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Abstract

The CD28 and CTLA-4 (CD152) receptors on T cells gaize CD80 and CD86 ligands on antigen presenting

cells. These interactions provide and control costimulatory signals required for effective T cell activation. CD28
and CTLA-4 belong to the immunoglobulin superfamily (IgSF) and contain a single extracellular ligand binding
domain. The three-dimensional (3D) structure of the binding domain of CTLA-4 was modeled previously using

a combination of structure-based sequence comparison, IgSF consensus residue analysis, conformational search,

and inverse folding calculations. Recently, the 3D structure of CTLA-4 was determined by NMR. Sompar
of the modeled and experimentally determined CTLA-4 structure has made it possible to assess the accuracy of
our peedictions. We found that the overall accuracyttef model was sound and sufficient for a meaningful
application of the model in experimental studies. Major errors in the model are limited to the conformation and
position of some loops. Our studies on CTLA-4 provide an example for the opportunities and limitations of
comparative protein modeling in the presence of low sequence similarity.

Keywords: Immunoglobulin superfamily, comparative protein structure prediction, sequence-structure analysis, molecular
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signals triggered by interactions between CTLA-4 (CD152)

Introduction and CD28 on T cells and CD80 and CD86 on antigen pre-

senting cells are critical for T cell activation [1]. CD28/CTLA-
T cell activation is critically dependent on the presence o4 and CD80/CD86 are members of the IgSF. Both CTLA-4
costimulatory signals which complement T cell receptor en-and CD28 contain a single ligand binding domain which forms
gagement by peptide-MHC complexes [1]. Costimulatorydisulfide-linked homodimers on the cell surface [2]. Previ-
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Figure 1. Comparison of the CTLA-4 model (red) and NMR proved to be powerful tools to accuratelegict 3-strands
structure (blue). A backbone superposition is shown in threand their periodicity (exposed and buried residues). Major
different orientations. The left view focuses on the A’'GFCCllimitations of the model were inaccurately modeled loop
[B-sheet surface and the right view on the opposite ABEDronformations and relative segmental shifts of some struc-

face. The center image provides a side view. tural elements. Despite its limitations, the CTLA-4 model
was sufficiently accurate to identify the CD80/CD86 bind-
ing site.

ously, we have built a detailed molecular model of the extra-

cellular Ig domain of CTLA-4 by combining sequence analy-

sis, stucture comparison, and a variety of computer mod-Methods

eling methods [3]. This structure prediction was challenging

since CTLA-4 displays only ~20% sequence identity to pro-Superpositions of structures were calculated using Insightl|

teins with known 3D structure. At this low level of sequence(MSI, San Diego, CA). For comparison, the CTLA-4 mo-

identity, standard homology modeling methods may fail, sincéecular model, as reported in [3], and the averaged energy

accurate alignments of the target sequence with potential tenminimized NMR coordinates [4] were used. Secondary struc-

plate structures are difficult tcegerate. ture and intermolecular contacts were analyzed with Procheck
Recently, the solution structure of an extracellular frag-{5]. Computer graphics were generated with Insightll. Model

ment of CTLA-4 was determined [4]. Thus, we are now ablecoordinates have been deposited with the Journal and are

to compare the CTLA-4 model with an experimentally de-available from the authors via electronic mail. CTLA-4 NMR

termined structure. CTLA-4 modeling provides a blind testcoordinates have been submitted to the Brookhaven Protein

prediction. Such tests are essential for a realistic assessmépéta Bank (pdb code “1AH1").

of modeling accuracy and important for the improvement of

modeling methods. In this communication, we report the com-

parison of the modeled and an experimentally determinegyagits

3D structure of CTLA-4. The CTLA-4 |g domain type was

correctly predicted and the quality of our model was soundyioge puilding of CTLA-4 has been described in detail [3].
Structure-oriented sequence and consensus residue analygiﬁeﬂy’ CTLA-4 sequences from different species were
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1 * % % * 15 * % 25 * % *40
modCTLA-4:MhVAQ PAVVlas sRG IASFVCEyas PgkatEVR VTVLRQA dsQ-
nMrCTLA-4:xHVAQ PAVVLAS SHG IASFVCEYAS PGKATEVR VTVLRQA DSQ-

** 55 * 64** 73 * % % % 88
mModCTLA-4:VTEVCA ATYMMG NELT FLDDS ICTGTSs gn QVNLTIQ GLRAMDT
NMrCTLA-4:VTEVCA XXXXXX XXXX XXXXX ICTGTSS GN QVNLTIQ GLRAMDT

xxx% 101 106 **118
modCTLA-4:GLYICKVE LMypppyy IGIGNGTQIYVI
nMrCTLA-4:GLYICKVE LMYPPPYY-LGIGNGTQIYVI

F G

Figure 2. Alignment of residues in the CTLA-4 model mization and its sequence-structure compatibility [9] was
(modCTLA-4) and NMR structure (nmrCTLA-4) based onassessed. This analysis suggested that significant errors in
backbone superposition of the structures. Defined 3-strandthe core region of the model were absent [3]. Jbkition
are underlined and labeledgSF \fset consensus residues structure of an extracellular fragment of human CTLA-4 (resi-
and additional largely conserved core residues, which weradues 1-123) was determined by multidimensional
used to align the CTLA-4 sequence with template structureBeteronuclear NMR [4]. In the NMR structure, the confor-
[3], are labeled with asterisks. Residues are shown in uppemation of residues at the N- and C- termini and residues en-
case if their alpha carbon positions are within 3.5 A in the compassing the C” region, including adjacent loops, were
model and NMR structure. Residues omitted from the=xperimentally not well defined, indicating high flexibility
comparison are denoted x in nmrCTLA-4. Residue numbering solution. Thus, these regions were omitted from the com-
is according to [12]. parison and only residues 2-50 and 67-118, which fBfm
sheets (ABED) and (AGFCC’), were included.

Figure 1 shows the superposition of the model and NMR
analyzed in light of IgSF consensus residues [6,7] and witlgtructure. As predicted, the CTLA-4 structure is most similar
the aid of an alignment of representative IgSF structuresto the Ig V-type and monomeric. The overall backbone root
Although CTLA-4 displays only ~20% sequence identity to mean square deviation (rmsd) for 100 residues, including all
proteins with known 3D structure, these comparisons sugloops, is 2.90 A. Exclusion of the B-C and F-G loops (see
gested that the structure of the extracellular domain of CTLAbelow) from the rms comparison reduces the overall back-
4 was similar to Ig V(ariable)-domains. Due to the low se-bone rmsd between model and NMR structure to 2.14 A
quence similarity between CTLA-4 and available V-type The model includes the canonical IgSF disulfide bond (C21-
structures, matching of IgSF core residue [3] was used t&94) and correctly predicts an additional non-IgSF disulfide
align the CTLA-4 sequence with relevant template structuresoond formed between C48 and C68. Multiple structure-ori-
In the absence of a closely related structural template, thented sequence analysis [3] with a focus on buried IgSF con-
antibody variable light (VL) chain of REI [8] was selected assensus residues [6,7] was used to align the CTLA-4 sequence
a representative IgV-fold for modeling of CTLA-4. Predicted relative to the selected template structure. Superposition of
coref-strands were copied to the model and altemative alignthe model and NMR structure confirmed that the IgSF core
ments off3-strands were assessed by energy profile analysi@i‘sidues were correctly predicted so that alignment errors in
[9]. Loop and side chain conformations were modeled basewell defined B-strand regions were absent (FigujeARter
on database conformations or specific conformational searc@ptimal superposition, alpha carbon atoms of 75% of all
protocols [3,10,11]. The model was refineddnergy mini-  modeled residues were within 3.5 A distance to the corre-
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Figure 3. Stereo superposition of predicted (red) and 4 signature sequence motif M99YPPPY104, which is criti-
experimentally determined (blue) IgSF consensus/coreal for CD80/CD86 binding [12], was accurately mapped to
residues in CTLA-4. The view focuses on the AGFCC’ facethe tip of the F-G loop. Figure 4 shows a comparison of the
The 1gSF consensus positions in CTLA-4 were correctlymodeled and observed F-G loop. In the NMR experiment,
identified. the conformation of proline P103 was determined as cis, while
the conformations of P101 and P102 could not be determined.
In the NMR structure, P101-P103 are modeled as trans-trans-
sponding experimentally observed positions (dgerE 2 for  cis conformers. In the CTLA-4 model, cis-trans-cis confor-
details). Only one of the 24 predicted IgSF consensus/corgations are predicted for P101-P103. Although the loop con-
positions (A11), which were used to anchor the alignmentformations are quite similar, with a backbone rmsd of 1.54
displayed a larger deviation (3.75 A) due to a positional shifd, the spatial positions of the F-G loops differ in the context
of the A-strand (see below). Nine well deédB-strands (Fig-  of the 3D structures (Figure 4), due to a shift of a part of the
ure 2) were correctly predicted. Differences between predicte€-strand. Other significant segmental shifts are observed in
and experimentally observdstrands were, if present, lim- the A-B and D-E regions. As discussed below, such positional
ited to the conformation of one residue at the N- or C-termideviations largely depend on the choice of the template
nus of a strand. Figure 3 shows the comparison of the prestructure(s) for modeling.
dicted and experimentally determined IgSF consensus/core Figure 5 shows a side-by-side comparison of the mod-
positions. Superposition of 24 IgSF consensus residues reled [3] and gperimentally determined [4] CD80/CD86 bind-
sulted in a backbone rmsd of 1.61 A. ing site. CTLA-4 residues which, when mutated, affect the
Major deviations between the model and NMR structurebinding to CD80 and CD86 [4,12] were mapped on both the
occur in the conformation and position of loops. Table 1 showgnodel and NMR structure. In the model, all residues critical
the comparison of modeled and experimentally determinedor binding map to surface positions. Although deviations of
loop conforméons. Three of Boop conformations were side chains and the F-G loop conformation are observed, the
modeled with an accuracy of better than 1 A rmsd. IncorCD80/CD86 binding site was correctly predicted. Thus,
rectly modeled was the conformation of the B-C loop, resi-CTLA-4 modeling accuracy was sufficient to design and ra-
dues of which support CD80/CD86 binding [12]. The CTLA- tionalize mutagenesis experiments.
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Table 1. Comparison of modeled and experimentally antibody VL domain of REI was selected as template for
determined loop conformations. model building. For at least two reasons, low sequence simi-
larity generally limits the accuracy of comparative structure
predictions. First, topologically correct alignments of se-
quences of target proteins to template structures are difficult
to generate when sequence similarities are 8seond, the

Loop Residues Method b-rmsd(A) a-rmsd(A)

A-B 11-16 ST 1.46 2.22 magnitude of structural deviations in core regions of related
B-C 24-33 cS 285 4.43 structures increases sharply with decreasing sequence simi-
, larity [13]. Rigid body shifts of corresponding secondary
c-C 40-43 €S 0.75 1.34 structure elements occur in structures of distantly related pro-
D-E  73-76 ST 0.59 1.40 teins, but also in some highly homologous structures [14]. In
E-F 83-90 ST 0.74 1.65 comparative model building, these effects, which are diffi-
E-G 98-106 cs 1.54 3.28 cult, if not impossible to predict, bias a model towards the

core region structure of a selected template [15,16] and limit
modeling accuracy by changing the spatial relation of resi-
Loop conformations were compared by direct superpositiondues [16]. Tiese limitations are, however, less severe than
b-rmsd gives the backbone and a-rmsd the all atom root meaghose resulting from topological misalignments which, in
square deviation. CS means that loops were modeled baddition, lead to an incorrect modeling of core and surface
conformational search [10]allowing a protocol desibed  residues. If no closely related template structure can be iden-
in [3]. ST means that loops were modeled based on théified, averaging of several possible templates may reduce
backbone conformation of corresponding loops in REI [8]. the magnitude of positional displacements but is likely to

introduce other structural inconsistencies.

In the case of CTLA-4, IgSF consensus residue analysis

Discussion made it possible to correctly align the CTLA-4 sequence to a

prototypic IgSF V-type fold. The absence of substantial er-
CTLA-4 provides an example for agblem faced in the rors in the sequence-to-structure alignment resulted in the
modeling of many IgSF proteins: the target shows only lowaccurate prediction of exposed and buried residues in well-
sequence identity to proteins with available 3D structure, herdefined3-strand regions, a prerequisite for a successful ap-
~20%. In the absence of a more homologous structure, th@lication of the model in expienental studies. The initially

Figure 4. Comparison of the modeled (red) and observedshown. For clarity, only proline side chains are displayed.
(blue) F-G loop conformations in CTLA-4. The loop containsOn the right, the loops are shown after backbone super-
the M99YPPPY 104 motif which is critical for ligand binding. position of the entire model and NMR structure.

On the left, a direct superposition of the loop backbones is
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Figure 5.The predicted (red) and experimentally determineddespite its limitations, CTLA-4 modeling made it possible

(blue) CD80/CD86 binding sites in CTLA-4 are shown into recognize some important features of the 3D structure,

space-filling representen. The viewlocuses on the AGFCC’  although the sequence identity was lower than usually con-

[B-sheet surface. Residues important for the binding of botlsidered suitable for reliable model building. The present study

CD80 and CD86 (including the 99MYPPPY104 motif) aresupports our view that the model building approach origi-

shown in gold. nally described for CTLA-4 [3] and subsequently applied to
CD86 [18] should make it possible to generate reasonable
3D models for other IgSF proteins.

obtained alignment is perhaps the most critical determinant

of the overall quality of a model, since alignment errors can
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