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ABSTRACT The mechanisms by which human
single nucleotide polymorphisms (SNPs) influence sus-
ceptibility to disease are not yet well understood. In a
previous study, we developed a structure-based model
that may be used to identify which missense SNPs are
neutral and which are deleterious to protein function
and so potentially involved in disease (Wang and
Moult, Hum Mutat 2001;263–270). The model has now
been applied to a set of 54 missense cSNPs in the 46
functional T-cell receptor V�-genes. Most of these
missense cSNPs are found to be neutral, but 10 are
identified as likely deleterious to protein function.
Only one was previously associated with disease. We
suggest that the others may be disease related but
that redundancy in the T-cell response prevents any
simple, monogenic effect. Therefore, these SNPs are
the most likely contributors to complex, polygenic
disease traits. It has been noted that there is a surpris-
ingly high (74%) fraction of nonsynonymous SNPs in
these genes. Contrary to expectation, the analysis
shows that these are not associated with an unusually
high fraction of deleterious SNPs, nor do they signifi-
cantly contribute to a larger range of antigen recogni-
tion or a reduced superantigen-binding repertoire.
Proteins 2003;53:748–757. © 2003 Wiley-Liss, Inc.
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INTRODUCTION

Single nucleotide polymorphisms (SNPs) are the most
common form of genetic difference between individuals,
and are believed to be responsible for most inherited traits,
including a large fraction of inherited disease susceptibil-
ity. The link between a single nucleotide change and
monogenic disease has been explored in detail for some
cases, and there are about 1000 proteins that are known to
be associated with this process.1 The large number of
human SNPs that have now been identified [in excess of 4
million unique SNPs (http://www.ncbi.nlm.nih.gov/SNP/
index.html)], together with knowledge of the genome
sequence and other proteome information, should open the
way for a much broader understanding of the link between
genotype and phenotype at this level. Nevertheless, so far
the detailed mechanisms by which a SNP may cause a
phenotypic difference are largely unknown. In particular,
much disease susceptibility is believed to be inherited as a

complex trait: The combination of SNPs in a number of
genes affect the likelihood of an individual developing a
particular disease, such as Alzheimer, asthma, diabetes,
and many others.2 Despite intense effort,3, it has so far not
been possible to track these correlations for any disease.

SNPs may affect the function of a protein through a
variety of mechanisms. However, all but 2% of known
single nucleotide variants associated with monogenic dis-
ease are nonsynonymous SNPs in protein-coding regions
(i.e., SNPs that change a single amino acid in a protein
molecule).1 Thus, it is expected that this class of SNPs will
be very relevant to complex inherited disease traits as
well. Recent work has established that for these SNPs,
insight into functional impact can be provided by analysis
of protein sequence profiles and the structural environ-
ment of the affected amino acid.4–9 In previous work,4 we
developed a structure-based model that determines the
likely impact of these nonsynonymous SNPs in protein-
coding regions. A preliminary analysis of a small set of
SNPs found in the general population and not known to be
associated with disease suggested that about 30% of these
do significantly damage protein function.

Although there are many SNPs known throughout the
genome, there are so far rather few sets of genes where all
the SNPs down to some defined level of penetration in the
population have been identified. One set of genes for which
this has been done is the T-cell receptor (TCR) V�-genes.10

We have now applied the SNP model to these data to
determine how the nonsynonymous cSNPs affect protein
structure and function. The analysis addresses the issues
of what fraction of these SNPs are deleterious to TCR
function, what aspects of function are affected, and the
possible causes of the very high fraction of nonsynonymous
SNPs in these genes.

Antigen recognition by T cells is necessary for T-cell
activation, proliferation, cytokine secretion, and the cyto-
lytic and regulatory function of T cells.11,12 Specific anti-
gen recognition is accomplished by the binding of a pro-
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cessed antigen: a peptide bound to a major
histocompatibility complex (MHC) molecule (reviewed in
Ref. 13). The TCRs are highly variable transmembrane
glycoproteins. More than 90% consist of a TCR �-chain and
�-chain. Each chain has a variable (V) domain and a
constant (C) domain. The V domains of the �- and �-chains
bind the complex of peptides and MHC molecules (pMHCs)
and play an important role in antigen recognition. The
recombination mechanisms for germline TCR variant (V)
segment, diverse (D) segment, and joint (J) segment11

provide a large antigen recognition repertoire.14,15

The TCR �-V region also interacts with superantigens
(SAGs). SAGs are bacterial or viral proteins that have the
ability to activate a large T-cell population and cause T
cells to secrete cytokines, resulting in inflammation and
disease, such as toxic shock syndrome.11,16 SAGs may be
involved in some autoimmune diseases such as diabetes
mellitus,17 multiple sclerosis (MS),18 and rheumataoid
arthritis.19 The activation of a large T-cell population
requires the simultaneous interaction of SAGs with a TCR
�-V region and a pMHC.

In recent years, the availability of the X-ray crystal
structures of the TCR �-chain,20 TCR ��-heterodimer,21–23

the TCR ��-heterodimer complex with a pMHC,24–28 and
the TCR complex with a SAG29 have provided extensive
knowledge of the three-dimensional (3D) structure of the
TCR and its interaction with pMHC and SAG. The CDR1,
CDR2, and CDR3 in the V domains of the �- and �-chains
are the binding sites for pMHC. The CDR1, CDR2, and
HV4 in the V domain of TCR �-chain are the binding sites
for SAG.29–31 The crystal structures of TCR and SAG
complex have shown that SAGs bind to the CDR1, CDR2,
and HV4 of TCR V� through H-bonds and van der Waals
interactions.30,32–34

Knowledge of the 3D structures of the TCR and its
interactions with pMHC and SAGs provides a basis for
analyzing the structural and molecular functional effects
of missense cSNPs on the TCR �-V region and the binding
of antigen and SAG. Because the TCR V�-gene does not
encode the CDR3 region, SNP impact on this region is not
discussed in this study.

A total of 279 SNPs in the 65 TCR V�-genes (46
functional genes and 17 pseudogenes) have been identified
by using DNA sequencing by the Nickerson group at the
University of Washington.10 137 SNPs are located in
exons, two are in the promoter, 34 are in introns, and 17
are in the recombination signal sequence (RSS). Seventy-
four percent of the SNPs in exons (cSNPs) are nonsynony-
mous (missense mutation and nonsense mutation), much
higher than that found in other recent SNP surveys, where
only about half of the SNPs are nonsynonymous.35–37 A
total of 72 missense cSNPs have been identified in the
functional V�-genes. Fourteen of these are located in the
leader peptide region (LDR). The other 58 are in the
framework regions (FR) and CDRs. The missense muta-
tions in the leader peptide cannot be analyzed by the SNP
model and may or may not affect protein transportation.
The impact on structure and molecular function of the

TCR V�s of the 58 missense cSNPs in the V� regions of the
framework and CDRs has been investigated.

MATERIALS AND METHODS
Source of SNP Data

The SNP location and frequency data were taken from
the TCR SNP database: http://droog.mbt.washington.edu/

Identification of Residue Positions Corresponding
to TCR V�-SNPs

The TCR SNP database provides the base changes
(SNPs), the base position of each SNP, nonsynonymous
residue changes arising from SNPs and the accession
numbers of TCR V�-segments in the Entrez nucleotide
database (http://www.ncbi.nlm.nih.gov/Entrez/). These
data were related to protein level information, as follows:
1) For each of the 58 SNPs, retrieve the wild-type DNA
sequence of each V�-segment from Entrez by using the
accession number; 2) Mutate the wild-type nucleotide base
into a SNP manually at the position of each missense
cSNP; 3) Translate each V�-DNA sequence to amino acid
sequence by using BLASTX38; 4) Align the translated
protein sequence with the wild-type protein sequence
using ClustalW,39 confirm the sequences are identical
except for one residue, and identify the residue incorporat-
ing the missense cSNP; 5) Confirm that the nucleotide
base change induces the amino acid change reported in the
SNP database. (Note that residue numbers of missense
mutations used here refer to the mature TCR V�-subunit,
after removal of the leader peptide.)

Structure Modeling

All TCR V�-domains are 29% or higher identical in
sequence to an experimentally determined structure, so
that standard homology-modeling techniques could be
used40 for the framework regions. Available homologous
structures for each wild-type TCR V�-protein sequence
were identified by searching against the sequences in the
protein database (PDB) with use of BLASTP.38 Where
more than one homolog was identified, the crystal struc-
ture with the highest sequence identity and the best
resolution was chosen as the template to build the main-
chain of the framework region and HV4. Side-chains were
built by using SCRWI.41

Model building of the CDRs of TCR V� was less straight-
forward. It has been shown that the hypervariable regions
of immunoglobulins usually adopt one of a small number of
different main-chain conformations, termed canonical
structures.42,43 Analysis of six known crystal structures
for TCR V�s has shown that similarly there are three
primary canonical structures for each of the CDR1 and
CDR2 hypervariable regions, termed �1-1, �1-2, �1-3, and
�2-1, �2-2, �2-3, respectively.44 Key residues responsible
for each conformation have been identified,44 and it has
been observed that these are conserved in the V�-
subfamilies.20,21,29 Canonical structures were assigned on
the basis of these sequence signals.
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Conservation Study

A PERL script incorporating FASTA and Clustal was
used to search against the NR database to identify and
align homologous sequences with an E-score � 0.001. The
relative conservation of amino acid type at each position in
a resulting alignment was calculated as:

S�j� � �
�i�1�

20

P�i� ln P�i�45

P�i� � n�i�/� n�i� (i � 1, 20)

where S (j) is the sequence entropy at position j in the
multiple-sequence alignment and n (i) is the number of
occurrences of residue type i in the family.

The conservation scores were scaled to the range of
normal crystallographic temperature factors, so that stan-
dard software GRASP46 could be used to display the
protein surface conservation by color. It has been observed
that protein–protein interaction sites are generally charac-
terized by a high level of residue conservation on the
protein surface.47 Surface inspection using the GRASP
interface was used to identify any conserved patches that
might constitute protein or other interaction sites.

Assignment of SNP Effects on the Structure and
Molecular Function of the TCR V�-Domains

The structural and molecular functional effects of mis-
sense cSNPs on the TCR V�-domains were assigned
according to the rules in the SNP model.4 The environment
of each mutated amino acid was examined to determine if
any of the modeling rules applied. These rules are divided
into five classes: effects on protein stability, ligand bind-
ing, catalysis, allosteric regulation and posttranslational
modification. Within each class, additional rules may be
used. In particular, for mutations affecting protein stabil-
ity, precise parameters are used for assessing the impact of
a range of energetic factors, such as H-bonds, salt bridges,
hydrophobic interactions, and so on. Details are in Ref. 4
and at http://www.SNPS3D.org/SNPS-model.pdf

RESULTS
Structure Modeling

The structure modeling is summarized in Tables I and
II. Forty-one CDR1s and 44 CDR2s out of the total of 46
functional V�-domains15 were assigned canonical struc-
tures 1–3 on the basis of conserved key residues and loop
length. A few were assigned putative canonical structures
4 and 5, and a few could not be assigned any canonical
structure. Thirty-five of the 46 functional V�-genes con-
tain one or more missense cSNPs, and suitable models
could be built for all of these.

The models include 54 of the 58 missense cSNPs. The
other four lie in the N-terminal region of the mature
domain not included in any experimental structure, and so
these could not be analyzed.

Location of 54 Missense Mutations in the 3D
Structures of TCR �-chain V Domains

Forty-two of the 54 cSNP missense mutations are lo-
cated in the framework regions of TCR V�-domains, with

most exposed on the protein surface. The other 12 are in
the loop regions, with four in CDR1, two in CDR2, and six
in HV4. Table III lists the expected effect of these 54
cSNPs on protein structure and function.

Effects of 42 Missense Mutations in Framework
Regions of TCR �-chain V Domains

Thirty-five of the 42 framework cSNPs are not expected
to have significant effects on protein structure and func-
tion. The other seven are all expected to affect protein
stability and are discussed in detail below.

Framework mutations affecting protein stability

Seven missense mutations in the framework region of
TCR V�s are expected to affect protein stability. These are
C111R (BV6S1), D105Y (BV6S1), R55Q (BV6S5), R63Q
(BV15S1), T105A (BV24S1), G35R (BV13S7), and G35V
(BV26S1). The locations of these in the structure are
shown in Figure 1.

C111R in BV6S1. Cys-111 and Cys-44 form a disulfide
bond. C111R breaks that bond and introduces the posi-
tively charged Arg-111 into the hydrophobic core. There-
fore, it falls under two rules affecting protein stability.
Literature reports show that this disulfide bond is con-
served in the superfamily and is critical for the antibody-
like structure.48 It is believed that the missense mutation
C111R is related to junior rheumatoid arthritis (JRA).49

D105Y in BV6S1. Asp-105 is partly buried and forms
two salt bridges with surface Arg-83 (4.4 Å) and Arg-55
(4.1 Å). D105Y removes these two salts bridges and creates
overpacking with C� of Arg-83 (1.1 Å).

R55Q in BV6S5. This change causes loss of two H-
bonds with the backbone of Glu-104 and one salt bridge
with Asp-105 (4.2 Å).

R63Q in BV15S1. This causes loss of one surface salt
bridge with Asp-57 (3.1 Å).

T105A in BV24S1. This causes loss of one H-bond with
backbone of Val-116.

G35R in BV13S7 and G35V in BV26S19. Gly-35
plays a critical role in forming a type II �-hairpin structure
and is conserved in almost all the TCR V�-subfamily. The
� and � of Gly-35 are not in the Ramachandran sterically
allowed region for non-Gly residues, so backbone strain is
expected for these mutants. There are three additional
missense mutations in the TCR V�s where Gly is mutated
to another residue, without the introduction of backbone
strain.

Possible role of protein–protein interactions

Most of the 35 “no effect” mutations are located on the
protein surface. Our previous study4 showed that unidenti-
fied macromolecular binding sites might cause false-
negative results in this situation. It is known that the cell
surface proteins CD4 and CD8 have physical and func-
tional interactions with the TCR,50 but it is not clear
whether CD4 and CD8 bind to the V�-domain. How likely
is it that the no effect missense mutations may in fact be
involved in binding to these or other proteins? We have
searched for possible protein-binding sites by inspecting
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the surface of the V�-domain for patches of conserved
residues using GRASP. None were found, suggesting there
are no direct interactions with CD4 and CD8 or other
proteins.

Mutations in the V�-V� interface

Four of the 35 no effect mutations are located in the
V�-V� interface. These are Q67H (BV1S1), G61V (BV5S5),
E77K (BV9S1), and Q67R (BV21S1). These residues are all
at the edges of the interface, and the side-chains point
toward the surface and are not fully buried. In G61V
(BV5S5), the side-chain of Val-61 in V� and that of the
interacting residue in V� can be accommodated parallel to
each other, so there is no overpacking effect. For the other

residues, Q67H (BV1S1), E77K (BV9S1), and Q67R
(BV21S1), the distances to the nearest residues in V� are
so large (	5.5 Å) that overpacking and unfavorable electro-
static interactions can be avoided. Several residues in the
V�-V� interface are conserved across all human and
mouse TCRs and appear to stabilize the �� heterodimer
structure.21 None of the four missense mutations is at any
of these positions.

Missense Mutations in Hypervariable Regions
(CDR1, CDR2, and HV4)

Missense mutations in hypervariable regions (CDR1,
CDR2, and HV4) are of special interest because they may
affect ligand binding. CDR1 and CDR2 are involved in

TABLE I. V�-Genes, Number of Missense cSNPs, and
Information for Model Building

A B C D E F

BV1S1 1 1nfd (2.8 Å) 57% 2 2
BV2S1 2 1ao7 (2.6 Å) 29% 5 5
BV4S1 1 1bd2 (2.5 Å) 31% 4 5
BV5S1 1 1nfd 54% 2 2
BV5S2 2 1nfd 54% 2 2
BV5S3 1 1nfd 56% 2 2
BV5S4 1 1nfd 49% 2 2
BV5S5 1 1nfd 52% 2 2
BV5S6 2 1nfd 51% Not assigned 2
BV5S7 3 1nfd 54% 2 2
BV6S1 7 1nfd 40%, gap 1% 2 2
BV6S3 1 1nfd 42% 2 2
BV6S4 2 1nfd 40%, gap 1% 2 2
BV6S5 3 1nfd 45%, gap 1% 2 2
BV6S6 1 1nfd 43%, gap 1% 2 2
BV6S8 1 1bec (1.7 Å), 1ao7 1nfd 37%, gap 1%

41%, gap 1%
1 2

BV7S1 1 1bec, 1ao7 1nfd 31%, gap 1%
36%, gap 4%

1 2

BV8S1 1 1nfd 43%, gap 1% 2 2
BV8S2 1 1nfd 43%, gap 1% 2 2
BV8S3 2 1bec, 1ao7 1nfd 38%, gap 1%

37%, gap 1%
Not assigned 2

BV9S1 1 1ao7 29% 1 2
1nfd 35%

BV11S1 1 1bec, 1ao7 55% 1 1
BV12S1 1 1bec, 1ao7 65% Not assigned 1
BV12S2 1 1bec, 1ao7 65% 1 1
BV13S1 1 1bec, 1ao7 60% 1 1
BV13S5 1 1bd2 67% 1 1
BV13S6 2 1ao7 88% 1 1
BV13S7 2 1bd2 86% 1 1
BV15S1 1 1bec, 1ao7 55% 1 1
BV18S1 1 1nfd 36%, gap 1% 2 2
BV21S1 2 1nfd 41%, gap 1% 2 2
BV21S2 1 1nfd 42%, gap 1% 2 2
BV21S3 1 1nfd 44%, gap 1% 2 2
BV24S1 1 1bec, 1nfd 36%, 28% 1 2
BV26S1 2 1nfd 36% 2 2

Column A: name of the human V�-gene. B: total number of missense cSNPs in the mature
product of each TCR V� C: PDB codes for model building templates and the resolution of the
structure. D: sequence identity between each V� and the template. E: canonical structure of
CDR1. F: canonical structure of CDR2.

SNPS IN THE T-CELL RECEPTOR V�-DOMAIN 751



binding of pMHC and SAG. HV4 is involved in binding of
SAG. SNP impact on stability and binding is analyzed
separately in each region.

Effect of four missense mutations in CDR1

Four missense mutations are located in CDR1: P44L
(BV8S1), D49H (BV8S2), M45V (BV18S1), and H48R
(BV21S1).

All four of these CDR1s are assigned canonical structure
�1-2.44 The principal conformational determinants are the
conserved residues Pro-25, His-29, Val-32, and Ser-94, and
the H-bond between His-29 and Ser-94.44 Models of the
four CDR1 mutations were built on the basis of the crystal
structure of 1nfd, which has the �1-2 canonical structure.
This template is a TCR ��-heterodimer with no bound
pMHC or SAG. The lack of a crystal structure complex
with pMHC and SAG limits the analysis of SNP impact on
binding.

On the basis of our model, both P44L (BV8S1) and H48R
(BV21S1) are expected to change the conformation of
CDR1 and so affect the binding of pMHC and SAG. P44L
(residue 25) causes overpacking with Ser-94. H48R (resi-
due 29) of BV21S1 removes the key H-bond between
His-29 and Ser-94 in CDR1, as shown in Figure 2.

The effect of D49H (BV8S2) on binding to pMHC and
SAG cannot be determined because of the lack of a model
with ligand. M45V is not expected to have a significant
effect on binding because it is far from binding sites and
the side-chain faces toward the constant domain.

Effect of two missense mutations in CDR2

There are two missense mutations located in CDR2:
E71K (BV5S6) and Q72H (BV12S2).

E71K in BV5S6. The CDR2 of BV5S6 is assigned the
canonical structure �2-2. E71K is on the surface and does
not appear to affect stability or loop conformation. The lack
of a crystal structure complex with pMHC or SAG contain-
ing this CDR2 conformation prevents analysis of the effect
of the mutant on binding.

Q72H in BV12S2. The CDR2 of BV12S2 has conforma-
tion �2-1.44 There are a total of seven crystal structures of
TCR/pMHC-I and TCR/pMHC-II complexes with the �2-1
CDR2 conformation. Each of them was used to build
models to analyze the effects of Q72H of BV12S2. The
models show that the minimal atom–atom distance of
Q72H to a pMHC atom is 5 Å. Thus, Q72H (BV12S2) is not
expected to have a significant effect on binding of pMHC.

Q72H is also not expected to have a significant effect on
SAG binding. Two crystal structure complexes of mouse
BV8S2 and its SAG ligand SEB (pdb code: 1sbb)30 and
SEC3 (pdb code: ljck)30 were used as templates. BV12S2

TABLE II. Summary of Structure Modeling

Name Count

V�-domains 65
Functional V�-domains 46
Pseudogenes 19
Functional V�-domains containing missense

cSNPs
35

Missense cSNPs in the functional genes 72
Missense cSNPs in the leader peptide regions of the

functional genes
14

Missense cSNPs in framework and loop regions 58
Missense cSNPs in framework and loop regions

included in a model
54

The 54 missense cSNPs require modeling of 35 V�-domains. The
models are based on sequence identities ranging from 29 to 88%. A list
of the 35 V�-domains, the number of missense cSNPs in each domain,
the template for model building of each V�, the sequence identity
between the template and model, and the canonical structure of CDR1
and CDR2 are shown in Table I. The higher the sequence identity, and
the better resolution of the template’s crystal structure, the more
straightforward the interpretation of SNP impact. Sequence align-
ment of targets and templates shows that none of the missense cSNPs
are located in an insertion or deletion area. The reliability of the
analysis also depends on the location of SNPs: SNPs located in the
framework regions or in CDR1/CDR2s that have canonical structures
can generally be reliably interpreted. SNPs in the HV4 region, for
which neither canonical structures nor an appropriate template is
available, are less reliably interpreted. The rules in the SNP model4

were applied to these 54 missense mutations. The results are shown in
Table III.

Fig. 1. Seven missense mutations located in the framework regions of
TCR V�s that are expected to affect protein stability, shown on the
structure of PDB entry 1bec. The framework regions are green; CDR1,
CDR2, and HV4 are blue, yellow, and magenta, respectively. CDR3 is not
shown. Wild-type side-chains are colored by element, and the correspond-
ing mutated side-chains are red. The disulfide bond is yellow. C111R
(BV6S1) breaks a conserved disulfide bond and buries a charge. D105Y
(BV6S1) causes loss of two salt bridges and overpacking. R55Q (BV6S5)
causes loss of two H-bonds and one salt bridge. R63Q (BV15S1) causes
loss of one salt bridge. T105A (BV24S1) causes loss of one H-bond.
G35R (BV13S7) and G35V (BV26S1) causes backbone strain.
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TABLE III. Structural and Functional Effects of 54 Missense cSNPs in the TCR �-chain V Domain

A B C D E F
BV1S1 Q67H 48 No effect FR and in the interface of the ��-chain 0.24
BV2S1 W24R 10 No effect Both on surface of FR 0.49

Q56K No effect
BV4S1 M98L 82 No effect Partially buried in FR 0.39
BV5S1 S93F 75 Stability: loss of 1 H-bond and overpacking Ser-93 is buried and lies between the

FR and HV4
0.03

BV5S2 F88Y 70 Possible effects on SAG binding cannot be assessed HV4 0.16
L101W 83 No effect Surface of FR 0.08

BV5S3 Q37H 18 No effect Surface of FR 0.42
BV5S4 A38V 19 No effect Partially buried in FR 0.34
BV5S5 G61V 42 No effect Interface of the ��-chain 0.12
BV5S6 E71K 52 No effect on pMHC binding; possible effects on CDR2 0.02

Y91D 73 SAG binding cannot be determined for both SNPs HV4 0.08
BV5S7 Q36H 17 No effect All on surface of FR 0.18

F79L 60 No effect 0.03
G103E 85 No effect 0.18

BV6S1 Y37D 18 No effect All on surface of FR except D105Y,
which is partially buried and C111,
which is in the core

0.26

N81K 62 No effect 0.26
R103Q 84 No effect 0.26
D105Y 86 Stability: loss of 2 salt bridges and overpacking 0.02
V108M 89 No effect 0.05
V108A 89 No effect 0.14
C111R 92 Stability: breaking of a disulfide bond and

introduction of a buried charge
0.23

BV6S3 P89A 70 Possible effect on SAG binding cannot be assessed HV4 0.02
BV6S4 N26D 7 No effect Surface of FR 0.38

R100H 81 No effect 0.03
BV6S5 R55Q 36 Stability: lost 2 H-bonds with the backbone and 1

salt bridge
Surface of FR 0.02

S57R 38 No effect Surface of FR 0.5
G91E 72 Possible effect on SAG binding cannot be assessed HV4 0.5

BV6S6 P80L 60 No effect Surface of FR 0.05
BV6S8 R100C 81 No effect Surface of FR 0.05
BV7S1 P80R 61 No effect. Surface of FR 0.03
BV8S1 P44L 25 Binding. P44L probably changes the conformation

of CDR1
CDR1 0.14

BV8S2 D49H 30 No effect on pMHC binding; possible effect on SAG
binding cannot be assessed

CDR1 0.05

BV8S3 H29D 10 No effect All on surface of 0.45
M59G 40 No effect FR 0.05

BV9S1 E77K 58 No effect Interface of the �� chain 0.03
BV11S1 T90M 72 No effect on SAG binding HV4 0.05
BV12S1 H60R 41 No effect Surface of FR 0.02
BV12S2 Q72H 53 No effect on pMHC and SAG binding CDR2 0.5
BV13S1 N81S 62 No effect Surface of FR 0.02
BV13S5 R37S 18 No effect Surface of FR 0.18
BV13S6 R30H 11 No effect Both on surface of FR 0.14

T43A 24 No effect 0.39
BV13S7 G35R 16 Stability backbone strain Both on surface of FR 0.16

Q103R 86 No effect 0.20
BV15S1 R63Q 44 Stability; loss of a surface salt bridge Surface of FR 0.25
BV18S1 M45V 26 No effect on pMHC binding; possible effect on SAG

binding cannot be assessed.
CDR1 0.22

BV21S1 H48R 29 Binding of both pMHC and SAG. CDR1 0.14
Q67R 48 No effect In the interface of the ��-chain 0.14

BV21S2 L55R 36 No effect Partially buried in FR 0.43
BV21S3 R28G 9 No effect Surface of FR 0.15
BV24S1 T105A 87 Stability loss of a H-bond Surface of FR 0.16
BV26S1 G35V 16 Stability backbone strain; Gly-35 is in a type II �

hairpin turn
Both on surface of FR 0.02

D43N 24 No effect 0.02

Column A: gene name. B: type and position of each resulting missense mutation (residue numbers for the unprocessed TCR �-chain V domain
precursor, including the leader peptide region). C: Residue number in the mature TCR �-chain V domain. D: Predicted structural and molecular
functional effect. E: 3D structural location: framework region (FR), complementarity determining region (CDR) or fourth hypervariable region
(HV4). F: Population frequency of each missense cSNP.10
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shares 65% sequence identity with mouse BV8S2, and
both have the �2-1 canonical structure for CDR2, suggest-
ing that BV12S2 binds SEB and SEC3, so that these
experimental complexes provide suitable templates. Fur-
thermore, it has been shown that SEB and SEC3 are able
to expand T cells bearing human V�12.16,51 The models
indicate that the backbone atoms of Q72H of BV12S2 form
one H-bond with SEC3, but the side-chain atoms have no
interaction with SEB or SEC3. Thus, no significant effect
on SAG binding is expected for this mutant.

Effect of six missense mutations in HV4

There are six missense mutations located in HV4: S93F
(BV5S1), F88Y (BV5S2), Y91D (BV5S6), P89A (BV6S3),
G91E (BV6S5), and T90M (BV11S1). S93F is buried, and
the others are on the protein surface. HV4 is not involved
in pMHC binding, so that only possible effects on stability
and SAG binding need be considered. Even though the
overall sequence identity of these BVs and their templates
are fairly high (42–54%), the local sequence alignment for
HV4 region is not very satisfactory, as shown in Table IV.
There are also no crystal structures of SAG binding.

S93F in BV5S1. Ser-93 is buried between the frame-
work and the end of HV4 and forms an H-bond with

Trp-53. S93F causes loss of this H-bond as well as overpack-
ing with Trp-53 and the conserved disulfide bond between
Cys-110 and Cys-42, and thus is expected to affect stabil-
ity. It is unlikely to directly interfere with SAG binding.

F88Y in BV5S2, Y91D in BV5S6, P89A in BV6S3,
G91E in BV6S5, and T90M in BV11S1. Uncertainty of
backbone conformation of HV4 complicates the interpreta-
tion of these mutants. However, they appear to be located
on the surface, and so we tentatively conclude they do not
affect stability. Some conclusions concerning SAG binding
can be drawn for F88Y, Y91D, and P89A. These three
mutants are distant from the SAG-binding site, so they
probably can be categorized as no effect. No conclusions
can be drawn for G91E in BV6S5 and T90M in BV11S1.

DISCUSSION
Fraction of Missense cSNPs That Are Deleterious

Table V summarizes the effects of missense SNPs on the
structure and function of the V�s. Nineteen percent of
missense cSNPs have some effect on the molecular func-
tion of TCR V�s, according to the model, with most

Fig. 2. Two CDR1 missense mutations expected to affect the binding
of both pMHC and SAG. The main-chain of the loop is gray. Wild-type
side-chains are colored by element, and mutated side-chains are ma-
genta For clarity, not all side-chains are shown. The conformation of this
CDR1 is mainly determined by the conserved residues Pro-25, His-29,
Val-32, P44L (residue 25) of BV8S1 causes overpacking with Ser-94.
H48R (residue 29) of BV21S1 replaces the conserved residue His-29 with
Arg-29, so the conserved H-bond between His-29 and Ser-94 is removed.
Both of these mutations are expected to change the conformation of
CDR1 and thus affect the binding of pMHC and SAG.

TABLE V. Summary of SNP Impact on TCR V�s

Location
of
mutant

Functional
effect No effect

Effect cannot
be

determined Total

FR 7 (Stability) 35 0 42 (78%)
CDR1 2 (Binding) 1 1 4 (7%)
CDR2 0 1 1 2 (4%)
HV4 1 (Stability) 3 2 6 (11%)
Total 10 (19%) 40 (74%) 4 (7%) 54 (100%)

Approximately 19% of missense cSNPs are expected to have an effect
on molecular function of TCR V�s, with most affecting stability. The
effect of another four mutations (7%) cannot be determined; 74% are
expected to have no effect.
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affecting stability. Seventy-four percent are not expected
to have any significant effect; 7% do not affect stability, but
the effects on pMHC or SAG binding cannot be deter-
mined. These results are similar to those obtained by
applying the model to other gene sets4 where about 30% of
cSNPs were found to be deleterious. Other groups have
reported similar values for different protein sets with
somewhat different methods.5

Severity of SNP Impact

The seven mutations affecting stability cover a range of
likely severity. At one extreme, disruption of the conserved
disulfide bond in the core of the structure would be
expected to destroy the folded state in vitro and is known
to be associated with disease in vivo (see below). At the
other, T105A results in the loss of single H-bond between a
polar group and the backbone. In vitro mutagenesis stud-
ies52 and analysis of monogenic disease-associated mu-
tants4 both suggest that under some circumstances, loss of
one H-bond may have a significant impact on stability and
function in vivo.

Class of Effect on Protein Structure and Function

Most of the apparently deleterious cSNPs affect protein
stability, consistent with our observations for other pro-
teins.4 That analysis suggests lower stability will substan-
tially reduce the level of functioning of the affected TCR
molecules in vivo. Mechanisms responsible for this are
known for proteins that traffic through the ER and in the
cytoplasm.53,54 However, as discussed below, the situation
with TCR molecules may be more complicated. P44L in
BV8S1 and H48R in BV21S1 affect pMHC binding and
may also weaken the immune response and so are poten-
tially detrimental. On the other hand, these two mutants
also affect SAG binding, so they may decrease the suscepti-
bility to SAG-related disease and thus are also potentially
beneficial.

Relationship to Disease

The stability mutant C111R in BV6S1 is the only
deleterious SNP identified in this study so far associated
with disease: juvenile rheumatoid arthritis (JRA).49 It has
been shown that there is substantially reduced mRNA in
peripheral blood and the thymus.55 Presumably, during
maturation, T cells carrying this allele fail to be positively
selected by the normal weak self-recognition criterion.56

The symptoms of JRA would be expected to result from
self-recognition and a resulting autoimmune response. It
is difficult to see how that could be caused by the absence of
a particular set of TCR molecules. Perhaps, overproduc-
tion of other TCRs compensates for the gap in the response
repertoire, thus increasing susceptibility to autoimmune
effects. If this were the case, we would expect that similar
consequences might be associated with the other stability-
damaging mutants, but none are known so far. More
straightforward disease-related effects are also likely. Low
levels of TCRs containing any of the stability mutants may
lead to a weakened immune response and thus increased
susceptibility to particular sorts of infection. Now that the

likely SNPs have been identified, it should be possible to
look for such correlations.

The other deleterious SNPs, not known to be associated
to disease, are candidates for involvement in complex,
polygenic disease.

Population Frequency of Deleterious SNPs

It might be expected that deleterious SNPs will have a
relatively low incidence in the population. The sample size
here is too small to assess this reliably, but there is a
tendency in that direction. Frequencies of the 10 identified
potentially deleterious SNPs range from 0.02 to 0.23. The
highest value happens to be for the one SNP known to be
associated with disease: C111R. Only one other frequency
is 	0.2 (R63Q) and four are �0.05.

Total Versus Deleterious Missense cSNPs

The most surprising finding from the experimental
study of TCR V�s is the high fraction of SNPs that are
nonsynonymous: 74%. As noted by Subrahmanyan et al.,10

this is close to the value expected in the absence of any
selection pressure (76%) and substantially larger than
that found in other studies of gene sets, where it is
typically close to 50%.35–37 Subrahmanyan et al.10 suggest
that the explanation for the high fraction of nonsynony-
mous SNPs is that the TCRs form a large family with
overlapping function, so that selection pressure on any
single member is weak. That is, in the absence of any other
information, a high fraction of nonsynonymous SNPs is
assumed to imply a high fraction of accepted non-neutral
SNPs. The structure-based analysis allows us to address
this question more directly, because it identifies which
SNPs degrade function at the protein level. As noted
earlier, we find that the fraction of nonsynonymous cSNPs
that affect function is in fact similar to that found in the
other gene sets (between 19 and 26% versus 30%). If a high
degree of redundancy were a significant factor, we would
expect to see a higher fraction.

No Evidence of Hypervariability

A second possible explanation for a high fraction of
nonsynonymous SNPs is hyperselection. That is, some of
these nonsynonymous SNPs cause useful variation in
function, rather than being neutral or deleterious. We
would expect such variability to be primarily (but not
entirely) in binding to pMHC and so to occur in CDR1 and
CDR2. There might also be selection for TCRs that are
resistant to SAG binding, and SNPs for these would be
found in CDR1, CDR2, and HV4. There are a total of 12
missense cSNPs in these loops, roughly the same as the
overall density of missense cSNPs in non-CDR-coding
sequences, suggesting that the higher fraction of nonsyn-
onymous SNPs does not contribute to a larger antigen or a
reduced SAG-binding repertoire. Two mutants in CDR1
affect pMHC and SAG binding, one in HV4 affects stabil-
ity, four have no effect, and the effect of other four cannot
be reliably analyzed. These numbers are small, but they
certainly do not suggest any role for hypervariability.
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Limitations of the Analysis

TCR molecules operate in a complex molecular environ-
ment. Not only do they form complexes with pMHC
molecules and SAGs, they also interact with other cell
surface factors, such as CD4 and CD8. In addition, there
must a mechanism by which pMHC binding triggers an
intracellular response, leading to cell proliferation. These
factors complicate interpretation of the impact of some
SNPs. The binding sites for CD4 and CD8 are not known.
We have used analyses of protein surface conservation to
search for possible macromolecular interaction sites on the
V�-domains and find no evidence of any, supporting the
conclusion that all the framework surface mutants are
effectively neutral.

Several classes of TCR SNPs are not included in this
study. TCR molecules are transported to the cell surface
with the aid of leader peptide (LDR). There are 14 nonsyn-
onymous SNPs in this region; any of these may affect
transport. A second set of 17 SNPs is found in the RSS
region and may affect combination with D or J segments.
Two SNPs are also found in the promoter region.
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