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Molecular recognition by the adaptive immune system relies on
specific high-affinity antibody receptors that are generated from a
restricted set of starting sequences through homologous recom-
bination and somatic mutation. The steroid binding antibody DB3
and the catalytic Diels–Alderase antibody 1E9 derive from the same
germ line sequences but exhibit very distinct specificities and
functions. However, mutation of only two of the 36 sequence
differences in the variable domains, LeuH47Trp and ArgH100Trp,
converts 1E9 into a high-affinity steroid receptor with a ligand
recognition profile similar to DB3. To understand how these
changes switch binding specificity and function, we determined
the crystal structures of the 1E9 LeuH47Trp/ArgH100Trp double
mutant (1E9dm) as an unliganded Fab at 2.05 Å resolution and in
complex with two configurationally distinct steroids at 2.40 and
2.85 Å. Surprisingly, despite the functional mimicry of DB3, 1E9dm
employs a distinct steroid binding mechanism. Extensive structural
rearrangements occur in the combining site, where residue H47
acts as a specificity switch and H100 adapts to different ligands.
Unlike DB3, 1E9dm does not use alternative binding pockets or
different sets of hydrogen-bonding interactions to bind configu-
rationally distinct steroids. Rather, the different steroids are in-
serted more deeply into the 1E9dm combining site, creating more
hydrophobic contacts that energetically compensate for the lack of
hydrogen bonds. These findings demonstrate how subtle mutations
within an existing molecular scaffold can dramatically modulate the
function of immune receptors by inducing unanticipated, but com-
pensating, mechanisms of ligand interaction.

antibody–antigen complex � modulation of receptor specificity �
molecular recognition � protein engineering � x-ray crystallography

Molecular recognition of antigens by the immune system is
challenging because this process requires fulfillment of

two opposing criteria. First, the repertoire must be able to
recognize the vast universe of foreign antigens. Second, speci-
ficity and selectivity for any given antigen must be ensured to
avoid self-reactivity and autoimmune diseases, such as lupus,
rheumatoid arthritis, type I diabetes, or multiple sclerosis. How
the immune system balances these factors remains incompletely
understood despite decades of study. The adaptive immune
response evolves immune receptors through recombination from
a limited, but still substantial, arsenal of germ line precursors
that are then optimized by class switching and affinity matura-
tion. However, there are far fewer germ line precursors [�108

different antibody sequences (1)] than potential antigens. Thus,
a restricted number of antibody scaffolds must suffice for
recognition of all possible ligands, including synthetic com-
pounds that are not likely to be encountered in microbial
infection or disease.

An interesting example that highlights the limitations of
antibody specificity is the steroid binding antibody DB3 (2). DB3
was raised against a progesterone derivative to examine the role
of progesterone during pregnancy in mice, but it cross-reacts

with a configurationally diverse set of steroids with nanomolar
affinity (3, 4). These compounds differ in the configuration of
their A ring relative to the B, C, and D rings going from
essentially planar to being bent out of the plane by almost 90°
(Fig. 1 B and C). Structural analysis of DB3 complexes with
different steroids has revealed that alternative binding modes
rather than conformational changes of the protein largely ac-
count for its antigen cross-reactivity (4, 5). Depending on the
steroid configuration, the B, C, and D rings are sandwiched by
TrpH50 and TrpH100 in either a ‘‘syn’’ or an ‘‘anti’’ mode, as
defined by the relative disposition of the two methyl groups of
progesterone relative to TrpH50 (4), whereas the A ring can
alternatively occupy two different pockets on the surface of the
antibody (6). In each orientation, the specificity of the recogni-
tion is focused on the steroid D ring, which is deeply buried in
a hydrophobic cavity and accepts a hydrogen bond from AsnH35

to the keto group at C17 or C20 (6). The C3 keto group either
hydrogen bonds with HisL27d (for steroids in the syn orientation),
or with a water molecule (for steroids in the anti orientation).

Interestingly, DB3 shares 91% sequence identity to another
antibody, 1E9, which efficiently catalyzes the cycloaddition
between tetrachlorothiophene dioxide and N-ethylmaleimide
(7). 1E9 was raised against a stable analogue of the bicyclic
reaction intermediate (Fig. 1 A) to which it binds with nanomolar
affinity. Structural analysis and theoretical calculations have
attributed the catalytic efficiency of 1E9 to enthalpic stabiliza-
tion of the reaction intermediate, near-perfect shape comple-
mentarity of the hydrophobic binding site for the transition state,
and a strategically placed hydrogen bond (8–10).

Although the steroid binding DB3 and the Diels–Alderase 1E9
antibodies derive from the same germ line sequences (VGAM3.8
and V�5.1 for the variable heavy and light chain gene segments,
respectively), their variable domains exhibit 36 sequence differ-
ences. Six of these amino acids, namely residues L89, L94, H47,
H97, H100, H100b, are located in the combining site, providing an
explanation for their different functions (10) and weak cross-
reactivity (11). Interestingly, some of the key combining site resi-
dues are identical; the hallmark residue of the VGAM3.8 gene
family, AsnH35, is crucial for ligand binding by DB3 and catalysis by
1E9, and TrpH50 contributes significantly to ligand binding in both
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cases (4, 10). Otherwise, for DB3, specific interactions between the
cavity-lining residues and the steroid skeleton, particularly with the
D ring, are essential (4, 5), whereas, for efficient catalysis by 1E9,
shape complementarity combined with a few specific interactions
are most important (8, 9).

Piatesi et al. (12) showed by site-directed mutagenesis and
binding studies that only two mutations are needed to intercon-
vert the binding specificities of 1E9 and DB3. The LeuH47Trp/
ArgH100Trp 1E9 double mutant (1E9dm) both binds steroids
with nanomolar affinity and recapitulates the binding specificity
of DB3 for a panel of structurally and configurationally distinct
molecules. By structural analysis, we now investigate on an
atomic level how these two mutations enable a restricted anti-
body scaffold to fulfill such diverse functions as catalysis of a
Diels–Alder cycloaddition and high-affinity steroid binding. We
uncovered unexpected steroid binding modes for 1E9dm that
imply that the ligand-binding properties of structurally homol-
ogous protein-binding sites may evolve via unanticipated inter-
mediates rather than directly. Our findings indicate that subtle
changes in predefined binding sites can dramatically modulate
selectivity and affinity by creating novel interaction mechanisms.

Results
1E9dm Fab Crystal Structures. The crystal structure of the 1E9dm
Fab was determined for the unliganded protein and in complex
with two configurationally distinct steroids (13, 14), progester-
one (Fig. 1B), and 5�-androstane-3,17-dione (Fig. 1C) (Table 1).
Despite their high solvent content (�75%, VM � 4.7 Å3/Da for
1 mol/ASU), the crystals diffracted to resolutions of 2.05 Å (apo
protein), 2.40 Å (5�-androstane-3,17-dione complex), and 2.85
Å (progesterone complex). The Fab molecules are packed in a
honeycomb lattice with large solvent channels (�100 Å in
diameter) that run parallel to the threefold axis. 1E9dm resem-
bles typical Fab structures (15) and steroid binding does not
induce conformational changes other than in the binding site
(RMS deviation of 0.23–0.27 Å for superposition of all backbone
atoms).

1E9dm Apo Structure. The majority of the residues in the 1E9dm
binding pocket are contributed by the complementarity-
determining regions (CDRs). The active site is lined by the
hydrophobic side chains of PheL89, PheL94, ProL96, TrpH47,
TrpH50, TrpH100, and MetH100b; the C� and C� atoms of SerL91;
the C� and C�2 atoms of ThrH58 and ThrH97; the C�2, N�2 and
C�1 atoms of HisL27d; and the side chain of AsnH35. The latter
residue forms two hydrogen bonds (2.7 and 3.1 Å) to a Tris
molecule (Fig. 2A and B) that originates from the protein storage
buffer.

All residues in the binding site are well ordered, except for

TrpH100 whose side chain is f lexible as indicated by less well
defined electron density beyond C� and elevated B values
(average of 62 Å2 as compared with the average of 44 Å2 for
other side-chains in the binding site). Different orientations of

Table 1. Data collection and refinement statistics of the 1E9dm
structures

Apo
Progesterone

complex
5�-androstane-

3,17-dione complex

Data collection
Space group P3121 P3121 P3121
Unit cell dimensions

a, Å 127.6 128.4 127.3
b, Å 127.6 128.4 127.3
c, Å 91.9 91.8 92.0

Resolution, Å 50.00–2.05
(2.29–2.05)*

50.00–2.85
(2.92–2.85)*

50.00–2.40
(2.49–2.40)*

Rsym,† % 8.2 (52.5) 11.1 (38.2) 8.5 (52.9)
�I/�I� 15.6 (2.4) 9.6 (2.4) 14.3 (2.7)
Completeness, % 99.6 (100.0) 96.4 (88.3) 99.9 (99.9)
Unique reflections 54,536 20,438 33,845
Redundancy 4.1 (3.9) 3.9 (4.1) 4.3 (4.3)

Refinement
Rwork

‡/Rfree,§ % 17.8 / 20.4 18.3 / 23.6 17.1 / 21.6
Refined atoms

Protein 3,536 3,351 3,416
Ligand 8 23 21
Water 278 65 175
Sulfate 65 70 125

Average B values
Protein, Å2 48 46 47
Ligand, Å2 58 35 46
Water, Å2 52 33 47
Sulfate, Å2 64 47 57

rmsd
Bond lengths, Å 0.017 0.015 0.015
Bond angles, ° 1.67 1.65 1.57

Ramachandran plot
Allowed 99.8 100.0 99.5
Favored 98.4 95.2 97.5
Disallowed 0.2 0.0 0.5

* Highest resolution shells are shown in parenthesis.
†Rsym � �hkl�i Ii(hkl) � �I(hkl)��/�hkl�iIi(hkl)
‡Rwork � �hkl��Fc(hkl)� � �Fo(hkl)��/� hkl�Fo(hkl)�.
§Rfree is calculated in the same manner as Rwork but from 5% of the data that
was not used for refinement.

Fig. 1. Structures of ligands bound by 1E9, 1E9 LeuH47Trp/ArgH100Trp (1E9dm), and DB3. (A) The endo hexachloronorbornene derivative is a transition state
analog of the Diels–Alder cycloaddition catalyzed by 1E9. (B and C) Progesterone (B) and 5�-androstane-3,17-dione (C) are structurally distinct steroids. Their
A rings assume different orientations relative to the rest of the steroid skeleton (B, C, and D rings) because of the substitution at carbon C5 (indicated in red).
Progesterone is C5-unsaturated (sp2 hybridization) with an �35° bent A ring. 5�-androstane-3,17-dione is 5�-substituted (sp3) and its A ring is almost
perpendicular to the rest of the steroid skeleton.
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the indole ring can be discerned (Fig. 2B); ‘‘open’’ states are
characterized by �-stacking of the TrpH100 side chain with the
phenol ring of TyrL32, whereas the indole of TrpH100 rotates
into the ligand binding pocket of “closed” states to minimize
exposure of the hydrophobic surface (4).

The LeuH47Trp and ArgH100Trp mutations significantly alter the
shape of the 1E9 binding pocket such that the combining site of the
double mutant now resembles a fusion between 1E9 and DB3 (Fig.
3). As in DB3, the TrpH100 side chain can either act as a surrogate
ligand for the unliganded binding pocket, or in the open confor-
mation, as a hydrophobic platform that can adapt to distinct ligands
to provide van der Waals interactions. Although the ArgH100Trp
mutation does not significantly change the affinity for the 1E9 TSA,
it enhances the affinity for steroids (12). Residue H47, however,
primarily acts as a specificity switch: Replacement of LeuH47 by the
bulky TrpH47 leads to a complete reorganization of the 1E9 binding
site and three orders of magnitude weaker TSA binding (12),
because it sterically forces the TrpH50 indole to rotate �145° around
its C�-C� bond [Fig. 4A and B and supporting information (SI)
Figs. S1 and S2] to assume approximately the same location as in
DB3 (4, 5) (Fig. 3 B and C). However, the TrpH50 side chain is
rotated �75° around 	1 and 180° around 	2 compared with DB3
(Fig. 4 C and D and Figs. S3 and S4), although no obvious spatial

restrictions or interactions would favor a particular rotamer in
either protein.

Steroid Recognition by 1E9dm. The remodeling of the 1E9 active
site due to the LeuH47Trp mutation in 1E9dm allows it to snugly
sequester both the slightly bent progesterone and the highly
kinked 5�-androstane-3,17-dione (Fig. 2 C and E). Although
structurally distinct, both steroids occupy essentially the same
general location in the deep cavity in an orientation approxi-
mately perpendicular to the protein surface (Fig. 3B). Three
rings of the steroid skeleton (78% of the steroid surface) are
deeply buried in the pocket, whereas the ring proximal to the
pocket entrance stacks with the more mobile and adjustable
indole side chain of TrpH100. In 5�-androstane-3,17-dione, the D
ring is buried in the protein interior and the perpendicular A ring
packs against TrpH100 (Fig. 2F). In contrast, progesterone is
bound with an inverse head-to-tail arrangement burying its A
ring and packing the C and D rings, including the C20 substitu-
ent, against TrpH100 (Fig. 2D).

The majority of interactions between the steroids and
1E9dm are van der Waals contacts (46 of 49 and 42 of 42 for
the progesterone and 5�-androstane-3,17-dione complexes,
respectively). The heavy chain contributes many more inter-
actions than the light chain (71.3% and 28.7% for VH and VL,
respectively) in both complexes. More specifically, CDR H3
(41.1%), H2 (16.0%) and L3 (26.9%) provide the majority of
the contacts, whereas H1 (8.4%), and L1 (1.8%), and some
framework residues of the heavy chain (5.8%), make more
modest contributions. Interestingly, 35% of all contacts are
provided by only 2 of 18 interacting residues, namely TrpH50

(15%) and TrpH100 (20%). The indole rings of these residues
engage in hydrophobic stacking and sandwich the steroid
skeletons of progesterone (Fig. 2 C and D) and 5�-androstane-
3,17-dione (Fig. 2 E and F).

Comparison of Steroid Binding by 1E9dm and DB3. Even though
1E9dm and DB3 have comparable low nanomolar affinities for
progesterone and 5�-androstane-3,17-dione (12), actual steroid
binding and interactions with the antibody are accomplished
differently. The principal axis of the steroid skeleton is rotated
by �40° in 1E9dm compared with DB3 (Fig. 3 B and C). DB3
binds unsaturated C5 or 5�-substituted steroids (Fig. 1B) in a syn
orientation and 5�-substituted steroids (Fig. 1C) in an anti
binding mode (Fig. 3C) but, in both modes, its specificity is
exclusively focused on the buried steroid D ring (4, 6). In
contrast, 1E9dm binds both steroids in a syn orientation (Fig.
3B). As in DB3, 5�-androstane-3,17-dione is inserted so that its
D ring is buried (Figs. 2F and 3B and Fig. S4). Most unexpect-
edly, progesterone is bound in 1E9dm with the A ring being most
deeply buried (Figs. 2D and 3B). However, this progesterone
binding mode does not translate to any significantly lower
binding affinity. The Kd values of the progesterone complexes of
1E9dm and DB3 are both low nanomolar (12). The aforemen-
tioned ligand binding differences are caused by the discrimina-
tive space requirements of the corresponding H100b residues.
1E9 contains MetH100b, whereas DB3 features a bulky PheH100b

that provides high shape complementarity to steroids and posi-
tions them closer to the opening of the DB3 combining site (Fig.
3C). The substitution of MetH100b in 1E9 versus PheH100b in DB3
reconfigures the binding pocket of 1E9dm and generates space
in the base of the pocket that allows for deeper penetration of
the ligands.

In contrast to DB3, hydrogen-bonding interactions do not
appear to play a major role in steroid binding by 1E9dm.
Because of the different location and arrangement of proges-
terone and 5�-androstane-3,17-dione in 1E9dm versus DB3,
the steroid keto groups that are buried in the interior of 1E9dm
do not engage in any strong hydrogen bonds, as any potential

Fig. 2. Structures of the 1E9dm Fab combining site with different bound
ligands. (Left) Surface representations of the combining site residues with the
bound ligands (green) in similar perspectives. The van der Waals radii of the
ligands are indicated as dots to give an impression of their fit in the binding
pocket. The leuH47Trp and ArgH100Trp mutations were introduced into WT 1E9
to generate 1E9dm (pink). (Right) 2Fo � Fc electron density maps (1� level) in
different views around the ligands (blue mesh) highlighting the quality of the
maps. (A and B) 1E9dm Fab apo structure with the bound Tris buffer molecule.
The open and closed conformations of TrpH100 are illustrated. (C and D) 1E9dm
progesterone complex. (E and F) 1E9dm 5�-androstane-3,17-dione complex.
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hydrogen bonding donors are either too distant (�3.5 Å) or in
unfavorable geometry. Instead, the polar keto groups are
either packed against the hydrogens of MetH100b C� and the
AlaH100a peptide plane in the case of progesterone or against
the hydrogens of AsnH35 N�2 and GlyH95 C� in the case of
5�-androstane-3,17-dione. However, because of the formation
of the crystal lattice, AsnL28 N�2 of a symmetry-related Fab
hydrogen bonds weakly with O20 of progesterone or with O3
of 5�-androstane-3,17-dione, but these interactions would not
occur in solution.

1E9dm does not hydrogen bond with either of the steroids,
which is surprising because, in all DB3 steroid complexes, AsnH35

hydrogen bonds with the steroid keto group at C17 or C20 (Fig.
4 C and D and Figs. S3 and S4), thus orienting the steroid in the
pocket and providing specific recognition (6). DB3 also hydro-
gen bonds with the C3 keto or hydroxyl groups of the syn or anti
bound steroids with HisH27d N�2 or a water molecule adjacent to
ThrH58, respectively (Fig. 4 C and D and Figs. S3 and S4). DB3
thus provides hydrophobic interactions with the steroid skeleton
and hydrogen bonding with either steroid keto or hydroxyl
groups, whereas 1E9dm uses a more extended arsenal of hydro-
phobic interactions that are associated with deeper penetration
of the ligands into the protein. Remarkably, despite the different
binding mechanisms, DB3 and 1E9dm exhibit similar high

affinities for these structurally distinct ligands (12)¶, indicating
that the increased number of hydrophobic interactions between
1E9dm and the steroids energetically compensates for the lack
of hydrogen bonds (16).

Discussion
To enhance our understanding of how subtle differences in
highly homologous binding sites can modulate selectivity, affin-
ity, and function, we investigated the evolution of the ligand
recognition properties of two structurally related but function-
ally distinct antibodies, the steroid-binding DB3 and the Diels–
Alderase 1E9, via crystallography. Piatesi et al. (12) recently
showed that the specificity and function of 1E9 can be gradually
switched to that of DB3 by mutation of only five residues
(PheL89Ser/LeuH47Trp/ThrH97Tyr/ArgH100Trp/MetH100bPhe) in
the combining site. As expected, because of its increased resem-
blance of DB3, 1E9 loses its ability to catalyze the Diels–Alder

¶Despite their structural differences, the functional mimicry of 1E9dm and DB3 extends to
low affinity ligands like testosterone. Fluorescence titration experiments (primary data
not shown) gave a dissociation constant of 0.11 � 0.03 M for the complex of this steroid
with 1E9dm, which is within a factor of four or five of the Kd for DB3 (Kd � 0.5 � 0.1 M)
(3). Thus, the two antibodies achieve the same level of discrimination for testosterone as
for steroids like progesterone and 5�-androstane-3,17-dione that bind two orders of
magnitude more tightly (3,12).

Fig. 3. Ligand binding by Diels–Alderase 1E9 (A), 1E9dm (B), and the steroid-binding DB3 (C). (Left) Proteins are shown in the same orientation to demonstrate
the distinct shapes of the combining sites and the different ways in which the respective ligands are bound. Light yellow, 1E9 TSA; cyan, progesterone; orange,
5�-androstane-3,17-dione and two ordered water molecules. (Right) 2D schemes of the ligand binding modes are shown. Green, polar residues; brown,
hydrophobic; blue-lined circle, basic; red-lined circle, acidic; gray dashed line, proximity contour; fuzzy blue, ligand exposure; blue underlayed circle, receptor
exposure; green arrow, side chain donor; olive line, solvent contact.
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reaction or even bind the TSA, but gains steroid-binding prop-
erties. Residues at position H47 and H100 were identified as
most crucial for discriminating between the Diels–Alder activity
of 1E9 and steroid-binding by DB3. Remarkably, the introduc-
tion of only these two mutations (LeuH47Trp/ArgH100Trp) into
the WT 1E9 binding site increases the affinity for steroids up to
14,000-fold and results in a 1E9 variant (1E9dm) that recapitu-
lates the specificity of DB3 for a panel of structurally dissimilar
ligands (12). Despite this functional mimicry, comparison of the
1E9dm and the DB3 crystal structures reveals structural differ-
ences that give rise to distinctively different shapes for their
ligand binding sites and result in novel modes of steroid binding
(Fig. 3). The fusion of the 1E9 framework with the DB3
mutations that confer altered ligand specificity in 1E9dm have
created a binding site that accommodates steroids by unantici-
pated mechanisms and modes of binding without sacrificing
affinity for a panel of steroids that differ in configuration at C5.

The ArgH100Trp mutation is significant for steroid binding by
1E9dm, because it provides first shell van der Waals interactions
with the steroid skeleton, which act cooperatively with the
LeuH47Trp mutation. In 1E9dm the TrpH100 side chain acts as a
surrogate ligand for the apo binding site and undergoes a
closed-to-open transition upon steroid binding just as in DB3.
Slight adaptations of its side-chain conformation then facilitate
hydrophobic stacking with different ligands. Although arginine
and tryptophan have been found to be functionally equivalent at
position H100 in some steroid-binding antibodies (17), the
importance of the ArgH100Trp substitution for switching speci-
ficity is consistent with mutational studies on both 1E9 (12) and
DB3 (18).

The nature of the second interaction shell, specifically the
residue at H47, which does not make direct contact with the

transition state analog in 1E9 and barely interacts with the
steroids in 1E9dm or DB3, is critical for discrimination between
the different classes of ligands bound by 1E9 and DB3. LeuH47

defines a pocket shape that is well suited for stabilizing the
transition state of the Diels–Alder reaction, thus enabling ca-
talysis, whereas TrpH47 is a prerequisite for steroid recognition
and tight binding. The domino effect on other residues (namely
TrpH50) that result from substitution of the second shell residue
at H47 illustrates the importance of structural data for rational
protein engineering. Zahnd et al. (19) made a comparable
observation when they investigated single chain antibody frag-
ments subjected to directed evolution. Crystallographic analysis
revealed that mutations of noncontact residues confer significant
improvement in antigen affinity. Likewise, for antibody 26-10, it
was shown that even conservative mutations of a noncontact
residue significantly affected the affinity for ligand (20, 21).
Dubreuil et al. (22) used homology modeling combined with in
vitro scanning saturation mutagenesis and error-prone PCR to
improve the specificity of anti-progesterone antibody
P15G12C12G11 by engineering of first and second sphere
residues. Thus, for protein engineering, although it may often be
difficult to obtain such optimized binding affinities without some
structural data in hand, directed evolution can sometimes
achieve that goal (23). The 1E9/DB3 case again highlights the
importance of second shell residues to both stabilize and en-
hance the properties and interactions of the first shell and
directly determine the functionality of protein binding sites.
Therefore, the second interaction shells are at least equally
valuable targets as the first shell in the rational design and
engineering of protein binding sites (24, 25).

Biochemical analysis revealed similar nanomolar steroid bind-
ing affinities for 1E9dm and DB3 (12). Therefore, it was
tempting to assume that the mutations of 1E9 LeuH47 and
ArgH100 to tryptophan, as found in DB3, would permit 1E9 to
interact in the same way with steroids as DB3. However,
structural investigation of the steroid interactions of 1E9dm
reveals that, although TrpH47 and TrpH100 are absolutely essential
for steroid binding, their interaction mechanisms are distinct
from DB3. The differences are associated with the deeper ligand
binding site of 1E9dm that results from a less bulky and more
flexible methionine at position H100b at the base of the pocket,
instead of the phenylalanine that is found in DB3. Deeper
penetration of the steroids into the 1E9dm interior (Fig. 3B)
obviates the need for the different syn and anti binding modes
seen in DB3 for steroids with different configurations. Rather,
progesterone and 5�-androstane-3,17-dione are both bound in
the syn-mode and are located at approximately the same location
in the 1E9dm combining site (Fig. 3 B and C).

Hydrogen bonds, salt bridges, and polar interactions are
important for discrimination and specificity of molecular recog-
nition processes (26–28). Directional interactions, such as those
provided by the polar atoms of the highly conserved AsnH35,
contribute significantly to catalysis and ligand recognition of 1E9
and DB3 (4, 8, 10). Antigen specificity of DB3 has been proposed
to be focused on conserved interactions with the steroid D rings,
such as hydrogen bond acceptor requirements at C17 and C20 of
the steroids, and conserved van der Waals contacts with the
buried steroid D ring (4, 6). DB3 derives from immunization with
a progesterone conjugate (11-hemisuccinyl-progesterone-BSA)
(2) that constrains the steroid orientation in the combining site
because of the attachment of the linker to the exposed carrier
protein (29). Although the steroid coupling position predeter-
mines ligand binding with buried D rings in DB3, no such
restrictions apply to 1E9dm. The inverted head-to-tail arrange-
ment of progesterone with a buried A ring demonstrates that
interactions that provide specific recognition of the steroid D
ring in DB3 are not essential for steroid binding by 1E9dm.
Similar Kd values for the 1E9dm and DB3 steroid complexes (12)

Fig. 4. Overlay of the combining sites of 1E9, 1E9dm, and DB3 with bound
ligands. (A) 1E9 and its TSA (gray) superimposed with 1E9dm binding proges-
terone (cyan). This view is rotated around the z axis �90° compared with B–D
to demonstrate the movement of the TrpH50 side chain in 1E9dm caused by the
LeuH47Trp mutation. (B) The TSA bound by 1E9 (gray) and 5�-androstane-3,17-
dione bound by 1E9dm (orange). (C) Progesterone bound by 1E9dm in the
inverse head-to-tail binding mode with a buried A ring (cyan). The same
steroid bound by DB3 (gray). (D) 5�-androstane-3,17-dione bound by 1E9dm
(orange) and DB3 (gray).
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further suggest that the increased number of hydrophobic inter-
actions associated with the deeper penetration of the ligands into
the 1E9dm interior energetically compensates for lack of specific
directional and hydrogen bond interactions (16, 21). Steroid
binding by 1E9dm is thus reminiscent of the anti-digoxin anti-
body 26–10 (21), which also exploits shape complementarity
rather than hydrogen bonding or electrostatic interactions to
achieve specificity and high-affinity ligand recognition.

In summary, the Diels–Alderase 1E9, the 1E9 LeuH47Trp/
ArgH100Trp mutant 1E9dm, and the steroid-binding antibody
DB3 use the same restricted hydrophobic scaffold for ligand
binding, and only two residues are needed to control specificity.
As demonstrated by 1E9dm and DB3, a common set of binding
interactions can be exploited in very different ways to achieve the
same functional result, namely nanomolar affinity binding to an
entire range of structurally distinct steroids.

What do those findings imply for steroid-binding by proteins
in particular and ligand recognition by immune receptors in
general? Hydrophobic interactions are more adaptable than
directional electrostatic interactions and correlate with a more
plastic binding site. The high degree of conservation between
two independently raised progesterone-binding antibodies, DB3
(2) and P15G12C12G11 (22), indicates that steroid binding
requires a predefined set of residues that form a structurally
optimal, hydrophobic scaffold to provide essential van der Waals
interactions to hydrophobic ligands. As demonstrated by 1E9dm,
small mutational changes can then generate different binding
modes while retaining similar affinities for the same ligands. The
plasticity of the hydrophobic scaffold initially determines the
degree of cross-reactivity for distinct ligands, whereas directed

interactions can (but may not necessarily) provide more selec-
tivity and higher affinity. Very small changes in a binding site can
completely change the balance between the energetic contribu-
tions of the hydrophobic scaffold and directional interactions
that enable a variety of different structural solutions to be
explored to achieve the same functional outcome. Although this
represents an economic way to extend the pathogen recognition
profile of immune receptors, it also brings along a potential
drawback of increased receptor promiscuity.

Material and Methods
Summary. For details on protein preparation, complex formation, crystalliza-
tion, and structure determination, see SI Materials and Methods. In brief, the
1E9 LeuH47Trp/ArgH100Trp Fab (1E9dm) was produced as described in ref. 12.
Steroid complexes were prepared by incubating 1E9dm with excess ligand and
crystallized by vapor diffusion like apo 1E9dm in space group P3121. Diffrac-
tion data were collected at synchrotron sources and the apo 1E9dm structure
was determined by molecular replacement (MR), using the coordinates of WT
1E9 Fab (PDB entry 1C1E). 1E9dm complex structures were determined by rigid
body and restrained refinement with simulated annealing of the 1E9dm apo
structure. Pronounced Fo � Fc difference electron density at the 3� level was
clearly defined for each steroid ligand. Data processing and final refinement
statistics are shown in Table 1.
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