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Abstract

The three-dimensional structures of leucine-rich repeat (LRR)-containing proteins from five different fami-
lies were previously predicted based on the crystal structure of the ribonuclease inhibitor, using an approach
that combined homology-based modeling, structure-based sequence alignment of LRRs, and several rational
assumptions. The structural models have been produced based on very limited sequence similarity, which,
in general, cannot yield trustworthy predictions. Recently, the protein structures from three of these five
families have been determined. In this report we estimate the quality of the modeling approach by comparing
the models with the experimentally determined structures. The comparison suggests that the general archi-
tecture, curvature, “interior/exterior” orientations of side chains, and backbone conformation of the LRR
structures can be predicted correctly. On the other hand, the analysis revealed that, in some cases, it is
difficult to predict correctly the twist of the overall super-helical structure. Taking into consideration the
conclusions from these comparisons, we identified a new family of bacterial LRR proteins and present its
structural model. The reliability of the LRR protein modeling suggests that it would be informative to apply
similar modeling approaches to other classes of solenoid proteins.

Keywords: Crystal structure; leucine-rich repeat; molecular modeling; solenoid-like proteins; structural
bioinformatics

Tandem arrays of characteristic leucine-rich repeat (LRR)
motifs comprising ∼24 amino acids have been found in the
primary structures of a large number of proteins. These
proteins include many that participate in biologically im-
portant processes, such as hormone receptors, enzyme in-
hibitors, and proteins involved in cell adhesion (for review,

see Kobe and Deisenhofer 1994, 1995; Buchanan and Gay
1996; Kobe 1996; Kajava 1998; Kobe and Kajava 2001).
The first crystal structure of a LRR protein, ribonuclease
inhibitor (RI) (Kobe and Deisenhofer 1993), showed that
LRRs corresponded to structural units, consisting of a
�-strand and an �-helix. The structural units are arranged so
that all the �-strands and the helices are parallel to a com-
mon axis, resulting in a nonglobular, horseshoe-shaped mol-
ecule with curved parallel �-sheet lining the inner circum-
ference of the horseshoe and the helices flanking its outer
circumference. Therefore, the LRR proteins belong to a
more general class of solenoid protein structures (Kobe and
Kajava 2000).

The availability of the structure of RI and a large number
of LRR sequences triggered studies focused on the analysis,
classification (Claudianos and Campbell 1995; Buchanan
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and Gay 1996; Jones and Jones 1997) and molecular mod-
eling of LRR proteins (Kajava et al. 1995; Moyle et al.
1995; Jiang et al. 1995; Bhowmick et al. 1996; Weber et al.
1996; Izzo 1997; Kajava 1998; Janosi et al. 1999; Mont-
gomery et al. 2000; Hines et al. 2001). At least six families
of LRR proteins, characterized by different lengths and con-
sensus sequences of the repeats, have been identified (Ka-
java 1998). Eleven-residue segments of the LRRs (LxxL-
xLxxN/CxL), corresponding in RI to the �-strand and adja-
cent loop regions, are conserved in LRR proteins, whereas
the remaining parts of the repeats (herein termed variable)
may be very different (Kobe and Deisenhofer 1994; Kajava
et al. 1995). Despite the differences, each of the variable
parts contains two half-turns at both ends and a “linear”
segment (as the chain follows a linear path overall), usually
formed by a helix, in the middle. Therefore, although the
invariant consensus sequence of the �-region is a charac-
teristic feature of the entire LRR superfamily, the consensus
sequences of the variable part suggest at least six specific
families that may differ in the three-dimensional (3D) struc-
ture of the repeated unit. RI represents one of these families.
The sequence–structure relationships of the remaining LRR
families were examined by molecular modeling (Kajava
1998).

In general, prediction and modeling are not considered a
source of reliable structural information. A structural model
of any protein goes out of use as soon as its structure is
determined by X-ray or NMR methods. However, the most
valuable feature of the theoretical approaches resides in the
fact that the prediction tests our understanding of protein
structures. This is especially true when the structural model
and principles underlying every modeling step are well
documented. The comprehensively described modeling of
LRR proteins (Kajava et al. 1995; Kajava 1998) provides an
opportunity to test how adequate is our understanding of the
principles of LRR structures as they are experimentally de-
termined.

Recently, the 3D structures of eight new LRR proteins
have been determined (Price et al. 1998; Hillig et al. 1999;
Marino et al. 1999; Zhang et al. 2000; Liker et al. 2000;
Schulman et al. 2000; Wu et al. 2000; Evdokimov et al.
2001) (Fig. 1). The yeast GTPase-activating protein rna1
(Hillig et al. 1999) is a member of RI-like family, and
consequently resembles closely the structure of RI (Kobe
and Deisenhofer 1993). The remaining LRR proteins belong
to three LRR families (SDS22+, cysteine-containing (CC),
and bacterial) for which no structural information had pre-
viously been available, except for the modeled structures
(Kajava et al. 1995; Kajava 1998). In this paper we analyze
the quality of the modeling by comparing the models with
the experimentally determined structures. On the basis of
this analysis and search of the latest sequence databases, we
also present a new family of LRR proteins and its structural
model.

Results and Discussion

Comparison of the models and the experimental
structures from the SDS22+-like family

Our sequence analyses suggests that of the LRR proteins
with available structures, U2a small nuclear protein (Price et
al. 1998), TAP protein (Liker et al. 2000), Rab geranylger-
anyltransferase (RabGGT) (Zhang et al. 2000), internalin B
(InlB) (Marino et al. 1999), and light chain 1 (LC1) of
dynein (Wu et al. 2000) belong to the LRR family, repre-
sented by the yeast SDS22+ protein (Malvar et al. 1992;

Fig. 1. Superposition of the structures of (a) RI (PDB code 2BNH) and the
recently determined LRR domains (ribbon): (b) rna1 (1YRG); (c) U2a
(1A9N, residues 2–163), TAP protein is structurally very similar to U2a;
(d) RabGGT(1DCE, residues 443–567); (e) internalin (1D0B); (f) dynein
LC1(1DS9); (g) skp2 (1FQV, residues 107–400); (h) YopM. The structures
were superimposed using C� atoms of the �-strands.
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Kajava et al. 1995) (Fig. 2). Inspection of these structures
confirms that the less perfect the repetition of the sequence
motif, the less regular the structure. Four of these proteins
(U2a, TAP, RabGGT, and dynein LC1) have a small num-
ber (4 to 6) of imperfect repeats with the length ranging
between 22 and 25 residues. In three dimensions, neither
U2a, TAP, RabGGT, nor dynein LC1 have two identical
LRR conformations within one domain. In contrast, inter-
nalin has seven well-conserved 22-residue repeats with al-
most the same conformation. The backbones of the 22-
residue repeats from U2a, TAP, RabGGT, and internalin are

very similar (Fig. 3a). Surprisingly, however, some repeats
that fit the consensus sequence of SDS22+-like LRRs show
considerable differences in the backbone conformations of
their “variable” regions, depending on the surrounding pro-
tein context (Table 1). There are several possible explana-
tions, including the differences in the neighboring repeats
and other flanking structures, and the presence of the con-
formationally restricted proline residues in certain positions.
It may also be due to the difficulty to interpret the electron
density in some flexible parts of the structures; for example,
the B-factor of the backbone atoms of the U2a crystal struc-
ture is higher for residues 58–63 (∼50 Å2) compared to the
adjacent regions (∼35 Å2). This is the region where the
conformation of the 22-residue repeat of U2a protein differs
most dramatically from the RabGGT and internalin repeats
(Fig. 3a). Furthermore, there are significant differences be-
tween the three structures determined crystallographically
(Price et al. 1998; Marino et al. 1999; Zhang et al. 2000) on
the one hand and the structure determined by NMR (dynein
LC1; Wu et al. 2000) on the other (Fig. 3a); smaller differ-
ences would usually be expected for structures with that
degree of sequence similarity (Holm and Sander 1999).

Before undertaking the experimental solution of four
SDS22+-like LRR structures, a model of the 3D structure of
LRR of the yeast SDS22+ protein was constructed (Kajava
et al. 1995). The SDS22+ protein was chosen to represent
this LRR family because it has regular and easily recogniz-
able repeats and is one of the first identified LRR sequences
from this family (Malvar et al. 1992). The �-structure por-
tion of RI (Kobe and Deisenhofer 1993) was taken as a
template for modeling the analogous part of SDS22+ LRRs.
The modeling of the variable part of the LRRs was based on
the assumption that the conserved residues of the LRR con-
sensus patterns are important for structural integrity, rather
than function. In the modeled structure, the conserved non-
polar residues are directed into the hydrophobic core, and
the conserved polar residues are involved in specific hydro-
gen bonds in the interior of the structure; the residues in the
nonconserved positions are exposed on the surface of the
structure. The modeling showed that it was possible to build
a horseshoe-shaped structure for the SDS22+ protein with
the 22-residue LRRs (Kajava et al. 1995). The central part
of the variable region was predicted to form a 5-residue
helix; one amino-terminal residue of the helix was in �-he-
lical conformation, whereas four others were in a 310-con-
formation (Table 1).

The comparison of the model with the crystal structures
shows that the C�-backbone of the model closely follows
the backbone of the crystal structures (after superimposing
�-strand–�-�-strand units from the model and central re-
gions of the experimentally determined structures, the root
mean square deviations (RMSD) of C� atoms are 1.0, 1.1,
and 1.5 Å for RabGGT, internalin, and U2a, respectively)
(Fig. 3a). The fact that the model fits the known structures

Fig. 2. Sequence alignments of the LRRs from proteins with the recently
determined 3D structures; consensus sequences of the LRRs from
SDS22+-like, typical, and RI-like protein families are also shown. Resi-
dues identical or conservatively substituted in >50% of the repeats of a
given protein are printed in bold. The numbering refers to the position of
the residue within the sequence. Boxes indicate residues directed into the
interior of the known protein structures or models.
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as close as they match each other demonstrates the high
accuracy of the prediction. Although the backbone confor-
mations of the variable regions are similar, some differences
exist in their linear segments (Table 1). The internalin struc-
ture is most similar to the SDS22+ model. Both molecules
have several perfectly repeated 22-residue units (Fig. 3a)
and both structures have unusual helices that are closer to
the 310-conformation than to the �-helical one. The model-
ing suggested that the second residue of the helix, which is
frequently Asn, is necessary to form hydrogen bonds with
NH-groups of the amino-terminal helical cap. None of the
proteins with known structure has the conserved Asn in this
position; however, internalin has conserved Asp in the po-
sition preceding the helix, and its side chain forms hydrogen
bonds with the helical cap. This observation may be con-
sidered as a support of the prediction.

Comparison of experimental and predicted structures
of LRRs from the cysteine-containing family

The crystal structure of skp2 LRR domain (Schulman et al.
2000) is the first determined structure of a protein from the
cysteine-containing (CC) LRR family. The CC LRRs are
usually 26-residues long and have a distinctive consensus
sequence (Fig. 4; Kajava 1998). LRRs of skp2 vary in
length between 23 and 27 residues. Despite these length
differences, the convex part of the horseshoe structure is
formed by similar �-helices containing two to three turns.
Figure 3b shows a superposition of the 26-residue LRR
from skp2 (A244–A276) and one of the modeled 26-residue
LRRs (residues 80–112; Kajava 1998) from the hypotheti-
cal 54.9-kD protein from Caenorhabditis elegans (P34284),
revealing a good match between these structures. The 33-
atom C� backbone of the model closely follows the back-
bone of the crystal structure (RMSD) of model/skp2 � 1.25
Å using C� atoms). Again, the backbone conformations
are similar not only in the � region, but also in the linear
segment of the variable part (Table 1). The model sug-
gested that the �-helix of the CC LRR is shifted relative
to the LRR of RI (Kajava 1998); the structure of skp2
confirmed this prediction (Fig. 3b). The model is able to
explain correctly almost all residue conservations within
the family. The exception is Asp in the first position of
the �-helix. In the model, this residue conservation was
explained by formation of specific hydrogen bonds be-
tween the side chain and its own NH group and the NH
of the adjacent LRR to avoid burial of peptide groups in
the nonpolar environment. However, in the crystal struc-
ture, the backbone NH groups are hydrogen bonded by
water molecules. The side chains of the aspartic acid resi-
dues are exposed to the solvent and their conservation
may be important for functionally important intermolecular
interactions.

Fig. 3. (a) Superposition of 28-residue long �×� units of the crystal struc-
tures of U2a (black), RabGGT (magenta), internalin (cyan), dynein LC1
(yellow), and the model of SDS22+ protein (green). Dotted line denotes
the region of U2a structure with B-factors exceeding 50 Å2. All chosen
repeats have the same 22-residue length and are located in the middle
part (underlined on Fig. 2) of the LRR domains. The experimentally de-
termined units were superimposed onto the modeled unit using all C�-
atoms, except for the dynein LC1 unit, which was superimposed using
only the C�-atoms of the �-strands. Only the C� atoms are shown. (b)
Stereodiagram showing the superposition of �×� units of the crystal
structures of RI (dotted black), skp2 (magenta), and the model of ykk7
protein (cyan). The chosen repeat of skp2 has the same 26-residue length
as the LRR from ykk7 protein and is located in the middle of the LRR
domain (underlined on Fig. 4). The skp2 unit was superimposed on the
modeled unit using all C�-atoms, whereas the RI unit was superimposed on
the CC LRRs using the C�-atoms of the �-strands. All C� atoms and the
side chains of selected conserved residues are shown. (c) Superposition of
�×� units of the crystal structure (magenta) and the model (cyan) of the
YopM protein. The repeats have 20-residue length and are located in the
middle of the LRR domains. The units were superimposed using all C�-
atoms. All C� atoms and the side chains of selected conserved residues are
shown.

LRR protein modeling
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Comparison of experimental and predicted structures
of LRRs from the bacterial family

The modeling suggested that the shortest known LRRs oc-
curring in gram-negative bacteria have a horseshoe structure
similar to other LRR proteins (Kajava 1998). The modeled
20-residue LRRs suggested a polyproline II helical confor-

mation in the variable part, as opposed to �- or 310-helices
found in other families (Table 1). The comparison of the
model with the crystal structure of YopM from Yersinia
pestis, a protein with 20-residue bacterial LRRs (Evdoki-
mov et al. 2001) shows that the general architecture of the
YopM structure was predicted correctly; both structures
have a horseshoe shape with a linear part of the variable
region adopting a polyproline conformation. The most strik-
ing difference is that, in contrast to the predicted flat horse-
shoe structure, it is twisted with its ends laying out of the
plane. This twisted arrangement allows YopM molecules to
wrap around each other and form tetramers in the crystal.
However, it is not clear, whether the origin of the twist is
intramolecular interactions of the YopM monomer or its
crystal packing. The superposition of the modeled and ob-
served 20-residue LRRs also reveals that small conforma-
tional differences for several residues lead to considerable
differences in the orientation of the polyproline II helix
segments (Fig. 3c). The r.m.s.d. of the 26 C�-atoms of the
model and the structure is 1.57 Å. Further differences in-
clude the conserved Asp residue located on the polyproline
II helix. In the model, the Asp side chain forms hydrogen
bonds with two partially buried NH groups of the backbone.
In contrast, the Asp side chain in the crystal structure faces

Table 1. Backbone conformations of modeled and observed LRRs

Protein
Residue
positions Conformationa

RMS
dev.
(Å) Method

SDS22+ 106–133 �P�������L ��L�P�������� ����P����� 0.0 Model
U2a 44–71 �P�������L ��������L�P�P�P����P����� 1.5 X-ray

(2.38 Å resol.)
RabGGT 488–515 �P�������L ���P�������P�L ����P����� 1.0 X-ray

❘� ❘�L

�
��L��

�
� (2.0 Å resol.)

Internalin 144–171 �P�������L ����������� ����P����� 1.1 X-ray
❘� ❘�L (1.86 Å resol.)

Dynein 95–122 �P������� ������������ ���P����� 3.9 NMR
❘����

❘
�L

Consensusb LxxLxLxx NxIxxIxxLxx LxxLxxLxL

Skp2 244–276 �P�������L �P��L����������������P����� 0.0 X-ray
(2.8 Å resol.)

Ykk7 177–202 �P�������L ������������������ �P����� 1.25 Model
Consensusb LxxLxLxx CxxITDxxoxxLaxxcxx LxxLxL

YopM 280–305 �P�������L ���P����P�P�P�P�� �P����� 0.0 X-ray
(2.4 Å resol.)

YopM 113–138 �P�������L ��� ���P�P�P�P�P�P�L �P����� 1.6 Model
Consensusb LxxLxVxx NxLxxLPELPxx LxxLxV

a The symbols �, �L, �, �, and �p denote, respectively, residue backbone conformations closed to the right, left �-helical, and 310-helical conformations,
the �-conformation and polyproline II helix conformations. Symbol � denotes unusual conformation with the dihedral angles � � −140°; � � −160°.
b The arrows, lines, and rectangle denote �-strands, turn regions, and linear conformation of the variable region, respectively.

Fig. 4. Sequence alignment of the LRRs from skp2 protein; the consensus
sequence of LRRs from the CC LRR protein family is also shown. Resi-
dues identical or conservatively substituted in the repeats of skp2 and the
CC LRR consensus sequence are in bold. The numbering refers to the
position of the residue within the sequence. Boxes indicate residues di-
rected into the interior of the known protein structures or models.
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the solvent and is probably important for the formation of
intermolecular interactions.

Successes of leucine-rich repeat modeling

Prediction of the curvature

One basic assumption of the modeling was that all LRR
structures contain a parallel �-sheet curved similarly to that
observed in RI (Kobe and Deisenhofer 1993). LRRs have a
highly conserved 11-residue stretch with the consensus se-
quence LxxLxLxxNxL, where the L positions can be occu-
pied by bulky nonpolar residues, whereas the N position, in
addition to asparagines, can also be occupied by cysteines.
The polypeptide chain changes direction at a right angle
preceding and after the four-residue �-region xLxL. Mo-
lecular modeling suggested that the curvature is caused by
the first bulky nonpolar residue (usually leucine) and the
conserved asparagine of the consensus pattern, which are
directed into the interior of the structure. This was based on
the comparative analysis of the sterically allowed distances
between the neighboring �-strands and the half-turns of the
LRRs. For this analysis, a fragment of the �-strand with the
adjoining half-turns was taken from the RI crystal structure
and duplicated by 4.8 Å translations (the optimal distance
between �-strands) along the direction of the hydrogen
bonds. Analysis of the generated model showed that the
half-turns in the consecutive repeats made unfavorable short
contacts with each other (Kajava et al. 1995). To alleviate
these contacts, the �-sheet needed to be curved as the RI
structure.

Remarkably, a number of investigators (Claudianos and
Campbell 1995; Buchanan and Gay 1996; Heffron et al.
1998) proposed that the majority of LRR proteins have a
�-helix structure similar to that first observed in pectate
lyase (Yoder et al. 1993). The repeats of pectate lyase have
similar lengths and contain a similar sequence motif (G/
S)xxLxLxxNxL. However, the first bulky nonpolar residue
of the 11-residue motif, which probably causes the curva-
ture in LRR structures, is absent in pectate lyase. Instead, it
typically has a small side chain in this position. Thus, mod-
eling suggested that all LRR proteins, including the shortest
bacterial LRR (Kajava 1998), have a curved superhelical
structure and not a �-helical one. The crystal structures of
U2 small nuclear protein, RabGGT, internalin, and YopM
now provide strong support for this conclusion. The new
data emphasize the utility of detailed analysis and modeling
for structure prediction.

Interior/exterior orientation of side chains

In the modeled structures, the conserved nonpolar resi-
dues of the LRRs were directed into the hydrophobic core,
based on the assumption that they are important for struc-
tural integrity, rather than functional reasons. At the same

time, residues in the nonconserved positions were modeled
to be exposed on the surface of the structure. The inspection
of the LRR crystal structures supports the validity of this
postulate. The interior/exterior orientations of the conserved
apolar and nonconserved side chains were predicted cor-
rectly.

Backbone conformation

The backbone conformations of the modeled LRRs were
generated based on the following considerations. First, the
predictions of the interior/exterior orientations of the side
chains were taken into account. Second, restraints on the
general course of the polypeptide chain were imposed. Be-
cause each of the modeled variable fragments of the LRRs
corresponds to a half-coil of the LRR superhelix, they must
be bent to have two half-turns at both ends and a linear
segment in the middle. A two-dimensional (2D) plot of the
coil, which included information about possible side-chain
orientations and the location of the half-turns, facilitated the
conformational search. Third, the preference was given to
the conformations that are frequently observed in protein
structures and facilitate intrachain hydrogen bond formation
(Efimov 1993). Possible conformations were also checked
for their ability to accept proline, which is restricted to � or
�P conformations, in positions where it was observed in at
least one LRR.

The comparison of the modeled LRRs with analogous
ones from the crystal structures reveals a good correspon-
dence between the repeat backbones, especially those con-
taining � or 310-helices (Fig. 3). In particular, the helix of
the SDS22+ LRR model was predicted very similar to the
observed 310-conformation (Fig. 3a), and the model of CC
LRR correctly predicted the �-helix and its shift relative to
the helix of RI LRR (Fig. 3b). The observed shift of the CC
LRR helix confirms the prediction of the modeling that
LRRs from the different families cannot occur concomi-
tantly within one LRR domain (Kajava 1998). The orienta-
tions of the helices from different families, for example,
from RI and CC, are different and cannot pack together
well. In the case of the bacterial LRRs, the backbone con-
formation of the modeled and observed structures are also
similar; however, the difference in the tilting of the poly-
proline helical segment is significant (Fig. 3c).

Failures of leucine-rich repeat modeling

Predictions of side-chain rotamers
and loop conformations

Side chains usually have a unique conformation and form
a specific network of noncovalent contacts when occurring
in the interior of a protein structure. The inability to predict
the correct side-chain rotamer is a common problem for
molecular modeling. Although the orientations of the con-

LRR protein modeling
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served apolar side chains in the core of the LRR models
were predicted correctly, the precise conformations and
noncovalent contacts of some did not match the ones ob-
served experimentally (Fig. 3b,c).

The model and the crystal structure of YopM show the
highest deviation of the backbone conformations. In the
crystal structure, the conserved Asn residue of YopM LRR
has an unusual backbone conformation (� � −140°;
	 � −160°), because one of the basic approaches adopted
for the modeling was to use the most frequently observed
conformations, the true conformation was not anticipated.
Many peptide groups of the loop regions do not form intra-
chain hydrogen bonds in the experimentally determined
structures. Instead, they are connected by water molecules.
This is another origin of difference between the modeled
and observed backbone conformations.

Intercalation of the negatively charged side
chains between the leucine-rich repeats

In the modeled structures of CC and bacterial LRRs, the
conserved negatively charged Asp side chains were in-
volved in specific hydrogen bonds with NH groups of the
backbone. This prediction was based on the assumption that
these conserved residues are important for structural integ-
rity. However, this assumption was not correct because, in
the determined structures, the Asp side chains are exposed
to the solvent. Perhaps these residues may affect the struc-
ture in a different manner; for example, their charge repul-
sion may twist the overall LRR structure as in YopM (Evdo-
kimov et al. 2001) or they may be important for function of
the protein. The observation that the conserved negatively
charged residues are exposed to the solvent and not in-
volved in intramolecular hydrogen bonds can improve the
results of the modeling of LRR proteins.

Prediction of the overall structures

The models containing two to three LRRs closely fit the
experimentally determined structures. However, if we com-
pare the overall structures consisting of 10 to 15 LRRs, the
accumulation of small differences in LRR conformations
and packing results in larger discrepancies. For example, the
known horseshoe structures of internalin (Marino et al.
1999) and YopM (Evdokimov et al. 2001) have a right-
handed twist (Kobe and Kajava 2000). The observed twist
was not foreseen by the model. The crystal structures do not
provide a clear explanation of the interactions responsible
for the twisting. Both twisted LRR structures have a posi-
tion in the variable region of LRR occupied by negatively
charged residues (e.g., see Fig. 2 for LRRs of internalin).
We propose that the repulsion of these side chains may lead
to the twist; however, this explanation requires further
analysis.

Identification and modeling of LRRs from a new
bacterial family

The molecular modeling and analysis of newly determined
structures of LRR proteins suggested that the presence of a
bulky apolar residue in the first position of the conserved
pattern LxxLxLxxN/CxL is sufficient to impart the charac-
teristic horseshoe curvature (see Prediction of the curvature
section). Taking this into consideration we modified the
LRR sequence profiles (Kajava 1998) by increasing the im-
portance of the first six residues LxxLxL. The profile search
revealed a group of bacterial proteins with 23-residue re-
peats having a consensus pattern LxxLxLxxxLxxIgxx-
AFxxC/Nxx (Fig. 5a). A protein from Treponema pallidum
(TpLRR) was sequenced first among these proteins
(Shevchenko et al. 1997); therefore, we name this group of
proteins as the TpLRR family. The TpLRR family also
includes BspA from Bacteroides forsythus (Sharma et al.
1998), PcpA from Streptococcus pneumoniae (Sanches-
Beato et al. 1998), and a hypothetical protein GI:13622014
from Streptococcus pyogenes (Feretti et al. 2001).

Applying the method used in the previous modeling work
(Kajava et al. 1995) we build the 3D structure of one of
these proteins—BspA from B. forsythus (Sharma et al.
1998). The modeling shows that proteins with such repeats
can adopt the horseshoe structure (Fig. 5c). It explains the
observed residue conservation and insertion/deletions

Fig. 5. A new TpLRR family. (a) A consensus sequence repeat pattern.
The “C” position can also be occupied by asparagine, threonine, or serine;
“x” is any residue, sites of insertions and deletions are denoted by + and −.
(b) 2D plot of the predicted side-chain orientations within one coil of the
LRR superhelix. Open circles denote any residues and magenta circles
denote conserved residues. Location of the circles inside the coil contour
indicates occurrence in the interior of the structure. (c) Structural model of
TpLRR. The �-structural region is in blue; the �-helix is in green; and
conserved residues are in magenta.
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within the repeats. Thus, we identified a likely new family
of the LRR proteins with 23-residue repeats and a “C/N
inverted” C/NxxLxxLxL consensus pattern. The exact func-
tions of these cell surface-associated proteins are currently
unknown; however, it has been proposed that TpLRR pro-
tein may facilitate interactions between components of the
T. pallidum cell envelope (Shevchenko et al. 1997). BspA of
B. forsythus may play roles in its adherence to oral tissues
and triggering of host immune responses (Sharma et al.
1998).

Conclusions

Comparison of the experimental structures of LRRs from
three different families with the models (built before the
experimental information was available; Kajava 1998) al-
lows us to estimate the level of our understanding of LRR
structures and the reliability of molecular modeling in this
system. We compared the modeled and experimentally de-
termined 3D structures from SDS22+-like, cysteine-con-
taining, and bacterial LRR protein families. The comparison
suggests that the general architecture, curvature, interior/
exterior orientations of side chains, and even backbone con-
formation of the LRR structures can be predicted correctly.
The inspection also validated several assumptions that un-
derlay the modeling; these assumptions include the interior
orientation of the conserved nonpolar residues of LRRs; the
location of the nonconserved residues on the surface; and
the assumption that the location of turns and linear segments
within the repeat can be properly predicted.

There are at least two families of LRR proteins (typical
and plant specific) for which no experimental structural in-
formation is currently available. Our comparison of models
and structures suggests that when the LRR structures for
these families are determined, the general structural char-
acteristics of the models will be similar to the experimental
ones.

The molecular modeling also suggested that the con-
served pattern LxxLxL, which is shorter than the previously
proposed LxxLxLxxN/CxL (Kobe and Deisenhofer 1994;
Kajava et al. 1995), is sufficient to impart the characteristic
horseshoe curvature to proteins with 20- to 30-residue re-
peats. Taking this into consideration, we identified a new
family of bacterial LRR proteins and build its structural
model.

On the other hand, the analysis revealed the limitations of
molecular modeling and the limits of our current under-
standing of LRR structures. Building a model of an LRR
protein, one should be aware that the correct side-chain
rotamers may be difficult to predict, that it is difficult to
discriminate when the conserved polar side chains are ex-
posed to the solvent rather than involved in hydrogen bond-
ing of the adjacent LRRs, and that the overall superhelical
structure may in some instances have a right-handed twist.

Similar limitations exist for modeling of proteins in gen-
eral. However, modeling of solenoid structures is both sim-
pler and can be applied to proteins with more limited overall
sequence similarity. The genome sequencing projects are
revealing a considerable number of protein sequences with
tandem repeats (Marcotte et al. 1999) and deciphering the
sequence–structure–function relationship of such proteins
promises to be a special subject of structural bioinformatics
(Kajava 2001). We believe that it would be very informative
to apply similar modeling approaches and analyses to other
classes of solenoid proteins (Kobe and Kajava 2000).

Materials and methods

Sequence profile search

To identify additional LRR proteins we modified previously gen-
erated LRR sequence profiles (Kajava 1998), increasing the weight
of the LxxLxL pattern and applied the sequence profile search
(Bucher et al. 1996) against a recent release of the GENPEPT
database (Benton 1990). In addition to the members of the already
described families, we extracted a number of LRR proteins, which
cannot be assigned to any known LRR families. These TpLRRs
were aligned, a new profile was constructed, and the profile search
was reapplied to enlarge collections of LRRs corresponding to this
family. The profile contained more than two repeats being flanked
by LxxLxL sequences of the �-regions. Construction of LRR pro-
files, spanning more than one repeat, increased the selectivity of
the database search. The probability of error was P < 0.001, and
was calculated by analyzing the score distribution obtained from a
profile search against a regionally randomized version of the pro-
tein database, assuming an extreme value distribution (Hofmann
and Bucher 1995).

Molecular modeling

The sequence analysis shows that the best template for construct-
ing the TpLRR is a hybrid structure containing the �-helix–loop-
�-strand region (positions 1–6 and 17–23 of the consensus se-
quence; Fig. 5) taken from the crystal structure of skp2 (Schulman
et al. 2000), merged with a fragment from the typical LRR con-
sisting of the loop region located before the �-helix (positions
10–16 of TpLRR). The modeling task was then limited to the
construction of the three-residue connection between residues 6
and 10. The conformations of the analyzed connections were
manually adjusted, by varying backbone torsion angles. The gen-
erated conformations were analyzed taking into account the re-
quirements for side-chain orientations, sterical tension, and hydro-
gen bonding determined on the basis of the considerations de-
scribed earlier (Kajava et al. 1995). The initial structure was
constructed using the BIOPOLYMER and HOMOLOGY modules
of Insight II program (Dayring et al. 1986). The resulting structure
was subjected to the 300 steps of minimization based on the steep-
est descent algorithm with the backbone atoms of �-helical seg-
ments restrained to their starting positions with force constant
K � 100. The next 500 steps of the refinement were performed
without any restraints, using conjugate gradients algorithm. The
CHARMM force field (Brooks et al. 1983) and the distance-de-
pendent dielectric constant were used for the energy calculations.
The program PROCHECK (Laskowski et al. 1993) was used to

LRR protein modeling
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check the quality of the modeled structure. Figures 1 and 3 were
generated by Molscript program (Kraulis 1991). The atomic coor-
dinates of the modeled LRR structures are available over World
Wide Web http://cmm.info.nih.gov/kajava.
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