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Artificial Protein Cavities as Specific Ligand-binding
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Cavity complementation has been observed in many proteins, where an
appropriate small molecule binds to a cavity-forming mutant. Here, the
binding of compounds to the W191G cavity mutant of cytochrome c peroxidase is characterized by X-ray crystallography and binding thermodynamics. Unlike cavities created by removal of hydrophobic side-chains, the
W191G cavity does not bind neutral or hydrophobic compounds, but displays a strong speci®city for heterocyclic cations, consistent with the role of
the protein to stabilize a tryptophan radical at this site. Ligand dissociation
constants for the protonated cationic state ranged from 6 mM for 2-amino5-methylthiazole to 1 mM for neutral ligands, and binding was associated
with a large enthalpy-entropy compensation. X-ray structures show that
each of 18 compounds with binding behavior bind speci®cally within the
arti®cial cavity and not elsewhere in the protein. The compounds make
multiple hydrogen bonds to the cavity walls using a subset of the interactions seen between the protein and solvent in the absence of ligand. For
all ligands, every atom that is capable of making a hydrogen bond does so
with either protein or solvent. The most often seen interaction is to Asp235,
and most compounds bind with a speci®c orientation that is de®ned by
their ability to interact with this residue. Four of the ligands do not have
conventional hydrogen bonding atoms, but were nevertheless observed to
orient their most polar CH bond towards Asp235. Two of the larger ligands
induce disorder in a surface loop between Pro190 and Asn195 that has
been identi®ed as a mobile gate to cavity access. Despite the predominance
of hydrogen bonding and electrostatic interactions, the small variation in
observed binding free energies were not correlated readily with the
strength, type or number of hydrogen bonds or with calculated electrostatic
energies alone. Thus, as with naturally occurring binding sites, af®nities to
W191G are likely to be due to a subtle balance of polar, non-polar, and solvation terms. These studies demonstrate how cavity complementation and
judicious choice of site can be used to produce a protein template with an
unusual ligand-binding speci®city.
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Introduction
Several recent studies have demonstrated the
feasibility of creating arti®cial cavities within protein structures that possess well-de®ned af®nity
and speci®city for binding small molecules.1 ± 4
Further characterization of the properties of these
arti®cial binding sites will enhance our understanding of basic features of protein folding and
stability. For example, this approach could provide
an important advance over mutational analysis of
protein-ligand interactions, as a large number of
ligands can be used that vary in hydrophobicity,
size or shape in a much more subtle way than is
possible with amino acid substitutions. Engineered
cavities may also have practical uses, such as in
the development of speci®c biosensors, where a
designed protein template is used to speci®cally
detect molecules of interest. Finally, a well-de®ned
system consisting of an engineered protein receptor
and an array of ligands that bind with known
structure and energetics could aid in the development of tools for drug design. Extraordinary efforts
are currently underway in the pharmaceutical
industry to identify and optimize small molecule
binding to speci®c substrate or effector binding
sites.5 Alternative approaches have been reported
in which small molecules are identi®ed that interrupt speci®c protein-protein interactions.6,7 For
both of these approaches, it is important that binding potential is localized to small regions of the
interface. However, it is not entirely clear how universal factors such as hydrophobicity, hydrogen
bonding, solvation, electrostatics, and protein conformational dynamics combine to distinguish
evolved natural binding sites from more common
surface clefts.8 Even more uncertain is the degree
to which cavities created by mutation will resemble
natural binding sites with respect to these properties.
In parallel with experimental strategies, computational approaches are providing ever more accurate predictions of protein stability, ligand-binding
af®nity and conformation. Developments in computational
methods
such
as
free-energy
perturbation9,10 and l-dyamics11 and in more traditional docking12 and molecular mechanics
simulations13 have advanced to the point of providing useful tools for screening drug candidates.
These methods have been primarily developed and
tested using data for ligand binding to naturally
evolved sites in proteins and enzymes. While such
sites have provided a particularly appropriate
benchmark for computational method development, tests of their performance with ligands
bound to arti®cial protein cavities may be of sig-

ni®cant interest, as such sites may display different
compositions with respect to the degree of polarity,
conformational ¯exibility and solvation characteristics. In addition, the lower af®nity and speci®city
expected for ligand binding to arti®cial cavities
should provide unique and challenging tests of
computational predictions.
Detailed characterization of the interactions
between ligand and protein is necessary before
ligand binding to arti®cial cavities may be usefully
compared to their natural counterparts. In previous
studies of arti®cial protein cavities, two rather distinct types have been described. Largely hydrophobic buried cavities created in phage T4
lysozyme1,2,14,15 generally do not appear to be
speci®cally solvated, and display a mixture of rigid
and conformationally mobile characteristics. Such
cavities appear to bind hydrophobic ligands with a
speci®city that is determined by a combination of
packing, desolvation, and conformational entropy
factors. On the other hand, several polar buried
cavities have been created in the enzyme cytochrome c peroxidase (CCP), each of which speci®cally bind polar ligands.3,4,16 ± 22 One such cavity,
W191G, created by deletion of the side-chain of a
tryptophan radical cation center is shown in
Figure 1. In contrast to the hydrophobic cavities of
T4 lysozyme, several molecules of solvent and a
monovalent cation occupy the W191G cavity
mutant of CCP in the absence of ligand, and the
cavity was observed to bind small cationic heterocyclic compounds.3,4 In many respects, the interactions seen in the polar W191G CCP cavity are
more reminiscent of natural substrate-binding sites,
with the potential for speci®c hydrogen bonding
and electrostatic interactions. It has not been clear,
however, how promiscuous the W191G cavity is
with respect to ligand variation, whether more
than one mode of binding is utilized, what range
of af®nities can be achieved, or how much the surrounding protein structure responds to ligand variation. Here, we report the structural and
thermodynamic characterization of a variety of
ligands bound to this cavity to address these questions.

Results
Specificity and thermodynamics of
ligand binding
Initially, a wide variety of small organic molecules were screened for their ability to bind to
W191G. Previous studies have shown that displacement of the solvent within the W191G cavity by
ligands such as imidazole results in a subtle but
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Figure 1. A stereo view of the W191G cavity mutant of CCP showing the protein backbone ribbon (brown) and the
Ê probe sphere. The heme cofactor is shown in red, and the
solvent-accessible surface (blue) calculated using a 1.4 A
front surface of the molecule has been clipped off in order to show the interior of the protein. The buried W191G cavity is seen in the interior beneath the heme as labeled.

characteristic perturbation of the heme Soret
absorption band.3 Thus, samples of W191G were
screened by titration against potential ligands
selected primarily by their ability to ®t into the
known volume of the W191G cavity. As controls,
identical titrations were carried out against WT
CCP and the W191F mutant, the latter of which
has heme Soret absorption features similar to those
of W191G and can be considered to be a model for
the cavity that is irreversibly occupied by the Phe
side-chain.18,23 These features of the W191F control
were particularly useful in discriminating binding
from non-binding ligands. Those compounds that
produced the characteristic optical perturbation in
W191G but not W191F were designated as potentially binding. As a result of this analysis it became
apparent that previous conclusions3,4 about the
determinants for ligands to W191G were accurate;
namely, that the cavity is speci®c for small heterocyclic cations. A number of these, such as imidazoles, exist in equilibrium between neutral and
protonated cationic forms with physiologically
accessible pKa values. In each such case tested,
ligands appeared to bind more tightly to W191G
below their respective pKa value than above it
(data not shown). Based on these results, a second
round of candidates were screened by focusing on
shape-selected compounds with physiologically
accessible cationic forms to produce a list of
approximately 20 compounds that appear to bind
speci®cally to W191G. From these screens, the following trends were readily apparent: (i) all tested

heterocyclic candidates that are small enough to ®t
into the cavity and are cationic under the experimental conditions elicited the optical binding
response; (ii) neutral compounds, such as indole,
or compounds with a pKa well below the pH of
the titration (typically pH 4.5), such as cyanopyridine or tetrazole, did not bind; and (iii) cationic
compounds that are non-planar or that would
require protein conformational change to alter the
cavity dimensions, such as trimethylamine and
pyrroline, gave no evidence in support of binding.
Dissociation constants were measured for compounds identi®ed to bind W191G, using two independent
methods.
Measurement
of
the
perturbation in the heme Soret absorption was
used to obtain dissociation constants in titrations
of W191G with ligands, and for selected compounds, binding parameters were obtained by isothermal titration calorimetry (ITC). These data are
presented in Table 1, where entries that include
enthalpies and entropies were derived from ITC
measurements and the remaining entries were
from optical titrations. In agreement with the initial
screens and with previously published data,3,4,18,19
it was clear that only compounds that were predominantly cationic at the measurement pH of 4.5
bound to the protein, while those that were neutral
under the experimental conditions (i.e. pKa below
4.5), were observed not to bind. Thus, all data presented in Table 1 have been corrected for the pKa
of the compound by taking into account the concentration in solution of the cationic form, so that
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Table 1. Thermodynamic parameters of ligand-binding to W191G
ID

ligand

pKa

Kd (mM)

0.6
2.5
1.7
1.2
3.6
<4.5
2.1
unkc

0.006
0.008
0.03
0.04
0.04
0.04
0.05
0.04
0.07
0.06
0.05
0.05
0.07
0.05
0.11
0.06
0.07
0.07
0.09
0.03
0.14
0.15
0.20
0.13
0.16
0.15
0.14
0.23
0.25
0.30
0.11
0.42
0.73
0.78
1.5
0.56
nbb
nbb
nbb
nbb
nbb
nbb
nbb
nbb

unkc
1.3

nbb
nbb

2a5mt

2-Amino-5-methylthiazole

5.9

12dmi
2at

1,2-Dimethylimidazole
2-Aminothiazole

7.9
5.3

4ap

4-Aminopyridine

9.2

3ap

3-Aminopyridine

6.0

1mim

1-Methylimidazole

7.3

2ap

2-Aminopyridine

6.9

34dmt

3,4-Dimethylthiazole

-a

4mim
im
2mim
imp
an
py
bzi
345tmt

4-Methylimidazole
Imidazole
2-Methylimidazole
Imidazo[1,2-a]pyridine
Aniline
Pyridine
Benzimidazole
3,4,5-Trimethylthiazole

7.5
7.0
7.6
>4.5
4.6
5.2
5.5
-a

ind
1vim

Indoline
1-Vinylimidazole

4.7
>5

2a4mt

2-Amino-4-methylthiazole

5.8

3mt

3-Methylthiazole

-a

quin
2eim

Quinoline
2-Ethylimidazole

5.2
8.0

234tmt

2,3,4-Trimethylthiazole

-a

tet
pz
3apz
2mp
3cp
iso
anth
5a4pc

Tetrazole
Pyrazole
3-Aminopyrazole
2-Mercaptopyrimidine
3-Cyanopyridine
Isoniazide
Anthranilonitrile
5-Amino-4-pyrazole carbonitrile
4-Amino-5-imidazole
carboxamide
Indazole

4a5ic
indz

G (kcal/mol) H (kcal/mol) S (cal/molK)
ÿ7.1
ÿ6.9
ÿ6.2
ÿ6.0
ÿ6.0
ÿ6.0
ÿ5.9
ÿ6.0
ÿ5.7
ÿ5.8
ÿ5.9
ÿ5.9
ÿ5.7
ÿ5.9
ÿ5.4
ÿ5.8
ÿ5.7
ÿ5.7
ÿ5.5
ÿ6.2
ÿ5.3
ÿ5.2
ÿ5.1
ÿ5.3
ÿ5.2
ÿ5.2
ÿ5.3
ÿ5.0
ÿ4.9
ÿ4.8
ÿ5.4
ÿ4.6
ÿ4.3
ÿ4.2
ÿ3.9
ÿ4.4

ÿ14

ÿ24

ÿ13

ÿ24

ÿ23

ÿ55

ÿ17

ÿ35

ÿ4

4

ÿ16

ÿ38

ÿ10

ÿ15

ÿ15

ÿ34

ÿ15

ÿ30

ÿ12

ÿ25

ÿ16

ÿ37

ÿ15

ÿ36

ÿ14

ÿ33

Entries including values of H and S were obtained by isothermal titration calorimetry, while remaining entries were obtained
from ®ts of binding titrations observed by the perturbation of the heme Soret absorbance. All values are corrected for the pKa of the
ligand and represent the Kd for the cationic forms. All measurements were performed at 25  C in 100 mM Bis-Tris propane (pH 4.5)
to favor protonation of the ligands. The buffer was adjusted without the use of inorganic salts to prevent competition from cations.4
a
Ligand is cationic without protonation.
b
No binding detected.
c
Unknown.

these values represent intrinsic binding af®nities of
the cationic forms. Overall, the agreement between
the optical and calorimetric data is good. Dissociation constants range from 6 mM for 2-amino-5methylthiazole (2a5mt) to approximately 1 mM in
the case of 2,3,4-trimethylthiazole (234tmt) for
those ligands shown to bind. This represents a
range of 3 kcal/mol (1 cal  4.184 J) in binding
free energy. Both the binding enthalpies and entropies were observed to be negative, as is usually
observed in ligand-protein binding.24 One signi®cant observation is that there is a much greater

variation in binding enthalpy than for the total free
energy, which implies a signi®cant entropy-enthalpy compensation, as shown in Figure 2.
Structural characterization of ligand binding
Ligand binding to the W191G cavity was characterized by X-ray diffraction using crystals soaked
in mother liquor containing various ligands. Processed data sets (see Table 2) for ligand-soaked
crystals were matched with previously determined
structures of unsoaked W191G crystals of the
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Figure 2. A plot of the thermodynamic parameters
determined for ligand binding to the W191G cavity.
Estimated error bars shown in the bottom graph for one
of the ligands, 345tmt, were obtained from four repeated
measurements. This plot illustrates that H values vary
by more than the total free energy, G. Thus, a large
entropy-enthalpy compensation is observed as shown in
the above graph.

appropriate crystal form.3 Ligand binding typically
displaces the four well-ordered water molecules
and potassium ion observed in the cavity in the
absence of ligand, as shown in Figure 3(a). Thus,
direct Fsoak ÿ Funsoak difference maps were often
not easily interpretable because both positive and
negative density features are superimposed.
Instead, a series of Fsoak ÿ Fc omit maps were created, where Fsoak are the observed structure factors
of the ligand-soaked crystal and Fc are the structure factors derived from a model for unsoaked
W191G that was re®ned without any atoms or
water molecules included in the cavity. Such omit
maps represent the electron density of the contents
of the cavity under the soaking conditions. These
omit maps, contoured at 4s and 8s, are shown in
Figure 3(b)-(s) for 18 of the ligands that were designated as potential cavity binders. Clearly interpretable density is observed in each case, indicating
occupation by the speci®ed ligand. Signi®cantly,
no difference density above about 2s was observed
with any ligand in any other region of the structure remote from the W191G cavity, clearly
demonstrating that all binding interactions are
speci®c for the arti®cial cavity. This is in spite of
the fact that several of the ligands might be capable
of coordinating the heme iron by occupying the
naturally occurring channel that is distal to the
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heme (partially visible in Figure 1). In addition,
test soaks with ligands that were designated as
non-binders in the initial screens, for example tetrazole and 3-aminopyrazole, showed only the pattern associated with solvent in the unsoaked cavity
(Figure 3(a)).
In almost all cases, it was possible to assign the
orientation of ligands within the cavity. For three
ligands, including 1,2-dimethylimidazole (12dmi),
aniline, and 2-ethylimidazole (2eim), the shape of
the electron density envelope was suf®cient to
assign ligand orientation. For others containing sulfur atoms in the ring, the position of the sulfur
atom was evident in the electron density at a higher contour level, as shown in red in Figure 3. From
this additional information, it was possible to
assign ligand orientation for 2-aminothiazole (2at),
2-amino-4-methylthiazole (2a4mt), 3-methylthiazole (3mt), 3,4,5-trimethylthiazole (345tmt), and
2,3,4-trimethylthiazole (234tmt). Finally by combining the above information with inferences derived
from hydrogen bonding interactions, as discussed
below, orientations of 2-amino-5-methylthiazole
(2a5mt), 3-aminopyridine (3ap), 1-methylimidazole
(1mim), 2-aminopyridine (2ap), 3,4-dimethylthiazole (34dmt), 2-methylimidazole (2mim),
imidazo[1,2-a]pyridine (imp), indoline, and 1-vinylimidazole (1vim) can be assigned unambiguously.
Of the 18 ligands, 4-aminopyridine (4ap) cannot be
assigned to a speci®c orientation, and 1vim
contains insuf®ciently resolved density to assign
the conformation of the vinyl group. These
observations may result from lack of resolution,
structural landmarks, or true conformational heterogeneity within the cavity. Nevertheless, reasonable estimates of the most likely orientation for
these compounds were possible. Based on these
assignments, models for the ligands were manually
placed into the electron density as shown in
Figure 3(b)-(s).
With few exceptions, ligand binding to W191G
displaces the solvent of the ligand-free cavity without changes in the cavity wall. Previous studies
have shown that W191G in the absence of ligand
contains four water molecules, W401-W404, and
one monovalent cation, either K or Na that are
well ordered in the cavity and form a network of
hydrogen bonds between themselves and with
polar groups on the cavity walls.3,4 These interactions are listed in the ®rst row of Table 3. One
water molecule, W308 shown in Figure 3a, was not
introduced by the cavity but is observed in wildtype (WT) CCP and is retained in W191G. With
the exception of 2at, 3ap, and aniline, each of the
ligands displaces all of the solvent atoms introduced by cavity formation, without displacing the
conserved W308. For 2at, 3ap, and aniline, one of
the cavity water molecules (W401) remains in the
cavity in addition to the ligand. While most
ligands bind to W191G without inducing changes
in the dimensions or shape of the cavity walls, two
of the ligands, indoline and imp, appear to have
induced an alternate protein conformation in the
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cavity. For these two structures, signi®cantly
reduced electron density is seen in the protein for
residues 190-195, indicating that this region of the
structure has become mobile or is occupying multiple conformations.
Several modes of hydrogen bonding interactions
are observed in the crystal structures of Figure 3.
Hydrogen bonds inferred from the assigned ligand
orientations are listed in Table 3, where the rows
are sorted in order of the binding af®nity, and the
columns ordered by the number of total interactions. The most common hydrogen bond is to
the carboxylate side-chain of Asp235. This interaction occurs for 12 of the 18 ligands and for two
of them, 2a5mt and 2ap, Asp235 appears to make
a bifurcated hydrogen bond to two atoms in the
ligand. The second most often observed interaction
between ligand and cavity, which occurs in six of
the ligands, is a hydrogen bond to the conserved
water molecule of WT CCP, W308. In addition, a
few of the ligands make hydrogen bonds to the
backbone carbonyl atom of L177, H175, and M230.
Each of the three ligands, 2at, 3ap, and aniline,
which retain cavity water W401 also form hydrogen bonds with it. Four of the ligands, 34dmt,
345tmt, 3mt, and 234tmt, are methylthiaozles that
are cations without traditional hydrogen bonding
capability. However, these four compounds orient
their most acidic CH proton (that adjacent to the
endocyclic ring nitrogen) so that it is directed
towards the Asp235 carboxylate group. Finally, it
is noted that every atom in each of the 18 ligands
that is capable of forming a hydrogen bond does
so with some atom in the protein or included solvent.

Discussion
The foremost conclusions from this study concern the unique speci®city for ligand binding to
the arti®cial cavity of W191G. Several cavities have
been introduced into proteins by deletion of amino
acid side-chains, and it is often observed that these
cavities bind small molecules that mimic the properties of the removed structure.1 ± 4,14 ± 22 Thus, arti®cial cavities can be utilized as templates for
binding behavior. For example, several cases have
been reported in which amines rescue function of
lysine residues that have been replaced by smaller
side-chains.25 Other arti®cial cavities that have
been created by removal of side-chains in the
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interior of a protein have generally been non-polar
in nature, re¯ecting the properties of the buried
residues removed to create them.1,2,14,15 These
non-polar cavities do not appear to be speci®cally
solvated, and bind hydrophobic ligands without
making speci®c interactions. Thus, consideration of
hydrogen bonding and electrostatic effects are
minimized and the crucial concerns are with
hydrophobic interactions, packing and conformational entropy. However, the cavity introduced
by the W191G mutation of CCP is quite different
in these respects. The Trp191 side-chain, while
itself quite hydrophobic, is a special site in the
enzyme that is oxidized reversibly to a stable radical cation form as a part of the enzymatic mechanism.26 Not surprisingly, the structure surrounding
this site has been evolved speci®cally to stabilize
the cation form.4,27 ± 30 It is remarkable that the
ligand-binding speci®city of the W191G cavity
faithfully re¯ects this evolved property, and that
all of the 20 compounds identi®ed to date that
bind to W191G are cationic heterocycles that bind
only to the cavity by making an array of hydrogen
bonding interactions.
Subsets of the same interactions that are believed
to stabilize the naturally occurring Trp191 cation of
WT CCP are utilized to de®ne the speci®city determinant of W191G. We conclude that electrostatic
interactions with Asp235 and several backbone carbonyl atoms de®ne the cation requirement,4,31,32
while speci®c hydrogen bonding interactions to
these groups determine the ligand orientation
within the cavity. An important observation is that
the highly ordered solvent observed in the W191G
cavity in the absence of ligand forms an ideal template for ligands, because all potential hydrogen
bonds to the cavity walls are satis®ed. While none
of the discovered ligands makes all of these potential hydrogen bonds simultaneously, no new
hydrogen bonds are utilized by ligands that were
not also seen with solvent alone. Of the six different hydrogen bonds made to ligands, Asp235
clearly dominates and appears to determine ligand
orientation. This is seen from comparisons of the
isosteric ligands 2ap, 3ap, 4ap, and aniline, where
each ligand adopts a different orientation in order
to permit a hydrogen bond with Asp235. Similarly,
2eim and 1vim orient their substituents differently
within the cavity in order to preserve interaction
with Asp235. Finally, 34dmt, 345tmt, 3mt, and
234tmt, are cationic methylthiaozles without tra-

Figure 3. A series of stereo electron density omit maps showing the contents of the W191G cavity after soaking
crystals in a variety of ligands. Shown in (a) is the solvent occupation of the cavity for a crystal without soaking in
ligand. Positions of four water molecules, W401-W404, and a potassium ion are indicated that ®ll the cavity created
by removal of the Trp191 side-chain. Also labeled are protein residues that are involved in hydrogen bonding interactions with the occupied solvent and a water molecule, W308, which is observed in WT CCP and is retained in the
W191G structure. Shown in (b)-(s) are omit electron density maps contoured at 4s (white) and 8s (red) after soaking
crystals in the indicated ligand (see Table 1 for description of the ligands). Models of the ligand are also shown
placed in the observed electron density. The ligands are presented in the order of the relative binding af®nity as
shown in Table 1.

Table 2. Crystallographic data collection statistics
Ligand
PDB code
Crystal forma
Ê)
Cell a, b, c (A
Ê)
Resolution (A
I/sI (av)
I/sI (last shell)
No. reflections
Complete (%)
Rsym

2eim

1vim

an

2ap

3ap

4ap

3mt

34dmt

2a5mt

2a4mt

ind

imp

1aeq
1
107.4
76.6
51.5
2.0
12.9
1.65
30,561
95
0.051

1aej
1
107.6
77.1
51.3
2.1
8.4
0.49
22,158
84
0.085

1aee
1
108.0
77.2
54.1
2.0
15.7
2.67
26,238
86
0.047

1aeo
2
103.6
73.3
44.4
2.2
10.2
1.73
20,946
90
0.107

1aef
1
106.6
75.9
51.1
2.0
11.9
1.09
23,265
79
0.087

1aeg
1
106.3
75.7
51.1
2.0
14.9
1.39
27,229
89
0.076

1aeb
1
106.1
75.8
51.1
2.1
15.4
1.71
22,213
89
0.067

1aed
1
107.3
76.5
51.3
2.2
10.2
1.80
20,736
76
0.092

1aen
2
105.3
74.2
45.5
2.1
13.6
1.12
16,307
73
0.073

1aeh
1
107.3
76.5
51.6
1.9
24.2
1.91
29,343
87
0.048

1aek
1
108.8
76.8
52.0
2.1
14.7
1.45
17,064
64
0.060

1aem
1
106.6
76.0
51.3
2.0
14.5
1.46
27,849
92
0.065

Each of the data sets was obtained at 18  C from a single crystal soaked in the indicated ligand as described in Experimental Methods. Structures of W191G in the absence of ligand (1aa4) and
with 1mim, 2mim, 12dmi (1cmp),3 2at (1aev),18 234tmt (1ac4) and 345tmt (1ac8)19 bound have been published.
a
Crystals were observed to occur in one of two forms that differ in packing orientation within the asymmetric unit as previously described.3 Form 1 was previously referred to as the yeast
form and form 2 as the mkt form based upon the protein source where the form was ®rst observed.
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Table 3. Hydrogen bonding interactions between the W191G cavity and bound ligands
Ligand
K400, W401-W404
2a5mt
12dmi
2at
4ap
3ap
1mim
2ap
34dmt
2mim
imp
an
345tmt
ind
1vim
2a4mt
3mt
2eim
234tmt

D235 (OD2)

W308

L177 (O)

H175 (O)

X
X
X

X

X

X

X
X
X

X
X

X
X
X
X
X
X

M230 (O)

G191 (NH)

G189 (O)

X
X

X

X

X
X

X
X

X
X
X

X

W401

X

X

X

Hydrogen bonding interactions are indicated for the assigned conformations shown in Figure 3 having hetero-atom distances
Ê . Ligands are shown in order of decreasing af®nity.
between 2.5 and 3.4 A

ditional hydrogen bonding capability. However,
each of these four compounds orients its most
acidic CH proton (that adjacent to the endocyclic
ring nitrogen) so that it is directed towards the
Asp235 carboxylate group. This interaction, discussed previously in terms of an unconventional
CH to O hydrogen bond,19 illustrates the remarkable ability of the ligand-cavity interactions to
mimic hydrogen bonding patterns speci®ed by the
template of the removed tryptophan side-chain.
Calorimetry data show that ligand binding to
W191G is enthalpy-driven, but the overall binding
free energy is relatively weak, does not vary
greatly, and exhibits large enthalpy-entropy compensation. These factors make empirical correlations of the relative binding energies dif®cult to
predict without detailed calculations. Entropyenthalpy compensation is commonly observed in
aqueous solution, and is usually characterized by
slopes near unity,33 as observed in this case. This
effect is often attributed to a trade-off in which a
stronger enthaplic interaction results in a compensating loss of entropy due to motional restriction.34
It is expected that the solvation energies of the
ligands used in this study will be quite similar.
Indeed, calculations using MEAD35 (data not
shown) indicate a variation of only about 20 % in
the solvation energies of these compounds. Similarly, no readily apparent relationship exists
between the number or type of hydrogen bonds
made to the ligand and the relative thermodynamic parameters. This is not unexpected, as these
very polar compounds will be fully hydrogen
bonded in solution, and have also found fully satis®ed hydrogen bond partners within the cavity.
Thus, while hydrogen bonding interactions are
expected to contribute large absolute interaction
enthalpies with the cavity and may dictate ligand
orientation, differences between bound and

unbound interactions will be similar for each compound. A more sophisticated attempt was made to
correlate electrostatic interactions with binding
enthalpies. As described previously, electrostatic
calculations using POLARIS and the PDLD (protein dipoles Langevin dipoles) method32,36 were
performed to estimate the electrostatic interactions
between the ligand and the surrounding protein.
These calculations (not shown) also failed to
account for variations in the observed enthalpies or
free energies. The small difference (3 kcal/mol)
in binding free energy between the tightest and
weakest of these ligands most likely re¯ects a combination of subtle interactions including electrostatics, hydrogen bonding, desolvation entropies,
and packing interactions that must each be
accounted for very accurately in order to predict
relative af®nities. Previously successful applications of the PDLD method in comparing the relative binding of 234tmt and 345tmt19 or in the
comparison of the relative stabilization of the
tryptophan cation radical in CCP relative to ascorbate peroxidase32 likely resulted from the cancellation of elements such as solvation and non-polar
interactions that are not well modeled by the
speci®c implementation of the PDLD method used
in these studies.
As with the previously studied cavities in T4
lysozyme mutants, the W191G cavity contains
regions that appear structurally rigid, and others
that are subject to movement. It might be expected
that arti®cially created cavities will undergo some
collapse, or be more conformationally mobile than
natural binding sites. However, a detailed analysis
of cavity collapse has been reported for T4 lysozyme mutants,1,15 and it is remarkable that the cavities that have been characterized to date generally
appear quite rigid. One such cavity, the L99A cavity of T4 lysozyme, was observed to have a region
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that is structurally rigid and another region that
deforms in response to packing interactions with
ligands.14 In the case of the W191G cavity of CCP,
very little, if any, collapse or movement in the
dimensions of the cavity is seen upon binding for
most of the ligands. However, the cavity is inaccessible to solvent in the average crystal structure,
and thus the relatively rapid exchange with ligands
requires a signi®cant role for conformational
dynamics in order to allow ligand access.17 Indeed,
when benzimidazole is bound to W191G, a large
loop rearrangement between Pro190 and Asn195
has been observed to give an open channel conformation, providing a tantalizing view of the pathway for ligand access.17 It is of interest that the
two largest ligands of this study, imp and indoline,
show signi®cantly reduced electron density for the
protein at this same region, suggesting conformational heterogeneity of this loop. Thus, this cavity appears to contain a speci®c hinged gate with
open and closed conformations to allow ligand
access, while the remaining walls of the cavity
appear quite rigid and resistant to either collapse
or induced ®t binding behavior.
The speci®c ligand-binding properties of the
W191G cavity may help establish practical uses for
engineered cavities. For example, a number of factors make the W191G cavity an ideal test bed for
use in the evaluation and development of computational tools for drug design. The rigidity of the
cavity wall upon binding ligands simpli®es the
task of accounting for cavity collapse or adjustment
in the protein structure. The polar nature of the
cavity and its ligands provide a template that is
similar to naturally occurring enzyme sites. The
small variation in binding free energies provides a
challenging test for calculations of the delicately
balanced forces involved. Finally, the crystal structures of a complete series of ligands bound to the
same site along with the thermodynamic parameters provides a well-de®ned framework for
such calculations. Computational studies of ligandbinding energetics have already made use of the
W191G cavity mutant for method development.
These studies have resulted in improved computational methodologies and have provided speci®c
predictions concerning potential conformational
heterogeneities for certain ligands that are testable
by further experiments.37,38

Experimental methods
Protein expression and purification
W191G apoprotein was prepared, reconstituted with
heme, and puri®ed as described.3 Puri®ed enzyme was
recrystallized twice from distilled water and stored as a
crystal suspension at 77 K. Before use, crystals were
washed in cold distilled water and dissolved in the
appropriate buffer. W191G protein concentrations were
determined using e412  104 mMÿ1 cmÿ1 as determined
from the pyridine hemochromogen assay.

Ligand-binding measurements
Two methods were used to characterize ligand binding to the W191G cavity. Simple dissociation constants
were obtained by optically detected titrations as
described.3 These measurements are based upon a small
perturbation of the heme Soret absorbance that is
observed when ligands displace the solvent in the
W191G cavity. For these measurements, ligand stock solutions were prepared in 50 % (v/v) ethanol, except for
indoline, imidazo[1,2-a]pyridine, and quinoline which
were prepared in 95 % ethanol. Prior to use, each stock
solution was adjusted to the same pH as the protein buffer with H3PO4. Dissociation constants were determined
from Scatchard plots based on the difference absorbance
of the Soret maximum, assuming one binding site per
protein molecule. For selected ligands, a more extensive
characterization of the ligand-binding thermodynamics
was obtained by isothermal titration calorimetry (ITC).
These measurements were made using an MC2 titration
calorimeter from Microcal, Inc. at 25  C in 100 mM BisTris propane at pH 4.5. Protein solutions of known concentration were titrated with known concentrations of
ligand (typically 30-fold higher concentration relative to
protein) by automated 5 ml injections from a 100 ml spinning syringe (400 rpm) at intervals of four minutes.
Titrations were extended past the end-point to allow
subtraction of the heat of ligand dilution from the injection peaks. Data analysis was performed using ORIGIN
software customized for ITC analysis by ®tting the data
to a single-site binding isotherm to obtain values for the
ligand association constant, molar enthalpy, and the
number of ligand sites. Binding free energies were calculated as ÿRT lnKa, using a 1 M standard state, and binding entropies were calculated as (G ÿ H)/T. With the
exception of 3,4-dimethylthiazole and 2,3,4- and 3,4,5-trimethylthiazoles, which were synthesized by known
methods,39 all ligands were obtained from Aldrich. As
the results show that compounds bind only in a cationic
form (see Results), each of the reported values for binding constants and free-energies has been corrected where
appropriate for the pKa of the ligand to re¯ect the intrinsic af®nity of the cationic form.
X-ray crystallographic data collection and analysis
Crystals of W191G were grown for X-ray data collection by vapor diffusion at 18  C from sitting drops of
CCP in 8.5 % (v/v) 2-methyl-2,4-pentanediol (MPD),
200 mM Mes (pH 6.0), against a reservoir of 25 % MPD,
as described.18 Crystals were soaked in arti®cial mother
liquor containing 30-50 mM ligand for 60 minutes before
mounting and data collection. Diffraction data were collected at 15  C using CuKa radiation from the rotating
anode of a Siemens SRA X-ray generator using a
Siemens area detector. Data were indexed and integrated
using the XENGEN programs.40 All data were analyzed
by difference Fourier techniques using the Scripps XtalView software.41 Models for the ligands were obtained
by geometry optimization using density functional
methods implemented in Gaussian-94, as described.19
Protein Data Bank accession codes
The crystallographic coordinates for the structures
presented in this work have been deposited with the
RCSB Protein Data Bank (http://www.rcsb.org) with
accession codes 1aeq, 1aej, 1aee, 1aeo, 1aef, 1aeg, 1aeb,
1aed, 1aen, 1aeh, 1aek, and 1aem.
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