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Background: In a rare case of human autoimmune myositis, muscle fibers are attacked by ��-T cells.
Results:We identified several antigens recognized by the ��-T cell receptor.
Conclusion: The ��-T cell receptor recognized human tRNA synthetases known as antigens of autoantibodies in myositis.
Significance: This is the first report of an antigen recognized by human ��-T cells in an autoimmune disease.

In polymyositis and inclusion bodymyositis,muscle fibers are
surrounded and invaded by CD8-positive cytotoxic T cells
expressing the ��-T cell receptor (��-TCR) for antigen. In a
rare variant of myositis, muscle fibers are similarly attacked by
CD8-negative T cells expressing the ��-TCR (��-T cell-medi-
ated myositis). We investigated the antigen specificity of a
human ��-TCR previously identified in an autoimmune tissue
lesion of ��-T cell-mediated myositis. We show that this
V�1.3V�2-TCR, termedM88, recognizes various proteins from
different species. Several of these proteins belong to the trans-
lational apparatus, including some bacterial and human amino-
acyl-tRNA synthetases (AA-RS). Specifically, M88 recognizes
histidyl-tRNA synthetase, an antigen known to be also targeted
by autoantibodies called anti-Jo-1. The M88 target epitope is
strictly conformational, independent of post-translationalmod-
ification, and exposed on the surface of the respective antigenic
protein. Extensive mutagenesis of the translation initiation fac-
tor-1 from Escherichia coli (EcIF1), which served as a paradigm
antigen with known structure, showed that a short �-helical
loop around amino acids 39 to 42 of EcIF1 is a major part of the
M88 epitope.Mutagenesis ofM88 showed that the complemen-
tarity determining regions 3 of both ��-TCR chains contribute
to antigen recognition. M88 is the only known example of a
molecularly characterized ��-TCR expressed by autoaggressive
T cells in tissue. The observation that AA-RS are targeted by a
��-T cell and by autoantibodies reveals an unexpected link
betweenT cell and antibody responses in autoimmunemyositis.

��-T cells are believed to act at the intersection between
innate and adoptive immunity, and to be in the first line of
defense against pathogens (1–4). Although ��-T cells serve a

wide range of physiological functions, theymay also be involved
in autoimmunity (5–7). A striking example of a putatively auto-
immune human ��-TCR2 was described in 1991 (8). This
��-TCR was isolated from muscle of a unique but well charac-
terized patient with ��-T cell-mediatedmyositis. In contrast to
other forms of myositis where oligoclonally expanded CD8�

��-T cells attack muscle fibers (9), in ��-T cell-mediated myo-
sitis, muscle fibers are destroyed by monoclonally expanded T
cells expressing a V�1.3V�2�-TCR (8, 10). The monoclonal
character of the T cell expansion allowed the cloning of both
chains of this interesting ��-TCR, subsequently referred to as
M88.
To search for the target antigen(s), we expressedM88 on the

surface of a T hybridoma cell line and as soluble single-chain Fv
fragment excreted from COS-7 cells (11, 12). In earlier experi-
ments, we found that presumably several target antigens may
be recognized. All contain a protein component and a confor-
mational rather than a linear epitope. Antigens were present in
several species ranging from human muscle cells to bacteria.
Moreover, we were unable to express M88 in the cytosol of any
cell line, and we could not generate transgenic mice. Even bac-
teria stopped growing when M88 was induced in the cytosol.
We therefore reasoned that M88 might bind to an intracellular
proteinaceous motif that is essential for cell growth.
Here, we show that the target epitope of M88 is present on

several structurally and functionally diverse proteins, including
human and bacterial proteins of the translational apparatus. By
extensive site-specificmutagenesis of a small paradigmatic pro-
tein, EcIF-1, we obtained evidence that part of the epitope is
exposed in a short �-helix on the protein surface. Furthermore,
we found that several aminoacyl-tRNA synthetases (AA-RS)
were recognized. Although their structures are unknown, and
they are quite large proteins, which impedes mutagenesis
experiments, they are of particular interest because some of* This work was supported by the Deutsche Forschungsgemeinschaft Grant
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these are known targets of autoantibodies in several forms of
humanmyositis (13, 14). Although it is still unknown how the B
cell responses to AA-RS evolve during pathogenesis, these
autoantibodies are used as diagnostic markers of myositis. Our
observation that AA-RS are targeted by autoaggressive ��-T
cells therefore reveals a surprising link between early, semi-
innate immune responses mediated by ��-T cells, and late
responses mediated by mature, complement-activating
autoantibodies.

MATERIALS AND METHODS

Screening of cDNA Libraries—The host strain E. coli BL21-
Star-DE3 (Invitrogen) was stably transfected with a described
single chain Fv construct of our V�1.3V�2�-TCR M88 (12) in
the expression plasmid pET33b(�) (Novagene). The VN(D)NJ
regions of the �- and �-chains were connected by a 15-amino
acid linker, but the construct used here did not contain a signal
sequence. Bacteria were grown in the presence of 2 mM glucose
and 50 �g/ml kanamycin unless stated otherwise to suppress
��-TCR expression. After washing the bacteria by centrifuga-
tion, they were resuspended in medium without glucose, and
expression of M88 was induced by adding 2 mM isopropylthio-
galactoside (Merck). Growth curves were recorded by deter-
mining the optical density of the bacterial suspension culture at
600 nm.
A cDNA expression library was constructed from mRNA of

E. coliMG1655 (ATCC) and inserted into the expression plas-
mid pET21c(�) (Novagene). To this end, we first replaced the
NdeI restriction site of pET21c(�) with a SmaI site by amplify-
ing the sequence between the BglII and the NheI sites using
the primer pair pET-BglII (5�-TAGAGGATCGAGATCTC-
GATCC-3�) and pET-Sma-Mut-rev (5�-AGTCATGCTAGC-
CCCGGGTATATCTCCTTC-3�) and pET21c(�) as template
for PCR. Then, the parent BglII-NheI fragment was replaced by
the new fragment, which contained the replacement NdeI to
SmaI. This plasmid was digested with SmaI and NotI, and the
former insert was removed. In parallel, a cDNA expression
library from E. coli MG1655 was established. Total RNA was
extracted with TRIzol (Invitrogen) according to the manufac-
turer’s instructions. Contaminating DNA was removed by
DNase I treatment. E. coli mRNA was amplified using the
ExpressArt Bacterial mRNA amplification kit (AmpTec),
which yields amplified cDNA. In the final synthesis step, cDNA
was synthesized according to the protocol for second round
amplification with the exception that primer C was replaced by
a primer that contained a NotI restriction site (5�-ATAGTT-
TAgcggccgcGGGAGATTTTTTTTTTTT-3�. (The NotI site is
underlined.) This product was finally digested with NotI. Due
to the enzymes contained in the amplification kit, the library
contains a blunt end on the other side. It was finally inserted
into the plasmid pET21c(�) digested previously with SmaI and
NotI.
M88-transfected E. coli BL21-Star-DE3 cells were super-

transfected by electroporation at 2.5 kV, 200 ohm, 25 �F in
2-mm electrode gap cuvettes with the cDNA library in
pET21c(�) and grown for 30 min in LB medium with 2 mM

glucose. Then ampicillin was added to a final concentration of
100 �g/ml. After 30 min, kanamycin was added to a final con-

centration of 50�g/ml. After another 30min, the bacteria were
washed by centrifugation, resuspended in LB medium without
glucose, and grown for a further 30 min. Then, expression was
induced by adding isopropylthiogalactoside to a final concen-
tration of 1 mM. After 30 min, bacteria were grown on agar
plates that contained 100 �g/ml ampicillin, 50 �g/ml kanamy-
cin, and 1 mM isopropyl thiogalactoside. After incubation for
40 h at 37 °C, the biggest colonies were picked and grown in
suspension cultures in the presence of ampicillin and glucose,
and plasmids were prepared and sequenced by standard meth-
ods. As a control experiment, we plated the bacteria on plates
that contained 1% glucose, 100 �g/ml ampicillin, 50 �g/ml
kanamycin, but without isopropyl thiogalactoside to shut down
the promoter. Colonies of similar size became visible already
after 18 h at 37 °C.
Peptides, Proteins, and Antibodies—The synthetic peptide

EcIF1(33–46), which represents amino acids 33–46 of EcIF1,
was synthesized by solid phase peptide synthesis and purified
by reversed phase HPLC. Its correct sequence was verified by
mass spectrometry. The purified recombinant human proteins
His-, Thr-, and Ala-tRNA synthetases hH-RS (Jo-1), hT-RS
(PL-7), hA-RS (PL-12), human formimidoyltransferase-cyclo-
deaminase (hLC1) and humanproliferating cell nuclear antigen
(hPCNA) were purchased from Diarect (Freiburg). All human
proteins were produced identically in a baculovirus expression
system and purified by immobilized metal affinity chromatog-
raphy (IMAC). The polyclonal anti-Jo-1 human Ig fraction
BP2040 was purchased from Acris, the monoclonal mouse
�-Jo-1 IgG1 antibodyHARSA6was fromGenWay, and the iso-
type control monoclonal mouse IgG1 Pure antibody X40 was
from BD Biosciences. The anti-mouse CD3� antibody 145–
2C11 (BD Biosciences) was used as control for ��-TCR activa-
tion. All bacterial proteins are contained in the PUREexpress in
vitro translation kit (New England Biolabs). They were
expressed in the cytosol of E. coli and purified by IMAC as
described (15). In contrast to the kit, where the proteins are
pooled, here, all proteins were expressed and tested
individually.
Cloning, Expression, and Purification of Wild-type and

Mutated EcIF1—Total RNA fromE. coli SG13009 (Qiagen)was
isolated using the RNeasy mini kit and RNase-free DNase Set
(Qiagen). cDNA was prepared using the clone-specific primer
IF1wt-rev and SuperScript III reverse transcriptase (Invitro-
gen). E. coli IF1 wild-type cDNA was amplified using the prim-
ers IF1wt-for and IF1wt-rev. See supplemental Table S1 for all
primer sequences. The PCR reaction was carried out for 40
cycles at 94 °C, 56 °C, and 72 °C for 1 min each. The PCR prod-
uct was cloned into pCR2.1. TOPO (Invitrogen), which served
as a template for all further experiments.
Site-directedmutagenesis was performed using a PCR-based

method: nucleotides coding for the amino acid of choice were
introduced into forward (Mut-for) and reverse (Mut-rev) PCR
primers (supplemental Table S1) that span the selected posi-
tions. In addition, these primers contained silent nucleotide
exchanges to introduce unique restriction sites at positions that
closely flanked the desired mutation. Two fragments were
amplified. For the first fragmentwe used the primer IF1-wt-for-
BamHI together with one of the reverse primers IF-X-rev-Y,
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where X denoted the amino acid to be exchanged, and Y
denoted the restriction site to be inserted. For the second frag-
ment, we used the primer IF1-wt-rev-HindIII togetherwith one
of the forward primers IF-X-for-Y. The conditions of the PCR
reactions were as described above. The PCR fragments were
digested with the restriction enzymes Y, purified, and ligated,
and a second PCR was performed using primers IF1wt-for-
BamHI and IF1wt-rev-HindIII only.
The PCR products encoding the full-length sequences of IF1

wild-type and mutants were cloned into the plasmid pCR2.1.-
TOPO, digested with the restriction enzymes BamHI and Hin-
dIII and cloned into the BamHI and HindIII sites of expression
plasmid pQE30 (Qiagen), which carries a sequence coding for a
His6 tag at the N terminus. Therefore, the expressed proteins
are extended for the N-terminal sequence, MRGS-His6-GS.
Plasmids were transfected into E. coli strain DH5�-F´IQ (Invit-
rogen). As negative control, we used E. coli DH5�-F´IQ trans-
fected with myelin oligodendrocyte glycoprotein (16). Bacteria
were grown in LB containing 100 �g/ml ampicillin (Sigma).
Protein expression was induced at a cell density of 0.4–0.5
A600 nmby adding isopropylthiogalactoside to a final concentra-
tion of 2mM. Bacteriawere harvested after 4 h by centrifugation
for 5 min at 15,000 � g.
Bacterial pellets from a 250-ml culture were resuspended in

70 ml of lysis buffer (50 mM sodium phosphate buffer, 300 mM

NaCl, 10 mM imidazole, 0.05 mg/ml DNase (Sigma) 10 mM

MgCl2, 5 �g/ml aprotinin (Sigma), 0.1 mM PMSF, 1 mg/ml
lysozyme (Sigma), pH 8.0) and lysed by sonication on ice for 15
min at 30 W using a Branson 450 sonifier. After centrifugation
for 10 min at 15,000 � g the supernatants were purified by
IMAC. The supernatants were loaded at a flow rate of 1ml/min
onto 5-ml nickel-nitrilotriacetic acid-agarose columns (Qia-
gen) equilibrated with lysis buffer. The columns were washed
with 10–15 column volumes of 50 mM sodium phosphate
buffer, 300mMNaCl, 50mM imidazole, pH 8.0, and eluted with
50 mM sodium phosphate buffer, 300 mM NaCl, 250 mM imid-
azole, pH 8.0. Purified proteins were dialyzed against 10 mM

sodium phosphate buffer (pH 7.4), 150 mM NaCl, or 50 mM

sodium phosphate buffer, 300 mM NaCl, pH 7.8, and stored at
�80 °C. Bacteria expressing myelin oligodendrocyte glycopro-
tein were treated identically. Because this protein precipitates
quantitatively in inclusion bodies, this mock preparation con-
tains only co-purifying contaminating bacterial proteins.
Analytical Procedures and Size Exclusion HPLC—Protein

concentrationsweremeasured according to Peterson et al. (17).
Purity of the proteins was assessed by SDS-PAGE using 4–20%
tris-glycine polyacrylamid Novex protein gels (Invitrogen).
Gels were stained by Coomassie Blue (Fluka) or with silver (18).
We confirmed the native secondary structure of EcIF1 by

measuring circular dichroism spectra at 25 °C in the range from
195 to 250 nm using a Jasco J-715 spectrometer. The protein
concentration was 18.3 �M in 10 mM sodium phosphate buffer,
pH 7.4, 150 mM NaCl. The spectrum of the buffer was sub-
tracted prior to data analysis. The experimental curves were
fitted to a set of standard proteins using the program Spectra
Manager CDProAnalysis Contin SMP56 (Jasco).
For some experiments, proteins were further purified by size

exclusion chromatography. We used a 7.8 mm � 30 cm TSK-

Gel G2000SWXL 5–150 kDa column with a particle size of 5.0
�m (Tosoh Bioscience) and HP1100 HPLC equipment (Agi-
lent). Chromatographywas performed in 200mMsodiumphos-
phate buffer, 200mMNaCl, pH 6.8, at a flow rate of 0.8 ml/min.
27–30 �g of protein were injected, and �12 fractions in a time
range of 5–21 min were collected.
Cloning, Expression, and Activation of Wild-type and

Mutated ��-TCR Molecules—The cDNAs of M88 wild-type
chains and chains carrying a set of mutated �- and �-chains
with altered V-, N(D)N(J)-, or C�- regions were cloned into
expression plasmids, and expressed on the surface of the T
hybridoma cell line 58���� (19), which lacks endogenous TCR
chains, as described (11, 12). 58���� cells express the CD3
complex and the downstream signalingmachinery for secreting
mouse interleukin-2 (IL-2) after TCR activation by antigens.
Individual clones were picked and analyzed independently. All
selected clones expressed the heterodimeric ��-TCR on their
surface and were capable of IL-2 secretion after TCR activation
by antigens.
For all T cell activation experiments, the candidate and con-

trol proteins were coated to flat-bottomed 96-well tissue cul-
ture plates (Costar). EcK-RS and the anti-CD3� control anti-
body 145-2C11 were coated for 3 h at 37 °C at 20 �g/ml and 1
�g/ml, respectively, in 10mM sodiumphosphate buffer, pH 7.4,
150 mM NaCl. Samples from the HPLC columns were coated
directly in HPLC buffer and incubated for 3 h at 37 °C. For
testing antigen recognition of wild-type M88-transfectants or
mutants with altered TCR �-or �-chains, 10 �g/well wild-type
EcIF1 was coated for 3 h at 37 °C.
To detect directM88 activation by human recombinant pro-

teins and for the antibody blocking assay, the candidate pro-
teins were coated at 0.5 �g/well in 50 �l of 10 mM sodium
phosphate buffer, 150 mM NaCl, pH 7.4, for 2 h at 37 °C. Then,
the plates were washed with buffer. For the antibody blocking
assay, 50 �l of antibody solution in RPMI 1640 medium (Invit-
rogen) supplemented with 5 to 10% heat-inactivated fetal
bovine serum (lot 075K3398 (Sigma)), 1.5 mg/ml geneticin
(Invitrogen) and 0.3 mg/ml hygromycin B (Invitrogen) were
incubated for 30 min at 37 °C with the coated candidate pro-
teins. The polyclonal anti-Jo-1 human Ig fraction BP2040 was
used at dilutions of 1:10 and 1:100, and the monoclonal mouse
�-Jo-1 IgG1 antibodyHARSA6 at 10�g/ml final concentration.
The monoclonal mouse IgG1 Pure antibody X40 served as iso-
type control at 10 �g/ml.
To test recognition of the synthetic peptide EcIF1(33–46), it

was coated at concentrations between 5.0� 102 and 5.0� 10�5

�g/well for 3 h at 37 °C in 10 mM sodium phosphate buffer, pH
7.4, 150 mM NaCl. To test competition of EcIF1(33–46) with
wild-type EcIF1, EcIF1 was coated at 0.5�g/well for 3 h at 37 °C
in 10mM sodium phosphate buffer, pH 7.4, 150mMNaCl. After
washing the wells with buffer, EcIF1(33–46) was added at con-
centrations between 666.0 and 3.3 � 10�4 �g/ml together with
M88 transfected hybridoma cells.
For investigating recognition of denatured EcIF1, recombi-

nant EcIF1 was coated at 0.5 �g/well for 3 h at 37 °C in 10 mM

sodiumphosphate buffer, pH7.4, 150mMNaCl. Then, thewells
were washed with buffer, and the samples were incubated for
24 h at 37 °C with 6 M guandinium thiocyanate, 2 M HCl, 5 M
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NaOH, or 200 �g/ml proteinase K (Roche). EcIF1 was digested
in solution with 1 �g/ml trypsin (Merck) in 25 mM Tris/HCl
buffer, pH 8.5, for 3 h at 37 °C and coated thereafter.

For the dose-response experiments, EcIF1 wild-type and
mutant proteins were centrifuged before use in 30-kDa spin
columns (Amicon, Millipore) for 20 min at 3,000 � g. After
centrifugation, the protein concentration of the flow-through
wasmeasured. Proteins were coated at concentrations between
0.1 and 10 �g/well in 50 �l of 50 mM sodium phosphate buffer,
300 mM NaCl, pH 7.8, for 3 h at 37 °C.

For all experiments, the coated plates were washed with
RPMI 1640 medium (Invitrogen), except for the antibody-
blocking experiments, where the plates were not washed. Then,
40,000 M88 transfectants were added to each well at a final
volume of 150 �l in medium as described above and incubated
for 17 h at 37 °C in a 5% CO2 atmosphere. Finally, 50 �l of
supernatant were removed, and mouse IL-2 was measured by
ELISA (eBioscience). Background signals from sampleswithout
antigens were subtracted, and absolute IL-2 concentrations
were determined using a standard curve.

RESULTS

Hints from cDNA Library Screening—As an initial step
toward identification of the target antigen of the ��-TCRM88,
we “rescued” E. coli cells from the growth-inhibiting effects of
M88 by supertransfecting the bacteria with a cDNA library.
Growth of bacteria was halted when the expression of a single-
chain Fv construct (12) of M88 was induced in the cytosol of
E. coli BL21 (Fig. 1A). Because there were no reasons to assume
thatM88 was toxic (the protein is not particularly hydrophobic
or charged and presumably has no enzymatic activity), we sur-
mised that M88 might bind and neutralize a bacterial com-
pound that is essential for cell growth. We further knew from
previous experiments that a proteinmoiety is at least part of the
antigen (11). Therefore, we supertransfected M88-expressing
bacteria with a cDNA library from E. coli to rescue them from

growth inhibition byM88.Clones expressing library coded pro-
teins that contain the antigenwould be expected to bind toM88
and neutralize it. Such bacteria would grow in big colonies,
whereas clones that contain irrelevant transcripts would yield
small colonies or would not grow at all. Indeed, after super-
transfection with the Fv-M88 and the library and induction of
M88 and library expression, we observed many very small bac-
terial clones but also a few clones that grew to very big colonies
(Fig. 1B). Under conditions where M88 expression was pre-
vented, all colonies were of the same size (Fig. 1C). We picked
some of the biggest colonies and sequenced the inserts of the
plasmids coding for the library. In two clones, we identified
E. coli lysyl-tRNA synthetase (EcK-RS) as a candidate antigen.
To confirm that EcK-RS contains the antigenic epitope, we
coated purified, recombinant EcK-RS (15) to a microtiter plate,
added T hybridoma cells that expressed M88 (11), and meas-
ured secreted IL-2 in the supernatant. We found that M88
indeed recognizes EcK-RS (Fig. 1D).

��-TCRM88 Recognizes Several Bacterial Proteins—Because
we surmised that M88 might recognize an epitope present on
several proteins, we tested other proteins from the translation
apparatus of E. coli (15). Several proteins were indeed recog-
nized. Although all proteins were highly purified, some minor
contaminations were detectable in some of the preparations
(supplemental Fig. S1A). To exclude that such contaminations
were recognized, we subjected some of the samples to size-
exclusionHPLC and tested all eluted fractions forM88-activat-
ing capacity (Fig. 2). We found that in addition to EcK-RS, the
E. coli AA-RS for asparagine (EcN-RS) and the EcIF1 1 (E. coli
translation initiation factor) specifically activatedM88 because
M88 activationwas observed only with fractions that contained
the respective proteins. By contrast, AA-RS for aspartic acid
(EcD-RS) was not recognized (Fig. 2). Together, these data
show that M88 recognizes several functionally and structurally
different bacterial proteins.

FIGURE 1. Screening of a cDNA library. A, growth curves of E. coli BL21-Star-DE3 cells transfected with the single-chain Fv ��-TCR M88. Blue line and squares:
bacterial growth in the absence of M88 expression. Red line and triangles, growth with induction of M88 expression. The time point of induction by isopropy-
lthiogalactoside is indicated by an arrow. After induction of M88, bacterial growth was drastically inhibited. B, bacteria expressing the single-chain Fv M88 are
rescued from its growth inhibitory effect by supertransfection with a cDNA library. Some components of the library rescued the bacteria, presumably by
binding to and neutralizing M88. This yielded big colonies from which the inserts of the library could be cloned and sequenced. Many small colonies were
observed in addition, in which the library components did not neutralize the growth-inhibiting effect of M88. C, control experiments in which the promotor
driving M88 expression was shut down in the presence of 2 mM glucose. All colonies were of approximately the same size. To prevent formation of a confluent
layer of bacteria, colonies were grown for a shorter period of time. D, activation of M88 by EcK-RS. EcK-RS was identified as one of the cDNA library components
that could rescue M88-transfected E. coli BL21-Star-DE3. We tested recognition of purified EcK-RS in an ELISA experiment. EcK-RS and an anti-CD3 antibody
(�-CD3-mAb) as positive control were coated to microtiter plates, M88-transfected T hybridoma cells were added, and secreted IL-2 was measured in the
supernatant. EcK-RS and the �-CD3-mAb both activated M88, whereas medium alone had no effect.

Targets of an Autoreactive Human ��-TCR

JUNE 15, 2012 • VOLUME 287 • NUMBER 25 JOURNAL OF BIOLOGICAL CHEMISTRY 20989

http://www.jbc.org/cgi/content/full/M112.356709/DC1


��-TCR M88 Recognizes Several Human Proteins—Because
we knew that M88 may also recognize proteins from human
muscle cell extracts (11), we tested recombinant humanAA-RS
for histidine and alanine (hH-RS, hA-RS), which are also known
as myositis antigens “Jo-1” and “PL-12”. As above, we per-
formed size-exclusion HPLC to exclude that contaminations
were recognized (Fig. 3 and supplemental Fig. S1B). M88 acti-
vation was observed only in fractions containing hH-RS and
hA-RS, providing evidence that these proteins were recognized
directly. M88 activation was not limited to AA-RS because also
hLC1 (20), a hepatitis antigen,was recognized. The control pro-
tein hPCNA, which was identically produced and purified, was
not recognized.
Activation of hH-RS was specific, as it was blocked com-

pletely by a polyclonal anti-serum and by a monoclonal anti-
body against hH-RS (Fig. 4). Recognition of hA-RS and of the
humanAA-RS for threonine (hT-RS, synonymPL-7) could also
be blocked by high concentrations of the polyclonal anti-serum
but not by the monoclonal antibody. Thus, we showed by two
independent experiments that hH-RS was recognized specifi-
cally. Furthermore, as expected, also other unrelated human
proteins activated M88.
Characterization of M88 Target Epitope by Site-directed

Mutagenesis—To characterize the epitope, we used the small
soluble protein EcIF1 as a paradigm. EcIF1 is composed of only
72 amino acids and carries no post-translational modifications.
Its structure is known (Fig. 5A) (21), in contrast to the human
AA-RSmolecules, where no structural information of the com-
plete proteins is available. EcIF1 was expressed in E. coli and
purified to homogeneity. It is known that wild-type EcIF1
expressed by this method is functional (15), and we further

show here by circular dichroism spectroscopy that the purified
EcIF1 adopts a native secondary structure (supplemental Fig.
S2).

FIGURE 2. Recognition of diverse bacterial proteins. A, size-exclusion HPLC
chromatography of the recombinant E. coli proteins EcK-RS (green curve),
EcD-RS (black curve), EcN-RS (blue curve), and EcIF1 (red curve). All proteins
were produced identically in E. coli. Elution profiles were recorded at 210 nm.
12 fractions were collected in the range from 150 to 5 kDa. Purity of all pro-
teins was tested by SDS-PAGE before and after chromatography (supplemen-
tal Fig. S1A). EcD-RS migrated faster than expected, presumably because it
formed oligomers. B, activation of M88 transfectants by the HPLC fractions
shown in A. All fractions from all proteins were coated to microtiter plates
and tested for their capability to activate M88 transfectants. To this end,
we measured secreted IL-2 in the supernatant. The color coding is identi-
cal to that described in A. Activation of M88 transfectants was coincident
with the elution peaks for EcK-RS, EcN-RS, and EcIF1. EcD-RS did not acti-
vate M88.

FIGURE 3. Recognition of diverse human proteins. A, size-exclusion HPLC
chromatography of the recombinant human proteins hH-RS (blue curve),
hA-RS (green curve), hLC1 (red curve), and hPCNA (black curve). All proteins
were produced identically in insect cells. Purity of all proteins was tested by
SDS-PAGE before and after chromatography (supplemental Fig. S1B). hH-RS
migrated with a higher molecular mass than expected, indicating oligomeri-
zation. hA-RS and hLC1 were retained presumably due to interaction with the
column matrix. hT-RS denatured during chromatography and could not be
detected in the eluate (data not shown). B, size-exclusion HPLC chromatog-
raphy of the recombinant human proteins shown in A. IL-2 production was
measured as detailed in Fig. 2B. Activation of M88 transfectants was coinci-
dent with the elution peaks for hH-RS, hA-RS, and hLC1. hPCNA was not rec-
ognized. Data represent two independent experiments.

FIGURE 4. Specific recognition of human aminoacyl-tRNA-synthetases by
M88. The putative antigens hH-RS (blue bar), hT-RS (orange bar), and hA-RS
(green bar) were tested for activation of M88. Candidate antigens were coated
to microtiter plates, incubated with M88-transfected T hybridoma cells in the
absence or presence of blocking antibodies, and secreted IL-2 was measured
in the supernatant. Recognition of hH-RS by M88 could be blocked by two
types of specific antibodies (Ab). We used polyclonal human serum (�-hH-RS
serum) at two different dilutions (1:10 and 1:100, dark and light red bars,
respectively), and a monoclonal antibody (�-hH-RS mAb, yellow bar). The iso-
type control antibody X40 (isotype control mAb, gray bar) did not block rec-
ognition. Recognition of hT-RS and hA-RS could only be blocked at the high
concentration of polyclonal �-hH-RS serum, indicating some cross-reactivity.
Recognition of hA-RS was lower than recognition of hH-RS or hT-RS. This may
be explained by the presence of more contaminating proteins (supplemental
Fig. S1B) that may compete for binding to the microtiter plate. However, M88
activation could also be blocked to some extent by high concentrations of
�-hH-RS serum. The antibodies alone did not induce IL-2 secretion. Error bars
represent � S.E. Data represent four independent experiments.
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FIGURE 5. Amino acids of the target antigen EcIF1 recognized by M88. A, structural model of EcIF1 based on NMR spectroscopy (21). The entire molecule is
shown in ribbon presentation. The five �-sheets that form a rigid �-barrel are shown in yellow. The amino acids Lys-39 (blue), Met-40 (gray), Arg-41 (red), and
Lys-42 (blue) in the short helix, which is recognized by the ��-TCR, are highlighted as stick models. We used Protein Data Bank code 1AH9 (no.11) and the
program PyMOL for display. B, amino acid sequence of EcIF1 of E. coli. The structural elements shown in A are indicated: �-sheets are highlighted in yellow, and
the �-helix is boxed in red. The 15 amino acids that were exchanged by site-directed mutagenesis are indicated by arrows. The most relevant amino acid, Arg-41,
is indicated by a red arrow. The two other relevant amino acids, Lys-39 and Lys-42, are indicated by blue arrows. Other amino acids are indicated by gray arrows.
Continuous arrows indicate amino acid exchanges where the data are shown in C (Asn-28, Val-31, His-35, Met-40). Dashed gray arrows indicate amino acids that
were tested but without showing the data in C (His-30, Asn-43, Tyr-44, Tyr-60). C, activation of M88 transfectants by EcIF1 wild-type protein and by EcIF1
molecules carrying site-specific mutations. M88 transfectants were incubated with wild-type and mutated EcIF1 proteins, which were coated to microtiter
plates at the indicated concentrations. TCR activation was determined by measuring the secreted IL-2 in the supernatant. EcIF1 wild-type data are shown in
dark green. The color code for the different amino acid substitutions is given in the inset. It is identical to the color code used in B. Amino acid substitutions that
are indicated with dashed gray arrows in B were also tested but are not shown here. They all showed no significant deviation from the data of the wild-type. We
also include a mock control, i.e. bacteria that expressed myelin oligodendrocyte glycoprotein, which forms insoluble inclusion bodies. An identically prepared
sample from these bacteria contains all bacterial contaminations. It did not activate M88 (black squares). Data were statistically significant with p values of �
0.05 according to a Student’s two-tailed unpaired t test at protein concentrations of 1.1, 3.3, and 10 �g/well for the mutants R41A, R41Q, M40A/R41A, K42Q, and
K39A, respectively. Data represent four independent experiments.
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We probed the surface of EcIF1 for immunogenic regions by
introducing 16 site-specific mutations (Fig. 5B). Wild-type and
mutated proteins were expressed in E. coli, purified to homo-
geneity (supplemental Fig. S3), and M88 activation was meas-
ured (Fig. 5C). Only exchanges of the positively charged amino
acids around position 40 (Fig. 5B) had significant effects. This
short 310 �-helix is located in a loop that reaches out from the
core of the protein (Fig. 5A). Other substitutions showed only
minor differences to the wild-type EcIF1. We exchanged Lys-
39, Met-40, Arg-41, and Lys-42 individually to alanine and to
structurally related amino acids, i.e. Lys to Gln,Met to Leu, and
Arg to Gln (Fig. 5B). We found that exchanges Arg-41 to Ala or
Gln significantly decreased recognition. Met-40 is presumably
irrelevant because it points to the opposite side of the epitope
(Fig. 5A). Substitutions of Lys-39 and Lys-42 showed surprising
effects: the exchange K39A diminished recognition, whereas
K39Q was recognized like the wild-type, indicating that the
aliphatic carbon atoms C3 and/or C4 are required. The substi-
tution K42A activated better than K42Q. The bulky side chain
may thus impose a sterical hindrance, which may be compen-
sated by introduction of a positive charge. These substitutions
show that Lys-39, Arg-41, and Lys-42 are part of the epitope
recognized by M88 but that the positive charges per se are not
absolutely required. Furthermore, the mutagenesis experi-
ments show that amino acids are recognized directly, excluding
that post-translational modifications or non-covalently bound
ligands are involved.
We confirmed that the surface-exposed epitope is not linear

but rather conformational because a peptide representing
amino acids 33 to 46 (EcIF1(33–46)) was not recognized
directly by M88 (Fig. 6A), and EcIF1(33–46) was not able to
compete with the correctly folded EcIF1 for M88 binding (Fig.
6B). Furthermore, denaturation of EcIF1 by acid or base treat-
ment, unfolding of EcIF1 secondary structure by the chaotropic
agent guanidinuim thiocyanate, or destruction of the epitope by
protease digestion, all abrogated EcIF1 recognition (Fig. 6C).
Specific Antigen Recognition through Complementarity

Determining Regions of M88—To show that EcIF1 was recog-
nized specifically by the complementarity determining regions
(CDR) of M88, we employed ��-TCR molecules with
exchanged variable regions or with defined amino acid
exchanges in the CDR3 loops of either chain (11, 12).
All exchanges, including replacement of only few amino acids
in the CDR3 loops of both chains, abolished recognition com-
pletely (Fig. 7), whereas exchange of the conserved region of the
�-chain showed no effect. This provides evidence that M88
recognizes EcIF1 specifically with its CDR loops and uses both
chains for antigen binding, although it remains open whether
each of the sixCDR loops contributes equally significantly. This
is similar to a prenyl-pyrophosphate-specific ��-TCR (22) but
different from ��-TCRs that bind non-classical MHC mole-
cules only by their CDR3� loop (23).

DISCUSSION

We investigated the target specificity of the autoreactive
human ��-TCR M88 that was initially isolated from muscle
lesions of a patient with autoimmune �� T cell-mediated myo-
sitis (8, 10).We expressedM88 on the surface of a T hybridoma

cell line and as soluble single-chain Fv fragment and used these
constructs for preliminary antigen searches (11, 12). Hints from
cDNA library screening experiments helped us to identify sev-
eral proteins that were able to stimulate M88. Extensive
mutagenesis of a paradigmatic protein allowed us to identify
several distinct features of the target antigen(s). Specifically,
our results suggest that the target epitope of M88 is (a) present
on, but not exclusive to, several proteins of the translational
apparatus including several human AA-RS; (b) strictly confor-
mational; (c) independent of post-translational modification;
(d) exposed on the protein surface; (e) partly represented by the
short�-helical loop of region 39–42 of EcIF1; and (f) contacted
by the CDR3 regions of both the �- and �-chain of M88.
So far, only very few ��-TCR epitopes have been resolved at

the molecular level (1–4). ��-T cells recognize their antigens,
like antibodies, in an MHC-non-restricted way, but, similar to

FIGURE 6. M88 recognizes a conformational epitope. A, the synthetic pep-
tide EcIF1(33– 46) did not activate M88 when coated to microtiter plate wells
at concentrations between 5.0 � 102 and 5.0 � 10�5 �g/well. Wild-type EcIF1
in its native conformation was coated at 0.5 �g/well and served as positive
control (left panel). B, EcIF1(33– 46) did not compete with wild-type EcIF1 for
activation of M88. EcIF1 was coated at 0.5 �g/well to microtiter plates, plates
were washed, and then EcIF1(33– 46) was added at concentrations between
6.6 � 102 and 3.3 � 10�4 �g/ml together with M88-transfected hybridoma
cells. Recognition of EcIF1 was not influenced by the synthetic peptide
EcIF1(33– 46). C, wild-type EcIF1 was denatured by exposure to 6 M guani-
dinium thiocyante (Gua� SCN�), 2 M HCl, 5 M NaOH. Furthermore, EcIF1 was
subjected to digestion with the proteases proteinase K and trypsin. All con-
ditions abolished recognition by M88. We show untreated wild-type EcIF1 as
positive control experiment. Error bars represent � S.E.
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��-TCRs, they have comparably low affinities to their antigens
(1, 23–27). Thus, the dissociation constants of wild-type ��-
and ��-TCRs are rarely below 10�7 M (28), whereas antibodies
or receptors and their ligands often showdissociation constants
in the picomolar range. This makes it difficult to investigate
their antigen recognition properties becausemany biochemical
techniques rely on high affinity interactions. Although it is
known that ��-TCRs may recognize a wide variety of antigens
ranging from unmodified proteins to low molecular mass
ligands (1–4), the molecular details of epitope recognition are
largely unknown. Even for the prominent human V�9V�2-T
cells, which recognize prenyl-pyrophosphates, it is still
unknown how these small ligands are presented (29). So far,
only few structures of ��-TCRs have been resolved (27, 30–32),
whereas the structures and antigen recognition properties of
many ��-TCR molecules are well characterized (33–36).
We used extensive site-directedmutagenesis of both the tar-

get antigen and the M88 TCR for characterizing their interac-
tion. However, we are well aware that full structural character-
ization will require co-crystallization of M88 and its antigenic
target. From our mutagenesis experiments, we can conclude
that the target epitope ofM88 is relatively “broad” becauseM88
recognizes different proteins and because certain non-conser-
vative amino acid substitutions in the target antigen(s) are tol-
erated. Such broad recognition specificities are reminiscent of
both the pattern recognition features of innate immune recep-
tors (37) and “polyspecificity” of ��-TCR molecules (34).
M88 recognized several functionally and structurally unre-

lated proteins from evolutionally very diverse species. Because
the epitope is conformational rather than sequential, sequence
comparison of candidate proteinswould not allowprediction of
their immunogenicity. It is therefore possible, or even likely,

that the epitope is present in additional, as yet undefined pro-
teins, which alsomight have the capacity to activateM88. To be
recognized byM88, the epitopemust be exposed on the surface
of the target protein. This may not be the case for all proteins
carrying a compatible amino acid sequence. Therefore, only
detailed structural data of the candidate proteins may allow
predictions. High resolution structures are so far available for
only two of the eight proteins investigated here: Ec-IF1 (21) and
EcK-RS (38). Interestingly, EcK-RS expresses the sequence
KTRR (amino acids 20 to 23) in a surface-exposed �-helix. This
is similar to the sequence KMRK at positions 39 to 42 in the 310
�-helix of EcIF1 and may hint to a common recognition motif.
For the other six proteins, structural data are not available or
only from domains that do not contain the candidate epitope
region.
The fact that the M88 epitope is present in human and

microbial proteins raises the possibility of molecular mimicry
(39) in the pathogenesis of ��-TCR-mediated myositis. In ret-
rospect, it must remain open how the break in tolerance may
have occurred in the meanwhile deceased index patient, con-
sidering that the influence of the microbial environment on
autoimmunity is complex (40). In the muscle tissue of the
patient, ��-T cells surrounded, invaded, and destroyed skeletal
muscle fibers as demonstrated by immunohistochemistry and
electron microscopy (8). An analogous type of T cell-mediated
lesion occurs in other forms of myositis in which CD8� ��-T
cells invade and destroy muscle fibers in a very similar way (9,
41–45). In ��-T cell-mediated myositis, it is assumed that the
attacked muscle fibers express unknown MHC class 1-bound
peptides on their surface. By analogy, one may assume that a
surface-exposed antigen is recognized in ��-T cell-mediated
myositis. It remains speculative whether an intracellular anti-
gen such as AA-RS can reach the muscle surface under patho-
logical conditions. Some targets of lupus autoantibodies are
indeed accessible on the cell surface (46), and human lysyl-RS
may be excreted from intact human cells after induction by
TNF-� (47). Interestingly, several AA-RS, including histidyl-
tRNA synthetase, were shown to attract lymphocytes and den-
dritic cells by activating CCR5 andCCR3 chemokine receptors,
suggesting that AA-RS liberated from damaged myofibers
might recruit immune cells that induce and perpetuate adapt-
ive and innate immune responses in myositis (48).
Autoantibodies against nuclear or cytoplasmic antigens,

including anti-AA-RS antibodies, are found in �20% of
patients with myositis (13, 14, 49). Although it is unknown
whether these antibodies play a direct pathogenic role, they
serve as clinicalmarkers. Antibodies against histidyl-tRNA syn-
thetase, also called anti-Jo-1, account for the majority of the
anti-synthetase antibodies. In ��-TCR-mediated myositis, the
pathogenic��-T cells target the same antigen that is recognized
by antibodies in other forms of myositis. Although we could
block M88 recognition of histidyl-tRNA synthetase with
human anti-histidyl-tRNA synthetase antibody, this does not
necessarily imply that the ��-T cell and B cell epitopes are iden-
tical. Regardless of epitope location, recognition of AA-RS by
both ��-T cells and autoantibodies reveals an intriguing link
between T and B cell responses in autoimmune myositis.

FIGURE 7. Specific recognition of the paradigmatic antigen EcIF1 by the
CDR loops of the ��-TCR. We compared the recognition of EcIF1 by the
wild-type M88 and M88 molecules that contained mutations in the variable
(V) and/or CDR3 regions of either chain. CDR3 regions are composed of ran-
dom nucleotides (N), diversity (D), and joining (J) elements. The first row lists
the wild-type ��-TCR M88 (V�1.3�V�2�), and the TCR transfectants with
mutated �- or �-chains: two mutants had altered V(D)J regions of either chain
(V�9*altVJ�V�2�, V�1.3�V�1*altVDJ�), three mutants had amino acid exchanges
in the �-N region (V�1.3*alt�CDR3V�2�), the �-NDN (V�1.3�V�2*alt�CDR3), or
�-NDNJ regions (V�1.3�V�2*alt�CDR3J), and one mutant had wild-type V(D)J
regions, but an altered constant region (C) of the �-chain (V�1.3*alt�CV�2�).
The second and third rows illustrate these exchanges. We list the variable and
joining families of the �- and �-chains (V-region nomenclature according to
Arden et al. (50)), and show the amino acids of the N- or NDN regions in the
single amino acid code. Wild-type regions and amino acids are highlighted in
green, and exchanges of entire regions or amino acids are highlighted red. On
the right panel, we show the activation of ��-TCR transfectants by EcIF1. EcIF1
was adsorbed to microtiter plates, incubated with ��-TCR transfected
hybridoma cells, and secreted IL-2 was measured by ELISA. Only the wild-type
V�1.3V�2-TCR M88 and the mutant with altered �-chain constant region rec-
ognized EcIF1. All other mutants with altered V- and/or CDR3 regions were
not activated. This provides evidence that EcIF1 is recognized specifically by
the complementarity determining regions. Data represent two independent
experiments.
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