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Antibodies with T cell receptor-like specificity possess
a considerable diagnostic and therapeutic potential, but
the structural basis of the interaction between an antibody and an histocompatibility antigen has so far not
been determined. We present here the crystal structure
(at 2.15 Å resolution) of the recombinant, affinity-matured human antibody fragment Fab-Hyb3 bound to the
tumor-associated human leukocyte antigen (HLA)/peptide complex HLA-A1䡠MAGE-A1. Fab-Hyb3 employs a diagonal docking mode resembling that of T cell receptors.
However, other than these natural ligands, the antibody
uses only four of its six complementarity-determining
regions for direct interactions with the target. It recognizes the C-terminal half of the MAGE-A1 peptide, the
HLA-A1 ␣1-helix, and N-terminal residues of the ␣2-helix, accompanied by a large tilting angle between the
two types of molecules within the complex. Interestingly, only a single hydrogen bond between a peptide
side chain and Fab-Hyb3 contributes to the interaction,
but large buried surface areas with pronounced shape
complementarity assure high affinity and specificity for
MAGE-A1. The HLA-A1䡠MAGE-A1䡠antibody structure is
discussed in comparison with those of natural ligands
recognizing HLA䡠peptide complexes.
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The adaptive immune system employs two principally different defense mechanisms in response to pathogens. Cell-mediated
immune responses involve T cell receptors (TCRs)1 that recognize proteolytic fragments processed from antigenic proteins in
the context of class I or class II major histocompatibility (MHC)
molecules (pMHC complexes) expressed on target cells. In contrast, humoral responses are characterized by the production of
antibodies that react with individual, usually unprocessed foreign antigens, mostly glycoproteins and polysaccharides.
Soluble proteins endowed with a TCR-like specificity have a
wide range of potentially useful applications, including direct
visualization and quantification of pMHC complexes, and targeted delivery of toxins and drugs (1). Engineering of recombinant TCRs has not been very successful because of the low
affinity (in the micromolar range) typically displayed by these
molecules toward their targets, as well as a certain incompatibility with regard to manipulation of specificity and affinity (2,
3). Although antibodies are traditionally recognized as the tool
of choice to achieve specific binding with high affinity (4), it has
been exceptionally difficult to identify antibodies with “TCRlike” specificity following immunization procedures (5–13).
However, in vitro selection of antibody fragments from large
libraries displayed on the surface of filamentous phage has
been shown to overcome the problems associated with the
production of pMHC-restricted antibodies through immunization procedures (14 –16).
We have previously been able to select a recombinant human
Fab fragment (14) capable of binding specifically to a pMHC
complex of considerable clinical interest, the tumor-associated
HLA-A1䡠melanoma-associated antigen (MAGE)-A1 complex
(17, 18). The initially isolated antibody, Fab-G8, displayed
specificity for this pMHC but only moderate affinity. It was
therefore subjected to phage display-based affinity maturation
and screening to identify clones with a higher affinity and the
same specificity (19). The best variant of Fab-G8, Fab-Hyb3 (or
1
The abbreviations used are: TCR, T cell receptor; HLA, human
leukocyte antigen; KIR, killer inhibitory immunoglobulin-like receptor;
MHC, major histocompatibility complex; pMHC, major histocompatibility antigen complexed with a peptide; CDR, complementarity determining region; H, antibody heavy chain; L, antibody light chain; MAGE,
melanoma-associated antigen; AMF complex, HLA-A1䡠MAGE-A1䡠Hyb3
complex; MES, 4-morpholineethanesulfonic acid.
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short, Hyb3), exhibited a much higher affinity (Kd ⫽ 14 nM) as
compared with G8 (Kd ⫽ 250 nM), yet maintained its peptide
selectivity according to enzyme-linked immunosorbent assay
tests and flow cytometry with phage-bound Fab and in T cell
retargeting experiments (19, 20).
The structural basis of MHC-restricted peptide specificity
has been well illustrated for TCRs (21), but thus far it remained unclear whether pMHC-specific antibodies would utilize a structurally similar or very different solution to achieve
such specificity, in particular in light of their typically higher
affinity for pMHC complexes as compared with TCRs. The
plethora of different structural modalities described for antibody-antigen interactions (19, 22–24) does not permit a prediction to be made regarding the mode of interaction of HLAA1䡠MAGE-A1 with Hyb3. Therefore, we decided to determine
the structure of such a high affinity pMHC-restricted antibody
in complex with its antigen. In this paper we describe the
crystal structure of Hyb3 complexed with its target and discuss
the similarities and differences in pMHC binding modes between this reagent and cellular ligands such as TCRs.
EXPERIMENTAL PROCEDURES

Protein Production—The MAGE-A1 peptide (EADPTGHSY) was
solid phase synthesized and purified by high pressure liquid chromatography or purchased (Alta Bioscience, Birmingham, UK). HLAA*010101䡠MAGE-A1 complexes were produced by refolding from Escherichia coli inclusion bodies (25) and purified by gel filtration using a
Superdex 75HR column (Amersham Biosciences) as detailed previously
(14). Fab-Hyb3 was expressed as described for Fab-G8 (14) and recovered from the E. coli cell pellet without the need for mechanical cell
disruption by treatment with the mild protein extraction reagent BPER (Pierce) and DNase I. It was then purified by affinity chromatography and gel filtration on Superdex 75 10/300 GL columns. Purified
aliquots of HLA-A1䡠MAGE-A1 and Hyb3 were mixed at mass ratio
1:0.8, respectively, incubated at room temperature for 30 min, concentrated 4-fold using Millipore Ultrafree ultrafiltration units (Millipore,
Schwalbach, Germany), and applied on a Superdex 75HR gel filtration
column to remove excessive pMHC. The HLA-A1䡠MAGE-A1䡠Fab-Hyb3
(AMF) complex eluted as a symmetric peak with an apparent molecular
mass of 94 kDa. SDS-PAGE confirmed the purity of the sample and the
presence of all protein chains. The complex was concentrated to 15–20
mg/ml using a Millipore Ultrafree ultrafiltration device and employed
for crystallization.
Crystallization and Data Collection—All of the crystallization experiments were performed by vapor diffusion using the hanging drop
technique at 18 °C. Initially, needle clusters were obtained from a
polyethylene glycol 4000-based screen (JBScreen3; Jena Biosciences,
Jena, Germany). The crystals were very difficult to reproduce and
responded strongly to small changes of the precipitant composition.
After optimization, large rod-like clusters with individual rods up to
200 ⫻ 40 ⫻ 40 m grew from drops of 0.7 l of protein and 0.7 l of
precipitant (0.1 M MES, pH 6.5, 19% w/v polyethylene glycol 3350, 600
mM NaCl, 0.5% v/v dioxane). For data collection a suitable crystal was
isolated from a cluster, soaked briefly in cryobuffer (precipitant solution
plus 10% glycerol), and flash-cooled in liquid nitrogen. A native data set
at 2.15 Å resolution was collected at beam line ID29 of the European
Synchrotron Radiation Facility (Grenoble, France;  ⫽ 0.9762 Å, MAR
CCD detector). All of the measurements were performed at 100 K. The
data were processed with the program DENZO and scaled with SCALEPACK (see Table I) (26).
Structure Determination—The structure of the AMF complex was
determined by molecular replacement. As assessed from the Matthews
coefficient, two complexes (I and II) were expected in the asymmetric
unit (VM ⫽ 2.1 Da/Å3). HLA molecule (I) was unequivocally localized
with a peptide-stripped HLA-A2 model (Protein Data Bank code 1duz)
using Molrep from the CCP4 program suite (27). With molecule (I)
fixed, HLA molecule (II) could be localized. After rigid body refinement
(Refmac (27)), the R/Rfree was 0.49/0.50. Hyb3 was located using a data
base of 125 intact Fabs as search models. With AmoRe (27) Fab (I) was
localized (with the two HLA molecules fixed) with Protein Data Bank
code 7fab as search model. Because Fab (II) could not be unambiguously
localized, the search was carried out with all Fab search models split
into their variable and constant domains. Now the variable domain of
Protein Data Bank code 2gfb was located, and subsequently a solution
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TABLE I
Data collection and refinement statistics
Data collection
Space group
Unit cell a (Å), b (Å), c (Å),
and ␤ (°)
Resolution (Å)a
Unique reflections
Redundancy
Completeness (%)a
I/a
Rsyma,b
Refinement
Resolution (Å) a
Reflections (work set/test set)
Nonhydrogen atoms/number of
residues
Rcrysta,c
Rfreea,d
HLA-A1 heavy chain, no. of
atoms/average B value (Å2)
(chain A/D)
␤2-Microglobulin, no. of atoms/
average B value (Å2) (chain
B/E)
MAGE-A1 peptide, no. of
atoms/average B value (Å2)
(chain C/F)
Hyb3-H, no. of atoms/average
B value (Å2) (chain H/I)
Hyb3-L, no. of atoms/average
B value (Å2) (chain L/M)
Water, no. of
molecules/average B value
(Å2)
Glycerol, no of atoms/average
B value (Å2)
Estimated overall coordinate
error (Å)e
Root mean square deviation
from ideal geometry
Bond length (Å)
Bond angles (°)
Ramachandran plot
Most favored regions (%)
Additionally allowed regions
(%)
Disallowed regions (%)

P21
125.4, 50.1, 136.7, 109.9
30.0–2.15 ( 2.23–2.15)
78,453 (7786)
2.4 (2.2)
90.0 (90.3)
15.1 (2.3)
0.055 (0.234)
30.0–2.15 ( 2.23–2.15)
74,477/3961
13,455/1632
0.183 (0.22)
0.248 (0.27)
2228/23.2/24.4
837/24.9/26.4
69/21.6/23.8
1667/23.0/23.4
1586/23.1/22.9
653/37.5
24/51.9
0.24

0.012
1.6
90.3
9.3
0.4

a

The values in parentheses refer to the highest resolution shell.
Rsym ⫽ ⌺h⌺i 兩Ih,i ⫺ ⬍Ih⬎兩/⌺h⌺iIh,i.
Rcryst ⫽ ⌺h 兩Fo ⫺ Fc兩/⌺Fo (working set, no  cut-off applied).
d
Rfree is the same as Rcryst but calculated on 5% of the data excluded
from refinement.
e
Estimated overall coordinate error based on Rfree as calculated by
Refmac 5.1.9999.
b
c

for the constant domain of Protein Data Bank code 2fb4 was found. This
initial model was subjected to simulated annealing and energy minimization using CNS (28), automatic rebuilding using Arp/wArp (29), iterative cycles of manual rebuilding using O (30), and restrained maximum-likelihood refinement with Refmac. Noncrystallographic
symmetry restraints were not applied at any time during refinement.
Water molecules were included on the basis of peak heights (⬎2.5  in
Fo ⫺ Fc density maps) with ARP/wARP and manual fitting. After
translation, libration, screw rotation refinement (31), the R value converged at 0.183 (Rfree ⫽ 0.248) at 2.15 Å resolution. During structure
determination, Rfree served to control the process of convergence. The
final model comprises 1632 protein and peptide residues, 653 water
molecules, and 4 glycerol molecules. The stereochemistry of the refined
structure was validated with Procheck (32) and Whatcheck (33). The
figures were generated using Molscript (34) and raster3D (35) and other
programs as indicated in the figure legends.
RESULTS

General Features of the HLA-A1䡠MAGE-A1䡠Hyb3 Complex—
Crystals of the AMF complex diffracted synchrotron radiation
to 2.15 Å resolution. The structure was determined by molecular replacement and refined to R/Rfree values of 0.18/0.25
(Table I). There are two AMF complexes (I and II) per asym-

2974

Crystal Structure of a pMHC䡠Antibody Complex

FIG. 1. Overall topography of the AMF complex and conformation of the MAGE-A1 peptide. Stereo views of the HLA-A1䡠MAGEA1䡠Hyb3 complex viewed along the peptide axis, with the peptide C terminus in front (a) or rotated by 90° (b). The color code for CDR loops,
pMHC and Fab is given in the legend. In c the final 2Fo ⫺ Fc electron density map of the MAGE-A1 peptide is shown at 1  contour level. The
figure was generated using Povscript⫹ (www.stanford.edu/⬃fenn/povscript/).

metric unit, related by 2-fold noncrystallographic symmetry,
and unless otherwise stated, the description and discussion
will focus on complex I. The HLA-A*010101 (or short, HLA-A1)
heavy chain, ␤2-microglobulin, peptide, and Hyb3 heavy and
light chains will be designated with chain identifiers A, B, P, H,
L, respectively. Hyb3 H and L chains are numbered following
the standard Kabat convention. Most parts of the structure are
well ordered with only two HLA-A1 loops (Ala15–Ala20 and
Ala223–Ala228), the N-terminal Met of ␤2-microglobulin, and
Hyb3 residues His196–His200 displaying substantial flexibility.
The overall topography of the HLA-A1䡠MAGE-A1 complex
(Fig. 1, a and b) corresponds to previously determined pMHC
structures (36). The MAGE-A1 peptide (EADPTGHSY, P1–P9)
was modeled into the electron density without ambiguity (Fig.
1c). Its middle section (P4 –P7) is only loosely bound to the
peptide-binding groove of HLA-A1, a feature shared with most
but not all pMHC class I complexes (36 –39). A substantial
amount of stabilization comes from water molecules in the
proximity of the peptide that mediate additional contacts to the
HLA-A1 heavy chain and the peptide. The HLA-A1䡠MAGE-A1
complex presents a relatively flat antigenic surface, because
only one side chain (SerP8) points directly into the solvent (Fig.
1), whereas ProP4 and HisP7, although solvent-accessible,
hardly protrude above the binding groove.
The Interface of HLA-A1䡠MAGE-A1 and Hyb3—The contribution to the binding interface is not distributed equally among
the H and L chains of Hyb3 but in a 2-1 ratio. The complemen-

tarity determining region (CDR) loop CDR-H1 recognizes residues of the ␣1-helix and CDR-L3 interacts with both ␣-helices
of HLA-A1䡠MAGE-A1, whereas CDR-H2 and CDR-H3 exhibit
an intermediate position in that they contact both the peptide
and the ␣1-helix. Marginal contributions come from CDR-L1
and CDR-L2 (in each case, distances ⬎3.8 Å).
The most important interactions between Fab and pMHC
are mediated by CDR-H3. This loop is rich in aromatic amino
acids (98FHYYYY100C) (Fig. 2, a and b) and forms a clamp over
the ␣1-helix with PheH98, TyrH100B, and TyrH100C on the
external and HisH99 and TyrH100A on the internal side of the
peptide binding groove (Fig. 2b). Solvent molecules are absent
from this part of the interface, indicating strict shape complementarity. Residues with a buried surface area of ⬎60 Å2 are
PheH98, HisH99, TyrH100A, TyrH100B, and TyrH100C from
CDR-H3, as well as ArgA65 and GlnA72 from HLA-A1 (Fig. 2a
and Tables II, III, and IV). In addition, HisH99 and TyrH100A
are not only in contact with the ␣1-helix but are also hydrogenbonded to the peptide, either directly or via buried water molecules (Fig. 2, b and c). The conformation of the CDR-H3 loop is
further stabilized by an interaction between CDR-H1 and the
HLA-A1 heavy chain, because AspH30 and AspH31 form hydrogen bonds with ArgA65 (Table II), thereby positioning it
such that PheH98 of CDR-H3 can pack hydrophobically against
the aliphatic section of the ArgA65 side chain. These interactions bury more than 100 Å2 of ArgA65 surface area (Fig. 2a)
and can be expected to provide a substantial contribution to the
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FIG. 2. Interaction of the HLA-A1䡠MAGE-A1 complex with Hyb3. a, linkage plot. The figure shows the amount of surface area (in
Å2/residue; in case of Hyb3, numbering follows the Kabat data base) buried upon complex formation. Polar/polar contact areas (N/O) are shown as
red bars, hydrophobic/hydrophobic contact areas (all other atoms) are shown as black bars, and mixed contact areas between polar atoms of one
molecule and apolar atoms of the other are shown as blue bars. Residues which occlude each other are connected by straight lines. The locations
of the CDR loops are indicated. ␣-Helices of the HLA-A1 molecule are colored green. b– d, examples for interactions. The color code for HLA-A1
heavy chain, peptide and CDR loops is given in the legend; water molecules are depicted as blue spheres, hydrogen bonds are depicted as dotted
lines. The three panels depict the CDR-H3 clamp over the ␣1-helix (b), the CDR-H2 loop with the only direct interaction of Hyb3 with a peptide
side chain (c), and the CDR-L3 loop interacting with residues in the vicinity of the C terminus of the peptide (d).

2976

Crystal Structure of a pMHC䡠Antibody Complex
TABLE II
Direct contacts (ⱕ3.5 Å) between Hyb3 and HLA-A1 heavy chain

Hyb3 element

Hyb3 contact atom

HLA-A1 contact atom

Distance
Å

Hydrogen bonds
CDR-H1
CDR-H2
CDR-H3

CDR-L3

van der Waals’ interactions
CDR-H3
CDR-L3

AspH30 O
AspH30 OD1
AspH31 OD1
GlyH55 O
PheH98 N
HisH99 NE2
HisH99 NE2
TyrH100A OH
TyrH100C OH
SerL93 OG
SerL93 O
ArgL94 O
AspL95A OD1

ArgA65 NH1
ArgA65 NH1
ArgA65 NH1
GlnA155 NE2
GlnA72 OE1
AlaA69 O
ThrA73 OG1
ThrA73 OG1
GlnA72 O
ThrA80 OG1
LysA146 NZ
ArgA145 NH2
LysA146 NZ

2.9
3.4
3.0
3.1
3.0
2.6
2.9
2.7
2.6
2.5
2.7
3.2
3.1

TyrH100B CG
SerL93 CB
AspL95A CG

AlaA76 CB
Tyr80A CG2
LysA146 CE

3.5
3.5
3.5

TABLE III
Hydrogen bonds (ⱕ3.5 Å) between Hyb3 and MAGE-A1 peptide
Hyb3 element

Hyb3 contact atom

CDR-H2

AsnH53 ND2
GlyH55 O
TyrH100A OH
TyrH100A OH

Peptide contact atom

Distance
Å

CDR-H3

ProP4
HisP7
GlyP6
HisP7

O
NE2
O
N

2.8
3.3
3.1
3.2

TABLE IV
Water-bridged contacts (ⱕ3.5 Å) between Hyb3 and HLA-A1䡠MAGE-A1 complex
Hyb3 element

Hyb3 contact atom

CDR-H2

TrpH52A NE1
AsnH53 OD1
SerH56 OG
HisH99 ND2
HisH99 NE2
GlyL68 N

Water molecule

pMHC contact atom

Distances

ProP4 O
GlyP6 N
SerP8 N
GlyP6 O
Ala69 O
GluA89 OD1

3.3/2.7
2.8/2.9
2.8/3.0
2.8/2.8
3.4/3.2
3.0/2.6

Å

CDR-H3
CDR-L2

Wat
Wat
Wat
Wat
Wat
Wat

affinity of Hyb3 toward the HLA-A1䡠MAGE-A1 complex. A
number of hydrogen bonds to the MAGE-A1 peptide are formed
by the CDR-H2 loop (Fig. 2, a and c, and Table III), mostly to
the peptide backbone, either directly or mediated by interconnecting water molecules. Furthermore, this loop provides the
sole contact to the central region of the ␣2-helix (Fig. 2c and
Table II). Another important component contributing to the
interaction of HLA-A1䡠MAGE-A1 and Hyb3 is CDR-L3, which
spans across the end of the binding groove where the peptide C
terminus is located (Fig. 2, a and d, and Table II). It includes a
salt bridge from AspL95A to LysA146.
The resolution of the AMF data set was sufficient to permit
the identification of 653 water molecules, of which six are
completely buried in the AMF interface (Table IV) and contribute substantially to the high shape complementarity. The median value of the shape complementarity statistic (Sc) is a
measure of the geometric match at protein-protein interfaces
(40). For the AMF complex, Sc is 0.69 excluding and 0.72
including water molecules in the interface. These values are
very close to those from the two structures of killer inhibitory
immunoglobulin-like receptors (KIR) complexed with HLA-C
(0.69 and 0.71, respectively) (41, 42), in contrast to pMHC䡠TCR
interactions that reveal widely varying Sc values (0.43– 0.70)
(43– 47). Additional water molecules in clefts and crevices near
the interacting surfaces mediate further hydrogen bonds and
extend the protein䡠protein interface (Fig. 3a). The importance

X4
S37
S40
S36
Z43
Z55

of the bound water molecules is also evident from a two-dimensional projection of the atom-to-atom distance (Fig. 3b) and the
polarity (Fig. 3c) of the interface.
Hyb3 is the outcome of a complex in vitro affinity maturation
process (19), starting from the lower affinity Fab-G8 (14). In
the absence of a structure for Fab-G8, it is difficult to assess
which individual mutations contribute most to the affinity increase of Hyb3. There are only two amino acid substitutions
between the H chains of G8 and Hyb3 (both in the CDR-H3
region; Fig. 4a), but neither of them is directly involved in
contacting the HLA-A1䡠MAGE-A1 complex (Fig. 2a and Tables
II, III, and IV). A completely different situation is found regarding the L chains of G8 and Hyb3. By L chain shuffling, 22
residues (i.e. about 20% of the V region residues) were exchanged, more than half of them outside of CDR loops (Fig. 4a).
ArgL94 is the only Hyb3 residue with a buried surface larger
than 100 Å2 (Fig. 2a), thus representing one of the crucial
contact residues. In G8, this residue is a Thr (Fig. 4). The
mutation seems to have optimized hydrophilic as well as hydrophobic contacts to the pMHC ␣-helices, leading to an increased amount of buried surface and improved complementarity (Figs. 3a and 4b).
Comparison of the AMF with Other pMHC䡠Ligand Complexes—Although TCRs seem to be restricted to one common
pMHC binding mode (21, 48), in principle one could imagine
numerous modes by which an antibody could bind to a pMHC
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FIG. 3. Water molecules at the HLA-Fab interface. a shows an
enlarged view of the interface region of HLA-A1䡠MAGE-A1 (binding
groove area with the peptide in place) and Hyb3 (variable domains)
together with interfacial waters depicted as blue spheres. The color code
of the protein complex is given in the legend. All of the residues that
changed during the maturation process from G8 to Hyb3 are highlighted with red dots. The box marks the region that is depicted in
close-up view in Fig. 4b. b, two-dimensional projection of interface
properties of the HLA-A1䡠MAGE-A1䡠Hyb3 complex illustrating the atom-to-atom distance between HLA and Fab as small (red) and large
(blue) (see legend). Binding hot spots are circled in black. Regions that
change substantially after inclusion of water molecules are circled in
yellow. In c the residue polarity similarity is mapped on the twodimensional surface projection. The interface is characterized mainly
by polar interactions. Water molecules contribute markedly to the overall characteristic of the interaction. The figure was generated using
Molsurfer (projects.villa-bosch.de/dbase/molsurfer/).

in a peptide-specific manner. However, the interactions of
Hyb3 with HLA-A1䡠MAGE-A1 resemble those of TCRs with
pMHCs in several respects (Fig. 1, a and b). In particular, Hyb3
docks from the “top” to an epitope encompassing the flat surface composed of the helices and the antigenic peptide. Also,
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FIG. 4. Comparison of G8 with Hyb3. a, sequence alignment of the
VH and VL domains of the G8 and Hyb3 molecules with their most
closely related V regions, respectively, from the Kabat data base. Residue exchanges associated with maturation are highlighted with bold
letters, and the locations of the CDR regions are indicated by red boxes.
b, close-up views of an interesting matured region of the Hyb3 and G8
L chain outlined by the gray box in Fig. 3a. In this area several residues
are exchanged, giving rise to enhanced affinity. Backbone segments are
depicted as thick coils with selected side chains in stick presentation.
Hydrogen bonds are depicted as dotted lines. The figure showing the G8
section was generated by manually modeling mutated residues.

the diagonal binding mode between the two partners within the
AMF complex resembles that observed in the pMHC䡠TCR complexes determined so far.
However, the overall architecture of the AMF complex is
different as the tilting angle  (see definition in legend of Fig. 5)
between HLA-A1 and Hyb3 is 45° but is found much smaller, in
the range of 7–14°, for pMHC䡠TCR complexes (43– 46). In addition, the orientation of Hyb3 with respect to the pMHC differs from those found for pMHC䡠TCR complexes as revealed by
the footprints in Fig. 5 (b–f). Although TCRs usually bind to the
center of the pMHC peptide binding groove and to adjacent
parts of the ␣1- and ␣2-helices, the position of Hyb3 and associated binding interactions are shifted toward the ␣1-helix and
toward the peptide C terminus (Fig. 5, b and c). The two types
of epitopes overlap, however, and this is found also when the
Hyb3 footprint on HLA-A1䡠MAGE-A1 is compared with those of
two KIRs on HLA-C molecules (Fig. 5, c and g) (41, 42).
Hyb3 recognizes the MAGE-A1 peptide via the CDR-H2 and
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CDR-H3 loops (Fig. 2, b and c) and contacts the pMHC via all
H chain CDRs as well as via CDR-L3 (Fig. 5c and Tables II, III,
and IV). By contrast, TCRs commonly use the CDR3 loops of
their ␣- and ␤-chains for contacting the peptide, whereas the
remaining CDRs bind to the ␣1- and ␣2-helices of a pMHC (see
Fig. 5 (d–f) for selected examples). KIRs are comparable with
TCRs with regard to the number of loops used for contacting a
pMHC (Fig. 5g), although the location of these loops within the
two Ig domains is completely different (41, 42). For the AMF
complex, the buried molecular surface is 1930 Å2, a value that
lies within the typical range for pMHC䡠TCR complexes (HLAA2䡠MP䡠JM22, Protein Data Bank code 1oga (46), 1550 Å2; HLAA2䡠Tax䡠A6, Protein Data Bank code 1ao7 (43), 2020 Å2;
H-2Kb䡠dEV8䡠2C, Protein Data Bank code 2ckb (44), 2080 Å2)
(Fig. 5, d–f) but is significantly larger than that for a typical
protein䡠antibody interaction, which is about 1500 Å2 (49). On
the other hand, the HLA-C䡠KIR2DL2 interaction (Protein Data
Bank code 1efx) buries only 1560 Å2 of surface area (Fig. 5g)
(41).
DISCUSSION

FIG. 5. Comparison of Hyb3, TCR, and KIR binding modes with
pMHCs. a illustrates the definition of the tilting angle  of the Fab on
top of the HLA molecule. The lines passing through the centers-of-mass
(orange circles) of the two interaction partners and the center of the
peptide (C␣ at P5) are used to calculate the angle  between these two
lines. Typically, small  angles (7–14°) are found in pMHC䡠TCR complexes (see text). b, comparison of the binding orientation of Hyb3 in the
AMF complex with that of pMHC䡠TCR complexes. The angles are calculated from an axis between the disulfide bridges of the VL and VH
domains of Hyb3 (or V␣ and V␤ of a TCR) and the axis spanning the N
and C termini of the cognate peptide. The ellipses refer to the bodies of
the Hyb3 or TCR molecule, respectively, schematically projected on the
binding groove. TCR binding interactions are focused on the center of
the peptide and the binding groove, whereas they are shifted toward the
␣1-helix with Hyb3. c– g, footprints of the CDR loops of Hyb3, the V␣
and V␤ chains of three TCRs, and interacting loops of a KIR on pMHCs.
Surfaces of atoms within 4 Å distance to the pMHC are shown in colors
corresponding to the respective CDR loops (see legend). The view is
from the Fab, TCR, or KIR onto the peptide-binding site of the pMHC.
The MHC binding groove is shown as C␣ ribbon (gray); the peptide is in
stick representation (red). c, Hyb3 footprint, color-coded according to
the respective CDR loops and following Fig. 1. d–f, TCR footprints
shown for comparison: Protein Data Bank codes 1oga (d), 1ao7 (e), and
2ckb (f). Color coding according to the respective CDR loops of the TCR
V␣- and V␤-chains as for the Hyb3 CDR-H and CDR-L loops. g, footprint of KIR2DL2 on HLA-Cw3 (Protein Data Bank code 1efx) with
coloring in analogy to Hyb3 CDR loops: dark blue for residues 20 –23,
green for residues 43– 46, light blue for residues 67–74, orange for
residues 103–108, red for residues 130 –135, and yellow for residues
182–184. Every type of ligand has found its individual solution for
pMHC recognition.

There are two central questions that our study addresses: (i)
how are high affinity and specificity of the interaction between
a pMHC-restricted antibody and its target achieved, and (ii) do
pMHC-restricted antibodies share structural features with
natural ligands in their binding mode to pMHC complexes?
Despite the lack of specific docking points on the relatively
featureless HLA-A1䡠MAGE-A1 surface (Figs. 1 and 2), the antibody Hyb3 recognizes the pMHC complex in a way that resembles those of TCRs with pMHCs in a number of respects.
Three residues in the MAGE-A1 peptide have side chains that
could act as hydrogen bonding partners for Hyb3 (TyrP5,
HisP7, and SerP8). However, all direct contacts to the peptide
are formed between side chains of the CDR loops of the antibody and peptide backbone atoms, except for HisP7NE2, which
hydrogen bonds to GlyH55O (Fig. 2 and Tables II, III, and IV).
The side chains of the other residues of the peptide are apolar
and small (AlaP2, ProP4, and GlyP6) or are part of buried
anchor positions (GluP1 and TyrP9).
Under these conditions, peptide specificity appears to be
achieved by many close interactions to the peptide backbone
that would be broken if another peptide such as MAGE-A3
(EVDPIGHLY, differing from MAGE-A1 at positions P2, P5,
and P8) (14) were presented. Indeed, Hyb3 does not bind to
HLA-A1 complexed to the MAGE-A3 peptide. It binds only
weakly when this peptide carries Ser at position P8 and
strongly when it carries Thr at position P5 (19). Further evidence supporting the importance of residues ThrP5 and HisP7
in the interaction comes from recent T cell retargeting experiments (20) with Hyb3, using alanine mutants of the MAGE-A1
peptide. It was found that alanine replacements at positions P5
and P7 abolish Hyb3-mediated cell killing, whereas its introduction at positions P1, P4, and P8 had no effect.2
In most of the pMHC-TCR structures reported, one or two
residues protrude form the central peptide bulge and are contacted by the TCR, thus making an important contribution to
specificity. This is somewhat different in the complex of HLAA2䡠MP䡠JM22 (Protein Data Bank code 1oga) (46), in which the
displayed peptide has no protruding side chains. The JM22
TCR overcomes this difficulty by delivering a “protrusion” by
itself. The normal binding situation (protrusion from the peptide, notch/pit from the TCR) is inverted because of paucity of
peptide side chains. In the case of Hyb3, we find a similar
situation; protruding peptide side chains are missing here as
well, and the antibody, by using the same strategy as JM22,
2
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also binds to a notch between the ␣1-helix and the peptide via
its CDR-H3 region. Further peptide selectivity of Hyb3 is based
on the direct contact of GlyH55 with GlnA155 and relies also on
water molecules that act as small “adapters” to provide additional contacts between peptide and Hyb3 (Tables II and IV).
Specificity for the HLA-A1 allele may be achieved by comparable interactions. The degree of allele specificity exhibited by
Hyb3 has not been determined in detail (14), but HLA-A1 is
distinguished by the presence of AlaA76 from nearly all other
HLA class I heavy chains (www.ebi.ac.uk/imgt/hla/).
Previous structural studies of affinity-matured antibodies
(50 –52) have indicated that burial of increasing amounts of
apolar surface, in particular at the interface periphery, and
improved shape complementarity are the key structural elements that contribute to high affinity and specificity. In the
absence of the pMHC䡠G8 structure, we cannot verify whether
the maturation process in fact results in an increase of buried
nonpolar surface, although the mutations that distinguish the
H chain of G8 from that of Hyb3 (Arg96 and Ile102) do occur in
the periphery of the interface. The affinity increase caused by L
chain mutations appears to arise mainly from indirect effects
that stabilize the conformation of the CDR loops (Fig. 4).
Although still poorly understood, the characteristic diagonal
docking mode for most pMHC䡠TCR interactions is thought to be
due either to evolutionary pressure that shapes TCR V-gene
repertoires or positive and negative T cell selection processes
within the thymus, in which accessory proteins on the T cell
surface might only be able to participate when the pMHC䡠TCR
binding mode is appropriate (53, 54). Furthermore, TCRs with
high affinity for foreign pMHC are negatively selected, thereby
biasing T cell responses to interactions involving low affinity
TCRs (55). These biological restraints, however, do not play a
role for the selection of phage display-derived antibodies such
as Hyb3 that are generated entirely in vitro. Nevertheless, a
diagonal docking interaction characterizes also the AMF complex (Fig. 5). This cannot be regarded as surprising because, of
the many ways in which a pMHC-specific antibody might be
able to recognize its target, a diagonal binding mode is much
more probable than an orientation of the Fab precisely in line
with or perpendicular to the peptide. On the other hand, the in
vitro selection process will enrich antibodies that have already
established optimal contacts with the heavy chain and the
peptide, without restricting the contribution of individual CDR
loops to particular regions on the surface of a given pMHC, as
in the case of TCRs (43– 46). Therefore, the large tilting angle
 between Hyb3 and the HLA-A1䡠MAGE-A1 complex (Figs. 1
and 5) is probably a consequence of more interactions of Hyb3
with the ␣1- than the ␣2-helix of this pMHC.
The issue of pMHC recognition by TCRs and antibodies has
also been addressed by Stryhn et al. (56) and by Messaoudi and
co-workers (57) and more recently by Biddison et al. (24), who
systematically compared the binding of several phage displayderived antibody fragments and TCRs recognizing the Tax or
M1 peptides in the context of HLA-A2 and various heavy chain
mutants. These studies reveal that both antibody fragments
and TCRs were negatively affected by exchanges of residues in
the vicinity of the N-terminal half of the peptide. In particular,
mutations of HLA-A2 heavy chain Arg65 and Lys66 (Tax peptide) or Lys66 and Gln155 (M1 peptide) reduced or even abrogated TCR and Fab reactivity, implying an overlap of Fab
footprints with those of TCR ␣-chains (24). ArgA65 and
GlnA155 play a role in the AMF interaction as well, suggesting
that the epitopes of the HLA-A2-specific Fabs might partially
overlap with that of Hyb3 (Fig. 2). Conversely, results from two
monoclonal antibodies and H-2Kb molecules presenting an
ovalbumin-derived peptide indicated that the antibody and the
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␣-chain of the single TCR analyzed (57) shared parts of their
footprints that are similar to KIR footprints on HLA-C䡠peptide
complexes (Fig. 2) (41, 42). A detailed comparison is currently
precluded because the structures of only a limited number of
pMHC䡠ligand complexes are known.
In conclusion, our study provides a rationale for achieving a
high affinity interaction, accompanied by a pronounced degree
of specificity, between an antibody and a particular pMHC
complex, even with a peptide that contributes only modestly to
the epitope. The solution chosen by Hyb3 is to generate an
extended paratope displaying a high surface complementarity
with its epitope, through the formation of a binding hot spot on
one ␣-helix and some key interactions on accessible parts of the
peptide to ensure peptide selectivity. Structural studies of additional complexes of pMHC and antibodies will reveal to what
extent the findings reported here can be generalized.
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