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In vertebrates, stathmins form a family of proteins possessing
two tubulin binding repeats (TBRs), which each binds one solu-
ble tubulin heterodimer. The stathmins thus sequester two
tubulins in a phosphorylation-dependent manner, providing a
link between signal transduction and microtubule dynamics. In
Drosophila, we show here that a single stathmin gene (stai)
encodes a family of D-stathmin proteins. Two of the D-stath-
mins are maternally deposited and then restricted to germ cells,
and the other two are detected in the nervous system during
embryo development. Like in vertebrates, the nervous system-
enriched stathmins contain an N-terminal domain involved in
subcellular targeting. All the D-stathmins possess a domain
containing three or four predicted TBRs, and we demonstrate
here, using complementary biochemical and biophysical meth-
ods, that all four predicted TBR domains actually bind tubulin.
D-stathmins can indeed bind up to four tubulins, the resulting
complex being directly visualized by electron microscopy. Phy-
logenetic analysis shows that the presence of regulated multiple
tubulin sites is a conserved characteristic of stathmins in inver-
tebrates and allows us to predict key residues in stathmin for the
binding of tubulin. Altogether, our results reveal that the single
Drosophila stathmin gene codes for a stathmin family similar to
the multigene vertebrate one, but with particular tubulin bind-
ing properties.

In vertebrates, stathmin is the generic element of a family of
microtubule-regulating proteins comprising stathmin, SCG10,
SCLIP, and RB3/RB3’/RB3" coded by four different genes (stmn
1-4) (1—4). Stathmin is a ubiquitous cytosolic phosphoprotein
highly expressed in early embryos, gonads, and in the nervous
system (5-10). Stathmin-related proteins are enriched in the
brain (11, 12) and targeted to vesicular and Golgi membranes
via an N-terminal extension containing two close palmitoylated
cysteines (13—19). Stathmin proteins are involved in the control
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of cell proliferation (20, 21), differentiation (10, 22, 23), and
migration (24, 25). Cellular RNA interference knock-down
experiments also revealed that SCG10 and SCLIP play essential
roles in neuronal morphogenesis and, as predicted on the basis
of the existence of different genes, that these roles are at least
partially distinct (26, 27). In the stathmin knock-out mouse
mild phenotypes were detected with a decreased innate fear
response (28) and a minor axonopathy in aged animals (29).

Microtubules are key elements of the cytoskeleton involved
in the cell cycle, cell shape, and intracellular organization and
trafficking. They are composed of a/B-tubulin heterodimers,
which are assembled or disassembled through phases of slow
growth or rapid shrinkage separated by catastrophe and rescue
events (30). This “dynamic instability” of microtubules is con-
trolled by a variety of proteins that include, beside stabilizing
and destabilizing proteins binding to microtubules, proteins of
the stathmin family (31), which bind soluble tubulin.

Stathmin forms a complex and hence sequesters or releases
two soluble tubulin molecules (32—37), thus favoring microtu-
bule depolymerization or polymerization in a phosphorylation-
dependent manner (32, 38 —40). The nervous system-enriched
stathmins also bind tubulin albeit with different kinetics and
complex stabilities (41, 42). It has been also proposed that stath-
min may be involved in microtubule depolymerization inde-
pendently of its sequestering activity by promoting directly
microtubule catastrophe (43, 44, for review see Ref. 45).

To decipher the in vivo roles of stathmin proteins and their
important features conserved through evolution, we previously
identified a unique stathmin-related gene (stai) in Drosophila
predicted to code for at least two transcripts (46). The D-stath-
min gene is expressed in germ cells and in the nervous system of
the developing Drosophila embryos, and its role in tubulin
sequestration is conserved. However the determinants of tubu-
lin interaction in D-stathmin were not characterized, and its
stoichiometry was not quantitatively analyzed. A striking phys-
iological role of D-stathmins was revealed following RNA
knockdown in Drosophila embryos, which resulted in germ cell
migration defects as well as a major disorganization of nervous
system development (46).

In the present study, we show that the single Drosophila
stathmin gene codes for a family of four different D-stathmin
proteins whose expression patterns are regulated during devel-
opment. The stathmin gene is conserved in invertebrates and
codes for isoforms with tubulin binding stoichiometries that

JOURNAL OF BIOLOGICAL CHEMISTRY 11667


http://www.jbc.org/cgi/content/full/M109.096727/DC1

Drosophila Stathmin Family and Tubulin

are variable, higher than in vertebrates, and regulated by alter-
native splicing. Moreover, phylogenetic analysis allowed us to
show the specificity of each tubulin binding region and predict
key residues for the binding of tubulin.

EXPERIMENTAL PROCEDURES
Plasmid Constructs

LD04103 clone (GenBank™ accession number) and clone
14 (46) were used for the construction of D-stathmin B2 and
A1, respectively. To obtain the D-stathmin B1 construction,
clone LD04103 and clone 19 (46) were digested by AfIIII and
BamHI and ligated together. The various D-stathmin deriva-
tives used were: amino acids 55-196 of D-stathmin B2 (TBR
1-2-3/,), and 1-142 (TBR 1-2), 1-204 (TBR 1-2-3/,), or 146 —
257 (TBR 3/4-4) of D-stathmin Al. For eukaryotic expression,
in vitro transcription/translation, prokaryotic expression, and
surface plasmon resonance experiments D-stathmin cDNAs
were amplified by PCR and inserted into the pcDNA3-Myc vec-
tor (47), the pSp64 vector (Promega, Madison, W1I), pET-8c
vector (Novagen, Madison, WI), or the pDW363-inducible
expression vector (42), respectively. All cDNA constructs were
checked by sequencing (Genome express, Meylan, France).

Recombinant Protein Expression

In Vitro Eukaryotic Protein Expression—1 ug of pSp64 plas-
mid containing D-stathmin A1, B1, and B2 coding sequences
was used for in vitro transcription and translation with the
TNT™ Coupled Reticulocyte Lysate System (Promega). 5 ul of
25 pl of total transcription/translation mix were analyzed by gel
electrophoresis and Western blot analysis.

Recombinant Protein Production and Purification— h-stath-
min was purified as previously described (32). The PET- 8C and
the pDW363 cDNA clones were used to produce and purify the
corresponding D-stathmin derivatives in the BL-21(DE3) Esche-
richia coli strain as described previously (42).

RNA Preparation, Northern Blot, and Reverse
Transcription-PCR

Drosophila tissues were homogenized in TRIzol reagent
(Invitrogen). S2R+ RNA was prepared using the RNeasy Mini-
kit (Qiagen, Courtaboeuf, France) according to the manufac-
turer’s protocol. Northern blots were performed as described
(46). Multiprime-labeled fragments of PCR-amplified probes
1'-2’, 3-4-5, and 1-2 were added at 0.5 X 10° cpm/ml in the
hybridization buffer, and hybridization was allowed to proceed
overnight. The final wash was performed at 60 °C in 0.1 X SSC,
0.1% SDS for 30 min. Reverse transcription-PCRs were per-
formed on 1 ug of template RNA using 20 pmol of dT oligonu-
cleotides, 1 h at 42 °C, with the ImProm-II"™ reverse transcrip-
tion system (Promega) followed by a PCR using appropriate
oligonucleotides (1, gagagctcgaggaaaccgtccgegatataa; 7, ttget-
aagctttgtgttggtgtattatgea; and 1, cattcgcttaattttcgecgacgacgceg).

3 The abbreviations used are: TBR, tubulin binding repeat; dsRNA, double-
stranded RNA; BisTris, 2-[bis(2-hydroxyethyl)aminol-2-(hydroxymeth-
yl)propane-1,3-diol; SLD, stathmin-like domain.
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RNA Interference

Templates for in vitro transcription were generated by PCR
using the following pairs of oligonucleotides containing the
sequence recognized by the T7 RNA polymerase: gagaattctaa-
tacgactcactatagggagaaacacaatcaaaattgccgaaatcaaa and gagaa-
ttctaatacgactcactatagggagagagtttttgaactttttcaatttttttttge, and
gagaattctaatacgactcactatagggagaattgagcagaaacttaaggcggcc
and gagaattctaatacgactcactatagggagacgtcttttcgatatcctggge-
atg, to amplify exon 6 and exons 3-4-5, respectively. The corre-
sponding double strand RNAs (dsRNAs) were then synthesized
using the MEGAscript kit (Ambion, Inc., Austin, TX) according
to the manufacturer’s instructions. 37 nMm of dsSRNA was added
to a 35-mm well culture plate containing 10° S2R+ cells in
Schneider medium without serum, and the mixture was incu-
bated at room temperature for 30 min after vigorous shaking. 2
ml of Schneider medium containing 10% serum was then
added, and the cells were further grown for 3 or 7 days before
analysis by Western blot.

Embryo in Situ Hybridization and Immunohistochemical
Staining

RNA in situ hybridization was performed as described
before (48). Briefly, regions 1-2, 1'-2’, and 6 were PCR-am-
plified with 3" oligonucleotides containing the sequence of
the initiation of the T7 phage polymerase to directly synthe-
size digoxygenin-UTP-labeled RNA. Fixed embryos were
hybridized with digoxygenin-UTP-labeled RNA overnight at
55 °C and then incubated with alkaline phosphatase-conju-
gated anti-digoxygenin antibodies. The signal was developed
using the alkaline phosphatase reaction. For examination,
embryos were mounted in Aqua-Polymount (Polysciences,
Inc., Warrington, PA).

Polyacrylamide Gel Electrophoresis and Western Blotting

One-dimensional gel electrophoresis was performed on
12% BisTris polyacrylamide gels (NuPAGE, Invitrogen). The
gels were transferred to nitrocellulose in a semi-dry elec-
troblotting apparatus and probed with diluted antiserum
(anti-peptide COOH-terminal antiserum 98 (1:10,000), anti-
D-stathmin-DC antiserum 97 (1:10,000), or anti-Myc mono-
clonal antibody (1:2,000, Dako, A/S, Denmark)). Bound anti-
bodies were detected with appropriate secondary antibodies
and the chemiluminescent ECL kit (Amersham Biosciences), or
by fluorescence (Odyssey, Li-COR Biosciences, Bad Homburg,
Germany).

Cell Culture, DNA Transfection, and Immunofluorescence
Human HelLa cells were grown as monolayers in Dulbec-
co’s modified Eagle’s medium containing 10% (v/v) fetal calf
serum (Invitrogen) at 37 °C in 5% CO,. Transfections were
performed using FUGENE (Roche Diagnostics, Basel, Swit-
zerland) according to the manufacturer’s instructions. Cells
were fixed with phosphate-buffered saline plus 2% parafor-
maldehyde and 30 mm saccharose for 10 min at 37 °C. Primary
antibodies (monoclonal anti-a-tubulin N356, 1:300, Amer-
sham Biosciences; polyclonal anti-Myc sc-789, 1:100, Tebu, Le
Perray en Yvelines, France) were revealed with appropriate
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Alexa 488, 546-conjugated anti-rabbit (1:300) and anti-mouse
(1:300) secondary antibodies (Jackson ImmunoResearch). The
cells were mounted with Mowiol solution and examined with a
Provis Olympus fluorescence photomicroscope equipped with
a Princeton Instruments camera.

In Vitro Tubulin Polymerization Assay

Tubulin was purified from calf brain as described before (32).
The effect of various D-stathmin variants or fragments on tubu-
lin polymerization in polymerization buffer (50 mm 2-(N-mor-
pholino)ethanesulfonic acid-KOH, pH 6.8, 30% glycerol, 0.5
mMm EGTA, 6 mm MgCl,, and 0.5 mMm GTP) was monitored
turbidimetrically at 350 nm in an Ultrospec 3000 spectropho-
tometer (Amersham Biosciences) thermostatted at 37 °C as
described before (41). Tubulin alone and h-stathmin were used
as controls, with the results for D-stathmins being normalized
on the basis of a 2:1 tubulin:h-stathmin reference ratio.

Gel-filtration Assay

The interaction of the D-stathmin derivatives with tubulin
was studied by size-exclusion chromatography on a Superose
12 HR 10/30 column pre-equilibrated with buffer AB (80 mm
Pipes/KOH/1 mm EGTA/5 mm MgCl,, pH 6.8) containing 1 M
trimethylamine-N-oxide at 0.5 ml/min. Monitoring at 278 nm
allowed us to observe the tubulin peaks mainly, because
D-stathmin derivatives do not significantly absorb light at this
wavelength. The interaction was favored by the addition of 1 m
trimethylamine-N-oxide to the sample and elution buffers as
previously described (42).

Surface Plasmon Resonance

BIAcore 2000 system, Sensorchip SA, and HBS buffer (0.01 m
Hepes (pH 7.4)/0.15 m NaCl/3 mm EDTA/0.005% polyoxyeth-
ylenesorbitan) were from BIAcore AB (Uppsala, Sweden). The
Sensorchip SA coated with streptavidin was preconditioned
with three 10-ul injections of 50 mm NaOH, 1 M NaCl, and
saturated with three 10-ul injections of 10 mg/ml bovine serum
albumin. The first flow cell was used as a reference flow cell.
The other three flow cells were coupled with the dialyzed S2
of the various D-stathmin derivatives that were specifically
biotinylated on their NH,-terminal tag. To obtain surfaces
with comparable molar densities, the amounts of the various
proteins coupled were proportional to their molecular masses:
~2000 resonance units of h-stathmin, 900 resonance units of
TBR 1-2, and 370 resonance units of D-stathmin A1 were cou-
pled at 10-ul/min in HBS buffer. Several runs of tubulin ranging
from 0.5 to 10 uM were made at a constant flow rate of 30
wl/min, in buffer AB (80 mm Pipes/KOH/1 mm EGTA/5 mm
MgCl,, pH 6.8) supplemented with 0.005% (v/v) P20 surfactant
in the presence of 1 mm GDP. For the analysis, the reference
flow cell sensorgram was subtracted from the corresponding
sensorgrams.

Electron Microscopy and Tubulin-Stathmin Complex Size
Measurements

Samples for glycerol spraying/low angle rotary metal shad-
owing were prepared as described (34, 37). Briefly, 20 ul of
protein samples (0.1- 0.3 mg/ml) were mixed with glycerol to a
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final concentration of 30%, sprayed onto freshly cleaved mica at
room temperature, and rotary shadowed in a BA 511M freeze-
etch apparatus (Balzers) with platinum/carbon at an elevation
angle of 3-5°. Electron micrographs were taken in a Philips
Morgagni transmission electron microscope operated at 80 kV
equipped with a Megaview III charge-coupled device camera.
The electron micrographs were used to calculate the length of
the tubulin complexes formed with various stathmin con-
structs. If ¢ is the length of the uncoated af-tubulin het-
erodimer, and e is the thickness of the platinum coating, the
length of a coated tubulin heterodimer is 7= ¢ + 2e, and that of
a platinum-coated T2S complex is 72 = 2t + 2e. Hence ¢ =
T2 — T,and e = (T — £)/2. With T = 17.5 nm, T2 = 28 nm, we
found ¢ = 10.5 nm, and e = 3.5 nm. One can then deduce from
the measurements of the curved lengths (L) of the coated tubu-
lin complexes the length (/) of the corresponding naked com-
plexes: [ =L —2e =L — 7 nm.

In Silico Stathmin Gene and mRNAs Identification

To identify all stathmin sequences at the mRNA and ge-
nomic level, we ran the TBLASTN or BLASTN software on
expressed sequence tag, non-redundant (nr), and genomic
GenBank™ libraries using the D-stathmin A1, A2, B1, and B2
nucleotidic or amino acid sequences, as well as each individual
exon as the query.

RESULTS

The Drosophila Stathmin Gene Codes for a Family of Proteins—
In most vertebrates, the six identified tubulin binding stathmin
family proteins, stathmin (stathmin 1, St 1) and the mostly or
exclusively neural proteins SCG10 (stathmin 2, St 2), SCLIP
(stathmin 3, St 3), RB3 and its splice variants RB3’ and RB3"”
(stathmin 4a, St 4a; stathmin 4b, St 4b; and stathmin 4c, St 4c),
are encoded by four conserved genes (stmnl-4) (Fig. 1A).

In Drosophila, a single stathmin gene (stai) (Fig. 1B) has
been identified that we partially characterized previously
(46). As deduced from expressed sequence tag sequences
analysis, we now further identified exon 1’ between exons 2
and 2’, which corresponds to an alternate transcription ini-
tiation (Fig. 1C) (see below and under “Experimental Proce-
dures”), and exon 6 that can be alternatively spliced out. For
a systematic identification of all stai gene products, we per-
formed reverse transcription-PCR using PCR primer cou-
ples targeting either exons 1 and 7 or 1’ and 7 (Fig. 24).
Altogether, four different D-stathmin mRNAs were identi-
fied which differ either by transcription initiation (exons 1-2
or 1’-2") or by alternate splicing (of exons 1'-2" and 6).
D-stathmins Al and A2 are corresponding to exons 1-2-3-4-
5-6-7 and exons 1-2-3-4-5-7, and D-stathmin B1 and B2 to
exons 1'-2'-3-4-5-6-7 and exons 1'-2'-3-4-5-7, respectively
(Fig. 1C). The corresponding proteins share a stathmin-like
domain (SLD) (41, 46) with C-terminal extensions of various
lengths depending on the inclusion or not of exon 6 (Figs. 1C
and 5D). Exons 1’-2" encode an N-terminal extension in
D-stathmins B (Figs. 1C and 5A). Exon 1’ codes for a
sequence with no significant identity with the N-terminal
targeting domain A of vertebrate neural stathmins 2—4 (Fig.
1D) (18, 41), but with three potential cysteine palmitoylation
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sites (C13, C15, and C18), which suggests that it may simi-
larly be involved in subcellular targeting of D-stathmins B.
Exon 2’ codes for a stretch rich in basic residues, in a way
comparable to domain A" of vertebrate stathmin 4c.

The in vitro translation products of D-stathmin clones Al,
B1, and B2 migrated with higher apparent molecular masses
than their calculated molecular masses, i.e. at 40, 51, and 38
kDa, respectively, at the same level as endogenous proteins

A. The Stathmin gene and protein family in vertebrates
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I ‘ ‘ RB3' - Stathmin 4b (St 4b) stmn4
T [ [ 1 RB3" - Stathmin 4c (St 4c)
A A" A
Targeting domain (TD) Stathmin like domain (SLD)
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A. mRNAs Q S2R+ other hand, the D-stathmins B-spe-
DSt Ad 1 - ] T cific 1’—.2’ probe labels the central
> D = . and peripheral nervous systems but

D=SLAS |_l|“ !mlbp“ = not the germ cells. First, D-stath-
12K mins B are highly expressed in neu-

D-StEt |1——>II_1I1_56|% = e S; o roblasts at stagge }1,2 and in the devel-
p-ste2[ 1 M Lgslbpl I I oping central nervous system after
stage 13. Their expression remains

B. Proteins C. RNAi S2R+ high in the embryonic brain and the
[3-4-5] [6] ventral cord after stage 12. The

invitro CTH T T T ! D-St A1 peripheral nervous system starts to
transcription/translation [T T T | D-sta2 express the D-stathmins B when the

D-Stathmin

sensory organs begin to differenti-
ate at stage 15. In situ hybridization
with probe 6 (isoforms A1/B1) did

S2R+ A1 B2 B1 Mr(kDa) S2R+ [6] [3-4-5]
: |- 60.7
B1?—> — A1 —> o=
474
A2 > -
B3 i -,
- 36
A2 —> -

D-Stathmin immunoblot

FIGURE 2. Expression of endogenous D-stathmins. A, reverse transcription-PCR amplification of D-stathmin
mRNAs in Drosophila. Left, primers specific of exons 1, 1, and 7 were used, and the expected sizes of the
corresponding PCR amplification products are shown. Right, the resulting amplified cDNAs from adult female
flies or S2R+ cells are shown with their respective sizes following electrophoretic separation on a BET agarose
gel. B, Western blot identification of D-stathmins expressed in S2R+ cells. S2R+ protein extracts and the in vitro
transcription/translation products (*) of clones containing the sequences of D-stathmins A1, B1, or B2, were
migrated on an SDS-PAGE gel and revealed by Western blotting with antiserum 98. C, RNA interference exper-
iment on S2R+ cells. Drosophila S2R+ cells were treated with dsRNAs corresponding to exons 3-4-5 and 6,
respectively, as indicated on the schema. Western blot analysis of D-stathmin proteins (antiserum 97, which
recognizes form A better than B) showing the inhibition of D-stathmin A1 with both dsRNAs, and of the
predicted A2 protein (see B and text) only with dsRNA 3-4-5 and not 6. The protein loads for each extract were

checked with an anti-a-tubulin (tub @) monoclonal antibody.

from Drosophila S2R+ cells (expected low level detection of
forms B1 and B2, as for their RNAs) (Fig. 2B). A 34-kDa stath-
min-immunoreactive protein was also detected in S2R+ cells,
which likely corresponds to D-stathmin A2. By RNA interfer-
encein S2R+ cells (Fig. 2C), the expression of D-stathmin A1 as
well as of the 34-kDa A2 assigned protein was inhibited with the
dsRNA directed against exons 3-4-5 but not with that directed
against exon 6, which demonstrates that the 34-kDa protein is
as predicted D-stathmin A2.

The Various D-stathmins Are Expressed Differently during
Drosophila Embryogenesis—We characterized the develop-
mental expression patterns of the various D-stathmin tran-
scripts in vivo by in situ hybridization on 0- to 24-hour Dro-
sophila embryos (Fig. 3A) with specific probes. D-stathmin
A1/A2 mRNAs appeared highly accumulated at early stages of
embryogenesis (stages 1-4) corresponding to maternal tran-
scripts. Then the expression of D-stathmins A becomes re-
stricted to the germ cells until the end of embryogenesis. On the

— ——tUD O

not allow us to differentiate between
D-stathmins B1 and B2 expression
in the nervous system or between
D-stathmins Al and A2 in germ
cells. We can thus observe a tissue
segregation of the four transcripts
during embryogenesis.

By Northern blot analysis (Fig.
3B), we detected altogether 3 bands
of ~1.8,2.2,and 2.6 kb, correspond-
ing to forms A1/A2, B2, and Bl,
respectively. Only A1/A2 mRNAs
were detected in ovaries. In whole
adult flies, A1/A2 and Bl RNAs
were detected, A1/A2 being more expressed in the female
extract, which is ovary-enriched. In agreement with the in situ
hybridization experiments, in 0- to 4-h embryonic maternal
mRNA only A1/A2 forms were detected and in the 4- to 24-h
embryo extract mostly the nervous system forms B1 and B2.

At the protein level, Western blot analysis (Fig. 3C) revealed
that D-stathmin A1l is indeed the predominant form in adult
ovaries, but D-stathmins B1 and B2 could also be visualized,
suggesting that the protein expression/Western blot detection
is more sensitive than ix situ and Northern blot experiments. In
0- to 4-h embryos, forms Al, Bl, and B2 and in 4- to 24-h
embryos essentially only form B2 were detected. Form A2 was
not clearly identified in these extracts.

All D-stathmin Forms Reduce the Microtubule Network in
HeLa Cells—Stathmin in vertebrates is a potent microtubule
polymerization inhibitor when overexpressed in cells. Despite
the species distance, expression of either D-stathmin A1, B1, or

FIGURE 1. The stathmin family is conserved from vertebrates to Drosophila. A, stathmin genes and proteins in vertebrates. Stathmin, SCG10, SCLIP, and RB3
are designated stathmin 1, 2, 3 and 4, respectively, to be in agreement with the corresponding stmn1, -2, -3, and -4 gene nomenclature. The targeting domain
(TD) specific of neural members of the family as well as the stathmin-like domain (SLD) involved in tubulin interaction are shown. Conserved consensus
phosphorylation sites are indicated by arrows. B, the Drosophila stathmin gene (stai) organization. The organization and the size of the various uncoding (white
boxes) and coding exons (shaded boxes) on chromosome 2L are represented. The exons expressed in all D-stathmin proteins are in light gray. Different mRNAs
are transcribed from the stai gene depending on the use of alternative transcription initiations (arrows) and splicing (broken lines). C, the four mRNAs and
predicted proteins expressed from the stai gene. As various polyadenylation sites were found on the DNA sequence as well as various ends on expressed
sequence tag sequences, the size of exon 7 is undefined and thus delimited by a dashed line. The calculated molecular masses and amino acid lengths of the
corresponding proteins are indicated, as well as the limits of their SLD and the putative N-terminal targeting domain (TD?) of D-stathmins B. D, comparison of
the D-stathmin B N-terminal region with that of m-stathmins. The N-terminal domain present in D-stathmin B1 and B2 coded by exons 1’-2" in Drosophila is
aligned with the various N-terminal targeting domains of murine stathmins. In the 1" domain, conserved residues are double underlined, cysteines are in black,
and prolines are bold. In the 2" domain, many basic residues (bold underlined) are present, similarly to the A” domain expressed in m-stathmin 4c. Conserved
residues among m-stathmins are shaded.
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FIGURE 3. Expression of the various D-stathmins during development. A, in situ hybridization with probes 1-2, 1'-2’, and 6 revealing various D-stathmin
mRNA transcripts during embryonic development at different stages (St. 4, 5, 12, 15, and 17): D-stathmins A1/A2 are present in germ cells (arrows) and
D-stathmin B1/B2 in the nervous system. Right panel: a higher magnification of the dissected nervous system at stage 15 labeled with probe 1’-2" and showing
the presence of D-stathmin B1/B2 in the sensory organs (arrow). B, Northern blot analysis of adult ovary (Ov) and adult and embryonic flies, with cDNA probes
3-4-5,1'-2', and 1-2, which detect all D-stathmin mRNAs, D-stathminS B1/B2, or D-stathmin A1/A2, respectively. The amount of RNA loaded on the gel was
followed with methylene blue staining of rRNAs (bottom). C, D-stathmin Western blot analysis (antiserum 98) of adult ovary (Ov) and embryos.

B2 Myc-tagged proteins induced the depolymerization of the
microtubule network in human HeLa cells (Fig. 4). Similarly
to vertebrate stathmins, they did so in a subset of the trans-
fected cells. This is likely due to different expression levels and
post-translational regulation in individual cells with variable
physiological states. D-stathmins seemed somewhat less potent
than human stathmins 1 and 4a, possibly because of the lower
affinity of D-stathmins for human tubulin. D-stathmin B1 and
B2 affected mostly the dense perinuclear microtubule network,
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where they are localized. Immunostaining of Myc-tagged
D-stathmin A1l revealed a cytosolic and diffuse distribution,
similar to that of h-stathmin 1. Interestingly, that of D-stath-
mins Bl and B2 appeared punctuated and more dense in the
perinuclear region, resembling that of h-stathmins 2-4
(h-stathmin 4a shown in Fig. 4). This may denote a specific
membrane localization of D-stathmins B due to the presence of
their putative subcellular membrane targeting N terminus
domain encoded by exons 1'-2’ (see Fig. 1).
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FIGURE 4. Effect of D-stathmin expression on the microtubule network in
HelLa cells. Hela cells expressing the various Myc-tagged D-stathmins,
h-stathmin 4a, or h-stathmin 1 were detected with an anti-Myc antibody (/eft),
and the state of the microtubule network was assessed by co-labeling with an
anti-a-tubulin antibody (right). Cells with a deficient microtubule network are
shown with asterisks.

Tubulin Binding Repeats—The vertebrate stathmins se-
quences all contain a 35-amino acid internal repeat with a
51-residue distance between corresponding amino acids and
40% sequence identity (Fig. 5, A and B) (49) at the core of the
two well characterized tubulin binding sites (33, 36, 41, 42). We
therefore refer to each such repeat as a “tubulin binding repeat”
(TBR).

TBR1 and TBR2 sequences are conserved, with 46 and 37%
sequence identity of Drosophila TBRs with their respective ver-
tebrate counterparts (Fig. 5B). Within the C-terminal extension
of D-stathmins Al and B1, two additional TBRs can be identi-
fied, with a distance between all TBRs similar to that in verte-
brates (Fig. 5, A and D). Interestingly, TBRs 3/, and 4 are
encoded by exons 5-6 and 6-7, respectively, in a way that splic-
ing of exon 6 in D-stathmins A2 and B2 results in the loss of one

asEve
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TBR, a novel TBR 3/, being encoded by the fusion of exons 5-7
(Fig. 5, A-D). The conservation tree of the two vertebrate and
4(/5) Drosophila TBRs (Fig. 5C) clearly shows the correspond-
ence between h- and D-TBRs 1 and 2, respectively, and more
distance with TBRs 3 and 4 (Fig. 5, B and C).

We then tried to identify the amino acid residues that are the
most conserved throughout evolution in all TBR regions. The
Meme prediction software (50), using 86 stathmin TBR se-
quences from vertebrates, Drosophila, and other Arthropods
and invertebrates (supplemental Table 1 and Fig. 8) predicts a
Multilevel 35-amino acid consensus sequence (Fig. 5E) for the
TBR regions. Interestingly, the Logos graphical representation
(51) of the pattern sequence prediction revealed 5 positions
with highly conserved residues: 3 (I/L), 6 (K), 7 (M/L), 14 (R),
and 28 (H/K). The corresponding residues have been previously
shown to point toward tubulin in the 3.5-A structure of T2S
complex formed by tubulin with the SLD of h-stathmin 4a (36),
which strengthens the prediction that each TBR belongs to a
domain actually binding tubulin.

Stoichiometry of Tubulin: D-stathmin Complexes in Vitro—
The identification of four TBRs in D-stathmins A1/B1 and
three TBRs in A2/B2 strongly suggested the possibility that
these Drosophila stathmins could bind up to four or three tubu-
lin a/B heterodimers, respectively. To directly assess this
hypothesis, we measured first the activity of D-stathmin A1 on
tubulin (20 uM) polymerization in vitro (41, 42) by turbidimetry
at 350 nm with or without stathmin (3 um) (Fig. 6A4). Bovine
tubulin was used to probe both human and Drosophila stath-
mins binding, for practical reasons and because tubulin is
highly conserved through evolution, over 95% sequence iden-
tity between bovine and Drosophila tubulins, with the excep-
tion of its variable C-terminal domain, which is not involved in
stathmin interaction. Human stathmin, which was used as a
reference for a known tubulin:stathmin stoichiometry of 2,
yielded an experimental value of 1.7 = 0.1 (n = 4). D-stathmin
yielded an experimental stoichiometry of 2.85 * 0.25 (1 = 4),
which clearly demonstrates that each D-stathmin A1 molecule
is able to sequester at least three tubulin heterodimers, or more
if one takes into account the apparent underestimation of the
measured stoichiometry observed for h-stathmin.

To verify that the inhibition of tubulin polymerization was
reflecting the actual binding of tubulin by D-stathmins, we
examined the formation of a tubulin‘D-stathmin complex by
gel filtration. The addition of D-stathmin A1 to tubulin induced
a slight shift of the eluted tubulin peak (monitored at 278 nm,
because D-stathmins do not absorb at this wavelength), which
suggested the formation of a tubulin-D-stathmin complex (not
shown). However, the limited shift likely reflected a relatively
weak interaction of bovine tubulin with D-stathmin Al in the
dilute chromatography conditions (41). We therefore repeated
the same experiment in the presence of 1 M trimethylamine-N-
oxide to stabilize the tubulin'D-stathmin complex (42). In those
conditions, a clearly shifted tubulin peak reflecting the forma-
tion of a stable complex with D-stathmin was detected. The
addition of increasing amounts of D-stathmin Al to a fixed
concentration of tubulin (16 um) resulted in a progressive con-
version of the free tubulin peak toward the tubulin-D-stathmin
one (Fig. 6B). As the addition of 6 um D-stathmin A1 but not 5
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FIGURE 5. Comparison of the various TBRs. A, TBR sequence analysis. Sequence identities and homologies with any (black, identity; gray, similarity) or
adjacent (asterisk, identity; period, similarity) internal 35-amino acid TBRs in h-stathmin, D-stathmin A1, and D-stathmin A2 protein sequences. Distances
between repeats are indicated with brackets, in numbers of amino acids between corresponding residues. TBR1, TBR2, TBR3, and TBR4 are the four TBRs
identified in D-stathmin A1 from the N to C termini of the protein sequence. Alternate TBR3s are referred to as TBR3/, or TBR3/, with their C-terminal end
coded either by exon 6 or 7, respectively, depending of the splicing or not of exon 6 (see also in D). B, percentage of amino acid identity of the various
TBRs. C, ClustalW2 alignment-derived tree of the various D-stathmin TBRs showing their specific identity as compared with each other. D, schematic
representation of the various TBRs with their exon coverage in h- and D-stathmins. E: Top, logos graphical representation resulting from the alignment
of 86 stathmin TBRs (1-5) from vertebrates and invertebrates using Meme prediction software. At each position, the size of each residue is proportional
to its frequency in that position, and the total height of all residues in the position is proportional to the conservation (information content) of the
position. Residues of the TBR 1 and 2 regions pointing toward tubulin in the tubulin-stathmin 4a complex determined by crystallography are indicated
by stars. Bottom, consensus TBR sequence derived from the alignment. In each column the residue with the highest probability is classified from top to
bottom. All residues shown have a probability of being present higher than 0.2. Thus, the most likely sequence of the motif can be read from the top line.
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FIGURE 6. In vitro interaction of D-stathmin-A1 and various TBR combinations with tubulin. A, inhibition of tubulin polymerization by D-stathmin A1
compared with h-stathmin. The amount of microtubules formed is measured by turbidity at 350 nm. The addition of 3 um h-stathmin or D-stathmin A1 to 20
M bovine tubulin lowered the amount of polymerized microtubules as if they sequestered, respectively, Ah and AD concentrations of tubulin. The measured
values correspond to the binding of 1.7 = 0.1 and 2.85 = 0.25 (n = 4) tubulins per stathmin, respectively. B, D-stathmin A1 forms a complex with tubulin
revealed by gel filtration. Fast protein liquid chromatography gel-filtration profiles monitored at 280 nm of 16 um tubulin incubated with increasing amounts
of D-stathmin AT in the presence of trimethylamine-N-oxide, showing the apparition of a peak at a smaller elution volume, corresponding to a tubulin-stathmin
complex. C, surface resonance net sensorgrams revealing the direct binding of soluble tubulin to h-stathmin 1 or D-stathmin A1 coupled through an N-terminal
biotin tag to streptavidin Sensorchips. Increasing concentrations of tubulin reach a binding saturation corresponding to the tubulin-stathmin stoichiometries
of 1.7 and 2.7, respectively. D, tubulin interaction of D-stathmin A1 constructs containing different numbers and combinations of TBR regions. The tubulin
binding potencies of the constructs schematized on the left were measured by tubulin sequestration in the in vitro tubulin polymerization assay, as well as by
gelfiltration when indicated (asterisk) and normalized to a tubulin:h-stathmin stoichiometry of 2.0.

uM induced the complete complexation of free tubulin, the
tubulin:D-stathmin ratio in the complex is between 2.6:1 and
3.2:1, which is in agreement with the values deduced from tubu-
lin polymerization experiments.

Finally, we examined the association and dissociation kinet-
ics of tubulin to and from D-stathmin Al in comparison with
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h-stathmin by surface plasmon resonance (Fig. 6C). To allow
homogeneous fixation of proteins on the chip, we produced
and purified N-terminal-biotinylated tagged h-stathmins or
D-stathmins that were fixed to streptavidin chips allowing the
same accessibility for the interaction experiments (42). A con-
stant tubulin concentration flow on chips resulted in an
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increased mass, visualizing directly the binding of tubulin to the
immobilized stathmins. The association kinetics of tubulin to
D-stathmin A1 could not be distinguished from that to h-stath-
min, whereas the dissociation in tubulin free buffer was faster
with D-stathmin A1 than with h-stathmin (Fig. 6C). This latter
observation is consistent with the lower affinity observed in
the gel-filtration experiments. With increasing concentra-
tions of tubulin injected on the stathmin-bound chip surface,
the mass increase reached a saturation which allowed us to
estimate the maximal stoichiometry of tubulin binding. The
tubulin:stathmin ratios determined by this method were 1.7 for
h-stathmin and 2.7 for D-stathmin A1, the latter which corre-
sponds to a ratio of 3.2 for D-stathmin A1 when normalized to
the known 2:1 ratio for h-stathmin, in good agreement with
values obtained with the tubulin polymerization or gel filtration
assays. Altogether, the three different methods are in agree-
ment with a direct interaction of D-stathmin A1 with at least
three tubulin heterodimers, the experimental results being,
however, lower than the predicted maximal value of four tubu-
lins for one D-stathmin Al.

The Predicted Drosophila TBR Regions Are All Able to Inter-
act with Tubulin—We therefore assayed whether each TBR
corresponds to an actual tubulin binding site. We produced
various D-stathmin derivatives containing either 2 (1-2 and
3/c-4) or 3 (1-2-3/, and 1-2-3/.) TBR regions. We compared
their tubulin interaction properties with those of full-length
D-stathmin Al (TBR regions 1-2-3/,-4) and h-stathmin
(h-TBR regions 1-2) by in vitro tubulin polymerization assay
and checked their direct interaction by gel filtration (Fig. 6D).
Both D-stathmin derivatives containing two TBRs displayed as
expected potencies to inhibit tubulin polymerization with sim-
ilar stoichiometries, close to the 2:1 ratio of h-stathmin, indi-
cating that all four regions containing TBRs 1, 2, 3/, and 4 of
D-stathmin A1l are indeed able to bind one tubulin molecule
when associated two by two. The constructions containing
three TBRs displayed a stoichiometry of ~3:1, indicating that,
even when associated by three, the TBR-containing regions are
able to interact with one tubulin heterodimer each, including
the 3/, and 3/, variants of TBR 1-2-3. The latter observation
demonstrates that deletion of exon 6 results in the formation of
an efficient tubulin binding region containing the novel “com-
posite” TBR 3/.,.

Visualization of the Tubulin-Stathmin Complexes by Elec-
tron Microscopy—To further ascertain the number of tubulin
molecules actually bound by D-stathmins and their TBRs, we
visualized the complexes between tubulin and different
D-stathmin constructs by electron microscopy after glycerol
spraying and subsequent rotary metal shadowing (Fig. 7). The
morphologies of these complexes were compared with that of
the T2S complex between tubulin and the SLD of h-stathmin 4a
used as a reference. With h-SLD, the T2S complex (arrow)
appeared very similar in shape and size to previously published
T2S complexes (34, 37), and a few, presumably uncomplexed
single tubulin molecules (arrowhead) were also visible (Fig. 7, A
(panels a and b) and B). Complexes between D-stathmin
TBR1-2 and tubulin displayed shapes and dimensions similar
to those of the T2S complex (Fig. 7, A (panels ¢ and d) and B),
but with fewer complexes (arrow) and a higher proportion of
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FIGURE 7. Electron microscopy visualization of tubulin complexes with
stathmin constructs. A, rotary metal shadowed electron micrographs of
tubulinin the presence of the SLD of h-stathmin 4a (aand b), the TBR1-2 (cand
d), and TBR1-2-3 (e and f) of D-stathmin constructs and D-stathmin A1 (g and
h). In each field, uncomplexed individual tubulin molecules can be seen
(arrowheads) as well as elongated complexes of increasing sizes (arrows).
B, enlarged views of the various tubulin complexes shown in A, with their
calculated “uncoated” lengths (see “Experimental Procedures”) and deduced
tubulin stoichiometries, clearly showing the formation of T4S complexes with
D-stathmin AT.

free tubulin (arrowhead), in good agreement with the lower
stability of the complex between mammalian tubulin and the
Drosophila stathmin construct. Interestingly, complexes of
tubulin with full-length D-stathmin TBR 1-2-3 appeared lon-
ger (Fig. 7, A (panels e and f) and B), and even longer with
D-stathmin A1l (Fig. 7, A (panels g and k) and B). These com-
plexes display a curvature similar to that of the mammalian T2S
complex (33, 34, 36, 37), their increased lengths revealing this
curvature very strikingly. Whereas a single tubulin heterodimer
had an average length of 10.5 nm, the T2S complex formed with
the SLD of h-stathmin 4a was estimated at 22 nm, in good
agreement with the inclusion of two sequestered tubulins.
Interestingly, tubulin complexes with the D-stathmin con-
structs spanning two, three, or four TBRs had estimated lengths
of 20, 30, and 39 nm, in good agreement also with them con-
taining two, three, and four aligned tubulins, respectively.
These results clearly show that D-stathmin A1 is able to form,
as predicted, a complex with up to four «afB-tubulin het-
erodimers. In this case shorter complexes with three or two
tubulins could be also distinguished (not shown), likely explain-
ing the slightly lower than 4:1 stoichiometry measured by bio-
chemical methods.

Phylogenetic Conservation of the Stathmin Gene and TBR
Regions in Arthropods and Invertebrates—The comparison of
invertebrate stathmin-related gene and expressed sequence tag
sequences available in public databases (Fig. 8 and sup-
plemental Table 1) revealed a high conservation of the gene
sequences and intron/exon organization with those of verte-
brates and Drosophila.

In Pancrustacea, we identified an additional exon, 5, be-
tween exons 5 and 6, which codes for a domain lacking in Dro-
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FIGURE 8. Comparison of invertebrate stathmin sequences. A, alignment of selected invertebrate stathmin protein sequences (total sequence or part of it)
together with that of h-stathmin (bottom sequence, red). TBRs (1-5) are color-shaded, exon limits are indicated, as well as potentially palmitoylated cysteines
within the N-terminal targeting domain (black-shaded), and potential conserved phosphorylation sites (light gray). For the species marked with an asterisk, only

the N-terminal domain coded by exon 1'-2" and not the one coded by exon 2 is

represented. The dashed lines represent a gap in the sequence and the “000”

a gap corresponding to a missing exon that has not been detected but may exist. B, taxonomic tree obtained with the taxonomy browser at NCBI (www.ncbi.
nlm.nih.gov/Taxonomy/CommonTree) showing selected invertebrate species with a stathmin-related sequence. The species with the exon 5’ coding for an

additional TRB5 or with exon 1’-2" are indicated.

sophila and more generally in Diptera. Interestingly, we identi-
fied the N-terminal 1'-2’ extension domain in most of the
Neoptera (Fig. 8, A and B, and supplemental Table 1), all pre-
senting a high level of sequence identity especially in the
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domain coded by exon 1. The three cysteines possibly palmit-
oylated are conserved in all sequences analyzed, which suggests
that they may play an important role in particular for subcellu-
lar targeting (Fig. 84).
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The tubulin interaction domain is also well conserved, being
longer than in vertebrates, and is thus characteristic of Arthro-
pods and other invertebrates. The number and the type of TBR
is variable: in addition to the four TBR regions previously de-
scribed in Drosophila, we identified a new one coded by exon 5'.
So, for example, stathmin in Bombyx mori is predicted to have
up to five TBR regions and thus to bind up to five dimers of
tubulin, in a way likely regulated by differential splicing (Fig.
8A4). This phylogenetic analysis allowed us to predict that the
number and type of tubulin binding sites in stathmin are impor-
tant for its function.

DISCUSSION

Microtubule dynamics is regulated by a diversity of proteins,
including those of the stathmin family. In vertebrates, a family
of four genes codes for stathmin proteins, which all bind tubulin
and whose functional invalidation yields at least partially dis-
tinct phenotypes (26-28). We previously identified a single
stathmin gene in Drosophila (46). In the present work, we show
that it codes for a protein family similar to the one in verte-
brates, that the corresponding proteins bind tubulin with
higher and regulated stoichiometry, and that this diverse family
is conserved in Arthropods and other invertebrates.

In contrast to the situation in vertebrates where four genes
code for the stathmin protein family, the single Drosophila
stathmin gene produces, either by differential splicing (exons
1'-2" or 6) or by distinct transcription initiations (at exon 1 or
exon 1), all the distinct isoforms of the stathmin family that
could be detected at the nucleic and proteic expression levels.
D-stathmins A1 and/or A2 are predominantly expressed in the
Drosophila embryo germ cells and in ovaries, which are also
known to be enriched in stathmin 1 in vertebrates (5, 6),
whereas the N-terminally extended D-stathmins B1 and/or B2
are restricted to the nervous system as is mostly the case for the
corresponding “long” stathmins 2—4 in vertebrates. D-stath-
mins A1/A2 and D-stathmins B1/B2 could thus be considered
as the paralogues of vertebrate stathmin 1 and stathmins 2—4,
respectively. The N-terminal extensions of the neural specific
forms have been shown, thanks in part to the palmitoylation of
two close cysteines, to address the proteins to subcellular mem-
brane compartments in vertebrates (14, 17, 19), suggesting that
this localization is important for their function in the nervous
system. Three close cysteines are also present in the N-terminal
Drosophila domain and are evolutionary conserved and may
thus be able to address the proteins to subcellular compart-
ments in Drosophila. In agreement with this hypothesis,
D-stathmins B expressed in HelLa cells are localized in a punc-
tuate localization close to the nucleus. In the Drosophila
embryo, we were actually able to show that D-stathmins B are
recovered mostly in the mitochondrial fraction, a subcellular
compartment also targeted by the vertebrate stathmins N-ter-
minal A domains in some instances (19). It will be of interest to
analyze further the targeting properties and regulations of
N-terminal domains 1" and 2’ in Drosophila.

In vertebrates, stathmins are known to be major phosphory-
lation-dependent microtubule dynamics-regulating proteins.
The SLD domain binds directly and sequesters two tubulin het-
erodimers in a phosphorylation-dependent fashion, thus con-
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trolling the amount of tubulin available to polymerize into
microtubules (32, 35). It has been also proposed that stathmins
promote catastrophes by binding to microtubule ends (for
reviews see Refs. 45, 52). Our present analysis reveals the
conservation of tubulin-binding domains in Drosophila stath-
mins, as well as in other invertebrates. However, stathmins in
Drosophila possess four (D-stathmin A1/B1) or three (D-stath-
min A2/B2) TBR regions, depending on the presence or not of
exon 6, whereas an additional repeat is present in the sequence
of some arthropod species as a result of the insertion of an
additional exon 5'. It is interesting to note, in terms of TBR
regulation and evolution, that TBRs are overlapping two adja-
cent exons, and that insertion of exon 6 or exon 5" introduces an
additional TBR by replacing the C-terminal portion of the
upstream TBR, which then completes the inserted N-terminal
portion of the additional TBR. It is also interesting to note that
this allows the conservation of the distance between TBRs,
which is a constitutive feature of them being part of actual tubu-
lin binding sites. Indeed, because effective tubulin binding to
stathmins requires the binding of at least two adjacent tubulin
heterodimers, the distance between two adjacent TBRs should
allow and favor the interaction interface between adjacent
tubulins.

Extensive biochemical and microscopic analysis revealed
that each tubulin binding repeat indeed corresponds to a tubu-
lin binding site. Although forming less stable complexes than
their mammalian counterparts, D-stathmin binds quite well to
mammalian tubulin, meaning a high degree of functional con-
servation through evolution. The fact that the maximal pre-
dicted binding of four tubulins for one D-stathmin could not be
fully reached by biochemical experimentation despite its visu-
alization by electron microscopy might be due to a lower sta-
bility of the complex with four tubulins, a hypothesis supported
by the microscopic visualization of complexes with stoichiom-
etries of four, but also three or two. The functional conservation
of both stathmins and tubulins is also illustrated by the capacity
of D-stathmins to alter the microtubule network in human
HeLa cells. The fact that this was observed only in a subset of
D-stathmin-expressing cells, as in similar experiments with verte-
brate stathmins, is likely due to the necessity to reach a threshold
expression level for efficient tubulin binding and to the diversity of
physiological states of the cells within the culture.

It was previously demonstrated that in vertebrate stathmins
TBR1 and TBR2 contribute differentially to the stability of the
T2S complex, TBR2 being mostly responsible for the difference
in stability of the tubulin complexes formed with stathmins 1
and 4, respectively (42). The evolution tree of all the identified
vertebrate and invertebrate TBRs shows that TBRs of a given
type (1-5) cluster in separate branches (see Fig. 5C for D-stath-
min TBRs) and hence have a specific identity. This clustering
likely reflects also specific tubulin-interacting properties, as
with TBRs 1 and 2 in vertebrates. The combination of more
than two TBRs could thus determine not only the level of tubu-
lin binding, but also the nature (affinity and complex stability)
of the interaction. Sequence comparison of a large number of
TBRs throughout evolution allowed us to derive a consensus
sequence with some highly conserved residues, which happen
to be at positions oriented toward tubulin in the described
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mammalian crystal structure (36), and hence likely essential for
the binding of tubulin. This observation further confirms the
role of TBRs in tubulin binding in a way similar to the one
described in vertebrates. The amino acids that have a strong
conservation might then also be considered as targets to disrupt
the interaction between stathmin and tubulin, whereas the con-
sensus sequence could be used as a basis to design peptides as
potential tubulin traps in cancer therapy.

Interestingly, among the identified invertebrate stathmin
sequences, only Lumbricus rubellus has two TBRs, whereas
other invertebrates such as molluscs (Aplysia) and arachnids
also have at least four TBRs. Whereas TBRs 1 and 2 presumably
result from very early duplication in evolution, the additional
TBRs (3-5) seem to result from further exon duplications
before the appearance of molluscs and Arthropods. Interest-
ingly, the fifth TBR further identified in some Arthropods
seems to have been acquired during evolution in Pancrustacea,
and lost later in Diptera species. One can speculate that the
additional exons and the regulation of their expression were
acquired in invertebrates to yield a “single gene” protein family,
whereas in vertebrates gene duplication and further evolution
generated the well characterized “multigene” stathmin family.

The biological significance of the high tubulin binding stoi-
chiometry of many invertebrate stathmins as compared with
vertebrates is intriguing. One can note that it strongly argues
for the tubulin-sequestering model of microtubule dynamics
regulation, because binding of more tubulins by each stathmin
molecule makes this process even more efficient in terms of
sequestration than in vertebrates. The high and post-transcrip-
tionally regulated stoichiometry may also compensate for a
simpler genome in invertebrates, whereas a likely more sophis-
ticated regulation through multiple gene regulation has evolved
in vertebrates. It will be of interest to determine which biolog-
ical contexts, during development and in the adult, and which
molecular and signaling mechanisms in invertebrates control
the stathmin isoforms expression at the mRNA levels (initia-
tion of transcription or splicing) or at the protein level by phos-
phorylation on conserved or additional phosphorylation sites
(46), and by palmitoylation of their N-terminal extension.

In conclusion, the stathmins being a family of proteins con-
served from invertebrates to mammals argues for major biolog-
ical roles and importance in diverse biological processes, from
development to differentiated tissues and cells. Further charac-
terization of these roles and of the associated regulations should
open ways to understand some dysregulations, such as in can-
cer and in the nervous system, and to interfere with the pro-
cesses involved with potential therapeutic perspectives.
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