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Prediction of interaction energies between ligands and their receptors
remains a major challenge for structure-based inhibitor discovery. Much
effort has been devoted to developing scoring schemes that can success-
fully rank the affinities of a diverse set of possible ligands to a binding
site for which the structure is known. To test these scoring functions,
well-characterized experimental systems can be very useful. Here,
mutation-created binding sites in T4 lysozyme were used to investigate
how the quality of atomic charges and solvation energies affects molecular
docking. Atomic charges and solvation energies were calculated for
172,118 molecules in the Available Chemicals Directory using a semi-
empirical quantum mechanical approach by the program AMSOL†. The
database was first screened against the apolar cavity site created by the
mutation Leu99Ala (L99A). Compared to the electronegativity-based
charges that are widely used, the new charges and desolvation energies
improved ranking of known apolar ligands, and better distinguished
them from more polar isosteres that are not observed to bind. To investi-
gate whether the new charges had predictive value, the non-polar residue
Met102, which forms part of the binding site, was changed to the polar
residue glutamine. The structure of the resulting Leu99Ala and
Met102Gln double mutant of T4 lysozyme (L99A/M102Q) was deter-
mined and the docking calculation was repeated for the new site. Seven
representative polar molecules that preferentially docked to the polar
versus the apolar binding site were tested experimentally. All seven bind
to the polar cavity (L99A/M102Q) but do not detectably bind to the apolar
cavity (L99A). Five ligand-bound structures of L99A/M102Q were deter-
mined by X-ray crystallography. Docking predictions corresponded to the
crystallographic results to within 0.4 Å RMSD. Improved treatment of
partial atomic charges and desolvation energies in database docking
appears feasible and leads to better distinction of true ligands. Simple
model binding sites, such as L99A and its more polar variants, may find
broad use in the development and testing of docking algorithms.
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Introduction

To discover novel ligands for receptors of known
structure, investigators often use docking compu-
ter programs to screen multi-compound databases
for molecules that fit a binding site on the receptor.
For each molecule, many orientations and confor-
mations are sampled; based on these con-
figurations, each molecule is scored for
complementarity to the receptor and ranked relative
to the other members of the database. This scoring
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of complementarity remains a major challenge in
molecular docking and has been subject to intense
investigation (recently reviewed by Gohlke &
Klebe1). With adequate sampling, an ideal scoring
function should correctly rank a large set of dis-
similar molecules and predict the correct modes
of binding. Unfortunately, genuinely adequate
sampling, as for instance might be available
through thermodynamic integration, free energy
perturbation and related methods,2 – 5 would be
much too slow to be used in docking screens
of compound databases that can include over a
quarter of a million molecules. Investigators have
thus turned to faster, less accurate scoring func-
tions for docking screens. Encouragingly, several
of these have been used to predict novel ligands.6–12

As important as these successes are, they are not
thought to represent a general solution to the
scoring problem in molecular docking, which con-
tinues to be plagued by false negatives and
false positives. There remains much interest in
developing better scoring functions.

In developing new scoring functions, the field is
confronted with the problem of testing the effect
of a new method. Typically, new scoring functions

are evaluated for their ability to reproduce known
ligand-binding patterns for well-studied receptors.
This can take the form of determining if the
known ligands are ranked favorably in a screen of
a database that contains mostly decoys, or testing
if the experimental geometries of ligand–receptor
complexes are reproduced. Recently, several
investigators have compiled databases containing
thermodynamic data of binding and, in some
cases, structural information of ligand–receptor
complexes to facilitate this effort.13,14 Such studies
are certainly useful for testing the reliability of
existing scoring functions as well as designing
and parameterizing new ones. However, because
of the entanglement of various energetic contri-
butions in ligand–receptor binding (e.g. desol-
vation of the ligand and the binding site, and
conformational accommodation on binding),
isolating the effect of particular changes in
scoring functions can be difficult on the basis of
retrospective analysis alone. It would be useful to
have model systems that allow one to experi-
mentally test prospective predictions from new
docking algorithms. Ideally, such a model system
would be simple enough to allow one to isolate
the modification introduced in the new scoring
function from other aspects of the docking
calculation.

Here we use a cavity created in the core of T4
lysozyme as a prototype model binding site to test
a modification to a docking scoring function. This
cavity site was created by substituting Leu99 with
Ala (L99A) in the core of the enzyme.15 It is com-
pletely buried from solvent, small (volume about
150 Å3), uniformly hydrophobic, and contains no
ordered water molecules; it comes close to being a
naked binding site16 (Figure 1). Binding has been
shown for 57 mostly apolar small molecules16,17

(listed in Supplementary Material); X-ray crystal
structures have been determined for nine of these
molecules in complex with this site. In contrast,
some polar isosteres of the known ligands are not
found to bind to the cavity site. For instance,
although toluene binds to L99A with a Ka value of
9.8 £ 103 M21, phenol and aniline are not observed
to bind. Thus, although the L99A site is simple, its
ligand preferences nevertheless capture the subtle-
ties found in more complicated systems. This is a
requirement for a model system. Experimentally,
L99A is very accessible. Acquiring new possible
ligands, most of which are expected to be com-
mercially available, determining their binding
energies, and determining the structures of their
complexes with L99A, are all relatively straight-
forward. These features make testing predictions
for L99A practical, which is also important for a
model system.

We use this cavity site to investigate the effect
of different ligand partial atomic charges and
solvation energies on docking calculations. The
docking scoring function we use includes electro-
static and van der Waals interaction energies,
and is corrected for ligand desolvation energies

Figure 1. (a) The molecular surface (yellow) of the
cavity in T4 lysozyme mutant L99A. Carbon atoms are
in gray, oxygen atoms in red, nitrogen atoms in
blue and sulfur atoms in yellow. For clarity, only the
protein atoms that surround the cavity are shown.
(b) A cut-away view of the cavity reveals the bound
benzene (PDB entry 181L). Residue Met102 is labeled.
All molecular graphics were rendered with NEON in
Midas-Plus;65 all molecular surfaces were calculated
with MS.66
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where the electrostatic interaction energy (Eelec) is
calculated as the sum over the partial charge (qi)
of every ligand atom i, multiplied by the electro-
static potential of the receptor (fi) at the respective
atomic position;18 the van der Waals contribution
(Evdw) is the sum over the van der Waals properties
of each ligand atom multiplied by the Lennard-
Jones potential of the receptor (using the geometric
mean approximation of this equation);18 the energy
cost of desolvation of the receptor ðDGR

solvÞ is
assumed to be a constant for all ligands and is
thus ignored; the desolvation penalty for each
ligand ðDGL

solvÞ can be calculated in advance for
the entire database.

Like any force field-based docking method,3,19 – 22

this scoring function is sensitive to the partial
atomic charges of ligand atoms. Although an
important concept in molecular modeling, partial
atomic charges cannot be obtained ab initio due to
lack of the corresponding quantum mechanical
operator. In the past, we and others19,21 – 24 have
used an electronegativity-based method first
introduced by Gasteiger & Marsili,25 the partial
equalization of orbital electronegativity method
(PEOE), to assign charges. This method is fast and
robust enough to be applied to a large set of
diverse molecules, deriving charges solely on the
basis of the topology of the molecule. However,
recent reports suggest that more quantum
mechanically based methods might describe
charge distribution more accurately.26,27 We were
interested to know the effect of using those charges
in docking calculation. Here we compared the
PEOE charges and solvation energies derived
from them with the charges and solvation energies
calculated by the semi-empirical quantum mech-
anical approach implemented in the program
AMSOL†.28,29 The AMSOL charges, referred to as
the “class IV charge model” by Li & Cramer,28 are
calculated on the basis of population analysis of
semi-empirical electronic wave functions, and are
mapped to the experimental dipole moments.

We first investigated our ability to reproduce
known binding patterns for L99A. Beginning with
a simple scoring function based on shape-comple-
mentarity alone, we then considered a series of
increasingly complex functions. We were particu-
larly interested to see whether, using the new
charges and solvation energies, isosteric molecules
of different polarity could be correctly distinguished.
We then turned to a more stringent test of the new
charges and solvation energies. Using site-directed
mutagenesis, we introduced a single polar atom

into the surface of the otherwise hydrophobic bind-
ing site of L99A, by substituting methionine 102
with a glutamine to make the Leu99Ala and
Met102Gln double mutant of T4 lysozyme (L99A/
M102Q). The structure was determined by X-ray
crystallography and used as a template for new
docking calculations. We looked for new, high-rank-
ing polar molecules suggested to bind preferentially
to the new rather than the old site. These predictions
were tested experimentally, and X-ray crystal struc-
tures of five of the new, predicted ligands bound to
the L99A/M102Q site were determined to 1.85–
2.0 Å resolution. These experimental structures
were compared to the geometries predicted by the
docking program.

Results

Docking to the hydrophobic site of L99A

We used the cavity site in mutant T4 lysozyme
L99A to compare alternative docking procedures
that have been proposed. In these comparisons the
sophistication of the scoring scheme was suc-
cessively increased while the configurational
sampling remained constant. A total of 172,118
molecules in the Available Chemicals Directory
(ACD) were docked against the cavity in L99A,
using the Northwestern University version30,31 of
DOCK3.5.18 Of the 5716,17 known binders of L99A,
51 ligands were docked against the cavity while
the other six were either absent from the database
or excluded because they had too few non-
hydrogen atoms.

To judge how well a scoring scheme can dis-
tinguish known ligands from decoys, where a
decoy is a molecule thought not to bind to the site,
we considered two types of graphs that plot the
ranking of known ligands against the rest of
the database. The first is an “enrichment plot”
(represented by Figure 2(a)), which graphs, at
any given percentage of the database ranked by
the docking calculation, the number of true ligands
actually found divided by the number of ligands
expected to be found if they were just chosen at
random (see Materials and Methods for details).
For instance, if 10% of the known ligands were
found ranked in the top 1% of the docked data-
base, then the enrichment factor at that point (1%
on the x-axis) would be ten. The effectiveness of a
docking program at distinguishing known ligands
from decoys may be judged by three aspects of
this enrichment factor curve: the magnitude of the
maximum enrichment factor, the location of its
peak and the percentage of database covered. The
higher the enrichment factor, the closer its peak
occurs to the top of the ranked list and the larger
percentage of the database covered by the peak,
the better the performance of the docking screen.
The second way to present the performance of the
scoring schemes is shown in Figure 2(b), where
the percentage of known binders found by docking
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calculation (y-axis) is plotted against the percen-
tage of the ranked database that one has to look
through to find them (x-axis). Note that the x-axes
in both plots are the same. Both of these plots are
widely used in the docking literature, the first
(represented by Figure 2(a)) emphasizes the enrich-
ment of known binders in the top percentage of the
ranked database, which is often the most interest-
ing region, whereas the second (Figure 2(b)) gives
a view of the ability of the calculation to find
known ligands throughout the ranked list.

A caveat on the applicability of these curves is
the assumption that we know that the “decoys”,
which constitute the overwhelming majority of
molecules in the database, actually do not bind to
the target. This is a good assumption for most of
the ACD, but is probably not true for close analogs
of known ligands. To be conservative, we have
treated all molecules for which we have no data
as decoys. If we knew binding data for all of the
172,118 molecules docked, the enrichment curves
would change quantitatively for each scoring func-
tion. We believe that this change would be modest
and do not believe that the curves for different
scoring schemes would change relative to each
other, since the same assumption is made for each.

We began with a very simple scoring function
evaluating ligands only on the basis of steric
complementarity to the cavity site, using the
original shape-based scoring scheme in DOCK.32

Enrichment by docking of the 51 known ligands
of L99A16,17 in the database was compared to what
was expected from random selection. Using only
shape-complementarity, the maximum enrichment
factor was less than tenfold over random, reached
at the top 9.1% of the database (Figure 2(a)). We
next considered a force field-based scoring func-
tion that evaluated van der Waals and electrostatic
interaction energies, using the original DOCK3.5
energy function with the PEOE charges calculated
in SYBYL. The database was re-docked and
re-scored, and the maximum enrichment factor
rose to about 25-fold over random, and moved up
to the top 1.4% of the database (Figure 2(a)).

Next, the docking calculation was repeated
using the same energy function plus a correction
for desolvation energy (equation (1)). Using the
same PEOE charges, two implementations of the
continuum electrostatics model for solvation were
explored: the reaction field approach in the
program HYDREN33 that we had used
previously,31 and the finite-difference Poisson–
Boltzmann method in the program DelPhi.34 The
non-electrostatic component of solvation energy
was approximated by a linear dependence on
the surface area of ligand.35 In accord with our
previous observations,31 accounting for desolvation
using either method significantly improved the
enrichment factor: up to around 59-fold over
random at the top 0.2% of the entire database
when HYDREN was used; and a maximum of
118-fold over random at the top 0.1% of the
database when DelPhi was used (Figure 2).

Figure 2. Enrichment of 51 ligands of the hydrophobic
L99A site in docking screens. (a) The enrichment factor
of docking the entire ACD database; (b) the percentage
of binders found at each percentage level of the ranked
database, using the entire ACD. (c) The same as (b) but
only 51 known binders and 32 molecules known not to
bind (83 molecules) comprise the docked database. The
molecules were ranked by five different scoring schemes:
DOCK contact score18 (blue), DOCK energy score18 using
the PEOE charges25 (magenta), the energy score plus
desolvation energies calculated using the PEOE charges
by HYDREN31,33 (violet), the energy score plus desolva-
tion energies calculated using the PEOE charges by
DelPhi34 (red), and the energy score plus desolvation
energies calculated using the AM1-CM2 charges by
AMSOL28,29 (green).
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We then re-docked the ACD database using
atomic charges and solvation energies calculated
by the semi-empirical quantum mechanical
program AMSOL. The same form of the scoring
function was used (equation (1)). Using the new
charges and desolvation energies, the maximum
enrichment factor further increased to 137-fold
over random at 0.1% of the database. More impor-
tantly, the enrichment peak became broader; the
initial high enrichment level was maintained over
a larger percentage of the database. As a result, 27
known ligands were ranked within the top 1% of
the database, compared to 21 ligands when the

PEOE charges and DelPhi-derived solvation
energies were used. As an aside, we note that
even this relatively good performance is well
short of the maximum enrichment possible in this
system, where all 51 of the known ligands would
be found within the top 1% or indeed the top 0.1%
of the ranked database list. Some larger ligands
are in fact found relatively low in the ranked list;
this primarily owes to our use of the (smaller)
conformation of the cavity that binds benzene in
the docking calculation, rather than the (larger)
conformations that are observed when ligands
such as iso-butylbenzene bind.

The importance of decoys in docking calcu-
lations may be apprehended if we restrict the
calculations to only 83 database molecules, 51
ligands and 32 molecules not observed to bind,16,17

for which binding data are explicitly known
(Figure 2(c)). In this calculation, the difference
between the five scoring schemes is much attenu-
ated. Although this calculation might seem
superior to using all members of the ACD as
decoys, the opposite is the case; this calculation
masks the different abilities of the scoring func-
tions to identify likely ligands from among a host
of decoys. We return to this point in Discussion.

In docking the ACD, the improved performance
using semi-empirical quantum mechanically
derived charges and solvation energies appears to
be due to improved distinction among isosteres of
different polarity. This may be understood by
examining the ranking of six neutral isosteres:
aniline, phenol, fluorobenzene, thiophenol, toluene
and bromobenzene. It is known that fluoro-
benzene, thiophenol, toluene, and bromobenzene
bind to L99A, while the more polar compounds,
aniline and phenol, do not bind to L99A
detectably.16 Using the PEOE charges and
HYDREN-derived desolvation energies, aniline
ranked better than all the apolar binders, and
phenol ranked similarly to those ligands (Figure
3(a)). Replacing HYDREN with DelPhi improved
the ranking of the apolar binders, and to a lesser
extent the ranking of the polar non-binders, but
there was still no clear ranking separation between
them. When the AMSOL-derived charges and
desolvation energies were applied, all the known
apolar binders were ranked better than the polar
non-binders (for example, toluene was ranked
67th, bromobenzene 114th, aniline 418th, and
phenol 573rd); the separation between them was
significant and consistent with the known binding
pattern of this hydrophobic site.

Docking to the polar site of L99A/M102Q

To determine if the new charges and solvation
energies would also work in a more general con-
text, the L99A site was modified to include some
polarity. The methionine at site 102 was substituted
with glutamine to make the double mutant L99A/
M102Q. The structure of this protein, as deter-
mined by X-ray crystallography (Table 1; Figure 4)

Figure 3. Ranking of six isosteric molecules from
docking of the ACD database. (a) Comparison of their
ranks when docked against the L99A site: using the
PEOE charges and the solvation energies calculated by
HYDREN (black), the PEOE charges and the solvation
energies by DelPhi (white), or using the AM1-CM2
charges and the solvation energies by AMSOL (gray).
The isosteres are sorted by the logarithm of their
n-octanol/water partition coefficient. (b) Changes in
their ranking between the database screen against
L99A/M102Q and that against L99A, using the AMSOL
charges and solvation energies. A negative value means
the molecule was ranked better in the more polar
L99A/M102Q site.
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is very similar to that of L99A. The side-chain of
the glutamate at site 102 replaces that of the
methionine and the overall effect is to introduce a
single polar atom into the surface of the otherwise
apolar cavity. We assume that this atom is OE1 of
Gln102 and that the side-chain amide nitrogen
points away from the cavity to form a dipole–
quadrupole interaction with Phe114. In other
words, we assume that the polar atom that is
directed towards the ligands in the cavity acts as a
hydrogen bond acceptor. This is consistent with
the hydrogen-bonding interactions seen in the
double mutant L99A/M102Q and with all of the
complexes for which structures have been deter-
mined. It should be noted, however, that the
crystallographic data, alone, cannot distinguish
OE1 from NE2. During the refinement of the
L99A/M102Q structure two persistent and statis-
tically significant electron density features were
observed in the cavity (Figure 4). One of these
appears to be a poorly ordered water molecule
that is hydrogen bonded by Gln102. Attempts to
model the larger electron density feature with
different combinations of water molecules proved

unsatisfactory. Instead, it is modeled with a poorly
ordered molecule of b-mercaptoethanol, which is
present in the crystallization buffer. In the refined
model OE1 of Gln102 is 3.3 Å from the water
molecule, while the oxygen of the b-mercapto-
ethanol is 2.8 Å from OE1 and 3.4 Å from the
water molecule.

Using AM1-CM2 charges and solvation energies
from AMSOL, the ACD database was docked
against the slightly polar site in the L99A/M102Q
structure. Many polar compounds were ranked
better than in the docking against the L99A site.
Again, we examined the ranking of the isosteres:
the ranks of the polar compounds, aniline and
phenol, moved up from 418 to 128, and from 573
to 300, respectively. Meanwhile the ranks of
the apolar isosteres remained largely unchanged
or moved down (Figure 3(b)).

Seven representative polar molecules that were
scored and ranked better against L99A/M102Q
than L99A were tested for binding to L99A/
M102Q (Table 2). Binding was first investigated
using a thermal denaturation assay,15 in which the
melting temperatures of the protein in the presence

Table 1. X-ray data collection and refinement

Ligand bound to L99A/M102Q

None
2-Fluoro-

aniline
3,5-Difluoro-

aniline Phenol
3-Chloro-

phenol
3-Methyl-

pyrrole

Cell dimensions a ¼ b, c (Å) 60.8, 97.0 60.8, 97.7 60.7, 97.6 60.8, 97.4 60.8, 97.3 60.8, 97.5
Resolution (Å) 1.9

(2.0–1.9)a

1.85
(1.99–1.85)

1.9
(2.0–1.9)

2.0
(2.15–2.0)

1.85
(1.99–1.85)

2.0
(2.15–2.0)

Reflections 15,427 (2393) 16,636 (2773) 15,458 (2697) 13,467 (2225) 16,692 (2824) 13,817 (2400)
Rmerge (%) 7.7 (16.7) 4.1 (15.5) 5.9 (16.5) 4.8 (13.7) 4.8 (20.1) 4.8 (10.7)
Completeness (%) 88 (72) 87 (77) 88 (81) 89 (78) 88 (79) 91 (84)
kIl/ks(I )l 9.7 (2.4) 10.9 (2.5) 8.8 (2.6) 11.2 (3.2) 9.8 (1.9) 12.7 (3.8)
R-factor (%) 18.4 17.6 17.6 16.8 18.5 17.0
Dbond lengths (Å) 0.016 0.018 0.018 0.016 0.017 0.016
Dbond angles (8) 2.9 2.6 2.7 2.6 2.6 2.6
PDB code 1LGU 1LGW 1LGX 1LI2 1LI3 1LI6

a Values in parentheses are for the highest resolution shell.

Figure 4. Stereo drawing showing
the residual electron density within
the cavity in L99A/M102Q lyso-
zyme. The density was calculated
using coefficients (Fo 2 Fc) where
the Fo are the observed amplitudes
for the L99A/M102Q mutant. The
structure factors Fc and the phases
were calculated from the refined
model for the structure with all
atoms removed from the cavity.
The map is calculated at 1.9 Å reso-
lution and contoured at þ3s (con-
tinuous lines) and 23s (broken
lines) where s is the root mean
electron density through the unit

cell. The electron density can be modeled by a b-mercaptoethanol molecule plus a water molecule. Oxygen atoms are
drawn filled, carbon atoms open and nitrogen and sulfur atoms are drawn with radial spokes. Presumed hydrogen
bonds are drawn as thin lines.
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and absence of ligand were compared. All of the
compounds tested increased the melting tempera-
ture of L99A/M102Q significantly, indicating
binding (Table 2, Figure 5). None of them stabilized
L99A, consistent with the known binding profile.16

Binding thermodynamics of four polar ligands
as well as toluene to L99A/M102Q were further
investigated by isothermal titration calorimetry
(ITC) (Table 3). Toluene, an apolar ligand of L99A
(Ka ¼ 9.8 £ 103 M21), also binds to this more polar
site with a Ka of 6.4 £ 103 M21. Its polar isostere
phenol, which does not bind L99A detectably,
shows a Ka of 11 £ 103 M21 for L99A/M102Q. The
larger derivative 3-chlorophenol has a higher Ka of
18 £ 103 M21. Another class of new binders to the
L99A/M102Q site are aniline derivatives. For
instance, 2-fluoroaniline has a Ka of 10 £ 103 M21.
The small, nitrogen containing-heterocycle deriva-
tive 3-methylpyrrole shows a lower Ka of
6.3 £ 103 M21.

In accord with the observation that toluene and
benzene bind to the L99A/M102Q site, we
assumed that the 51 known ligands of L99A as
well as the seven new polar ligands all bind to
this more polar site. The database was re-docked
using the five different scoring treatments and the

enrichment factor was calculated (Figure 6). The
trend was similar to that seen in docking against
L99A: on the basis of steric complementarity,
known ligands could barely be distinguished;
using the force field-based energy score the enrich-
ment increased to 36-fold over random at around
the top 1.1% of the database. Using the desolvation
penalty on the basis of the PEOE charges further
increased the enrichment to over 73-fold at around
the top 0.4% of the database. When desolvation
energies were derived using DelPhi the enrichment
went up to 121-fold at around 0.2% of the data-
base. Finally, using the semi-empirical quantum-
mechanically derived charges and desolvation
energies from AMSOL, the enrichment reached a
peak of over 172-fold over random at the very top
0.1% of the rank list. As was seen against the
apolar cavity L99A, the enrichment peak also
became broader; the initial high enrichment level
was maintained over a larger percentage of the
database. For instance, there were 34 ligands in
the top 1% of the ranked list, compared to 27
ligands found when using the PEOE charges and
the DelPhi desolvation treatment (Figure 6(b)).

To test the prediction of binding geometries, the
crystal structures of the bound complexes of

Table 2. Representative ligands predicted to bind preferentially to the polar L99A/M102Q cavity

Compound Structure

Ranking in
L99A/M102Q

screen Dranka

Dscorea

(kcal/mol)
L99A L99A/M102Q

DTm
b

(8C)
Binding

detected?
DTm

b

(8C)
Binding

detected?

3-Methyl-
pyrrole

196 2401 21.5 0.1 No þ2.1 Yes (yes)c

3-Chloro-
phenol

154 2204 20.7 20.2 No þ2.7 Yes (yes)

2-Fluoro-
aniline

96 2200 21.1 0.3 No þ1.7 Yes (yes)

2,4-Difluoro-
aniline

47 2117 20.8 20.2 No þ1.3 Yes

Phenol 300 2273 20.7 20.2 No þ1.9 Yes (yes)

2,4-Difluoro-
phenol

26 291 20.9 0.3 No þ1.6 Yes

3,5-Difluoro-
aniline

32 2186 21.8 0 No þ1.7 Yes (yes)

a Rank or score change relative to the docking screen against the L99A cavity. A negative value means a better rank or score was
received in the screen against L99A/M102Q site. For instance, 3-methylpyrrole was ranked 597th in the L99A screen and 196th in
the L99A/M102Q screen, so Drank is 2401 (1 cal ¼ 4.184 J).

b DTm values are accurate to within 0.3 8C.
c Where an independent assessment of binding is available from crystallography, or calorimetry it is given in parentheses.
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L99A/M102Q with each of phenol, 3-chlorophenol,
2-fluoroaniline, 3,5-difluoroaniline and 3-methyl-
pyrrole, were determined by X-ray crystallography
to between 1.85 Å and 2.0 Å resolution. Generally,

ligand binding caused relatively minor adjust-
ments in the cavity site. The largest changes were
in the helix from residue 108 to 113, which moves
slightly away (up to about 1 Å) from the cavity
and becomes less well-ordered. This helix
was found to be less ordered than other regions
of the cavity surface in earlier studies.36,37 All of
the ligands fit the L99A/M102Q binding site
well, having only modest direct contact with this
helix.

We first describe 3,5-difluoroaniline and 2-fluoro-
aniline for which the bound structures are very iso-
morphous and can be compared directly. The
Fo 2 Fc electron density map for 3,5-difluoroaniline
(Figure 7(a)) clearly suggests that the ligand has
two modes of binding, related to each other by an
azimuthal rotation of approximately 608. Both
modes permit a hydrogen bond from the
amide nitrogen to OE1 of Gln102 (crystallographic

Figure 6. Enrichment of 58 ligands of the polar L99A/
M102Q site in docking screens of the ACD database.
(a) The enrichment factor; (b) the percentage of binders
found at each percentage level of the ranked database.
As in Figure 2, the molecules were ranked by five differ-
ent scoring schemes: DOCK contact score18 (blue), DOCK
energy score18 using the PEOE charges25 (magenta),
energy score plus desolvation energies calculated using
the PEOE charges by HYDREN31,33 (violet), energy score
plus desolvation energies calculated using the PEOE
charges by DelPhi34 (red), and energy score plus desolva-
tion energies calculated using the AM1-CM2 charges by
AMSOL28,29 (green), respectively.

Figure 5. Detection of ligand binding by thermal
denaturation upshift. Thermal denaturation curves of
protein only (red), protein plus 2 mM 2-fluoroaniline
(green), and protein plus 10 mM benzene (blue) are
shown. (a) For L99A, benzene causes a 2.58C increase in
Tm whereas 2-fluoroaniline does not change Tm detect-
ably. (b) For L99A/M102Q benzene increases Tm by
0.78C, and 2-fluoroaniline causes an upshift of 1.78C (for
clarity of presentation, parts of the baselines are not
shown).

Table 3. Calorimetric analysis of ligand binding to
L99A/M102Q

Compound Ka
a ( £ 103 M21) DHb (kcal mol21) Nc

3-Methylpyrrole 6.3 27 0.7
3-Chlorophenol 18 29 0.7
2-Fluoroaniline 10 28 0.6
Phenol 11 28 0.8
Toluene 6.4 26 0.8

a Association constant.
b Calorimetric molar enthalpy.
c Apparent stoichiometry of ligand binding to L99A/M102Q

lysozyme. The stoichiometry tends to increase as titrations are
done more quickly. Also the protein at concentrations above
20 mg/ml tend to slowly precipitate from storage buffer. This
suggests that some protein aggregation may occur during ITC
and for this reason we have not tried to assign error limits to
the quantities given here.
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refinement indicates respective distances of 2.8 Å
and 2.9 Å).

In contrast, the electron density map for 2-fluoro-
aniline (not shown) indicates that this ligand
has a single mode of binding, but again with
the amino group hydrogen bonded to Gln102.
The difference map (Figure 7(b)) calculated
directly from observed structure amplitudes of
the two complexes illustrates nicely the dif-
ference between the modes of binding of the
two ligands. Negative density at positions 1 and
2 results from fully occupied sites being sub-
tracted from partially occupied ones. Positive den-
sity at sites 3 through 6 results from unoccupied
sites being subtracted from partially occupied
ones.

Figure 8 shows the difference in density between
the phenol-bound and the 2-fluoroaniline-bound
complexes. Clearly these two ligands have very
similar modes of binding with the negative density
feature due to the lack of the fluoro substituent on
phenol. The phenol hydroxyl is 2.8 Å from OE1 of
Gln102. This map provides the strongest crystallo-
graphic evidence for a water molecule accompany-
ing any of the ligands within the cavity. The
density has been modeled as a solvent molecule
with a high B-factor (60 Å2). It is 3.0 Å from both
the hydroxyl of the phenol and from OE1 of
Gln102. The crystallographic data cannot dis-
tinguish between a fully occupied, highly dis-
ordered water molecule and one that has lower
occupancy and is somewhat better ordered.

Figure 7. (a) Omit map showing
the electron density for 3,5-difluoro-
aniline bound to L99A/M102Q
lysozyme. The amplitudes are
(Fo 2 Fc) where the Fo are the
observed structure amplitudes for
the complex of 3,5-difluoroaniline
bound to L99A/M102Q. The struc-
ture factors Fc and the phases for
the map were calculated from the
refined model for the complex with
all ligand atoms deleted from the
binding site. The map is at 1.9 Å
resolution and contoured at þ3s
(continuous lines) and 23s (broken
lines). The two alternative binding
modes of the ligand are shown.
(b) Map showing the difference
in electron density between 3,5-di-
fluoroaniline and 2-fluoroaniline
bound to L99A/M102Q. The ampli-
tudes are (Fo 2 Fo), which corre-
spond to the difference between
the observed structure amplitudes
for the respective complexes; the
phases were from the refined
model of the 2-fluoroaniline-bound
complex with all ligand atoms
removed from the binding site. The
map is at 1.9 Å resolution and con-
toured at þ3s (continuos lines)

and 23s (broken lines). The numbering corresponds to that of bound 2-fluoroaniline. The binding mode of 2-fluoro-
aniline is shown, together with the two alternate modes for 3,5-difluoroaniline.

Figure 8. Map showing the dif-
ference in electron density between
phenol and 2-fluoroaniline bound
to L99A/M102Q. The coefficients
are the differences between the
structure amplitudes observed for
the respective complexes and phases
were calculated from the refined
model of the 2-fluoroaniline-bound
complex with all ligand atoms
removed from the binding site. The
map is at 2.0 Å resolution and con-
toured at þ3s (continuous lines)
and 23s (broken lines).
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The Fo 2 Fc electron density map for 3-chloro-
phenol (Figure 9) suggests that this ligand binds
in the same plane as those discussed above but
is rotated about 608 and also translated approxi-
mately 1 Å relative to phenol. As a result the
hydroxyl occupies the “6” rather than the “1”
position (cf. Figure 7(b)) where it is 2.7 Å from
OE1 of Gln102. The glutamine side-chain appears
to rotate away slightly to avoid a closer contact.

The smaller ligand 3-methylpyrrole (Figure 10)
was modeled with two alternate, one-half occu-
pancy binding modes. Although 2.0 Å data
(Table 1) are marginal for modeling multiple
conformations, especially as similar as those
shown in Figure 10, attempts to refine single
conformations consistently resulted in significant
unexplained difference density features and
unsatisfactory ligand thermal factors. Distances
between the refined OE1 of Gln102 and the
ligand nitrogen positions are 3.3 Å and 3.1 Å. No
attempt to model ordered solvent molecules in
the 3-methylpyrrole-bound cavity was considered
appropriate.

Visually, the predicted and experimental struc-
tures corresponded closely (Figure 11), with root-
mean-square deviations of less than 0.4 Å. In the
case of 3,5-difluoroaniline (Figure 11(d) and (e))
and 3-methylpyrrole (Figure 11(f) and (g)), two
docked structures were predicted on the basis of
different low-energy configurations present in the
docked structures (multiple poses are almost
always present in docking studies). In the electron
density maps for each of these two compounds

there was evidence for both of the predicted
orientations being populated. On the other hand,
when the PEOE charges were used but the other
docking parameters were kept the same, two of
the ligand-bound structures were incorrectly pre-
dicted: in both phenol and 3-chlorophenol,
the hydroxyl group was predicted to point
toward the backbone oxygen of Leu84, instead of
the OE1 oxygen of Gln102 (Figure 12, and data not
shown).

Examination of the desolvation assumption

We have assumed that when a ligand binds to
the cavity it will be completely desolvated; this
allows us to pre-calculate desolvation energies,
greatly speeding up the docking calculation.
However, even a fully buried ligand continues to
interact with bulk solvent.38 To determine the
extent to which the assumption of full desolvation
is valid, the desolvation energy was calculated
using the Poisson–Boltzmann equation with the
structures of the new polar ligands in the binding
site. All the ligands were more than 92% desol-
vated according to DelPhi.34 The result was insensi-
tive to the charge sets or the dielectric constant
assigned for the protein (data not shown). This
suggests that the assumption of full desolvation of
ligands upon binding to these buried cavities is
reasonable.

A second assumption we made was that
ordered water would play no role in binding to
either cavity. For L99A, this assumption seems

Figure 9. Difference density map
for 3-chlorophenol bound to
L99A/M102Q. The coefficients are
(Fo 2 Fc) where the Fo are the
structure amplitudes observed for
the 3-chlorophenol-bound complex
and the Fc and phases were calcu-
lated from the refined model with
all ligand atoms removed from the
binding site. The map is at 1.85 Å
resolution and contoured at þ3s
(continuous lines) and 23s (broken
lines).

Figure 10. Difference density
map for 3-methylpyrrole bound
to L99A/M102Q. The coefficients
were defined as in Figure 9. The
map is at 2.0 Å resolution and con-
toured at þ3s (continuous lines)
and 23s (broken lines).
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reasonable; no ordered water molecule has ever
been observed by crystallography, and theoretical
considerations39,40 support a cavity bereft of
ordered water molecules. Presumably, water can
occupy this site a small percentage of the time;
such disordered water may affect binding energies
but should have little effect on rankings. For
L99A/M102Q, this assumption is more problem-
atic, as there does appear to be an ordered water
and a b-mercaptoethanol in the apo-structure

(Figure 10), albeit with high thermal factors.
In some complexes, such as that with phenol, this
water molecule appears hydrogen bonded to the
ligand (Figure 8); in others, such as the complex
with 3-chlorophenol, the water is displaced.
How to model such ordered water molecules in
docking remains a matter for future study.23,41,42

We only note here that neglecting it neither
prevented us from finding novel ligands nor
predicting their binding geometry.

Figure 11. Comparison of the
geometries of binding predicted
using the AMSOL charges and the
experimentally observed modes for
five ligands of L99A/M102Q: phenol
(a), 2-fluoroaniline (b), 3-chlorophe-
nol (c), 3,5-difluoroaniline ((d) and
(e)), and 3-methylpyrrole ((f) and
(g)). Carbon atoms are colored
cyan in the predicted structures,
and gray in the crystallographic
structures, nitrogen atoms in blue,
oxygen atoms in red, halogen
atoms are magenta. The cavity’s
molecular surface (yellow) has
been cut away to show the ligands.
Gln102 is labeled. Because the
receptor structure shows little
change upon binding of the ligands,
only the apo-receptor structure,
used in docking, is shown.
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Discussion

Improving scoring functions in molecule
docking remains an area of active interest, ever
more so with the explosion of atomic resolution
structures in the last five years. There is thus a
need for model systems for docking where dif-
ferent energetic contributions in the scoring
functions can be isolated, assessed and tested by
making genuine predictions. The cavity sites in
L99A and L99A/M102Q afford a prototype of
such a model system. These cavities are small,
well-defined and completely buried from the
solvent. It is not necessary to model the interface
between bound-ligand and the bulk solvent, and
the energy cost of displacing ordered water mol-
ecules is largely avoided (see above). In addition,
lysozyme is a well-behaved experimental system;
detection of binding, measurement of affinity,
and ultimately, structure determination by X-ray
crystallography are usually straightforward.

Using these model binding sites, it was possible
to investigate sometimes subtle changes in docking
scoring functions, both retrospectively and pros-
pectively. We compared ligand enrichment by five
scoring schemes of different levels of complexity.
The cavity is small and enclosed, so it is not sur-
prising that a simple steric score provides signifi-
cant enrichment (tenfold over random). Indeed,
if there is a surprise, it is that the enrichment is
not greater; even in this simple site, shape comple-
mentarity is necessary but not sufficient. Force
field-based energy scoring achieves better enrich-
ment, but unless desolvation is taken into account
charged decoys of appropriate shape compete
with true ligands in the database. As shown
previously,31 consideration of desolvation further
separates ligands from decoys of different net
charges. However, many decoys remain in the
ACD database that are of similar size, shape and
net charge: even this simple model site poses a
non-trivial test for scoring function. Further separ-
ation of true ligands from decoys was achieved
only when the AMSOL charges and solvation
energies were applied. We note that the same

improvement might possibly be seen using other
quantum mechanically based atomic charges, such
as the AM1-BCC charges developed by Bayly
et al.,43 the RESP charges by Kollman et al.,44

and may even be afforded by better empirical, or
electronegativity equalization-based methods that
are still being developed.45,46

The use of enrichment plots (Figures 2 and 6)
highlights a key issue with database docking; it is
a screening technique, and like all screening tech-
niques its first task is to identify a relatively small
number of molecules that will bind to a site from
among a very much larger number of molecules
that will not. To understand how well a database
docking calculation is performing, it must be
challenged with many diverse decoys. This is
what emerges from Figures 2(a) and (b) and 6(a)
and (b), where almost the entire ACD is considered
to be decoys, which is almost certainly the case for
most database molecules, but does not emerge
from Figure 2(c), where only 32 molecules actually
known not to bind are considered decoys for the 51
known ligands. Whereas the ACD has many highly
diverse molecules, the molecules actually known
not to bind are few and are considerably less diverse,
making this list a poor choice of decoys.

Prediction of binding modes is a separate test
from ranking. It might be argued, in the present
case, that predicting docked geometries for polar
ligands is a simplistic test. After all, there is only a
single prominent polar atom on the protein (OE1
of Gln102) with which the ligand can interact.
Despite this apparent simplicity, there are several
plausible configurations available to the ligands,
and distinguishing among them is not as obvious
as it might first appear. Under the full desolvation
assumption, the docked binding mode of a ligand
is determined by the balance between electrostatic
and van der Waals interactions. However, the
locations of the minima of electrostatic and van
der Waals potentials do not coincide. A hydrogen
bond may strengthen as the donor and acceptor
approach, but the van der Waals repulsion may
increase. Using the simpler PEOE charges, for phe-
nol and 3-chlorophenol, the gain in electrostatic
interaction energies at the observed binding con-
figuration is not large enough to overcome the
loss in van der Waals packing, and so the geome-
tries of these molecules are incorrectly predicted
(Figure 12). Using the generally larger magnitude
AMSOL charges led to correct predictions (Figure
11(a) and (c)). Indeed, using AMSOL charges the
docking program was able to predict what turned
out to be the experimental binding geometries to
within 0.4 Å RMSD for all five ligands. For
3-methylpyrrole and 3,5-difluoroaniline, both
binding modes that are consistent with the crystal-
lographic data were correctly predicted (Figure
11(d)–(g)).

Certain caveats should be mentioned. L99A and
related mutant enzymes are good systems for
docking because they are so simple and experi-
mentally tractable. This cavity site allowed us to

Figure 12. Comparison of the binding geometry of
phenol predicted using the PEOE charges and the
crystallographic structure. Color scheme as in Figure 11.
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reasonably approximate the desolvation cost in
docking as the full solvation energy of the ligand.
Because the ligands of this cavity are small,
uncharged and have only a few rotatable bonds,
we used a single conformation of the molecule to
calculate the solvation energy, ignoring its varia-
tion with conformation. In more open sites these
approximations will hold less well. The scoring
function used here (equation (1)) includes a van
der Waals energy derived from the AMBER
potential,18 an electrostatic interaction energy
calculated using a potential grid from DelPhi,18

and ligand desolvation energy calculated on the
basis of a Generalized Born/Surface Area (GB/
SA) model. These terms were derived indepen-
dently, and no effort was made to weight them.
Several important terms were not considered in
this scoring function, including entropic contri-
butions to the binding energy, the internal energies
of both receptor and ligand, and as always in dock-
ing, evaluation of all accessible states. These terms
are known to be important in scoring functions47,48

and remain areas of active investigation.
Notwithstanding these caveats, the ability of the

new scoring scheme to better enrich known ligands
from decoys, to predict new ligands for the cavity
sites, and to do so accurately as confirmed by
X-ray crystallographic structures (Figure 11), are
compelling results to emerge from this study. One
expects the semi-empirical quantum mechanics
charges to better represent physical reality than
the simpler PEOE charges, so it is comforting that
their use improves the reliability of the docking
calculations. Perhaps more significantly, the cavity
sites in lysozyme are well-defined simple systems
against which to test new docking algorithms and
scoring schemes in great detail, not only retrospec-
tively but also prospectively. These and other sites
with similar qualities may be useful as systems
against which to test many aspects of molecular
docking and scoring, not just those presented
here. Molecular docking has advanced to a point
where such robust experimental systems are
needed.

Materials and Methods

Calculation of partial atomic charges

The docking database contained a total of 172,118
molecules from the 1998 version of the ACD (MDL,
San Leandro, CA). Three-dimensional coordinates of the
molecules were generated using CONCORD,49 and the
Gasteiger charges were calculated in SYBYL (Tripos, St
Louis, MO) using the default parameters (courtesy of
Professor Irwin Kuntz). The same net charge and confor-
mation of each molecule were used in the calculation
of partial atomic charge by AMSOL (v6.5.3). Using
AMSOL, partial charges were calculated by CM2
mapping of Mulliken charges obtained from the semi-
empirical calculation with AM1 Hamiltonian (i.e. AM1-
CM2). The mapping procedure has been parameterized
so that the resulting charges can reproduce charge-

dependent observables.28 AMSOL calculates the free
energy of solvation and the relaxed electronic structure
(i.e. atomic charges) of solute in the solvent in a self-
consistent field approach (SCF).29 A generalized-Born/
surface area (GB/SA) based solvation energy term was
added into the Fock operator of the solute. In this work,
the interiors of the protein as well as the cavity site are
considered to have a dielectric value of 2. Thus the par-
tial charges were calculated in the solvent of hexadecane
(dielectric 2.06), to partly account for the relaxation of
solute electronic structure. Scripts to do the AMSOL
calculation are provided in Supplementary Material.

Calculation of desolvation energies

The same conformation of each molecule was used for
calculation of desolvation energies in all three methods.
We used 2 and 78 as the dielectric values of protein and
bulk solvent, respectively. To derive the energy cost of
transferring ligands from water into the binding site,
two AMSOL calculations were performed for each
ligand, using water and hexadecane as solvent. The con-
tribution to desolvation energy due to polarization was
obtained by subtracting the polarization energy calcu-
lated with the low dielectric (hexadecane) from that cal-
culated with the high dielectric (water). The non-polar
component of the solvation energy was obtained from
the calculation with the high dielectric (water). The
solvation model SM5.42R28,29 was employed. The AM1
semi-empirical Hamiltonian was used and a single SCF
calculation was specified. No further geometry minimi-
zation was performed. We note that neglecting geometry
optimization is expected to reduce the accuracy of the
calculation, but was found to be necessary to finish
the calculation in a timely manner and to allow SCF
iterations on some molecules to converge.

Desolvation energies were also calculated using
HYDREN33 and DelPhi.34 For HYDREN, the default
values of atomic radii were applied.33 The probe radius
was set to 0.8 Å. For DelPhi, the atomic radii were
adopted from the PARSE parameter set50 (with explicit
hydrogen atoms) provided in InsightII (Accelrys,
Princeton, NJ). For those atom types absent in the
PARSE set (F, Cl, Br, I and P), the corresponding van der
Waals radii in AMBER51 were used. The probe radius
was set to 1.4 Å. The non-electrostatic component of
solvation energy was calculated by HYDREN using:

DHne ¼ 8638:59 2 96:518 £ area area , 131:11 �A2 ð2Þ

DHne ¼ 2621:48 2 25:890 £ area area $ 131:11 �A2 ð3Þ

where DHne is the non-electrostatic hydration enthalpy
in cal/mol of a molecule with its molecular surface
area in Å2. Rashin and co-workers33 derived the above
relationship by fitting experimental hydration enthalpies
for non-polar ligands to their calculated surface areas.
We note that similar surface area-based methods to esti-
mate the non-polar component of solvation energies
have been proposed by other authors:52 we presume
that these methods would do as well as the one used
here.

Docking preparation and parameters

The benzene-bound conformation of L99A (PDB entry
181L) was used in the docking calculations with the
ligand deleted from the cavity site. The crystallographic
structures of L99A in complex with the ligands p-xylene,
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ethylbenzene, benzofuran and indole (PDB entries 187L,
1NHB, 182L, 185L) were matched onto that structure
by superimposing common receptor atoms. Positions of
ligand atoms that did not make steric contact with L99A
in its benzene-bound conformation were used as
proxies for receptor sphere centers. To further increase
orientation sampling, some spheres calculated by the
SPHGEN32 program were also used; in total, 56
potential atom sites were used in the docking calcu-
lations. A distance tolerance (dislim) of 0.75 Å was
applied for matching ligand onto these spheres. Bin
sizes and overlaps were set at 0.2 Å for both ligand and
receptor. A total of 20 steps of rigid-body minimization
were conducted for the docked molecules. Database
molecules having less than five or more than 25 non-
hydrogen atoms are skipped in docking calculation.
This is not expected to affect the results significantly,
since larger molecules will not fit inside the cavity, and
smaller molecules are docked poorly owing to our geo-
metry matching algorithm. In the docking of L99A/
M102Q, the apo structure of the mutant (PDB entry
1LGU) was used after removing the b-mercaptoethanol
and the ordered water molecule from the cavity (Figure
4). The other parameters were the same as in the docking
of L99A.

The polar and non-polar close contact limits used in
the steric grids53 were 2.4 Å and 2.8 Å, except when
ranking the set of 83 known binders and non-binders of
L99A using the contact score18 (Figure 2(c)), when the
limits were 2.7 Å and 3.1 Å. The electrostatic potential
grids were calculated using DelPhi34 with a probe radius
of 2 Å and the default atomic charges and radii. All
heteroatom hydrogens used in the DelPhi calculation
were placed using SYBYL. The van der Waals potential
grids were computed using CHEMGRID18 with the
default parameters.

All database screens were calculated with the North-
western University version of DOCK3.5. This code was
modified to account for ligand flexibility using pre-
generated conformational ensemble,30 and to penalize
for ligand desolvation.31 Of the molecules that fit the
sites, each on average sampled over 10,000 orientations,
and a total of 1.6 £ 108 and 1.5 £ 108 putative ligand–
receptor complexes were scored in the L99A site and
the L99A/M102Q site, respectively.

Enrichment factor calculation

The quality of docking results was evaluated by the
enrichment factor, which measures how known ligands
are enriched in the docking hit list compared to a
random selection.54 The enrichment factor was calculated
using the following formula:

enrichment factorðsubset sizeÞ

¼
concentration of binders in subset

concentration of binders in database
ð4Þ

For example, there are 51 known ligands for the cavity
site in L99A. Assuming that all other molecules in the
ACD database are decoys, then the denominator in
equation (4) would be 51/172,118 or 2.96 £ 1024. The
numerator depends on the number of known ligands
discovered in a particular fraction of the ranked data-
base, and the size of that fraction. For instance, if one is
looking at the top 1% of the docked database, and 20 of
51 ligands are found in this slice and then the numerator
will be 20/1721.2 or 0.0116. Therefore, the enrichment

factor in this case would be 0.0116/2.96 £ 1024 or 39.2.
For a random selection, the enrichment factor is 1; the
maximum enrichment achievable can be determined by
dividing the total number of molecules in the database
by the total number of known ligands; at any given per-
centage of the ranked database from docking calculation,
the maximum possible enrichment is simply the inverse
of the percentage of the ranked database (e.g. the
maximum possible enrichment at the top 1% is 100).

A total of 172,118 compounds were in the docking
database used in the enrichment tests. The unit of subset
size is chosen to be 0.1% of the database, i.e. 172 mol-
ecules. The 51 known binders of L99A were compiled
from previous reports.16,17 Consistent with the obser-
vation that the L99A ligands toluene and benzene also
bind to L99A/M102Q, all known ligands of L99A were
also considered ligands of L99A/M102Q. Combined
with the seven experimentally tested ligands that
preferentially bind to the polar mutant, this gives 58
ligands for L99A/M102Q.

Protein preparation

The mutant T4 lysozyme L99A was over-expressed
and purified as described.16 The double-mutant L99A/
M102Q was introduced into the L99A gene borne
by M13 phage derivative M13mp18 by mismatched
oligonucleotide site-directed mutagenesis on the WT
background using the method described by Kunkel.55

The resulting genes were sequenced and the mutant
L99A/M102Q was subcloned and expressed in plasmid
expression vector pHN1403.56 Escherichia coli strain
RR1 was transformed with the subcloned plasmid, and
ampicillin-resistant transformants were isolated. A clone
bearing the mutant gene was identified, and the mutant
protein was produced from fermentation broths grown
from these glycerol stocks and purified as described.56

We note that L99A was made on the WTp background57

not the WT background in which L99A/M102Q was
made. In this WTp background, the substitutions
Cys54Thr and Cys97Ala, have been made to improve
the overall behavior of the enzyme in thermal denatura-
tion studies.57 These residues are relatively far from the
cavity site. Subsequently the double mutant was also
made in the WTp background and found to be indis-
tinguishable as far as ligand binding in thermal upshift
experiments are concerned, consistent with the expec-
tation that the choice of background has little influence
on the ability of the cavity sites to bind ligands (data
not shown).

Binding detection by upshift of thermal
denaturation temperature

Thermal denaturation experiments were carried out in
a Jasco J-715 spectropolarimeter with a Jasco PTC-348WI
Peltier-effect in-cell temperature control device and
in-cell stirring. To screen the compounds for binding in
their neutral forms, denaturation experiments were
done at appropriate pH values: 3-chlorophenol, phenol,
2,4-difluorophenol and toluene were assayed in a pH
5.4 buffer containing 100 mM sodium chloride (NaCl),
8.6 mM sodium acetate (NaAc) and 1.6 mM acetic
acid; for 2-fluoroaniline, 2,4-difluoroaniline and 3,5-di-
fluoroaniline, a pH 6.8 buffer composed of 50 mM
K3/2H3/2PO4, 200 mM potassium chloride (KCl), and
38% (v/v) ethylene glycol was used; 3-methylpyrrole
was assayed in a pH 3 buffer containing 25 mM KCl,
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2.9 mM phosphoric acid and 17 mM KH2PO4 as
described elsewhere.16 Thermal denaturation in the
presence of each compound was monitored by CD at
234 nm (although the 234 nm wavelength monitors the
edge of the helical signal, it is less affected by absorbance
from the compounds), except for 2-fluoroaniline, 2,4-di-
fluoroaniline, and 3,5-difluoroanline which have high
absorbance in the far UV region. For those three
compounds, the intrinsic fluorescence of the aromatic
residues was stimulated by irradiation at 294 nm and
thermal denaturation was measured by the intensity
of the integrated emission for all wavelengths above
300 nm. Thermal melts were performed at a temperature
ramp rate of 2 K/min. A least-square fit of the two-state
transition model was performed with the program
EXAM58 to calculate tm and van’t Hoff DH values
for the thermal denaturations. The DCp was set to
16 kJ mol21 K2l. Prior work30 has shown that L99A
denatures in a two-state, reversible fashion, and our
results here are consistent with such a model.

Denaturation of the apo L99A and L99A/M102Q
mutant lysozymes was carried out with 0.04 mg/ml
protein in the same buffer solutions described above.
The potential ligands were included at a concentration
of 2 mM except for 2,4-difluoroaniline and 3,5-difluoro-
aniline for which the concentrations were 0.5 mM.
Each denaturation experiment was performed at least
twice.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC59) was done for
ligand binding to L99A/M102Q T4 lysozyme. A VP-ITC
calorimeter (Microcal60) was operated at 10 8C and
310 rpm with a data collection interval of four minutes
per injection. A total of 24–48 injections totaling 294 ml
were typically done with the protein in the 1.4343 ml
sample cell between 0.1 mM and 0.5 mM and the small
molecule ligands in the syringe adjusted such that the
protein to ligand stoichiometry was 1:1 about 40% of the
way through the titration. Baseline mixing heats were
estimated by injection of ligand into buffer. Reaction
heat profiles were fit to the single binding site model
using the ITC worksheet of ORIGIN, version 5.0.

Protein concentrations were determined by means
of a Varian 2290 spectrophotometer using a molar
absorptivity at 280 nm of 23,900 M21 cm2161 in 0.5 M
NaCl, 0.1 M sodium phosphate (pH 6.8). Ligand concen-
trations were determined from weight (phenol and
3-chlorophenol) or volume (toluene, 2-fluoroaniline and
3-methylpyrrole) of material added to a known volume
of buffer. Buffers were outgassed at 1/3 atmosphere
with controlled stirring (Microcal). Protein solutions
were dialyzed against outgassed buffer using Spectra/
Por 8000 dialysis membrane.

Crystallography

Crystals of the mutant L99A/M102Q were grown
using the conditions essentially the same as described,62

and belong to the space group P3221. X-ray data were
collected at room temperature using a multi-wire area
detector system.63 The protein crystal was first mounted
in a capillary tube and then a droplet of the ligand intro-
duced at one end of the tube.15 This provides a saturating
vapor of the ligand which can diffuse into the crystal.
The capillary tube was allowed to equilibrate overnight

before data collection commenced. The crystal structures
were refined using the TNT package.64

Atomic coordinates

Data deposition: the X-ray crystal structures of the
apo-enzyme, L99A/M102Q, and of the complexes of
L99A/M102Q with phenol, 3-chlorophenol, 2-fluoro-
aniline, 3,5-difluoroaniline, and 3-methylpyrrole have
been deposited in the PDB as 1LGU, 1LI2, 1LI3, 1LGW,
1LGX, and 1LI6, respectively.
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