MTs were

Tubulin Polyglutamylase AssayEnzyme activity was  visualized on photomicrographs. Microtubles purified from
measured by incorporation oH]glutamate into tubulin, at ~ Hela cells appeared to be shorter2(wm) than those puri-
pH 6.8 or 8.7. Under standard assay conditions at pH 8.7, fied from brain (5-10xm). No obvious difference was ob-
reaction mixtures (26100uL) contained 50 mM Tris (pH  served between freshly prepared and long-term stored MTs.
9.0), 2 mM ATP (equilibrated to pH 7 with NaOH), 8 mM Purification of Tubulin PolyglutamylaseA typical pu-
MgCl,, 2.5 mM DTT, 10uM taxotereL-[*H]glutamate (45 rification procedure is summarized in Table 1. All steps,
55 Ci/mmol, Amersham), and unlabeladglutamate at  except step 5, were carried out at49 °C. A protease
variable concentrations [0.1 M stock solution in 0.1 M CHES inhibitor cocktail [aprotinin, leupetin, and 4-(2-aminoethyl)-
(pH 10)]. In some cases, radioactive glutamate was con- benzenesulfony! fluoride each at 14/mL] was added to
centrated under speed vacuum. The reaction mixture wasall buffers and samples, except the chromatography and
warmed before the addition of 0.1 mg/mL taxotere-stabilized dialysis buffers.
MTs, and the mixture was incubated at 3D for 30 min. Step 1 Brains from 3-day-old mice were taken rapidly
Standard assay conditions at pH 6.8 were identical to thoseand homogenized in a glas3eflon Potter with 3 mL/g of
mentioned above, except that 50 mM PIPES (pH 7.0) was tissue of buffer B [50 mM BICINE (pH 9.0), 1 mM EGTA,
used instead of Tris and the incubation time was longeB(2 1 mM MgCl,, 0.01% TX-100, and 1 mM DTT]. After 10
h) because, at limiting glutamate concentrations, incorpora- strokes at 1200 rpm, NaCl and TX-100 were added to final
tion rates are lower at this pH. The reaction was stopped concentrations of 0.13 M and 0.1%, respectively. The extract
by the addition of Laemmli sample buffe2@ and submitted  was homogenized again and centrifuged (7@J0045 min),
to SDS-PAGE (8 cm long, 1.5 mm thick slab gels). After and the pellet was re-extracted with the same buffer (1.5
transfer onto nitrocellulose2() and staining with Ponceau  mL/g of tissue). The two supernatants were pooled to yield
red, a- and S-tubulin bands were cut out and submitted to fraction |.
scintillation counting with 6 mL of Ultima Gold MV Step 2 Fraction | was loaded, at a flow rate of 30 mL
(Packard, Groningen, The Netherlands). Background valuescm~2 h™%, onto a freshly prepared phosphocellulose column
(15—20 cpm) were subtracted. The signal was linear till 4 (45 mL of gel per gram of protein) equilibrated in buffer B
ug of loaded tubulin. When the reaction was performed with containing 0.1 M NaCl. The column was then washed with
very low MT concentrations, exogenous nonradioactive 3 column volumes of the same buffer, at a flow rate of 60
tubulin was added to the sample before SIPAGE. When mL cm~2h™%, A linear gradient was developed from 0.1 to
rapid results were required, e.g., during the time course of 0.5 M NaCl in 5 column volumes, followedya 1 M NaCl
the enzyme purification, the reaction was stopped by the final step. Active fractions were pooled (fraction ).
addition of 5 volumes of 5% (w/v) trichloroacetic acid and Step 3 Fraction Il was dialyzed overnight (Spectra/Por
10 mM glutamate, and the mixture was filtered under vacuum 2, Spectrum) against buffer T [L0 mM Tris (pH 8.7), 1 mM
onto nitrocellulose. After being extensively washed with 1% EGTA, 1 mM MgCh, 1 mM DTT, and 0.01% TX-100],
(v/v) acetic acid, the nitrocellulose sheet was stained with cleared by centrifugation (750§Cor 30 min), diluted to
Ponceau red. Slots were then cut out and incubated with0.4—0.6 mg/mL, and submitted to Mggprecipitation. A
0.1 M NaOH (0.5 mL) for at least 10 min, and Ultima Gold 20 mM MgCl, solution in buffer T was slowly added-@0
MV (6 mL) was added for counting. The counting efficiency min) under continuous stirring to a final concentration of 6
for tritium was 43% (Kontron apparatus) with liquid samples mM. After 15 min, the sample was centrifuged in an SW27
but lower with nitrocellulose sheets. When glutamate rotor (5000@ for 30 min). Pellets were resuspended in
incorporation had to be expressed in molar quantities, ~%/1o of the volume of the supernatant (giving a protein
nitrocellulose sheets were dissolved in 5 mL of Filter-count concentration of~1 mg/mL) in buffer T without MgCl and
(Packard) to increase the counting efficiency. homogenized in a glassTeflon Potter. Sodium citrate at

Tubulin Purification and Preparation of Stable MTs. 0.16 M was then added under slow stirring to improve
Mouse brain tubulin was purified by phosphocellulose solubilization of the pellet. Precipitation was then triggered
chromatography as described by Paturle-Lafanexkeal. by increasing the sodium citrate concentration progressively
(22). Taxotere-stabilized MTs from mouse brain and from up to 0.7 M. After centrifugation (120@Xor 20 min), the
Hela cells were polymerized in the presence of 1 mM GTP pellet was dissolved so that it would be as concentrated as
and 20uM taxotere as described by Valle23]. They were possible (3-5 mg/mL) in buffer M [50 mM MES (pH 6.8),
carefully resuspended at a concentration-d0 mg/mL in 1 mM EGTA, 1 mM MgCh, 1 mM DTT, and 0.01% TX-
warm 50 mM MES (pH 6.6), 1 mM EGTA, 1 mM Mggl 100] containing 0.35 M NaCl and clarified (5009€r 30
0.1 mM GTP, and 2QuM taxotere and stored as small min) to yield fraction IIl.
aliquots at—80°C. MT stability under assay conditions was Step 4 Fraction Il was submitted to centrifugation (SW27
assessed by two independent methods. First, the proportiorrotor, 100009 for 66 h) on a linear 10 to 18% sucrose
of sedimentable tubulin was quantified after centrifugation gradient in buffer M containing 0.35 M NaCl. Proteins (4.5
at either 50008 for 30 min in a 50 Ti rotor (Beckman) or  mg) were loaded onto each gradient tube (38 mL). Fractions



Partial Purification and Properties of Tubulin Polyglutamylase

Biochemistry, Vol. 37, No. 23, 1998397

Table 1: Purification of Tubulin Polyglutamylase from Brains of 3-Day-Old Mice

volume protein concentration protein amount specific activity purification

fraction purification step (mL) (mg/mL) (mg) (cpmiug)? (-fold) yield (%)
| extraction 190 11 2090 22 1 100
Il phosphocellulose chromatography 57 1.4 80 470 21 82
I MgCl, and sodium citrate precipitation 4.5 3 13.5 1200 55 35
\ sucrose gradient sedimentation 0.6 2 1.2 8600 391 22
\% size-exclusion chromatography 0.2 1.2 0.24 20000 910 10

a2 Enzyme assays were performed under standard conditions at pH 8.7, in the presenbe[8Hfglutamate. Specific activities were expressed
as counts per minute incorporated inte and S-tubulin, relative to the amount of protein present in each fraction.

of 2 mL were collected with a peristaltic pump at a flow
rate of 4 mL/min. Protein standards (albumin, aldolase,
catalase, cytochrome, j-galactosidase, hemoglogin, thy-
roglobulin, and transferrin) used for determination of the

method described by Aebersold et a27f by overnight
incubation at 37°C with 125 ug/mL thermolysin (Boe-
hringer, Indianapolis, IN) in 50 mM Tris (pH 8) and 0.1
mM CaCl. The resulting peptides were analyzed by HPLC

sedimentation coefficient were detected by OD at 415 and (Waters Millipore, Bedford, MA) using a C18 column (4.6
280 nm. Active fractions were pooled and concentrated to x 220 mm, Brownlee, Applied Biosystems) at a flow rate

2—3 mg/mL on Centriprep C50 apparatus (cutoff of 50 000,
Amicon) and clarified (50009for 10 min), yielding fraction
V.

Step 5 Fractionation by size-exclusion HPLC (TSK
G3000 SW, 7.8 x 300 mm, Tosohaas) was performed in
buffer M containing 0.25 M NacCl, at room temperature and
at a flow rate of 1 mL/min. Fractions (0.3 mL) were
collected and immediately cooled in melting ice. Active
fractions were concentrated tol mg/mL by ultrafiltration

of 1 mL/min. Solution A was 0.1% trifluoroacetic acid in
water, and solution B was 0.09% trifluoroacetic acid and
70% acetonitrile in water. Peptides were eluted with a linear
gradient of 5 to 29% solution B over the course of 40 min.
Radioactivity was automatically measured using an in-line
flow radioactivity detector (FLO-ONE, Radiomatic, Tampa,
FL) placed immediately after the UV densitometer. Char-
acterization of the radioactive peptides was confirmed by
coelution of unlabeled synthetic C-termiraitubulin pep-

as before (fraction V) and stored in the presence of 10% tides bearing zero to two glutamyl unitg2).

glycerol, at—80°C. Protein standards used for calibration
were albumin, catalase, cytochronm ovalbumin, and
thyroglobulin. Care must be taken not to applyt mg of

Determination of the Protein Concentratiohe protein
concentration was measured according to Bradf28)l\ith
bovine serum albumin as the standard, using the Bio-Rad

protein onto this column because the yields decreased(Hercules, CA) reagent.

markedly with lower amounts.
Cosedimentation of Tubulin Polyglutamylase with MTs.

RESULTS

Cosedimentation experiments were developed from standard

assay conditions at neutral pH. Fraction V {1100 uL)
was diluted to 1/20 in 33 mM PIPES (pH 7), 6 mM Mg(Cl

2 mM ATP, 1 mM EGTA, 1 mM DTT, 2 mM glutamate,
10 ug/mL taxotere, 12.5 mM NaCl, and 0.1 mg/mL MTs.
Because of the presence of 250 mM NacCl in fraction V, the
total NaCl concentration reached 25 mM. After incubation
for 5 min at room temperature, MTs were pelleted (5@P00
for 15 min at 12°C). The pellet was gently resuspended in
20—200uL of 200 mM PIPES (pH 7), 6 mM MgGJ] 1 mM
ATP, 20 ug/mL taxotere, and 0.01% TX-100 at°€ and
then adjusted to 125 mM NaCl and centrifuged (500

15 min at 4°C). Under this condition, tubulin polyglutamy-

In Vitro Assay for Tubulin Polyglutamylasdreliminary
experiments had shown thaf{3H]glutamate was incorpo-
rated into polymerized tubulin in the presence of MgATP,
at pH 8.3-8.7. Although MT depolymerization was ex-
pected to occur at this rather alkaline pH, sedimentation
experiments and immunofluorescence analysis indicated that
most MTs were stable within the 30 min assay period,
provided that taxotere (10M) and MgChk (=4 mM) were
present (not shown). Salts, such as NaCl or KCI, had a
strong inhibitory effect on the glutamylation reaction (see
below). Protein samples were therefore desalted prior to the
assay. When a desalted soluble 3-day-old brain extract was

lase was dissociated from MTs and recovered in the assayed under standard conditions at pH 8.7 and analyzed

supernatant.
Electrophoresis.SDS-PAGE 0) was performed on 8%

by SDS-PAGE and fluorography, two major labeled bands
migrating as- andp-tubulin subunits were detected (Figure

acrylamide, 0.11% bisacrylamide, slab gels containing 0.1% 1). Incorporated radioactivity was measured, after transfer

(w/v) SDS (90% pure, Merck, Darmstadt, Germany). Iso-
electric focusing in denaturing 9.5 M urea cylindrical gels
was performed as described5], except that pH 5.66.0

of a duplicate gel onto nitrocellulose, according to the method
developed by Audebert et allg). Values of 350 and 140
cpm were obtained far- andj-tubulin, respectively. This

ampholytes (Serva, Heidelberg, Germany) were used. Thelabeling could not result from mRNA translation since other
second dimension was performed on 24 cm long slab gelsmajor proteins such as actin were not labeled. Whether it

as described previouslg§). Exposures were performed at
—80 °C using Kodak (Rochester, NY) XAR-5 films after
enhancement with Amplify (Amersham).

Peptide Mapping of in Vitro Glutamylated Tubulin The
reaction mixture was submitted to SBBAGE and trans-
ferred onto nitrocellulose, and tletubulin bands were cut

corresponds to glutamylation was confirmed by peptide map
analysis (see below). Omission of taxotere-stabilized MTs
or their replacement by free tubulin heterodimers resulted
in a much lower level of labeling (not shown), suggesting a
preferential activity of the enzyme toward MTs.
Solubilization of Tubulin Polyglutamylasé&nzyme solu-

out. Proteolytic fragments were obtained according to the bilization from a crude brain extract was shown to depend
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B —_ FIGURE 2: Tubulin polyglutamylase activity decreases during
postnatal mouse brain development. Desalted soluble extracts from
2-, 3-, 4-, 7-, 9-, 16-, and 42-day-old mouse brains were assayed
under standard conditions at pH 8.7, at 1 mg/mL, in the presence
of 6 uM [3H]glutamate. Specific activities are expressed as counts

r per minute (cpm) incorporated inte andj-tubulin per microgram

of soluble proteins added to the assay. The ratio of epfopm-
(B) did not vary significantly during development (2:8).
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Ficure 1: Tubulin polyglutamylase activity in soluble brain extract A B
of 3-day-old mice. Desalted soluble brain extract of 3-day-old mice 12 4 6 7 8 Mo 1 2
(7000@ for 45 min at 4°C) was assayed under standard conditions
at pH 8.7, at 1 mg/mL, in the presence ou® [3H]glutamate. . N\ H - e
After incubation for 30 min at 30C, the reaction mixture (2bL) . L

was analyzed by SDSPAGE: lane 1, Coomassie blue staining; 4 1 B l ! H
and lane 2, fluorography (40 day exposure). The two major labeled . - - *
bands comigrated witl- and S-tubulin subunits (arrows). Faint i &
labeling was also observed at the migration front and at the bottom i B
of the well (arrowheads).

3 4 5
]

|| »

5
C

v
e b -
L ]

s H
:”lc Lo Sess-

essentially upon pH. Raising the pH of the extraction buffer e
from 6.6 to 9 increased-4-fold the amount of soluble .

activity recovered in the supernatant. Above pH 9.5, the —
yield d'ropped abruptly. The, presence of Tx'lop in the Ficure 3: SDS-PAGE analysis. (A) Fractions obtained during
extraction buffer allowed activity measurements in pellet pyrification of tubulin polyglutamylase. Fractions are named
fractions, and thus quantification of the solubilization ef- according to Table 1: lane 1, fraction | (18); lane 2, proteins
ficiency. Soluble extracts containing up to 80% of the total unbound to the phosphocellulose column (&4f; lane 3, fraction
activity were obtained by two successive extractions in buffer !! (15 #9); lane 4, proteins eluted from the phosphocellulose column

. . at1 M NaCl (10ug); lane 5, MgC]J pellet obtained before sodium
B (pH 9), 0.13 M NaCl and 0.1% TX-100. Partial solubi- jiae precipitation (15:g); lane 6, fraction 11l (10ug); lane 7,

lization (~50%) could also be achieved at pH 6.6, provided fraction IV (5 1g); lane 8, fraction V (2.5g); and lane 9, fraction
that NaCl (or KCI) was added at concentrations@f.2 M. V (1.5 ug). In lanes +8, Coomassie blue staining was used ; in

Either alkaline pH or a high salt concentration was important lane 9, silver staining was used. Arrows on the left indicate the
for maintaining enzyme solubility in active fractions. How- Position of a- and j-tubulin. Note that the two protein bands

h | . | bH d d . _indicated by arrowheads in fractions Il and Il (lanes 3, 5, and 6)
ever, the salt requirement at neutral pH depends on proteinyigrated slightly faster than tubulin subunits. Two proteins (110

concentration (see below). and 130 kDa) prominent in fraction V are indicated by asterisks.
Partial Purification of Tubulin Polyglutamylase from Electrophoretic positions of myosin (200 kDgj;galactosidase

3-Day-Old Mouse Brain.Enzyme activity was measured (116.2 kDa), phosphorylage(97.4 kDa), bovine serum albumin

; ; ; (66.2 kDa), and ovalbumin (42.7 kDa) are indicated under lane M.
in soluble mouse brain extracts at different stages of postnataI(B) Cosedimentation of tubulin polyglutamylase with MTs. Similar

development. It was maximal in day—23 after birth, ratios of each fraction were loaded onto the gel: lane 1, fraction V
decreased progressively to 20% in day 16, and remained(100% activity); lane 2, first supernatant containing the proteins
constant thereafter (Figure 2). Thus, brains of 3-day-old mice not cosedimented with MTs (5% of the initial activity); lane 3,
were e a the saring maletalfor purfcaton. A ypical TN el cosedmenies ol (1% of e P,
purlflcat|9n procedure of tbulin polyglutamylgse IS sum- higheryic’)nic stréngth (3% of tﬁe initial activity); and lane 5, second
marized in Table 1. All steps, except when indicated, were gypernatant containing dissociated proteins and tubulin poly-
performed at 64 °C. For this preparation;-v350 brains glutamylase activity (50% of the initial activity).

weighing~130 mg each were used. Soluble extract (fraction

I, Figure 3A, lane 1) was fractionated on a phosphocellulose  Surprisingly, the enzyme precipitates at low MgCl
column. The bulk of the loaded material did not bind to the concentrations (Figure 4). Activity in the pellets increased
column, in particular, tubulin which represented almost 20% markedly with Mg* concentrations between 1 and 6 mM.
of the proteins in fraction | (Figure 3A, lanes 1 and 2). At =6 mM, 80% of the activity was recovered in the pellet
Enzymatic activity was recovered in the fractions eluted fractions. However, the yields did not excee@i0%. MgCh
between 0.19 and 0.30 M NacCl, the peak being at 0.25 M precipitation was affected by the protein concentration of
NaCl (fraction II, Figure 3A, lane 3). fraction II; it did not occur below 0.2 mg/mL and was much
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Ficure 4: Precipitation of tubulin polyglutamylase activity with  FIGURE 5: pH optimum and glutamate concentration. Fraction IV
MgCl,. Fraction Il was dialyzed against buffer T, diluted at 0.5 (40 ug/mL) was assayed under standard conditions using various
mg/mL, and submitted to Mgglprecipitation at the indicated buffers (50 mM PIPES, MES, Tris, or CHES), in the presence of
concentrations. Pellets were resuspended in buffer T and assayeeither 0.1 ©) or 6 mM (®) [*H]glutamate. Indicated pHs were

in parallel with the corresponding supernatants, under standardmeasured at 20C in reaction mixtures without proteins. The
conditions at pH 8.7, in the presence i [3H]glutamate. Results  incubation time was 30 min. Enzymatic activities are expressed as
are expressed as the percentage of activity recovered relative tathe percentage of the maximum for each glutamate concentration.
that initially present in fraction 1. The ratio cpm@)/cpm(3) was constant.

less specific above 0.7 mg/mL. It was also prevented in the one and the same time the stability of MTs, the intrinsic
presence of salts such as NaCl. At 6 mM Mgdl2 mM solubility of tubulin polyglutamylase, and the stability of its
NaCl lowered~2-fold the precipitation efficiency. For this activity without preventing interaction with microtubules.
reason, fraction Il was dialyzed overnight against buffer T This was achieved by diluting fraction V to 1/20 in PIPES
and diluted to 0.6 mg/mL before we proceeded to the MgCl buffer (pH 7) to lower both salt and protein concentrations
precipitation. Addition of sodium citrate (0.16 M) was (see Experimental Procedures) and by working at’@2
necessary to improve solubilization of the precipitate. Thus, in the absence of MTs, the enzyme remained almost
Thereafter, increasing the sodium citrate concentration to 0.7entirely soluble, whereas after incubation with taxotere-
M led to precipitation of the enzyme. stabilized MTs,~75% of the initial activity cosedimented.
The pellet (fraction I, Figure 3A, lane 6) was resuspended In contrast, most of the 110 and 130 kDa proteins remained
in buffer M, containing 0.35 M NaCl, and loaded onto a 10 in the supernatant with only-5% of the initial activity
to 18% linear sucrose gradient. The active fractions, which (Figure 3B, lanes 4£3). The enzyme was then dissociated
peaked at 14.5% sucrose, were pooled and concentrated tocom MTs by increasing PIPES and NaCl concentrations
2—3 mg/mL by ultrafiltration (yielding fraction IV, Figure  from 33 to 100 mM and from 25 to 125 mM, respectively.
3A, lane 7). The sedimentation coefficient of the enzyme The final supernatant containeeb0% of the initial activity
was estimated to be10 S, relative to protein standards run and numerous proteins, among which that (or those) corre-
in the same experiment. Changing the buffer at this step sponding to tubulin polyglutamylase cannot be identified
was crucial because lower yields and peak trailing toward (Figure 3B, lane 45).
the bottom of the tubes were observed in gradients performed Enzyme Stability Concentrated fractions IV and V were
at pH 9 in buffer T or B. stable for several months when stored-&80 °C in the
Finally, fraction IV was fractionated by size-exclusion presence of 10% glycerol. However, incubation of fraction
HPLC, at room temperature. Activity was eluted just behind 1V in buffer T at pH 8.7 fo' 1 h led to a 50% loss of activity
the void volume. The pool of active fractions was concen- at 20°C and 75% at 30C. At 30°C, the loss was reduced
trated to -2 mg/mL, supplemented with 10% glycerol, and to 40% in the presence of 0.1 mg/mL MTs, while neither
stored at—80 °C (fraction V, Figure 3A, lane 8). By bovine serum albumin nor the other substrates, ATP or

comparison with protein standards, tReof tubulin poly- glutamate, had any protecting effect. Similar experiments

glutamylase was estimated to b&0 A and itsM, 360 000. performed at pH 6.8 did not show any significant loss of
It is important to note that enzymatic activity towame activity within 3 h of incubation. Consistent with these

versuspS-tubulin remained in a constant ratio of 23 in observations, the period of constant incorporation rate was

all fractions, indicating that, if distinct enzymes are involved longer at pH 6.8 than at pH 8.7.
for the glutamylation of each subunit, they were copurified pH Optimum and Glutamate ConcentratioriThe pH
during the purification procedure. optimum of tubulin polyglutamylase activity was first
Fraction V displayed>20 proteins, as revealed by silver determined in the presence of 0.1 mM glutamate using
staining (Figure 3A, lane 9). Minor species ©800—-400 buffers ranging in pH between 6.8 and 10 (Figure 5).
kDa were detected, but their intensity did not follow the Activity increased markedly with the pH going from 6.8 to
variation of the enzymatic activity in the fractions obtained 8.3, with a large optimum between 8.3 and 8.9, and then
by size-exclusion chromatography (not shown). On the other decreased sharply. At physiological pH, the activity was
hand, the two major proteins in fractions V (110 and 130 15% of the maximal level. However, when the glutamate
kDa) which could be implicated in an oligomeric complex concentration was raised to 6 mM, the activity was less
were separated from enzymatic activity in cosedimentation dependent on pH, decreasing by only 40% between pH 8.7
experiments with MTs. In these experiments, numerous and 6.8 (Figure 5). For this reason, we investigated the
parameters had to be meticulously determined to ensure ainfluence of pH on the enzymatic parameters of glutamate.
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When activity was tested at various glutamate concentrations,
hyperbolic curves were obtained, fitting well with the
Michaelis-Menten model and givin#(Glu) values of~3
and~0.8 mM at pH 6.8 and 8.7, respectively. On the other
hand, theVy, was similar at both pHs. This suggests that

T T T T

et

microtubules pH 8.7 |

o®
T 1 T T 1T T°1

— % microtubules pH 6.8

Glu incorporated (pmol / 30 min)

the high pH optimum observed at low glutamate concentra- A i
tions is a result of the free amine of glutamat& (p 9.7 at ‘A twbulin pH87 |
25 °C) being the substrate for the reaction. 3

Specificity forL.-Glutamate and ATP Other amino acids Gy g WWIRPHES ]

134
[

(0-Glu, L-Asp, L-GIn, L-Asn, L-Ser,L-Lys, L-Leu, and.-Gly) 0 05 roo1s 2
or glutamate analoguesoGlu-Glu, yGlu-Glu, Iso-Glin, Tubulin (M)

N-acetyl-Glu, norvaline, GABA, and Gla) were tested for FIGUREG: MTs are preferred substrates for tubulin polyglutamylase.
their capacity to inhibit the glutamylation reaction or to be Fraction IV (40ug/mL) was assayed under standard conditions at

- - . pH 8.7 for 30 min (3 mM {H]glutamate) or at pH 6.8 fo3 h (6
incorporated in place of or together withglutamate. These 1\ [sH]glutamate), in the presence of various concentrations of

assays were performed at pH 8.7 under the standardeither taxotere-stabilized MTs or unpolymerized tubulin. In the latter
conditions so that the concentration of the potential competi- case, taxotere was not added to the reaction mixture. Results are
tor (10 mM) was nearly 1000-fold higher than that &f]- expressed as meattsstandard deviationsi(= 2) of picomoles of

. glutamate incorporated into- and S-tubulin (40 uL reaction
glutamat;a (.124.M.).' Under these condltlons_, we calculated mixture) in 30 min. In the case of tubulin, standard deviations
that >20% inhibition would be obtained with i, of <40 (<7%) are not shown on the curve. At all MT concentrations tested,

mM for competitive and noncompetitive inhibition and with  incorporation intoo-tubulin was 2.5-3-fold higher than that into
aK, of <66 mM for uncompetitive inhibition. None of the  S-tubulin. Because of the low radioactivity obtained with unpoly-

compounds tested affected glutamate incorporation b§%, merized tubulin, the two subunits were counted together and the
. : e : o/p ratio was not determined.
indicating a high specificity of tubulin polyglutamylase for
'—'gIUtamate- Coomassie blue staining Fluorography
In the presence of 3 mM Glu, at pH 8.7, the appakgpt A [ &
(ATP) was~0.1 mM. UTP, CTP, or GTP could not replace i I I
ATP in the assay, even with very low efficiency. Kfgvas T -
absolutely required with an optimal concentration of& e
mM.
Inhibition by Salts. Monovalent cations above-3.0 mM B B =
strongly inhibited the glutamylation reaction. For instance, | * ! i i
40 and 80 mM NaCl or KCI provoked-50 and~90% Ml F
inhibition, respectively. Sodium acetate was less inhibitory [ R "".
(50% inhibition at 100 mM). Sodium sulfate and citrate had

stronger effects leading t690% inhibition at 20 mM (40

i : FiIGUre 7: Two-dimensional PAGE analysis of in vitro-glutamyl-
mM Na') and 10 mM (30 mM Na), respectively. These ated brain and HeLa tubulin. Taxotere-stabilized MTs purified from

results illustrate why samples of low specific activity must g 5 cells (A) and from mouse brain (B) were assayed with fraction

be desalted before being assayed. V (20 ug/mL) under standard conditions at pH 8.7 at the limiting
Tubulin Substrate. Experiments performed at various glutamate concentration (18, 1.1 x 10*” dpm/mol). Gels were

tubulin concentrations confirmed that MTs are better sub- €xPosed for 3 days (A and 10 days (B. Arrows denote the

. . : . position of the labeled.- andS-tubulin isoforms. Tubulin isoforms
strates than unpolymerized tubulin. ‘At saturating tubulin are shifted to the right proportionally to the length of the acidic

concentrations, maximum incorporation wad-fold lower polyglutamy! side chain. As frequently reportedtubulin isoforms
with unpolymerized tubulin than with MTs at pH 8.7 and were split into two parallel arrayg-Tubulin isoforms migrating
10-fold lower at pH 6.8 (Figure 6). Appareki, values slightly higher correspond to the classfHtubulin and are denoted
could not be determined in all cases. Indeed, at pH 8.7, rapidﬁ" Labeledf’-tubulin isoforms are indicated by sloping arrows.

. Only tubulin regions of the two-dimensional gels are presented (left
MT depolymerization was observed below &, and at 5 \ight, basic to acidic isoelectric focusing first dimension; and
pH 6.8, a very low level of incorporation was measured with top to bottom, SDSPAGE second dimension).
free tubulin as the substrate. Nevertheless, the applrent

value determined for free tubulin at pH 8#@.3 uM) was added directly onto tubulin and progressive lengthening of

not significantly different from that of MTs at pH 6.8-0.2 the side chain would be achieved by successive glutamate
uM). Thus, preferential activity toward MTs relies mainly additions. To distinguish between these two mechanisms,
on variations of the catalytic efficiency. we compared the glutamylation products obtained with MTs

Mechanism of Glutamate AdditionTubulin displaying prepared either from adult mouse brain or from HelLa cells.
polyglutamyl side chains of various lengths from one to six HelLa tubulin is mostly unglutamylated and contains only
or seven units was previously document&@, 9—31). Two low levels of monoglutamylated- andS-tubulin, whereas
mechanisms, modular or sequential, can be proposed for theadult brain tubulin is highly glutamylated, displaying side
polyglutamylation reaction. In a modular mechanism, the chains of various lengths ranging from one to six or seven
modification would occur through two steps involving glutamyl units. Two-dimensional PAGE patterns of these
distinct enzymatic activities: the first one responsible for two tubulin species are presented in panels A and B of Figure
the formation of polyglutamyl chains of variable lengths and 7, respectively.
the second one for their transfer onto unglutamylated tubulin.  The reactions were performed at limiting glutamate con-
In the case of a sequential mechanism, glutamate would becentrations (1M < Kg). With HeLa MTs, labeled prod-
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Ficure 9: Two-dimensional PAGE analysis of glutamylated
products obtained with unpolymerized and polymerized brain
tubulin. Unpolymerized tubulin (A) and taxotere-stabilized MTs
(B) purified from mouse brain were assayed as in Figure 7 with 2
mM glutamate. Incorporation ratios were determined in parallel:
0.1 mol of glutamate per mole of tubulin dimer in A and 0.5 in B.
Gels were exposed for 1 month‘jfand 10 days (B.

300

Retention time (min)
Ficure 8: HPLC radioactive profiles of thermolysin digests of _ )
o-tubulin. Fraction V (2Qug/mL) was assayed at pH 8.7 with HeLa isoforms already present in each MT preparation. Taken

(A) or mouse brain (B) taxotere-stabilized MTs, in the presence of together, these results are strongly in favor a sequential
13 uM glutamate.o-Tubulin was digested with thermolysin, and mechanism of glutamate addition.

the proteolytic products were fractionated on a C18 reversed phase . .
column. Synthetic peptides corresponding to the C-terminal se- Ve also compared the glutamylated products obtained with

quence ofo-tubulin (Val440-Glu450 and Val446 Tyr451) and unpolymerized and polymerized brain tubulin (Figure 9). At
containing zero to two additional glutamyl units linked to the limiting glutamate concentrations, subtle differences were
y-carboxylic group of Glu445 were injected simultaneously t0  gpserved (not shown) but they were much more evident at

identify the coeluting radioactive peaks. Only the radioactive . . . )
profiles are shown. Numbers above each peak refer to the numbe'near-saturatlng glutamate concentrations. With unpolymer

of glutamy! units in polyglutamy! side chains. Note that Val440  ized tubulin, the labeling pattern showed two long stretches
Tyrd51 peptides eluted later than Val44Blu450 peptides and  of o- and S-tubulin isoforms strongly shifted toward the
were much less resolved according to the number of glutamyl units acidic part of the gel (panels A and Af Figure 9). This
they contain. The very minor peak numbered 0 in panel B coeluted labeling pattern could not be superimposed with that of the

with unglutamylated Val446Glu450 peptide but also with Val440 - . . .
Glu449 peptide bearing one glutamyl unit. It thus likely corresponds CoOMassie blue-stained isoforms but was largely displaced

to monoglutamylatedh2-tubulin 22). The peak marked with an ~ beyond the hexaglutamylated positionefand S-tubulin.
asterisk in panel B was unidentified. This result suggests that a very minor population of the

unpolymerized tubulin was extensively modified by addition
ucts were resolved into two spots migrating at the acidic of a high number of glutamyl units while the major remaining
side of the Coomassie blue-stainedubulin isoform, the population was not modified at all. Such a behavior is
first spot being largely predominant (panels A ant d& strongly suggestive of a processive mechanism in which mul-
Figure 7). Very little labeling was associated wjttiubulin tiple additions of glutamyl units occur after a single tubulin
(see Discussion). When analyzed by peptide mapping, thisbinding event. Under the same conditions, the pattern of
sample gave two radioactive peptides, the major one (80%)MT labeling remained coincident with that of the Coomassie-
corresponding to the monoglutamylated C-terminal peptide stained isoforms and displayed classical polyglutamyl chain
of tyrosinateda-tubulin and the minor one (20%) corre- lengths ranging from one to six or seven units (panels B
sponding to the biglutamylated species (Figure 8A). Thus, and B of Figure 9). Thus, with MTs, the enzyme dissociates
the enzyme was able to add one glutamyl unit onto from the product after each cycle of glutamate addition, lead-
unglutamylated tubulin. With MTs from adult brain, labeled ing to homogeneous glutamylation of the tubulin population.
o- andp-tubulin isoforms exhibited a heterogeneity similar In conclusion, polyglutamylation appears to be distributive
to that of the substrate (panels B anfdBFigure 7). Peptide  with MTs and processive with unpolymerized tubulin.
mapping analysis of labeleg-tubulin products (Figure 8B)
revealed a complex pattern similar to that previously p|SCUSSION
observed after ex vivo glutamate labeling of cultured neurons
(32, i.e., two series of peaks corresponding to C-terminal  Tubulin is a substrate for several posttranslational modi-
peptides terminating at Glu450 or Glu449 (first series) and fication enzymes. Up to now, only tubulin tyrosine ligase
at Tyr451 (second series). The different peaks observedhas been purified to homogeneity and its cDNA cloned and
within each series corresponded to peptides bearing poly-sequenced33—35). The enzyme that catalyzes the reverse
glutamyl side chains of increasing length from left to right. reaction, tubulin carboxypeptidase, has been partially purified
This pattern of glutamylation could have been obtained by (250-fold; 36) and tubulin acetylase 110-fol®7). Here,
a modular addition onto unglutamylated tubulin, but in this we report a~1000-fold purification of tubulin polyglutamyl-
case, the same products would have been expected with HeLase from brains of 3-day-old mice.
MTs. On the other hand, the drastically different products  Brain tissue was chosen for purifying the enzyme because
observed with the two kinds of MTs can be explained by of its high content in polyglutamylated tubulin. However,
addition of one glutamyl unit onto the differenttubulin previous results showed that the level of posttranslational
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labeling of tubulin with fH]glutamate in cultured neuronal
cells decreased drastically throughout differentiatién I
vitro, we observed a similar decrease of tubulin poly-
glutamylase activity during postnatal brain development,
from newborn to adult. Whether this change is due to
accumulation of a putative inhibitor or to a downregulation
of tubulin polyglutamylase is not known. However, attempts
to eliminate such an inhibitor by partial purification of the

Regnard et al.

glutamate addition. Although the direct product of ATP
hydrolysis (ADP or AMP) was not identified, MgQATP was
absolutely required and could not be replaced by other
nucleotides. The basic mechanism is formally similar to that
described for tubulin tyrosine ligas&8§), which catalyzes
addition of a tyrosine to the C terminus of detyrosylated
o-tubulin, and for folylpolyglutamate synthetas¥9), which
converts folate to folylpolyglutamates, the preferred coen-

enzyme from 15-day-old mouse brains were unsuccessful.zyme of one-carbon metabolism.

As use of 3-day-old mouse brain limited considerably the

The enzyme is very specific towandglutamate. For

amount of starting material, attempts were also made to example,N-acetyl glutamate which is very abundant in
purify the enzyme from newborn sheep brain. However, nervous tissues or the dipeptideSIlu-Glu andyGlu-Glu
specific activities of all the purified fractions were 2-fold were not substrates. In addition, other amino acids, in
lower than those in mouse. particular glycine, did not compete with glutamate, indicating
The ~1000-fold purified fraction, fraction V, still con-  that polyglutamylation and polyglycylation of tubulin are
tained several protein species, from which it has not been catalyzed by distinct enzymes. Interestingly, the affinity for
possible to identify the enzyme. In the high-molecular glutamate is increased with pH up to 8.8, suggesting that
weight region of the SDS gel, only very faint bands were glutamate with its deprotonated amine is the form that binds
detected after silver staining. This observation suggests thato the enzyme. However, titration of a functional group of
the enzyme is either very minor or composed of several the enzyme that plays a role in glutamate binding cannot be
polypeptide chains with lowel,s. The 110 and 130 kDa  excluded. Comparable results were described for folylpoly-
proteins prominent in fraction V appeared as two possible glutamate synthetas8q). Kn(Glu), even at pH 8.7, is higher
candidates for such enzyme subunits. However, they werethan the reported glutamate concentration in peripheral tissues
not copurified with the enzyme in the following MT  (40); therefore, the reaction probably occurs at limiting
cosedimentation experiments. Interestingly, binding of tu- glutamate concentrations in vivo.
bulin polyglutamylase to MTs could be useful for further Our results strongly support a sequential mechanism for
purification, although limited MT depolymerization occurs glutamate addition. Whether initiation and elongation of the
during the dissociation step, leading to contamination of the polyglutamyl side chains are catalyzed by one enzyme or
final supernatant with tubulin (see Figure 3B, lane 5). by distinct enzymes remains to be determined. It should be
Several other methods have been explored for further noted that, although precise quantitations were not performed,
purification of the enzyme, including ion-exchange chroma- the reaction rate seems not to be significantly affected by
tography, isoelectric focusing in the liquid phase or with the the length of the polyglutamyl chain.
rotofor apparatus (Bio-Rad), chromatofocusing, hydrophobic  Polymerized and free tubulin were not equivalent sub-
chromatography, immobilized metal-affinity chromatography strates for tubulin polyglutamylase. At saturating tubulin
(with Cu, Zn, Fe, and Co), and substrate-based (tubulin andconcentrations, the reaction rate with unpolymerized tubulin
ATP) affinity chromatography. Two types of results were was~10% of that obtained with MTs at pH 6.8 and25%
obtained. (1) The enzyme did not bind to the matrix. In at pH 8.7. These results demonstrate that MTs are preferred
this case, yields were generally good but purification factors substrates and confirm previous results obtained under ex
low (=1.5). (2) The enzyme seemed to bind to the matrix vivo conditions (9). Another striking difference related to
but was either eluted with a low yield or inativated, leading the polymerization state of tubulin was observed. MTs are
to a very low purification factor (some times1). In probably modified through a distributive mechanism in which
isoelectric focusing experiments, the enzyme irreversibly the enzyme dissociates from tubulin after each glutamate
precipitated at pH<5.5, suggesting a rather low.p addition, leading to a gradual lengthening of polyglutamyl
Fractions IV and V were used to study the basic properties side chains in the whole tubulin population. On the contrary,
of tubulin polyglutamylase. Although one cannot exclude with free tubulin, glutamylated isoforms bearing very long
the presence of contaminating enzymatic activities in theseside chains were obtained, whereas the vast majority of the
fractions, care was taken to measure incorporation of substrate was not modified. We propose that a processive
glutamate into tubulin. In particular, our method of quan- mechanism is then implicated in which multiple glutamate
titation involved separation of proteins on SBBAGE and additions occur during a single association event between
counting the radioactivity associated with the separated the enzyme and tubulin, the release of the product being
and S-tubulin subunits. Moreover, evidence was obtained slower than the chemical reaction. Such a behavior is
by peptide mapping showing that the incorporated radioac- common for DNA and RNA polymerases and has also been
tivity corresponds to glutamylation. reported for the vitamin K-dependent carboxylatiai)(
According to the results presented here, the general scheme\lternatively, this result could be explained by an increase
for the tubulin polyglutamylation reaction could be as of the glutamylation efficiency depending on the length of
follows: the polyglutamyl side chain. Whatever the explanation is,

it is important to note that such a behavior seems to be
TUB-(Glu), + Gt TUB-(GI >0 . N " .
Gt ¢ 7~ ﬁ ’ (Clner (>0 unrelated to an artifact of in vitro conditions. Indeed, tubulin
! isoforms bearing very long polyglutamyl side chains have
MgATP MgADP + Pi (? 2 . :
g £ to been detected in vivo. For instance, 5% of th¢ubulin
This scheme illustrates a mechanism in which the free present in the basal apparatus from the green flagellate

energy generated by ATP hydrolysis serves to catalyze Spermatozopsis similisarry a polyglutamyl side chain
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Table 2: C-Terminal Sequences and Polyglutamylation Sites of Maused -Tubulin Isotypes

isotypet C-terminal sequenée reference

437

ol VDSVEGEGEEEGEEY (47,8)

o2 VDSVEGEGEEEGEEY (47,8)

o4 IDSYE*D*EDEGEE* (52)

o6 ADSAEGDD* *EGEEY (52)

o3/7 VDSVEAEA *EEGEEY (52)

pRDaTT1 MGSVEAEGEEEDRDTSCC IMFSSSIGNRHPC (52)
431

5 (class I) EEEEDFGEE*AEEE*A (47,54)

2 (class 1) DEQGEFEEEEGEDE*A (47,30, 31)

p6 (class IlI) EEEGEMYEDDDEESERQGPK (55,10)

B4 (class IVa) *EEGEFEEE*AEEEVA (47,54)

B3 (class IVb) EEEGEFEEE*AEEEVA (56)

p1 (class VI) GLEDSEEDAEEAEVEAEDKDH (56)

2 B-Tubulin isotypes are ordered according to the class nunfi®r{Amino acid deletions are indicated by asterisks and glutamylation sites in
bold. ¢ The first reference corresponds to sequences and reference(s) in bold to identification of the glutamylation site.

reaching up to 17 units4@), and a-tubulin side chains of  thus contain isozymic forms which would not work on the
15 units were reported ifiryponosoma brucdgi3). Such B-tubulin isotypes expressed in HelLa cells. Further purifica-
very acidic forms ofa- and - tubulin were also detected tion of the enzymatic activity and utilization of separated
with the specific mAb GT335 in axonemal extraci$)and tubulin isotypes will be essential in further studies.
exhibited two-dimensional patterns similar to those obtained

after in vitro glutamylation experiments. However, hyper- ACKNOWLEDGMENT
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