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Multiple solvent crystal structures (MSCS) of porcine pancreatic elastase
were used to map the binding surface the enzyme. Crystal structures of
elastase in neat acetonitrile, 95% acetone, 55% dimethylformamide, 80%
5-hexene-1,2-diol, 80% isopropanol, 80% ethanol and 40% trifluoroethanol
showed that the organic solvent molecules clustered in the active site, were
found mostly unclustered in crystal contacts and in general did not bind
elsewhere on the surface of elastase. Mixtures of 40% benzene or 40%
cyclohexane in 50% isopropanol and 10% water showed no bound benzene
or cyclohexane molecules, but did reveal bound isopropanol. The clusters
of organic solvent probe molecules coincide with pockets occupied by
known inhibitors. MSCS also reveal the areas of plasticity within the
elastase binding site and allow for the visualization of a nearly complete
first hydration shell. The pattern of organic solvent clusters determined by
MSCS for elastase is consistent with patterns for hot spots in protein–ligand
interactions determined from database analysis in general. The MSCS
method allows probing of hot spots, plasticity and hydration simul-
taneously, providing a powerful complementary strategy to guide
computational methods currently in development for binding site
determination, ligand docking and design.
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Introduction

One of the current challenges in structural
biology is to understand the general features that
guide protein–ligand interactions, allowing the
prediction of these interactions given the structure
of the unbound components.1 The binding process
is thought to occur in a step that involves
recognition, followed by rearrangements that
optimize packing at the interface.2–4 Therefore, an
important aspect in understanding interfaces and
the formation of complexes is to determine what
distinguishes ligand-binding sites from other areas
on protein surfaces, addressing the question posed
a decade ago: what makes a binding site a binding
site?5 Indeed, the last decade has seen intense
efforts to characterize the features that distinguish
ublished by Elsevier Ltd.
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binding sites from other areas on protein surfaces.
Initial database analysis determined that binding
sites exhibit no general patterns of hydrophobicity,
shape or charge,6 although for small ligands there is
a correlation with shape. Furthermore, it quickly
became clear that plasticity plays a major role in
protein–ligand interactions.7 The dynamic com-
ponent of ligand binding as well as the thermo-
dynamic contribution of solvation effects have
contributed to the difficulty of predicting a priori
specific residues or binding pockets that are hot
spots for ligand binding affinity.8 In addition, the
role of bound water molecules in mediating
protein–ligand interaction cannot be ignored.9 In
spite of the difficulties, however, a combination of
database analysis,4 experimental observations on
individual complexes,10 the development of com-
putational methods for predicting the location of
binding sites11 and docking of binding partners12

have contributed to significant advancements in
this area of research.
The multiple solvent crystal structures (MSCS,

elastase models from cross-linked crystals approach
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provides a robust experimental method to locate
and characterize ligand binding sites on proteins
using organic solvents.13,14 The method is fully
developed here using porcine pancreatic elastase as
a model enzyme in various solvent conditions:
XLINK, aqueous solution; ACN, neat acetonitrile;
DMF, 55% dimethylformamide; HEX, 80%
5-hexene-1,2-diol; TFE1, 40% 2,2,2-trifluoroethanol
(cross-linked crystals were not transferred to
distilled water); TFE2, 40% 2,2,2-trifluoroethanol;
ETH, 80% ethanol; ACE, 95% acetone; ISO, 80%
isopropanol; IBZ, 50% isopropanol, 40% benzene;
ICY, 50% isopropanol; 40% cyclohexane). As
different protein crystals have been successfully
transferred to organic solvents for X-ray structure
determination,15–21 the MSCS method is gaining
recognition as a method to study ligand binding
sites when well diffracting crystals are available, as
the organic solvent molecules probe the surface in a
way that is not possible within the constraints of a
larger molecule that occupies the entire binding
site. The crystal structures of thermolysin in
different concentrations of isopropanol20 and in
three other organic solvents21 reveal that the
organic solvents cluster in the known active site
and appear in some areas of crystal contacts.
Furthermore, the authors used the MSCS method
to qualitatively rank the affinity of different
thermolysin subsites for isopropanol.20 The work
on thermolysin includes a comparison of the
experimental organic solvent binding sites with
those obtained computationally using the multiple
copy simultaneous search (MCSS)22 and the GRID23

methods. Only poor agreement was obtained
between the experimental and computational results.
Indeed, these calculations areunrealistic because they
do not include solvation effects and the plasticity of
the protein structure.24 More recently, a compu-
tational counterpart to the MSCS method has shown
great success in predicting the location of the primary
binding pockets in enzymes.25,26

One long-term use of MSCS might be in ligand
design, where the organic solvents provide
experimental positions for functional groups that
can be incorporated into larger ligands.27–29 A
strategy for ligand design that has been discussed
for many years in molecular modeling
approaches relies on the idea that functional
groups can be optimized independently for
different regions of a protein binding site.22,23

These functional groups can then be linked to
form a ligand with high affinity and specificity to
the target protein.27,28 The protein binding affinity
of the resulting molecule will be, in principle, the
product of the binding constants for the individ-
ual fragments plus a term that accounts for
changes in binding affinity due to the linker
portion of the larger ligand.30 Though viable in
principle, this strategy has met with only limited
success, notably in cases when fragment positions
were obtained experimentally,30 because a major
difficulty with the computational linked-fragment
based approach is the lack of reliability in
predicting optimal binding modes for the frag-
ments tested. The use of organic solvent binding
as an experimental approach to identify frag-
ments for ligand design has been previously
suggested as an immediate consequence of the
MSCS method.13,17 The focus in the present study
is to further explore ways in which MSCS can be
used to more fully characterize the surfaces of
proteins. In addition to binding at specific sites,
the organic solvents provide changes in the
protein environment, inducing structural adjust-
ments in areas of plasticity and influencing the
way in which surface water molecules interact
with the protein.31 The MSCS method provides a
unique experimental approach to characterize
active sites of enzymes, while probing protein
plasticity and surface hydration simultaneously
throughout the entire structure. This is a critical
step in understanding the complex protein
template targeted for ligand design.
Results

Porcine pancreatic elastase (from hereon referred
to as elastase) is a serine protease of the trypsin
family, with 240 amino acid residues. It is composed
of two b-barrel domains, with the catalytic triad
(Ser206, His60 and Asp108) residing in the cleft
between the domains.13,17,32,33 The fact that elastase
has been well studied makes it a particularly
appropriate model to explore the potential of the
MSCS method to characterize the surfaces of
enzymes in general.

Elastase crystals grown in aqueous solution
were cross-linked with glutaraldehyde and trans-
ferred to a series of solutions containing high
concentrations of organic solvents in water as
described in Materials and Methods. The crystal
structures of elastase in each of ten conditions
were solved, revealing the way in which the
organic solvent molecules interact on its surface.
No cross-links were observed in any of the
electron density maps. Furthermore, the cross-
linking does not affect the overall structure of
elastase. Each type of solvent molecule binds to
the surface of the protein in a unique fashion,
reflecting its shape and chemical properties.

For the present analysis nine crystal structures of
elastase were added to the one previously solved in
neat acetonitrile (ACN).17 We present here the
crystal structures of elastase solved in the presence
of 95% acetone (ACE), 55% dimethylformamide
(DMF), 80% 5-hexene-1,2-diol (HEX), 80% isopro-
panol (IPR), 80% ethanol (ETH) and two structures
solved in 40% trifluoroethanol (TFE1 and TFE2). To
obtain the TFE1 model, the cross-linking phosphate
buffer solution containing the elastase crystal was
exchanged directly with a 40% trifluoroethanol
solution, while for TFE2 the crystal was first
exchanged into distilled and de-ionized water. In
addition, a crystal structure was solved in a mixture
of 40% benzene, 50% isopropanol and 10% water
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(IBZ) and one in 40% cyclohexane, 50% isopropanol
and 10% water (ICY). Isopropanol was bound to
elastase in these last two structures, but there were
no bound benzene or cyclohexane molecules
observed in the electron density maps. For the
MSCS analysis, each of the ten crystal structures
was superimposed onto the previously
published structure of cross-linked elastase in
aqueous solution.17

Comparison between the elastase models

The elastase crystals in organic solvents are
isomorphous with those in aqueous solution. They
have the symmetry of space group P212121 and unit
cell dimensions of approximately aZ51 Å, bZ58 Å
and cZ75 Å. The unit cell parameters, data
collection and refinement statistics are presented
in Table 1 for each of the nine previously
unpublished structures. All of the elastase models
contain a calcium ion and one sulfate ion in the
positions observed in previous structures of elas-
tase solved in aqueous solution34 (Table 1).
A second sulfate ion is found in the oxy-anion
hole in the ACE, DMF andHEXmodels. In the other
structures, either a water molecule or one of the
organic solvent molecules is found at this site. The
number of water molecules found in each model is
given in Table 1.

The root-mean-square deviations for pairs of
MSCS structures range between 0.12 and 0.33
based on the Ca positions of elastase residues.
This confirms the visual observation that overall
there is no significant difference between elastase
models in the various solvent environments. When
comparing the structures in detail, it becomes clear
that they vary primarily in the conformations of
side-chains that have high B-factors in aqueous
solution. However, a couple of notable exceptions
involving main-chain atoms do occur. Residues 24–
27 (RNSW) and 122–123 (SY), two regions that
interact within the structure, adopt one of two very
distinct backbone and side-chain conformations. In
the presence of solvents of higher dielectric
constants (XLINK, ACN, DMF, HEX, and TFE2/
water) several of the charged or polar groups are
exposed, while in environments of lower dielectric
constant (TFE1/buffer, ETH, ACE, IPR, IBZ, and
ICY) the resulting conformation maximizes
H-bonding between the protein atoms, with polar
groups turned away from the protein surface.

The organic solvent binding sites

In general, only a few organic solvent molecules
were found in each of the models (Table 1), which is
a far cry from the protein surface being solvated by
the organic solvents. Figure 1 shows a ribbon
diagram of elastase with 38 organic solvent
molecules taken collectively from the ten super-
imposed crystal structures of elastase solved under
different conditions (see Table 2 for a list of sites
occupied in each model). There are 16 unique sites
for the organic solvents. Molecules occupying
the same site have the same number in all
coordinate sets. The binding sites are numbered
consecutively from 1001 to 1016 and the organic
solvent molecules are numbered accordingly in the
models. There are seven sites occupied by more
than one type of organic molecule, numbered 1001
to 1007 (four of these are in the active site). The
other nine sites, 1008 through 1016, bind a single
organic solvent molecule (two in the active site).
Organic solvent binding sites outside of the active
site are located mostly at or near crystal contacts.
There are two crystal contact areas that are
particularly populated by the organic solvent
probes. The first crystal contact group includes
sulfate ion 290, which is invariably found in elastase
crystal structures. The organic solvent binding sites
in this general area of crystal contacts are 1005, 1015
and 1016 (see Table 2 for the identity of the solvents
bound at these sites). The organic solvent sites in the
other crystal contact area are 1007, 1012 and 1014.
Solvent sites 1010, 1011 and 1013 are also in crystal
contacts, but site 1006 is not. At this site, Lys234
interacts with either an acetone or an isopropanol
molecule through its N3 group. In addition to
H-bonding with Lys234, the probes at site 1006 are
in van der Waal’s contact with Leu227, Val231 and
the aliphatic portion of Arg233. This site is 8.5 Å
from the S4 subsite (1002).

The active site

The active site of elastase consists of pockets that
bind four or five amino acid side-chains before
(S1–S4 or S5) and three after (S1

0–S3
0) the scissile

peptide bond.32,35 These subsites have been well
characterized through kinetic experiments and
several crystal structures of elastase/inhibitor
complexes have been published.32,36–39 Small ali-
phatic amino acid residues were shown to be
favored in the S1 and S4 subsites, with S2 preferring
Lys. The S3 subsite is highly exposed to solvent and
has a less distinct preference for any given amino
acid residue.
The organic solvent molecular probes provide a

map of the protein surface that distinguishes the
active site from all other areas. Clustering of organic
solvent molecules occurs prominently in the active
site, where five of the known subsites on the
protease are clearly delineated. Organic solvent
molecules are found in S1 (1001), S4 (1002), the
oxyanion hole (1003) and two sites on the leaving
group side of the catalytic triad likely to be the S1

0

(1008) and S3
0 (1004) binding pockets. Four of these

subsites are observed to bind at least three different
types of organic solvent molecules. In addition,
there is a single acetonitrile molecule at the entrance
to the S2 (1009) pocket17 making a total of six
binding sites for organic solvents in the active site.
While there is a common set of hydrophobic

interactions with organic solvents within each of the
S subsites, there is significant variability in the polar
interactions, depending on the H-bonding potential



Table 1. Data collection and refinement statistics

HEX ETH TFE1 TFE2 IPR IBZ ICY ACE DMF

A. Data collection
Space group P212121 P212121 P212121 P212121 P212121 P212121 P212121 P212121 P212121
Unit cell parameters

a, b, c (Å) 52.60, 58.27,
75.84

52.45, 58.58,
75.32

52.60, 58.07,
75.46

51.88, 57.84,
75.24

52.49, 58.24,
75.39

52.13, 57.92,
74.91

52.02, 57.92,
74.84

52.20, 58.12,
75.05

52.54, 58.01,
75.66

aZbZg (deg.) 90 90 90 90 90 90 90 90 90
Resolution (Å) N to 2.2 N to 2.0 N to 1.9 N to 1.8 N to 2.2 N to 1.9 N to 1.9 N to 2.0 N to 2.2
Temperature (8C) 25 25 0 0 25 25 25 0 4
Number of unique reflections
(% complete)

19,334 (85) 14,637 (48) 14,070 (40) 25,281 (62) 20,624 (91) 21,613 (63) 22,509 (65) 12,617 (42) 11,178 (44)

B. Refinement
R factor (%) 16.5 18.4 17.1 16.7 15.4 16.1 16.4 16.9 16.5
R-free (%) 20.6 22.4 21.6 19.3 19.8 20.0 19.7 22.9 22.6
Restraints (rms observed)
Bond lengths (Å) 0.005 0.005 0.005 0.004 0.005 0.004 0.004 0.005 0.005
Bond angles (deg.) 1.16 1.23 1.23 1.22 1.16 1.22 1.24 1.20 1.18
Dihedral angles (deg.) 27 26 25 25 26 25 26 26 26
Improper angles (deg.) 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.7
Total no. protein atoms 1822 1822 1822 1822 1822 1822 1822 1822 1822
Number of water molecules 149 134 179 178 149 161 150 126 147
Number of sulfate ions 2 1 1 1 1 1 1 2 2
Number of calcium ions 1 1 1 1 1 1 1 1 1
Number of solvent molecules 2 8 4 2 3 3 5 4 5

RZ
P

h jFoðhÞKFcðhÞj=
P

h FoðhÞ.

D
T
D

5
A
R
T
IC
L
E
IN

P
R
E
S
S



Figure 1. Organic solvent binding sites. Ribbon
diagram of elastase showing the binding sites for organic
solvent molecules in a common frame of reference. Each
site is numbered as described in the text. The number of
the sites occupied by organic solvent molecules in each of
the models is given in Table 2. The catalytic triad is shown
explicitly in the cleft between the two b-barrel domains:
Ser203, His60, Asp108 are shown in gray. The b-strands
are shown in purple and the two a-helices are shown in
green. The organic solvent molecules are color-coded as
follows: HEX, salmon; ETH, hot pink; TFE1, cyan; TFE2,
orange; IPR, light green; IBZ, green; ICY, dark green; ACE,
red; DMF, blue; ACN, yellow. Figures 1–4 were made
using the program MOLSCRIPT.52

Table 2. Data collection and processing conditions

Organic solvent % Volume Equipmenta
Tempera

(8C)

HEX 80 3 25
ETH 80 3 25

TFE1 40 2 4

TFE2 40 1 4
IPR 80 3 25
IBZ 40/50/10 1 25
ICY 40/50/10 1 25

ACE 95 1 0

DMF 55 2 4

ACN 100 1 4

a Three different setups were used for data collection, designated 1
on a Rigaku RU200 rotating anode generator operating at 50 kV and
GX-6 rotating anode operating at 30 kV and 30 mA. (3) Siemens multi
Rigaku RU200 generator operating at 50 kV and 100 mA.
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of the molecule involved and its orientation within
the pocket. The hydrophobic interactions with
solvent molecules in S1 are provided by three
residues that line the bottom of this pocket:
Thr221 (Cg2), Val224 and Thr236 (Cg2). In general
the organic solvent molecules are oriented in such a
way that their more hydrophobic areas reach deep
into the S1 pocket, with their polar atoms
H-bonding to atoms closest to the surface. The S4
subsite is lined by Phe223, Val103, Ala104, the Cg2

atom of Thr182 and the aliphatic portion of Arg226.
Both the S1 and S4 subsites provide extensive
hydrophobic contacts to the bound molecules,
consistent with the preference for substrates with
apolar residues in these pockets.34,35 Two Leu
residues provide the hydrophobic contacts within
each of the S1

0 and S3
0 pockets. Leu156 contributes

to both pockets, while Leu149 is found in S1
0 and

Leu77 is found in S3
0. In contrast, the interactions

within the oxyanion hole are primarily polar in
nature. The models HEX, ACE and DMF have a
sulfate ion bound in the oxyanion hole, as reported
for the structure in neat acetonitrile.17 The sulfate
ions were not included in Figure 1 for clarity. Of the
organic solvents, only the alcohols ethanol (ETH),
trifluoroethanol (TFE1) and isopropanol (ICY) bind
in the oxyanion hole (Figure 1). In all three cases the
OH group H-bonds with the backbone N atoms of
Gly201 and Ser203 as well as with the Og of the
active site Ser203, mimicking the interactions of the
water molecule found at this site in the native and
cross-linked structures solved in aqueous sol-
ution.17 In the TFE1 model the hydrophobic
trifluoromethyl group is in van der Waal’s contact
with the trifluoromethyl group of the molecule
bound in the S1

0 site.
The binding of organic solvents in the S subsites

coincides with the way these sites are occupied by
elastase inhibitors. Figure 2 shows the inhibitor
ture
Data processing

Phases (PDB
code)

Binding sites
(see Figure 2)

Xengen 1ELA 1001, 1004
Xengen 1ELA 1001, 1002, 1003,

1004, 1005, 1010,
1011, 1012

XDS 1ELC 1001, 1002, 1003,
1008

Denzo 1ELC 1001, 1002
Xengen 1ELA 1001, 1002
Process 1ELA 1001, 1002, 1006
Process 1ELA 1001, 1002, 1003,

1005, 1006
Process 3EST 1001, 1013, 1014,

1006
XDS 3EST 1004, 1005, 1007,

1015,1016
Process 3EST 1001, 1007, 1009

, 2 and 3 as follows: (1) R-Axis II phosphoimaging plate mounted
100 mA. (2) Siemens X100-A area detector mounted on an Eliot
-wire area detector with Argonne “Mad” Interface mounted on a



Figure 2. Superposition of organic solvents and
inhibitor in the active site of elastase. The organic solvent
binding sites are numbered and some of the active site
residues are labeled. The protein atoms are depicted with
N in blue, O in red and C in gray. The trifluoroacetyl-Lys-
Pro-p-isopropylanilide inhibitor is in pink and the organic
solvents are color-coded as in Figure 1.

Figure 3. Plasticity in the active site of elastase. The S1
site is shown with the MSCSmodels superimposed. Some
of the active site residues are labeled. The protein atoms
are depicted with N in blue, O in red, S in yellow and C in
gray. The organic solvent molecules in the S1 subsite
(1001) are color-coded as in Figure 1.
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trifluoroacetyl-Lys-Pro-p-isopropylanilide32 super-
imposed on the organic solvent molecules observed
in that region. The inhibitor binds with the
trifluoroacetyl group in the S1 subsite, the Lys
residue in the S2, Pro in S3 and the anilide group in
S4. The functional groups of the inhibitor interact
with the same protein atoms described above for
the solvents. The protein interactions that are
common to all ligands provide a core of hydro-
phobic residues whose positions are invariant from
one structure to another, whereas the interactions
that vary between ligands form the surrounding
portions of the pocket that show plasticity in
accommodating each one. Two such residues in
the S1 subsite are Gln200 and Ser203. Figure 3 shows
the MSCS models of elastase clustered by least-
squares superposition and focused on the primary
specificity pocket S1. The strands containing Thr221,
Val224 and Thr236 cluster so tightly that it is nearly
impossible to distinguish the individual models in
Figure 3. This is also the case for the backbone of
residues 200 through 203. The side-chains of Gln200
and Ser203, however, are in slightly different
positions in each of the models and provide two
key areas of plasticity on either side of the ligand
within the binding pocket. A similar situation is
observed in the S4 subsite, with residues Phe223,
Val103, Ala104 and Trp179 well clustered, while
Arg226 and Glu65 provide plasticity.

Water binding sites

Table 1 shows that while few organic solvent
molecules were found in each of the models, the
number of crystallographic water molecules per
structure was similar to that found for the structure
solved in aqueous solution, with a range of 126 to
179 water molecules in the MSCS models. When all
11 models are superimposed over 400 unique
water-binding sites are observed. It is clear that
the superimposed models provide an enhanced
picture of the first hydration shell surrounding the
protein compared to what is normally obtained
with a single model, even at high resolution. An
analysis of the hydration pattern revealed by MSCS
distinguishes four categories of water binding sites
according to the way water molecules interact with
the protein: buried, channel, surface and crystal
contact.33 The different types of water molecules
can be distinguished by their average atomic
B-factors, which correlate with disorder and occu-
pancy of the sites. The average B-factor for buried
water molecules is 16 Å2 (similar for atoms found in
the interior of the protein), for channel it is 33 Å2,
and for surface it is 38 Å2. It is this last group of
water binding sites that most often changes location
from one structure to another, mediating local
adaptation of the protein structure to the bulk
solvent environment.31

Interestingly, all of the water molecules found in
the active site are of the surface type. Each of the
models individually has somewhere between five
and 11 crystallographic water molecules in the
active site. However, when all 11 structures are
taken together they total 21 unique sites. Figure 4
shows these water molecules superimposed on the
inhibitor discussed above. It is striking how well



Figure 4.Crystallographic water molecules in the active
site. The same region of the active site is shown as in
Figures 2 and 3, with the same color code for protein
atoms and organic solvent molecules. Water molecules
are superimposed on the trifluoroactyl-Lys-Pro-p-
isopropylanilide (pink). The water molecules are color-
coded according to the model from which they were
taken: XLINK, white; HEX, salmon; ETH, hot pink; TFE1,
cyan; TFE2, orange; IPR, light green; IBZ, green; ICY, dark
green; ACE, red; DMF, blue; ACN, yellow.
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these crystallographically visible water molecules
collectively trace the location of the inhibitor
binding sites. The active site of elastase is well
hydrated, with crystallographically visible water
molecules sampling all of the hydrogen bonds
available to ligands. Although the average position
of a water molecule varies with the solvent
conditions in which the protein is immersed, it is
exactly this variation that increases the scope of the
information available from the MSCS models. This
allows a view of how closely the hydration net-
works form an imprint of the inhibitors and
presumably of the substrate in the active site.
Discussion

The MSCS method provides an experimental
approach for locating and characterizing binding
sites on protein surfaces. Its power lies in the
collective analysis of several (typically five to ten)
superimposed crystal structures of the protein, each
solved in the presence of a high concentration of a
particular organic solvent, to compensate for the
fact that the probe molecules bind with relatively
low affinity to most sites. Elastase is a good
representative of the group of extracellular enzymes
that have typically been used in solvent mapping
experiments to date. These proteins have well
defined binding sites that do not undergo large
conformational changes upon substrate binding
and therefore can be thought to represent the type
of protein–ligand interactions embodied by the
“lock and key” model. In addition to analyzing
the patterns of organic solvents clustered in the
active site, the MSCS analysis presented here for
elastase also focuses on the patterns of plasticity
and on the hydration properties of the
site, providing a more complete picture of the
components involved in the binding process.

Characterizing the active site

The results presented here for elastase fully
establish the MSCS method as a powerful tool to
locate binding sites on enzymes. The distribution of
organic solvent molecules unambiguously dis-
tinguishes the binding pockets for side-chains of
the peptide substrate from all other areas on the
protein surface. The organic solvent molecules
cluster in four of the seven elastase pockets
known to be important for binding. The side-chain
binding pockets are lined by hydrophobic residues
surrounded by polar groups that interact in a
specific way with each type of molecule found in
the pockets. In this manner a variety of functional
groups can be accommodated in the pockets, with
apolar regions facing inward and polar functional
groups taking advantage of a subset of the available
H-bonding interactions offered by protein atoms
closer to the surface within the site. The rotational
freedom available to a small organic molecule
distinguishes it from larger, more specific ligands
that must simultaneously satisfy a greater number
of constraints within an extended binding site. In
this sense, a diverse group of small molecules can
collectively serve as true probes of the possible
interactions available within a binding site.
Rotational freedom is reflected in computational
solvent mapping in that each type of molecule is
observed to bind in multiple conformations within
a site, typically having a common binding inter-
action for the apolar portion of the molecule and a
variety of orientations for the polar groups.26

The entire cluster, rather than individual docking
conformers, is used to obtain an average free energy
of interaction, thus accounting at least partially for
the entropic effects of binding. In the electron
density maps produced in the experimental solvent
mapping by MSCS only a single conformation is
observed for each solvent, although in some cases
high B-factors for the bound organic solvent
molecules can be indicative of local disorder in the
structure. The fact that a major peak in the electron
density is observed for a given conformer indicates
that it is likely present at least 40% to 50% of the
time, but does not rule out the presence of less
populated conformations. This is one of the ways in
which the computational solvent mapping provides
complementary information to MSCS. Interestingly,
while each distinct organic solvent molecule has its
preferential set of interactions observed experimen-
tally with protein atoms, computational solvent
mapping results for lysozyme and thermolysin
indicate that multiple sets of H-bonding
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interactions often exist for a particular solvent.25

The fairly diverse options of polar interactions
within a binding site make possible the binding of
small molecules of different shapes and functional
groups. Conversely, it is possible to experimentally
detect the diversity of polar interactions in a
site by the number of distinct types of organic
molecules found to cluster within it in the MSCS
experiments.

The fact that clustering of different organic
solvent molecules is observed by MSCS primarily
at the known binding site of elastase is in striking
contrast to the abundant water binding sites
throughout the entire surface of the protein. At
first sight it is remarkable that the organic solvent
molecules, present in most cases at higher %V than
water, is unable to solvate the protein in any way. In
fact, the organic solvents are only able to compete
with water where the protein evolved to interact
with ligands or other proteins. From this perspec-
tive, the organic solvents behave much more like
ligands than like solvents. It is probably this
inability to compete with water outside ligand
binding pockets, combined with a diverse set of
available polar interactions at binding sites that
makes binding of organic solvents so distinctly
prominent in the active sites of enzymes. It is their
behavior as ligands, rather than solvents, that
makes small organic molecules powerful locators
of binding sites on protein surfaces.

Protein plasticity

It is well known that there is a great degree of
plasticity in the binding sites of proteins.7,40

Plasticity does not necessarily involve large
rearrangement of main-chain or side-chain confor-
mation, but can also reflect small movements of one
or more residues in response to ligand binding or to
a residue mutation that changes the local environ-
ment at a given site. Plasticity in response to ligand
binding has been observed in many enzymes and
was described for elastase in particular as the
“subtle induced fit of the active site as a result of
ligand binding”.34 By superimposing the protein
models taken from MSCS as shown in Figure 3, one
can use experimental solvent mapping to delineate
areas of plasticity in the active site. For the S1 subsite
in elastase, used here as the illustrative example,
these areas include the side-chains of residues
Gln200 and Ser203, which undergo subtle changes
in position in response to the various bound organic
solvent molecules. This kind of information can be
extremely important in ligand docking and in the
development of ligand design strategies. The lack of
this information has been shown to be a limiting
factor in computational solvent mapping, which is
often more successful in predicting consensus
binding sites when the conformation found in the
complex (rather than the apo form of the protein) is
used as a template for the calculations.26 It is often
costly to include protein flexibility in computational
studies of ligand docking in binding sites,
especially when a large number of compounds
need to be tested. This expense could be greatly
reduced if one could use the information from
MSCS to allow only selected parts of the structure to
be dynamic during docking or ligand design.

Plasticity can also be observed at the level of the
entire protein structure. TheMSCS provide a view of
the protein in very different environments. Through
observing how the protein structure adapts to the
global changes, it becomes clear which areas of the
structure are malleable and contribute to the changes
in conformation that optimize structure given the
properties of the solvent and the constraints of the
crystal environment. The bulk effects of organic
solvents on protein structure have been reviewed14

and a study of apolar solvents on the conformation of
the switch II region of Ras41 provides a fundamental
framework for explaining the local conformational
changes seen in the elastase residues 24–27 and 122–
123, where polar interactions between protein atoms
are optimized in solvents of lower dielectric con-
stants, while in the higher dielectric environment
polar groups are often extended toward the solvent.
Remarkably, with the exception of the region invol-
ving residues 24–27/122–123, the backbone of elas-
tase is largely unperturbed by the changes in solvent
environment. Rather, it is the first hydration shell that
is the primarymediator between the bulk solvent and
the protein, changing positions with changes in the
solvent and probably helping to maintain the
integrity of the native state.31 Thus, theMSCSmethod
provides a view of plasticity in the water structure as
well as in the protein.

It has been observed through database analysis
that enzyme complexes tend to involve anchor
residues that interact with structurally constrained
portions of the binding partner.3 These constrained
or anchor areas are thought to be involved in the first
step of recognition, which is hypothesized to be
followed by an induced fit process involving
surrounding residues to form the high-affinity
complex. The pattern of organic solvents in the
binding site of elastase can be viewed as depicting
binding sites for anchor residues at a few locations in
the more extended active site. The pockets mapped
experimentally have areas that do not change with
the organic solvent environment surrounded by
plasticity regions as exemplified in Figure 3. The
probe molecules cluster in the active site in well-
defined hot spots. Rather than forming a continuous
surface, the hot spots are distributed throughout the
binding site in pockets lined by hydrophobic
residues. This is also the pattern observed in
database analysis of protein complexes, although
the hot spot residues are not always hydrophobic in
nature.4 The important point here is that patterns
essential to binding site obtained through database
analysis are reflected in the structures of elastase in
the presence of organic solvents. The MSCS method
is able to depict both hot spot residues and the
plasticity areas that compose the active site of
elastase, providing a consistent picture of some
essential binding site properties.
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Hydration

The 21 active site water molecules observed
collectively in the MSCS experiment form
H-bonding interactions with virtually all available
polar groups in the active site. This includes the
walls and openings to the pockets as well as the
b-strand that forms a classic antiparallel interaction
with peptide substrates or a parallel interaction
with some inhibitors in the active site.32 The pattern
of crystallographic water molecules delineating the
polar groups in the active site mimics the shape of
the bound inhibitors. This leads to the idea that
while the organic solvents may identify areas of
hydrophobic hot spots on the surfaces of enzymes,
the water molecule pattern surrounding the hot
spots may provide clues to the general shape of the
active site that can be occupied by a ligand. If so,
these two components of MSCS are indeed highly
complementary. All of the crystallographic water
molecules observed in the active site of elastase
must be released upon complex formation. This
would be expected to contribute an entropically
favorable component to binding.
Conclusions

A complete MSCS analysis of a protein surface
takes into account patterns of organic solvent
molecules indicating the location of hot spots, the
areas of plasticity observed when superimposing
the protein models and the distribution of crystal-
lographically visible water molecules. The results
presented here provide a detailed map of the active
site of elastase containing all of these components
and consistent with binding site properties deci-
phered form database analysis of hundreds of
proteins. Because the properties being probed
have been shown to be component features of
binding sites, MSCS is poised as a powerful method
for analyzing the active sites of enzymes in general.
Hot spots, plasticity and certain patterns of
hydration converge in active sites. The MSCS
method probes these features simultaneously, and
therefore can serve not only to locate the binding
sites, but also to offer a fairly complete character-
ization of their essential properties. The diversity of
polar and hydrophobic interactions within a protein
binding site can be mapped in context with the
plasticity of the active site and the malleability of
the water structure. This information is critical in
filling the missing links currently existing in
computational ligand design methods.
Materials and Methods

Crystal growth, cross-linking and solvent soaks

Porcine pancreatic elastase was purchased from either
Calbiochem, Inc. or Worthington Biochemicals and used
without further purification. Crystals were grown and
cross-linked with gluteraldehyde as described.17 The
cross-linking buffer (100 mM sodium sulfate, 100 mM
sodium phosphate, pH 7.5) was slowly exchanged with
distilled water in a stepwise fashion. At the end of this
process the cross-linked elastase crystals were immersed
in 200 ml of distilled water. Cross-linked crystals were
transferred to different organic solvents and the solvent
concentration decreased 5% from neat by the addition of
water, to a maximum concentration that was not
detrimental to the diffraction of X-rays. A new crystal
was used for each test. Once the maximum viable
concentration of a particular solvent was determined,
the distilled water containing the cross-linked elastase
crystals was exchanged with the organic solvent solution
in a stepwise fashion by repeated removal of 20 ml
aliquots followed by addition of the same amount of the
final solution every 5 to 10 min. The final step in the
process involved the transfer of the crystals to a fresh
solution containing the desired concentration of the
organic solvent. The one exception to the general protocol
above was the TFE1 structure, for which the cross-linking
phosphate buffer solution containing the elastase crystal
was exchanged directly with a 40% trifluoroethanol
solution, rather than being first transferred to distilled
and de-ionized water. The solvents for which data were
collected are shown in Table 1 and described in Results.
Data collection

Crystals were mounted in quartz capillaries for X-ray
diffraction data collection. Data were collected to a
maximum resolution ranging from 2.2 Å to 1.8 Å on one
of three detector/generator sources: (1) R-Axis II phos-
phoimaging plate mounted on a Rigaku RU200 rotating
anode generator operating at 50 kV and 100 mA; (2)
Siemens X100-A area detector mounted on an Eliot GX-6
rotating anode operating at 30 kVand 30 mA; (3) Siemens
multi-wire area detector with Argonne “Mad” Interface
mounted on a Rigaku RU200 generator operating at 50 kV
and 100 mA. The data were reduced using the program
Process,42 XDS,43 Xengen44 or Denzo.45 The data collec-
tion temperature and equipment, as well as the program
used for data processing, are given in Table 2 for each of
the structures used in the present MSCS analysis.
Structure refinement

For all structures the program XPLOR46 was used for
initial phase calculation and least-squares positional
refinement. Initial phases were calculated from the
coordinates of elastase solved from crystals grown in
aqueous solution, with PDB codes as specified in Table 2.
All water molecules, counter ions and inhibitor atoms
were removed from the initial models. The refinement
strategy was to first make adjustments to protein atoms,
then to add water molecules that appeared simul-
taneously in an electron density map with coefficients
2FoKFc, contoured at the 1s level, and in an electron
density map with coefficients FoKFc contoured at the 3s
level. A Silicon Graphics workstation running the
program O47 was used to manually rebuild the protein.
In general, water molecules were only added to the model
once the R-factor dropped to below 22%. Calcium and
sulfate ions, as well as the first round of water molecules
were selected from the coordinates of native elastase
solved in aqueous solution (PDB code 1ELA). Additional
water molecules were added manually by visual inspec-
tion using the program O. Only then were the organic
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solvent molecules included in the model. The alcohol
moiety in ethanol and isopropanol and the N atom in
acetonitrile were positioned based on the chemical
environment of the protein site, in order to optimize
hydrogen-bonding interactions. With the exception of
DMF and TFE, the topology and parameter files used to
refine the organic solvent positions were based on similar
functional groups already present in the XPLOR protein
topology and parameter files.46 The parameters for DMF
used with XPLORwere developed by Jorgensen48 and the
parameters for TFE were taken from CHARMM22.49

As a final check, all organic solvent molecules were
removed from each model and a slow-cool simulated
annealing protocol was performed using CNS50 with 10%
of the data set aside for cross-validation.51 The starting
temperature for the simulated annealing calculations was
2500 K and the final temperature was set to 300 K, with a
25 K drop per annealing cycle. The resulting FoKFc (3s)
and 2FoKFc (1s) electron density maps were used to
check the protein structure and the water molecule
positions, and to validate the location of the organic
solvent molecules. Only the probe molecules for which
there was clear difference density in the omit maps were
kept. One or two rounds of positional and B-factor
refinement with the organic solvent molecules included
followed, with the entire model being checked and
adjusted if necessary. The final R-factors and correspond-
ing R-free values are shown in Table 1.
Coordinate numbering scheme

For the purpose of analysis, the DMFmodel was chosen
as a reference onto which all other models were super-
imposed using the least-squares superposition function in
the program O.47 Every organic solvent molecule bound
at a particular site on the protein has the same number in
all of the coordinate sets. The numbering system for the
probe molecules and how it relates to the pockets in the
active site are described in Results.
Similarly, equivalent water molecules have the same

residue numbers in all structures.Watermolecules retained
from the native elastase structure solved in aqueous
solution (PDB code 3EST) have numbers 301–345. This
includes 21 of the 23 buried water molecules.33 The
remaining two buried sites are numbered 406 and 418,
respectively. Ten channel water molecules (305, 306, 308,
311, 316, 318, 319, 323, 326 and 332) and 14 surface type
water molecules (325, 327, 329, 333, 335, 336, 337, 339 and
340–345) were also retained from the original coordinates
and therefore fall into this numbering group. The active site
water molecules, all of them classified as surface, are
numbered 351–371. Channel water molecules that did not
originate from the 3EST coordinate set are numbered
400–421, with the exception of 406 and 418, which are
buried, as mentioned above. Crystal contact water
molecules, those that are within 4 Å of a symmetry-related
protein atom, are numbered 500–558. All of them have the
characteristics of the surface water type with the exception
of 500, 503, 549 and554,whichare of the buried type (buried
between two protein molecules in the crystal). Surface
water molecules that did not originate from the 3EST
coordinate set, are away from crystal contacts and do not
bind in the active site are numbered 600–892.
Protein Data Bank accession codes

The coordinates and structure factors for nine models
of elastase soaked in organic solvents have been
deposited in the Protein Data Bank. The accession codes
are given using the abbreviation for each model as
specified in the text and Tables: HEX PDB code 2FOE;
ETH PDB code 2FOD; TFE1 PDB code 2FOG; TFE2 PDB
code 2FOH; IPR PDB code 2FOF; IBZ PDB code 2FOA;
ICY PDB code 2FOB; ACE PDB code 2FO9; DMF PDB
code 2FOC.
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