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Abstract

The sequence and structural analysis of cadherins allow us to find sequence determinants—a few positions
in sequences whose residues are characteristic and specific for the structures of a given family. Comparison
of the five extracellular domains of classic cadherins showed that they share the same sequence determinants
despite only a nonsignificant sequence similarity between the N-terminal domain and other extracellular
domains. This allowed us to predict secondary structures and propose three-dimensional structures for these
domains that have not been structurally analyzed previously. A new method of assigning a sequence to its
proper protein family is suggested: analysis of sequence determinants. The main advantage of this method
is that it is not necessary to know all or almost all residues in a sequence as required for other traditional
classification tools such EBLAST, FASTA andHMMUsing the key positions only, that is, residues that
serve as the sequence determinants, we found that all members of the classic cadherin family were un-
equivocally selected from among 80,000 examined proteins. In addition, we proposed a model for the
secondary structure of the cytoplasmic domain of cadherins based on the principal relations between
sequences and secondary structure multialignments. The patterns of the secondary structure of this domain
can serve as the distinguishing characteristics of cadherins.

Keywords: Classic cadherins; cell adhesion molecules; method for protein family recognition; sequence
comparison/classification

In the previous communications (Gelfand and Kister 1995many types of animals ranging from nematodes to humans.
1997; Chothia et al. 1998; Galitsky et al. 1998, 1999), weHumans and other vertebrate animals have several classes
described a new method of sequence-structural analysis of cadherins, each class being characteristic for a group of
protein families. This method permitted us to find the set oftissues (Takeichi 1991, 1995; Gumbliner 1996; Suzuki
a few key residues in a sequence that will constitute ari996; Gallin 1998; Shapiro and Colman 1999). For ex-
amino acid pattern of a given family. In this article, we ample, E-cadherins are specific for epithelial tissues, P-cad-
apply this approach to determine defining characteristics oherins are found in placenta and other tissues, and N-cad-
the cadherin family. herins are typical of neural and mesenchymal tissues.
Cadherins are a group of proteins essential for the for- The cadherin-like family comprises five subfamilies:
mation of stable specialized cell—cell contacts, that is, adelassic cadherins types | and Il, desmosomal cadherins, and
herent contacts in various tissues, and therefore for organprotocadherins and cadherin-related proteins (Koch et al.
zation of these tissues and organs. Cadherins are found 999). In this work, we focus on the classic cadherins. The
classic cadherins are transmembrane glycoproteins with five
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adhesion of external N-terminal domains of cadherin mol-LINCG, 1NCH, 1NCI, 1INCJ, 2NCM; Shapiro et al.1995;
ecules on the surface of one cell with the correspondindPertz et al. 1999) and for two domains of murine epithelial
domains of cadherin molecules on another cell. Cadhericadherins (PDB files: 1EDH, 1SUH, 3NCM; Overduin et al.
adhesion is calcium dependent. Within the extracellular re1995; Nagar et al. 1996; Jensen et al. 1999). Structural analysis
gion of cadherins, G4 ions bind between domains to pro- revealed that sequences of these domains form sandwich-like
duce a rigid link part. In the absence of calcium, thesestructures with an immunoglobulin-like fold. Each domain
domains display excessive motions relative to one anotheronsists 0f D0-100 amino acids, which form sev@sstrands.
and stable adhesions cannot be formed. According to the accepted classification of the immuno-
The goal of this work to find the sequence determinantsglobulin fold, the seven successive strands are ternieB8 A
the residues that occupy the conserved positions in classic, D, E, F, and G, and the loops between them are named,
cadherins. To describe the sequence determinants, we epespectively, AB, BC, CD, DE, EF, EF, and FG (Chothia
tend here the methods of sequence and structural analysasd Jones 1997). Strands B, E, and D make up one sheet,
that were developed in our previous works (Gelfand andand strands A C, E, and G make up another (Fig. 1).
Kister 1995; Chothia et al. 1998). We show here that the On the basis of sequence alignments against the known
sequence determinants can serve as patterns of the classtcuctures, we determined secondary structures in the 37
cadherins. A new method of identification of proteins that isclassic cadherins from the SWISS-PROT database. They
based on the pattern recognition in sequences was su@iclude the sequences of E-, N-, P—, R—, and other cad-
gested. Using this method, we were able to distinguish seherins of various tissues and species, altogether 19 types of
guences of the classic cadherins in the SWISS-PROT dat@adherins. The sequences of the N-terminal domains were
base. divided into 15 fragments corresponding to the strands and
The currently known structures for the first and the sec-4oops (the loop between E and F strand is divided into two
ond domains show that they have the same overall immuparts: EF and EF and a linker that connects the domains
noglobulin-like fold (Shapiro et al. 1995; Overduin et al. (Table 1).
1995; Nagar et al. 1996; Pertz et al.1999). However, three-
dimensional structures of the third, fourth, and fifth domains
are unknown. The multialignment of the sequences of all
five domains revealed the common conserved positions for
extracellular part of the classic cadherins. Discovering the
common sequence determinants supports the idea that the
all extracellular domains share the immunoglobulin-like
structure with the N-terminal domain. 5
In the second part of this work, we show the possibility of
predicting the secondary structure of proteins based on the
results of the sequence multialignment. We focus on th
analysis of cytoplasmic part of cadherins whose X-ray, -
structures are unknown. We based our research on the re
sults of the sequence multialignment of these sequences. I
fact, the multialignment of sequences of a protein family
that have no strong homology forces one to make insertio |
and deletions to make sequences align. As a rule, these ga
in sequences correspond to a beginning or end of the se
ondary structural units: strands, helices, or loops. On th
basis of this observation and of the results of sequence
multialignment of the cytoplasmic part, we propose a mode
for the secondary structures of the cytoplasmic domains of
cadherins.

Methods and Results

Classic cadherins: Extracellular domains

Secondary structural analysis of the first Fig. 1. Schematic representation of the strands in the N-terminal domain
two domains of INCl structure. A, B, C, D, E, F, and G strands form tv@sheets (see

. . . text). Residues in the circles are shown with their number in the sequence.
Three-dimensional structures have been determined fofhe dotted lines represent the hydrogen bonds between the main chain

the N domains of murine neural cadherins (PDB files:atoms.
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Because the definition of secondary structure units usuthe presence of conserved positions. Our analysis shows that
ally is not very accurate, we strove to improve accuracy byconserved positions rarely, if ever, are to be found at the
performing a comprehensive multistep multialignment pro-very periphery of strands or loops (Gelfand and Kister
cedure that involved multialignment of structure superposi-1997). It appears therefore that lack of absolute precision in
tion, as well as multialignment of residue—residue contactssecondary structure definition has very little effect on the
Ca coordinates, H bonds, and accessibility values (for definal result.
tails, see Gelfand and Kister 1995). As long as multialign- To classify the conservation of residues, we collected
ments performed in several ways gives the same results, wieom the various structures all the amino acid fragments that
can be retroactively assured that the division of sequencesorrespond to each of the strands or loops. Alignment was
into secondary structure units was essentially accurateonducted separately for each set of amino acid fragments
Nonetheless, it is clear that one cannot be absolutely surat describe a particular strand or loop. In our approach, the
where the border between two secondary structure units liegmino acid sequences of the aligned fragments are given the
We therefore separately studied such borderline regions faerm “word” (Gelfand and Kister 1995). From this align-

Table 1. The secondary structures of N-terminal domains of cadherins

Name A' A'B B BC C cD D DE E EF EF' F FG G LINKER
12345 1234567 123456 12345678% 1234567 123456789 12345 1234 123456 12 12345678901 12345678901 123456789 12345678 123456789

E-CAD_C TISCLE NHRGPYP MRLVQI KSNKDKESK VYYSITG QGADSPPVG IFIIE RET GWLEVT EQ EQLDREKI DRYTLLSHAVS ASGQPVEDP MEILITVM DONDNKPVF
E-CAD_H ISCPE NEKGPFP KNLVQI KSNKDKEGK VFYSITG QGADTPPVG VFIIE RET GWLKVT EP EPLDRERI ATYTLFSHAVS SNGNAVEDP MEILITVT DONDNKPEF
E-CAD_M ISCPE NEKGEFP KNLVQI KSNRDKETK VFYSITG QGADKPPVG VFIIE RET GWLKVT QP QPLDREAI AKYTLYSHAVS SNGEAVEDP MEIVITVT DONDNRPEF
E-CAD_X IIVSE NEKGPFP KRIVQI KSSYAKEVK VYYSITC QGADTPPEG VFAIG RED CWLNVT RP RPLDREAI DNYVLFSHAVS SNGANVEDP MEITIKVQ DONDNDPVF
EP-CAD_X IKVSE NERGPFP KRLVQI KSNKDRFNK VYYSITG QGADNPPQG VFRIE WET GWMLVT RP RPLDREEY DKYVLSSHAVS ENGSPVEEP MEITINVI DQNDNRPKF
N-CAD_B  INLPE NSRGPFP QELVRI RSDRDKNLS LRYSVTG PGADQPPTG IFIIN PIS GQOLSVT KP KPLDRELI ARFHLRAHAVD INGNQVENP IDIVINVI DMNDNRPEF
N-CAD_C  INLPE NSRGPFP QELVRI RSDRDKSLS LRYSVIG PGADQPPTG IFIIN PIS GOLSVT KP KPLDREQI ASFHLRAHAVD VNGNQVENP IDIVINVI DMNDNRPEF
N-CAD_H INLPE NSRGPFP QELVRI RSDRDKNLS LRYSVTG PGADQPPTG IFIIN PIS GQLSVT KP KPLDREQI ARFHLRAHAVD INGNQVENP IDIVINVI DMNDNRPEF
N-CAD M  INLPE NSRGPFP QELVRI RSDRDKNLS LRYSVIG PGADQPPTG IFIIN PIS GQLSVT KP KPLDRELI ARFHLRAHAVD INGNQVENP IDIVINVI DMNDNRPEF
N1-CAD X INVPE NARGTFP QELVRI RSDRDKNLS LRYSVTG PGADQPPIG VFIIN PIG GQLSVT KP KPLDREQI ANFHLRAHAVD VNGNQVENP IDIVINVI DMNDNRPEF
N2-CAD_X INVPE NARGTFP QELVGI RSDRDKSLS LRYSVTG PGADQPPLG VFIIN PIS GQLSVT KP KPLDREQI ATFHLRAHAVD VNGNQVENP IDIVINVI DMNDNRPEF
P-CAD_H ISVPE NGKGPFP QRLNQL KSNKDRDTK IFYSITG PGADSPPEG VFAVE KET GWLLLN KP KPLDREEI AKYELFGHAVS ENGASVEDP MNISIIVT DQNDHKPKF
P-CAD M IFVPE NGKGPFP QRLNQL KSNKDRGTK IFYSITG PGADSPPEC VFTIE KES GWLLLH MP MPLDREKI VKYELYGHAVS ENGASVEEP MNISIIVT DONDNKPKF
P-CAD_B IEIQE GISTGEP ICAYTA RDPDKGSQK ISYHILR DPAGWLAM GWLAM PDS GQVTAA GV GVLDREDEGFVRN NIYEVMVLATD DGSPPTTGT GTLLLTLM DINDHGPVP
R-CAD_C INVPE NSRGPFP QQLVRI RSDKDKETH TRYSITG VGADQPPME VFSTD PVS GRMYVT RP RPMDREER ASYHLRAHAVD MNGNKVENP IDLYIVVI DMNDNRPEF
R-CAD_H INVPE NSRGPFP QQLVRI RSDKDNDIP IRYSITG VGADQPPME VFSIN SMS GRMYVT RP MRPDREEH ASYHLRAHAVD MNGNKVENP IDLYIYVI DMNDNHPEF
R-CAD M INVPE NSRGPFP QQLVRI RSDKDNDIP IRYSITG VGADQPPME VFNID SMS GRMYVT RP RPMDREER ASYHLRAHAVD MNGNKVENP IDLYIYVI DMNDNRPEF
VE-CAD_E MHIDE EKNTSLP HHVGKI KSSVSRKN  AKYLLKG EYVGK VFRVD AET GDVFAI ER ERLDRENT SEYHLTAVIVD KDTGENLETP SSFTIKVH DVNDNWPVE
VE-CAD_M MHIDE EKNESLP HYVKDQ SNVNRQN  AKYVLQG EFAGK TFGVD ANT GNVLAY ER ERLDREKV SEYFLTALIVD KNTNKNLEQP SSFTVKVH DINDNWPVF
VE-CAD_P MHIDE EKNGSLP HYVGKI KSSVNHKN  TKYQLKG ESAGK VFRVD ENT GDVYAF ER ERLDREKI PEYQLVALVVD KNTEKNLESP SSFTIKVH DINDNWPVF
K-CAD_H FLLEE YTGSDY QYVGKL HSDQDRGDGS LKYILSG DGAGD LFIIN ENT GDTQAT KR KRLDREEK PUYILRAQATN RRTGRPVEPE SEFIIKIH DINDNEPIF
K_CAD_M FFLLE GYTGSDY QYVGKL HSDQDRGDGS LKYILSG DGAGD LFIIN EHT GDIQAT KR KRLDREEK PUYILRAQAVN RRTGRPVEPE SEFIIKIH DINDNEPIF
K-CAD_R FLLEE YTGSDY QYVGKL HSDQDRGDGS LKYILSG DGAGD LFIIN ENT GDIQAT KR KRLDREEK PVYILRAQAIN RRTGRPVEPE SEFIIKIH DINDNEPIF
10-CAD_C FLLEE YTGSDY QYVGKL HSDQDKGDGS LKYILSG DGAGT LFIID EKT GDIHAT RR RRIDREEK AFYTLRAQAIN RRTLRPVEPE SEFVIKIH DINDNEDTE
N8-CAD H FVLEE FSGPEP ILVGRL HTDLDPGSKK IKYILSG DGAGT TFQIN DVT GDTHAI KR KRLDREEK AEYTLTAQAVD WETSKPLEPP SEFIIKVQ DINDNAPEF
N8-CAD M FVLEE FSGPEP ILVGRL HTDLDPGSKK IRYILSG DGAGT TFQIN DIT GDTHAT ¥R KRLDREEX AEYTLTAQAVD FETNKPLEPP SEFTIIKVQ DINDNAPEF
OB-CAD_H FVIEE YTGPDP VLVGRL HSDIDSGDGN IKYILSG EGAGT IFVID DKS GNIHAT KT KTLDREER AQYTLMAQAVD RDTNRPLEPP SEFIVKVQ DINDNPPEF
OB-CAD_M FVIEE YTGPDP VLVGRL HSDIDSGDGN IKYILSG EGAGT TFVID DKS GNTHAT KT KTLDREER AQYTLMAQAVD RDTNRPLEPP SEFIVKVQ DINDNPPEF
T-CAD_C ILIPE NQRPPFP RSVGKV IRSEGTEG  AKFRLSG KGVDQDPKG IFRIN EIS GDVSVT RP RPLDREAI ANYELEVEVTD LSGKIIDGP VRLDISVI DQNDNRPMF
T-CAD M ILIPE NQRQPFP RDVGKV VDSDRPER  SKFRLTG KGVDQEPKG IFRIN ENT GSVSVT RT RTLDREVI AVYQLFVETTD VNGKTLEGP VPLEVIVI DONDNRPIF
M-CAD_H ISVSE NHKRLP YPLVQI KSDKQQLGS VIYSIQG PGVDEEPRG VFSID KFT GKVFLN AM AMLDRERT DRFRLRAFALD LGGSTLEDP TDLEIVVV DONDNRPAF
M-CAD M ISVSE NHKRLP YPLVQI KSDKQQLGS VIYSIQG PGVDEEPRN VFSID KFT GRVYLN AT LDREKT DRFRLRAFALD LGGSTLEDP TDLEIVVV DQNDNRPAF
B-CAD_C VPENE RGPFP  KNLVQI KSNRDREAK IFYSITG QCADAPPEG IFTIE KET GWMKVT QP QPLDREHI NKYHLYSHAVS ENGKPVEEP MEIIVTVT DONDNKPQF
B_CAD_X VSENE RGPFP  KRLVQI KSNKEKLSK VFYSITG QGADTPPEG IFRIE KET GWMQVT RP RPLDREEY EKYVLLSHAVS ENGASVEEP MEITVIVI DQNDNRPKF
LI-CAD_R FSIFE GQEPS  QITFQF KANPPA VTFELTG ETDG  IFKIE KD GLLYHT RV RVLDRETR AVHHLOLAALD SQGAIVDGP VPITIIEVK DINDNRPTE
BR-CAD H FVLEE YVGSEP QYVGKL HSDLDKGEGT VKYTLSG DGAGT VFTID ETT GDIHAI RS TLDREEK PFYTLRAQAVD IETRKPLEPE SEFIIKVQ DINDNEPKF
14-CAD_H FVLEE HMGPDP QVVGKL HSNSDKGDGS VKYILTG EGAGT IFIID DPT GDIHST KS LDREQK THYVLHAQAID RRTNKPLEPE SEFIIKVQ DINDNAPKF

Database name of each sequence is given in the first column (E_CAD_C, etc.), while secondary structure units are referenced by letters in topmost row
(A", A'B, etc.). Amino acid sequences of cadherins are given in rows. Secondary structure units are separated by one or more spaces. Numbers in second
row (1,2,3, .. Jrefer to position number of amino acid within strand or loop.

The sequences of all cadherins are extracted from SWISS-PROT database.

The names of cadherins are given according to SWISS-PROT identification: E-cad_C, E-cad_H, E-cad_M, E-cad_X are E-cadherins of the chicken, human,
mouse, xenla, respectively; E-cad_H; CadF-X, EP cadherin xenla; N-cad_B, N-cad_C, N-cad_H, N-cad_M are N-cadherins from cow, chicken, human and
mouse, respectively; N1-cad_X is N-cadherin 1 of xenla and N2-cad_X is N-cadherin 1 of the xewi2a; Pcd:2, and Pca2, human neural cadherins;

P-cad_H, P-cad_M, P-cad_B, P-cadherins from human, mouse, and bovine species, respectively; R-cad_C, R-cad_H, R-cad_M, R-cadheritisgretinal) of
chicken, human, and mouse, respectively; VE-cad_H, VE-cad_M, VE-cad_P, vascular endothelial-cadherins of human, mouse, and pig, respectively;
K-cad_H, K-cad_M, K-cad_R, cadherin-6, kidney cadherin of the human, mouse, and rat, respectively; 10-cad_C, cadherin-10 of the chicken; N8-cad_H
N8-cad_M, cadherin 8 of the human and mouse; OB-Cad_H, OB-Cad_M, osteoblast cadherin of the human and mouse; T-cad_C, T-cad_C, cadherin 13
of the chicken and human; M-Cad_H, muscle-cadherin of the human; M-cad_M, muscle cadherin of the mouse; B-cad_C and Bcad_X, blastomere-cadherin
of the chicken and xenla; LI-cad_R, liver intestine cadherin of the ratl; 14-cad_H, cadherin 14 of the human; BR-cad_H, brain cadherin of the human.
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ment, each residue in a sequence is assigned to a positioniiave matched the patterns of the domains | and Il with the
a word. Residues in sequences are referred to by an indesequences of the domains I, 1V, and V. The result of this
that contains the letter code of the word and its positioranalysis showed that the patterns of the N-terminal domains
therein. For example, ‘A is the address of the first residue fit with the sequences of all domains. It allowed us to divide
in the A" word. Describing residues with the two-part index the sequences of the domains I, 1V, and V into the words.
gives us a common system of numbering for various cadBecause words describe secondary structural units, dividing
herin sequences. It allows us to compare residue occupatiansequence of amino acids into words permits us to predict
in each position for various sequences and determine resihe secondary structure of a protein.
due conservation at all positions. Because the alignment of cadherins was based on both
sequence and structural information, it follows that residues
Residue conservation: Patterns of strands and loops  at the identical positions of the words have the same struc-
of the N-terminal domain tural role in various molecules. Analysis of the structural
The first step toward defining characteristic patterns ofrole of residues involves determining residue—residue inter-
cadherin strands and loops consists of the analysis of resactions, residue exposure on the surface, and their coordi-
due frequencies at all positions of words. This analysis renates in the system of coordinates unified for a given protein
veals the nature and extent of residue conservation at ead¢amily. We can use for this preferred coordinate system, for
position. After the classification of residue conservation inexample, the coordinate system of any of known structure of
immunoglobulins suggested in our previous article (Chothighe cadherin molecule. Thus, it is possible to identify coor-
et al. 1998), we divided residues into three groups: (1) V, Ldinates of residues for extracellular domains of all analyzed
I, M, A, F, W, and C; (2) R, K, E, D, Q, and N; and (3) P, cadherins. We suppose that the &oms of the residues at
H, Y, G, S, and T. This classification is based on twothe same positions of the words in various domains can be
properties: hydrophobicity and the tendency to be on thesuperimposed on each other.
surface or in the interior of a protein.
Inspection of residue frequencies showed that six posi- Conserved positions in the strands and loops in five
tions are occupied by a single residue in almost all se- €xtracellular domains
quences, and 23 have only a few chemically similar residues Inspection of the sequences of different cadherins shows
from the same group (Table 2). For example, E residue ishat the nature of residues and extent of conservation varies
found at the position /% in all known cadherin sequences greatly at various positions. For example, comparison of the
(Table 1). These 29 positions are considered to be the corsequences of human E- and K-cadherins shows that in do-
served positions. The oth&b6 positions in sequences are main |1 [132% of the residues are identical. Domains | and Il
variable. They can be occupied by residues from variou®f E-cadherins share only 25% identity. In comparison to
groups. the sequences of domains | and Il the sequences of domains
These data show that all words that describe the stranddl, 1V, and V show no significant similarity (<20%).
and EF loop have several conserved positions. Residues at The alignment of the words allowed us to calculate the
these positions constitute a pattern of the word. Analysis offrequency of residues at every position in the words. Analy-
for example, the set of B words in the first domain (Table 1)sis of the residue frequency in the various domains showed
shows that in all sequences position 3 and position 6 aréhat there are no positions that are occupied by a single type
occupied by hydrophobic and aromatic residues, which aref residue in all domains. However, there are many posi-
assigned to group 1, and the polar and charged residug®ns where residue conservation was found in one or sev-
from group 2 were found at position 5 (Table 2). Thus, theeral domains but not in all five domains. For example, po-
residues at the conserved positions B3, B5, and B6 constsition A’'5 is occupied by Glu in all sequences of domains I,
tute the pattern of the word B in the Domain | (Table 2). Asll, and Ill, whereas in the sequences of domains IV and V
shown below, the patterns of words can serve as a usef@lu shares this position with GIn and Asp residues. Resi-
tool for identifying cadherin sequences and for their struc-dues at the Al position are hydrophobic in all sequences of

tural predictions. the first domain whereas in the second domain Gly and Ala
are the most common residues. The D1 position can be

Secondary and three-dimensional structure considered as a conserved hydrophobic position in the first
prediction for five extracellular domains domain and conserved hydrophobic and aromatic position

For most molecules in the cadherin family, the three-in domains Il and IV, but a variable position in domains Il
dimensional structure is unknown. However, for these proand V. The residue conservation in the fifth domain differs
teins it is possible to make secondary structure predictions1 many cases from residue variations in the other domains.
for all extracellular domains based on the knowledge of the The residues at the conserved positions for all strands and
patterns of words in the first two domains. To determineEF loops in five extracellular domains are presented in
secondary structures of cadherin chains in all domains, w&able 2. The comparison of the conserved positions in vari-
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Table 2. Patterns of the strands and Efoop of the five extracellular domains

DO MAINS Common
Units|Positions | Il 1 v \) Patterns
] 1 1 1
A' 1 IFVMY GA * * * -
2 » * * * "
3 LviIcC 1 v LV LV LVICF LVICF
4 1 N . N . -
5 E E E EQ EDaQ EDQ
B 1 * * * * * »
2 . . . N * «
3 LvI VL LV LV LV LV
4 * * * * * *
5 RKQD * DNRKS * * *
6 ILVF VMLA LV 1 LVIF LV ILVFMA
C 1 VILA LV AIVM LVI FYILV VILAMFY
2 N . . . * »
3 YFL YF Y F Y F FY YFL
4 . N . N - -
5 YV I 1L I ML LV I LIVA YVILA
6 N . N . « .
7 * N . . . N
D 1 LV I MLY * * * *
2 F F F LFYV FVW FVFWY
3 N * . . . »
4 IV 1V LVIM LVIM I VAL Il VMLA
5 * * . * TEQRH -
E 1 G G A * GS . *
2 . N . N . »
3 LIVM 1 LVI L v LIVM LIVM
4 N N R N . N
5 VAL . . . . N
6 * LVIA * * . *
EF' 1 LMl LM LVIM L LFY LMFY1YV
2 D D D D * *
3 R R YF R * *
4 E E E E . *
5 N . . N
6 . . . N . .
F 1 * * *
2 . . . . .
3 YFC Y YFL Y i YFL YFILC
i . . . N . .
5 L1 LV LV I ALV LVIF LVIFA
6 N . . N . .
7 * ViL Vi 1 FVAL VLIA *
8 N QE . N . .
9 AV I AV - * * b
10 Vil * * * * *
1 * D * DEKN . *
G 1 SIMVTF * * * * *
2 * * * * * *
3 1 FLV AV L Vi VL LV Il FLVA
4 . A . N . .
5 1 v 1 LV LV I LVIAM ILVAM
6 N N . . - .
7 Vi VL LV LV * *
8 . N - . . .

Each cadherin molecule is composed of five domains. Patterns of strands or loops of the first domain can be read off
in top-to-bottom direction in the first of the five broad columns (Roman numeral). The letters in the Units column
(A’, B ...) refer to names of the words that make up each domain; numbers in Positions column refer to position
within the words. Corresponding row contains amino acids that are commonly found at particular position within the
words. Thus, position A of the | domain is commonly occupied by residues I, F, V, M, and Y, and the positions
A’2 and A4 are the variable positions (marked off by *). Patterns of the words of the II, Ill, IV, and V domains can

be read off in an analogous fashion from I, II, etc., broad columns. (E.g., residues E, D, and Q are common at position
A’5 of the V domain.) Positions occupied by residues from same amino acid group (described in text) in all five
domains constitute the Common Patterns of the extracellular domains.
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ous domains revealed 15 extracellular conserved positionslass-determining positions that uniquely determine a fam-
All positions except one are occupied by hydrophobic resiily. We developed a new approach for assigning a protein to
dues in all five domains. The polar and charged residues ar@ protein family, which we applied for identification of
found at A5 position. classic cadherins.

Algorithm
) - ) A sequence in a protein family can be defined in terms of
The role of residues at each position was determined from, ordered set of patterns of words. For each pattern of a
the examination of their accessible surface areas. To give gfjorq the following are determined: (1) number of positions
overview of the positions of residues, we calculated they, 5 given word; (2) conserved positions and the various sets
accessible surface area (ASA) of residues in three struGst residues that can occupy these positions: (3) interval (a
tures: domain 1 of N-cadherins and domains 1 and 2 ofgssiple range of residues) to the next word in the sequence.
E-cadherins (Table 3). ASA are divided into 0, 1, 2, ..., 9 | the search procedure, we matched the patterns of
groups, where 0 indicates ASA in the range 0-8 A o145 with a query sequence. To check it, we implemented

indicates 10-19 A etc. Residues at 12 positions in all 4 gigorithm based on appropriate modification of the dy-
structures are buried in the protein interior (ASA are calcu+,5mic programming. The algorithm of the method is the

lated in the range 0-2). Eight of these positions3AB6,  fqjlowing: patterns of all or several secondary structural
C3, D4, E3, EF1, F3, FS) are hydrophobic and aromatic \nits are matched with a query sequence in consecutive
conserved positions at the center of the structure. order, starting from the first pattern. First, we pick out those
sequences of the database that contain a fragment that fits
one of the known basic patterns describing the first) (A
fragment of cadherins. Then, we again search out the entire

Discovering a small set of key residues that furnishes uslatabase, this time using patterns for B fragment as our
with the amino acid patterns for the structural units in a thequery patterns, and selecting sequences containing one of
protein family allows us to develop a computer algorithmthe B patterns. We continue this procedure with patterns of
for classification of proteins. other words.

To assign a query sequence to its proper protein family, Results of the analysis are formulated in the following
we need to find a match between residues at positions in theay: how many words (more precisely: fragments describ-
guery sequences and the residues in the patterns of tlable by cadherin patterns) are found in a given sequence. If
words of family members. In fact, we need not know resi-in a sequence in question fragments are found that match
dues at all positions in the query sequence. The advantage wfith patterns of all, or almost every, cadherin word, then
our approach is that it allows one to find a few of the that sequence is considered to belong to the cadherin family.

Buried and surface positions in cadherins

Method of attributing a protein to a protein family
by using patterns

Table 3. Structural alignments of the sequences and the residue accessible surface areas of the cadherin

domains

PDB OA A’ A'B B BC Cc CD
positions 123456 12345 1234567 123456 1234567890 1234567 123456789
N-CAD_M-D1 1NCG DWVIPP INLPE NSRGPFP QELVRI RSDRDKNLS LRYSVTG  PGADQPPTG
ASA 999497 29073 8292969 594490 815939979 1903140 501889483
E-CAD_M-D1 1EDH DWVIPP ISCPE NEKGEFP KNLVQI KSNRDKETK VFYSITG  QGADKPPVG
ASA 938989 17050 7595966 493481 909969949 0605140 900799592
E-CAD_M-D2 1EDH TQEVFE GSVAE GAVPG TSVMKV SATDADDDVNTYN IAYTIVS  QDPELPHKN
ASA 799709 15155 61976 472290 31826019994 013014585 193885799

D DE E EF EF! F FG G
positions12344 123 123456 123 123456 12345677890 123456789 12345678
N-CAD_M-D1 IFIIN PIS GQLSVT KP LDRELI ARFHLRAHAVD INGNQVENP IDIVINVI
ASA 02816 593 050104 96 159994 39090904033 994983593 47020208
E-CAD_M-D1 VFIIE RET GWLKVT QP LDREAI AKYLLSSHAVS SNGEAVEDP MEIVITVM

ASA 00626 996 070304 76 044575 49170805050 795972797 48030505
E-CAD_M-D2 MFTVN RDT GVISVL TSG LDRESY PTYTLVVQAAD LQGEGLSTT AKAVITVK
ASA 07517 997 402081 589 158965 76040305000 792925437 09040409

In the row ‘positions’ the number of residues at the positions Qf&XB, B, BC, C, CD, D, DE, E, EF, EF F, FG, and

G strands and loops are shown, N-cad_M-D1, sequence of the mouse N cadherin in the domain 1; E-cad_M-D1 and
E-cad_M-D2, sequence of the E cadherin in the domains 1 and 2, respectively. Accessible surface areas of residues are given
as 0,1, 2, ...and 9 where 0 indicates accessible surface areas in the rangge 1-8¢% in the range 10-1F/2 areas

in the range 20-29 A . . ., and 9 areas greater than 98 A
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Results of the analysis of sequences in these proteins are classic cadherins. Six other proteins in
SWISS-PROT database which at least six or seven patterns were found can be called

We used pattems of eight words'(/8, C, D, E, EF, F, false-positive. These proteins are identified in SWISS-

. : ; T PROT as desmogleins and desmocollins. They are not clas-
and G) of the first domain of classic cadherins in the searchiC cadherins but belona to cadherin familv. These proteins
procedure (Table 2). These patterns are presented in Tabrie 9 v P

2. The goal of this test is to show that these patterns ar ave sequence homology with classic cadherins. However,

sufficient to identify the classic cadherins. We analyzed theigigla tt:lrlr;.:,volj;h; Ccli?sstisr;C Sgﬁhﬁ]r;nsclgg\slgocgzdhg‘ri;h;sf:g?r:k
sequences in SWISS-PROT (release 38 with 79,909 en- y g

tries). The results of the analysis are presented in Table LPther cadherin-like proteins.

. . . . Thus, the result of a search of the cadherin sequences
Thirty sequences were found to contain all eight cadherin . )
. ) e shows that patterns at least of six words allow us to find all
patterns, that is, there are eight fragments within these se;

uences tat sequentaly malch wit . C. D, EF F,__2o2 ca0hers i e deabase. I s s ¢ e oo for
and G patterns (the first row in the table). According to the gorp ) ! P ght, '

description in SWISS-PROT, all of these proteins are claspr sixX .words are observgd N & Sequence in qugstlon, the_n
sic cadherins. there is a great probability that the sequence is a classic

) . . ?adherin. Because in total there are 27 conserved positions
Six sequences were found to contain seven cadherin pa

: in the patterns of eight words, we can classify a protein
terns, that is, one of the patterns of words was not found in . .

; sequence if we know residues at no more than 27 conserved
the sequences (the second row in Table 4). For example, the

; itions.
analysis of the VE-CAD_M sequence (Table 1) showed thaPOS tions
the patterns of seven words; all except B word match with Comparison of secondary structural units with the
the sequence. (No fragment corresponding to B word was oqjits of sequence multialignment
observed because the position B6 is occupied by Q residue

! . .~ The comparison of sequence and structural multialign-
and does not match with the conserved hydrophobic POSI ent shows that the gaps (deletions and insertions) in the
tion in the pattern of B word.) According to the description gap

in SWISS-PROT, five of six found sequences are Classicsequences are almost never found n the m|ddlg of the
; T . . Strands or helices but at the borders. This observation could
cadherins and one protein is a noncadherin protein. In ro

o ) I i f i ith
3, it is shown that seven sequences match with the patternse p us to predict a secondary structure for proteins wit

. nknown three-dimensional str re. nsider, for ex-
of exactly six words. It was found that two of these se-u 0 three-dimensional structure. Consider, for e

: . . ample, the sequence multialignment. We present the results
guences are classic cadherins. Analysis of the sequence o )
; the multialignments for seven cadherin sequences of the
where 5, 4, 3, 2, 1, and no cadherin words were foun

: . .1 domains in Table 5. Sequence multialignment shows the
showed that all of these proteins are not classic cadhermss.e uences to be divided into 10 ungapped fragments. For
In total, there are 43 sequence$ (86 + 7) inwhich the q gapp g :

) o xample, there are two ungapped fragments at the beginning
patterns of at least six words were found. Thirty-seven ofgf E-cadherin of the xenla (E-CAD_X) sequence: VSENE

(fragment 1) and KGPFP (fragment 2). In such manner the

Table 4. The numbers of sequences where cadherins’ words argequences were divided into 10 fragments (Table 5a).

found The comparison of the sequence multialignments with the
secondary structures of these proteins obtained from the
The ‘ ‘ analysis of three-dimensional structures (Table 5b) shows
Words gganubgczfs Classical N;’gaﬁi‘:{i@” that most fragments and secondary structural units coincide.
In fact, in E-CAD_X sequence the fragment VSENE cor-
8 30 30 0 responds to the Astrand and KGPEP residues correspond
2 ? g é to A’'B loop (Table 5). This relationship — sequence un-
5 7 0 7 gapped fragment and secondary structural units, are ob-
4 88 0 88 served for all fragments except fragments 7, 8, and 10.
3 1375 0 1375 Fragment 7 corresponds to strand D and loop DE together
2 36659 0 36659 and fragment 8 corresponds to strand E and loop, EF
(1) 3ngg 8 3ngg whereas fragment 10 involves FG loop and G strand. Thus,

there is a strong relationship between sequence multialign-
Words, the numbers of the cadherins’ words discovered in the sequence1€Nts and the secondary structures of cadherins.
The number of sequences, the number of sequences in SWISS-PROT, It is obvious that the greater the number of sequences we
where a given number of cadherins’ words are found. Classical cadheringgnsider for muItiaIignment, the greater the accuracy in pre-
the number of classical cadherins’ sequences where a given number of. .. . . .
words are found. Non-cadherin sequences, the number of non-cadher icting the Secondary structure. The classic cadherins give

proteins where a given number of words are found (see the text). us a good example of this. We have analyzed 37 sequences,
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Table 5. The comparison of the sequence and secondary structural multialignments

a fragments
Names 1 | 2 '3 T a ] s | 6 T 7 ] 8 [ 9 ] 10

E-GAD_M |[ISCPE|NEKGEFP|KNLVQI |_KSNRDKETK|VFYSITG [QGADKPPVG | VFIIERET |GWLKVTQPLDREATL |AKYILYSHAVS | _SNGEAVEDPMEIVITVT
E-CAD_X |VSENE _ KGPFP KRIVQI _KSSYAKEVK VYYSITG QGADTPPEG VFAIGRED GWLNVTRPLDREAT DNYVLFSHAVS _SNGANVEDPMEIIIKVQ
VE-CAD_P [MHIDE EKNGSLP HYVGKI _KSSVNHKN_ TKYQLKG __ ESAGK_ VFRVDENT GDVYAFERLDREKI PEYQLVALVVD KNTEKNLESPSSFTIKVH
R-CAD_M |INVPE NSRGPFP QQLVRI _RSDKDNDIP IRYSITG VGADQPFME VFNIDSMS GRMYVTRPMDREER ASYHLRAHAVD _MNGNKVENPIDLYIYVI
T-CAD_H |ILIPE NQRQPFP RDVGKV VDSDRPER__ SKFRLTG KGVDQEPKG IFRINENT GSVSTRTLDREVI AVYQLFVETTD _VNGKTLEGPVPLEVIVI
LI-cad_ R |FSIFE GQEPS_ _ QIIFQF _KANPPA___ VTFELTG ETDG IFKIEKD_ GLLYHTRVLDRETR. AVHHLQLAALD _SQGAIVDGPVPIIIEVK

P-CAD_B IEIQE GISTGEP ICAYTA RDPDKGSQK ISYHILR DPAGWLAM GWLAMPDS GQVTAAGVLDREDEGFVRN NIYEVMVLATD _DGSPPTTGTGTLLLTLM

b secondary structural units
Names Al A'B B BC [ ¢D D | DE B EF P FG G

[e-cAD_M  [1SCPE |NEXGEFP[KNLVOQI [KSNRDKETK [VFYSITG |QGADKPPVG |VFIIE |RET |GWLKVT [QPLDREAI AKYILYSHAVS |SNGEAVEDP |MEIVITVT
E-CAD_X VSENE KGPFP KRIVQI KSSYAKEVK VYYSITG QGADTPPEG VFAIG RED GWLNVT RPLDREATI DNYVLFSHAVS SNGANVEDP MEIIIKVQ
VE-CAD_P |MHIDE EKNGSLP HYVGKI KSSVNHKN TKYQLKG ESAGK VFRVD ENT GDVYAF ERLDREKI PEYQLVALVVD KNTEKNLESP SSFTIKVH
R-CAD_M |INVPE NSRGPFP QQLVRI RSDKDNDIP IRYSITG VGADQPPME VFNID SMS GRMYVT RPMDREER ASYHLRAHAVD MNGNKVENP IDLYIYVI
T-CAD_H |ILIPE NQRQPFP RDVGKV VDSDRPER SKFRLTG KGVDQEPKG IFRIN ENT GSVSVT RTLDREVI AVYQLFVETTD VNGKTLEGP VPLEVIVI
LI-cad_R |FSIFE GQEPS QIIFQF KANPPA VTFELTG ETDG IFKIE KD_ GLLYHT RVLDRETR AVHHLOLAALD SQGAIVDGP VPIIIEVK

P-CAD_B IEIQE GISTGEP ICAYTA RDPDKGSQK ISYHILR DPAGWLAM GWLAM PDS GQVTAA GVLDREDEGFVRN NIYEVMVLATD DGSPPTTGT GTLLLTLM

Names, the names of the sequences (see the footnote of Table 1). The gaps in the sequence multialignments are shown by *_’

(a) Results of the sequence multialignments. The sequences are divided into fragments: 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10.

(b) Results of the secondary structural multialignments. The sequences are divided into secondary structura) Bnigs: B, E, F, and G strands, and
A'B, BC, CD, DE, EF, and FG loops.

involving 14 types of cadherins (Table 1). Thus, we proposecharacterized by a high degree of residue conservation.
that the results of sequence multialignment gives a reliabl&wenty-four positions are occupied by hydrophobic and/or
basis to predict secondary structure. aromatic residues. The polar and charged amino acids are

Sequence multialignment gives important informationfound in 26 positions, and hydrophilic and neutral residues
about three-dimensional structure as well. Residues of molare found in 21 positions. The conserved positions are
ecules that are aligned with each other have approximatelgostly found near the N and C termini in sequences. Frag-
the same structural characteristics, such as H bonds betweerents 4 and 14 have the most conserved positions (13 and
main chain atoms, approximately the same residue-residui8 positions, respectively), whereas the ungapped fragments
of contacts, or equal values of accessibility. This observain the middle of the cytoplasmic part (fragments 6, 7, 8, 9,
tion has been made in the analysis of proteins (see, e.gand 10) have one conserved positions in each fragment.
Lesk et al. 1987) (Note that residues in fragment 4 are involved in binding
with B-catenin.)

On the basis of the analysis of the extent of conservation,
we determined the amino acid patterns for each fragment
In this part, we describe the result of our investigation of(Table 6). We expected patterns of several long fragments to
the cytoplasmic domain of cadherins. Currently, there g€ characteristic of the cytoplasmic part. For example, there
no structural information about the intracellular domains.aré 18 conserved positions in fragment 14. To test our sug-
We analyzed amino acid sequences of 36 cytoplasmic dd¥estion that the pattern of a single fragment is sufficient for
mains. They consist df120 amino acids. Because we have c@dherin recognition, we used the pattern matching method
found the relationship between sequence and structurdat we developed for analysis of the extracellular part. The
alignment for the extracellular domains, it is likely that the Patterns of fragments 4, 5, 11, 12, 13, and 14 were maiched
sequence alignment can give some information about segeparately with the sequences of the SWISS-PROT data-
ondary structures of the cytoplasmic domains. The mubPase. The results of the analysis showed that the pattern of
tialignment of 36 sequences resulted in 14 ungapped fragtSt one fragment, either 4 or 12 or 14, can be used for
ments. We can speculate that these fragments correspond/t¢ntification of the cadherins (Table 7).
some extent to the helices or strands and loops in this part
of cadheri_ns. N Discussion

The residue frequency was calculated at each position of
the sequences. It was found that 71[df20 positions are To find reasonable criteria for classification of proteins
occupied by only one residue or very similar residues in allinto families, one needs to find invariant characteristics that
or almost all sequences (Table 6). This observation showare shared by all members of the family. Traditional tools
that unlike the extracellular domain, the cytoplasmic part isfor sequence classification use different methods of align-

Classic cadherins: Cytoplasmic part
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Table 6. The most common residues in the cytoplasmic domain

fragments 1 2 | 3 | 4 | 5

| | 1 2|
position [12345| 12345678| 123456| 12345678901234567890123| 1234567
residues |RRR**| R***%k%%| #4[*%%| **D*RDNII*Y*E*GGGE*D***| YDLS*LH

K K K I E HEQVL D F IT Q
\Y VG R
F A N
Y
fragments 6 | 7 | 8 | 9 | 10
| 1 1] 1] 1
position |123456 | 12345678901 12345678901| 1234567890| 1234567890123
residues *kkkk* | ***********l P**********l P*********| Pk ok ok k k ok ok ok ok ok ok ok
fragments 11 l 12
1 2 1
position |12345678901234567890 | 12345678901234567
residues |EIX¥*FI**K****D*xD*x**p [ PYDSL**Y*YEG**S*A
DM M R TI F
D
E
fragments 13 14

position |123456789012 1234567890123456789012345678901
residues |[*SLSSL*S**S* D*DYDYL*DWG*RFK*LADMYG™* * * * % x ¥ % x
T T ENDNF E EL S

|

1 1 2 3
|
|

Fragments, the number of the ungapped fragments. Position, the positions of the residues in the fragments. Residues, the
most common residues are shown at the conserved positions. The variable positions are marked by *.

ment: BLAST, FASTA HMM and others require one to bines sequence and structural data. Putting together the re-
know all or almost all residues in sequences (Smith andults of the sequence and structural multialignments, we are
Waterman 1981; Eddy 1996; Pearson 1996; Altschul et alable to give a description of the major structural units in a
1997; Gusfield 1997). Another method used for dividing protein family. Patterns of strands and loops serve as defin-
proteins into families in the Prosite database (Hofmann et aing characteristics of a protein family. In this work, we
1999) identified specific sites of conserved regions in pro-applied this method to one particular protein family, cad-
tein families. herins. The results of this analysis showed that, in fact, on
We propose another approach for classification of proteirthe basis of defining characteristics one could unequivocally
families. An essential feature of the method is that it com-select all members of the cadherin family fram80,000
proteins. Qualitatively specific patterns are characteristics
of both the extracellular and the cytoplasmic domains. We
can use independently the patterns of any of these parts.
Notably, the sequence of the cytoplasmic tail is especially

Table 7. Numbers of sequences where patterns of the
fragments of the cytoplasmic part are found

Fragment Sequence Cadherin specific: the pattern of one unit is sufficient to determine a
2 34 34 family. In contrast, patterns of transmembrane parts cannot
5 5565 34 assign proteins to a proper family, because they were found
11 52 34 in >2000 proteins. These results confirm that defining pat-
E 32; gj terns can be successfully used for reliable assignment of

proteins to a proper protein family. We plan to expand the

14 34 34 ; o . i ; -
investigation of defining characteristics of protein families

Fragment, the number of the ungapped fragment. Sequence, the numbergf the B fold. .
sequences in the SWISS-PROT database where a given pattern is found. In this work, we found that the gaps in sequences of

Cadherin, the number of cadherin sequences where a given pattern {adherins obtained as the result of insertions and deletions
found. It is shown, for example, that a fragment that corresponds to the

pattern of the sequence fragment #5 in the cytoplasmic domain was fount! the Sequence. mU|t'aI'gnmem divide the sequences into
in 5565 sequences; 34 of them are cadherins. the structural units (strands and loops). Thus, sequence mul-
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tiaiignments may give us a clue about Secondary structure—— 1999. Class-defining characteristics in the mouse heavy chains of vari-

: - able domainsProtein Eng.12: 101-107.
The assignment of sequence units to a Secondary Strucmé%llin, W.J. 1998. Evolution of the classical cadherin family of cell adhesion

has, however, some limitations. The multialignment of Se- molecules in vertebratedol. Biol. Evol. 15: 1099-1107.

i ; elfand, I.M. and Kister, A.E., 1995. Analysis of the relation between the
quences with homology results in Iong ungapped fragmentg sequence and secondary and three dimensional structures of immunoglob-

that include several structural units. To obtain a more reli-  ulin moleculesProc. Nati. Acad. Sci92: 10884—10888.

able Secondary structural assignment in the protein famiiy,— 1997. A very limited number of keywords main patterns) describes all
. . sequences of the human variable heavy,)(dnd k (V,) domains.Proc.
we need to use as many diverse sequences as possible. NNz Acad. Scig4: 12562—12567.

our further analysis of other protein families, we plan to testGumbliner, B.M. 1996. Cell adhesion: The molecular basis of tissue architecture

f : : and morphonegenesi€ell 84: 345-357.
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