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Using a new method for construction and database searches of sequence
consensus strings, we have identified a new superfamily of protein mod-
ules comprising laminin G, thrombospondin N and the pentraxin
families. The conserved patterns correspond mainly to hydrophobic core
residues located in central beta strands of the known three-dimensional
structures of two pentraxins, the human C-reactive protein and the
serum amyloid P-component. Thus, we predict a similar jellyroll fold for
all members of this superfamily. In addition, the conservation of two
exposed aspartate residues in the majority of superfamily members

suggests hitherto unrecognised functional sites.
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Shuffled protein modules appear to be the build-
ing stones of the majority of extracellular proteins
in animals (Doolittle, 1995; Bork & Bairoch, 1995;
Patthy, 1996). For more than half of the about 70
described extracellular protein modules, the three-
dimensional (3D) structure has been determined
(Bork et al., 1996). Sometimes the 3D structures
revealed surprising relations between module
families (e.g. the link and the C-type lectin mod-
ules; Kohda et al., 1996) that allow the evolution of
those modules to be traced and an understanding
of some functional properties.

Here, we merge three module families, namely
laminin G (LamG), amino-terminal thrombospon-
din (TspN) and the pentraxins, into a novel super-
family. Their relationship extends to about 140
residues containing patterns of alternating hydro-
phobicity characteristic of antiparallel beta-strands.
The module has obviously diverged during evol-
ution, so that the sequence similarity has receded
into the weak “twilight zone”. Our evidence is
based on very sensitive fine-tuned sequence anal-
ysis. As 3D-structures and a theoretical model are
available for pentraxins (Emsley et al., 1994; Shrive
et al., 1996; Srinivasan et al., 1994), we are able to

Abbreviations used: LamG, laminin G; TspN, amino-
terminal thrombospondin; CRP, C-reactive protein; SAP,
serum amyloid protein.
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infer a tentative structure prediction for the com-
mon domain.

LamG and TspN-containing proteins belong to
the extensive class of multi-domain adhesive pro-
teins in the matrix that surrounds animal cells.
They act as molecular bridges between cells and
matrix, and participate, due to their numerous
binding sites, in cell-cell communication.

The LamG domain was originally identified as
fivefold repetition of about 158 to 180 residues in
the C-terminal globular (hence G) domain of the
laminin alpha-1 chain (Deutzmann et al., 1988). The
LamG family comprises a multitude of diverse pro-
teins (reviewed by Patthy, 1991, 1992; Joseph &
Baker, 1992; Rothberg & Artavanis-Tsakonas, 1992;
Ushkaryov et al., 1992; Manfioletti et al., 1993). A
host of binding functions has been ascribed to
LamG modules (e.g. see Yurchenko et al., 1993;
Bocchinfuso & Hammond, 1994; Brancaccio et al.,
1995; Mercurio, 1995; Mark et al., 1996; Delwel &
Sonnenberg, 1996), which points to a multifarious
role in cell adhesion, signalling, migration, assem-
bly and differentiation.

Thrombospondins are likewise secreted multi-
modular glycoproteins to which a bewildering
diversity of functions has been assigned (for
reviews, see Adams & Lawler, 1993; Lawler et al.,
1993; Bornstein & Sage, 1994; Bornstein, 1995).
These molecules start at their amino terminus with
a short signal sequence, followed by TspN, which
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will be considered here; a globular module of
about 210 residues that has also been found in the
non-collagenous region of a variety of collagens
(Bork, 1992; Mayne & Brewton, 1993).

Pentraxins (Osmand et al., 1977) are a family of
pentamers in cyclic symmetry consisting of sub-
units of about 200 amino acid residues. The most
prominent members are C-reactive proteins (CRP)
and serum amyloid protein (SAP). The modular
nature of pentraxins is suggested by the identifi-
cation of larger proteins (for a review, see
Goodman et al., 1996), whose C-terminal halves
display clear similarity to the pentraxin domain.
The “stand-alone” version of the pentraxins
appears to have a role mainly in natural defense
(complement system, phagocytosis, acute phase
response to tissue infection or injury); the involve-
ment of SAP with pathological conditions as e.g.
Alzheimer’s disease and diabetes mellitus and the
use of CRP as an objective marker of disease
activity has attracted much interest in these pro-
teins (for a review, see Gewurz ef al., 1995).

The scheme in Figure 1 summarizes the relation-
ship between the three families: (i) TspN and
LamG modules form two compact clusters (ellip-
soids) in sequence space and (ii) both clusters are
neighboring so that a common super cluster (rec-
tangular box) comprises both but not alien
sequences (except some pentraxins, which we
assert to pertain to this superfamily). This topology
is proved by demonstrating two “spliced” consen-
sus strings (big T and big L in Figure 1), each of
which has the following property. When it serves
as query in a search, the BLASTP method (Altschul
et al., 1990, 1997) produces a list whose highest-
scoring hits consist exclusively of pertinent family
members. Only at considerably lower scores (sym-
bolized by being beyond the contour of the ellip-
soid) do other sequences in the BLASTP list
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Figure 1. A drawing of the TspN/LamG/pentraxin
superfamily in the sequence space. Big letters (T for
TspN, L for LamG, P for pentraxin) stand for a “consen-
sus string” capable of extracting by a BLASTP search
(Altschul et al., 1990, 1997) with cutoff value (ellipse) the
pertinent family members (small letters). Left ellipse,
TspNs (see Figure 2); right ellipse, LamG family with
L.polyphemus C-reactive proteins (P for pentraxin). Some
L are outside the ellipse (not within the BLASTP cutoff,
see Figure 2). Box (comprising all T and L, and Limulus
polyphemus C-reactive proteins, the TspN/LamG/pen-
traxin superfamily, while false hits (X) are outside the
box.

appear. The fact that the low-scoring matches are
symmetrical for the two families in question is a
strong argument for the existence of a protein
superfamily with sequence similarity in the other-
wise dubious twilight zone.

We have developed a software tool called
IDSECS (for Iterative Database Search with Evol-
ving Consensus Strings) that allows a string that
fulfils the above-mentioned criterion to be found
automatically. This has been tested for more than
500 protein families, and the details of the algor-
ithm will be published elsewhere (IDSECS is cur-
rently available on request to the authors, the
associated Table of Consensus Strings, TACOS, can
be queried at http://www.bioinf.mdc-berlin.de/
idsecs.html). The procedure consists of an iterative
improvement of an approximation to the desired
consensus. Any member of the family serves as
starting consensus. We use BLASTP (Altschul et al.,
1990) exclusively as a prefilter to reduce the num-
ber of potential candidate members. All sequences
that are reported by BLASTP, regardless of their
chance probabilities or scores, are taken as a new
set of potential relatives. These, because they are
reduced in number, are accessible to a more rigor-
ous procedure (Smith & Waterman, 1981) that
serves to select sequences according to a prede-
fined threshold function. Given a set of selected
sequences and a reference sequence, we model the
consensus string on the sequences of the set. Here,
pairwise alignments to the reference are used to
derive a preliminary consensus that, in turn, is rea-
ligned to the sequences in question, with the new
alignments yielding a new consensus, and so forth
until convergence of the consensus is obtained.
Hence, we coined it evolving consensus strings. It
is here that IDSECS gains most of its performance.
The converged consensus now enters the next iter-
ation, which restarts by prefiltering the master
database. The final consensus is obtained when in
two subsequent iterations no additional sequence
is selected (by the Smith-Waterman algorithm).

The final result is in most cases an oscillation
around a few very similar consensus strings, which
in BLASTP runs (Altschul et al.,, 1990, 1997)
“quote” the same set of database entries and are in
turn confirmed by them as their “representative”.

Figure 2 shows a histogram of the results of the
new Gapped BLASTP search (Altschul et al., 1997)
with the TspN consensus string as query. The 78
top-ranking sequences are exclusively TspN-con-
taining sequences with significant E-values (less
than 0.001). At considerably lower scores follow
more than 60 members of the LamG-family, i.e.
nearly half of its members. Only ten non-members
were reported intermixed at the end of the list
(although the Expect parameter used, E =100,
awaits on average 100 false negatives). Note the
logical conformity of this finding with the sketch in
Figure 1.

The histogram of the BLASTP result in Figure 3
corresponds to the LamG consensus (displayed
in Figures 4 and 5) as query. In addition to
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Figure 2. Retrieval of TspN-family members by a con-
sensus string. The thrombospondin “spliced consensus”
module (TspN) of 140 letters (displayed in Figures 4
and 5) was subjected to the new Gapped BLASTP
search (Altschul et al., 1997) through the NCBI non-
redundant protein data base. Shown is a histogram of
the BLASTP results. The X-axes (lowest score, highest E-
values) denote lower boundaries of the histogram inter-
vals. The top-ranking 78 items were exclusively mem-
bers of the thrombospondin family. Sequences following
at insignificant E-values (>0.001) comprise almost
half the members of the LamG family. The original
BLASTP output may be inspected under http://
www.bioinf.mdc-berlin.de/pub/TspN_BLAST html.

111 LamG-family members, the top-ranking
sequences with significant E-values (less than
0.004) encompass also six members of the pen-
traxin family, of which the Limulus polyphemus
C-reactive protein 1.1 was reported with an E-
value of 3e-09, which is undoubtedly significant.
Following this is a mixture of members of all
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Figure 3. Retrieval of the LamG-family members by a
consensus string. The laminin G consensus module
(LamG) of 142 letters (displayed in Figures 4 and 5) was
subjected to the new Gapped BLASTP (Altschul et al.,
1997) shown is a histogram of the BLASTP result. The
X-axes (lowest score, highest E-values) denote lower
boundaries of the histogram intervals. The top-ranking,
significant (E value < 0.004) matches comprise members
of the LamG family and six members of the pentraxin
family. Amongst the latter was the C-reactive protein
1.1 from L. polyphemus for which a theoretical model of
molecular structure exists in the PDB (accession code
1LIM; Bernstein ef al., 1977). The original BLASTP
output is available under http://www.bioinf.mdc-
berlin.de/pub/LamG_BLAST.html.
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three families, again accumulating several non-
members at the end.

Both tables together suggest, with their recipro-
cal quotation, a neighborhood of TspN, LamG and
some pentraxins in the sequence space and thus
their affiliation to a common superfamily.
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Figure 4. Alignment of consensus
strings for amino-terminal throm-
bospondin (TspN) and laminin
G-like (LamG) modules against
the sequence of C-reactive protein

cC 1 2 . .
chain 1.1 of L. polyphemus showing
conserved region of the superfam-
ily. TspN_CONS, LamG_CONS,

ST % o = 121 B e amino-terminal ~ thrombospondin

res _h ho_Ss___ hTn_VD GhhhLG h G Lpph_h__ (collagen) module and laminin

TspN_CONS  RLALSVSGS--SVILYVDCNKIDRRPLPRPFQGLIDVDGTIVLGTRANKGQ-------==- PFOGELQOLEIVCD G_hke module Contained as a
LamG_CONS  TVVFTRSGR--NGTLSVDGLE-VVSAALPGNSQLSLPRGLFYLGGLPSDKPKLGGPFTS - - SLVGCLEDVILNGK

repeated segment in the globular
part of the C terminus of laminin A
chain, represented here by a spliced
consensus string of the most conserved regions. The representative character of the two spliced consensus strings was
demonstrated in Figures 2 and 3 by their effect to extract only pertinent family members. Explanation of additional
lines: 1LIM, C-reactive protein 1.1 from L. polyphemus, for which a structural model is contained in PDB (Bernstein
et al., 1977; Srinivasan et al., 1994). Here, the aligned segment is shown together with salient features of its molecular
structure. SS, indicates B-structure assignments in 1LIM (strands 4 through 15; two-digit numbers 10 trough 14 being
replaced for convenience by a through f). Note that these features largely coincide with the most conserved parts of
the sequence alignment (bold face and colored letters). CC, indicates the known or proposed cysteine bridges of
1LIM (1 and 2), of thrombospondin (t) and laminin (I, only left-hand C of this bridge situated within the alignment).
Res, indicates residue conservation between the three sequences (amino acid capital letters and: h, hydrophobic; p,
polar; o, serine or threonine; s, small residue; +, positively charged residue). A dash indicates a gap in the alignment.
Color emphasis of residues: green, hydrophobic; magenta, conserved glycine; blue, conserved H, R and K; red, con-
served D and E.

1LIM HVCHTWSSWEGEATIAVDGFHCKGNATGIAVGRTLSQGELVVLGQDODS - - - VGGKFDATQSLEGELSELNLWNT
5§ aaaaaaaaabbbbbbbbb ccce dddddd eeccceffEEfLEL
cc 1 £ 2 1 t
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Figure 5. Multiple alignment of the
common conserved region of the
proposed  TspN/LamG/pentraxin
superfamily. Membership of
sequences can be  perceived
through colored first column
(magenta for TspN consensus
(TspN) and representatives, red for
pentraxins and blue for LamG con-
sensus and samples) and by other
characteristics, e.g. Cys in positions
(numbering according to TspN) 12
and 79 of pentraxins, in 131 of
LamGs and in 93 of TspNs. The
pentraxin signature as appearing in
the PROSITE database (Bairoch
et al., 1997) is underlined. Residue
conservation is also emphasized by
colored letters in the alignment:
green, hydrophobic; blue, positively

charged (H, K and R); red, aspar-
tate or asparagine (D, N); purple,
cysteine residues; bold-face black,

5 i a * = B largely conserved other residues.
Tspl  RLALSVSGS-SVILYVDCNK-- - - IDRRPLPRPFQGLIDVDGTIVLGTRANKGQ- - - - - - - - - PFQGELQOLKIVCD Note that residue colors reside
PARFL RVAVAVEGQ-SVTLIIDCKK----RVTRPLPRSARPVLDTRGVIIFGARILDEE--------------- VFEGDIQELSIIPG . . ~
COLSAlh RIALSVHKEK-NVTLILDCKK----KTTKFLDRSDEPMIDINGIIVFGTRILDEE------- -VFEGDIQQLLFVSD ma{IﬂY n Conser".ed B-strands,
COL11Alh RVAISVEKK-TVTMIVDCKK- - --KTTKPLDRSERAIVDTNGITVFGTRILDEE------- -VFEGDIQUFLITGD which are shown in the 1GNH
COL15Alh RFAMIVQGE-EVTLLVNCEE- - -HSRIPFQRSSQALAFESSAGIFMGNAGATGLE------ - - -RFTGSLOQLTVHED _ .
COLL6ALN KLMLSVAGR-VASVHVDCSS= - - - - - ASSQPLGPRRPMRPVGHVFLGLDAEQGK= - === - - - PVSFDLQQVHIYCD (3D-structure, Shrive .Et al., 1996)
COL18Alh HFALSVDGG-SVALYVDCEE- - - FQRVPFARASQGLELERGAGLFVGQAGTADED- - - - ——-xsqcmssnmg and 1LIM (theoretlcal model,
TSP3m TALLRLRGPSGLOLYVDCKL- - -GDQOHAGLPALAPIPPAEVSGLEIRTGQKAYL----- - - -RMQGFVESMKII o .
NELg RLSLAISAS-HLILHVDCNE----- IYERVVEKPFMDLPVGTTFWLGQRNNAHG - = = - = = = === === == YFRGIMQDVQLLVM Srinivasan et al., 1994) lines (COdeS
TSPlc NLTVQVTGE-NYNLYVGCDL- - - IDSFILEEPFYBQLKABNSRMYVAKGS IREN--------=--=cx= HFRGLLQNIHLIFD from the Protein Data Bank,
TSP43% ALLLHLSGLSFAKLYIDCNE---TGVVEDLPRPLSGIRLNTGSVELRTLQK======-==--------- KGQDSMDELKLVMG .
1GNH hhhhhhh  iiiiid 33 33 Kkik 11111111111 Bernstein ef al.,, 1977). Other acro-
1LIM aaaaaaaaa2bbbbbbb cc cc dddddd feeeeeffffffff nyms in the ﬁI'St column are (last
CRP111 HVCHTWSSW2EATIAVDGFH- - - -CKGNATGIAVGRTLSQGELVVLEQDQDS - - -VGGKFDATQ- - - - - SLEGELSELNLWNT . L
CRPh HICTSWESA2IVEFWVDGKFRVR-ES----- LEKKGYTVGAEASIILGQEQDS - - - FGGNFEGSQ- -~~~ SLVGDIGNVNMWDF letter denotes organism: b, bovme,
PTX3h HLCGTWNSE2LTSLWVNGEL- - - - -AATTVEMATGHIVPEGGILQIGQEKNGCC - VGGGFDETL- - - - - AFSGRLTGFNIWDS ¢, chicken; d, Drosophila; g, guinea
APEXg HICITWITR2ZLWEAFQDGEK----- LGTGENLAPWHPIKSGGVLILGQEQDT- - - VGGRFDATQ- - - - - AFVGELSQFNIWDR | A
Lam@ TVVFTRSGR-NGTLEVDGLE- - - - - VVSAALPGNSQLSLPRGLFYLGGLPSDKPKLGGPFTS - === = == SLVGCLKDVILNGK pig; h, human; 1, Limulus polyphe-
HSPG2h RVTALREGR-RGSIQVDGEE- - - - - LVSGRSPGPNVAVNAKGSITIGGAPDVATLTGGRFSS - - - - - - ~GITGCVENLVLHSA . . .
ABPlr PVELKMNGD-SLLLWVDGKE---MLCLRQVSASLADHPQLSMRIALGGLLLPTSKLRFPLVE------- ALDGCIRRDIWLGH mus{ m, mouse; r{ rat; X, XE?’IOPuS
NEULlAr HVDFQRDGR-SGTISVNTLR------~ TPYTAPGESEILDLDDELYLGGLPENKAGLVFPTEVWIALLNYGYVGCIRDLFIDGQ laevzs): PARP, prohne and arginine-
GAS6m TISVEELER-NLVIKVNKDA--VMKIAVAGELFQLERGLYHLMLTVGGIPFKESELVQPINP------~ RLDGCMRSWNWLNG : LIS
NEU3IBL VVRFTRNGG-NATLOVDNWE28PVEEWLOBKGROLTIFNTOAQIATGGKDKGR-----=== - = = LFOGQLSGLYYDGL I‘lCh. prOteln’ COLXAY’ alpha y
LAMA3h TVVFGHDGE-KGRLVVDGLR------. AREGSLEGNSTISIRAPVYLGSPPSGHPKSLPTN--------- SFVECLENFQLDSK chain of collagen X; TSP ’ thrombos-
AGRNc QLVVNRNRR-SGMLAVDGEH- - - - - -VSGESPTGTDGLNLDTDLFVGGAPEDQMAVVAERTAATV - - - -GLKGSIRLLDVNNQ Cp _ : :
SLIT2d AVELLAIKK-NFTLRVDRGL-----ARSIINEGSNDYLELTTPMFLGGLPVDPAQQUAYKNWQIRNLT - - SFKGCMKEVWINHK pondms, CRP11, C r.eac'tlve prOte!n
FATA EVTATRNGRASVAKCADSGD-8DSSCYADEVGPVGTLNFNKQPLMIGGLSSADPILERPGQVHSD- - - -DLVGCLHSVHIGGR 1.1, PTX3, pentraxin-like protein
LAMALh TVKTDYVKR-KGFITVDGRE- - - - - SPMVTVVGDGTMLDVEGLFYLGGLPSQYQARK IGNITH= - - - - -STPACIGDVTVNSK ) .
NG2r TVVLTVSNS-WAVLSVDG----- VLNTSAPIPKASHLKVPYGLFVGSSGSLOLEYLKGISR-- - - - - - -PLRGCLHSAILNGR P'TX3, APEX/ acroson}al pentraxin
LAMAd TVEVVRTQR-KVSLLIDKLE--QPGSVDLNAERSAPVLAVELPIYLGGVNKFLESEVKNLTDFKTEVP - YFNGCLENIKFDAM like protem apexin; HSPG2,
heparan  sulphate proteoglycan

HSPG2; ABP1, androgen-binding protein 1; NEU1A, 3B, neurexin 1 alpha, 3 beta; LAMA(1,3), laminin alpha (1,3)
chains; AGRN, agrin; FAT, cadherin-related tumor suppressor protein FAT; SLIT2, neurogenic locus protein SLIT-2;
NG2, chondroitin sulphate proteoglycan NG2. Numbers interspersed into gap-containing columns indicate a short
stretch of residues of the original sequence that has been omitted here to avoid inflating the alignment. SWISS-PROT
(Bairoch & Apweiler, 1997; P or Q as first letter) and PIR accession numbers for sequences in order of the alignment
are: A33136, P20908, P12107, P39059, Q07052, P39061, 155398, JP0076, P35440, Q06441, P06205, P02741, P26022,
P47970, A38069, A39039, A40228, A48089, B53580, A55347, P31696, B36665, P25391, Q00657 and S28399.

Figure 4 shows an alignment of both consensus
strings, TspN (139 residues) and LamG (142 resi-
dues), against the pentraxin module CRP-1.1 (146
residues) for which a structural model is available
from the PDB data base(code: 1lim, Bernstein et al.,
1977). Only 25 residues are identical in the three
sequences of the alignment, but 32 further pos-
itions have very similar amino acid residues
(together 37% of the positions). TspN shares 37
positions with LamG and 30 with CRP-1.1, while
the latter two are more closely related, sharing 46
positions (again cf. the scheme in Figure 1).
Regions of particular conformity between the three
sequences coincide with the beta-strands of the

1lim structure. All these findings together corrobo-
rate the conclusion that the three sequences form a
common module.

Figure 5 shows an alignment of a representative
sample of all three families displaying the common
block as well as subtle differences in the non-con-
served regions. The difference in known or pro-
posed disulfide bridges is striking, while there are
9 to 11 conforming beta-strands. To confirm these
results we submitted several sequences of the three
families to the new PSI-BLAST (Altschul et al.,
1997). Upon convergence only LamG and TspN-
family members were reported with statistical sig-
nificance.
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We also offered the LamG consensus to the fold
recognition server (Fischer & Eisenberg, 1996).
L. polyphemus C-reactive protein (PDB code 1 Lim
a; Bernstein et al., 1977) was reported with a Z-
score of 9.05 (the reliability threshold was stated as
a Z-score of 4.8 £ 1). The TspN consensus yielded
no reliable result. We subjected both consensus
strings to TOPITS (Rost, 1995), another prediction-
based threading method. Although the Z-scores
were low (2.1, 2.3), the serum amyloid P com-
ponent PDB code 1sac) was reported in both cases
as most similar fold. Finally, we note here that
Moradi-Ameli et al. (1994) predicted a sandwich of
anti-parallel B strands for the TspN module of the
respective collagens.

Our results strongly suggest similarity of TspN
and LamG modules to each other and to the
L. polyphemus C-reactive proteins and other pen-
traxins. In addition to structurally conserved fea-
tures shared by all pentraxins, a subfamily
consisting of the longer pentraxins and Limulus
CRPs share a conserved loop region preceding
strand h (LADGKQW, position 71 in Figure 5) that
is not shared with human Sap or CRP. As TspN
and LamG contain a similar region, subfunctions
might be shared.

In the course of our analysis, we were able to
detect new TspN modules in several proteins. It
could be identified in all known Tsps, although
Tsps 3 and 4 have been proposed to be distinct in
their terminus (e.g. see Lawler et al., 1993;
Bornstein & Sage, 1994). This finding is consistent
with the fact that all four Tsps bind heparin with
their N-terminal region. Furthermore, the modular
nel protein and its relatives (Matsushashi et al.,
1995, Watanabe et al., 1996) possess a TspN
domain.

Despite the vast literature on binding functions
we are not able to conclude a common function for
all superfamily members. However, some func-
tions are shared at least by members of all three
families: thus, the binding of heparin was reported
for several LamG modules (e.g. see Yurchenko
et al., 1993), for all TspNs in thrombospondins
(Bornstein & Sage, 1994), and for human SAP (Li
et al., 1994). At the molecular level, the alignment
of representative superfamily members (Figure 5)
reveals two exposed, hitherto unrecognised con-
served positions, both predominantly occupied by
aspartate residues. One (position 92 in Figure 5)
occurs in all subfamilies and might represent a
common functional site, whereas aspartate 72
(Figure 5) is present only in family members that
do not contain the signature of the described Ca?*-
binding sites of “‘short” pentraxins (Shrive et al.,
1996; Emsley et al., 1994). The conservation pattern
of aspartate 72 (Figure 5) suggests two possible
scenarios: that either the Ca®*-binding of the short
pentraxins is retained, but the functional conserva-
tion is due to sequence conservation at another
site, or that there is no functional conservation and
the sequence conservation differing from the
“short” pentraxins serves another functionality.

We conclude that a number of extracellular mod-
ule proteins, structural as well as bridge-forming,
are united, in spite of all their diversity, by a
family relationship. It will be interesting to see
whether convergent or divergent evolution was the
driving force.
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