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proteins discriminate between their sites by
an interaction between recognition helix res-
idue 9 and base pair 7.

Base pairs 8 and 9 also influence recogni-
tion, perhaps by providing weak contacts
that cannot be strictly base-specific, as sev-
eral combinations of base pairs are permis-
sible. For example, at position 8, Bicoid-Qg
tolerates A, G, and, to a lesser extent, T
(sites 9, 13, and 14), while wild-type Bicoid
tolerates C and, to a lesser extent, T (sites 18
and 21).

Base-specific contacts to positions 1 and 2
are not critical for binding, because Bicoid
and Bicoid-Qy tolerate either T or C at
position 2 (for example, site 18 versus a
wild-type Bicoid site). In addition, a site in
which positions 1 and 2 are CG instead of
TC is still bound by Bicoid (Fig. 1B, site
Al) (5).

The TAAT motif, which is conserved in
nearly all homeodomain binding sites (3),
is not used to discriminate between Bicoid
and Antp binding sites, because complete
switches in specificity are obtained with sites
in which the TAAT is unchanged (for exam-
ple, sites 9 and 18). Its importance, howev-
er, is inferred from alkylation interference
experiments (15), in vitro binding studies
(7), and from our own experiments, show-
ing that T at position 6 is crucial for recog-
nition by both Bicoid and Bicoid-Q (sites 7
and 8). It is likely that the TAAT is neces-
sary to distinguish these sites from nonspe-
cific DNA. Thus, the homeodomain bind-
ing site consists of two subsites, a common
TAAT core element and specificity-deter-
mining bases that lie 3’ to it. In the sites
examined here, the closest base pair to the 3’
end of the TAAT element (TAATN) con-
tributed the most to binding specificity. The
fact that switched specificity sites are ob-
tained with nonsymmetrically disposed base
substitutions in one-half of the site suggests
that each site is bound by a single protein
monomer. This is consistent with recent
biochemical studies (15) and with the gen-
eral lack of symmetry in homeodomain
binding sites (7).

Our results strongly suggest that interac-
tions between the recognition helix and
DNA occur in the major groove. This con-
clusion follows from the fact that Bicoid-Qg
distinguishes between T:A and A:T at posi-
tion 7 (sites 9 versus 16). These base pairs
display distinct functional groups in the
major groove, but almost identical groups in
the minor groove (16). Similarly, wild-type
Bicoid distinguishes between base pairs C:G
and G:C at positions 7 and 8 (sites 17 versus
18), which are nearly indistinguishable in
the minor groove (16). Finally, contacts
made to base pair 6 in each site are also likely
to be in the major groove, because Bicoid
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Fig. 2. Proposed amino acid 9-base pair 7 inter-
actions. Lys® of the Bicoid recognition helix do-
nates a hydrogen bond to O6 or N7 of ine in
the Bicoid binding site. It is possible that Lys®
might also donate a hydrogen bond to the gua-
nine of adjacent base pair 8 as shown for A cro
protein (17). In Bicoid-Qq, the Gln at position 9
of the recognition helix donates a hydrogen bond
to N7 and accepts a hydrogen bond from N6 of
the adenine of base pair 7 in the Antp site. Similar
contacts may be possible for Gln at position 9 of
all Antp-class homeodomain proteins.

proteins distinguish T:A from A:T base
pairs at this position (sites 7 and 8 versus
wild type). On the basis of known contacts
made by Lys3? in \ cro (17), Lys* and GIn**
in \ repressor (18), and GIn?® in 434 repres-
sor (19), we propose the interactions depict-
ed in Fig. 2. Here, Lys® contacts guanine of
the C:G base pair and GIn® contacts adenine
of the T:A base pair.

The fact that amino acid 9 in both pro-
teins interacts with the same base pair in
both Bicoid and Antp sites implies that their
recognition helices contact DNA in the
same way. The Antp-class protein, fushi-
tarazu (Ftz), which has Gln at position 9,
makes an equivalent contact to base pair 7
(20), suggesting that Bicoid and Antp-class
proteins recognize DNA in a fundamentally
similar way.

What other amino acids in the recogni-
tion helix contact DNA? We reasoned that
contact amino acids should be near residue
9, on the same side of the a-helix and able to
hydrogen-bond with base pairs in DNA. If
such amino acids were conserved, they
might contact conserved features of each

Fig. 3. Mapping contact amino acids onto the
Bicoid binding site. Contact between Lys® in the
Bicoid recognition helix and base pair 7 is shown
by a solid line. In Antp-class proteins position 9 is
GIn and would contact an adenine at position 7 of
the Antp site (not shown). Hyeothctical contacts
between recognition helix Asn'®, Arg!'2, and the
TAAT motif are indicated by dashed arrows. The
Bicoid binding site (5'-TCTAATCCC-3') is
shown as B-form DNA. Amino acids are drawn
on a recognition helix based on the proposed
NMR model of the Antp homedomain. In this
model, the a-helix extending beyond residue 10 is
kinked at a 30° angle from the rest of the recog-
nition helix (10), although a recent cocrystal
structure shows that it might be straight (27).

site. For Bicoid, candidate residues that are
conserved include Lys®, Asn'®, and Arg!?
(Lys*®, Asn®', and Arg®® in Antp) (10)
(Fig. 1A.). A contact by Lys® seemed un-
likely, because replacement by Ala did not
affect binding (11).

We tested whether Asn'® and Arg!'? made
essential DNA contacts by introducing
Asn'® — Ala, Asn'® — GIn, or Arg'2 - Ala
substitutions into wild-type Bicoid. As in
previous experiments (11) (see also legend
to Table 1), Bicoid proteins were expressed
as fusions to the bacterial LexA protein. All
three mutants were deficient for recognition
of both the Bicoid site and a switched-
specificity Antp-class site (Table 3). The
mutant proteins were apparently specifically
defective in homeodomain-DNA binding;
they were stably expressed, as demonstrated
by immunoblot analysis, and they activated
LexA operator-containing target genes, in-
dicating that their nuclear transport, oligo-
merization, and gene activation functions
were maintained (20). While such loss of
function experiments cannot establish pre-
cise contacts, the results suggest that Asn'®
and Arg'? contact conserved features of the
two sites. If these contacts are sequence-
specific, they would be made to the con-
served TAAT element, which would indi-
cate that the recognition helix is aligned
with its NH,-terminus toward the 3’ end of
the binding site (Fig. 3).

Our model suggests that like prokaryotic
helix-turn-helix proteins, the homeodomain
recognition helix makes specific DNA con-
tacts in the major groove. However, the
geometry of this interaction is quite differ-
ent; unlike prokaryotic proteins, residues
toward the COOH-terminus make these
contacts. Our experiments show that Lys® of
the Bicoid recognition helix contacts base
pair 7 of the Bicoid site (TCTAATCCC),
while GIn substituted at this position (as in
Antp-class proteins) contacts the equivalent
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Table 3. Elimination of DNA binding by
mutations in Asn'® and Arg'2. Mutant protcins
(29) were tested for recognition of Bicoid
binding sites (TCTAATCCC) and switched-
specificity (sw) Antp-class sites (sitc 18,
ATTTAATCCA) as described in Table 1.
Results given in units of B-galactosidase activity
have been normalized to activity obtained when
assayed on LexA operator-containing target
genes.

Producer plasmid Target plasmid
Bicoid wild-type 119 116
Asn'®— Ala 6 1
Asn'®— GIn 2 0.5
Arg'? > Ala 3 1

base pair in the Antp-class site (TTTAAT-
TGA). They show that conserved residues
Asn'® and Arg'? contact DNA and suggest
that the recognition helix is aligned COOH-
terminus to NH,-terminus (C to N), 5’ to
3’ with the binding site. In this model,
NH,-terminal residues 1 and 2 of the rec-
ognition helix do not contact DNA, and we
suggest that their partial sequence conserva-
tion (3) may reflect interactions with a lim-
ited set of cellular proteins that modulate
homeodomain DNA binding or gene regu-
lation.

This picture is in good agreement with a
recently reported crystal structure of an En-
grailed-DNA complex (21) and a model of
an Antennapedia-DNA complex proposed
from nuclear magnetic resonance (NMR)
experiments (22). In all three models (23),
the COOH-terminus of the recognition he-
lix inserts in the major groove, and the helix
istilted ina Cto N, 5’ to 3’ configuration.
In all three models, Asn'® and Arg'? (Asn®!
and Arg®® in Engrailed and Antp) are in
position to contact DNA. In the cocrystal,
Asn' contacts a base in the core of the site
(TAAT), while Arg'?> makes a backbone
contact outside of the TAAT. In the NMR
model, contacts by Asn'® and Arg'? were
not observed, perhaps because not all of the
protein-DNA NOEs (nuclear Overhauser
effects) were identified.

There are important differences between
the models. In each model, the side chain of
recognition helix residue 9 (GIn®*® in En-
grailed and Antp) makes a different major
groove contact. In the cocrystal, this Gln is
in position to hydrogen bond with the
adenine of base pair 7, as we have deduced,
but instead makes van der Waals contact
with thymine of base pair 8 (TAATNN).
We think it unlikely that any such contact
determines specificity in vivo, because our
functional assays show sites that do not have
thymine at position 8 are recognized by
Bicoid-Qg (sites 9 to 12 and 14) and, con-
versely, sites that do have thymine at posi-

25 JANUARY 1991

tion 8 but have the wrong base at position 7
are not recognized by Bicoid-Qg (sites 1 and
2). Moreover, we note that the proposed
bidentate hydrogen bond contact between
GIn and adenine (Fig. 2) would contribute
more free energy to binding. As the authors
have suggested (21), the contact observed in
the cocrystal might have been caused by
distortions in the DNA caused by adventi-
tious binding of a second protein monomer
to the end of the fragment; alternatively, it
may result from the solvent used to induce
crystal formation, or it may be a nonspecific
contact observed only at the high protein
concentration in the cocrystal.

In the NMR model, residue 9 contacts
base pair 7, but the site contains G:C instead
of T:A at this position. This interaction may
be specific, but, because cytosine can only
make a single hydrogen bond contact with
Gln, it is unlikely to be as energetically
favorable as an interaction with adenine. In
fact, Ftz, which contains Gln at residue 9,
binds in vitro to sites with G:C at position 7
(TAATG) about one-tenth as strongly as it
binds to sites with T:A at this position
(TAATT) (24), and at the protein concen-
tration found in vivo, neither Bicoid-Qg
(site 17) nor Frz (20) recognizes the G:C-
containing site. On the basis of these results,
we suggest that, in Drosophila, T:A will be
the preferred base pair.

Finally, both the cocrystal structure and
NMR model show several DNA contacts
not addressed in our experiments [for exam-
ple, a contact between Ile® in the recogni-
tion helix (Ile*” in Engrailed and Antp) and
the TAAT, and contacts made by amino
acids outside of the recognition helix].
These findings illustrate an important short-
coming of our approach; that is, it cannot
detect interactions that we do not explicitly
investigate. However, when used to test
specific structural ideas, we believe that sim-
ple genetic and biochemical assays will con-
tinue to provide independent insight into
structural issues (25) and occasional correc-
tion (26) of conclusions derived from con-
ventional structural methods.
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T Cell Receptor Peptide Therapy Triggers
Autoregulation of Experimental Encephalomyelitis

HALINA OFFNER,* GEORGE A. HASHIM, ARTHUR A. VANDENBARK

Encephalitogenic T cells specific for myelin basic protein share common V8 peptide
sequences in their T cell receptor (TCR) that can induce autoregulatory T cells and
antibodies that prevent clinical signs of experimental autoimmune encephalomyelitis
(EAE). It is not known, however, if TCR peptides can treat established disease. To test
its therapeutic value, TCR-V38-39-59 peptide was injected into rats with clinical signs
of EAE. This treatment reduced disease severity and speeded recovery, apparently by
boosting anti-V8 T cells and antibodies raised naturally in response to encephalito-
genic V8™ T cells. These results demonstrate that synthetic TCR peptides can be used
therapeutically, and implicate the TCR-V8-39-59 sequence as a natural idiotope
involved in EAE recovery. Similarly, human TCR peptides may be effective in
enhancing natural regulation of autoreactive T cells that share common V genes.

T HROUGH MECHANISMS THAT ARE
not yet fully understood, rat and
mouse T cells that arise in response
to immunization with guinea pig or rat basic
protein (Gp-BP; Rt-BP) preferentially uti-
lize the V8.2 gene and to a lesser extent the
V.2 gene in their TCR (1-6). The presence
of common V region sequences on enceph-
alitogenic T cells allowed us (7) and others
(8) to pre-immunize Lewis rats with syn-
thetic TCR peptides to induce anti-receptor
immunity. Our use of the synthetic Vg8
peptide corresponding to residues 39 to 59
completely protected the animals from the
subsequent induction of clinical EAE. Sim-
ilarly, most signs of EAE could be sup-
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pressed if the TCR-V38-39-59 peptide was
given during the induction phase but prior
to onset of clinical disease (9). The protec-
tive mechanisms involved both major histo-
compatibility complex (MHC) class I-re-
stricted T cells (7) and antibodies (9) specific
for the TCR-V8-39-59 peptide that ap-
peared to be directed at a “processed”
MHC:-associated fragment of the natural
TCR Vg chain expressed on the surface of
V8" T cells. Presumably, interaction of the
regulatory T cell or antibody with the Vz8*
encephalitogenic T cell perturbed mem-
brane signaling pathways, thus altering ef-
fector cell functions.

Although many approaches have been
described to prevent encephalomyelitis
(EAE), effective treatment of established
clinical signs has been much more difficult.
To test its therapeutic potential, the TCR-
V;8-39-59 peptide was injected by several
different routes into Lewis rats with moder-
ate signs of EAE. As controls, rats with EAE
were injected in parallel with a synthetic
peptide corresponding to the TCR-Vg14-

o

S
39-59 sequence (not utilized by encephali)
togenic T cells), or saline. <

Intradermal (id) injection of 50 pg of the”
TCR-V8-39-59 peptide in saline reducedd
the clinical severity of EAE from grade 3.
(paralysis of hind limbs) in the control rats
to grade 1.5 (wobbly gait) within 48 hoursy
and to grade 0.2 (limp tail in some ratsg
within 72 hours (Fig. 1A). The TCR-V 85,
39-59 peptide treatment speeded overall res
covery time from 6.3-6.6 days in controf
rats to 3.1 days (Fig. 1A). A lower dose (1&
ng) of the id-injected peptide was onlp
slightly less effective, with a recovery time ob
4 days (Fig. 1A). The second route testeds)
subcutaneous injection of 100 to 500 pg of
the TCR-V38-39-59 peptide in saline, pro
duced a nearly identical resolution of clinic
EAE, with a recovery time of 3.5 and 4 daysp
respectively (Fig. 1B). A third regime, injecs
tion of the TCR-V ¢8-39-59 peptide in com3
plete Freund’s adjuvant (CFA), also arreste@®
disease progression within 24 hours an&
caused a rapid resolution of the remainin
clinical signs from 6.5-6.6 days (controls)!
to 3.5 days (Fig. 1C).

The rapid clinical resolution of EAE after
injection of the TCR-V8-39-59 peptide
suggested a recall response similar to that
induced in man by tetanus or rabies booster
shots. Such a recall response would imply
the presence of a preexisting immunity to
the TCR-V8-39-59 peptide. Indeed, one
might rationalize that the induction of
V8" encephalitogenic T cells during EAE
could stimulate regulatory T cells and anti-
bodies directed at the Vg8 molecule and
more specifically at the TCR-V8-39-59
peptide.

One simple method of assessing preexist-
ing T cell responses in vivo is to measure ear
swelling [delayed hypersensitivity (DH)] 24
to 48 hours after an id injection of antigen.
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