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beginning near the amino termini of the
SNAPs was found to contain several
34-residue repeats separated by linker
regions of six amino acids. As shown in
the upper portion of Fig. 1, each
34-residue repeat can be divided into five
subrepeats. These SNAP subrepeats all
have related sequences but can be
separated into two classes by length.
Four copies of a sevenresidue subrepeat
are present within the 34-residue repeat
and are arranged in tandem pairs that are
separated by a single six-residue
subrepeat in the center. The repeat
structure for the five SNAP sequences
aligned in Fig. 1 is indicated by shading of
residues that match a ‘unified’ consensus
sequence representing both the seven-
residue and six-residue subrepeats

(Fig. 1). Despite substantial sequence
differences among the SNAP proteins
(ranging from 88% to 25% amino acid
identity with o-SNAP in the aligned
region), the percent identity of their
34-residue repeats to the unified
consensus for the SNAP subrepeats falls
within a rather narrow range as follows:
a-SNAP (65%), B-SNAP (64%), dSNAP
(63%), SEC17 (60%) and y-SNAP (63%).
The degree to which these comparisons
indicate strict order within the SNAP
sequences is indicated by our finding that
arandomized version of the same a-SNAP
domain sequence exhibited only 22%
identity to the SNAP subrepeat consensus
sequences.

Database searches using the portions
of the dSNAP and a-SNAP proteins shown
in Fig. 1 identified the yeast nuclear
protein nuc2* as a high-ranking match and

as the only protein matched by both
query sequences. Another yeast nuclear
protein, the cell-cycle protein CDC23, was
identified as the closest match to a
consensus sequence representing the
SNAP seven-residue subrepeat. Both
nuc2* and CDC23 are members of the TPR
protein family, and the 34-residue repeats
present in these proteins were found to
be similar to those in the SNAPs.

The similarity between the SNAP
repeats and those in the TPR proteins is
shown in Fig. 1. Here, two individual TPR
proteins, the yeast nuclear proteins nuc2*
(Refs 3, 4) and CDC23 (Refs 3, 4), and a
published consensus sequence for the
TPR motif® are aligned with the SNAP
repeat domain. Again, highlighted
residues match the unified consensus
sequence for the seven- and six-residue
SNAP subrepeats. The aligned sequences
of the nuc2* (TPRs 5-8) and CDC23 (TPRs
5-8) proteins are 43% and 40% identical to
the unified consensus for the SNAP
subrepeats. By contrast, a randomized
sequence corresponding to the same
nuc2* domain exhibited only 22% identity.
The TPR consensus sequence exhibits
62% identity to the SNAP subrepeat
consensus, a value similar to those
observed with the repeat domains of
individual SNAP proteins. Thus, a clear
relationship exists between the 34-residue
repeats in the SNAPs and those in
established TPR proteins. Despite this,
the SNAP TPRs are unusual in that they
are separated by linker regions of six
amino acids in length, in contrast to the
tandem arrangement prevalent in other
TPR proteins34 (see Fig. 1).
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The findings reported here may have
important implications. The subrepeat
structure identified in the SNAP TPRs may
lead to new general insights into the
structure and interactions of TPRs in all
proteins in which they appear. Furthermore,
the relationship of the SNAPs to the TPR
proteins adds to previous work
identifying NSF-related proteins with
nuclear and cell-cycle functions!®!?, Taken
together, these findings suggest that similar
kinds of protein interactions participate
in cell functions as diverse as cell-cycle
regulation and neurotransmitter release.
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The WW domain:
a signalling site in
dystrophin?

Duchenne and Becker muscular dystrophies
are degenerative diseases caused by
mutations of a single locus, the dystrophin
gene (for a review see Ref. 1). The gene
encodes a large molecule that belongs to
a family of cytoskeletal proteins including
a-actinin and B-spectrin. Alternatively
spliced forms exist; the longest one
consists of four domains: (1) an amino-
terminal, globular actin-binding domain
common to other cytoskeletal proteins,
(2) 24 spectrin-like repeats forming a long
rod in the middle of the molecule, (3) a
cysteinerich Ca?*-binding domain, and (4)
a carboxy-terminal globular domain!
(Fig.1). Molecular analysis of the central
rod-like portion of human dystrophin
revealed two interruptions of the spectrin
repeats and two flanking segments that
appear to be hinge regions?.
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Since the flanking hinge regions are
sufficiently long to form functionally
independent domains, we have subjected
them to sequence-database searches.
Indeed, the segment following the spectrin
repeats showed significant sequence
similarity (probability of a chance match
<10-%, as computed using the program
BLASTP, Ref. 3) to repeats in a nematode
and a mouse protein (Yo61 and Nedd4 in
Fig. 2). Subsequent database searches
with profiles* and patterns® derived from
these regions identified several other
proteins that contain this novel domain,
some with as many as three copies
(Fig. ). Since two strictly conserved
tryptophans (W) give the strongest signal
in sequence comparisons, we refer to it as
the WW domain. Instrumental in the
delineation of the WW domain was the
cloning of the YAP gene, which encodes a
Yes-kinase-associated protein®, The
mouse YAP protein contains two WW
domains compared with only one found in
the human and chicken orthologues; the
second WW domain in the mouse

sequence appears to be the result of a
recent duplication and thus allows the
length of the domain to be estimated at
about 40 amino acids.

The WW domain is often flanked by
histidine-rich or cysteine-rich regions,
which might bind metal ions, as in
dystrophin!. The domain itself appears to
contain B-strands (Fig. 2) grouped around
four conserved aromatic positions. The
presence of both a hydrophaobic core and
numerous charged residues (Fig. 2) is
reminiscent of well-characterized protein
modules involved in protein-protein
interactions. Like the Src homology
domains SH2 and SH3, and the pleckstrin
homology (PH) domain, the WW domain
occurs in a variety of molecules with no
apparent common function. Despite their
functional diversity, all of the proteins
listed in Fig. I seem to be involved in cell
signalling or regulation.

Dystrophin and utrophin are more than
70% identical in sequence!; they form
tetramers via their spectrin-like repeats
and are thought to have multiple
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Human,
Dystrophin/ mouse,
utrophin chicken,

ray
RSP5 S. cerevisiae
Nedd4 Mouse

Human
Y ]

AP chicken

YAP Mouse
Yo61 C. elegans
YKB2 Yeast
Amoe Amoeba
essi S. pombe
FE65 Rat

24 spectrin repeats (100 residues each)

485
695

583

302

3685

WW domain

C2 domain

i
O

Actin-binding domain

ROUND deain

Y domain
CH :
- Cysteine/histidine rich
P
100 residues I Proline-rich

Figure 1

Modular architecture of the proteins containing the WW domain. Dashed lines denote partial sequence. Note that the 24 spectrin repeats are not drawn
to scale. The C2 domain is shared with some protein kinases C, synaptotagmins and Caenorhabditis elegans unc-13; the ROUND domain is found at the
carboxyl termini of RSP5, the oncoprotein E6-AP, UreB1, Nedd4, a hypothetical yeast protein (Ykbo) and others; the Y-domain is common to YKB2 and Yo61;

and the proline-rich domain binds SH3 domains.

functions, including involvement in
membrane stability, transduction of
contractile forces to the extracellular

environment and organization of
membrane specialization!. YAP is a
substrate of an unknown serine kinase,
and it binds to the SH3 domain of the Yes

oncoprotein via a proline-rich region
located downstream of the WW domain®
(Fig. 1). Mouse Nedd4 plays a role in the
embryonic development and
differentiation of the central nervous
system’. Yeast Saccharomyces cerevisiae
RSP5 is similar to Nedd4 in its molecular

Protein/specias Position Sequences of the WwW domains Acc. No.
Dd_Human 3052 TSVOGPWERAISPN.KVPYYINHETQTTCWDHPKMTELY P11532
Dmd/Ray 253 TSVQGPWERAISPN.KVPYYINHQTQTTCWDHPKMTELY M37645
Utro/Human 2813 TSVQLPWQRSISHN.KVPYYINHQTOTTCWDHPKMTELF X69086
Yap/Human 171 VPLPAGWEMAKTSS .GQRYFLNHIDQTTTWQDPRKAMLS X80507
Yap/Chick 169 VPLPPGWEMAKTPS.GQRYFLNHIDQTTTWQDPRKAMLS X7 6483
Yap/Mouse-1 151 VPLPAGWEMAKTSS . GQRYFLNHNDQTTTWODPRKAMLS X80508
Yap/Mouse-2 218 GPLPDGWEQAMTQD .GEVYYINHKNKTTSWLDPRLDPRF X80508
Neddd4 /Mouse-1 ? SPLPPGWEERQDVL .GRTYYVNHESRRTQWKRPSPDDDL D10714
Neddd4 /Mouse~2 ? SGLPPGWEREKQDDR .GRSYYVDHNSKTTTWSKPTMQDDP Dl 0714
Nedd4 /Mouse-3 2 GPLPPGWRERTHTD.GRVFFINHNIKKTQWEDPRLONVA D1 0714
RSPS/Yeast-1 228 GRLPPGWERRTDNF. GRTYYVDENTRTTTWKRPTLDQTE L11119
RSPS/Yeast-2 331 GELPSGWEQRFTPE. GRAYFVDHENTRTTTWVDPRRQQYI L11119
RSPS/Yeast~3 387 GPLPSGWEMRLTNT. ARVYFVDENTKTTTWDDPRLPSSL: L11119
YKB2_Yeast-1 1 M...SIWKEAKDAS.GRIYYYNTLTKKSTWEKPKELISQ P33203
YKB2_Yeast-2 39 LLRENGWKAAKTAD.GKVYYYNPTTRETSWTIPAFEKKV P33203
Yob 1:Caeel -1 49 PSVESDWSVHTNEK .GTPYYHNRVTKQTSWIKPDVLKTP P34600
; Yo61l_Caeel-2 94 QPQQGQWKEFMSDD.GKPYYYN'I‘LTKKTQWVKPDGEEIT P34600
: Amoe?Amoeba 72  KMSVDGWKQYFTAE .GNAYYYNEVSGETSWDPPSSLQSH DI90360
FE65/Rat 12 SDLPAGWMRVQDTS.GTYYWHIP.TGTTQWEPPGRASPS X60468
esgl_Yeast 29 TGLPTPWITARY SKSKKREYFFNPETKHSQWEEPEGTNKD P22696

ttt Gt YYhNH TtTTtW tPt
111111111

LPLGWE
111111 bbb 1111 bbbbb 1111

Consensus line:
secondary struct.:

Figure 2
Alignment of selected WW domains. Protein codes are taken from the SWISSPROT giatabase .if avail
able (Yo61, hypothetical protein from C. elegans chromoso_me lIl; YKB2, hypoth_et|cal protgm from
yeast chromosome Xl: Dmd, dystrophin; Utro, utrophin; Amoe,' hypothetical prot_em fljom
Acanthamoebg). The consensus line displays conserved features (capitals, conserved amino acids;
h, hydrophobic; t, turn-like or polar). Amino acids conserved in at least 60% of the sequences are
shown in botd. The secondary structures were predicted using the program PHD™ (b, B-strand;
1, loop: not assigned, nearly equal preference for both B-strand and loop). A_II segments have a prglzo-
ability of less than 10~7 of matching the alignment by chance (computed using the MoST program™=)
gxcept FE65. The WW domain in FEBE 1s, however, 38% identical to that In YAP and is the(efore

included.

532

organization and contains an amino-
terminal regulatory domain common to
protein kinases C and synaptotagmins
(C2-domain in the PROSITE motif
database). The yeast
(Schizosaccharomyces pombe) essl
protein appears to be essential for growth
and may be involved in cytokinesis
and/or cell separation®. Rat FE65 is a
transcription-factor activator expressed
preferentially in liver; the activator
domain is located within the first 232
residues of FE65 (Ref: 9), which also
contain the WW domain. i

The identification of the WW domain
in dystrophin suggests a binding site for
one of the many dystrophin-associated
proteins!®; it is closely located to the
B-dystroglycan-binding site and
may regulate the formation of this
complex.

Stop press

Recently, we became aware of
independent efforts to delineate the WW
domain, and would like to thank S. Kumar
and P. Pavlik for communicating to us
partial similarities between YAP, Nedd4
and RSP5, as well as B. André and
J. Y. Springael for pointing out a mistake
in the alignment. RSP5 is also called PIP1
(P. Pavlik et al.; unpublished) and NPI1
(C. Hein et al., unpublished).
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Proteasome sequences in
eubacteria

The 26 S proteasome is an ATP-dependent
protease that is central to the ubiquitin-
dependent pathway of protein

- degradation’~® and has a highly

conserved structure from slime moulds to
humans. The elongated 45 nm molecule is
formed by a barrel-shaped 208 core
complex and two asymmetric polar 195
complexes?. The 20 S complex, also

known as MCP or multicatalytic
proteinase, is an ATP-independent
protease consisting of four
seven-membered rings that are
formed by 14 related but

o- and p-type sequences’®S. Efforts to
detect proteasomes in other prokaryotes
have failed so far?, leading to the
hypothesis that a Thermoplasma-type
organism may have been the precursor of
the eukaryotic cytoplasm.

Although a variety of biochemical
methods has failed to detect proteasomes
in eubacteria, recent genomic sequencing
has uncovered four sequences that are
significantly related to B-type
proteasomal subunits: HslV from
Escherichia coli®, LapC from Pasteurella
haemolytica'®, HslV from Bacillus subtilis
(Genbank Accession No. Z33639) and
PrcB from Mycobacterium leprae
(Genbank Accession No. U00017) (Figs 1,

2). Alignment with mature g-type subunits
shows that of these, only PrcB contains a
pro-sequence (Fig. 1). Although the
sequences are only remotely related to
the p-type family, three blocks of
sequence (the amino-terminal 30
residues, a GxxxD motif and a GSG motif)
can be aligned to the eukaryotic
sequences with probabilities of occurring
by chance alone of less than 10, as
computed by MACAW!L. The alignment
can be extended over almost the entire
length of the eubacterial sequences, with
probabilities of chance occurrence
between 102 and 107 for individual
ungapped blocks. In pairwise sequence
comparisons, the eubacterial sequences

Thermoplasma acidophilum57,
where the 26 S complex has not
been identified yet and the 20 S
complex is built by only two
proteins, « and B, whose
sequences are approximately
30% identical to eukaryotic

" © 1994, Elsevier Science Ltd

eukaryotic subfamilies are represented by
human sequences (Homo sapiens, Hs).

acidophilum (Ta),
haemolytica (Ph}
mature form and PrcB is shown in its presumed mature form (
>50% conserved within eukaryotic sequences and >75% conserved within prokaryotic sequences (a higher
was necessary for prokaryotic sequences since HslV and LapC are closely related). The alignment was obtained
using MACAWAL, '

PrcB from Mycobacterium leprae (MI),

different subunits. These fall
into two families, a-type Rn_C7 %IGIQGPDYW 'SRVAA%;VQ—MKDDHD K-MSEKILLLC GETVQFAEYTQRNV RNEYELSP TR¥JANF TRRIN
i i Rn C5 AL AGEDF SIS TR ST-HTRDSPICYK-LTDKTVIGOHEF HGACLTLTKI T EARLKMUKHS NNKAMTTGAT AAMLSTT
su bunits, forming the outer Rn_C10 GAVIIJEMKGKN ANRFGIOAQM-VTTDF QT FP -MGDRLY T GLACT IATSVTVAORLKFRL RQIKPYTLMSMVANL
rings, and B-type subunits, Rn_3 SVLGY! LGEY[ESLA-RFRIISRIMR-VNDSTMLGAEED YINFEY LKOVLEQMY I DE GDGHSYSPRITHSWLTR
forming the inner rings of the Hs Mecll - JSHTAGL TATNDSVV—-ADKSCEGTHF -T1APKIYCCGAEVINANLEMT TRMVAS S TEREPRVATVTRILRQT
lex. Th - Rn_Lmp2 Y2 V~VNRVFDULSP-LHORIYCALE ARATADMAAYQL! LEEPPLVINAANIVENT
comé) ex. The r(:t—gyt[))e Sibugllts Rn_Lmp7 T L KJOHEYT) SYI-ATIRVNEVIE-INPYLLGTMIECHRCYWERLLAKEC ERT SV SERISKLLSNM
are distinguished by a highly
; ; Ta Beta TfGI TLKDAJIMATERR T -MHKNGKEILFQ-IDTYTGMT IFELVCRRQVIVRYMKA
conserved amino-terminal M1"Prch LKYPEGYV T AGURRSINOENMT ~AGRDV TVEFARLYAV
extension of approximately 35 Ec_Hslv SV TAENGO TV -MKGNV. ADAZLIFARIE
i Ph” Lapc CVRK W(ECDEl) 1-EKGTV AFTIRDLFEK]
readues,gr};%bga Z(;?pletely Bs_Hslv FAVOHKIERSAMSENGY AVVMKHTA FEKFEA
conserve xG motif. o
Otherwise, their sequence Rn_C7 DCLRS-RUEYHVNLLLAGYBEHEGD ~ -~ AFYMEY LAALA- - KAFGARHEVEAF LTLS IBRY ¥ - == ===~ T SRERQVERL
identity is very low and limited Rn C5 SRE---FRgYYVYNIRECLYEEGK G-~~~ SEIPVES YO~ - RDSKGERASAMLOP . Q%GFKNMQNVEEP%IPEHLFETI
; iti Rn_C10 - -~F QY Y TEP VAR LNPKTFKP --~~F1CS LWL ECPMV~TDDVV S ETCSEQMY GMCES L~ -~ — =~ )
toon }y five addltlon{;\l Rn_3 MY SR SKMNGLHNTKVEGEY AGGES - -~~~ FGYVIMLEVAY -~ EARS LA YLAQPTIREVLEK--—=~=~ 0 LSQTENRgiv
positions, two of which are Hs Mecll PFRYQ----GHVGASLIVGEVELTGR---=-~ GVHPHESYS--RIFTE DAALAVIEDRE—---===-~= Hurrigaodir
i - i Ro Lmp2  SYRY---- EDLLAHLMVAGHEOHE -~ ==~~~ GGQVYGTMEGMLI ~RO3A STYTYGYVEAAY ---=—=~-~ [§GMTPRECRRET
glycines. The B t-ype subunits Rn—ng7 WLOY -~ GUGLSMGSMBCEHEKKGR - ~— ==~ GBI VEDNETRL--SGOMFS TYAYGUMYSGY ===~~~ RQDLSEZERYDEA
are even more divergent and -
h n r invariant Ta Beta  [ENQVK---YMPYMVQUEVGGID-TAP--~--~ HVFS IDANEGSV--BDIYASTEYESPFVYGVLESQY----—=~-~ SERMTVDEGVDLV
ave o ly four inva 1an M brch  VRSNLTAAMOGLEALPHLAGYDIHAPDPQSAGRIVSFDAMEGHNIEAEGYQSVIEReS TFRKSSIKKY -~~~ -~~~ SQVSDADERILRVA
residues, three of which are Ec Hslv  Pr--—m-me- REMEALMAVADET--=-==~=~ ASL TTGNEDVV QP ENDLIA T HReGP YHORRA p— igngqEI R}éié
also present in a-type subunits. Ph lapc [R----m---- TVANDS-=—====== EFLLVSGSEDVIEPRQDVLATENeCNYRKAAALANL -~~~ ~==~~~ d
The tI:allmark of B}tlgpe Bs'ﬂs}l)v L RKEEAMBTYMNQD--~==-~=~ TLLLVSGTREVIEPDDGI LA TRaGNYHLAAGRAK- -~ -~~~ KHAGESMEASEIA
subunits is a highly variable Bn C7  RKCLEELQKFFILNLPTESVRVEDRD TENLENITETKRSS ' ‘
pro—sequence5 that may be Rn_C5 ALRICI ; TREETVPLRKD
Rn_CL0 GVIVHIBERDKITTRTLKARMD
anywhere from 4 to over 70 R0 3 NREQVATVEKEVEI EGPTSAQTNWDIAHMI SGEE
residues long (but appears to Hs Mecll NVDACVIREGTIEAKLLRTLSSPTEPVRRSGRYHFVPGTTAVLTQIVKPLTLELVEETVOAMEVE
issing i g i Rn_Lmp2 VY LVTI§4ADEVDHRY I LGDELPKFYDE,
:scﬂ];zﬁf Lrllegzgp;fsé’:ﬁggs) Rn_Lmp7 VVNMYHM-KDGWVKVESTDVSDLLHKYREATL
. proteasome assembly after an Ta_Beta  IRQISAIKQRDSASGGMIDVAVITRKDGYVQLPTDOIESRIRKLGLIL
prote - ly ¥l Prcb  IENIYDAADDDSATGGPDLVRGIYPTAVIIGAEGAAEVIESRIAELAREITESRSRAYTLGSFGGSEK
invariant glycine. EcHsly  EXMDINGDICIYTNHFRTIEELSYKA
So far, proteasomes and Ph_Lapc A ﬁDIDIYSNYNHVIEEV
A Hsl NGEICVYTNDQIILEELE
ubiquitin have only been found Be_fist WGELCVYTNDY
in eukaryotes, where they are
ubiquitous, and in the Figure 1
archaebacterium Alignment of 20 S B-type subunits. Eukaryotic and prokaryotic sequences are shown in separate blocks. The seven

rat sequences (Rattus norvegicus, Rn) and, where not available, by
The prokaryotic sequences are the B-subunit from Thermoplasma
HslV from Escherichia coli (Ec), LapC from Pasteurella
and HslV from Bacillus subtilis (Bs). Eukaryotic and archaebacterial sequences are shown in their

residues 57-291). Residues in reverse type are
cutoff
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