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T cell receptor (TCR) recognition of peptide-MHC (pMHC) is central
to the cellular immune response. A large database of TCR-pMHC
structures is needed to reveal general structural principles, such as
whether the repertoire of TCR/MHC docking modes is dictated by
a “recognition code’ between conserved elements of the TCR and
MHC genes. Although ~17 cocrystal structures of unique TCR-
pPMHC complexes have been determined, cocrystallization of sol-
uble TCR and pMHC remains a major technical obstacle in the field.
Here we demonstrate a strategy, based on NMR chemical shift
mapping, that permits rapid and reliable analysis of the solution
footprint made by a TCR when binding onto the pMHC surface. We
mapped the 2C TCR binding interaction with its allogeneic ligand
H-2L9-QL9 and identified a group of NMR-shifted residues that
delineated a clear surface of the MHC that we defined as the TCR
footprint. We subsequently found that the docking footprint
described by NMR shifts was highly accurate compared with a
recently determined high-resolution crystal structure of the same
complex. The same NMR footprint analysis was done on a high-
affinity mutant of the TCR. The current work serves as a foundation
to explore the molecular dynamics of pMHC complexes and to
rapidly determine the footprints of many Ld-specific TCRs.

chemical shift mapping | dynamics | NMR | cellular immunity |
protein—protein interaction

cells modulate the nature and extent of an immune response

based primarily on specific T cell receptor (TCR) recognition
of peptide in the context of a MHC molecule (1, 2). The TCR is a
genetically recombined receptor, analogous to an antibody, that is
composed of a and 8 chains. The binding site of the TCR comprises
six loops called complementarity-determining regions (CDRs),
with each chain contributing three loops, called CDR 1, 2, and 3.
The CDR1 and CDR?2 loop sequences are encoded by the variable
(V) genes, but because there is no somatic mutation in TCR-V
genes, these are referred to as “germ line-derived.” In contrast, the
CDR3 loops, which are largely involved in antigenic peptide contact
and thus specificity, are derived from recombination of V(D)J
segments and vary in an almost unlimited fashion. MHC gene
products present antigenic peptides to the TCR through a com-
posite peptide-MHC (pMHC) surface composed of a highly vari-
able element (ie., peptide) in a groove surrounded by more
conserved residues on the MHC helices (2).

The interaction between TCR and pMHC has been studied
through cocrystallization of ~17 unique complexes (1, 3). Some
general principles have emerged from the current database of
complexes (4). Briefly, the TCR has an orientation over the pMHC
surface that generally places the germline-encoded CDR1 and
CDR2 loops in contact with the conserved helical residues of the
MHC, whereas the highly variable, somatically recombined CDR3
loops primarily interact with the peptide. This docking orientation,
also called the “footprint,” shows a high degree of variability (+60°)
in different pMHC complexes, and from analysis of the structures,
there appear to be few conserved contacts that are responsible for
the orientation. This dilemma has raised the question of whether a
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“recognition code” could exist between TCR and MHC, with the
implication that there would be a limited set of footprints. On the
other hand, if the orientation is largely dictated by the identity of
the antigenic peptide, there could be an unlimited array of orien-
tations (5-7). To solve this puzzle, a much larger set of structures
needs to be determined so that docking orientations can be
systematically correlated with V-gene usage and MHC allele.

Although x-ray crystallography provides detailed, high-
resolution structures of TCR-pMHC complexes, protein expres-
sion and crystallization of these low-affinity complexes [dissociation
constant (Kq) > 1 uM] present technical barriers. In the 10 years
since the structures of the first TCR-pMHC complexes were first
reported, only ~17 unique structures have been determined, each
of which has been the result of major resource, time, and personnel
commitments over periods of years (1). In contrast, well over 100
antibody—antigen complex structures exist in the Protein Data Bank
(8). Although the pace of TCR-pMHC structure determination is
increasing, it remains slow. Although production of single-chain
TCR in Escherichia coli can be achieved for many TCR, crystalli-
zation of the low-affinity complexes is not a certainty. This con-
tinuing technical challenge increases the value of rapid lower-
resolution methods to probe docking orientations of the TCR on
MHC. Given a large set of TCR that binds to a single MHC, would
we find an unrestricted array of docking orientations or would there
be subsets depending on the Va and V3 chain usage by the TCR?
For this question, high-resolution structures are not necessary;
instead, a method that could paint the pMHC surface with the TCR
footprint would suffice. In this way, footprint mapping could serve
as a filtering step to characterize a collection of TCRs specific for
a given pMHC. Then, a focused effort could be made to crystallize
specific TCR-pMHC complexes of interest.

Solution NMR spectroscopy is well suited for experimental
characterization of the TCR—-pMHC footprint in a relatively short
amount of time. After assignment of the protein backbone NMR
resonances, structural information can be obtained through chem-
ical shift perturbation mapping (9). This approach is most effective
when the structures of one or both of the components are known,
which increases the information contained within resonance as-
signments. The protein that has a known structure is isotopically
labeled, ligand is added, and the resonances that correspond to
residues involved in intermolecular contacts are identified by
changes in chemical shift. These perturbations are then mapped on
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Fig. 1. 800 MHz 'H-'5N HSQC spectra collected on the
platform MHC. (a) Free MHC. (b) Superposition of the
free MHC (blue) and its complex with 2CTCR (red). Only
[130  theregion of the MHC highlighted in the box is present
in our NMR sample; the TCR and peptide are not isoto-

r125

the known structure to define a binding site. In this fashion, many
ligands can be mapped on a single assigned and isotopically labeled
protein. NMR is sensitive to interactions over a wide range of
affinities. In the present application, we envision that the footprints
of many TCR could be mapped rapidly onto a common pMHC
molecule, whose structure was previously known. Although such
footprints would not constitute high-resolution 3D structures, they
would provide information about docking footprint orientation. In
addition, NMR allows investigation of TCR-MHC dynamics over
a range of time scales.

There are two main challenges in studying TCR-pMHC inter-
actions by NMR. First, milligram quantities of soluble protein must
be produced through E. coli expression for isotopic labeling with
I5N and/or 13C. Second, the size of the proteins must be reduced to
minimize spectral complexity. For the former requirement, meth-
ods have been developed that permit the production of many, but
not all, TCR molecules in E. coli as either full-length heterodimers
or single-chain “Fv” VaVp heterodimers (3). In fact, the NMR
structure of a free single-chain TCR (scTCR) has been determined
and was tantalizingly informative about aspects of binding site
dynamics, which were not further explored with experiments adding
the pMHC ligand (10). Many MHC molecules, primarily class I, can
also be produced in E. coli, and so in principle, TCR-pMHC NMR
studies are feasible. However, with the exception of one study using
a 19F-labeled peptide to study conformational peptide isomers
when bound to I-EX, there are no published NMR experiments on
pMHC alone or TCR-pMHC interactions (11). The large size of
the TCR-pMHC complex (=100 kDa) has remained the major
obstacle, because NMR is particularly effective up to molecular
weights of 40 kDa. At higher molecular weights, slow tumbling leads
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pically labeled and not visible in the spectra. Some of
the peaks that shift upon complex formation are
highlighted.

to spectral broadening of the protein resonances. In addition, as the
number of protein residues increases, spectral overlap hinders
analysis. Relatively novel techniques such as transverse relaxation-
optimized spectroscopy (TROSY) experiments and per-deutera-
tion of protein samples have advanced the protein size limit,
whereas selective labeling has decreased the spectral overlap prob-
lem (12). Here, we use TCR and pMHC molecules whose sizes have
been reduced to the point that NMR can be used quickly and
economically to determine footprints of multiple TCR-pMHC
complexes. We then relate the information provided by this analysis
to previously determined crystal structures of the TCR, pMHC, and
the TCR-pMHC complex.

Results

The 2C TCR clone has the ability to bind two structurally unique
class I pMHC: the self peptide, dEVS, bound to the syngeneic
MHC H-2KP and the self peptide, QL9, bound to the alloge-
neic MHC H-2L9 (13). The available x-ray crystal structures of the
unliganded H-2L¢ molecule (14), 2C TCR (15), 2C-H-2K*-dEV38
(16), and of the recently determined 2C-H2L-QL9 (17) provide
complementary information to NMR studies of TCR-H-21L.4-QL9
complexes. A major enabling component to our experiments is that
we used yeast surface display combined with directed protein
engineering to produce a functional platform or “mini” H2-L¢
molecule composed of only the al and a2 domains of the heavy
chain and peptide. This mini-MHC, which binds 2C with wild-type
affinity (17, 18), has a molecular mass of 21 kDa and refolded from
E. coli together with the QL9 peptide (18). The structure of this
mini-MHC determined at 2.4 A shows it to be essentially identical
to that of the full-length MHC (rms deviation for carbon-« atoms
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Fig.2. 'H-'>Nplanesextracted from a '>N-edited 3D NOESY experiment at 800 Mhz. Frequencies of the amide proton of L78 to T84 are shown. Strong sequential
amide-amide interactions characteristic of helical conformation are observed in the spectrum and are annotated in the figure.

is 0.81 A) (17). We also expressed a 2C scTCR (19) by direct
secretion of folded soluble TCR into the periplasmic space of E. coli
with a molecular mass of 25 kDa. Therefore, the 2C-L¢ complex
was reduced to ~45 kDa, which is suitable for high-field NMR
investigation.

Our strategy was to produce "N-labeled H-2L9 refolded with
unlabelled QL9 peptide, assign the NMR resonances of the labeled
H-2L9, and then add unlabelled 2C scTCR to monitor the reso-
nances in the H-2L¢ spectra that shift, indicating a TCR contact
position. We do not label the peptide because we are initially
interested in the TCR footprint on the MHC helices, which defines
the docking orientation analogous to the hands on a clock. Foot-
prints can range from perpendicular (12 and 6 o’clock), to diagonal
(=2 and 8 o’clock). Based on previous TCR-pMHC structures, the
central residues of the peptide are a pivot point and will be
contacted by the centrally disposed TCR CDR3s; hence, chemical
shifts of peptide residues would provide little information about the

a

peripheral helix contacts that define the overall TCR orientation.
Also, the additional peptide residues would further complicate the
crowded H-2L4 NMR spectra, so their elimination simplifies our
data analysis.

H-2L¢ gave good quality "H-'>N HSQC (heteronuclear sequen-
tial quantum correlation) spectra (Fig. 1), indicating a folded
protein. Backbone amide N and 'H resonances of H-2L9, in
addition to other NH moieties in protein side chains, were obtained
from "HSN-HSQC experiments (Fig. 1). Assignments were ob-
tained from NOESY and scalar coupling-based 3D experiments.
Uniformly, '3C-""N-labeled protein was used for scalar-coupling
experiments. The most sensitive of such experiments, HNCA
(amide proton and nitrogen to C, carbon correlation), gave reso-
nances for ~70% of the residues, whereas less than half the
expected resonances were present in CBCACONH (Cb and Cg
carbon to amide nitrogen and proton via carbonyl carbon correla-
tion) experiments and <20 of 181 residues gave signal in HNCACB

s
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Ted = residues that shift in NMR when TCR is bound
yellow = assigned residues that do not shift

orange = residues that differ between Ld and Kb
blue = residues that differ between Ld and Ld-m31
reen = residues identified in Homell et al (1999)

Fig. 3. Sequence alignment of L9 and KP, and identification of L9 residues that shift upon TCR binding. (a) Amino acid sequence alignment of the a1 and a2
domains of class | MHCs KP (Top), L4 (Middle), and stabilized mutant L9-m31 (Bottom). Residues that differ between K? and L9 are highlighted in orange. Residues
that differ between L9 (wild-type) and L9-m31 are highlighted in light blue. Previous studies (24) have identified residues in the helices of L9 that are important
for TCR binding to L? (denoted by a green box below the amino acid). Residue positions that showed changes in chemical shifts of their NMR spectra upon 2C
TCRbinding are red and all assigned residues are yellow. (b) LY a1 and a2 helices are shown in blue, with L9 residues that showed chemical shifts upon TCR complex
formation shown in red. The majority of residues that are influenced by TCR binding line the peptide-binding groove. In contrast, residues that do not shift upon
complex formation (blue) tend to point away from the groove.
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Fig. 4. Residues that shift upon complex formation mapped on crystal
structure. Residues with ambiguous or missing assignments are shown in cyan,
residues with significant shift are shown in red, and residues with a small shift
are shown in purple; the unlabelled peptide, for which we have no informa-
tion, is shown in orange. (a) Cartoon representation of the H-2L9-peptide
structure with NMR shifts colored. (b) Surface representation of H-2Ld-
peptide with NMR shifts colored. (c) Surface representation of the x-ray
structure of the 2C-H-2KP-dEV8 complex (16); the CDR loops are shown in
green and residues within 6 A of the MHC-TCR interface expected to shift in
a mapping experiment are in yellow. (d) Surface representation of the x-ray
structure of the 2C-H-2L9-QL9 complex (17). The 2C CDR loops are shown in
yellow, and residues are colored to indicate shift mapping result as in b.

(amide proton and nitrogen to C, and Cg carbon correlation) or
HCCH-TOCSY ('H-'3C-'3C-"H-total correlation spectroscopy)
experiments. Assignments were completed with N-HSQC-
NOESY experiments on a uniformly "N and 50% (nominally)
2D-labeled MHC sample. NMR assignments were obtained for the
two helices that form the peptide-binding cleft and for almost every
residue in the protein loops. Helical residues are characterized by
the presence of strong sequential HN(7)-HN(i + 1) NOEs and by
the up-field shift of alpha protons in the 3.6/4.2 ppm range, as
expected [Fig. 2 and supporting information (SI) Figs. 5 and 6].
Assignments of some residues in the helical region were indepen-
dently verified with an MHC sample in which all Tyr residues were
selectively N-labeled. Most of the amino acids in the B-sheet
region gave weak NMR signals and could not be unambiguously
assigned (Fig. 3a and SI Fig. 7). Although it is expected that signals
from the supposedly rigid B-core are broader and therefore less
observable, it is rather unusual for them to completely disappear in
a 21-kDa protein such as the platform MHC. Although the MHC
is monodisperse by gel filtration, transient aggregation at the high
concentrations in the NMR tube (=~0.3 mM) is the likely reason for
the loss of signal, because improved spectral quality was observed
for more dilute samples. The aggregation could possibly be due to
the solvent exposure of apolar residues underneath the p-sheet
platform, which are normally shielded from solvent by the o3
domain and B2m in the full QLY/LY molecule. Buffer conditions
were tested and three solvent-exposed hydrophobic residues in the
B-sheet were mutated to hydrophilic amino acids based on the L4
structure with no improvement in spectral quality. Because the
B-sheet region is not in the part of the MHC that is expected to
interact with TCR, the lack of these assignments did not affect our
ability to map the TCR-binding interface.

Each peak in the "H->N HSQC corresponds to a specific protein
residue and its chemical shifts are exquisitely sensitive to the local
chemical and structural environment. The sensitivity is such that
I5N HSQC spectra are often referred to as protein fingerprints
because they provide a unique representation of a molecule. Upon
complex formation, the chemical environment of residues close to
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the interface will change and the corresponding peaks in the N
HSQC spectrum will shift. Consequently, assigning each peak to its
specific protein residue allows identification of the residues involved
in intermolecular interactions. To map the TCR-pMHC interface,
NMR data were collected on samples of N-labeled platform
MHC and unlabelled 2C TCR mixed in equimolar amount. The
TCR was left unlabelled so that its signal would not be present in
NMR spectra, thus simplifying data analysis, while maintaining its
effect on the resonances of the platform MHC. The free and bound
1SN HSQC of the platform MHC were compared (Fig. 1) and
residues were denoted as a significant chemical shift difference if,
upon complex formation, their position changed by >0.02 ppm in
the proton dimension or 0.2 ppm in the nitrogen dimension (SI Fig.
6). The same strategy can be applied to '3C HSQC experiments,
which provide information on protein side chains instead of protein
backbone amides. We did not follow chemical shift changes in 3C
HSQCs’ spectra because such spectra are usually less informative
than N HSQCs and because *C-labeling is roughly 10-fold more
expensive than '*N-labeling, making it less economical for rapid
mapping of many TCRs. Likewise, the peptide was not labeled in
the NMR experiments.

Significant chemical shift changes were observed in 28 assigned
residues upon complex formation with the TCR (Figs. 1 and 3 and
SI Fig. 6). Differences between free and bound states reflect a
change in the local chemical environment, which can result from
either direct interaction between the MHC and the TCR or local
structural rearrangement; the NMR data itself cannot differentiate
between these two situations. Nonetheless, MHC helix a1 residues
69—-77 and MHC helix o2 residues 154159 are the pivotal regions
of the NMR determined footprint, positioned along a diagonal
across the peptide-binding cleft (Figs. 3 and 4 a and b). MHC
residues 163 and V66, which face the peptide, also shift, whereas the
residues found on the opposite side of the peptide-binding groove
do not shift, providing a way to localize the TCR (Fig. 3b). Residues
pointing away from the peptide-binding site or the TCR tend not
to undergo chemical shift changes (Fig. 3b), supporting the inter-
pretation that chemical shift changes arise directly from interactions
with the TCR. It is clear that residues in the a1 and o2 helices are
either influenced directly by TCR interactions, or they are involved
as peptide contact residues that line the groove and are affected
indirectly by the TCR (Fig. 3b). As most of the side chains of shifted
residues shown in Fig. 3b are likely involved in contacts with the
peptide, the NMR results provide evidence that the dynamics of the
entire TCR-pMHC complex could be influenced through indirect
interactions that may not be apparent from crystallographic ap-
proaches. Although residues W147 and Q149 are marked as not
being affected by binding, their overlap with other residues in the
NMR spectra did not allow us to determine their status in the
complex.

Although resonances from the region of helix o2 between E154
and E163 were difficult to assign because of the weak NMR signal,
preparation of an MHC sample with selectively SN-labeled ty-
rosines greatly simplified the spectra and allowed identification of
Y155 and Y156, as well as confirmation of neighboring residue
assignments. Their involvement in the intermolecular interface was
confirmed by adding unlabelled TCR to the sample. Residues
Y159-L160 could not be unambiguously assigned, but the assign-
ments that have been made in the region E154-E163 give sufficient
information to define an overall footprint (Fig. 4). When comparing
these results to a 2.4-A crystal structure of the 2C-H-2KP-dEVS8
structure (Fig. 4c), residues E154-E163 were proximal to the TCR,
indicating that the results are consistent with, but not identical to,
the structure of another related TCR-pMHC complex. The ob-
served shifts fit well with the 2.35-A crystal structure of 2C-H-
219-QL9, which is rotated toward the o2 helix (Fig. 4d).

Residues [142-K146 and E166—-H169 in helix o2 show significant
chemical shift changes upon complex formation, but are at the edge
of the interface, not directly in contact with the TCR. The shift
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might be caused by a rearrangement of the TCR loops or simply by
local, minor changes in the MHC, because NMR shifts simply
reflect a change in the chemical environment.

Comparison of Binding of Two TCR Mutants with Different Affinity. To
test this method with another related H2-Ld-specific TCR, we
chose to look at a high-affinity mutant of 2C, called mé6. Yeast
display was used to isolate the m6 high-affinity mutant by varying
the sequence of the CDR3a« of the 2C TCR (20). We subsequently
conducted chemical-shift mapping experiments on wild-type 2C
TCR with an affinity of 2 pM for L9 (described above) and
high-affinity 2C TCR variant m6 with an affinity of 8 nM (CDR3«
sequence 98-SGFASAL-104 in wild-type was changed to 98-
SHQGRYL-104 in m6) (18). The advantage of analyzing the 2C
TCR m6 was an improvement in the robustness of the NMR
chemical shift spectral quality because of the higher affinity of the
TCR, which results in a longer residence time of the TCR-pMHC
complex. The intermediate exchange regime of the low-affinity
complex moved toward a more favorable slow exchange in the
high-affinity complex. When binding affinity is low, the protein can
alternate between free and bound states, which results in the
broadening of the NMR signal; in a complex with higher affinity,
the bound form is stabilized and the resulting signal is sharper. In
addition, we could then compare the binding of two different TCRs
to the same pMHC, allowing us to test and validate the method of
footprint mapping by chemical shift.

All residues that shifted upon complex formation with 2C TCR
did so in the 2C TCR high-affinity mutant (m6), producing a nearly
identical footprint of MHC residues that shift. The only exception
was MHC residue L168, which shifts in the high-affinity mutant but
not in the wild-type. Although the footprint of residues that shifted
was maintained, the extent that they shifted differed between the
two complexes. Increased shifts are particularly found in the
154-163 region of helix o2, part of which could not be unambig-
uously assigned. The peaks for these residues show some of the
larger chemical shift differences between 2C and m6, and display a
significantly weaker signal in the 2C versus the higher-affinity m6
complex. Interestingly, this is the region of the MHC that appears
to be in closest contact to the TCR in the x-ray crystal structure (17).
The TCR mutations from wild-type 2C to m6 are in the CDR3q,
and we found in the 2C-H-2L9-QL9 crystal structure that CDR3«
primarily contacts the peptide, which we cannot see in NMR
experiments because it is not labeled. Mutations in the CDR3« loop
appear to have only a local structural effect, altering binding affinity
but not the binding footprint. This observation suggests that the
interaction between the variable CDR3« loop and the peptide does
not act as a hinge upon which the whole TCR can rotate, but rather
that the binding footprint is dictated by interaction between the
other conserved CDR loops 1 and 2 and MHC residues, leaving the
flexible CDR3a loop free to adapt to the peptide. The high-affinity
mutant, m6, shows chemical shift changes that are relatively weak
in 2C. Therefore, m6 is a good probe for the small chemical shifts
given by 2C, amplifying the shifts observed in 2C and increasing our
confidence in these measurements.

The complex experiments do not explain why peaks of the MHC
residues 154-163 region are generally broad, giving poor signal in
NMR experiments on the free pMHC. The NMR data suggest that
the MHC structure in this region alternates between different
conformations. In crystal structures, we only visualize the static
conformations of the pMHC, which can be stabilized by crystal
contacts. Therefore, the NMR experiments could provide insight
into the conformational dynamics of the pMHC recognition surface
that has so far not been appreciated.

Comparison of the Binding Orientation of 2C to H-2K? and H-2L9.
Through previously solved crystal structures, it is possible to verify
the assignments and shift perturbations determined through NMR.
First, we indicated the residues that change chemical shift upon
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complex formation on the known structure of the unliganded
H-2L9 structure (Fig. 4 @ and b). A clear footprint of 2C interaction
is evident on the molecular surface (Fig. 4b). The NMR results were
then compared with the crystal structure analyses that have been
recently made between the complex structures of the 2C TCR with
H-2K"-dEVS (16) or with H-2L-QL9 (17). K" and L4 differ at 31
positions, and 13 of these residues are located in the « helices (5 in
al and 8 in o2) (Fig. 3a) (21). Furthermore, peptides QL9
(QLSPFPFDL) and dEV8 (EQYKFYSV) are dramatically differ-
ent, making these two complexes more distinct than any syngeneic/
allogencic TCR system that has been examined (22,23). As the next
step in this comparison, we hlghhghted the surface of the MHC that
is within 6 A of the 2C TCR in the 2C-H-2K"-dEVS structure to
produce an approximation of an NMR shift map for this TCR-
pMHC complex (Fig. 4c). This footprint was rotated more clock-
wise on its long axis (=3 and 9 o’clock) from the NMR footprint we
determined for 2C-H-2L9-QL9, which is also diagonal but appears
slightly more perpendicular (=2 and 8 o’clock). In the case of the
2C-H-2L9-QLY interaction, residues identified by chemical-shift
mapping as being part of the contact surface on H-2LI-QL9
defines a footprint that accurately demarcates the binding footprint
seen in the crystal structure of the 2.3-A 2C-H-2L-QL9 complex
(Fig. 4d). Our measurements suggest that the TCR is shifted more
perpendicular to the peptide based on our shift-mapping results and
mirrors the 44° crossing angle of the H-2L¢ structure rather than
the H-2KP, which crosses the peptide with a 22° angle (16, 17).

Major differences between the 2C-H-2KP-dEVS8 and 2C-H-
21.4-QLY9 footprints are evident by NMR mainly in helix o2 of the
MHC (1142-E148). Here, chemical-shift changes upon complex
formation are apparent in H-2LY-QL9, but this region is not
proximal to the TCR in the 2C-H-2K"-dEV8 structure. Moreover,
in the 2C-H-2K"-dEVS structure, the CDR1« loop of the TCR
seems to be close to residues that do not shift upon binding in the
L4 complex. The visual representation of these differences is
striking if the expected contacts between 2C and H-2K"-dEVS
(arbitrarily set at 6 A) are compared with our chemical-shift
mapping results (Fig. 4 ¢ and d). By applying NMR analysis in the
case of a known structure, we are able to confirm that two
TCR-pMHC complexes can be distinguished when the crossing
angle difference is >20°. At this point, we cannot rule out the
possibility that NMR footprint mapping can identify even smaller
differences in crossing angle. Because the basic footprint is main-
tained between the syngeneic (H-2K?) and allogeneic MHC (H-
219, our results support the recent finding that allogeneic reactions
are not the result of major shifts in peptide crossing angles and
docking (17).

Discussion

Structural biology has identified many of the important character-
istics of the interaction of TCR with pMHC. Despite many studies,
two fundamental questions remain unanswered: What are the
structural rules for TCR recognition of antigenic peptides in the
context of MHC molecules and how can a limited set of TCRs
respond to a diverse group of foreign peptides? Because structural
information on a large number of TCR-pMHC complexes may
help answer these questions, a rapid method for detection and
characterization of TCR-pMHC interaction is needed. Here we
report the use of NMR chemical-shift mapping to define the
binding footprint of the 2C TCR on QL9/LY. The approach proved
successful despite technical challenges for NMR spectroscopy
including large molecular weight, low protein concentration, sam-
ple aggregation, and weak binding interaction. We believe that the
methodology we present can be used to construct a database of
TCR-pMHC complex footprints, furthering our understanding of
the rules for receptor ligation.

The method described here satisfies several requirements to
study a number of TCR-pMHC interactions. The first step in this
process is assignment of the NMR backbone resonances for the free
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protein of interest. Although here we assigned the MHC, assign-
ments could also be done for an scTCR, and shifts could be
measured when MHC was added. Following assignment of one
component, chemical-shift mapping of related complexes can be
achieved with simple HSQC experiments lasting 15 min to a few
hours, depending on sample concentration; the data can then be
analyzed in a single day. All protein components used in this
experiment express at a level of several milligrams per liter in E. coli
and so an NMR sample of 0.2 mM can be reliably produced in a few
days with a 3 L bacterial culture. Although isotopic '*N-labeling of
the protein of interest is needed for NMR, the source of N for
minimal media is inexpensive. Engineering the platform MHC (18)
and assigning its NMR spectrum was the first necessary step and a
major hurdle.

The technique can now be used to probe the binding of additional
TCRs that are restricted by H-2L9. By studying a panel of TCRs,
it will be possible to test whether TCRs recognize peptide/H-2L¢
complexes with grossly different footprints. Mutagenesis studies by
Connolly and coworkers have suggested that a group of residues
(G69, Q72, V76, Y155, and R157) are involved in recognition by a
panel of different T cells that are restricted by H-2L¢ (24). These
residues are among those identified in the present study (Fig. 3a),
supporting the notion that NMR can be used to define the complete
footprint of diverse TCRs. Should such an approach prove suc-
cessful, it could be expanded to other MHC molecules, thereby
determining the structural solutions represented by many different
TCR-pMHC complexes.

The role of protein intra and intermolecular dynamics in TCR-
MHC recognition remains unknown. NMR probes molecular dy-
namics over a range of time scales from nanoseconds to seconds
(25). The experimental system outlined here will allow NMR
dynamics measurements on the MHC-TCR complexes. Such re-
sults cannot be assessed directly by crystallography, and conforma-
tional dynamics may be important in the mechanisms by which
TCRs engage their ligands and transmit signals to the cell (26).

Materials and Methods

H-2LY Protein Expression and Purification. L9 was cloned into
pET28a (Novagen, Madison, WI) and expressed in BL21 (DE3)
Codon Plus E. coli (Stratagene, La Jolla, CA). Starter cultures
grown in LB media containing 30 pg/ml kanamycin were diluted
into labeled M9 minimal media and grown to an ODgg of 1.0.
Cultures were then induced with 1 mM IPTG for 3.5 h. Minimal
media was produced containing N alone or "N and '3C as sole
source of nitrogen and glucose, as required, and 50% D,O when
sample deuteration was desired. Selectively labeled "N tyrosine
protein was prepared by adding 50 mg/liter of each unlabeled amino
acid except tyrosine and 50 mg/liter "N-labeled tyrosine, while
removing any other source of nitrogen from the media. After
induction, bacteria were passed through a French press and inclu-
sion bodies were washed in 10 mM Tris/1 mM EDTA, pH 8.0 (TE)
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supplemented with 0.1% Triton-X until they formed a homoge-
neous pellet and washed twice again in TE alone. The yield of
inclusion bodies was generally 150 mg per liter of bacterial culture.
Washed inclusion bodies were solubilized in 8 M urea/50 mM Mes,
pH 6.5 at 25°C overnight while shaking. For the refolding reaction,
8 mg of purified QL9 peptide was added to 400 ml of refolding
buffer (100 mM Tris-HCl/400 mM L-arginine/0.5 mM PMSF/0.5
mM oxidized/5 mM reduced glutathione, pH 8.0). Over a 24-h
period, 200 mg of urea-solubilized L%-m31 inclusion bodies were
added in three equal additions. The refold mixture was filtered;
dialyzed against 20 mM Tris'HCl/150 mM NaCl, pH 8.0; concen-
trated to 500 wl in each of four Vivaspin 20 10 K cutoff (Viva-
Science, Stonehouse, U.K.); and subjected to size-exclusion chro-
matography (Superdex 75; Amersham Biosciences, Piscataway,
NJ). Theyield of purified, refolded protein from a 400-ml refold was
2-4 mg.

2C TCR Expression and Purification. Protein was expressed from
pET-22b (Novagen) in BL21 (DE3) Codon Plus E. coli (Strat-
agene) and purified as described in ref. 27. Briefly, cultures were
grown overnight at 30°C in LB media plus 200 ug/ml ampicillin.
Cells were then transferred to fresh LB media plus ampicillin,
grown 1 h at 30°C and induced with 1 mM IPTG. After 4 h, cells
were harvested and subjected to an osmotic shock procedure.
Osmotic shock supernatant was dialyzed in 10 mM Tris-HCI/200
mM NaCl, pH 8.0, and subjected to affinity chromatography
with Ni-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen,Valen-
cia, CA) and size-exclusion chromatography (Superdex 75, Am-
ersham Biosciences, Piscataway, NJ).

NMR Experiments. NMR spectra were collected at 25°C or 35°C on
600 and 800 MHz (Varian Inova, Palo Alto, CA) or 500 MHz
(Bruker AMX, Rheinstetten, Germany) with cryoprobe, processed
with NMRPipe (28), and analyzed with SPARKY (29). HNCA,
HNCACB, CBCACONH, and HCCH-TOCSY experiments
were recorded on a uniformly 3C, BN platform MHC sample.
ISN-HSQC-NOESY experiments were collected on a uniformly
I5N-labeled, 50% nominally >D-labeled sample. The NMR buffer
was 10 mM NaPO,, 100 mM NaCl, 0.2% NaNs, 10% D,0O, pH
7.0. Sample concentration was typically 0.3 mM for 3D experi-
ments and 0.1 mM for HSQCs. pMHC and TCR samples were
individually purified, mixed in equimolar amounts, and concen-
trated in a Vivaspin 500 10-kDa cutoff (VivaScience) to the desired
concentration.
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