Posttranslational Glutamylation of a-Tubulin
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The high degree of tubulin heterogeneity in neurons is controlled mainly at the
posttranslational level. Several variants of a-tubulin can be posttranslationally labeled
after incubation of cells with [*H]acetate or [*H]glutamate. Peptides carrying the
radioactive moiety were purified by high-performance liquid chromatography. Amino
acid analysis, Edman degradation sequencing, and mass spectrometric analysis of these
peptides led to the characterization of a posttranslational modification consisting of
the successive addition of glutamyl units on the y-carboxyl group of a glutamate
residue (Glu*%). This modification, localized within a region of a-tubulin that is
important in the interactions of tubulin with microtubule-associated proteins and

calcium, could play a role in regulating microtubule dynamics.

UBULIN HETEROGENEITY IS PAR-
ticularly high in the brain where up
A to 21 variants can be resolved by
isoelectric focusing (IEF) techniques (1, 2).
In the mouse, five a-tubulin and six -
tubulin isogenes have been found (3, 4).
However, the number of functional isogenes
identified is substantially lower than the
number of polypeptides separated by IEF,
suggesting the existence of several posttrans-
lational modifications (5). Some of these
modifications have been characterized (6),
including tyrosylation-detyrosylation  (7)
and acetylation of a-tubulin (8, 9), and
phosphorylation of a specific B-tubulin iso-
type (10, 11). We now describe a modifica-
tion consisting of the progressive addition
of glutamyl units on a Glu residue of the
COOH-terminal domain of a-tubulin.

We have previously shown that incuba-
tion of mouse brain neurons with [*H]ace-
tate, in the presence of cycloheximide, re-
sulted in a posttranslational labeling of sev-
eral acidic variants of a-tubulin (12). To
characterize the corresponding modifica-
tion, we purified the labeled tubulin, mixed
the purified preparation with unlabeled
mouse brain tubulin, and incubated the
mixture with the proteolytic enzyme ther-
molysin. Tubulin peptides bearing the ra-
dioactive moiety were purified by high-
performance  liquid  chromatography
(HPLC). The whole digests were first ap-
plied on a Cg-RP300 reversed-phase col-
umn. The profile revealed three major radio-
active fractions eluting between 16 and 20
min and several minor ones eluting later
(Fig. 1A). The former fractions were puri-
fied further by chromatography on a Cjg
column, and three radioactive peaks, denot-
ed TL.A, TL.B, and TL.C (Fig. 1, B to D),
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were thus obtained. The amino acid se-
quences of TL.A, TL.B, and TL.C were
determined by automatic Edman degrada-
tion (13). The three fractions gave the same
sequence, Val-Glu-Gly-Glu-Gly-X-Glu-Glu-
Gly, which matches the sequence of Mal-
and Ma2-tubulin isogene products (3) from
amino acids 440 to 448. In view of the
cleavage specificity of thermolysin (14),
these peptides probably extended to the
COOH-terminus of a-tubulin: Tyr**! or
Glu* for the tyrosylated and detyrosylated
forms, respectively. No other amino acid
sequence was observed. This sequence dif-
fers from that deduced from the nucleotide

sequence at position 445; instead of obtain-
ing phenylthioidantoine (PTH)-Glu, no
PTH-amino acid (PTH-aa) could be detect-
ed at the corresponding cycle. This gap
(denoted X in the sequence indicated above)
was observed in four out of four indepen-
dent experiments and strongly supported
the presence of a modified Glu residue, the
corresponding PTH-derivative being cither
retained on the filter of the sequencer or
excluded from the separating range of the
PTH-aa analyzer. Fractions of the PTH-aa’s
stored after each cycle of the Edman degra-
dation were processed for liquid scintillation
counting. Radioactivity was not found in any
of these fractions but was substantially re-
tained on the filter of the sequencer, indicat-
ing that the modified PTH-Glu** was not
extracted from the filter of the sequencer.
To further characterize the modification
carried by TL.A, TL.B, and TL.C, we deter-
mined the accurate masses of these peptides
by mass spectrometry (MS). The underiva-
tized forms of the peptides did not show any
characteristic molecular ion. This could be
explained by a difficulty of desorbtion due to
the weak hydrophobicity of the peptides.
However, after methylation of free carboxyl
groups, abundant protonated molecular
jons (M + H") with mass/charge ratios
(mlz) of 1447.6, 1590.7, 1733.7, 1876.7,
and 2019.8 were observed (Fig. 2, A to C).

Fig. 1. HPLC purifica- A
tion of acetate-labeled
tubulin peptides. Neu-
rons were 1solated from
15-day-old  embryonic
mouse brains and al-
lowed to develop in cul-
ture for 1 week as de- 7
scribed (21). They were
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taxol-induced microtubule assembly (22) and mixed with unlabeled tubulin (1.2 mg) similarly purified
from 1-month-old mice. The tubulin mixture was incubated for 24 hours at 37°C with thermolysin in
50 mM tris-HCI buffer (pH 8.0) containing 0.1 mM CaCl,. Digestion was stopped by adding 1% (v/v)
trifluoroacetic acid (TFA) and 5% (v/v) acetonitrile, and the sample was centrifuged for 2 min at
10,000g. The pellet, which usually contained 30 to 50% of the radioactivity, was discarded. (A) The
supernatant was analyzed by reversed-phase HPLC on a C8-RP300 column (Brownlee; 4.6 by 220
mm). Three major radioactive fractions (arrows) were detected. (B to D) The three radioactive fractions
were further purified on a Cyg (5 pm) column (Brownlee; 2.1 by 220 mm). Samples were injected at
5% B, the elution gradient was linearly increased from 5% B to 35% B in 50 min and then from 35% B
to 100% B in 10 min, and finally a 10-min wash in 100% B was applied (solution A was 0.1% TFA and
solution B was 0.09% TFA and 70% acetonitrile). Flow rates were 0.9 ml/min (A) and 0.2 ml/min (B to
D). The peptides were detected by their absorbance at 214 nm (A;;4) and fractions were collected
manually. The vertical bars represent a difference in A4 of 0.1. Samples of the collected fractions were

processed for liquid scintillation counting.
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These values differ by increments of 143.
Moreover, the lowest mass signal at m/z of
1447 .6 differs also by 143 from the calculat-
ed mass of the undecapeptide Val***-Glu*°
[1303.5 daltons = 1191.4 + 112.1 (from
the eight methyl groups)]. Therefore, the
observed mass signals must correspond to
the undecapeptide Val***-Glu*** bearing
one to five posttranslationally added units of
143 daltons. This mass value corresponds to
a carboxyl-methylated glutamyl group. This
interpretation was further supported by the
analysis of larger peptides obtained after
partial digestion with Glu-C endoprotein-
ase. These peptides all started at Val**® and
showed again a gap at position 445. Mass
signals of the underivatized peptides re-
vealed the posttranslational addition of
chemical units of 129 daltons (15), which is
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the mass of a glutamyl group. Glutamate can
be metabolically labeled during cell incuba-
tion with [*H]acetate. This compound en-
ters the tricarboxylic acid cycle as [*H]acetyl
coenzyme A and the label can then be
transferred to glutamate through a-ketoglu-
tarate. Because incubation is always per-
formed in the presence of cycloheximide,
labeled amino acids cannot be incorporated
during protein synthesis but can only be
used in posttranslational events. We verified
that the posttranslational modification can
also be labeled after incubation of neurons
with [*H]glutamate. Compared to that ob-
tained with [*H]acetate, the results showed
(15) an increased posttranslational labeling
of the same a-tubulin isoforms and of the
same peptides (TL.A, TL.B, and TL.C).
The identification of the added units as
glutamyl groups was confirmed by amino
acid analysis. Acid hydrolysis of TL.A,
TL.B, and TL.C peptides, which had been
labeled by incubating cells with ["“C]glu-
cose (16), was performed. The amino acid
composition of the peptides confirmed the
presence of Val, Gly, and Glu (17). The
molar ratio of Val to Gly (1:3) was similar
in the three fractions, but a variation in the
molar ratio of Glu was observed: 8.67 =
0.20,9.68 + 0.23, and 11.41 £ 0.27 (n =
3) in TL.A, TL.B, and TL.C, respectively.
These values are significantly higher than
the value of 7 expected for the unmodified
undecapeptide Val**-Glu**® and are con-
sistent with the interpretation of the MS
data; that is, the addition of one to five
glutamyl units. Moreover, we found that for
peptides TL.A, TL.B, and TL.C, 89%,
87%, and 92%, respectively, of the input
radioactivity was eluted in the Glu peak,
indicating that the radioactivity in these

Fig. 2. Mass spectra of carboxyl-methylated TL.A
(A), TL.B (B), and TL.C (C). Masses of the main
protonated molecular ions (M + H*) are indicat-
ed. The signals indicated by arrows, 14 mass units
below the main signals, are due to the uncomplet-
ed methylation reaction. A ZAB-HS double fo-
cusing mass spectrometer (VG Analytical, Man-
chester, U.K.) equipped with a fast atom bom-
bardment gun (Tontech) was used. The spectra
were generated by a xenon atom beam of 8 keV.
The matrix was a 1:1 mixture of glycerol and
thioglycerol (1 wl) acidified with 1 ul of 10%
(w/v) trichloroacetic acid. Cesium iodide clusters
were used for mass calibration. Precise mass deter-
minations were obtained with the use of linear
voltage scans while maintaining the magnet field
at a constant value. The spectra resulted from the
averaging of 20 to 30 scans at 10 s per decade.
High voltage range was 8 to 4 keV (mass range
1300 to 2400 daltons). Methylation of free car-
boxylic groups was performed by incubating the
peptides with 50 ul of a 78:22 (v/v) mixture of
methanol and acetyl chloride at room temperature
for 1 hour, with constant sonication. About 50 to
100 pmol of each peptide was used in each
experiment.

peptides was attributable to the posttransla-
tional addition of labeled glutamyl units.

Previous results obtained after pulse-chase
experiments (5) favor a mechanism of pro-
gressive glutamylation in which glutamyl
groups are added unit by unit to a-tubulin.
It is thus likely that the first glutamyl unit is
linked by an amide bond to the y-carboxyl
group of Glu*?. The additional glutamyl
units would be linked together by amide
bonds between either the a- or the y-car-
boxyl groups. It is not absolutely certain
that Glu*” is the unique site carrying all the
glutamyl units. Indeed, Glu**® and Glu*?°
were not released during Edman degrada-
tion, probably because of the very low re-
covery of the last amino acids with gas-
liquid sequencing (13). Thus, because these
two residues were out of the range of our
analysis, we cannot totally exclude that they
are also glutamylated. However, MS data
revealed that TL.A, TL.B, and TL.C did not
carry the optional residue Tyr*’!. Other
experiments (15) indicated that some of the
minor radioactive fractions eluted from the
first RP300 column (Fig. 1A) correspond to
the tyrosinated counterparts of the three
peptides. Thus, the modification described
here could be independent from the
COOH-terminal  tyrosination-detyrosina-
tion process.

Glutamylation represents a major modifi-
cation of neuronal a-tubulin. As estimated
by the yield obtained during Edman degra-
dation and amino acid analysis, the different
glutamylated forms represent about 40 to
50% of the total a-tubulin present in brain.
We also obtained evidence that neuronal o-
tubulin was acetylated at Lys®, but this
modification appeared to be relatively minor
(<5%) compared to glutamylation (15).

The COOH-terminal domains of a- and
B-tubulin are exposed on the outer surface
of the microtubule lattice and participate
directly in the binding of several microtu-
bule-associated proteins and calcium ions
(18-20). Thus, progressive glutamylation of
a-tubulin near the COOH-terminus could
affect these interactions and regulate micro-
tubule dynamics and function.
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An Identified Neuron (CPR) Evokes Neuronal
Responses Reflecting Food Arousal in Aplysia

THOMAS TEYKE, KLAUDIUSZ R. WEISS, IRVING KUPFERMANN

Feeding behavior of Aplysia is associated with an arousal state characterized by a
constellation of maintained behaviors and by a potentiation or depression of responses
to specific stimuli. A neuron (the cerebral-pedal regulator or CPR) that has wide-
spread actions on various systems connected with feeding has been identified. CPR
excites neurons that modulate or drive (i) body posture, (ii) biting, and (iii) cardiovas-
cular behaviors. CPR also inhibits neurons concerned with defensive responses. Food
stimuli, which elicit food arousal in the animal, produce prolonged excitation of the
CPR. The results suggest that the CPR may evoke a central motive state representing
the neuronal correlate of feeding motivation.

ORE THAN 40 YEARS AGO IT WAS
recognized that variations in be-

havioral responsiveness could not

be adequately explained exclusively by refer-
ence to external stimuli, and it was therefore
proposed that motivated behaviors are con-
trolled by central motive states (1). The
central motive states were postulated to
evoke and maintain specific behaviors and
also to modify the responses of the organism
to external stimuli. The neuronal basis of
central motive states has been studied in
vertebrates (2), as well as several inverte-
brates (3, 4), including the mollusk Aplysia.
In Aplysia, food elicits behavioral changes
that can be interpreted as being due to an
underlying central motive state, which we
have referred to as food-induced arousal (5).
The changes include the induction of appeti-
tive behaviors such as a characteristic feed-
ing posture in which the head of the animal
is lifted from the substratum. Furthermore,
biting responses are more readily elicited by
food, and once the biting responses begin
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there is a progressive increase in the rate and
strength of the responses. Finally, defensive
reflexes are inhibited, and there are modifi-
cations of cardiovascular responses (6).
Food arousal in Aplysia, at least in part, is
mediated by modulatory systems [for exam-
ple, the serotonergic modulatory metacere-
bral cell (MCC) (7)] that are dedicated to
one or another aspect of feeding behavior.
In this study we sought to determine wheth-
er there are higher order neurons that mod-
ulate lower level subsystems.

We first studied isolated pedal-pleural and
cerebral ganglia (8). We identified a single
pair of bilaterally symmetrical cerebral neu-
rons (9), cerebral-pedal regulators (CPRs),
whose firing had excitatory or inhibitory
effects on a large number of cells in the
ipsilateral and contralateral pedal ganglia
(Fig. 1A). A subsample of neurons studied
in a solution that blocks polysynaptic trans-
mission (10) indicated that most of the
effects of CPR were polysynaptic (86%;
n = 32). Of 150 pedal neurons examined
(five preparations), 36% of the cells were
excited and 18% were inhibited when a
CPR was fired (Fig. 2). We estimate that
CPR may affect the activity of as many as

2000 pedal neurons. The synaptic activity
evoked by CPR in the pedal ganglion was
not rhythmic, suggesting that it was not
evoking a locomotor program (11).

Most excitatory effects exerted by the
CPR were on neurons in the region where
neck motor neurons have been identified
[sector II (12) in Fig. 2]. In a reduced
preparation that includes muscles that move
the neck, stimulation of CPR or of pedal
neurons that are excited by the CPR evoked
contractions of the neck muscles. Unlike
contractions evoked by presumed motor
neurons, the CPR-evoked contractions were
bilateral and widespread and were abolished
when the ganglion was perfused with a
solution that blocks polysynaptic transmis-
sion (13), suggesting that the CPR has no
direct actions on the muscle.

To determine whether the CPR is associ-
ated with feeding circuitry we examined its
actions on various neurons concerned with
the consummatory aspects of feeding. Firing
of the CPR evoked activity of cerebral-
buccal interneuron CBI-2 (Fig. 1B), a puta-
tive command element that drives biting-
like movements of the buccal mass (14). The
resulting firing of CBI-2 was not of high
enough frequency to evoke biting, but the
depolarization might function to prime the
neuron and enhance its responses to food
stimuli. Activity of CPR also resulted in
depolarization of other cerebral-buccal in-
terneurons (15), including the MCC (Fig.
1B), a neuron that modulates the rate and
intensity of biting (16).

CPR also polysynaptically modulated
neurons in the abdominal ganglion and af-
fected the cardiovascular system. Firing of
CPR increased heart rate by 10 to 20%; it
excited the cardiovascular command neuron
L10 (17) and the modulatory heart motor
neuron RByg (Fig. 1C). Finally, CPR firing
produced a brief inhibition followed by
excitation of vasoconstrictor neuron LByc,
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