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Abstract We describe the presence of a-tubulin and MAP2 acetyltransferase activities in mouse brain. The
enzyme(s) copurified with microtubules through two cycles of assembly-disassembly. Incubation of microtubule
proteins with [*Hlacetyl CoA resulted in a strong labeling of both a-tubulin and MAP2. To determine the site of the
modification, tubulin was purified and digested with Glu-C endoproteinase. A unique radioactive peptide was detected
and purified by HPLC. Edman degradation sequencing showed that this peptide contained "-acetyllysine at position 40
of the a-tubulin molecule. This result demonstrates that mouse brain «-tubulin was acetylated at the same site as in
Chlamydomonas. 1soelectric focusing analysis showed that acetylated a-tubulin was resolved into five isoelectric
variants, denoted a3 and o5 to «8. This heterogeneity is not due to acetylation of other sites but results from a single
acetylation of Lys* of an heterogeneous population of a-tubulin isoforms. These isoforms are produced by posttransla-
tional addition of one to five glutamyl units. Thus, neuronal a-tubulin is extensively modified by a combination of
modifications including acetylation, glutamylation, tyrosylation, and other yet unknown modifications.
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Brain tubulin is characterized by a very high
level of heterogeneity [4,5,10,11,32], essentially
due to the contribution of neuronal cell types
[8,12,21]. This heterogeneity relies, in part, on
the expression of several tubulin isogenes [for
review, see 29] and essentially on chemical mod-
ifications of the corresponding primary prod-
ucts. For instance, pulse-chase labeling of cul-
tured neurons with [**S]methionine showed that,
among the eight isoelectric variants of a-tubulin
expressed in these cells, as many as seven were
produced by posttranslational modifications [6].

Posttranslational modifications of tubulin
could play crucial roles in the formation and the
specialization of particular microtubule struc-
tures. Directly or throughout interactions with
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microtubule associated proteins (MAPs), post-
translational modifications may affect assembly,
stability, and functions of microtubules. We will
focus, in this report, on the relation between two
posttranslational modifications, acetylation and
glutamylation, in the generation of brain tubu-
lin heterogeneity.

Acetylation was first identified in Chlamy-
domonas, where it was involved in the synthesis
of an electrophoretic variant of a-tubulin (called
a3) which was associated predominantly with
the flagellar microtubules [17,18]. The modified
isoform was specifically labeled after incubation
of the cells with [*H]acetate, in the presence of a
strong inhibitor of protein synthesis, cyclohexi-
mide, and biochemical analyses provided good
evidence that this label corresponded, at least
partially, to the acetylation of the e-amino group
of a lysine residue [18]. A monoclonal antibody
(6-11B-1), raised against tubulin from the ax-
onemes of sea urchin sperm, was shown to recog-
nize selectively the acetylated a3 isoform of
Chlamydomonas [24]. Searching for the binding



Neuronal a-Tubulin Heterogeneity 135

site of 6-11B-1, Le Dizet and Piperno [16] found
a modified residue near or within the epitope
recognized by the antibody. This residue was
characterized as €"-acetyllysine and localized at
position 40 of the a-tubulin molecule.

Acetylation of a-tubulin is thought to occur in
a wide variety of cell types and organisms, from
microorganisms to mammals [25], including
brain cells [2,3,7,8]. This conclusion was based
on immunocytochemica! and immunoblotting
analyses performed with specific antibodies, and
on a complementary approach which consisted
to incubate cell cultures with radioactive acetate
in the presence of cycloheximide and to search
for acetate-labeled a-tubulin isoforms. How-
ever, it is not absolutely certain whether the
binding of specific antibodies with mammalian
a-tubulin was due to the same epitope described
in Chlamydomonas, nor is there direct evidence
that demonstrates acetylation of a-tubulin in
any other organism than Chlamydomonas.

We recently characterized a new modification
of neuronal a-tubulin consisting of the posttrans-
lational addition of several glutamy! units on
the gamma-carboxyl group of Glu*® and showed
that acetate-labeling of a-tubulin in cultured
mouse brain neurons was mostly due to this
modification, through the metabolic conversion
of acetate into glutamate via acetyl CoA and
part of the tricarboxylic acid cycle [9]. It was
particularly surprising that the different glu-
tamylated o-tubulin isoforms comigrated, in res-
olutive isoelectric focusing gels, with isoforms
reacting specifically with 6-11B-1 antibody.
These results raise several questions: does acety-
lation of a-tubulin occur in neurons, and in this
case, what is its quantitative importance and
what is the modified amino acid residue(s)? What
is the basis for the heterogeneity of acetylated
a-tubulin? What is the relation between acetyla-
tion and glutamylation, that is, can these two
posttranslational modifications occur concomi-
tantly on the same a-tubulin molecules?

We demonstrate here the presence of an acetyl-
transferase activity in mouse brain that ace-
tylates a-tubulin on a single residue (Lys40),
identical to that found in Chlamydomonas.
Acetylation of a-tubulin occurs also in homo-
geneous cultures of either neurons or astroglia
and at the same site. However, acetylation repre-
sents a minor modification whereas the dif-
ferent glutamylated forms account for almost
50% of neuronal a-tubulin. Our results show

that neuronal a-tubulin is extensively modified
by a combination of modifications including glu-
tamylation, acetylation, tyrosylation, and other
yet unknown modifications.

MATERIALS AND METHODS
Cell Cultures

Homogeneous cultures of mouse brain neu-
rons and astroglia were performed as described
previously [1,9]1.

Purification of Microtubule Proteins

Ten-day-old mice were used. Brains were dis-
sected immediately after the sacrifice and rap-
idly homogeneized in cold buffer A (100 mM
PIPES, pH 6.8, 2 mM EGTA, 1 mM MgCl,, 1
mM GTP) using a teflon-glass potter (10 strokes
at 1200 rpm). High speed supernatant was ob-
tained by centrifugating the crude homogenate
at 10,000g for 10 min (2°C) to eliminate the
cellular debris and then at 100,000g for 60 min
(2°C). Supernatant was then subjected to cycles
of assembly-disassembly at 37°C in buffer A
containing 4 M glycerol. In some experiments
supernatant was submitted to PD-10 column
{Pharmacia) chromatography.

Assay for Acetyltransferase Activities

The assays for acetyltransferase activities were
carried out mainly as described by Greer et al.
[13]. High speed supernatant, once-, and twice-
cycled MTP (3 mg/ml) were incubated at 37°C
for 90 min, in buffer A containing 15 uCi/ml
[®*Hlacetyl CoA (Amersham, 2-5 Ci/mmol) and
1 mM fresh GTP. Aliquots of the reaction media
were processed for radioactive counting by pre-
cipitation with 10% (w/v) TCA onto Whatman
3MM filters. MTP preparations could be stored
at —80°C for six months without detectable loss
of acetyltransferase activity. They were then
centrifuged at 10,000¢ (10 min, 4°C) before use.

Tubulin Purification and Proteolysis

After in vitro acetylation, tubulin and MAPs
were purified using the taxol-induced microtu-
bule assembly procedure [30]. Tubulin from cell
cultures was purified using the mini-scale proce-
dure described by Serrano et al. [28]. Digestion
of tubulin with Y4 (w/w) endoproteinase Glu-C
(Boehringer-Mannheim) was performed in am-
monium bicarbonate buffer, 50 mM, pH 7.8.
Incubations were carried out for 18 hr at 37°C.
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Under these conditions, the enzyme was de-
scribed to cleave only Glu-X peptidic bonds [14].

HPLC Analysis

The samples of tubulin digests were diluted in
5% acetonitrile (Prolabo, UV grade) and 1%
TFA (Applied Biosystems) and centrifuged in
Eppendorf tubes at 10,000g for 2 min. The
pellet, which contained unsolubilized material
(usually 40-50% of the original preparation),
was discarded. The supernatant was analyzed
by HPLC (Waters-Millipore) using analytical
(2.1 x 220 mm) or semi-preparative (4.6 x 220
mm) reversed phase RP 300 columns (Brown-
lee). Flow rates were 0.2 and 0.9 ml/min, respec-
tively. Solution A was 0.1% TFA and solution B
was 0.09% TFA, 70% acetonitrile. The elution
gradient was linear: (95% A, 5% B) to (60% A,
50% B) in 60 min and (50% A, 50% B) to (0% A,
100% B) in 20 min, followed by a 10 min wash in
(0% A, 100% B). The peptides were detected by
their absorbance at 214 nm and collected manu-
ally. Aliquots of the collected fractions were
processed for liquid scintillation counting in 10
ml of Picofluor 15 (Helvett Packard). Radioac-
tive fractions were partially evaporated under
vacuum and chromatographed again on a C18
reverse phase column (2.1 X 220 mm, Brown-
lee) using the same elution gradient as described
above at a flow rate of 0.2 ml/min.

Amino Acid Sequencing

Peptides were sequenced using a 470A gas-
liquid amino acid sequencer (ABI). 50% aliquots
of the PTH-aa (phenyl-thiohydantoine amino
acids) were analyzed with a 120 PTH-aa ana-
lyzer (ABI) using the standard program devel-
oped by ABI on a C18-PTH column. The elution
gradient was linear from (89% A, 11% B) to
(62% A, 38% B) in 27 min. Solution A was 0.07
M ammonium acetate, 5% THF, in water and
solution B was pure acetonitrile. Aliquots (40%)
of the PTH-aa were stored and processed for
liquid scintillation counting. PTH-eMacetylly-
sine was synthesized using commercial acetyl-
lysine (Sigma) and purified by HPLC. This PTH
derivative had, in our system, a retention time
of 12.4 min comprised between that of PTH-Glu
(9.9 min.) and PTH-Ala (12.9 min.).

Gel Electrophoresis and Fluorography

Denaturating 9.5 M urea (Schwartz Mann)
cylindrical IEF gels [22] were performed as de-

scribed by Wolff et al. [32], using pH 4-6 LKB
ampholines (2%, w/v). For 2D-PAGE, IEF gels
were performed with a broader pH range ampho-
lines (LKB) consisting of a mixture of pH 3.5-10
(20%) and 5-7 (80%). The gels were soaked with
the equilibration buffer of O’Farrell {22] but for
15 min instead of 2 hr, and the second dimen-
sion was performed on a 8% acrylamide (LKB)
slab gel (24 x 13 cm) containing 0.1% (w/v) so-
dium dodecyl sulfate (90% pure, Merck). One
dimensional SDS-PAGE [15] (8 cm long) was
performed as described for the second dimen-
sion of 2D-PAGE. After staining with Coomassie
blue, the gels were soaked 20 to 30 min with
Amplify (Amersham), dried, and submitted to
fluorography using XAR5 films (Kodak Inc.).

RESULTS

a-Tubulin and MAP2 Acetyltransferase Activities
Copurified with MTP

The presence of a-tubulin acetyltransferase
activity in mouse brain was assayed by incubat-
ing brain extracts with [*H]acetyl CoA. The la-
beled proteins were analyzed by SDS-PAGE and
detected by fluorography (Fig. 1, lanes 1 and 2).
When using a cytosolic fraction (high speed su-
pernatant, denoted S1), a single labeled protein
species was detected with an apparent MW
slightly higher than MAP1 (denoted X in Figure
1, lanes 1). When S1 was desalted before being
assayed, two additional bands comigrating with
a-tubulin and MAP2 were labeled (Fig. 1, lanes
2). Labeling of these two latter proteins was
markedly increased when the assay was per-
formed with once-cycled or twice-cycled microtu-
bule proteins (MTP) whereas labeling of protein
X became undetectable (Fig. 1, lanes 3 and 4). In
order to confirm the identity of the radioactive
polypeptides, tubulin and MAPs were purified
using taxol and then analyzed by 2D-PAGE.
Figure 2 shows that the major labeled species
was recovered with the tubulin fraction and
comigrated with the acidic part of the a-tubulin
spot (Fig. 2a,b) whereas the minor labeled spe-
cies was recovered with the MAPs fraction and
comigrated with MAP2 (Fig. 2¢,d). These results
show the presence, in mouse brain, of a-tubulin
and MAP2 acetyltransferase activities which
copurify with microtubules.

In Vitro Acetylated o-Tubulin Is Heterogeneous

The 2D-PAGE analysis presented in Figure 2
suggested that the label corresponding to a-tubu-
lin, although restricted to the acidic part of the
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Fig. 1. In vitro acetylation of mouse brain proteins. High speed supematant (S1), before (lanes 1) or after (lanes 2)
desalting on a G25 column, once-cycled (lanes 3) and twice-cycled (lanes 4) MTP were incubated with 16 wCi/ml
[*Hlacety! CoA for 1 hour at 37°C. 30 pg of S1 and 10 ug of MTP were loaded on the gel (SDS-PAGE, 8 cm in fength).
Left: Coomassie blue staining. Right: fluorograph of the same gel exposed for 7 days. « and B refer to as tubulin
subunits. Note that protein X is present in ST sample but did not copurify with MTP.

a-tubulin spot, is heterogeneous. This could be
much better investigated by resolutive isoelec-
tric focusing (IEF) analysis. In this experiment,
once-cycled MTP was incubated with [*H]acetyl
CoA for 10 to 120 min. After each time, tubulin
was immediately purified using taxol and ana-
lyzed by IEF. Coomassie blue staining of the
focusing gel shows that, at this stage of develop-
ment (10 days after birth), mouse brain tubulin
is resolved into six a-tubulin (denoted al-abB)
and eight B-tubulin (denoted 83--810) isoforms.
In addition, as previously reported [8], very acidic
a (a7, a8) and very basic B (B'1, B'2) isoforms
comigrated in the intermediate region of the gel,
marked by an asterisk (Fig. 3, lane CBS). The
corresponding fluorographs show that, among
the eight a-tubulin isoforms, as many as five
(a3, a5—a8) were labeled (Fig. 3, fluorography).
This labeling increased with time, reaching a
plateau value at 60 min, but no variation of the
relative intensity of the different labeled bands
was observed.

Localization of the Acetylated Residue

Purified (*H]-acetylated tubulin was digested
by Glu-C endoproteinase (which cleaves polypep-
tides at the C-side of Glu residues) and the
proteolytic peptides were separated by reversed
phase HPLC with a C8-RP300 column (Fig. 4a).
The labeled material eluted with a retention
time of 55-56 min. This fraction was further
purified using a C18 column (Fig. 4b). A unique

radioactive peptide, denoted b.GC1, was then
eluted at 66 min. The amino acid sequence of
this peptide was determined by automatic Ed-
man degradation and gave 13 pmoles of His-Gly-
Ile-GIn-Pro-Asp-Gly-Gln-Met-Pro-Ser-Asp-
Aclys-Xaa-lle-Gly-Gly-Xaa-Asp. No other amino
acid sequence was found. Although two amino
acids, indicated as Xaa, could not be clearly
identified, the rest of the sequence unambigu-
ously matches that of mouse a-tubulin genes
[31] from amino acids 28-46. The C-terminal
part of b.GC1 could not be determined, due to
the low amount of material, but it probably
extended to Glu® as expected for a Glu-C cleav-
age. At the thirteenth cycle of the Edman de-
gradation, no PTH-Lys was obtained but rather
a radioactive PTH-derivative with a retention
time corresponding to that of a synthetic PTH-
e“acetyllysine. These results demonstrated that
mouse brain a-tubulin was acetylated at the
same site as in Chlamydomonas.

The relative abundance of acetylated a-tubu-
lin was determined by comparing the molar
amount of b.GC1, as estimated from the amino
acid sequencing data, and the molar amount of
tubulin digests used for HPLC purification.
Starting from 3 nmoles of tubulin digests loaded
onto the first C8-RP300 column (Fig. 4a), we
obtained about 13 pmoles of b.GC1 as estimated
from the release of PTH-Gly* during the second
cycle of the Edamn degradation (since the re-
lease of PTH-His is generally poor, we did not
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Fig.2. 2D-PAGE analysis of acetylated o-tubulin and MAP2. MTP was incubated with [*HJacetyl CoA for 1 h; tubulin
and MAPs were then purified using taxol [30] and analyzed by 2D-PAGE. 20 g of tubulin (a,b) and 5 wg of MAPs
(c,d) were loaded on the gels. a,c: Coomassie blue staining. b,d: Fluorographs exposed for 5 d (b) and 10 d (d),
respectively. The radioactive a-tubulin spot was localized at the right acidic part of the Coomassie blue stained
a-tubulin spot. Note that MAP2 splits, in our 2D-gels, into two components of slightly different apparent MWs. «, and
o, indicate the acidic and basic parts of the a-tubulin spot, respectively. B and §’ indicate the major and the minor
B-tubulin components present in brain. Only tubulin and MAPs regions are presented. No other proteins were
detected in the whole 2D-gels.
take it into account). Assuming a sequencing
efficiency of 30-50%, and taking into account
the aliquots of b.GC1 used for liquid scintilla-
10 30 60 90120 min tion counting, we estimated the amount of b.GC1
" . present in the initial preparation to be 50-80
- pmoles. By this method, acetylated a-tubulin
o 3: _3 represents about 2-3% of the total «-tubulin
ez . . . . ptd 0 4 present in brain.
* ~8
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B = and Astroglia
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Fig. 3. Acetylated a-tubulin is heterogeneous. MTPs were
incubated with [*Hjacetyl CoA for the time indicated. Tubulin
was then purified and analyzed by resolutive IEF. A Coomassie
blue staining of one of these gels is presented (lane CBS); the
other lanes correspond to fluorographs exposed for 3 days.

The presence of acetylated a-tubulin in mouse
brain neurons and astroglia was sugested by
immunoblotting and immunofluorescence exper-
iments using specific antibodies {2,3,7,9]. In or-
der to confirm these results, we performed cell
labeling experiments with [°Hlacetate and ana-
lyzed the radioactive proteolytic peptides of tubu-
lin. Fifteen d-embryonic mouse brain neurons
were cultured for one week and then incubated
with [*H]acetate, in the presence of a strong
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Fig. 4. HPLC purification of the in vitro acetylated «-tubulin
peptide. In vitro [*H]-acetylated tubulin (300 pg, 100,000 cpm)
was purified and digested by Glu-C endoproteinase. a: The
whole peptides were foaded first on a C8-RP300 column
(2.1 x 210 mm). b: The radioactive fraction was then further
purified on a C18 column. A single radioactive fraction was then
detected and denoted b.GC1. Absorbance was monitored at
215 nm.

inhibitor of protein synthesis (cycloheximide).
Astroglial cells were isolated from newborn
mouse brain, cultured for three weeks, and la-
beled under the same conditions. After cell incu-
bation with [*H]acetate, tubulin was purified,
mixed with unlabeled mouse brain tubulin, and
digested with Glu-C endoproteinase. Radioac-
tive peptides were purified by HPLC. In the case
of neurons, several radioactive fractions were
recovered (Fig. 5a). The minor fraction eluting
at 51 min was further purified on a C18 column
and was then eluted at 64 min, a retention time
similar to that obtained for b.GC1 on the same
column (Fig. 5b). Automatic Edman degrada-
tion showed that the sequence of n.GC1 matches
that of mouse a-tubulin genes from amino acids
28-43. Again PTH-e"acetyllysine was found at
position 40.

The same analysis was performed with cul-
tured astroglial and showed the presence of a
radioactive peptide (denoted g.GC1) eluting with
the same retention time as b.GC1 (Fig. 6). Al-
though the amino acid sequence of g.GC1 was
not determined, it is very likely that the radioac-
tive moiety associated with this peptide is also
due to acetylation of Lys-40.
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Fig. 5. HPLC purification of the acetate-labeled tubulin pep-
tides of cultured neuronal cells. Mouse brain neurons were
cultured for 1 week and then incubated with [*Hlacetate, in the
presence of cycloheximide. Tubulin was purified (20 pg, 100,000
cpm), mixed with unlabeled mouse brain tubulin (200 ng), and
digested with Glu-C endoproteinase. a: The whole peptides
were loaded on a C8-RP300 column (4.6 X 210 mm). b: A
minor radioactive fraction with RT of 51 min. was further
purified on C18 column and denoted n.GC1. ¢: The major
radioactive fractions eluting with RT of 24—27 min were pooled
and further purified on a C18 column. d: The radioactive
fraction detected in ¢ and denoted n. GC2 was re-chromato-
graphed under the same conditions.
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Fig. 6. HPLC analysis of acetate-labeled tubulin peptides of
cultured astroglial cells. Mouse brain astroglia were cultured for
3 weeks and incubated with [*Hlacetate, as described for
neurons. Purified tubulin (10 ng, 1,500 cpm) was digested with
Glu-C endoproteinase and the whole peptides were loaded on a
C8-RP300 column (2.1 X 210 mm). Radioactive counting
showed a weak radioactive peak with RT of 54 min, similar to
that obtained for b.GC1 on the same column.
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Glutamylation Is a Major Modification of
Neuronal a-Tubulin

The major radioactive fraction eluting at
23-26 min (Fig. 5a) was further purified on the
C18 column and gave an apparently homoge-
neous peak, denoted n.GC2, with a retention
time of 34 min (Fig. 5¢,d). The amino acid se-
quence of n.GC2 was determined by Edman
degradation and contained 1 nmol of Val-Gly-Val-
Asp-Ser-Val-Glu-Gly-Glu-Gly-X-Glu-Glu-Gly,
which matches the sequence of two mouse a-tu-
bulin isogenes, M ol and M «2, from amino
acids 435-448. No other amino acid sequence
was observed. This sequence differed from that
deduced from the nucleotide sequence at po-
sition 445 (eleventh cycle of the Edman deg-
radation): instead of obtaining PTH-Glu no
PTH-amino acid could be detected at the corre-
sponding cycle. This observation is consistent
with a modified Glu** residue. We recently
showed that the corresponding modification is
not an acetylation but corresponds to the post-
translational addition of one to five glutamy!l
units on the y-carboxyl group of Glu** [9]. Thus,
in cultured neurons, [’'H]acetate is used to label
at least two different modifications of a-tubulin.
One corresponds to the direct addition of ace-
tate, probably via its activated form acetyl CoA,
and is identical to the modification observed in
vitro. The other one represents the addition of
several glutamyl units onto Glu*®. In this latter
case, radioactive acetate is used to label cellular
glutamate via the entry of acetyl CoA into the
tricarboxylic acid cycle and a-ketoglutarate.

The relative abundance of acetylated and glu-
tamylated tubulin was determined by compar-
ing the molar amounts of recovered n.GC1 (50
pmoles) and n.GC2 (1 nmole), as estimated from
amino acid sequencing data, and the molar
amount of tubulin digests (2 nmoles) loaded
onto the first C8-RP300 column (Fig. 5a). The
values obtained were corrected by the sequenc-
ing efficiency factor and took into account the
aliquots used for scintillation counting. These
results showed that glutamylated a-tubulin is
much more abundant than acetylated a-tubulin
(around 50% vs. 2.5% of total a-tubulin, respec-
tively).

In the case of glial cells we could not detect
any radioactive peptide in the region correspond-
ing to GC2 (Fig. 6). Thus, contrary to acetyla-
tion, posttranslational glutamylation is absent

in this cell type, or present at a level too low to be
detected with our technique.

DISCUSSION

We showed previously [8] that incubation of
neurons with [*Hlacetate, in the presence of
cycloheximide, resulted in the posttranslational
labeling of the six most acidic variants of a-tubu-
lin (x3—a8). Very recent data [9] and this report
showed that this labeling, instead of being due
to acetylation, was essentially due to the post-
translational addition of a various number of
glutamyl units on the gamma-carboxy! group of
Glu*®. However, immunoblotting experiments
revealed [8] that isoforms with similar isoelec-
tric points also reacted with a monoclonal anti-
body (6-11B-1) described to recognize selectively
the acetylated form(s) of a-tubulin in Chlamy-
domonas [24]. These results indicated that acety-
lated o-tubulin can comigrate in IEF gels with
glutamylated «-tubulin or alternatively that
6-11B-1 may recognize a distinct epitope in
mouse brain cells.

In order to investigate this question we devel-
oped an in vitro assay specific for the acetylation
reaction. Incubation of brain MTP with
[*Hlacetyl CoA resulted in a strong labeling of
a-tubulin and in a weak labeling of a protein
species, which has been identified as MAP2 on
two criteria: copurification with MAPs fraction
and comigration, in 1D- and 2D-PAGE, with
MAP2. MAP 1 was not labeled. Since metabolic
conversion of acetyl CoA is unlikely to occur
using MTP preparations, these two proteins were
probably acetylated during the assay. In the case
of a-tubulin, this conclusion was confirmed by
the characterization of the modified radioactive
residue (see below). Whether acetylation of these
two proteins is due to the same enzyme is not
known but the corresponding activities copuri-
fied with MTP throughout two cycles of assem-
bly-disassembly (see Fig. 1). Both activities were
also inhibited by a small MW compound(s) which
is retained onto a G25 column (exclusion limit:
10 Kdaltons). Such an inhibitor has been found
in Chlamydomonas where, along with a deacety-
lase activity, it could provide a key for under-
standing the preferential localization of «3-
tubulin in the flagella [20]. In nerve cells, a
preferential localization of acetylated microtu-
bules in axons compared with dendrites or
growth cones has been proposed {26]. The inhib-
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itory activity evidenced in our experiments could
be involved in this differential distribution.

The presence of an a-tubulin acetyltrans-
ferase activity in 3x-cycled MTP preparations
of calf brain was reported but this activity was
shown to be extremely weak {13]. We obtained a
much higher activity using MTP preparations
from 10-day-old mouse brain. This difference is
likely related to the age of the animals used in
the two studies. We found actually that in vitro
acetylation of a-tubulin and MAP2 was mark-
edly lower in MTP prepared from 30-day-old
than from 10-day-old mice. Since adult a-tubu-
lin is a good substrate for Chlamydomonas
acetyltransferase [13,20] this result suggests
that mouse brain a-tubulin acetyltransferase
activity is developmentally regulated.

In order to characterize the nature and the
site of the modification concerned by the in vitro
assay, we digested [°H]-acetylated tubulin with
Glu-C endoproteinase and purified the radioac-
tive peptide (denoted h-GC1) by reversed phase
HPLC. By amino acid sequencing, b-GC1 was
shown to contain a radioactive AcLys at position
40 of the a-tubulin molecule. A similar analysis
of tubulin from neural cells in culture incubated
with [3H]acetate indicated that, under in vivo
conditions, o-tubulin was also acetylated at
Lys40. Thus, acetylation of mouse brain tubulin
occurred at the same site as in Chlamydomonas
[16]. This result is important because it provides
a molecular basis for the binding of anti-acety-
lated a-tubulin antibodies to mammalian a-tubu-
lin.

The relative abundance of acetylated versus
total a-tubulin in purified brain tubulin prepara-
tions was estimated to about 3%. 1t has to be
noted that this value represents an estimation
rather than an accurate measurement. In partic-
ular, the sequencing efficiency cannot be de-
termined with precision and depends on the
peptide being analyzed. Nevertheless, this value
represents probably a slight underestimation
because it did not take into account a possible
loss of acetylated isoforms during tubulin purifi-
cation. Indeed, Sale et al. [27] observed a selec-
tive enrichement of acetylated tubulin in cold
pellet fractions which are discarded during mi-
crotubule purification.

Contrary to acetylation, glutamylation is a
major modification of neuronal a-tubulin, con-
cerning about 50% of total a-tubulin. In addi-
tion, under cell incubation with [*H]acetate, al-

most all of the radioactivity (95%) associated
with a-tubulin was recovered with the n-GC2
glutamylated peptides whereas only a very mi-
nor fraction of the radioactivity (1%) was recov-
ered with the n-GC1 acetylated peptide. Thus,
care must be taken when considering acetate
labeling of a-tubulin in cultured cells as being
due to acetylation of Lys40. This is probably
true for certain cell types such as astroglia where
most of the radioactivity associated with a-tubu-
lin was recovered in a peptide (g-GC1) having a
similar retention time as b-GC1, but it is obvi-
ously not the case for neurons.

Both acetylated and glutamylated o-tubulin
are heterogeneous. IEF analysis showed that
acetylated o-tubulin consists of five isoelectric
variants, denoted a3 and o5 to a8, and that
glutamylated a-tubulin is resolved into six vari-
ants, namely a3 to a8 [8]. The heterogeneity of
glutamylated a-tubulin can be explained by the
successive addition of one to at least five glu-
tamyl units, each causing an acidic shift of pl
[91. Since we detected a single site of acetylation,
the heterogeneity of acetylated a-tubulin can be
explained by the presence of multiple substrates
differing by their pI’s and all undergoing a single
acetylation. Glutamylated isotubulins are good
candidates for such heterogeneous substrates,
but our investigation suggests that other yet
unknown modifications may produce a series of
isoelectric variants which could also serve as
substrates for acetylation (unpublished cbserva-
tions). Nevertheless, it is clear that the real
heterogeneity of neuronal «-tubulin is much
greater than what can be separated by IEF, each
isoelectric band corresponding to several molec-
ular entities, differing both in their amino acid
sequence and in their posttranslational modifica-
tion content. Tyrosylation and detyrosylation
processes still increase this complexity; each of
the isoelectric variants may or may not bear the
C-terminal tyrosine. Consequently, a minimal
value of a-tubulin heterogeneity in neurons can
be estimated to over 20-30 molecular entities.

Acetylation and glutamylation occur at partic-
ular sites of the a-tubulin molecule. Acetylation
is localized in the amino-terminal domain, previ-
ously shown to interact with Tau protein [19]
while glutamylation is localized in the carboxy-
terminal domain. This latter region is exposed
on the surface of the microtubule lattice and
interacts with some MAPs and with calcium. It
is of particular interest to note that MAP2 and
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cytoplasmic dynein were suggested to interact
with EGEE or EGEEE (23], which is the precise
site of glutamylation. Whether this modification
affects the binding of these two proteins is under
investigation.
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