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ABSTRACT: Microtubules assembled from purified tubulmzitro are labile, rapidly disassembling when
exposed to a variety of depolymerizing conditions such as cold temperature. In contrast, in many cell
types, microtubules seem to be unaffected when the cell is exposed to the cold. This resistance of
microtubules to the cold has been intriguing because the earliest and by far most studied microtubule-
associated proteins such as MAP2 and tau are devoid of microtubule cold stabilizing activity. Over the
past several years, it has been shown that resistance of microtubules to the cold is largely due to polymer
association with a class of microtubule-associated proteins called STOPs. STOPs are calmodulin-binding
and calmodulin-regulated proteins which, in mammals, are encoded by a single gene but exhibit substantial
cell specific variability due to mRNA splicing and alternative promoter use. STOP microtubule stabilizing
activity has been ascribed to two classes of new bifunctional calmodulin- and microtubule-binding motifs,
with distinct microtubule binding propertiés vivo. STOPs seem to be restricted to vertebrates and are
composed of a conserved domain split by the apparent insertion of variable sequences that are completely
unrelated among species. Recently, STOP suppression in mice has been found to induce synaptic defects
associated with neuroleptic-sensitive behavioral disorders. Thus, STOPs are important for synaptic plasticity.
Additionally, STOP-deficient mice may yield a pertinent model for the study of neuroleptics in illnesses
such as schizophrenia, currently thought to result from defects in synapse function.

Microtubules are fibrous elements in the cytoplasm of environment. For instance, exposure of microtubules to the
eukaryotic cells, where they play a pivotal role in many vital cold (<15 °C) or to a variety of depolymerizing drugs
cell functions, including cell division, morphogenesis, and induces rapid polymer disassembly.

vesicle trafficking (). Microtubules are particularly abundant  Most cellular microtubules also exhibit length fluctuations
in neurons where they are thought to be central to cell and treadmill-type behavior, and microtubule dynamics seem
morphogenesis and maintenan@-4). Microtubules as-  to be important for microtubule-dependent cell functions (
sembledn vitro from pure tubulin preparations are dynamic, Yet many cell types, including neurons, glial cells, and
exhibiting both large spontaneous length fluctuations and fibroblasts, contain microtubule-stabilizing factors that can
treadmill-type behaviorg, 6). Such dynamic microtubules  block microtubule dynamics and induce resistance of poly-
are strongly sensitive to variations in their physicochemical mers to the cold and to depolymerizing drugs-(3). For
instance, when neuronal or fibroblastic cells are exposed to
" Supported by Equipe labelliseLigue Nationale contre le Cancer. the cold, mOSt microfubules d.o no_t depolymerlze_ _(Flg_ure D).
*To whom correspondence should be addressed. E-mail: chosc@ Early studies assumed that this microtubule stabilization was
cea.fr. Phone: (33)-4-38-78-59-55. Fax: (33)-4-38-78-50-57. the result of polymer association with microtubule-stabilizing
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Ficure 2: STOP proteins and gene structure. (A) Schematic
representation showing the domain structure of the N-STOP protein.
Sequence analysis reveals five highly conserved tandem repeats of
46 aa (central repeat, dark gray boxes), 28 imperfect tandem repeats
. . . . of 11 aa (C-terminal repeat, light gray boxes), two tandem
Ficure 1: Cold stability of microtubules in cells. Mouse hippoc- polyproline(putative SHS-Eindinggsiteg (F):, black )box), and four
ampal neurons, mouse NIH3T3 fibroblasts, and human Hela . iative Cam kinase Il phosphorylation sites (red bars). The lysine-
epithelial cells were either kept at 3T (left) or exposed to the ;g arginine-rich domain (KR) and the linker domain are also

cold for 45 min (right). Following extraction of free tubulin by ingicated. (B) Organization of the mouse STOP gene (Mtap6)
cell permeabilization, the microtubules were stained by indirect showing STOP exons and schematic representation of three

immunofluorescence with mAb Tub2.1 tubulin antibody and a Cy3- characterized STOP variants. Exon and intron lengths are indicated
labeled secondary antibody. In neuronal and NIH3T3 cells, most i, hase pairs. Exonic untranslated sequences are boxed. NP is the

microtubules are resistant to the cold and remain intact following promoter of neuronal isoforms N-STOP and E-STOP. FP is the

exposure to the cold. By comparison, microtubules in HeLa cells nromoter of fibroblastic isoform F-STOP. N-STOP is encoded by
are depolymerized after they are exposed to the cold. The bar iSqyons 4. E-STOP is encoded by exons-3. In the E-STOP

10 um. mMRNA, exon 3 is elongated by a 2.7 kb intronic sequence
(designated '3 which begins with a stop codon. F-STOP is encoded
proteins [microtubule-associated proteins (MAPs)[he by part of exon 1 and by exon 2. In the F-STOP mRNA, splicing

search for these proteins has followed “a contorted logic” of exon 2 with exon 4 introduces a frame shift and the termination
(14) since, for technical reasons, the early and by far most gfsttr;]ee O;'; ﬁ]l z%g|°XV”Stream (dark yellow). Domain colors are
studied MAPs such as MAP2 and tau were isolated from y P '
recycled cold-labile brain microtubule preparatiohs, (16). adult mammalian brain were calmodulin-binding and calm-
In subsequent studies, these MAPs were found to be unableodulin-regulated proteing(, 21). On the basis of such work,
to reconstitute microtubule cold stability as observed in cells N-STOP (for neuronal adult STOP) was initially isolated as
(17, 18), and their suppression in mice had no detectable a calmodulin-binding protein associated with purified rat
effect on microtubule stability1©). brain cold-stable microtubuleg?). N-STOP was later shown
The search for MAPs associated with cold-stable micro- to have intrinsic microtubule cold stabilizing activity vitro,
tubules, which are much harder to isolate than recycled cold-and this activity proved to be inhibited in the presence of
labile polymers, was undertaken by only a handful of groups. C&™-bound calmodulinZ3). Rat N-STOP has an apparent
However, over the past decade, it has been proven thatmolecular mass of ca. 1255 kDa depending on SBS
microtubule cold stabilization is principally due to micro- PAGE conditions. Cloning of N-STOP cDNA showed that
tubule association with a family of proteins known as STOPSs the protein contained 952 aa with a calculated molecular mass
(for stable tubule only polypeptides). The functional domains of 100 484 Da 24). The N-STOP amino acid sequence is
of these proteins have been characterized, as well as the maianrelated to that of classical MAPs such as tau, MAP2, or
physiological consequences of STOP suppressiosivo. MAP1B. N-STOP contains two repeat domains (Figure 2A).
This review covers the principal biochemical and functional The central repeat domain is composed of five repeated
properties of STOPs, their apparently curious evolutionary sequences of 46 aa. These sequences are almost completely
history, and the disorders induced by their suppression inidentical, exhibiting an unusual degree of conservation of

whole animals. the repeat motif, compared to repeated sequences in other
microtubule-associated proteins. The carboxy-terminal repeat
N-STOP domain is composed of 28 imperfect repeats of an 11 aa

Early work on cold-stable microtubules suggested that the CONSENsUs sequence. Upstream of the carboxy-terminal repeat

putative MAPs responsible for microtubule stabilization in domain, rat N-STOP contains a highly basic sequence (called
the “KR domain” after its high content in lysine and arginine

! Abbreviations: aa, amino acid(s); E-STOP, early STOP; F-STOP, residues) and a SO_Ca”ed. linker domain Iocat.ed between
fibroblastic STOP; MAP, microtubule-associated protein; N-sTOp, the central repeat domain and the KR domain. N-STOP
neuronal adult STOP; STOP, stable tubule only polypeptide. includes four consensus sites for phosphorylation by Cam
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kinase I, and this may be the basis for the observed A)
modulation of microtubule cold stability by calmodulin-
dependent phosphorylation (12f and unpublished observa-

tions of J. Baratier). Other putative consensus sequences
include two tandem polyproline putative SH3-binding sites,
located upstream of the central repeat sequences. N-STOP
has hitherto been found only in neurons, with maximal
expression in adult brain compared to embryonic or newborn
brain.

The STOP Gene, E-STOP, and F-STOP
B) Tuulin STOP

Mapping experiments and analysis of genomic data show ~

that in rodents and humans the STOP gene is unique, being
localized on chromosomes 1932, 7 E2-F1, and 1114 in rats,

mice, and humans, respectivelp5. The STOP gene 37°C
includes four exon sequences encoding N-STOP (Figure 2B).

Each exon sequence corresponds almost precisely to one of

the four protein domains identified on the protein. Exon 1
encodes the N-terminal domain of N-STOP and includes the
central repeat domain. Exons-2 encode the linker domain,

the KR domain, and the carboxy-terminal repeat domain of
N-STOP, respectively. So far, two splicing variants of STOP, 4°C
E-STOP and F-STOP, have been characterized in rodents
(Figure 2B). As with N-STOP, both variants exhibit calm- i ¥
odulin binding and microtubule stabilizing activity (re2é S ' e

and27 and unpublished data of E. Denarier). E-STOP (for Ficure 3: Distribution of STOP proteins in cells. (A) Immunolo-
early STOP) is a neuron specific variant of STOP with an gg“zgttgrr‘“gf S;OBFE(;NS‘LTE inbt:iﬁ axgur:fu?efdmf?o? i%"sd';egt ?/;[/ 337
apparem molecular mass pf 84 kDa n rae) E_STOP IS performed vg\]/ith affinity-purifi’ed 23(93 STOP antibody andya’Cy3-
the major STOP variant in embryonic rodent brain and |apejed (left) or gold-labeled (right) secondary antibody. STOP
persists in adult brain. In the E-STOP mRNA, exon 3 proteins are associated with axonal microtubules &C37he bars
sequences are fused with the downstream intronic sequencesire 25um (left) and 50 nm (right). (B) Immunofluorescence analysis
This fusion induces the termination of the ORF precise'y at of the distribution of STOP in NIH3T3 cells. Cells were either kept

: : : : at 37°C (top row) or exposed to the cold for 45 min (bottom row).
the junction between exon 3 and intronic sequences. As AMicrotubules and STOP proteins were double-stained by indirect

consequence, E-STOP is encoded by exon8 and lacks  jmmunofiuorescence with mAb Tub2.1 tubulin antibody and 23C
the carboxy-terminal repeat domain present in N-STOP. STOP antibody. The bar is 20n. STOP proteins, poorly associated
F-STOP (for fibroblastic STOP) is a 42 kDa variant of STOP, with microtubules at 37C, are recruited on microtubules during
initially characterized in NIH3T3 fibroblastic mouse cells €xPosure to the cold.

(27). Recent work indicates that F-STOP is widespread in
mouse tissues2@). In the mouse F-STOP mRNA, exon 3
sequences are missing and exon 2 and 4 sequences are fus
This fusion introduces a frame shift and a termination of
the ORF 21 bp downstream of exon 2. The transcription
initiation site for F-STOP mRNA is located in exon 1, 851
bp downstream of the initiation site for the N-STOP mRNA
(27). As aresult, F-STOP lacks a large part of the N-terminal
aa sequences present in N-STOP, being mainly compose
of the central repeat and linker STOP domains.

responsible for microtubule resistance to the cold in both
er&euronal and non-neuronal cells.

‘STOP proteins block microtubule dynamics when associ-
ated with microtubules at physiological temperatu2éd).(
However, the different STOP variants interact with micro-
tubules differently under physiological conditions. In intact
neuronal cells, where microtubule turnover is sl@8)( the

ulk of N-STOP and E-STOP is associated with microtu-

ules. Thus, in lysed neuronal cells, both proteins are
associated with Triton-resistant cell fractions and are unde-

STOPs in Cells tectable in soluble cell fractions. Additionally, STOP anti-
bodies intensely decorate axonal microtubules, in immuno-

Hela cells are devoid of immunodetectable STOR% ( electron microscopy 26) (Figure 3A). In contrast, in

27) and display rapid microtubule disassembly upon being interphase 3T3 cells kept at 37C, where microtubule
exposed to the cold (Figure 1). Expression of either of the turnover is rapid, the bulk of F-STOP is found in the soluble
STOP variants described above in HelLa cells induces acell fractions 27) and there is only a very faint microtubule
complete resistance of microtubules to the cold. Thus, STOPsdecoration with STOP antibodie24) (Figure 3B). Strik-
have microtubule cold stabilizing activity vivo (24, 26, ingly, within seconds of cells being exposed to the cold,
27). Additionally, injection of STOP blocking antibodies in F-STOP associates with cytoplasmic microtubules, thus
neuronal cell lines, which express N- and E-STOP, sup- inducing resistance of microtubules to the c&a)((Figure
presses the resistance of microtubules to the ca@l). (  3B). We do not know precisely the mechanisms involved in
Injection of similar blocking antibodies in NIH3T3 cells, the temperature-dependent association of F-STOP with
which express F-STOP, also suppresses microtubule stabimicrotubules. Probably, association of F-STOP with inter-
lization to the cold 27). Thus, STOPs are the main factors phase microtubules in 3T3 cells is modulated by regulatory
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4 Ficure 5: STOP modules. (A) Sequence alignment of rat STOP

g Mn1—Mn3 modules. Amino acids composing the calmodulin-

e 8 binding peptides of these modules (Cam2, Cam3, and Camb5,
respectively) are underlined. Amino acids conserved in at least two
modules are shown in red. Amino acids conserved among the three

o modules are boxed. These aa define a consensus sequence indicated
1 w 01 ST;F“ 21 251 n below the alignment. (B) Sequence alignment of rat STOP ¥n1l
) Poptidas Mn3 modules and Mc modules (MeMc5). Amino acids compris-
ing the calmodulin-binding peptides of these modules (Cam2, Cam3,

Camb5, and CamRiCamR5) are underlined. Conserved aa identi-
fied in panel A are shown in red. Among these aa, those that are
shared by Mn and Mc modules are boxed.

odulin-binding peptides are located between the central and
C-terminal repeats. The central repeat calmodulin-binding
I I I I I I II peptides are termed CamRCamR5 peptides, and the other
I 2 T ] calmodulin-binding sequences are named Ca@am7
1 234 RIRZRIRARS 5 67 according to their order of occurrence in the protein sequence

FiGURe 4: Identification of calmodulin-binding peptides using (Figure 4C). In addition to binding calmodulin on peptide
immobilized peptide arrays. (ApS-labeled calmodulin overlay of arrays, peptides Camam3, Cam5, Cam6, and CamR1

a membrane containing immobilized rat N-STOP peptides. The 15 . ! L
aa peptides were numbered from the amino-terminal to the carboxy-CamR5 have the capacity to mediate protein binding on

terminal residues of N-STOP, each peptide overlapping 12 aa with immobilized calmodulin columns and/or calmodulin in a
the next peptide. Numbers correspond to the first peptide of each Scatchard assa®(@). Biochemical measurements indicate a
line. Twelve peptide clusters interacting wiis-labeled calmodulin Kq for calmodulin binding by STOP peptides that is in the
were detected on autoradiography. (B) Quantitative analysis of micromolar range

binding of P°S]calmodulin to STOP peptides. The radioactive N . N
signals observed in panel A were quantified, and results were 1 he observed inhibition of STOP microtubule stabilizing

plotted. Peptides are numbered as in panel A, and signal valuesactivity by C&"-bound calmodulinZ0, 21) suggested that
are in arbitrary units. (C) Mapping of the radioactivity peak peptides the microtubule-stabilizing domains and the calmodulin-
observed in panel B on a schematic representation of rat N'STOP-binding peptides of STOP may be overlapping. The micro-

Five calmodulin-binding sites (R1R5) were located in the central N s :
repeats. Other calmodulin-binding sites-@) are numbered from tubule s_tab|I|Z|n_g domains (_)f STOP h_ave been mapp(_ac_l on
the amino terminus to the carboxyl terminus of the protein. Coloring the basis of this hypothesis. The microtubule stabilizing

is as in Figure 2. activity of STOP deletion mutants, lacking one or several

) A of the 15 aa calmodulin-binding sequences identified by
mechanisms that are rapidly inhibited when the temperaturegpoT analysis, was assessed in HeLa cells transfected with
drops. the corresponding cDNAs. Peptides Cam2, Cam3, Cam5, and
CamRI-CamR5 were apparently essential, although not
STOP Modules sufficient, for microtubule stabilization3(). Interestingly,

The characterization of the domain composition of STOPs peptides Cam2, Cam3, and Cam 5 were located downstream
has been essential for an understanding of both the bio-of and partially overlapped conserved peptide sequences of
chemical properties and the cellular effects of STOPs. This 15 aa (Figure 5A). The conserved sequences and their
characterization has been guided by the mapping of STOPassociated overlapping calmodulin-binding peptides were
calmodulin-binding sequences, using immobilized peptide called Mn modules. Analogously, the 46 aa central repeats
arrays 80). This technique revealed what looked at first sight containing calmodulin-binding peptides CamRZamR5
like a bewildering number of calmodulin-binding peptides were considered modules (Mc modules), as each of them is
on STOPs. At least twelve distinct 15 aa peptide sequencescomprised of a 46 aa consensus sequence overlapping a
are elucidated when rat N-STOP peptide arrays are incubateccalmodulin-binding peptide (Figure 5B). In further analysis,
with radiolabeled calmodulin (Figure 4A,B). The exon 1 both kinds of modules induced microtubule cold stability
domain of N-STOP contains a total of nine calmodulin- when expressed in HelLa cells, but had different effects on
binding sequences, one located at the extreme N-terminusmicrotubule sensitivity to nocodazole. Mn modules induced
of N-STOP, three located upstream of the central repeatresistance of microtubules to nocodazole-induced disas-
domain, and one per central repeat. Three additional calm-sembly when expressed in HelLa cells, whereas Mc modules



Current Topics Biochemistry, Vol. 42, No. 42, 20032129

lacked such effects, indicating that Mc modules do not bind 1 2 3 .
to cytoplasmic microtubules at 3T. As described above, | ; T i
N-STOP, which contains three Mn modules in addition t0 |yt EErrrt T mmmmD|  werorrs | to0%

the five Mc modules, induces both the cold stability of M0t M2 Me Mo Mo Mc Mo Mnz

microtubules and the resistance of microtubules to nocoda- |ETTEEEEETT T E-STOP Rat 100%
zole. F-STOP has two fewer Mn modules than N-STOP, and |~ .. . ...

this corresponds with a weakened ability to induce resistance |- =L FETITT_THII I | - wsToPHowss | set
of microtubules to nocodazole. Such parallelism strongly |gpr—FTEm EErT EsToPMome | 5%

suggests that the differences in behavior and activity between

neuronal STOPs and F-STOP are due, at least in part, to S S Sy F-STOP Mouse 88%

their different module composition. s oo
Mn and Mc modules represent new bifunctional calm- |®C—TH_ I T_ T | - N-STOP Human | 70%

odulin-binding and microtubule cold stabilizing motifs. The |- --- - - oo

. . [ e R — . ESTOPHUman |  87%
Mn and Mc modules show some homology, involving Saa |
(Figure 5B). Further structural studies will tell us whether |- _ -- - -
i i . i} T STOP-A 3%
these aa are of particular importance for microtubule e Sl e
stabilization. = O N sToP-Bzstraten | 71%
STOPs in kolution mp M m T STOPC Zebrafish | 60%
STOPs are apparently restricted to vertebrates30eind a1 srop R
unpublished observations). Protein, cDNA, and genomic data (ORF)
are available for mammals, fishes, and birds. The following (- STOP Zebrafish |  64%
sections contain previously published informatioB0)( o8
completed by screens in recent databases. BT em 0T ESTOPGhicken |  82%
Mammalian STOPdn mammals, biochemical evidence .
"""""""" | — STOP Chicken 7%

and DNA sequences indicate the presence of STOP in |4
Eu[[‘nan_s, r?jlcf’ rats, Co.\lNi’l p!gst,hsheep, afnﬁ ChlmpanzeeSFlGURE 6: Domain structure of STOP proteins from various species.
XIEnsIve data are available in thé case or human, mouse;ryq figure shows schematic representations of mammalian, fish,
and rat STOPs. The human, mouse, and rat N-STOPs shar@nd avian STOP proteins as indicated. Protein structures and exon
a high degree of homology (7®4%) (Figure 6). All are limits were deduced from cDNA and genomic sequences. ORF

apparently encoded by a single gene. The genomic structurdndicates sequences deduced from genomic data only. Regions

of the gene is conserved, with four exons and two large Shownoiln the Samﬁ color are homO'O%ogs iet""ee” species. 'I\"Od‘}f]'es
. A : 2B). However, there is variabilit Mn and Mc are shown in orange and dark gray, respectively. The
intervening introns (Figure 2B). , Y N-terminal module common to STOPs and SL21 is in purple.

in the composition of the central repeat domain of N-STOP Calmodulin-binding sites are indicated with black horizontal bars.
(Mc modules). The number of central repeats within a given The black box is the putative binding site for SH3 domains. Light
rodent species shows allelic variability (four to five in mice 9ray boxes are C-terminal repeats. Red bars are putative Cam kinase

o ) : : Il phosphorylation sites. Fish and avian variable STOP domains
and four to six in rats). The human N-STOP contains a single are shown as dark green, blue, or brown boxes. The limits between

central repeat (Figure 6). Repeat number variability in ihe conserved and variable STOP domains are indicated by two
microtubule-stabilizing domains has been observed in tau, blue bars (top, exon limits). Fish and avian C-terminal STOP

MAP2, and MAP4. In the case of these MAPs, the variability domains are shown in pink and light green, respectively. Dashed
originates from alternative splicing of exons specifically \?vci)tﬁe? ;rengr%'Ss;:euTﬁgﬁgPeﬁqugfﬁéﬁhﬁﬁgrcﬁ{gsgﬁﬂgﬁéﬂg”
encoding ane of t.he repea3( 32)'.'” the case of STOPs, excludes the additional central or C-terminal repéats. For fish and
central or C-terminal repeats are internal to exons 1 and 4,ayian STOP proteins, the calculation excludes the indicated amino-
respectively, and their variability does not result from terminal deletions, the variable inserted domain, and the variable
alternative splicing. C-terminal domain. Some of the accession numbers are given in

; ; . ref 30. Additional data concern the human E-STOP cDNA
As described above, the translation of the mouse F STOP(GenBank entry XM_166256), the fish STOP-A (GenBank entries

mRNA uses a start site different from that of N-STOP. The pg306376, BG308187, and AL921111; WGS Traces 143686104,
corresponding ATG is not conserved in other mammals, 128641747, 119884986, 131401243, 100156129, and 102786197
implying interspecies variability in the non-neuronal STOP at the NCBI zebrafish genome Blast program, http://www.ncbi.n-

N-terminus. Actually, whereas non-neuronal STOPs have Im.nih.gov/genome/seq/DrBlast.html), STOP-B (zebrafish WGS

; ; ; ; Traces 30610698 and 25633661), and STOP-C (GenBank entry
also been detected in rag( 27), their existence remains - 376503 "sebrafish WGS Traces 42492373 and 133224039)

unproven in nonrodent species. _ _ proteins, the additional zebrafish exon 2 and exon 3 (zebrafish WGS
We have detected several putative STOP variants in Traces 99997172 and 90554653, respectively), and the splicing
addition to N-STOP, E-STOP, or F-STOP using Northern variant of chicken E-STOP (GenBank entries BU353890 and
and Western blot analysis of various tissues and cells andBU357727).
screens of sequences in datab&8e-28). The corresponding Avian and Fish STOPsDatabase searches show the
cDNAs are still uncharacterized. In some cases, STOP presence of ortholog STOP DNA in chicken, zebrafish, fugu,
variants may involve additional exons and splicing variants. tetraodon, and trout. In these species, the central repeat
For instance, a 151 pb exon, located in intron 3, is fused domain is replaced by shorter and nonrepetitive sequences
with exon 4 in a retinal EST (GenBank entry AA317764). that are completely unrelated to the mammal central repeats
This exon is also present in the rat genome, and absent inand that are divergent between fish and bir8@) (Figure
the mouse genome. 6). Strikingly, the divergent sequences are inserted in the
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middle of STOP exon 1, at a strictly defined location, starting A) Mouse SL21 protein

at the first amino acid following module MN2 (a2 175,  taypr0yGroRGVRTARAGSROAAGERPSGPGGRRGOSSAPPTRTVIVLEVGIADANYVA
according to the rat N-STOP sequence) and terminating at frssrosroARTeVAESRSTRARTARVVI THSSGHDPSPGASFQVPEVRKETPNPSATFQT
the last amino acid of the last central repeat (aa 451, in the saporinv

rat N-STOP sequence). The exon 1 sequences flanking the

insertion, as well as the sequences of exons 2 and 3 of birds g) ajignment of sL21 and N-STOP N-termini

and fish, are highly conserved, being-687% homologous
with that of rat STOP (Figure 6).

Fish and bird STOPs also lack the C-terminal repeats of
mammalian N-STOPs. In these organisms, the STOP C- €)Alignment of $L21 and STOP Mn modules
terminus is composed of short nonrepetitive sequences .o o oo SR
(Figure 6, pink and light green boxes). These sequences are - .
unrelated in fish and birds. In chicken, the 22 aa C-terminus FIGURE 7: SL21 sequence and modules conserved with STOP

| vel i h val f proteins. (A) Protein sequence of mouse SL21, deduced from a
can be alternatively spliced to produce the equivalent of ;pnA sequence (GenBank entry BY727771). The SL21 N-terminal
mammalian E-STOP, initially described as cN&3)(

sequence and the Mn module in common with STOP proteins are
The fish genome contains multiple copies of STOP exons Poxed in purple and orange, respectively. Both SL21 sequences

_ . ) f are aligned with the corresponding mouse N-STOP sequences in
1-3. A fish STOP-A protein can be deduced from EST anels B and C. Conserved amino acids are shown in red. The

sequences (Figure 6). Exon 1 sequences corresponding t.sTOP calmodulin-binding peptides Cam1 (N-terminal) and Cam5
two additional STOPs can be deduced by genome or EST (module Mn3) are underlined.

analysis (STOP-B and STOP-C, Figure 6). Genome analysis

also shows additional copies of exons 2 and 3. More EST have calmodulin binding and microtubule stabilizing activity,
data will be necessary to ascribe these exons to eitherindicating a requirement for such activities for STOP
STOP-B or STOP-C and to determine the complete structurefunction.

of these proteins.

MAWPCISRLCCLARRWNQLDRSDVAVPLTLHGYSD
MAWPCITRACCIARFWNQLDEKADIAVPLVFTEYSE

SL21 N-texr
STOP N-ter

8121 Mn module
STOP Mn3 module

STOP-like Proteins

Dual Nature of STOPs We have searched for proteins sharing at least one

Comparison between Species indicates a dua|_d0mainconserved module with STOPs. This resulted in the identi-
Composition of STOP exon 1 with a h|gh|y conserved domain fication of a mammalian prOtEin distinct from STOPs and
split by the insertion of a variable domain at a precise containing an Mn3 module (Figure 7). In addition, the protein
location. Such a variable domain can hardly arise from contained another highly conserved domain of STOP,
mutations in a common ancestral gene. Instead, it may corresponding to the N-terminus of N-STOP and comprising
correspond to the insertion in an ancestral N-STOP exon 1the calmodulin-binding peptide Cam1 (Figure 7). Besides
of sequences originating from other genes, although plausiblethese two shared sequences, the protein was not at all
mechanisms for such an insertion remain to be defined. Thehomologous with STOP. We have called this protein SL21,
insertion of foreign sequences in a conserved gene could befor 21 kDa STOP-like protein30). Recent work in our
related to another unique feature of STOP which concernslaboratory indicates that SL21 is indeed a calmodulin-binding
promoters. Different promoters are used for N-STOP and and calmodulin-regulated MAP (S. Gory-Fauepublished
F-STOP, and remarkably coding sequences of N-STOP exonobservations). The sharing of a common N-terminal domain,
1 are part of the F-STOP promote2dj. Thus, the same  containing a calmodulin-binding peptide (Cam1), by N-STOP
STOP sequence is used either as a promoter sequence or ﬂqd SLZ]., indicates that this domain has functional indi-
a coding sequence in the same exon (Figure 2B). There isviduality and that it may be considered an additional STOP
to our knowledge only one other example of such a situation, module.
in the Golli/myelin basic protein (MBP) gene, where an MBP . .
promoter lies in a coding sequence for the Golli protaigg( > ' OP-Deficient Mice
In the STOP gene, this particular feature may be a signature \We have recently produced STOP-deficient mice (STOP
of the “cannibalization” of a common ancestral STOP gene —/— mice) (L0). In these mice, microtubules are cold-labile
by inserted sequences. in both neuronal (Figure 8) and non-neuronal cells. This

During evolution, there is a strict segregation of STOP dramatic modification of microtubule stability has no cata-
modules among the conserved and variable domains ofstrophic consequences for mouse organogenesis or viability.
N-STOP, which contain Mn and Mc modules, respectively. To this day, no clear phenotype has been detected in non-
Mn modules may be essential for the microtubule stabilizing neuronal tissues following STOP suppression. We expected
activity of a conserved ancestral brain STOP. Mc modules stable microtubules to be a key support for neuronal
are apparently dispensable for N-STOP functions, at leastdifferentiation. It came as a surprise to us that STOP

in some species. Within the “insertion” hypothesis, Mc
modules may be primarily involved in cell functions distinct
from those involving Mn modules, despite intriguing con-
vergence in the biochemical properties of Mn and Mc
modules. In this view, F-STOP, which mainly contains Mc
modules, could be a protein distinct from N-STOP, not
merely a STOP variant. Alternatively, despite sequence
divergence, the insertions observed in fish and birds may

mice, while devoid of microtubules that are resistant to the
cold, actually lack detectable anomalies in brain anatomy.
But STOP—/— mice display multiple deficits in synaptic
function that affect both long- and short-term synaptic
plasticity (L0). These synaptic defects are associated with
multiple behavioral disorders, including a disorganized
activity with disruption of normal behavioral sequences and
episodes of hyperlocomotion or apparent prostration, anxiety,
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cytoskeleton can be a cause of synaptic defects associated
with severe behavioral disorders, indicating a possible
involvement of the cytoskeleton in psychiatric illnesses. This
conclusion has received support from a very recent paper
showing that the gene involved in a major schizophrenia
locus in humans (DISC1) encodes a protein that interacts

wi of=
) - -

with microtubule organizing centers and MARK.

Dustin, P. (1984) iMicrotubules 2nd ed., pp +482, Springer-
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