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ABSTRACT: We have determined the crystal structure of a complex containing the engrailed homeodomain
Gln50 f Ala variant (QA50) bound to the wild-type optimal DNA site (TAATTA) at 2.0 Å resolution.
Biochemical and genetic studies by other groups have suggested that residue 50 is an important determinant
of differential DNA-binding specificity among homeodomains (distinguishing among various sites of the
general form TAATNN). However, biochemical studies of the QA50 variant had revealed that it binds
almost as tightly as the wild-type protein and with only modest changes in specificity. We have now
determined the crystal structure of the QA50 variant to help understand the role of residue 50 in site-
specific recognition. Our cocrystal structure shows some interesting changes in the water structure at the
site of the substitution and shows some changes in the conformations of neighboring side chains. However,
the structure, like the QA50 biochemical data, suggests that Gln50 plays a relatively modest role in
determining the affinity and specificity of the engrailed homeodomain.

The homeodomain is a 60 amino acid DNA-binding motif
found in a large number of eukaryotic transcription factors.
There is already a wealth of genetic, biochemical, and
structural information about homeodomains, but there still
are intriguing questions about specificity and structure-
function relationships at the protein-DNA interface. One
interesting set of questions focuses on the role of residue
50, which is near the center of the recognition helix and
which projects directly into the major groove. Biochemical
and genetic studies of homeodomains have been interpreted
to indicate that residue 50 is the central determinant of the
differential specificity among homeodomains, determining
which base pairs are preferred at positions 5 and 6 of the
TAATNN site (1-4). However, structural studies have
suggested a more complicated picture (5-8).

Crystal structures of several different homeodomains in
complexes with DNA have revealed that the overall fold and
DNA docking arrangements are well-conserved (9). These
crystallographic studies are in good agreement with NMR
results (5, 8, 10, 11). The homeodomain contains an
N-terminal arm that fits in the minor groove and a globular

domain with threeR-helices. Helix 3 (the recognition helix)
fits directly in the major groove with the side chains of
residues 47, 50, 51, and 54 projecting into the major groove
near the TAATNN site. Structural studies have established
the roles that most of these side chains play in the recognition
of the TAAT subsite, with Asn51 having an especially
important role in contacting the adenine at position 3
(TAATNN). However, as noted above, there has been some
debate about the role of residue 50, which is near the variable
bases TAATNN. A variety of side chains can occupy this
position in the homeodomain family, and structural studies
have failed to reveal any simple pattern of contacts.
Glutamine is the most common residue at position 50, but
lysine, serine, histidine, isoleucine, and cysteine are also
observed in natural sequences (12).

Although studies of variants with changes at position 50
had suggested a key role for this residue in differential
specificity, detailed structural and biochemical studies have
raised questions about the role of Gln50. Its role seems
slightly different in different complexes, but Gln50 often
makes water-mediated contacts (5-8) and has multiple
conformations (5, 6) in the NMR and crystal structures.
Strong, direct interactionsslike the canonical glutamine-
adenine contacts with a pair of hydrogen bonds (13)sare
not observed. For example, the 2.0 Å crystal structure of
the wild-type engrailed homeodomain-DNA complex shows
that the glutamine side chain’s interactions with the DNA
are limited to a single van der Waals contact with the thymine
of base pair 6 and water-mediated contacts to base pairs 4,
5, and 7 (TAATTAC) (7).

Mutational analysis has also been used to study the role
of Gln50 of the engrailed homeodomain. Thus, QA50, an
engrailed mutant with an alanine at this position, binds to
the wild-type DNA site with only about 2-fold lower affinity
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than the wild-type homeodomain [Kd ) 0.79× 10-10 M for
the wild-type;Kd ) 1.9 × 10-10 M for the QA50 mutant
(14)]. However, there also is some reduction in specificity,
and we thought that a crystal structure of this variant might
help elucidate the role of Gln50 in recognition. We therefore
have solved the structure of the QA50 variant bound to the
wild-type TAATTA site at 2.0 Å resolution. Our refined
model shows some interesting changes in the water structure
at the protein-DNA interface [a topic that has received
intense attention in the study of homeodomain-DNA
interactions (7, 8, 10, 15-18, 27)], and there also are some
interesting changes in the conformations of side chains near
Ala50. However, there is no major rearrangement at the
protein-DNA interface that might compensate for the loss
of a favorable contribution to the binding energy by Gln50.
(In principle, the small loss of binding energy in the QA50
variant might have been explained by rearrangements in the
variant complex that produce favorable new contacts and
thus replace energetically important contacts that had been
made by the glutamine.) Our structure thus confirms that
Gln50 makes only a minor contribution to the affinity of
the engrailed homeodomain-DNA interactions.

METHODS

Crystallization and Data Collection. Purified protein and
DNA were prepared essentially as described (14), and the
DNA site was the same as that used to produce crystals of
wild-type engrailed (19). The QA50-DNA complex was
prepared by mixing 7µL of QA50 engrailed (10 mg/mL in
10 mM bis-Tris-propane, pH 7.0) with an equimolar amount
of duplex DNA dissolved in 3.5µL of 3 M ammonium
acetate. Crystals were grown by vapor diffusion in hanging
drops that were prepared by mixing 1µL of complex with
an equal volume of well solution (1% PEG-400, 0.25 M
ammonium acetate) and then equilibrating against 1 mL of
well solution. The space group of the crystals wasC2, with
unit cell parameters ofa ) 126.90 Å,b ) 45.55 Å, c )
71.62 Å, andâ ) 119.9°. Diffraction data (Table 1) were
collected from a single crystal at-145°C. The crystal was

cryoprotected by addition of glycerol directly to the hanging
drop. After a 3 min incubation, the crystal was picked up
with a cryo-loop and frozen in the cold gas stream. Data
were collected from a rotating anode source equipped with
Yale/MSC mirrors and a R-Axis IIC detector. Intensities were
integrated and scaled by the DENZO/SCALEPACK package
(20) with a step added to premerge partials before scaling
(Rould, unpublished experiments).

Structure Solution and Refinement. The structure was
solved by molecular replacement using the 1.9 Å structure
of the QK50 mutant (21), which forms nearly isomorphous
crystals, as an initial phasing model. The asymmetric unit
of both crystals consists of a single 20 base pair DNA duplex,
with a one base overhang at each end, and two homeodomain
monomers. One homeodomain in the QA50 cocrystal is
bound to the optimal TAATTA site in the center of the DNA
duplex; the other is bound to a suboptimal AAATTA site
created by end-to-end stacking of DNA molecules in the
crystal (Figure 1). The QK50 model was modified by
deleting all the solvent atoms, substituting the correct residue
at position 50 of the protein (alanine replacing lysine), and
changing the base pairs at positions 5 and 6 of both the
suboptimal and optimal binding sites (from TA to CC). It
was then refined using X-PLOR (22) and manual rebuilding.
Simulated annealing (SA) omit maps were used periodically
throughout the process in order to monitor rebuilding, and
the water structure at the protein-DNA interface was
checked again with a SA omit map after the refinement had
converged. The final model uses individual restrained atomic
temperature factors and a bulk solvent correction. It includes
residues 7-59 of the homeodomain bound to the optimal
site (near the center of the DNA), residues 3-58 of the
homeodomain bound to the suboptimal site (created by the
stacking of neighboring duplexes), all of the DNA, and 109
ordered water molecules. Using data from 20 to 2.0 Å, the
model has crystallographic and freeR-factors of 0.235 and
0.269, respectively (Table 1). The DNA conformation was
analyzed using the program Curves (23, 24).

RESULTS

The overall structure of the QA50-DNA complex is very
similar to that of the wild-type and QK50 structures. Each
homeodomain forms a compact globular structure with three
R-helices and an extended N-terminal arm. The third
(recognition) helix of the homeodomain fits directly into the
major groove of the DNA, while the N-terminal arm wraps

Table 1: Data Collection and Refinement Statistics

(A) Data Collection
resolution 20-2.0 Å
measured reflections 115772
unique reflections 23204
completeness (overall) 95.5%
completeness (2.07-2.0 Å shell) 70.3%
averageI/σI (overall) 17.9
averageI/σI (2.07-2.0 Å shell) 2.2
Rmerge

a 0.039

(B) Refinement
Rcryst

b 0.234
Rfree

c 0.269
rms deviation of bond lengths 0.007 Å
rms deviation of bond angles 1.20°
number of non-hydrogen atoms 1890
number of water molecules 104
rms∆Bd 2.67 Å2

a Rmerge ) ∑|I - (I)|/∑I, where I ) observed intensity and (I) )
average intensity of multiple observations of symmetry-related reflec-
tions. b The crystallographicR factor uses all data from 20 to 2 Å
excluding 1606 reflections withF < 2σF. c Rfree is calculated from 10%
of the reflections which were set aside for cross-validation prior to
refinement.d rms ∆B is the root-mean-squared difference between
temperature factors of covalently bonded atoms.

FIGURE 1: Sequence of the DNA in the cocrystal. The asymmetric
unit of the cocrystal contains a 21 base pair DNA duplex with two
homeodomain binding sites. The optimal site (TAATTA) is
highlighted in boldface type. The suboptimal site (AAATTA,
shadow highlighting) is formed at the junction between different
DNA molecules, where neighboring DNA duplexes stack to form
a pseudo-continuous helix in the crystal. The numbering convention
used in the text to describe the position of base pairs within each
site is indicated above (optimal site) and below (suboptimal site)
the respective sequences. (Note that both sites are numbered in the
5′ f 3′direction.)
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around to interact with the minor groove (Figure 2). The
two monomers in the asymmetric unit of the crystal are very
similar to each other and share many of the same interactions
with the two closely related DNA sites. Because the
secondary site is created by the stacking of DNA duplexes
in the crystal and has a slightly different sequence, our
analysis will focus on the intact, optimal site. The CR

positions of the monomer that is bound to this optimal site
align quite well with the corresponding monomers in the
wild-type and QK50 structures (rms differences of 0.39 and
0.22 Å, respectively, when superimposing residues 7-59).
Most of the interactions between the protein and the DNA
are virtually identical to those in the wild-type engrailed
complex. Critical conserved contacts include (1) the pair of
hydrogen bonds between the side chain of Asn51 and adenine
3 of the binding site (TAATTA), (2) the van der Waals
contact between Cγ2 of Ile47 and the thymine at base pair 3,
and (3) the interactions of Tyr25 and Arg53 with the DNA
backbone. In addition, many of the water-mediated contacts
between the protein and DNA are conserved. For example,
the QA50 complex has a clathrate cage of water molecules
around the side chain of Ala54 that is almost identical to
the water structure in the corresponding regions of the wild-
type and QK50 complexes.

Despite these overall similarities, however, there are
several clear differences between the wild-type and QA50

complexes. In the QA50 structure, the N-terminal arm of
the homeodomain is more disordered than in the wild-type
complex, so the interactions of Arg5 and Thr6 with the minor
groove are not seen. This disorder does not appear to be
related in any way to the side chain substitution at position
50, and we note that comparing different homeodomain-
DNA complexes shows a wide variation in the degree of
ordering of the N-terminal arm. However, there also are
conformational changes in three side chains (Arg31, Lys46,
and Ile47) which are located at the protein-DNA interface
(Figure 3) near Ala50. Two of these changes in side chain
conformation (for Arg31 and Lys46) appear to be correlated
with the changes in the conformation of the DNA near
positions 7 and 8 of the extended binding site (TAATTACC),
where a widening of the major groove pulls the DNA
backbone away from the protein in the variant complex. In
the QA50 variant, there also are three additional water
molecules at the protein-DNA interface which help fill the
gap created by the mutation of Gln50 to alanine. These
differences in side chain structure, water structure, and DNA
structure are discussed in more detail below.

The difference in the conformation of Ile47 involves a
change of about 120° in the ø2 torsion angle. This moves
the Cδ1 methyl group into a position that helps fill the gap
created by the glutamine-to-alanine substitution. However,
in the wild-type complex, this conformation of the Ile47 side

FIGURE 2: Docking of the engrailed QA50 variant homeodomain to DNA. In this stereoview, ribbons representing the DNA (magenta) and
the protein (blue) demonstrate how helix 3 (the recognition helix) of the homeodomain fits into the major groove of the DNA. For reference,
the methyl group of the side chain of Ala50 (near the center of the recognition helix) is represented as a ball-and-stick model. The amino
(N) and carboxyl (C) terminal ends of the protein chain are labeled. The amino-terminal arm of the QA50 complex is more disordered than
in the wild-type complex, so the residues that interact with the minor groove in the wild-type complex are not included in the refined model
of the QA50 complex.

FIGURE 3: Differences in protein conformation at the protein-DNA interface. In this stereoview of the interface between the homeodomain
recognition helix and the major groove of the DNA, the wild-type and QA50 structures have been aligned by superposition of the CR’s of
the recognition helices. The wild-type structure is red, and the QA50 variant structure is blue. The side chain atoms for residues 31, 46, 47,
and 50 of each structure are represented by ball-and-stick models. For simplicity, only the CR trace is shown for the rest of the protein
structure in this view. The figure highlights the differences in the conformations of Arg31, Lys46, and Ile47, as well as the differences in
DNA backbone conformations near the Arg31 and Lys46 side chains.
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chain would have produced a steric conflict with the Nε2 of
Gln50. The differences in the conformation of Lys46 may
also be related to the glutamine-to-alanine change. In the
wild-type complex, Lys46 makes a hydrogen bond with Oε1

of Gln50 and a water-mediated contact with the N7 of
guanine 7 (TAATTACC). The water mediating this contact
also makes a hydrogen bond with the Oε1 of Gln50. In the
QA50 structure, Lys46 adopts a significantly different
conformation and makes a water-mediated contacted with
the phosphate of guanine 8. Finally, in the wild-type
complex, the Arg31 side chain interacts with the phosphate
of guanine 8, but in the variant complex it adopts a different
conformation, with no direct or indirect DNA contacts.

A detailed analysis of the differences in DNA conforma-
tion in the variant and wild-type complexes revealed subtle
variations in the DNA helix parameters throughout the two
structures, but the most significant difference was a 2-2.5
Å widening of the major groove near the edge of the optimal
site. In the QA50 complex, this widening of the major groove
pulls the DNA backbone away from the protein in the region
where the Arg31 and Lys46 side chains make DNA contacts
at positions 7 and 8 (TAATTACC) of the wild-type complex
(Figure 3). It seems clear that the resulting gap between the
protein and DNA in this part of the variant complex would
destabilize the interactions (as seen in the wild-type structure)
involving these side chains.

Changes in the water structure at the site of the amino
acid substitution suggest that water molecules can effectively
fill the gap created by the mutation of glutamine to alanine.
As noted above, the QA50 variant has three additional water
molecules at the protein-DNA interface (Figure 4). When
the QA50 and wild-type complexes are aligned by super-
position of the CR’s in helix 3, we find that one of these
new waters is located 0.67 Å from the position that had been
occupied by the Oε1 of Gln50 in the wild-type structure and
the other new water molecules are located 1.76 and 2.34 Å
away from the positions that had been occupied by the Nε2

of Gln50. The two waters near the Nε2 position are hydrogen
bonded to the N6 of adenine 5 and to the O4 of thymine 6,
while the water “replacing” the Oε1 makes a water-mediated

contact to the N7 of guanine 7 (TAATTAC). The additional
waters also interact with other waters present in the wild-
type complex, causing some of them to shift slightly.
(Specifically, the water that mediates the interactions between
guanine 7 and both the Lys46 and Gln50 side chains in the
wild-type complex moves by about 1 Å.) The net effect of
these changes in the water structure of the alanine variant is
to produce a clathrate-like cage around alanine 50 that is
similar to the one around alanine 54. The formation of
this cage and the conformational change in Ile47 produce a
tightly packed protein-DNA interface, in which Ala50 and
the DNA are completely separated by a layer of water
molecules.

Key aspects of the structure of the QA50 complex were
confirmed by also examining the protein-DNA interface at
the suboptimal site (AAATTA). We find that the water
structure around Ala50 at the suboptimal site is identical to
the structure at the optimal site, and Ile47 adopts the same
rotamer as in the optimal site. Arg31, however, adopts the
conformation seen in the wild-type complex and makes a
corresponding phosphate contact. This is possible because
the conformation of the DNA backbone is slightly different
at the suboptimal site (and actually more like the wild-type
complex). The electron density for Lys46 is not as clear as
at the optimal site, but it is evident that the conformation of
this side chain also is more like that observed in the wild-
type complex than that observed at the QA50 optimal site.

In the determination of the wild-type engrailed DNA
complex, data were collected at room temperature in order
to avoid alterations of water structure that might occur at
cryogenic temperatures. However, the QA50 variant reported
here and the QK50 variant complex reported previously were
solved at cryogenic temperature. A comparison of these three
high-resolution engrailed cocrystal structures reveals that the
structure of the ordered waters at each of the protein-DNA
interfaces is remarkably conserved, except in the immediate
vicinity of residue 50 (where different side chains are
present). Thus, it seems that temperature differences during
data collection are unlikely to have affected the water
structure in a significant way.

FIGURE 4: Changes in water structure adjacent to the site of the Gln50 to Ala substitution. In this stereoview, the final 2Fo - Fc map in
the vicinity of the substitution is shown along with the refined model. The position that the glutamine side chain would occupy in the
wild-type structure is also shown, but in black rather than with the atom type color coding used for the rest of the protein and DNA. The
three extra waters at the interface, which help fill in the gap created by the truncation of the wild-type side chain to alanine, are colored
blue. The other waters, all of which are also found in the wild-type and QK50 variant complexes, are red. The interaction between Asn51
and adenine 3 of the DNA binding site can be seen at the bottom of the figure. The map is contoured at 2σ.
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DISCUSSION

In combination with the crystal structure of the wild-type
complex and biochemical studies of the QA50 variant, our
QA50 structure puts clear limits on the significance of the
role of Gln50 in engrailed homeodomain-DNA interactions.
Binding studies have shown that the QA50 variant has an
approximately 2-fold decrease in affinity. It also has a slightly
reduced specificity for T at position 5, and shows no
discrimination between A and T at position 6 (where the
wild-type homeodomain has a strong preference for A).
These biochemical studies raised questions about the im-
portance of Gln50swhich previous studies had highlighted
as a key “specificity determinant”sand we have determined
the crystal structure of the QA50 variant complex to further
explore the role of Gln50 in recognition. We find that
removing this side chain leads to interesting changes in the
water structure and in the conformations of some of the
neighboring side chains. However, there is no drastic
rearrangement of the interface, and we interpret this finding-
in combination with the previous binding studies-as an
indication that Gln50 makes only a relatively modest
contribution to the affinity of binding. We also note that the
most significant structural changes in the QA50 variant occur
in a region adjacent tosbut not withinsthe six base pair
site normally recognized by engrailed. Thus, there is no
reason to believe that these changes observed in the variant
cocrystal are correlated with the altered specificity of the
variant, and again this suggests a limited role for Gln50 in
determining DNA binding specificity. The reasoning for
these conclusions is discussed in detail below.

The most interesting conformational change in the variant
structure is in the side chain of Lys46, which makes a water-
mediated base contact in the wild-type complex but shifts
to make a water-mediated phosphate contact in the variant
complex. This altered side chain conformation could be
relevant since Gln50 hydrogen bonds to Lys46 in the wild-
type complex, and removing the glutamine may lead to the
rearrangements observed at the protein-DNA interface of
the QA50 complex. Since the conformation of Lys46 in the
QA50 variant is incompatible with the wild-type conforma-
tion of Arg31, it is likely that the changes in both side chains
of the variant complex are correlated with each other. The
nature of these rearrangements also suggests that they are
both correlated with the change in the local DNA conforma-
tion near positions 7 and 8 of the extended binding site.
However, the structural differences in Lys46, Arg31, and
the DNA backbone seem to affect only protein- and solvent-
mediated interactions at positions 7 and 8 of the extended
binding site, and in both the wild-type and QA50 complexes
the protein-DNA interfaces near the base pairs at positions
5 and 6 appear to be virtually identical. Since most of the
observed changes in the variant are outside of the six base
pair site (TAATNN), they are probably not relevant to
understanding the specificity of engrailed homeodomain-
DNA interactions.

In evaluating the significance of these changes, it is also
useful to consider other homeodomain sequences and
structures. The consensus sequence derived from the known
homeodomains includes both Lys46 and Gln50 (12). How-
ever, if the interaction between these two side chains (as
observed in the wild-type engrailed structure) were an

important determinant of homeodomain specificity, we would
expect this interaction to be well conserved. Examining the
structural database shows that cocrystal structures have been
determined for four other homeodomain-DNA complexes
that have both Lys46 and Gln50 in their sequences. In three
of these four complexes (HOX-1, ultrabithorax, and anten-
napedia), Lys46 does not interact with Gln50 (8, 25, 26). In
the cocrystal structure of the even-skipped dimer bound to
DNA (6), one of the unique homeodomains has the two
residues interacting in a manner similar to that observed in
the wild-type engrailed DNA complex, but the other home-
odomain in the crystal structure does not. These observations
suggest that the Gln50-Lys46 interactions are not especially
stable and imply that the conformational change in Lys46
observed in the QA50 variant may not be very important.
This idea is also supported by the observation in the QA50
cocrystal structure that the conformation of the Lys46 side
chain at the suboptimal site is similar to the conformation
observed in both sites of the wild-type engrailed complex.
In addition, the overall differences between the wild-type
engrailed cocrystal structure and the QA50 complex involve
a net loss of a direct arginine-to-phosphate contact, an
observation that seems inconsistent with the relatively minor
loss of DNA-binding affinity of the QA50 variant. This raises
the possibility that the changes in this region of the QA50
variant may actually involve crystal packing effects that cause
subtle shifts in the DNA conformation and thereby disrupt
the contacts normally made by Lys36 and Arg31.

Whether the structural changes discussed above are directly
related to the mutation in the QA50 variant or not, our crystal
structure helps put clear bounds on the energetic significance
of Gln50 in DNA binding. Despite the above complexities,
the bottom line is clear: our structure proves that there are
no new contacts that could possibly compensate for the loss
of a significant energetic contribution by Gln50. This proves
that Gln50 makes only a modest contribution to the binding
energy, but does not clearly define its role in specificity.
We also recognize that even small changes in affinity may
be biologically significant. In the case of the QA50 variant,
we infer that a small reduction in affinity and the ac-
companying modest loss of specificity must (together) be
significant, since no known homeodomain sequence (of the
hundreds analyzed) has an alanine at position 50. Even a
modest improvement in specificity may be biologically
relevant since the homeodomain recognizes such a short site
and only has about a 100-fold preference for its specific
site.

The limited energetic contribution of Gln50 contrasts with
the much more favorable contacts that can occur when there
is a lysine at position 50. Binding studies of a QK50
engrailed variant show that it binds tightly to the sequence
TAATCC (14), and the crystal structure of the complex
shows that Lys50 makes direct hydrogen bonds to base pairs
5 and 6 of the target sequence (19). As we have noted before
(19), most of the experiments which highlight the role of
residue 50 in recognition either inserted or removed a lysine
from this position, so conclusions about the importance of
residue 50 may have been biased by the very favorable
contacts that are possible for Lys50.

There has been considerable discussion about the potential
role of ordered water molecules at the homeodomain-DNA
interface (7, 8, 10, 15-18, 27), and the QA50 structure
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certainly provides important new data on this topic. One key
observation from comparisons with other structures is that
many water molecules occupy conserved positions in closely
related structures. It is interesting that the water structure
around Ala50 shows some similarities to the water structure
around Ala54. Also, many of the water positions seen in
this complex correspond directly to waters present in the
engrailed wild-type and QK50 complexes (Figure 4). This
confirms that certain water molecules are a consistent part
of the homeodomain-DNA interface but provides no
information about the “energetic significance” of these waters
or their role in recognition. (It can be hard to even pose a
clear question about the role of water since energies are
always related to the difference between two states and it is
not clear what the appropriate reference state would be in
this system. For example: would it be meaningful to consider
the interface in the absence of solvent?) However, our
impressions about the relatively fixed positions of flanking
waters must be contrasted with the local changes in water
structure that compensate for the truncation of the glutamine
side chain to alanine (Figure 4). It is clear that the water
structure can readjustswith relatively small changes in
binding energysto accommodate other changes at the
protein-DNA interface. Further studies (and a more precise
definition of the appropriate reference state) will be needed
to fully understand the role of water at the homeodomain-
DNA interface. However, we see that water molecules can
readily fill the region of the interface that is normally
occupied by the Gln50 side chain, and we know that there
is relatively little change in binding energy when this side
chain is removed.

The overall impression from biochemical and structural
studies is that Gln50 has only a nominal effect on affinity
but apparently has some subtle effects on specificity via a
complex set of side-chain-water and side-chain-side-chain
contacts. This is very different from the canonical role often
played by glutamine, which in other structural contexts can
make a pair of hydrogen bonds that specify an adenine. This
also is strikingly different than the clear role played by Lys50
in the QK50 variant. In short, we believe that much of the
complexity and confusion involved in analyzing the role of
Gln50 merely reflects the fact that it makes limited contribu-
tions to affinity and specificity.
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