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Vg2Vd2 T Cell Receptor Recognition of Prenyl
Pyrophosphates Is Dependent on All CDRs

Hong Wang, Zhimei Fang, and Craig T. Morita

gd T cells differ from ab T cells in the Ags they recognize and their functions in immunity. Although most ab TCRs recognize

peptides presented by MHC class I or II, human gd T cells expressing Vg2Vd2 TCRs recognize nonpeptide prenyl pyrophos-

phates. To define the molecular basis for this recognition, the effect of mutations in the TCR CDR was assessed. Mutations in all

CDR loops altered recognition and cover a large footprint. Unlike murine gd TCR recognition of the MHC class Ib T22 protein,

there was no CDR3d motif required for recognition because only one residue is required. Instead, the length and sequence of

CDR3g was key. Although a prenyl pyrophosphate-binding site was defined by Lys109 in Jg1.2 and Arg51 in CDR2d, the area

outlined by critical mutations is much larger. These results show that prenyl pyrophosphate recognition is primarily by germline-

encoded regions of the gd TCR, allowing a high proportion of Vg2Vd2 TCRs to respond. This underscores its parallels to innate

immune receptors. Our results also provide strong evidence for the existence of an Ag-presenting molecule for prenyl py-

rophosphates. The Journal of Immunology, 2010, 184: 6209–6222.

T
cells can be divided into two distinct subsets, gd and ab,
based on their expression of rearranging adaptive TCRs.
gd T cells, mucosal-associated invariant ab T cells (1),

and invariant NK ab T cells (iNKTs) (2, 3) are innate lympho-
cytes that bridge innate and adaptive immunity through their
recognition of unconventional ligands. The major subset of human
gd T cells expresses Vg2Vd2 TCR (also termed Vg9Vd2 or
TRGV9TRDV2). Although a minor subset at birth (4), Vg2Vd2
T cells expand between the ages of 1–10 y old (5). This expansion
is not due to genetic causes because identical twins can differ in
their proportions of Vg2Vd2 T cells. Instead, a broad array of
bacterial and protozoal infections expand Vg2Vd2 T cells to large
numbers (.50% of blood T cells in some cases) (reviewed in
Ref. 6).
The broad reactivity of Vg2Vd2 T cells to microbes and some

tumors was explained by the finding that nonpeptide prenyl
pyrophosphates, such as isopentenyl pyrophosphate (IPP), act as
Ags for Vg2Vd2 T cells (7). Prenyl pyrophosphates are essential
metabolites required by all organisms. The recognition of mi-
crobes by Vg2Vd2 T cells is due to the preferential recognition
of (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP)
over IPP (HMBPP is 30,000-fold more active than IPP on

a molar basis) (8, 9). HMBPP is a metabolite in the 2-C-methyl-
D-erythritol-4 phosphate pathway for isoprenoid biosynthesis.
This pathway is used by most Eubacteria (including all myco-
bacteria and Gram-negative rods) and Apicomplexan protozoa
(the causative agents of malaria, toxoplasmosis, babesiosis, and
cryptosporidiosis). Other stimulating compounds, such as bis-
phosphonates (10, 11) and alkylamines (12), act by increasing
cellular IPP levels by blocking farnesyl pyrophosphate (FPP)
synthase in the mevalonate pathway (13, 14).
Vg2Vd2 T cells function in both microbial and tumor immunity.

The early expansion of Vg2Vd2 T cells to prenyl pyrophosphates
results in conversion to memory cells (C. Jin and C.T. Morita,
unpublished observations) (15) capable of mounting adaptive re-
sponses to Mycobacterium bovis bacillus Calmette-Guérin (BCG)
(16) and other infections. As memory cells, Vg2Vd2 T cells can
mount rapid responses to primary microbial infections with or-
ganisms using the 2-C-methyl-D-erythritol-4 phosphate pathway
(9). Activation of Vg2Vd2 T cells leads them to release Th1 cy-
tokines, including IFN-g, TNF-a, and GM-CSF, but not IL-2 (17,
18), and to secrete chemokines, such as MIP-1a (CCL3), MIP-1b
(CCL4), lymphotactin (XCL1), and RANTES (CCL5) (19, 20).
Vg2Vd2 T cells are potent killer cells and can lyse infected cells via
perforin and/or Fas-Fas ligand pathways (21) and kill released
bacteria and protozoa through production of granulysin (21, 22) and
the cathelicidin LL-37 (23). Activated Vg2Vd2 T cells also kill
tumor cells from a variety of tissue origins through both TCR- and
NK receptor-mediated recognition (reviewed in Ref. 6). Treatment
with bisphosphonates and IL-2 activates Vg2Vd2 T cells, leading to
stable disease or partial remissions in some patients with B cell
malignancies (24) or with metastatic prostate cancer (25). There are
presently several ongoing clinical trials examining immunotherapy
with Vg2Vd2 T cells for a variety of cancers.
Recognition of prenyl pyrophosphates is mediated by the Vg2Vd2

TCR because transfection of the Vg2Vd2 TCR to b2 Jurkat cells
confers reactivity to prenyl pyrophosphates and Daudi and RPMI-
8226 tumor cell lines (26). We and others proposed that reactivity to
the negatively charged prenyl pyrophosphates was dependent on
positively charged residues in a potential prenyl pyrophosphate-
binding site located in Vg2Vd2 TCR (27, 28). Consistent with this
hypothesis, reactivity was dependent on N-encoded amino acid
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residues in the junctional segment of the Vg2 chain (29) as well as
lysine residues in the Jg1.2 segment (also termed JgP), an arginine
residue in CDR2d, and an aliphatic amino acid residue in CDR3d
(30, 31).
Despite identification of a potential prenyl pyrophosphate-

binding site, there was no evidence for prenyl pyrophosphate bind-
ing by the Vg2Vd2 TCR (28) or direct functional recognition (32).
Instead, recognition of prenyl pyrophosphates required cell-cell
contact but neither Ag internalization nor processing (32, 33). This
is similar to allergic CD4 and CD8 ab T cell recognition of small
nonpeptide drugs presented by MHC class I or class II molecules
(34). In contrast to drug recognition, prenyl pyrophosphate Ag
recognition is independent of classical MHC class I, MHC class II,
b2-microglobulin, MICA/MICB, and CD1 molecules (32). More-
over, photoaffinity analogs of prenyl pyrophosphates could form
covalent bonds to a putative presenting molecule distinct from
known Ag-presenting molecules (35), and tetramers of macaque
Vg2Vd2 TCR could bind to the surface of human but not mouse
cells only in the presence of HMBPP (36).
The available studies suggest, but do not prove, that a pre-

senting molecule exists for prenyl pyrophosphates. To help clarify
this issue, we have studied the effect of alanine mutations in
residues in CDR1, CDR2, and CDR3 on prenyl pyrophosphate
recognition and analyzed CDR3 sequences of reactive Vg2Vd2
T cell clones. We find that residues in all CDRs of the Vg2Vd2
TCR can affect recognition, but no CDR3d motif is required for
recognition beyond the requirement for an aliphatic residue at
position 97. Instead, recognition is critically dependent on the
Vg2Jg1.2 chain, which is either invariant or has limited diversity
in sequence and length. Given the large footprint of the required
residues, which surpasses the predicted prenyl pyrophosphate-
binding site, it is likely that a presenting molecule is required for
prenyl pyrophosphate Ags.

Materials and Methods
Cell lines

The mutant Jurkat cell line, J.RT3-T3.5, was obtained from the American
Type Culture Collection (Rockville, MD) and is a TCR b-negative variant
of Jurkat that lacks TCR cell surface expression (37). J.RT3-T3.5 and
J.RT3-T3.5 transfectants were grown in RPMI 1640 supplemented with
10% FCS, 10 mM HEPES, 10 mg/ml gentamycin, 5 3 1025 M 2-ME, and
L-glutamine (Invitrogen, Carlsbad, CA). RPMI 8226 and Raji cells were
obtained from the American Type Culture Collection and maintained in the
medium described above. The Va2 human fibroblast cell line was obtained
from Dr. Charles Stiles (Dana-Farber Cancer Institute) and maintained in
DMEM with the additives listed above. Hygromycin B and G418 were
obtained from Invitrogen.

mAbs and Ags

mAbs reactive with the human Vg2Vd2 TCR used in this paper were as
follows: control mAb (P3), anti-pan TCRgd (anti-TCRd1), anti-Vg2
(TigA, 7A5, 360, and 4D7), and anti-Vd2 (BB3, 4G6, 389, G1, and
TiVd2). The specificity of these mAbs was previously reviewed (38).
Prenyl pyrophosphates (IPP, dimethylallyl pyrophosphate, and FPP) and
alkylamines were purchased from Sigma-Aldrich (St. Louis, MO).
Phosphoantigens including monomethyl-, mono- ethyl-, phenethyl-, and
isoamyl-pyrophosphate and the nucleotide-conjugated compound, ethyl-
deoxyuridine triphosphate were synthesized as described (7, 38). Bro-
mohydrin pyrophosphate, risedronate, and alendronate were provided by
Eric Oldfield (University of Illinois at Urbana-Champaign, Champaign,
IL). HMBPP was synthesized as previously described (39). KM20 and
KM22 are extracts of Escherichia coli strain lytB mutants that produce
a high level of HMBPP (9, 40).

cDNA cloning and mutagenesis of human Vg2Vd2 TCR

RNA was isolated from the human T cell clone DG.SF13 (Micro RNA
isolation kit; Stratagene, La Jolla, CA) followed by cDNA synthesis using
SuperScript II reverse transcriptase and random hexamers (SuperScript first-

strand synthesis system for RT-PCR; Life Technologies, Gaithersburg, MD).
PCR was done with Platinum Taq High Fidelity DNA polymerase (Life
Technologies). PCR primers used to derive full-length Vg2Cg-chains were as
described previously (21). For the Vd2Cd-chain, the following primers were
used to introduce an XhoI restriction site into the 59 region and a BamHI site
into the 39 region of the Vd2Cd-chain for cloning: 59-gggctcgagCAGG-
CAGAAGGTGGTTGAGAG-39, Vd2 59 untranslated region; and 59-gggg-
gatccGGAGTGTAGCTTCCTCAT-39, Vd2 39 untranslated region. The
Vg2Jg1.2Cg1 PCR product was cloned into the pREP7 vector (Invitrogen)
using the KpnI–XhoI sites. The Vd2Cd PCR product was cloned into the
pREP9 vector (Invitrogen) using the XhoI–BamHI sites. For mutagenesis,
TCR-g and TCR-d–chain cDNAs mutated by a single amino acid residue
were generated using QuikChange Site-Directed Mutagenesis Kit (Stra-
tagene). To confirm the mutations, all Vg2Cg and Vd2Cdmutants were fully
sequenced. Sequencing was done using an automated sequencer using the
pREP forward and reverse primers along with the following reverse primers:
Cg 39 UT, ATGGCCTCCTTGTGCCACCG; Cg internal, 59-TGTGTCG-
TTAGTCTTCATGG-39; Cd 39 UT, GGAGTGTAGCTTCCTCATGC; and
Cd internal, 59-GACAATAGCAGGATCAAACT-39.

Derivation of Vg2Vd2 TCR transfectants

Human Vg2Vd2 TCR transfectants were derived by electroporation of the
Jurkat mutant J.RT3-T3.5, with unmutated or mutated DG.SF13 TCR
g- and d-chain cDNAs, as described previously (41). Briefly, J.RT3-T3.5
cells were grown at low density (1 to 2 3 105 cells/ml) prior to use,
centrifuged while in log phase growth, and resuspended at 3.33 3 107/ml
in PBS containing 10 mM HEPES. A total of 0.3 ml resuspended cells was
aliquoted into each electroporation cuvette; 20 mg each plasmid (pREP7-
TCR-g and REP9-TCR-d) was added to the cells followed by incubation
at room temperature for 10 min. The cells were electroporated (960 mF,
250 V) using a Gene Pulser (Bio-Rad, Burlingame, CA) and incubated at
room temperature for an additional 10 min. The electroporated cells from
each cuvette were washed twice in PBS, resuspended into 30 ml complete
media, plated in three 96-well round-bottom plates, and cultured at 37˚C.
After 48 h, hygromycin B was added to 0.5 mg/ml. Transfectants surviving
hygromycin B selection were then cultured in media containing both G418
(1 mg/ml) and hygromycin B (0.5 mg/ml). After 2 to 3 wk of culture,
transfectants were screened for IL-2 release in response to anti-TCRd1
stimulation. Transfectants specifically responsive to anti-TCR stimulation
were expanded at low density and tested for their response to nonpeptide
Ags. Multiple transfectants for each mutant that specifically released IL-2
to anti-TCR stimulation were derived from separate transfections and
tested to confirm each result (Supplemental Figs. 1, 2). Because defects in
Jurkat TCR signaling caused some TCR-expressing transfectants (despite
high levels of TCR expression) to either not release IL-2 or to constitu-
tively produce IL-2, only those mutants responding to anti-TCRd1 stim-
ulation were analyzed.

IL-2 release and assay

Stimulation of TCR transfectants for IL-2 release was performed as de-
scribed (38, 42). Briefly, 1 3 105 transfectants were cultured with the
indicated half-log dilution of the anti-TCRd1 mAb, stimulatory com-
pounds, or tumor cells in the presence of 13 105 glutaraldehyde-fixed Va2
cells (except for tumor cells) and 10 ng/ml PMA. After 24 h, supernatants
were harvested and frozen at 220˚C. For IL-2 assays, the supernatants
were thawed and used at a one-eighth dilution to stimulate the proliferation
of the IL-2–dependent cell line HT-2. The cultures were pulsed with 1 mCi
[3H]thymidine (2 Ci/mmol) at 18 h and harvested 6 h later.

Flow cytometric analysis

TCR transfectants were analyzed by one- or two-color immunofluorescence
poststaining with the appropriate mAb as described (38). Cells were in-
cubated with mouse mAbs on ice for 30 min, washed, and stained with PE-
conjugated F(ab9)2 goat anti-mouse Ig antisera (Biosource, Camarillo, CA)
for an additional 30 min on ice. After washing, the cells were resuspended
in FACS buffer containing propidium iodide and analyzed by flow cy-
tometry. Flow cytometry was performed with an FACScan flow cytometer
(BD Biosciences, Palo Alto, CA), and the data were analyzed using FlowJo
software (Tree Star, Ashland, OR).

Modeling the human Vg2Vd2 TCR

The DG.SF13 TCR is expressed by a synovial Vg2Vd2 T cell clone isolated
from a patient with rheumatoid arthritis (43). This receptor was used for
our previous transfection and mutagenesis experiments on the Vg2Vd2
TCR (26, 29), and its sequence has been published (26). The sequence of
the DG.SF13 TCR varies from the G115 TCR that was crystallized (28), as
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it has slightly different CDR3 regions. For comparison with other studies,
numbering of amino acid residues is the same as used for G115 TCR.
Vg2Vd2 T cell clone sequences listed in Supplemental Table I are from
Refs. 18, 27–29, 31, 38, 44–46. All figures were made with PyMOL X11
Hybrid (DeLano Scientific, South San Francisco, CA). Electrostatic sur-
face potential was calculated with the APBS PyMOL plugin (DeLano
Scientific) (47). In silico mutations were made in PyMol using the Mu-
tagenesis Wizard (DeLano Scientific). The contact residues for other TCRs
for MHC/CD1-peptide/lipid complexes were assessed for unconventional
TCRs (48, 49), for conventional ab TCRs specific for MHC class I\Ib
complexes (50–65), and for conventional ab TCRs specific for MHC class
II complexes (66–71). The TCR structures shown are taken from the TCR-
ligand complex. The TCRs are identically scaled using a PyMol script
kindly provided by Dr. DeLano but the diagonal orientation does not
attempt to match the docking angles on their MHC/CD1 ligands. Contact
residues were colored as follows: those in CDR1 a/d are blue, CDR2 a/d
are magenta, CDR3 a/d are yellow, CDR1 b/g are red, CDR2 b/g are
orange, CDR3 b/g are green, and HV4 b/g are pink. Note that alternative
terminology for human g-chain exists: Vg2 is also termed Vg9
(TRGV9); Jg1.1 is also termed JgP1 (TRGJP1), Jg1.2 is also termed JgP
(TRGJP), Jg1.3 is also termed Jg1 (TRGJ1), Jg2.1 is also termed JgP2
(TRGJP2), and Jg2.3 is also termed Jg2 (TRGJ2) (72). For discussions of
murine gd TCR, we use the nomenclature of Heilig and Tonegawa (73).

Results
Effects of CDR mutations in the Vg2 and Vd2 chains on the
reactivity of anti-TCR Abs

Although mutations of CDR loops are less likely to affect the
overall folding of the Vg2Vd2 TCR, we confirmed this by ex-
amining the reactivity of a panel of mAbs specific for the Vg2 and
Vd2 regions to mutated Vg2Vd2 TCRs. None of the CDR mu-
tations affected reactivity of the anti-TCRd1 mAb directed to the
Cd region (Table I). Similarly, none of the mutation in CDR1g
affected reactivity by four anti-Vg2 mAbs. Mutations in Arg59g
(for 4D7) and Lys60g (for 4D7 and 7A5) of the CDR2g did
abolish reactivity for two of the mAbs while maintaining re-
activity to the two others (Table I). None of the CDR1d or CDR2d
mutations affected reactivity of five mAbs specific for the Vd2
region (Table I). We were unable to express the Lys53Ala muta-
tion in the Vd2 region despite several attempts, suggesting that
this mutation does alter TCR folding or assembly. Thus, based on
their continued reactivity with mAbs specific for the Vg2 and Vd2
regions, our CDR mutations generally did not result in disruption
in the conformation of the Vg2Vd2 TCR.

Essential residues in the CDR1g and CDR2g of the Vg2 chain

Because the CDR mutations did not cause major disruptions in
Vg2Vd2 TCR folding, we determined the effects of these CDR
mutations on prenyl pyrophosphate Ag recognition. Four residues
in CDR1g and four residues in CDR2g were mutated from polar
hydrophilic amino acids to the nonpolar, hydrophobic amino acid
alanine, except for Ile30Glu, in which the hydrophobic isoleucine
residue was mutated to the negatively charged, hydrophilic amino
acid aspartic acid (Table I). For these studies, mutants and wild-
type transfectants were stimulated with HMBPP or with an anti-
Cd mAb to serve as a positive control in the presence of Va2-
presenting cells. Multiple transfectants derived from separate
transfections were tested for each mutant to confirm each result.
As expected, the native DG.SF13 Vg2Vd2 TCR maintained its

responsiveness to HMBPP upon transfection into b2 Jurkat cells.
For CDR1g mutations, mutation of the exposed residue, Thr29, to
alanine abolished recognition of HMBPP (Fig. 1). In contrast, mu-
tation of three other residues (Ile30Glu, Thr33Ala, and Ser34Ala)
that are in areas not as readily accessible for binding did not alter
recognition. Binding of Vg2-specificmAbs was unaffected by these
mutations (Table I). These results were verified by additional in-
dependently derived transfectants for each mutation (Supplemental
Fig. 1).Additional residues (Ile28Val,Ala32Glu, andVal35Phe) that
differ between human and rhesus monkey did not affect recognition
because a chimeric TCR of rhesus monkey Vg2 chain paired with
the human Vd2 chain still recognized HMBPP presented by human
APCs (38). The alanine to glutamic acid change at CDR1g residue
32 is the only nonconservative change among the three residues.
The CDR2g residues that were mutated include two (Tyr54 and

Thr57) on the solvent-exposed portion of the CDR2g loop near the
CDR1g loop. Mutation of either of these two residues to alanine
(Tyr54Ala and Thr57Ala) abolished recognition of HMBPP (Fig.
1). In contrast, mutation of two basic residues (Arg59 and Lys60)
did not. These residues are located at the end of the binding
groove and form a positively charged region that could potentially
bind to the negatively charged pyrophosphate moiety of prenyl
pyrophosphates. Because mutation of these residues to the neutral
amino acid, alanine, did not affect HMBPP recognition, we find no
evidence for involvement by this region in Ag recognition (Fig. 1).
However, these mutations did alter mAb binding, with both Ar-
g59Ala and Lys60Ala mutations abolishing 4D7 mAb binding and

Table I. Summary of Vg2Vd2 TCR mutations

TCR Region

Mutation Anti-Vg and Anti-Vd mAb Staining

Nucleic Acid Amino Acid TigA 7A5 360 4D7

Vg2 chain
CDR1g ACA → GCA T29A + + + +

ATT → GAG I30E + + + +
ACA → GCA T33A + + + +
TCT → GCC S34A + + + +

CDR2g TAT → GCC Y54A + + + +
ACT → GCA T57A + + + +
AGA → GCA R59A + + + 2
AAG → GCG K60A + 2 + 2

CDR3g AAA → GCA K108A + + + +

BB3 4G6 389 G1 TiVd2

Vd2 chain
CDR1d GAA → GCA E28A + 6 + + 6

ATC → GAG I30E ND ND ND ND ND
AAC → GCC N32A + + + + +

CDR2d CGA → GCA R51A + + + + +
GAA → GCA E52A + + + + +
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with Lys60Ala also abolishing 7A5 mAb binding. Binding by the
TigA and 360 mAbs was unaffected (Table I). Differences be-
tween human and rhesus monkey at residues Ser53Phe and
Arg59Lys are conservative changes and did not affect recognition.
The serine to phenylalanine mutation is located in a recessed area
of the CDR2g loop.
Thus, all of the mutations in CDR1g and CDR2g that alter

HMBPP recognition are located in highly accessible, solvent ex-
posed areas of the CDR loops of the Vg2Vd2 TCR (28). In
contrast, mutations that did not affect HMBPP recognition were
located in recessed, less solvent exposed areas. Importantly, all
three mutations that affected HMBPP response were distant (16–
23 Å) from the proposed prenyl pyrophosphate-binding area that
is composed mainly of residues from CDR3g and CDR2d.

Essential residues in the CDR1d and CDR2d region of the Vd2
chain

To investigate the role of Vd-chain residues in nonpeptide Ag
recognition, three residues in CDR1d and two residues in CDR2d
were selected for mutation (Fig. 2). One of the three mutations in
CDR1d affected the HMBPP recognition. The residue mutated,
Glu28, is highly accessible but spaced 19–22 Å away from the
proposed prenyl pyrophosphate-binding area. This mutation was
nonconservative, with an alanine being substituted for a negatively
charged glutamic acid residue (Fig. 2). The other mutations,
Ile30Glu and Asn32Ala, did not affect recognition (Fig. 2).
Two mutations in the CDR2d, Arg51Ala and Glu52Ala, both

affected recognition of HMBPP. The Arg51 and Glu52 residues
are located within the proposed prenyl pyrophosphate-binding
site (within 4–10 Å of Lys109 for Arg51 and 10–13 Å for Glu52).
The loss of reactivity by mutating Arg51 confirms an earlier
study in which mutation of Arg51 to either alanine or glutamic
acid abolished recognition (30). Changing one residue in CDR2d
outside of this area, Asp54, to glycine did not affect recognition
because glycine is used at this position in the rhesus monkey Vd2
chain, and a chimeric receptor of rhesus monkey Vd2 paired with
human Vg2 still recognized prenyl pyrophosphates (38). Note that
this residue is located 11–15 Å away from the proposed binding
site. These findings demonstrate that part but not all of CDR2d
contributes to prenyl pyrophosphate recognition.

Abrogation of Ag and tumor recognition by mutation of K108
in CDR3g

We had earlier established the importance of the CDR3g in prenyl
pyrophosphate recognition by altering reactivity though mutation
of its junctional region (29). We and others have proposed that

FIGURE 1. Recognition of HMBPP by Vg2Vd2 TCR transfectants

expressing mutant Vg2 chains. J.RT3-T3.5 b2 Jurkat cells were trans-

fected with unmutated or mutated DG.SF13 TCR-g cDNAs together with

the unmutated DG.SF13 TCR d-chain cDNA. After drug selection, anti-Cd

responsive transfectants were identified and stimulated with HMBPP in the

presence of Va2 APCs and 2.5 ng/ml PMA. The anti-Cd mAb (anti-

TCRd1) and HMBPP were added to the cultures stating at 2.15 mg/ml and

1000 nM, respectively, and serially diluted by half-log intervals. After

24 h, the culture supernatants were harvested and assayed for IL-2 activity

using the IL-2–dependent cell line HT2. Results from one transfectant are

shown for each mutation and are representative of the results obtained with

two to four other independently derived transfectants (Supplemental Fig.

1). Values shown are mean 6 SEM of duplicate or triplicate samples.

HMBPP reactivity was considered (++) if the maximum HMBPP response

was .40% of the control anti-Cd response, (+) if between 20–40% of the

control response, and (2) if ,10% of the control response.

FIGURE 2. Recognition of HMBPP by Vg2Vd2 TCR transfectants

expressing mutant Vd2 chains. J.RT3-T3.5 b2 Jurkat cells were trans-

fected with unmutated or mutated DG.SF13 TCR-d cDNAs together with

the unmutated DG.SF13 TCR g-chain cDNA. Culture conditions and the

IL-2 assay were as in Fig. 1. Results from one transfectant are shown for

each mutation and are representative of the results obtained with one to

four other independently derived transfectants (Supplemental Fig. 2).
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lysine residues in the Jg region of CDR3g combined with Arg51
in CDR2d constitute a potential binding site for the pyrophosphate
residues of IPP and HMBPP because the positive charges on the
amino groups are available for ionic bonding (27, 28, 30). In
addition to prenyl pyrophosphates, there have been reports that the
mitochondrial protein F1-ATPase expressed on tumor cells can be
recognized by the Vg2Vd2 TCR (74). To determine the impor-
tance of this proposed site in Ag and tumor recognition, we mu-
tated one of these residues, Lys108, in the Jg1.2 segment of
CDR3g to alanine.
To study tumor reactivity reportedly due to F1-ATPase (74), we

determined reactivity of the wild-type Vg2Vd2 TCR and the
Lys108Ala TCR mutant for the stimulatory plasmacytoma, RPMI
8226. Whereas the unmutated TCR transfectant responded to the
RPMI 8226, but not to the control Raji cell line, mutation of
Lys108 abrogated reactivity to RPMI 8226 (Fig. 3, right bottom
panel).
Similarly, mutation of Lys108 completely abrogated recognition

of HMBPP (Fig. 3) while preserving stimulation by an anti-CdmAb.

This mutation also abrogated direct stimulation by five other prenyl
pyrophosphates (Fig. 3). Other stimulatory compounds, such as bis-
phosphonates and alkylamines, stimulate Vg2Vd2 T cells indirectly
by blocking the enzyme FPP synthase, causing increases in cellular
IPP levels (13, 14). Consistent with IPP being the direct stimulating
Ag, the Lys108Ala mutation also abrogated stimulation by six al-
kylamines and two bisphosphonates (Fig. 3). These results confirm
an earlier report in which Lys108Ala, Lys108Glu, and Lys109Glu
mutations (but not Lys109Ala) abolished recognition of prenyl py-
rophosphate, bisphosphonate, and alkylamine stimulatory com-
pounds (30, 31).
The loss of reactivity to the stimulatory compounds and the

tumor cell line by the Lys108Ala mutation suggests that there are
shared structural features for these Ags (including the Ag expressed
on the RPMI 8226 plasmacytoma).

Narrow length distribution of CDR3g in Vg2Jg1.2 chains but
not in Vg2Jg1.3/2.3 chains

To determine if there were any length restrictions or common
motifs in the CDR3g junctional region of reactive Vg2Vd2 T cells,
we examined reported sequences of 107 reactive and nonreactive
Vg2Vd2 T cell clones (Supplemental Table I). The Jg1.2 segment
was highly favored being used by 84 out of 90 (93%) reactive
clones. The length of CDR3g in Vg2Jg1.2 chains was also highly
restricted, with 98% of T cell clones with CDR3g lengths of 62
residues. There were no major differences in CDR3g length be-
tween reactive and nonreactive clones (Supplemental Fig. 3).
However, because TCR differences between reactive and non-
reactive clones could be mapped to the CDR3d region in some
cases (Table II), at least some of the Vg2 chains expressed by
nonreactive clones would be reactive if paired with a reactive Vd2
chain.
Many clones (18 out of 84, 21%) used the invariant Vg2Jg1.2 aa

sequence (75) either due to germline gene rearrangement or the
addition of junctional residues with trimming of the germline Vg2
and Jg1.2 segments (Supplemental Table I). This frequency of in-
variant Vg2Jg1.2 chains is consistent with that reported for pe-
ripheral blood Vg2Vd2 T cells (75). In most of the noninvariant
Vg2Jg1.2 chains, there were only one to two junctional residues
(with a maximum of four) with corresponding losses in the germ-
line Vg2 and Jg1.2 segments to preserve CDR3g length. Thus, all
of the Vg2Jg1.2 chains had germline amino acid sequences for
much or all of the CDR3g region. When junctional residues were
added, they favored basic lysine and arginine residues, with 25 out
of 66 (38%) reactive Vg2Jg1.2 chains having at least one basic
residue added. Also, none of the TCRs had deletion of the Lys108
or Lys109 residues. The glutamic acid located at position 105 is not
required for reactivity because it is absent in some human Vg2Jg1.2
chains (Supplemental Table I) and in rhesus monkey Vg2, which is
able to recognize HMBPP presented by human APCs when paired
with human Vd2 (Table II) (38).
In contrast to Vg2Jg1.2 chains, a high proportion of Vg2Vd2

T cell clones using Vg2Jg1.3/2.3 chains were nonreactive to
prenyl pyrophosphates (46% nonreactive versus 14% nonreactive
for Vg2Jg1.2 chains). Moreover, the Vg2Jg1.3/2.3 chains had
shorter chain lengths (6–14 residues versus 11–14 residues for
Vg2Jg1.2 chains) with higher variability in length. This shorter
length may be optimal for reactivity because a short Vg2Jg1.3
chain (eight residues) using a GN junctional sequence paired with
the DG.SF13 Vd2 chain was responsive to HMBPP but a longer
mutant Vg2Jg1.2 (12 residues) chain, in which the GN residues
were substituted for a W residue, was unresponsive when paired
with the same DG.SF13 Vd2 chain (Table II).

FIGURE 3. Critical role of K108 in the CDR3 of Vg2 in the recognition of

nonpeptide Ags and tumor cells. J.RT3-T3.5 b2 Jurkat cells were transfected

with the DG.SF13 TCR g-chain cDNA with a lysine (K) to alanine (A)

mutation at position 108 in the CDR3g region and the unmutated DG.SF13

TCR-d cDNA. The transfectant obtained was named K108A and compared

with an unmutated DG.SF13 TCR transfectant for stimulation by anti-Cd,

prenyl pyrophosphates, alkylamines, bisphosphonates (risedronate and

alendronate), HMBPP (in supernatants of theE. coli lytBmutants, KM20, and

KM22), bromohydrin pyrophosphate, and lymphoma cell lines (RPMI 8226

and Raji). Culture conditions and the IL-2 assay were as in Fig. 1.
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Conserved hydrophobic residue at position 97 but variable
CDR3d length and sequence

CDR3d regions are the most variable junctional region in mammals
due to the availability of multiple V, D, and J gene segments for
rearrangement and due to the ability of multiple D segments to re-
arrange in tandem and in any reading frame (76). In mice, the
CDR3d region has been shown to be critical for gd T cell recogni-
tion of T10 and T22MHC class Ib molecules. A 9 aa conserved loop
motif in the CDR3d region inserts into a cavity on the T10 molecule
and provides most of contact residues and 67% of the interface. To
determine if a similar motif could be identified in the CDR3d region
of Vg2Vd2 TCR, we examined the sequences of 107 reactive and
nonreactive Vg2Vd2 T cell clones (Supplemental Table I).
Unlike its Vg2 chain partner, the length of the CDR3 of the Vd2

chain varied widely, ranging from 10 to 18 aas, while retaining re-

sponsiveness to prenyl pyrophosphates (Supplemental Fig. 3, Sup-

plemental Table I). Moreover, unlike Vg2 chains in which there are

critical residues in the Jg segment and a preference for Jg1.2, the

Vd2 chain can use Jd1, Jd2, or Jd3 and retain responsiveness despite

significantly different sequences and lengths. The longer and more

variable length of the CDR3d segment is a general characteristic of

d-chains (77).

Although the length of CDR3d is variable, there is a strong

preference for a hydrophobic residue at position 97. Ninety-two

percent of Vd2 chains (61 out of 71) from reactive T cell clones

used a hydrophobic residue at this position versus 53% (8 out of

15) of Vd2 chains from nonreactive T cell clones. No reactive
clone used proline, lysine, or arginine at this position (Supple-
mental Table I). There are examples of clones with identical Vg2
chains but different Vd2 chains in which loss of reactivity can be
correlated with a nonhydrophobic residue at position 97 (Table II).
In these cases, the nonreactive Vg2Vd2 T cell clone has either
a polar serine amino acid at this position (for the nonreactive T22
clone versus the reactive M6/M12 clones) or the kinked proline
amino acid (for the nonreactive I.7 clone compared with the re-
active C.15 clone). Similarly, transfection of a Vg2 chain (g001)
paired with a Vd2 chain (d255) with a proline at this position did
not confer reactivity to prenyl pyrophosphates, although two other
Vd2 chains (d263 and d016) with hydrophobic residues did (31).
Mutation of Leu97 to either alanine or serine abolished prenyl
reactivity (31), confirming its importance.
Whereas position 97 was mainly restricted to hydrophobic amino

acids, the residues prior to and after 97 were quite diverse, in-

cluding both positively and negatively charged amino acids as well

Table II. Diversity of CDR3g or CDR3d sequences in Vg2Vd2 T cells expressing an identical Vg2 or Vd2 chain

Clone/
Transfectant Vg2 N Jg Jg Vd2 (aa 97) N/D/N Jd Jd CDR3d Length Reactivity

AC2a LWEV QELGKKIK Jg1.2 CDT T GG SWDTRQM Jd3 13 +
AC8a LWEV QELGKKIK Jg1.2 CDT W G S SWDTRQM Jd3 13 +
G1b LWEV QELGKKIK Jg1.2 CD R V PP STGD TDKL Jd1 14 +
G2b LWEV QELGKKIK Jg1.2 CDT V NADAEN DKL Jd1 13 +
G3b LWEV QELGKKIK Jg1.2 CD A V LGDTSRP DKL Jd1 14 +
G4b LWEV QELGKKIK Jg1.2 CD L V LGVNTG WDTRQM Jd3 16 +
M3b LWEV QELGKKIK Jg1.2 CD W L LGDTV TDKL Jd1 13 +
G5b LWEV QELGKKIK Jg1.2 CDT G GYAN WDTRQM Jd3 14 +
G6b LWEV QELGKKIK Jg1.2 CDT V EA LTAQL Jd2 11 +
M4b LWEV QELGKKIK Jg1.2 CD N W GDKM TAQL Jd2 12 +
T2b LWEV QELGKKIK Jg1.2 CD N T GGYY SWDTRQM Jd3 15 +
T3b LWEV QELGKKIK Jg1.2 CDT V LGDS SWDTRQM Jd3 15 +
T4b LWEV QELGKKIK Jg1.2 CD I L GDAA LTAQ Jd2 12 +
T5b LWEV QELGKKIK Jg1.2 CDT I LGDT WDTRQM Jd3 14 +
T6b LWEV QELGKKIK Jg1.2 CDT L PLGAKGY DKL Jd1 14 +
T7b LWEV QELGKKIK Jg1.2 CDT V SGDTH SWDTRQM Jd3 16 +

M12b LWEV ELGKKIK Jg1.2 CD S L LTSQLSLGDH TDKL Jd1 18 +
M6b LWEV ELGKKIK Jg1.2 CD T G FRGGKDT WDTRQM Jd3 17 +
T22b LWEV ELGKKIK Jg1.2 CD K S AGNP SWDTRQM Jd3 15 2

C.15 LWE A QELGKKIK Jg1.2 CDT L GSGGSAER TDKL Jd1 12 +
I.7 LWE A QELGKKIK Jg1.2 CDT P GIGYT WDTRQM Jd3 15 2

g001/d263c LWEV QELGKKIK Jg1.2 CDT I LGD TDKL Jd1 10 +
g001/d016c LWEV QELGKKIK Jg1.2 CDT V EGMRRNLLGERGSY TDKL Jd1 22 +
g001/d255c LWEV QELGKKIK Jg1.2 CDT P MRAPDWGTLGN TDKL Jd1 19 2

PBLg/DGdd LWE GN YKK Jg1.3 CDT L VS TDKL Jd1 10 +
mutDGg/DGdd LWE GN ELGKKIK Jg1.2 CDT L VS TDKL Jd1 10 2
DG.SF13 LWE W ELGKKIK Jg1.2 CDT L VS TDKL Jd1 10 +
DGg/monkeyde LWE W ELGKKIK Jg1.2 SD H I LEGGIRG TDKL Jd1 13 +
Monkeyge/DGd LWEV Q QFGRKVK Jg1.2 CDT L VS TDKL Jd1 10 +

G115/G9f LWE AQ QELGKKIK Jg1.2 CD T L GMGGEY TDKL Jd1 13 +

Horizontal dividers separate groups of TCRs that share either identical Vg2 or Vd2 chains but that differ in the other chain and, in some cases, in prenyl pyrophosphate
reactivity. Position 97 in the Vd2 chains is bolded and its position indicated in the column title. Likely sequence differences causing loss of reactivity are underlined. Note that
alternative names for Vg2, Jg1.2, and Jg1.3 are Vg9 (TRGV9), JgP (TRGJP), and Jg1 (TRGJ1).

aSequences from T cell clones (18).
bSequences from T cell clones, reactivity reported in Ref. 44.
cSequences from T cell transfectants, reactivity reported in Ref. 31.
dSequences from T cell transfectants, reactivity reported in Ref. 29.
eSequences from T cell transfectants, reactivity reported in Ref. 38.
fSequences from G115/G9 T cell clone used for crystal structure, reactivity reported in Ref. 28.
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as proline (Supplemental Table I). Moreover, there were no other

clearly defined motifs in the N-, Dd-, or Jd-encoded portions of

CDR3d that are required for reactivity. Thus, beyond a strong

preference for a hydrophobic residue at position 97, no other motif

can be found within CDR3d that correlates with reactivity. Taken

together, the diverse length and amino acid composition of

CDR3d from reactive Vg2Vd2 T cell clones suggests that optimal

prenyl pyrophosphate reactivity requires a hydrophobic residue at

position 97 but is tolerant to a wide variety of sequences in and

lengths of the N, D, and J regions.

Model of Vg2Vd2 TCR contact residues in relation to the
proposed prenyl pyrophosphate-binding site

The structures of human G115 Vg2Vd2 TCR (Fig. 4) and murine
G8 Vg4Va/d11.3 TCR show more protrusions and clefts in the
binding face of the TCR (48, 78) compared with the flatter sur-
faces of ab TCRs specific for peptide-MHC class I/II complexes.
The CDRs of the Vg2Vd2 TCR protrude (Fig. 4A). CDR3g and
CDR3d are especially prominent, creating a cleft between the two
CDRs. There are two positively charged regions in this cleft
(shaded blue) (Figs. 4D, 4F, 6), one positioned near the base of
CDR3d formed by Lys109g from Jg1.2 and Arg51d from CDR2d
and a second located on the other side of the cleft formed by
Arg59g and Lys60g from CDR2g.
Mutation of residues in the second positively charged region

formed by Arg59g and Lys60g from CDR2g, although abolishing
binding by some anti-Vg2 mAbs (Table I), did not affect prenyl

pyrophosphate recognition (Table III), arguing against the in-
volvement of this second positively charged region. In contrast,
alanine mutation of Lys108 (Fig. 3) and Lys109 (30) that is lo-
cated in the first positively charged region closest to the Leu97
residue in CDR3d completely abrogated recognition of all prenyl
pyrophosphates studied. Alanine mutation of Lys108 also abol-
ished bisphosphonate and alkylamine recognition. Importantly,
recognition of the plasmacytoma, RPMI 8226, was also lost. This
result suggests that the Ag recognized by Vg2Vd2 T cells in
RPMI 8226 is IPP or another prenyl pyrophosphate and not F1-
ATPase because these two Ags have grossly different structures
and would be expected to use different contact residues. However,
F1-ATPase could function as a presenting molecule, although we
have found no evidence for this (data not shown).
This first positively charged region is positioned immediately

adjacent to the conserved hydrophobic amino acid at position 97 of
CDR3d and has potential contributions from Lys108g, Lys109g,
and Lys111g from Jg1.2 and Arg51d from CDR2d (Fig. 4D, 4F).
However, in silico mutagenesis and calculation of the surface po-
tential suggests that most of the positive potential in the region is
from Arg51d with some contribution from Lys109g, but little or no
contribution from Lys108g and Lys111g (Fig. 5). Consistent with
this analysis, mutation of Lys109g to alanine reduced but did not
abolish prenyl pyrophosphate recognition (31), whereas mutation
of Arg51d to alanine completely abolished recognition. We now
show that the acidic amino acid Glu52d, from CDR2d that is near
but outside the binding pocket, is also required for recognition. The

Table III. Effect of Vg2Vd2 TCR mutations and rhesus monkey polymorphisms on prenyl pyrophosphate
reactivity

TCR Region

Polymorphism
Between Human and
Rhesus Monkeya

Mutation of Human
Vg2Vd2 TCR

Prenyl Pyrophosphate
Reactivity Reference

Vg2 chain
CDR1g I28V + (38)

T29A 2 Current paper
I30E + Current paper

A32E + (38)
T33A + Current paper
S34A + Current paper

V35I + (38)
CDR2g S53F + (38)

Y54A 2 Current paper
T57A 2 Current paper

R59K + (38)
R59A + Current paper
K60A + Current paper

CDR3g W104GN 2 (29)
E105Q + (38)
F106L + (38)
K108R + (38)

K108A 2 Current paper and (31)
K108E 2 (30)
K109A + (31)
K109E 2 (30)

Vd2 chain
CDR1d E28A 2 Current paper

I30E + Current paper
G31S + (38)

CDR2d R51A 2 Current paper and (31)
R51E 2 (31)
E52A 2 Current paper

D54G + (38)
CDR3d C94S + (38)

L97A 2 (31)
L97S 2 (31)

aReactivity of rhesusmonkeyVgene segmentswas assessed by pairingwith the corresponding partner humanVgene segments
and transfecting into J.RT3-T3.5 b2 Jurkat followed by stimulation with Ags presented by human APCs as described (38).
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area is a potential prenyl pyrophosphate-binding site because the

positively charged amino acids can form ionic bonds to the nega-
tively charged pyrophosphate moiety on IPP or HMBPP. The al-

kenyl chain could be positioned over the hydrophobic amino acid at
position 97. Most proteins that bind phosphate(s) use either this

mechanism of binding or use negatively charged amino acids to
form an ionic bond to one of the positive charges on a divalent

cation, leaving the second free to bind to the negative charges on the
phosphate group. However, there is no evidence for direct high-

affinity binding of prenyl pyrophosphates to theVg2Vd2 TCR either

by equilibrium dialysis (C.T. Morita, unpublished observations) or
soaking Vg2Vd2 TCR crystals in IPP or HMBPP (28).
When the mutated CDR residues are localized on the Vg2Vd2

TCR structure (critical residues colored red and noncritical resi-
dues colored green, Table III), a potential binding footprint of the
TCR to its ligand is delineated (Fig. 4C, 4E). This area is much
larger than the size of IPP or HMBPP (IPP and HMBPP are 10.3 Å
and 10.9 Å in extended conformation, respectively) and encom-
passes more than just the prenyl pyrophosphate-binding site (Fig.
4B, 4D, 4F). Moreover, although both abolish recognition, Thr29
in CDR1g is 34 Å from Glu28 in CDR1d. Similarly, Lys109 in
CDR3g is 15.3 Å from Thr29 in CDR1g and 20.1 Å from Glu28
in CDR1d; again, much larger distances than the size of a prenyl
pyrophosphate. Thus, the footprint of Vg2Vd2 TCR residues re-
quired for prenyl pyrophosphate recognition is significantly larger
than the proposed prenyl pyrophosphate-binding site.

Discussion
In this study, we show that mutations in all CDRs of the Vg2Vd2
TCR can affect recognition of prenyl pyrophosphates. Mutation of
highly accessible amino acids in CDR1g, CDR2g, and CDR1d
loops all can abolish recognition, whereas mutations localized on
the sides of the loops do not. Unlike TCR recognition by the two
other unconventional innate T cells in which the contact residues
are defined, there is no evidence that an extended Da/d or Ja/d
amino acid motif is required for recognition. Instead, there is
a preference for a single hydrophobic, aliphatic amino acid at
position 97 of CDR3d as previously reported (31, 79), but no
restriction on: 1) the type of amino acid immediately preceding or
following position 97; 2) the overall length of the CDR3d loop; or
3) other sequences in the D/N or J portions of the CDR3d loop. In
contrast, the length of CDR3g shows low variability, basic amino
acids are preferred in its N region, and the Jg1.2 segment is
preferentially used. Basic amino acids (Lys108 and Lys109) in the
Jg segment, the basic Arg51 and acidic Glu52 residues in the
CDR2d, and the aliphatic amino acid at position 97 in CDR3d are
all important for recognition and are located in or near a proposed
prenyl pyrophosphate-binding site. Taken together, these results
show that a large portion of the Vg2Vd2 TCR is required for
prenyl pyrophosphate recognition.
How well do alanine mutations predict residues in T cell Ag

receptors that contact Ag or their presenting molecule? In three
studies, ab TCR contact residues for peptide-MHC class I ligands

FIGURE 4. Recognition of prenyl pyrophosphates

by human Vg2Vd2 TCR is dependent on all CDRs. A,

Top-down view of the Vg2Vd2 TCR with CDRs for

the g- and d-chains labeled. CDR residues are colored

such that those in CDR1d are blue, CDR1d are ma-

genta, CDR3d are yellow, HV4d are cyan, CDR1g are

red, CDR2g are orange, CDR3g are green, and HV4g

are pink. B, Top-down view of the Vg2Vd2 TCR with

basic amino acids colored blue and acidic amino acids

colored red. IPP is shown in the potential prenyl py-

rophosphate-binding site for size comparison. C, Top-

down view of critical amino acid residues that disrupt

prenyl pyrophosphate recognition are colored red on

the Vg2Vd2 TCR, whereas noncritical amino acid

residues are colored green. D, Top-down view of the

surface potential of the Vg2Vd2 TCR (colored from

red [28 kT] to blue [+8 kT]) reveals two positively

charged potential binding sites. E, Side view of critical

amino acid residues that disrupt prenyl pyrophosphate

recognition are colored red on the Vg2Vd2 TCR,

whereas noncritical amino acid residues are colored

green. F, Side view of the surface potential of the

Vg2Vd2 TCR (colored as in D).
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were determined from crystal structures. CDR contact and non-

contact residues were then mutated to alanine and the mutant

TCRs tested for binding to their respective peptide-MHC class I

ligands. Mutation of contact residues to alanine reduced MHC/

peptide ligand binding for 81% (17 out of 21) of the contact

residues in the LC13 TCR (80), for 70% (7 out of 10) in the 2C

TCR (81), and for 59% (13/22) in the JM22 TCR (82). Noncontact

residues in CDRs containing contact residues also decreased

binding, albeit, as might be expected, at lower rates (39%, 7 out of

18, for the LC13 TCR and 60%, 9 out of 15, for the 2C TCR).

Importantly, none of 12 mutations in the a and b hypervariable

four-regions of the 2C TCR affected binding (none were contact

residues). Most mutations that grossly affected structure were not

expressed (only 1 out of 40 in LC13 (80), 9 out of 51 in 2C (81),

and 0 out of 12 in JM22) (82). Thus, most mutations (70% overall)

in CDR contact residues greatly reduce binding, whereas muta-

tions in HV4 loops that did not contain contact residues had no

effect. From these results, we would predict that mutations that

abolish recognition likely identify either contact residues for the

Ag/presenting molecule or noncontact residues in loops that

contain contact residues. Our finding that residues well outside the

proposed prenyl pyrophosphate-binding site affect recognition

suggests that a larger molecule binds and presents these small

molecules.

Unconventional innate versus conventional peptide-MHC TCR
recognition by T cells

Although expressing rearranging TCRs, innate T cells, such as gd
T cells and iNKTs, likely play roles that more closely resemble
those of innate myeloid cells. In keeping with their unique roles in
the immune system, innate T cells commonly express TCRs that
use germline encoded portions of the TCR to either recognize
nonpeptide Ags presented by MHC class Ib or CD1 molecules or
to directly recognize MHC class I-like molecules. Many gd T cell
populations, such as murine dendritic epidermal gd T cells (83),
express TCR with invariant receptors. ab iNKTs that recognize
self and foreign glycolipids presented by CD1d also express
a semi-invariant TCR composed of a conserved VaJa-chain
paired with a limited set of Vb-chains (84).
There are only two examples of unconventional TCR recognition

by innate T cells that have been characterized at the molecular level
to compare with Vg2Vd2 TCR recognition of prenyl pyro-
phosphates. The only example for gd T cells is the structure of
a murine gd TCR, G8, bound to the MHC class Ib molecule T22.
In this study, a W...EGYEL motif in an extended CDR3d loop (85)
contacts a disordered region at the end of the a2 helix of the T22
molecule from the side (48). The contact residues of the G8 TCR
are shown in Fig. 6 (top middle panel). Eighty-nine percent of the
gd TCR interface with T22 is contributed by the Vd-chain, with

FIGURE 5. Surface potential effect of in

silico alanine mutations of basic residues in the

Vg2Vd2 TCR. Basic residues were mutated to

alanine in silico using PyMol (DeLano Scien-

tific), and the surface potential of the mutated

TCRs were calculated using the APBS plugin

in PyMol. The TCRs are oriented with the

g-chains on the top left and the d-chains on

the bottom right of the panels. Top-down views

of the surface potential of the Vg2Vd2 TCR are

shown (colored from red [28 kT] to blue [+8

kT]. The two positively charged regions are

circled. A, Surface potential for the unmutated

Vg2Vd2 TCR. B–F, Effect on surface potential

of alanine replacement of R59A and K60Ag

(B), R51Ad (C), K109Ag (D), K108Ag (E),

and K111Ag (F).
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67% contributed by the CDR3d loop. Underscoring the impor-
tance of the CDR3d loop, swapping of this region for the CDR3a
of an ab TCR is sufficient to confer recognition of T22 (86). All
of the gd T cells that recognized T22 have the W...EGYEL se-
quence motif in CDR3d. Importantly, this motif is commonly
derived from the germline-encoded Dd2 gene segment and is
present on ∼0.85% of nonselected murine Vd2 chains; this may
account for the high frequency of T22-reactive gd T cells (1/50–1/
1000) in unimmunized mice (85).
The other example of unconventional innate TCR recognition is

human and murine iNKT ab TCR recognition of glycolipids
presented by CD1d (49, 87). iNKT TCRs bind CD1d/a-GalCer in
a top-down orientation paralleling the a helixes of CD1d. Again,
CDR3a, which is the equivalent of CDR3d, plays an important
role contributing 52% of the buried surface area (BSA) (Fig. 6, top
left panel). Only the Ja18 region of CDR3a contacts the CD1d-
lipid complex, explaining the use of this J region by the invariant
Va24 chain of the iNKT TCR. Like the G8 gd TCR in which
CDR3g contains only two contact residues, CDR3b contains only
one contact residue that contributes only 6% of the BSA. Instead,
the germline-encoded CDR2b contributes 28% of the BSA. When
the contact residues in the iNKT TCR were mutated to alanine,
four out of seven CDR3a loop residues and two out of four

CDR2b abolished recognition, whereas three other residues in
other CDRs had no or little effect (88). Thus, despite large dif-
ferences in the docking orientation of the iNKT ab TCR and the
G8 gd TCR for their ligands, unconventional recognition by both
involves primarily germline-encoded regions in CDR3a/d, with
critical contributions from the germline-encoded CDR2b in iNKT
TCR.
In contrast to these examples, our study shows a different mode

of recognition for the Vg2Vd2 TCR that does not rely as heavily on
the CDR3a/d region. Instead, CDR3g appears to be the critical
region for prenyl pyrophosphate recognition. Mutation of either
Lys108 or Lys109 in the conserved Jg1.2 region abolishes recog-
nition as does altering the CDR3g length/sequence (29). Moreover,
20–30% of adult Vg2Vd2 T cells express an invariant Vg2Jg1.2
sequence, with the rest exhibiting little differences in CDR3g
length while favoring basic residues in the junctional region.
Conservation of CDR3g length may be required to maintain the
correct positioning of the Jg1.2 region in the putative prenyl py-
rophosphate-binding site (Figs. 4B, 5). We find that the Arg51d and
Glu52d residues in CDR2d are also required for recognition and
confirm that there is a strong preference for an aliphatic hydro-
phobic amino acid (generally leucine, isoleucine, or valine, but
not proline) at position 97 in CDR3d but find few restrictions

FIGURE 6. Potential contact residues of the

Vg2Vd2 TCR for a putative Ag presenting

molecule-prenyl pyrophosphate complex differs

from other unconventional TCRs and conven-

tional TCRs specific for MHC-peptide com-

plexes. The TCRs are oriented with the

b/g-chains on the top left and the a/d-chains on

the bottom right of the panels. Contact residues

are colored such that those in CDR2a/d are

blue, CDR2a/d are magenta, CDR3a/d are

yellow, HV4a/d are cyan, CDR1b/g are red,

CDR2b/g are orange, and CDR3b/g are green.

The diagonal orientation does not attempt to

match the docking angle on the MHC/CD1 li-

gand. Top panels, Putative contact residue

footprint of the Vg2Vd2 TCR based on the ef-

fects of point mutations on human Vg2Vd2 T

cell reactivity to nonpeptide Ag (top left panel).

Note the potential large contribution of germ-

line-encoded regions of CDR3g compared with

only a minor contribution by L97 in CDR3d. In

contrast, the G8 gd TCR (top middle panel),

that is specific for the T22 MHC class Ib mol-

ecule, predominantly uses CDR3d for recogni-

tion. The iNKT ab TCR (top left panel) binding

to the CD1d-a-GalCer complex also pre-

dominantly uses the CDR3a region (which

corresponds to CDR3d). Middle panels, Con-

ventional ab TCRs specific for MHC class I-

foreign peptide complexes generally use both

CDR3a and CDR3b for MHC-peptide recog-

nition in addition to CDR1 and CDR2. Bottom

panels, Conventional ab TCRs specific for

MHC class II/peptide complexes are similar to

MHC class I/peptide-specific ab TCRs and in-

volve extensive CDR3a and CDR3b contacts in

addition to CDR1 and CDR2 contacts. Addi-

tional examples of ab TCR recognition of

MHC-peptide complexes are shown in Supple-

mental Figs. 4, 5.
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on CDR3d length or sequence. All of these critical residues cluster
in or around an area of positive surface potential due to Arg51d and,
to a lesser extent, Lys109g, as determined by in silico mutation
(Fig. 5).
In addition to this site, we now show that critical residues are also

present in exposed areas of CDR1g and CDR2g as well as CDR1d.
These residues are distant (15.3 Å for Thr29 in CDR1g, 15.2 Å for
Tyr54 in CDR2g, and 20.1 Å for Glu28 in CDR1d) from the
proposed binding site, making it unlikely that they would directly
influence prenyl pyrophosphate binding. Instead, we would pro-
pose that these residues contact a presenting molecule for the
prenyl pyrophosphates similar to ab TCRs contacting peptide-
MHC class I or class II complexes.
The potential footprint of the Vg2Vd2 TCR on the putative Ag-

presenting molecule shows more similarities than differences with
the footprints of conventional ab TCR that bind to MHC class I or
class II/foreign peptide complexes (89). Like the Vg2Vd2 TCR,
most antimicrobial ab TCRs contact their ligands using all six
CDRs, although their relative energetic contributions to binding
vary (contact residues of TCRs specific for peptide-MHC class I
and class II are shown in Fig. 6 and Supplemental Figs. 4, 5). The
main exceptions are A6 and B7 TCRs specific for HLA-A2-TAX
(57) (Supplemental Fig. 4).
Generally, CDR1a and CDR2a are centered over the MHC a2

helix, and CDR1b and CDR2b are centered over the MHC a1
helix in a diagonal orientation. The CDR3a region is centered on
the N-terminal end of the peptide, and the CDR3b region is
centered on the C-terminal end, but both regions can also contact
MHC. Centering the diverse CDR3 regions over the peptide al-
lows for the recognition of an array of sequences. Autoimmune
recognition of self-peptides represents a major exception to the
diagonal orientation of ab TCRs docking to their ligands because
autoimmune TCRs may bind with unusual topologies (90) and
may shift to docking over the extreme N terminus of the peptide
(91). Although the docking orientation of the Vg2Vd2 TCR and
the structure of the putative presenting molecule is unknown, the
similarities between the footprint of antimicrobial ab TCRs and
the footprint of the Vg2Vd2 TCR would suggest that a presenting
molecule is required.
Vg2Vd2 TCR recognition also differs from antimicrobial ab

TCR recognition in important ways. In contrast to antimicrobial
ab TCRs in which most have multiple contact residues in CDR3a
(Fig. 6, Supplemental Figs. 4, 5), the CDR3d region (equivalent to
CDR3a) makes a limited contribution to recognition because the
only preference found was for an aliphatic residue at position 97.
Moreover, Vg2Vd2 recognition is primarily though the germline-
encoded gene segments, CDR1g, CDR2g, CDR1d, and CDR2d
regions, coupled with Vg2Jg1.2 chains that are either invariant
(lacking N nucleotide additions) or with limited diversity in se-
quence and length.
Given the large footprint for Vg2Vd2 TCR, we speculate that

there is a presenting molecule for prenyl pyrophosphate Ags.
Because there is no evidence for genetic restriction in Vg2Vd2
TCR recognition, we would predict that the putative presenting
molecule has little or no polymorphisms in contact regions for the
TCR. Additionally, because human tumor cells of diverse origin
and different hematopoietic APCs present Ag, the putative pre-
senting molecule would need to be widely expressed much like
MHC class I molecules. Although prenyl pyrophosphate reactivity
is preserved in both New World and Old World monkeys (92, 93),
rodent and guinea pig gd T cells (94) are unable to respond to
prenyl pyrophosphate Ags nor can rodent, hamster, or other spe-
cies APCs present prenyl pyrophosphate Ags to human Vg2Vd2
T cells (35, 95). There may exist ruminant gd T cells with prenyl

pyrophosphate reactivity, although this has not been definitively
established (96). Consistent with the lack of reactivity by most
other species, no other nonprimate species has homologous V
genes for the Vg2 and Vd2 gene segments. Despite the reactivity
of monkeys to prenyl pyrophosphates, both Vero and COS-7 cell
lines (95) (derived from African green monkeys) are unable to
present to human Vg2Vd2 T cells. Thus, there may be xenogeneic
differences between African green monkeys and humans in the
putative presenting molecules. Finally, we would predict that the
putative presenting molecule has a structure homologous to MHC
class I or class II like all other nonclassical presenting molecules
and ligands (CD1, MR1, and MICA/MICB) so far discovered,
although none of the known MHC class Ib molecules are viable
candidates. It also is possible that the presentation molecule be-
longs to a new class of presenting molecules, such as an enzyme,
a heat shock protein, or an Ig superfamily protein, that is not re-
lated in structure to MHC class I/II molecules.
Presentation of prenyl pyrophosphates by a presenting molecule

is also supported by functional and TCR binding studies. Rec-
ognition of prenyl pyrophosphates requires cell-cell contact for
Vg2Vd2 T cell activation as assessed by intracellular calcium flux
(32) and TNF-a release (33) that is identical to the contact re-
quirement for ab T cell recognition of MHC/peptide complexes
but distinct from ligand recognition by hormone and neurotrans-
mitter receptors. Also, there is no evidence for direct recognition
of prenyl pyrophosphates because attempts to soak IPP and
HMBPP into Vg2Vd2 TCR crystals failed (28), and no binding of
prenyl pyrophosphates to soluble Vg2Vd2 TCRs was noted in
equilibrium dialysis or microcalorimetry experiments (C.T. Mor-
ita, unpublished observations). Similarly, a monkey Vg2Vd2 TCR
tetramer does not directly bind HMBPP but will bind to APC
when the APCs are incubated with HMBPP or infected with M.
bovis bacillus Calmette-Guérin (36). This binding was observed
with human and monkey but not mouse, rat, or pig cells, dem-
onstrating specificity for primate APCs identical to the results on
presentation of prenyl pyrophosphates (33, 97), bisphosphonates
(95), alkylamines (97), and photoaffinity prenyl pyrophosphate
analogs (35). Binding was abolished by protease treatment of the
cell surface, strongly suggesting that the surface binding molecule
was a protein (36). Finally, photoaffinity analogs of prenyl py-
rophosphates are able to covalently crosslink to protein(s) on the
APC surface for presentation, and this binding could be specifi-
cally inhibited by an inactive prenyl pyrophosphate analog (35).
Taken together, these findings provide additional evidence for the
existence of a cell surface-presenting molecule for prenyl pyro-
phosphate Ags.
As discussed above, recognition of a-GalCer/CD1d by the

iNKT TCR is primarily through germline-encoded invariant
Va24Ja18 CDR3a and CDR2b regions (49). However, for other
lipids, iNKT recognition also requires residues in CDR1a in ad-
dition to the CDR3a and CDR2b regions. Again, these residues are
encoded by germline gene segments (98). Thus, the basic orien-
tation and framework for binding of both human and mouse
iNKTs to their respective CD1d molecules and to different lipids is
conserved such that others have proposed that the iNKT receptor
can be considered to have characteristics of a pattern-recognition
receptor (98). However, the fine specificity and binding affinity of
iNKT TCR can be affected by the Vb-chain partner and its CDR3b
sequence (87, 99, 100), allowing iNKT TCR to distinguish be-
tween a number of different lipids. Similar differences in the CDR3
sequences of the Vg2Vd2 TCR also likely affect prenyl pyro-
phosphate recognition.
Although Vg2Vd2 TCRs appear to function like pattern-

recognition receptors (101), as proposed for iNKT TCRs (98), this
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is not to assert that there is no selection on Vg2Vd2 TCRs during
development or Ag stimulation, which is a hallmark of adaptive
immune recognition. Vg2Vd2 TCR selection clearly occurs be-
cause Vg2Vd2 T cells using the Jg1.2 region and having an ali-
phatic amino acid at position 97 are preferentially expanded
in vitro (31, 102) and overrepresented in adult Vg2Vd2 T cells as
compared with fetal/thymic Vg2Vd2 T cells (79). However, even
in fetuses and neonates, there is a very high proportion of Vg2Vd2
T cells that respond to prenyl pyrophosphates with two out of two
fetal liver and at least three out of eight cord blood Vg2Vd2 T cell
clones responding (9; data not shown). Also, Davadou et al. (44)
found that 22 out of 25 (88%) PHA-derived thymic Vg2Vd2
T cells using the Vg2Jg1.2 chain responded to prenyl py-
rophosphates and to Daudi. Overall, 30 out of 38 (79%) of thymic
Vg2Vd2 T cell clones responded (44). In all of these cases, se-
lection by exogenous Ags is unlikely. Therefore, although pe-
ripheral selection is likely responsible for the near universal
reactivity of Vg2Vd2 T cells that is found in adults, a high pro-
portion of Vg2Vd2 T cells start out reactive, probably due to
constraints in gene rearrangement (103).
Based on our results, we would predict that most of the rec-

ognition is mediated by germline-encoded elements of the Vg2Vd2
TCR and that there is a presenting molecule for prenyl pyro-
phosphate Ags. Although only three examples of unconventional
recognition have now been molecularly defined, all share the use
of certain germline elements of the TCR for recognition, the in-
variant Va14Ja24 gene segments for lipid/CD1d recognition (49),
a Dd motif for T10/T22 (48, 85), and, as noted by others (79, 103),
the Vg2Jg1.2 chain and the Vd2 gene segment for prenyl py-
rophosphates. We speculate that unconventional innate gd and ab
TCRs containing invariant V chains, highly biased V gene usage,
or conserved CDR3 motifs are likely to bind their ligands using
the invariant or biased portion of the TCR. Moreover, the portions
of invariant chains, biased V genes, or conserved motifs of innate
TCRs that contact the ligands seem to favor germline-encoded
segments as also suggested by Born and O’Brien (104). Thus,
innate TCRs with a single reactivity may have diverse CDR3 re-
gions like Vg2Vd2 T cells but would contact their ligands through
either germline-encoded CDR1/2 regions in one or both chains or
through germline-encoded D and/or J regions in CDR3s. However,
unlike T10-specific Vg2Vd2 TCR and iNKT TCR, in situations in
which both chains are invariant (like the murine dendritic epi-
dermal Vg5Vd1 TCR and the murine Vg6Vd1 TCR), both CDR3
regions would likely be involved in binding. This type of recog-
nition allows the majority of a given population of gd T cells to
react to their Ag either because they express monoclonal TCRs or
because the diversity in the CDR3 regions is of less importance.
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