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Background: Pentraxins are a family of plasma proteins
characterized by their pentameric assembly and calcium-
dependent ligand binding. The recent determination of
the crystal structure for a member of this family, human
serum amyloid P component (SAP), provides a basis for
the comparative analysis of the pentraxin family.
Results: We have compared the sequences, tertiary
structures and quaternary arrangements of SAP with
human C-reactive protein (CRP), Syrian hamster SAP
(HSAP) and Limulus polyphemus CRP (LIM). These
proteins can adopt a 3-jelly roll topology and a

hydrophobic core similar to that seen in SAP. Only
minor differences are observed in the positions of residues
involved in coordinating calcium ions.
Conclusions: Calcium-mediated ligand binding by
CRP, HSAP and LIM is similar to that defined by the
crystal structure of SAP, but sequence differences in the
hydrophobic pocket explain the differential ligand
specificities exhibited by the homologous proteins.
Differences elsewhere, including insertions and deletions,
account for the different (hexameric) quaternary structure
of LIM.
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Introduction
The pentraxins are a family of oligomeric plasma
proteins with the capacity for specific calcium-dependent
ligand binding and named for the pentameric arrange-
ment of their protomers [1,2]. They have been
conserved throughout vertebrate evolution with
retention of ligand specificity, subunit arrangement, and
substantial amino acid sequence similarity [3-5]. Their
production can be modulated by cytokines, including
interleukin (IL)-1, IL-6 and tumour necrosis factor
(TNF) [6], and they participate in inflammation and host
defence, although they may also have other functions
[2,7-9]. The phylogenetically oldest member of the
family, the C-reactive protein of an arachnid, Limulus
polyphemus (the horseshoe crab), has a hexameric rather
than a pentameric structure [10].

The human plasma pentraxins are C-reactive protein
(CRP), the classical acute phase reactant, and serum
amyloid P component (SAP), which is also a normal
extracellular matrix protein and a universal constituent of
the tissue deposits in the pathological condition of amy-
loidosis [2]. Human CRP and SAP are clearly products
of gene duplication and pentraxins in other vertebrates
generally resemble more closely one or other of CRP or
SAP. However, there is much overlap in precise ligand
specificity, behaviour as acute phase proteins, and deposi-
tion in amyloid. Another human protein, PTX3 [11] or
TSG-14 [12], with some sequence similarity to the pen-
traxins has lately been described but has not yet been
well characterized, and it is not known whether it shares

the hallmark features of pentameric assembly or calcium-
dependent ligand binding.

The calcium-dependent ligand specificity of human
CRP for phosphocholine (PC) [13] is of particular
interest as it is not shared by human SAP (WL
Hutchinson and MB Pepys, unpublished data), although
they both bind to phosphoethanolamine (PE) [14,15].
On the other hand, human SAP specifically binds to the
4,6 cyclic pyruvate acetal of [3-D-galactose (MO3DG)
[16] and also to all types of amyloid fibrils [17], which
are not recognized by human CRP. The major pentraxin
in Syrian hamsters, formerly known as female protein
[18] (here designated HSAP), is the hamster counterpart
of human SAP, in that it binds to hamster amyloid
[19,20], but it shares with human CRP the capacity to
bind to PC as well as PE [18,21].

Recently, the three-dimensional (3D) structure of
human SAP has been elucidated at high resolution by X-
ray analysis [22]. The protomer has a flattened 3-jelly
roll topology which is remarkably similar to legume
lectins such as concanavalin A [23,24] and pea lectin
[25], bacterial 'lectins' such as glucanase [26], endo 1,4-
[3-xylanase II [27] and cellobiohydrolase I [28], human
S-Lac lectin [29] and vertebrate lectin [30]. However,
the metal ions and carbohydrate ligand binding sites in
SAP and legume lectins are located in different positions
on the common fold and the quaternary structures are
different (N Srinivasan et al., & TL Blundell, unpub-
lished data). Crystal structures of SAP complexes show
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that SAP binding to MOP3DG and PE is mediated by
two calcium ions [22].

In view of the high degree of sequence similarity
between human SAP, human CRP and pentraxins in
other species it should be possible to identify structure-
function relationships in these other proteins on the
basis of the human SAP structure. Using the compara-
tive modelling approach encoded in COMPOSER
[31-35] we have built 3D models for the sequences of
human CRP [36,37], HSAP [38] and Limulus CRP
(LIM) [39,40] on the basis of the crystal structure of
human SAP. We have constructed pentamers of CRP
and HSAP based on the pentamer defined in the crystal
structure of SAP and identified the interactions that
stabilize subunit aggregation. By operating a six-fold
axis, whose position is determined empirically, we have
generated a model of the hexamer of LIM and analyzed
inter-protomer interactions. Extrapolation of ligand
binding modes of SAP to the 3D structure of CRP
suggests explanations for the relative affinities of CRP
for PC, PE and MOI3DG. These comparative analyses
of structure and function of the pentraxin family
provide a basis for the design of specific ligands of
high affinity.

Results and discussion
Comparative analysis of the pentraxin protomers
Fig. 1 shows the alignment of the sequence of SAP with
those of CRP, HSAP and LIM; sequence identities with
SAP are 52%, 67% and 30%, respectively. Sequences of
CRP, HSAP and LIM can be modelled on the fold of
SAP with the -strands and the or-helix conserved. The
root mean square deviations (rmsds) between topologi-
cally equivalent Cot atoms of SAP and the various
models are 0.15 A (CRP), 0.06 A (HSAP) and 0.65 A
(LIM), with the largest differences occurring as expected
in the.loop regions. Fig. 2 compares the tertiary
structure of SAP defined by X-ray analysis, with those
of CRP, HSAP and LIM defined by comparative
modelling. Regions with significantly different amino
acids relative to SAP are highlighted. Most amino acid
substitutions occur in loops, with some in -sheets,
especially in LIM.

CRP versus SAP
The insertion of Ser44A-Thr44B (SAP numbering) in
CRP relative to SAP has been modelled by replacing
ELSSTR (42-45) with the segment 411-416 of taka
amylase (PDB entry code 2TAA). This segment was
chosen based on a search for suitable segments in a
database of known structures. The insertion region
42-45 of CRP is spatially proximal to another region,
Pro89-Val90A which differs from SAP. Pro89 of SAP is
in the cis conformation, but no equivalent proline is
present in CRP. Hence the region Val87-Thr88-Val89
of CRP has been modelled, after a general search of
known 3D structures, on 52-54 of subtilisin Novo (PDB
entry code 2SNI).

Most of the more radical sequence differences in CRP
compared with SAP appear to stabilize the structure. For
example, the hydrophobic Va116, Phe124 and Leu170,
which are surprisingly exposed in SAP, are replaced in
CRP by the more hydrophilic residues aspartate,
threonine and asparagine, respectively. Thr24, which is
buried and hydrogen bonded in SAP, is replaced by
alanine in CRP and is in an apolar environment provided
by Leu26, Val182 and Leu183. The side chain of Thr90
is hydrogen bonded to that of Asp70, thereby replacing
the hydrophobic interaction between Phe90 and Val70 in
SAP. Other differences in interactions that may stabilize
the structure of the protomer are listed in Table 1.

HSAP versus SAP
There are two regions in HSAP which significantly differ
from SAP, one corresponding to the cis-proline region of
SAP and the other corresponding to the eight-residue
carboxy-terminal extension. As in the case of CRP, the
former region of HSAP was modelled on a segment
from 2SNI. A seven-residue overlap with the preceding
conserved region was used to identify the segment,
starting from Thr233 of the B-chain of rat mast cell pro-
teinase (PDB entry code 3RP2), as the most suitable
carboxy-terminal extension.

Despite high sequence identity between HSAP and SAP,
there are some amino acid substitutions that result in dif-
ferences in interactions between residues (Fig. 1 and
Table 1). For example, although Vall6 of SAP is replaced
by glutamate in HSAP, the side chain of glutamate can
form a hydrogen bond to the carbonyl oxygen at Phe144.
Glu70 of HSAP is involved in two ion pairs; one with
Lys81 and the other with His83 which are threonine and
lysine, respectively, in SAP. Phe144 in HSAP packs with
the Tyrl9, which is a histidine in SAP. Side chains of
Asn21 and Arg193 interact in SAP and these residues are
changed to lysine and asparagine, respectively, in HSAP.

LIM versus SAP
LIM has many insertions and deletions, reflecting its
more distant relationship with SAP. The nine regions
with most structural variation from SAP were success-
fully modelled on the basis of fragments from proteins of
known 3D structures in the Brookhaven Protein Data
Bank [41] and are listed in Table 2. Amino acid substitu-
tions in LIM relative to SAP occur throughout the
molecule, including the -sheets forming the jelly roll
fold. These differences alter the packing and nature of
the interactions between the side chains, but they allow
the overall 3D structure to be maintained. For example,
the interaction between two hydrophobic residues Phe8
and Leu188 in the -strands in SAP is replaced by a
polar-polar interaction between Lys9 and Thr188 in
LIM. The interaction between the side chains of Lys65
and Tyr71 in SAP is replaced by a hydrophobic contact
between Ile65 and Phe71 in LIM. The interaction
between the polar side chains Glu66 and Ser72 in SAP is
replaced by the hydrophobic interaction between Leu64
and Leu72 in LIM. In SAP, the side chain of Ser41 is
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Fig. 1. Sequence alignment of SAP,
CRP, HSAP and LIM. Residues inserted
relative to SAP, for example serine and
threonine in CRP between residues 44
and 45, are identified as Ser44A and
Thr44B. The structural features of SAP
are indicated using the program JOY
[55]. Key to JOY alignments: solvent
inaccessible, UPPER CASE; solvent
accessible, lower case; positive ~, italic;
hydrogen bond to other side chain,
tilde; hydrogen bond to main chain
amide, frame box; hydrogen bond to
main chain carbonyl, underline; disul-
phide bond, cedilla;.positive *, *;

3-strand, 1B; cis-peptide, o; 310-helix, 3;
a-helix, a; inter-protomer contact
residue in SAP, p; calcium binding
residue in SAP, c; hydrophobic pocket
residue in SAP, h.

hydrogen bonded to the main chain at Va151. This
interaction is changed to the hydrophobic contact
between Val41 and Leul50 in LIM. Some of the inter-
esting differences in interactions are given in Table 1.

Subunit interactions in pentraxins
An important feature of the pentraxin class of proteins is
the formation of a pentamer or a hexamer as the basic
quaternary assembly. In the native state, many pentraxins,
including SAP, exist as decamers composed of two
pentamers interacting face-to-face. LIM is a dodecamer
containing two hexamers. Whereas the packing of
subunits in legume lectins involves extensive contact
across 13-sheets, the interface between protomers in pen-
tameric SAP involves mostly residues in loops forming a
variety of interactions such as salt bridges, hydrophobic
contacts and side chain-main chain hydrogen bonds (see
Fig. 1 and Table 3).

Fig. 2. The folds of the pentraxins SAP, CRP, HSAP and LIM. The
crystal structure of a subunit of SAP [221 is shown in pink at the
top left. Roughly every thirtieth residue is labelled (see Fig. 1 for
sequence information). Calcium ions are shown in red and the
disulphide bond is in yellow. Models of CRP, HSAP and LIM, are
shown with regions of significant residue differences, relative to
SAP, shown in green. (Figure generated using SETOR [53].)

The two inserted residues at 44A and 44B of CRP (see
legend to Fig. 1 for explanation of nomenclature) are
situated in the inter-protomer interface and interact with
the loops containing Asp68 and Phe88, resulting in more
inter-protomer contacts than in SAP. This region is more
polar than in SAP where we find Val68 and Phe88.
However, most of the inter-protomer interactions in
SAP are conserved in CRP (Table 3). For example,
Lys116 and Glu153 form an ion pair across the interface

1O 3 AN 0 A A B 0
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LIM LEEGEITSKVKFP-PSSSPSFPRLVMVGTLPDLQEITLCYWFKVNRLK--GTLHMFSY
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LIM TVLNHEQIKYLSKCAHPSERHIYGNIIQWDKTQFKAYDGVVLSPNEICA
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in SAP that is retained in CRP by the replacements
Lys -Arg and Glu-Asp, respectively.

Calcium binding occurs on one side of the pentamer, on
the surface composed of the more concave [3-sheets. On
the opposite more planar face, each subunit has an

a-helical segment [22]. The existence of SAP in pen-
tameric or decameric form is dependent on pH and the
nature and concentration of buffer salts [42] (WL
Hutchinson and MB Pepys, unpublished data). The
decamer is thought to be formed by packing two
pentamers in such a way that the faces containing helices
are packed with an angle between the helices from
different pentamers; in this arrangement the calcium-
containing ,-sheets of each pentamer are accessible [22].
The charge distribution at the helix-containing face of
the SAP pentamer is shown in Fig. 3a. Both positive and
negative charges permit electrostatic interactions
between the two pentamers of the decamer. The
presence of more negative than positive charges means
that not all charges are paired and is indicative of a weak
association between the two pentamers. Fig. 3b shows
the charge distribution in the helix-containing face of
the CRP pentamer. A conspicuous feature is the cluster
of strong negative charge at the centre of the pentameric
ring. This distribution of charge would lead to repulsion
of pentamers in a putative decamer similar to that of
SAP. Such repulsion could not be eliminated by the
rotation of one of the pentamers with respect to the
other as the strong negative charge is evenly spread at the
centre. This may explain the observation that CRP does
not form a decamer [43].

Most inter-protomer contacts, including ion pairs and
hydrophobic contacts, are similar in HSAP and SAP
(Table 3). For example, substitution of Ile85 in SAP by
valine in HSAP allows retention of the hydrophobic
contact with the conserved Phe88. Subunit interactions
in HSAP are increased by the presence of a carboxy-
terminal extension. Fig. 4 shows the superposition of
SAP and HSAP in this inter-protomer contact region.

LIM forms hexamers rather than pentamers [10], which
we have modelled as in Fig. 5. The inter-protomer
contacts in the hexamer of LIM are listed in Table 3.
Two regions where there are deletions of one residue in
LIM compared with SAP, 10-12 and 83-89 (see Fig. 1),
and the region of two inserted residues in LIM after
position 114 of SAP, are in the inter-protomer contact
regions and the differences may accommodate hexamer
rather than pentamer formation. Although the precise
details of inter-protomer interactions might vary
depending upon the method of hexamer generation, the
aggregation of LIM as a pentamer seems unfavourable. If
LIM forms a pentamer similar to SAP, apart from the loss
of some of the inter-protomer contacts due to deletions,
the insertion of lysine and glycine after position 114
would result in steric clashes with an adjacent protomer.
This is also supported by a model of a hypothetical
pentamer of LIM which has been constructed in an
analogous fashion to the pentameric SAP.

Calcium binding
Calcium coordination is essential for ligand binding by
pentraxins [2] and for the resistance of pentraxins to
proteolytic degradation [44,45]. There are two calcium

Table 1. Predicted differences in interactions within a protomer.

Residue or residue pair in: Interacting groups in:a

SAP CRP
lle23-GIu191 Lys23-Glu191
Asn32-Ser82 Ala32-Phe82

Asn53-Tyr140 Ala53-Phe140
Lys65-Va192 Trp65-Va192
VaI68-Phe88 Asp68-Thr88 & Thr44B
Gly69-Val84 lle69-Val84
Val70-Phe90 Asp70-Thr90

Val96 Thr96 H-bonded to MC at Ser97
Leu114-11e109 Arg114-Tyr71

Non-H-bonded Lys143 Asn143-Ser139
SAP HSAP

Val16-Phe144 Glu16 H-bonded to MC at Phe144
His19-Phe144 Tyr19-Phe144
Asn21-Arg193 Lys21-Asn193

Glu70-Thr81 & Lys83 Glu70-Lys81 & Arg83
Ser82-Leu114 Val82-Trp114

Val96 Thr96 H-bonded to MC at Val95
Leu170 Lys170 H-bonded to MC at Gly111

SAP LIM
Phe8-Leu188 Lys9-Thr188
Lys65-Tyr71 lle65-Phe71
Glu66-Ser72 Leu64-Leu72
Phell-Ile154 Proll-Leu154

VaI196-Val20 & le192 Val196-Pro20 & Ala192
Ser41 H-bonded to MC at Val151 Val41-Leu150

Asn53-Asp58 Ala53-Va1140
Val63-Ser82 Thr63-Gln82

Ala108-1e169 Trp108-lle169
Trp160-Ala172 & Tyr158 Trp160-Leu172 & Tyr173

aUnless specified the interactions are between side chains. MC= main
chain.

Table 2. Modelling of structurally variable regions (SVRs) in LIM.

SVRs of LIM a Modelled on:b

-2 to -1 2GD1 AlaO 0
11 to 13 2TBV Asp B 217
29 to 30 4TMS Arg 178
42A to 44 1WSY Ala B 269
75A to 78 4APE Gly 21
85 to 91A 1LZ1 Gly 55
114 to 116 1BMV Gly 1 1078
174 to 180 2GD1 Asp P 293
204 to 204A 2CRO Gly 62

aResidue numbering is based on SAP (see Fig. 1). bThe protein fragments
used for modelling are derived from proteins of known structure. Their
PDB codes are given along with the first residue number of the chosen
segment. Chain identifiers in the structures with more than one polypep-
tide chain in the PDB file are specified before the residue number.
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Fig. 3. Representation of the charge distribution calculated using the program GRASP that incorporates the DelPhi algorithm [56]. The
pentameric face, containing the helical segments, is shown for (a) SAP and (b) CRP. The charge distribution is represented with the
colour code red for negative and purple for positive charges.

ions bound to SAP. Calcium 1 is coordinated to side
chains of Asp58 (both oxygens), Asn59, Glu136, Aspl38
and the main chain carbonyl of Gln137. The other
ligand is an acetate in four of the subunits and the side
chain of Glu167 from an adjacent pentamer in the
crystal lattice in the fifth subunit. Calcium 2 is less
extensively coordinated by SAP, with ligands to Glu136,
Asp138, Gln148, and acetate. The coordination is
completed by Glu167 and two water molecules [22].

The equivalent residues in CRP, HSAP and LIM are
indicated in Fig. 1.

Unlike SAP, CRP binds to the two calcium ions with
equal affinity at neutral pH [44]. The backbone at the
calcium-binding site of CRP is similar to that in SAP.
However, there are some residue changes which could
affect the affinity for calcium. In SAP, residue 145 is
aspartate, which is not liganded to a calcium ion, but in

Table 3. Inter-protomer interactions.a

SAP CRP HSAP LIM

VallO-11e104 VallO-11e104 Vall1-le104 Phe10TrpOl
Prol2(M)-Gly118(M) Pro1 2(M)-Ser118(M) Pro1 2(M)-Gly118(M)

Tyr40-Prol 13(M) Tyr4O--Prol 13(M) Tyr40-Prol 13(M) Lys40-Cys114(M)
Tyr40-Val115 Tyr4O-Val115 Tyr4O-Val115 Lys4O-Glu104

Asp42-Lys83(M) Glu42-GIu83(M) Asp42-Arg83(M) Asn42-Asn115(M)
Asp42(M-Lys83 Ser44(M)-Glu83 Asp42(M)-Arg83
Asp42-Lysl 17 Glu42-Lys117 Asp42-Lys117 Asn42-Lys114A

Ser44 & Ser44A-Lys67
Thr44B-Asp68
Va188A-Pro85

lle85-Phe88 & Pro89 Pro85-VaI88A Val85-Phe88 & Ala88A

Lys91-Lysll4A(M)
Glu99-Lys199 Glu99-Lys199 Glu99-Arg199 Trp101-Val197

Ser102(M)-Tyr195 Ser18-Tyr195 Ser102-Tyr195 Glu102-Ser199
le104-11e197 lle104-Phe197 lle104-Val197 ThrlO106Gu202

Pro113-Trp203 Pro113-Trp203 Pro113-VaI203 His113-GIu202
Vail1 5(M)-Gly152(M) Val11 5(MK;ly1 52(M) Val115(M)-Gly152(M)

Lys116-GIu153 Arg116-Asp 153 Lys116-G1u153 Ala116M-GIu151

VaI121-Va1197
Pro166-VaI202 Pro166-Leu202 His166-1u202

Lys112-Ser204B

alnteractions involving the main chain are indicated by '(M)' at the residue position.
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Calcium-mediated ligand binding
SAP shows calcium-dependent binding of PE but does
not bind PC. In the crystal structure of the SAP-PE
complex [22], the residues Tyr74, Lys79 and Glu66 are
situated close to PE with the side chain hydroxyl of
Tyr74 forming a hydrogen bond with the nitrogen of
PE. Glu66 and Lys79 form a salt bridge.

PE and PC differ only at the nitrogen where three
methyl groups are attached in PC. Modelling of the
three methyl groups (PC) resulted in short contacts
ranging from 2.1 A to 2.7 A between the hydroxyl group
of Tyr74 and the methyl carbons. These could not be
relieved by rotation around the ethyl nitrogen bond as
the side chain hydroxyl of Tyr74 is situated roughly on
the rotation axis (Fig. 6) and there is no space for the PC
to re-position itself.

Fig. 4. Inter-protomer region of HSAP (green) superimposed on
the inter-protomer region of SAP (pink). The two carboxyl
termini are indicated. (Figure generated using SETOR [531.)

Thr74 of CRP is topologically equivalent to Tyr74 of
SAP. A shorter side chain at 74 (Tyr-rThr) results in
longer distances between the side chain atoms of Thr74
and the three methyl groups of PC (distances range
between 3.8 A and 6.5 A). Glu66 and Lys79, which
form an ion pair in SAP, are replaced by serine and
glutamate, respectively. Distances between the side chain
atoms of these residues and methyl groups of PC range
between 4.9 A and 8 A, thus accommodating the methyl
groups of PC (Fig. 6).

In the complex of PE with SAP, the hydroxyl of Tyr74
forms a hydrogen bond with the nitrogen of PE. In

Fig. 5. Hexameric model of LIM. The 13-strands and helical seg-
ment are represented in pink and blue respectively. Disulphides
are shown in yellow. (Figure generated using SETOR [531.)

CRP the larger side chain of glutamate could coordinate
the calcium.

In HSAP, the calcium ligands Asn59, Glu136, Gln137,
Asp138 and Gln148 are conserved although Asp58 of
SAP is replaced by glutamate in HSAP, a change which
is unlikely to have much effect on the binding of calcium
ions. In a similar way, all calcium-binding residues in
LIM are identical to those in SAP with the exception of
Glu136 in SAP which is replaced by aspartate.

Fig. 6. Docking of phosphocholine. Side chains of SAP (pink)
and CRP (blue) are shown superimposed. Phosphocholine is
shown in yellow and calcium ions in red. (Figure generated
using SETOR [53].)
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CRP, Thr74 is too far from the nitrogen of PE to
directly stabilize the complex. However, Lys79 in SAP is
replaced by a glutamate in CRP, whose side chain could
form a hydrogen bond with the nitrogen of PE.

These observations provide an explanation for the
binding properties for PE and PC of SAP and CRP. Liu
et al. [46] and Swanson and Mortensen [47] suggest that
the residues 50-60 of CRP are important in binding PC
while the mutagenesis work of Agrawal et al. [48]
implicated Lys55, Arg56 and Trp67 as the key residues.
However, it is likely that changes at positions 55, 56 and
67 will have resulted in a structural perturbation at the
calcium-binding site.

HSAP resembles CRP in binding both PC and PE [15].
Tyr74 and Glu66, which are close to PC, are conserved,
but the third side chain (Lys79 in SAP) that is close to
PC is replaced by glycine in HSAP, thus creating more
space to accommodate PC. LIM also binds both PC and
PE. Tyr74 in SAP, which binds directly with the
nitrogen of PE, is replaced by asparagine in LIM. Other
changes include Lys79 and Glu66 in SAP which are
Leu79 and Asp66 in LIM. Despite these substitutions,
which alter the shape/charge of the binding site, both
PC and PE can be bound by LIM.

Binding of MO3DG by SAP involves two hydrogen
bonds formed between the 4,6 oxygen atoms of the car-
boxyethylidene ring and the side chains of Gln148 and
Asn59 respectively, in addition to the direct interaction
between calcium ions and the acidic group of MOPDG
[22]. In the crystal structure without an added ligand,
acetate from the buffer binds calcium in a similar way.
CRP binds MODG very weakly [49]. Interestingly,
both Gln148 and Asn59 are conserved in CRP (Fig. 1)
but there are changes in residues that define the
hydrophobic pocket: Tyr64 is a phenylalanine and Tyr74
is a threonine (Fig. 7). These changes alter the size of the
pocket as well as the charge distribution and they may
account for weaker binding of MO3DG. The higher
affinity of CRP for calcium, possibly mediated through
Gln145, may also lead to an alteration of the position of
calcium 2, and thereby weaken binding of MO,3DG.

HSAP binds weakly to MOIDG compared with binding
of MOI3DG by SAP [21]. The residues in SAP that
directly interact with MO3DG (Asn59 and Gln148) and
the residues forming the hydrophobic pocket (Leu62,
Tyr64 and Tyr74) are all conserved in HSAP (see Fig. 1).
However, replacement of Lys79 in SAP by glycine in
HSAP may account for the reduced binding of MODG.

LIM does not bind to MO[DG (GA Tennent and MB
Pepys, unpublished data). Although residues Asn59,
Gln148 and Leu62 which interact with MO,3DG in
SAP, are conserved in LIM, the other hydrophobic
residues in the pocket are significantly different in LIM,
i.e., Tyr64 and Tyr74 in SAP are Leu64 and Asn74 in
LIM (Fig. 1).

Fig. 7. Superimposition of residues in SAP and CRP in the
vicinity of the MOP3DG binding site. The backbone is shown in
green. The side chains of SAP are shown in pink and those of
CRP in blue. MOI3DG is represented in yellow and calcium ions
in red. (Figure generated using SETOR [53].)

Biological implications
The pentraxins are a family of pentameric verte-
brate plasma proteins that have been stably
conserved in evolution and share sequence
homology, similar subunit assembly and the
capacity for specific calcium-dependent ligand
binding. The phylogenetically oldest known
protein with sequence homology is C-reactive
protein (LIM) from the arachnid, Limulus polyphe-
mus (the horseshoe crab), which differs from its
vertebrate counterparts in being hexameric.
Human C-reactive protein (CRP) is the classical
cytokine-regulated acute phase protein which is
produced in response to inflammation and tissue
damage. It is universally measured in clinical
practice as an objective marker of disease activity.
Human serum amyloid P component (SAP), the
other human pentraxin, is a normal constituent of
the extracellular matrix as well as a plasma
protein. It is also invariably found in the deposits
associated with the pathological condition of
amyloidosis that underlies such common and
important clinical disorders as Alzheimer's disease
and diabetes mellitus. SAP probably contributes
to persistence of amyloid in vivo and radiolabelled
SAP is used routinely for diagnosis and monitor-
ing of systematic amyloidosis. Serum amyloid P
component from the Syrian hamster (HSAP) is of
interest because it shares properties of both
human CRP and SAP.

Comparative analyses of the sequences and struc-
tures of SAP, CRP, HSAP and LIM, based on the
high-resolution crystal structure of SAP provide
strong evidence for a highly conserved tertiary
fold, despite differences in quaternary structure
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and ligand specificity. The multimeric assembly
of protomers with their binding sites on one
planar face of the pentamer (or hexamer in the
case of LIM) enables multivalent attachment. The
predominantly -sheet arrangement of the
protomer fold with short, tightly bound joining
loops, together with the multiple coordination of
calcium ions by residues in solvent-exposed
segments, account for the remarkable proteinase
resistance of pentraxins. This resistance may be
advantageous in the proteinase-rich microenvi-
ronment of inflammatory lesions, and it is of
interest that CRP is even more proteinase resistant
than SAP (GA Tennent and MB Pepys, unpub-
lished data) and that most of the residue
differences appear likely to further stabilize the
CRP protomer structure.

The models also provide a structure-based expla-
nation of the different ligand specificities among
pentraxins, in particular the recognition of phos-
phocholine by CRP, HSAP and LIM but not by
SAP, the recognition of cyclic pyruvate acetals
only by SAP, and the recognition of phospho-
ethanolamine by all of them. Final confirmation
will require crystallographic analyses of ligand
complexes, but mutagenesis experiments,
currently in progress, should provide an experi-
mental test of the proposed interactions. Better
understanding of pentraxin-ligand binding may
help to elucidate their physiological and patholog-
ical functions, and contribute to the development
of new diagnostic and therapeutic agents in amy-
loidosis and inflammation.

Materials and methods
Comparative modelling
The 3D structures of CRP, HSAP and LIM were modelled
on the basis of the crystal structure of SAP determined at 2 A
resolution and refined to an R-factor of 0.18 [22]. The suite
of programs, encoded in the comparative modelling software
COMPOSER [31,32] and incorporated in SYBYL (version
6.0 - Tripos Inc.), was used to obtain initial 3D models.
Conserved regions of CRP, HSAP and LIM were modelled
by extrapolating from the equivalent regions of SAP; they
comprise 15 stretches of 1-strands, most of which are also
present in lectins, a long a-helical segment at 166-174 which
is unique to pentraxins, and some conserved loops. The
insertion and deletion regions were modelled by searching a
data base of fragments, extracted from known 3D structures,
for an appropriate segment satisfying end-to-end inter-Ca
distances of flanking conserved regions. Steric contact with
the rest of the protein was also a consideration in the loop
selection. The template matching approach was used in
ranking the candidate loops [50]. The selected loop segment
was modelled on to the three-residue overlap with flanking
SCRs (structurally conserved regions), using an algorithm to
relax the structure by 'tweaking' at the ends of SCRs (F
Eisenmenger, personal communication). Side chain confor-
mations have been predicted using a set of 1200 rules based

on the conformers in equivalent residues in SAP or from a
rotamer library, depending on the nature of substitutions and
the type of secondary structure [34].

Energy minimization
The models were energy minimized using the AMBER
force-field [51] as incorporated in SYBYL. Hydrogen atoms
were also considered in the energy minimization. For every
course of energy minimization, 20 cycles of Simplex method
and a further 100 cycles of Powell algorithm were employed.
During the initial cycles of energy minimization, the
backbone atoms were maintained fixed and electrostatic
energy terms were not considered. This strategy was
employed primarily to relieve short contacts and to correct
geometry, particularly at the 'anchor' regions of various
loops. In the subsequent cycles, all atoms were allowed to
move and electrostatic energy terms were included. A
distance-dependent dielectric constant with a cut-off of 9 A
and an e value of 4 was used. Minimization was performed
until all inconsistencies in geometry were rectified and all
short contacts were relieved.

Modelling of LIM
As LIM is more distantly related to SAP (30% sequence
identity) many, usually conservative, amino acid replace-
ments are present, even in the solvent-inaccessible core
region. Hence a slightly different strategy, which combines
constrained energy minimization at every stage of modelling,
was employed to model LIM.

Initially, the structurally conserved regions of LIM, which
comprise the P-strands and helix, were built using
COMPOSER with SAP as the basis structure. Then the
backbone of LIM was kept rigid and the side chains alone
were allowed to optimize their positions during energy mini-
mization. Each of the variable regions was built individually
and checked for geometry and steric clashes with the
'anchor' regions and rectified by a simulated annealing
protocol in SYBYL. Many loop conformations were adjusted
manually using interactive graphics and a careful check has
been made for the compatibility of conformation at each
position [50]. Energy minimization of the (local) loop
regions enabled steady improvement in the stereochemical
quality of the model. The two disulphides that are present in
LIM, in addition to the disulphide in common with SAP,
were modelled after using distance constraints on the
selection of fragments from the database [52]. Finally, the
completed model was energy minimized by allowing all the
atoms to move and with an electrostatic term included in the
force field.

Generation of quaternary structures
The pentamers of CRP and HSAP were generated by super-
imposing the model on to each protomer of SAP; special
care was taken not to alter the coordinate axes of reference.
The generated pentamer model was then energy minimized
by moving side chains alone, in order to relieve short
contacts at the inter-protomer interfaces. Electrostatic terms
were also included in these minimization cycles.

In order to generate the hexamer of LIM, a hypothetical
pentamer of LIM was first generated by superposing the LIM
model on to each of the protomers of SAP. The centres of
Co atomic positions of the protomers define a pentagon
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Fig. 8. Generation of a hexameric
subunit arrangement for Limulus CRP
(LIM) based on the pentameric SAP
structure. (a) The hypothetical pentamer
of LIM with the centre of the Ca atoms
in each of the protomers marked as A to
E. The point P refers to the centre of the
pentagon of points A to E and the five-
fold axis passes through it. (b) The
triangle ABP from the pentamer is used
to identify a point H away from the five-
fold axis and passing through the
six-fold axis. (c) A preliminary model of
the hexameric LIM.

whose vertices and centroid are in a plane (points A to E and
P in Fig. 8a). The distance from the point P (and hence its
coordinates) to a point H in the six-fold axis and in the mean
plane formed by the points A to E can be calculated by con-
sidering the triangles ABP and ABH where the angles of the
triangles and the distances AB, AP and PB are known (Fig.
8b). Using the six-fold axis that passes through H and parallel
to the five-fold axis, a preliminary model for a hexamer of
LIM was generated (Fig. 8c). The individual protomers were
then systematically translated in small steps away from the
six-fold axis. For every step of translation, the number of
distances, within 10 A between C atoms across the two
adjacent protomers, was monitored. Translation was termi-
nated when the number of interacting C atoms was same as
in the pentamer of SAP. The hexameric model was then
energy minimized by keeping the backbone fixed and
allowing side chains to move.

Generation of CRP models bound to PE, PC and MO3DG
was accomplished by alterations in side chain positions at the
binding site, as guided by the structures of the complexes,
SAP-PE and SAP-MOI3DG [22].

All computations and development of programs for
modelling and analysis were performed on a network of
IRIS-SG workstations. Three-dimensional models were
analyzed using interactive graphics programs such as SETOR
[53] and SYBYL (Tripos Inc., St. Louis) on IRIS worksta-
tions and FRODO [54] on an Evans and Sutherland system.

Atomic coordinates of the models are being deposited in the
Protein Data Bank [41].
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