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ABSTRACT: Crystals of y-chymotrypsin grown in aqueous solution were soaked in #n-hexane, and the structures
of both the soaked and the native crystals were determined to 2.2-A resolution. Seven hexane molecules
and 130 water molecules were found in the hexane-soaked crystals. Two of the seven hexane molecules
are found near the active site, and the rest are close to hydrophobic regions on or near the surface of the
enzyme. In the hexane structure, water molecules that were not observed in the native structure form a
clathrate around one of the hexane molecules. Only 97 water molecules were found in the native structure.
The temperature factors for atoms in the hexane environment are lower than those in the aqueous environment.
There are significant changes between the two structures in the side chains of both polar and neutral
residues, particularly in the vicinity of the hexane molecules. These changes have perturbed the hydrogen-
bonding patterns. The electron density for the peptide bound in the active site has been dramatically altered
in hexane and appears to be tetrahedral at the carbon that is covalently bound to Ser 195. The crystalline
enzyme retains its active conformation in the nonpolar medium and can catalyze both hydrolysis and

synthesis reactions in hexane.

In recent years there has been interest in the properties of
chymotrypsin and other enzymes in nonaqueous solvents. A
number of advantages have been reported for enzymes
suspended in organic solvents. These include increased
thermostability (Zaks & Klibanov, 1984), altered substrate
specificity (Zaks & Klibanov, 1986, 1988a; Gololabov et al.,
1992; Tawaki & Klibanov, 1992), and the possibility of
catalyzing reactions that are thermodynamically or kinetically
impossible in water (Homandberg et al., 1978; Zaks &
Klibanov, 1985; Kuhl ez al., 1990; Stahl et al., 1990; West
et al., 1990; Kasche et al., 1991).

Chymotrypsin is an ideal model system to explore the effects
of organic solvents on enzymatic catalysis. The chemical and
kinetic mechanisms of chymotrypsin have been studied for
x\q;daqeé (Polgar et al., 1987), and a number of structural
studies have been reported (Steitz & Shulman, 1982). The
placement of chymotrypsin in organic solvents dramatically
alters substrate specificity. Adlercreutz and co-workers have
demonstrated that the specificity in the P1” site changes when
chymotrypsin is suspended in a solution of acetonitrile,
dimethylformamide, and water (Gololobov et al., 1992). Zaks
and Klibanov (1986) have demonstrated that the specificity
in the P1 site also changes when chymotrypsin is suspended
indry octane. Two groups have reported that chymotrypsin-
catalyzed peptide bond synthesis is possible in organic solvents
(Homandberg et al., 1978; Kasche et al., 1991). Some of
these reports also show that chymotrypsin can use b-amino
acids as substrates in organic solvents (Stahl et al., 1990;
West et al., 1990).

Several models have been proposed to explain this altered
reactivity. Zaks and Klibanov (1988a) propose that the
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increased thermostability in organic solvents is due to high
kinetic barriers between the native and the unfolded states.
Tawaki and Klibanov (1992) propose that changes in substrate
specificity can be explained by altered substrate binding in
organic solvents. Hartsough and Merz (1992, 1993) have
begun to address the effect of nonaqueous solvents on protein
structure using molecular dynamics simulations. They suggest
that the inherent flexibility of proteins in nonaqueous media
does not change. Rather, they propose that many of the weak
intramolecular forces that stabilize proteins (hydrogen bonds,
salt bridges) are stronger in organic solvents than in water.
Their simulations predict that side-chain positions for amino
acids on the surface of the protein should be significantly
altered in organic solvents.

Clearly, a structural study of enzymes in organic solvents
is necessary to answer the questions raised by these competing
models and to explain the structural basis for altered enzyme
reactivity in organicsolvents. Thestructureof glutaraldehyde-
cross-linked crystals of subtilisin in acetonitrile has recently
been reported (Fitzpatrick et al., 1993). We now report the
refined crystal structures of y-chymotrypsin in both aqueous
(native structure) and hexane environments at 2.2-A resolu-
tion. Unlike subtilisin in acetonitrile, crystals of «-chymo-
trypsin in hexane do not require cross-linking for stability.
This form of chymotrypsin was chosen because it already has
a peptide bound in the active site (Dixon & Mattheéws, 1989;
Harel et al., 1991; Dixon et al., 1991), so that it has a built-in
probe for changes in substrate binding.

MATERIALS AND METHODS

a-Chymotrypsin (Sigma, C-4129) was converted to-y-chym-
otrypsin and was crystallized as described previously (Stoddard
et al., 1990), with one addition. After the final solution was
dispensed into a 0.5 dram vial, a fiber that had been dipped
into a solution containing y-chymotrypsin crystals was briefly
dipped into the new crystallization solution. This seeding
technique greatly improved the likelihood of obtaining large
single crystals (0.5 X 0.5 X 0.8 mm). Crystals typically
appeared within 3 days and grew to full size in 10 days.
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Table 1: Data Collection and Data Reduction Statistics

Table 2:  Refinement Statistics

native hexane native hexane
space group P4,2,2 P4y2,2 no. of water molecules? 97 130
unit cell dimensions (A) final R-factor (%)® 17.6 17.5
a 69.54 69.34 é-bond (A)° 0.011 0.012
b 69.52 69.32 é-angle (deg)* 1.954 1.824
¢ 98.01 97.51 mean B-factor (A2)
no. of reflections® protein 5.4 4.4
collected 16994 13982 water 19.3 17.1
observed (>20) 8058 7606 hexanes none ; 12.54
resolution (A) 2.2 2.2 active site peptide 16.6 21.1
;0 of ?’/)Sgals 2 4 ;'2 @ The number of heavy atoms in the native structure mcludmg the
merge B . b -
isomorphous dlfferencec (%) 15.3 active site peptide is 1766. ® The final R-factor was calculated using the

4 The hexane data sets were collected using crystals completely
surrounded by hexane. ® Rperge = L|I; ~ I|/L7, where j is a summation
over all crystals. ¢ Isomorphous difference = L|Fyat — Fhesl/ ZFat, where
the summation is over all common reflections.

The crystals were then transferred to thin-walled quartz
capillary tubes, and the hexane soaks of the crystal were done
directly in the capillary tube. The size of the capillary tube
was chosen so that the crystal would wedge roughly halfway
down the tube. Al of the aqueous solution was removed from
the capillary tube using filter paper. Any water left in the
capillary tube would form a drop centered at the crystal. The
capillary tube was then flushed repeatedly with anhydrous
n-hexane (HPLC grade from Aldrich) that had been stored
over 4-A, 1/g-in., 4-8 mesh molecular sieves. The concentra-
tion of water in the hexane that was placed around the crystal
was less than 10 nM, as determined using a Mettler DL-18
Karl-Fisher titrimeter. The capillary tube was sealed with
sticky wax and allowed to sit for 24 h. Thereafter, the seal
was broken and the hexane removed. A fresh volume of dry
hexane was added to the capillary tube, along with pipe cleaner
fibers to immobilize the crystal. The capillary was resealed
and was mounted on a goniometer head for data collection.
Crystals treated in this way rarely cracked. The native data
set was collected on crystals mounted in capillary tubes with
slugs of mother liquor at both ends. Very little liquid was left
near the native crystals during data collection.

X-ray data were measured to a nominal resolution of 2.2
A using a four-circle diffractometer with a rotating anode
X-ray source (Molecular Structure Corporation). Table 1
lists the crystal data and data processing parameters. Radia-
tion was monochromatized using a graphite crystal. Individual
background measurements were made for all reflections. Data
from different crystals were merged together using a set of
211 strong reflections, which were measured for each crystal
(Monahan et al., 1967). This common block of reflections
was collected at the beginning and at the end of data collection.
A radiation damage correction was applied as a function of
both time and resolution using these reflections (Fletterick et
al.,1976). Thecrystalsinhexane showed significantly reduced
radiation damage as compared to those in water. The hexane
data were scaled to the native data set using a single overall
scale factor. Programs for data reduction were written in the
authors’ laboratory.

The starting point for the refinement of the two structures
was the structure reported by Stoddard et. al. (1990) stripped
of all of the water molecules and the cinnamate in the active
site. Both the native and the hexane structures were refined
independently using XPLOR (Brunger et al., 1987). Results
from the crystallographic refinement appear in Table 2.

Simulated annealing was done in three rounds, increasing
the resolution at each round. In an individual macrocycle,
the structure was heated to 3000 K and cooled in increments

5-2.2-A shellof data. ¢ Root-mean-squarediscrepancies from ideal values.
4 For the 42 carbon atoms of the seven hexane molecules.

of 25 K. After each cooling step, 50 steps of molecular
dynamics simulation were performed. The time step for each
of these runs was 0.5 fs. Conventional positional and B-factor
refinement followed the simulated annealing refinement. After
the R-factor converged, difference Fourier maps (Fpexane —
Frative) showed continuous electron density that could be
attributed to hexane molecules. These hexane molecules were
built into the map manually and tested for short contacts
before they were incorporated into refinement. Parameters
for the hexane molecules were extended from the methylene
and methy] carbons of the protein, with the partial charge set
tozero. Only those with reasonable temperature factors were
retained. Seven hexane molecules refined successfully.

Analysis of the water structure was handled with great
care. Electron density peaks often appeared in the (2F, - F.)
maps as possible water molecules, but did not reappear after
water had been added to the structure. Only waters that
reappeared after further refinement were included in the final
model. In the intermediate steps of the refinement, water
molecules with temperature factors less than 25 A2 were kept
in the model. In the final stages of refinement, the B-factor
cutoff was relaxed to 50 A2 because of the persistent
reappearance of some of the peaks. There was a total of 97
water molecules in the native structure and 130 in the hexane
structure.

After the water structure was completed, 2F, — F, maps
showed clear continuous electron density in the active site. As
has been done by others, this electron density was initially
modeled as a tetrapeptide with the sequence Pro-Gly-Ala-
Tyr in both the native and hexane structures (Dixon &
Matthews, 1989; Harel et al., 1991; Dixon et al., 1991). In
both structures, there was density attached to the oxygen of
Ser 195, so that the tetrapeptide was initially modeled as an
acylenzyme intermediate. Additional positional and B-factor
refinement was performed after the tetrapeptide was added
to the active site. In order to provide an unbiased structural
model of the active site region, simulated annealing omit maps
(Hodel et al., 1992) for both structures were calculated using
XPLOR. An 8-A sphere centered at Ser 195 was defined as
the omitted region. Atoms inthe shell 8—11 A from the serine
were harmonically restrained to prevent them from moving
into the omitted region. Simulated annealing was carried out
beginning at an initial temperature of 1000 K, with cooling
in increments of 25 K to a final temperature of 300 K.
Surprisingly, the resulting omit maps strongly suggested that
the carbon of the peptide attached to Ser 195 was tetrahedral
in the hexane structure and planar in the water structure.
After the tetrahedral intermediate was built in the hexane
model, the refinement was concluded with positional and
B-factor refinement. All molecular modeling was performed
using the program O (Jones et al., 1991).
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Table 3: Buried Surface Area for the Hexane Molecules (in A2)@

surface SAin SA SA exposed

hexane area protein with water buried SA to water

401  333.79  86.35 56.86  247.44 (74%) 29.49

402  340.89 0 0 340.89 (100%) 0

403 33594 139.12 137.29  196.82 (59%) 1.83

404  334.17 160.16 13442 174.01 (52%) 25.74

405  328.46 0 0 328.46 (100%) 0

406  336.10 109.74 100.22  226.36 (67%) 9.52

407  331.72 151.38 37.70  180.34 (54%) 113.68

¢ The surface area for each hexane was calculated in the absence of
the rest of the protein structure. The SA in protein calculation included
only the protein atoms. The SA with water calculation included both
protein and solvent atoms. The buried surface area is the surface area
of the hexane in the absence of protein minus the surface area in the
presence of only protein atoms. The surface area exposed to water is the
difference between columns 2 and 3.

Surface areas for the hexane molecules were calculated
using XPLOR. A water molecule with a radius of 1.6 A was
used as the surface area probe. The surface area of each
hexane was calculated with no protein present (surface area),
with protein atoms present (SA in protein), and with protein
and water molecules present (SA with water). All of these
surface areas are reported in Table 3.

Crystals of chymotrypsin were shown to be active for the
hydrolysis reaction in hexane using p-nitrophenyl acetate as
a substrate (Hartley & Kilby, 1954). A large crystal (0.7 X
0.7 X 0.5 mm) of v-chymotrypsin in hexane was mounted in
a flow cell (Petsko, 1985). As described above, the crystal
was placed in a capillary tube, water was removed from the
tube, and hexane was added. Crystals were allowed to soak
in hexane for at least 3 days before the experiment began. To
construct the flow cell, polyethylene tubing with a small inner
diameter (Intramedic, PE-190) was attached to both ends of
the capillary tube. p-Nitrophenyl acetate (Aldrich N1990-
7) was dissolved in acetonitrile to a concentration of 30 mM.
A reservoir containing a solution of 99% hexane and 1%
acetonitrile (containing an overall concentration of 0.3 mM
p-nitrophenyl acetate) was attached to one of the tubes. The
other tube was attached to a quartz flow cell mounted in a
Hewlett-Packard HP 8452 diode array spectrophotometer.
The flow rate was roughly 0.3 mL/min. The production of
nitrophenol was monitored at 400 nm. The resultsof a typical
experimental run are shown in Figure 1.

RESULTS

Enzyme Activity in the Crystal. Figure 1 shows that the
crystals are catalytically active in the hydrolysis direction.
The number of active sites in the crystal can be calculated
from the size and the known density of the crystal. The
equilibrium absorbance reading is what would be expected if
every molecule in the crystal were catalytically active. The
biphasic nature of the rise in absorbance could be due to either
the slow diffusion through the crystal or the known burst
kinetics of this substrate (Hartley & Kilby, 1954).

Comparison of the Hexane and Native Structures. The
backbone conformation of the protein shows no major
differences between the two structures (Figure 2). The RMS
deviation for the backbone atoms is 0.17 A. 'However, some
of the side chains do show significant rearrangements,
particularly thosein the neighborhood of the hexane molecules.
The RMS deviation for all non-hydrogen atoms between the
two structures is 0.85 A.

There are two types of sites in which the hexanes are
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FIGURE 1: Burst and steady-state phases in the hydrolysis of
p-nitrophenyl acetate by chymotrypsin crystals soaked in hexane.

localized: one where they replace water molecules and the
other where they are adjacent to hydrophobic patches of the
protein. Inthe former type, the hexane molecules disrupt the
hydrogen-bonding pattern seen in the native structure and
cause the side chains to reorient. Hexanes 401, 402, and 405
replace water molecules. Hexane 401 replaces waters 253
and 294 in the native structure, hexane 402 replaces water
297 (Figure 3), and hexane 405 replaces water 258. Hexanes
403, 404, and 406 bind in sites that had no water in the native
structure. Hexane 407 binds close to an existing water site
(309) and causes a cage of 12 water molecules to bind around
the hexane site. Most of the waters forming this clathrate
were not observed in the native structure.

Examples of hexane binding are shown in Figures 3 and 4.
In Figure 3, hexane 402 binds in a relatively hydrophobic
environment and replaces water 297. Inaddition todisplacing
a water, the binding of hexane 402 causes the side chain of
Val 137 to rotate around the bond between the a- and
B-carbons. The binding of hexane 407 (Figure 4) causes the
side chain of Thr 37 to rotate, such that the terminal methyl
group now shows a favorable van der Waals interaction with
hexane (407, C1). The hydroxyl group of Thr 37 forms a new
hydrogen-bond interaction with the terminal oxygen of the
Asp 35 side chain. Ser 92 (in the —x, —y, z symmetry-related
molecule), which was hydrogen bonding with the hydroxyl
group of Thr 37 in the native structure, reorients and now
forms a hydrogen bond with a new water molecule (271) in
the hexane structure.

As predicted by a molecular dynamics study of BPTI
(Hartsough & Merz, 1993), charged residues seem to cluster
closer in the hexane structure as compared to the native
structure. Figure 5 shows one such example where the Asn
48, Glu 49, and Asn 50 side chains come closer to each other,
increasing their electrostatic interactions. Another example
of this clustering is shown in Figure 6, where the binding of
hexane 403 (6.8 A away) causes the side chain of Lys 177 to
rotate by roughly 180°. Inthe hexanestructure, the NZ (Lys
177) atom forms a new hydrogen bond with OG1 (Thr 98).
The OG1 of Thr 98 also forms a hydrogen bond with Asn 95,
which in turn forms a hydrogen bond with water 274. None
of these hydrogen-bond interactions are observed in the native
structure.

Long- Range Effects of Hexane. In the hexane structure,
the organic molecules not only have caused changes in residues
close to the binding sites but they have also had effects on the
structure far away from the binding sites. Many examples
of the strengthening of electrostatic and hydrogen-bond
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FIGURE 2: Stereoview of the superposition of the a-carbon trace of chymotrypsin in the hexane (dark) and native (light) structures. The
catalytic triad, Ser 195, His 57, and Asp 102, is marked. The seven hexane molecules are plotted as thick lines. Two of them are in the proximity

of the active site.

FIGURE 3: Hexane 402 occupies a totally hydrophobic pocket lined by Trp 27, Trp 207, and Val 137. The hexane replaces a water molecule

(297 O1) of the native structure.

interactions can be seen. Three of the most dramatic cases
are discussed below.

Two surface lysine side chains, Lys 36 and Lys 202 (from
the 0.5+ x,0.5 - y, 0.5 — z symmetry-related molecule), were
pointing into the solvent channel in the native structure. These
lysines rotate by more than 90° to face each other in the
hexane structure (Figure 7). A water molecule (344) and a
carbonyl oxygen (Gly 205) bridge the two lysine side chains
by accepting hydrogen bonds from the NZ atoms.

A second example (Figure 8) can be seen at Gln 239. In
the hexane structure, the NE2 atom of Gln 239 forms hydrogen
bonds with two water molecules (285 and 343) that were not
present in the native structure. Water 285 is also within
hydrogen-bonding distance of the carbonyl oxygen for residue
124. The OE1 of GIn 239 accepts a proton from the backbone
amide of Ser 76 and donates a proton to the carbonyl oxygen
of Gln 74 (from the 0.5 + x, 0.5 — y, 0.5 — z symmetry-related
molecule). None of these interactions (with the possible
exception of the hydrogen bond between 239 OE1 and 76N)
are observed in the native structure.

An excellent example of the burial of a hydroxyl group in
the protein in hexane can be seen at Thr 110. In water, both
the methyl and the hydroxyl groups of the Thr 110 side chain
are exposed to the solvent (Figure 9). In hexane, the side
chain rotated to bury the hydroxyl group and expose only the
methyl group. Interestingly,a neighboring lysine residue (84)
shows little rearrangement.

Hydrogen Bonds. There are 211 intraprotein hydrogen
bonds common to both the native and hexane structures.

Prospective hydrogen bonds were accepted if they had a donor
toacceptor distance of less than 3.3 A and a donor to acceptor
to hydrogen angle of 90° or less. The hydrogen positions
from XPLOR were used to determine this angle. There are
28 unique hydrogen bonds in the hexane structure and 19 in
the native structure. These unique hydrogen bonds are listed
in Tables 4 and 5. The 211 common hydrogen bonds are
listed in the supplementary material.

The differences in hydrogen bonds between the native and
hexane structures arise because of side-chain reorientations
in the hexane environment and because of the larger number
of water molecules in the hexane structure. There are 142
probable hydrogen bonds between the protein and water
molecules in the native structure compared to 150in the hexane
structure. As expected from the greater number of water
moleculesin the hexane structure, the total number of hydrogen
bonds between water molecules has increased from 15 in the
native structure to 27 in the hexane structure.

Thereis a dramaticincrease in the number of intermolecular
hydrogen bonds between symmetry-related molecules in the
crystal lattice from 26 in the native structure to 52 in the
hexane structure. The increase in the overall number of
hydrogen bonds in the hexane structure is consistent with the
slight shrinkage of the lattice itself (Table 1). This agrees
very well with the molecular dynamics simulation results for
BPTI, where there was a profound increase in the hydrogen-
bond network in a chloroform environment (Hartsough &
Merz, 1993).
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FIGURE 4: (A, top) Hexane 407 causes considerable rearrangement of the Thr 37, Asp 35, and Ser 92 side chains. It replaces a water molecule
(309 O1) of the native structure (light) and has a favorable van der Waals interaction with 37 CG2. The 35 OD1 accepts two new hydrogen
bonds in the hexane structure (dark): one from 37 OG1 and the other from a water molecule (448 O1). The 92 OG, which was hydrogen
bonding with OG1 of Thr 37 in the native structure, now participates in a new hydrogen bond with water 271. The water clathrate around
hexane 407 is not shown in this figure. B (bottom) shows the electron density from the original map, which was used to build the hexane positions.

FIGURE 5: Hexane 407 causes the polar residues Asn 48, Glu 49, and Asn 50 to cluster closer to each other. The distance between 48 CG
and 50 OD1 decreases from 7.9 A in the native structure (light) to 6.4 A in the hexane structure (dark). The distance between 50 OD1 and

49 CD decreases from 7.1 to 5.6 A.

Active Site. Of the seven hexanes, two are within a 7-A
radius of the active site. One of these hexane molecules (406)
is close to His 57 (one of the residues of the catalytic triad),
and the other (403) is just outside the specificity pocket. The
electron density map for the active site of the hexane structure
is shown in Figure 10. It is clear from this map that the
geometry around the carbon attached to the y-oxygen of Ser
195 is tetrahedral, not planar as would be expected for the
acyl enzyme intermediate. Our interpretation of the active

site (including the hydrogen-bonding pattern) is shown in
Figure 11,

There is clear continuous density for all four bonds to the
tetrahedral carbon in the hexane structure. The density is
significantly different from that observed in the native
structure. The native structure shows a covalent acyl enzyme
intermediate similar to those reported previously (Dixon &
Matthews, 1989; Harel et al., 1991; Dixon et al., 1991). The
peptide attached to Ser 195 in the native structure has been
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FIGURE 6: Hexane 403 causes the side chain of Lys 177 to rotate and form a hydrogen bond between 177 NZ and the OG1 of Thr 98. In
the native structure (light), the sidechain was extended toward the solvent.

$250 J250

FIGURE7: Inthe hexanestructure (dark), twosurface lysine residues,
36 and 202, rotate toward each other and form a closed loopinteraction
with water 344 and the Gly 205 backbone carbony! oxygen. In the
native structure, the lysine side chains are pointing outward into the
solvent channel.

modeled as having the sequence Pro-Gly-Ala-Tyr, presumably
coming from a Pro-Gly-Val-Tyr-Ala-Arg sequence in chymo-
trypsin. The tyrosine of this peptide is bound in the specificity
pocket.

Inthe hexanestructure, the density for the peptide continues
in both directions from the tetrahedral carbon. The new
density can be interpreted as either Asp or Asn, and we have
modeled it as an Asp on the basis of the hydrogen-bonding
pattern. No density is seen for any additional amino acids
beyond the Asp. Since neither Asp nor Asn follows Tyr in
the chymotrypsin sequence, we believe that we have trapped
an intermediate in the synthetic direction. The peptide
containing the attacking Asp presumably is produced when
a-chymotrypsin is converted into y-chymotrypsin. It has been
shown that this process produces a large number of different
peptides, which bind in the crystal (Harel et al., 1991). The
oxygen bound to the tetrahedral carbon forms two strong
hydrogen bonds to the peptide backbone (residues 193 and
195). The oxygen is situated precisely in the oxy anion hole,
2.89 A from the backbone amide of residue 193 and 2.92 A
from the backbone amide of residue 195. This oxygen has a
third interaction with the §-oxygen of the attacking aspartic
acid.

In addition to changes at the P1 and P1’ positions of the
peptide, there are some differences in the way the peptide
binds in the rest of the active site in hexane. At the P2 site
{modeled as an Ala), the peptides in the native and the hexane
structures are very similar. However, the model is quite
different in the P3 and P4 sites (Gly-Pro). In both the native
and the hexane structure, we see density for two different
peptide sites in these positions. Since the peptide is hetero-
geneous (Harel er al., 1991), it is possible that the density
should be interpreted as two peptides each with partial
occupancy. Alternatively, it is possible that the Tyr-Ala/
Val-Gly-Pro peptide has two possible binding conformations.
The branch of electron density that predominates in the water
structure is not the same as the branch that dominates the
hexane structure. Since the peptide must bind in the
crystallization solution, and since the crystals that were used

to collect the native data set were grown in the same manner
as those that were used for the hexane structure, it seems
likely that the peptide has two different conformations.
Hexane alters the relative occupancies of these two confor-
mations.

B-Factor Comparison. A differential temperature factor
plot (Bnative — Bhexane) i shown in Figure 12. Positive peaks
in this figure correspond to amino acids that have a higher
B-factor in the native structure than in hexane. The figure
clearly shows that there are many more positive peaks than
negative peaks. The negative peaks correspond to hydrophobic
or neutral stretches on the surface of the enzyme. Inaddition
to the protein atoms, the water molecules in the hexane
structure also have lower B-factors. This is indicated by their
mean temperature factors (19.3 A2 for the 97 water molecules
inthe native structure and 17.1 A2 for the 130 water molecules
in the hexane structure).

DISCUSSION

Protein Structure. The goal of this study was to begin to
develop a structural basis for the altered properties that are
observed when an enzyme is suspended in an organic solvent.
The easiest property to explain is the increased thermostability
of proteins in organic solvents. Klibanov and co-workers have
argued that proteins are more rigid in organic solvents (Zaks
& Klibanov, 1988a). They further argue that this rigidity is
responsible for the increased thermostability (Zaks & Kli-
banov, 1984,1988a). Ourstructures support these arguments.
The thermal factors in a protein crystal are one measure of
protein flexibility. Thermal factors can be high due to either
static disorder in the crystal lattice or motion that occurs
during the diffraction measurement. Comparison of thermal
factors can be especially difficult when a data set is measured
from more than one crystal since the thermal factors may be
different (due to different handling, for example), even for
crystals from the same batch. Table 2 and Figure 12 show
that the thermal factors for both protein atoms and for water
molecules in the hexane structure are significantly lower than
those for the native structure. Because of the problems in
comparing thermal factors, this observation supports the idea
that the enzyme is more rigid, but it is not conclusive proof.

Strong supporting evidence for decreased mobility comes
from the diffraction limits of the crystals in hexane compared
to those in aqueous solution. During data collection for the
native data set, the crystals were surrounded mainly by air.
In contrast, the crystals for the hexane data set were surrounded
by hexane, which absorbs X-rays much more thanair. Despite
this increased absorption, the crystals in hexane had the same
number of observed reflections in the outermost shells as the
native structure. The only reasonable explanation for this is
that the hexane crystals intrinsically diffract more strongly
than the native crystals. Diffraction limits increase as the



7332 Biochemistry, Vol. 33, No. 23, 1994

1y
i
1.

>,

P

Yennawar et al.

S430

2430
2880 /\ e 2080 /\ /
1 1

FIGURE 8: Gln 239 participates in a new hydrogen-bond network in the hexane structure. The NE2 atom hydrogen bonds with two water
molecules 343 and 285. Gln 239 OEI! accepts a proton from the backbone amide of Ser 76. Water molecule 285 donates a proton to the Pro

124 carbonyl oxygen.

FIGURE 9; C-a trace from Ser 109 to Ser 113 and from Lys 82 to Lys 85 in the native structure is shown as a light line. The OG1 of Thr
110, which was solvent-exposed in the native structure, rotates toward the protein and accepts a hydrogen bond from the backbone amide of

Lys 84.

order in a crystal lattice increases, and the order in the lattice
of a protein crystal increases as the protein becomes more
rigid. This increased rigidity is seen for both of the protein
atoms and for the water molecules near the surface of the
protein. Comparison of 2F, — F. maps for the native and
hexane structures shows that the water peaks are stronger in
the hexane structure. In addition, we see many more water
molecules in the hexane structure compared to the native
structure.

The molecular basis for this increased rigidity is probably
the stronger interactions between polar groups in the hexane
structure. Molecular dynamics simulations show that organic
solvents should cause substantial side-chain rearrangements
(Hartsough & Merz, 1992, 1993). These simulations sug-
gested that hydrophobic groups would be more likely to be
exposed in a nonpolar solvent and that hydrogen bonds and
salt bridges would be stronger in nonpolar solvents than in
water. Our structures provide many examples of these
rearrangements.

In addition to being responsible for the increased thermo-
stability, the side-chain rearrangementsin the hexane structure
explain the altered reactivity of enzymes in organic solvents.
The differences that we observe between the native and hexane
structures are on the same order of magnitude as those
introduced by site-directed mutagenesis. It has been observed
previously that mutagenesis can be used to change the rate
of the principal reaction sufficiently that side reactions can
become significant (Pompliano et al., 1990; Wilks et al., 1988).
Our structures suggest that the altered substrate specificity
seen in organic solvents is due to a similar phenomenon.

The large side-chain changes that we observe in hexane
were not observed in the structure of subtilisin in acetonitrile
(Fitzpatrick ez al., 1993). Itisnotclear whether the relatively

small changes between the subtilisin structures are due to the
different properties of acetonitrile compared to hexane or due
to the fact that the subtilisin crystals in acetonitrile required
glutaraldehyde cross-linking for stability.

Solvent Structure. Weobserve 33 more waters in the hexane
structure than in the native structure. There are two causes
for the significant increase in water molecules. One reason
is the strong tendency of water to partition into the protein
environment rather than the hexane environment. This
observation confirms earlier suggestions that proteins in
organic solvents retain at least a monolayer of water (Zaks
& Klibanov, 1988b). The second reason is the formation of
a water clathrate around one of the hexane positions (407).

We were initially surprised that three of the hexane
molecules (401, 402, and 405) each displaced one or two water
molecules. A surfacearea calculationsuggestsanexplanation
for this effect. The surface areas of the hexane molecules are
given in Table 3. The buried surface area for the hexane
molecules ranges from 174.01 to 340.89 A2, A reasonable
estimate of the free energy for the transfer of a hexane molecule
out of water to a nonpolar patch on the protein surface is 7.9
cal/mol/A2 (Ooi & QOobataka, 1988). Therefore, the free
energy of binding for the hexane molecules in chymotrypsin
varies from —1.4 to -2.7 kcal/mol. This free energy is on the
same order of magnitude as the hydrogen bonds with one to
two water molecules that were lost upon hexane binding.

Active Site. Crystal structures that have been interpreted
as tetrahedral intermediates have been seen in a number of
serine proteases, with various slow substrates or inhibitors
(Sweetetal.,1974;Boneetal., 1987, 1989; Delbaere & Brayer,
1985; Riihlmann et al., 1973; James et al., 1980; Matthews
etal.,1975;, Tulinsky & Blevins, 1987; Marquartet al., 1983).
Asintheseearlier structures, the peptide backbones of residues
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Table 4: Unique Protein—Protein Hydrogen Bonds in Hexane

Structure?
distance  angle (D-A-H)
donor (D) acceptor (A) (A) (deg)
1 37N-H 37 0G1-CB 3.158 87.254
2 49N-H 49 OE1-CD 3.167 38.977
3 51IN-H 48 OD1-CG 2.836 71.935
4 S9N-H 570-C 2.908 89.801
5 610G1-HGI1 61 0-C 3.241 66.680
6 76N-H 75 OG-CB 3.144 89.670
7 92N-H 92 OG-CB 2,957 85.685
8 93NZ-HZ1 91 OD1-CG 2.977 73.420
9 97N-H 95 0-C 3.183 89.535
10 110N-H 110 0G1-CB 2.887 81.285
11 1100G1-HG1 1100-C 2.827 51.967
12 116 N-H 115 OG-CB 2.818 86.490
13 134 0G1-HG1 1310-C 2.893 53.024
14 164 OG-HG 164 O-C 3.183 68.525
15 166 N-H 166 OG1-CB 2.951 86.762
16 189 OG-HG 190 O-C 2.822 35.044
17 193 N-H 505 OD1-CG 3.067 47.553
18 217N-H 504 OH-CZ 3.164 83.657
19 217 OG-HG 221 0G-CB 3.023 26.341
20 219N-H 219 OG1-CB 3.005 86.210
21  2190GI1-HG1 2190-C 3.058 57.688
22 221N-H 221 OG-CB 2.851 81.065
23 221 0G-HG 221 0-C 3.198 57.966
24 221 OG-HG 224 OG1-CB 3.210 65.249
25 223N-H 223 0G-CB 2.899 87.688
26 224 0G1-HG! 221 0G-C 3.210 78.651
27 241 0Gl1-HG1 2370-C 3.042 20.842
28 S02N-H 216 0-C 2.789 73.530

@ A distance cutoff of 3.2 A between the donor and the acceptor and
anangle cutoff of 90° at the acceptor was applied. Three of the hydrogen
bonds discussed in the text.and in the diagrams have not been included
in the list because of these cutoffs. They are as follows: 37 OG1...35
0ODl1, 2.722, 91.438; 177 NZ...98 OGl, 3.357, 71.321; 202 NZ...205
0-C, 3.590, 27.009.

Table 5: Unique Protein-Protein Hydrogen Bonds in the Native
Structure

distance  angle (D-A-H)
donor (D) acceptor (A) (A) (deg)
1 26 0G-HG 230-C 2.733 25.477
2 48ND2-HD21 480-C 3.234 59.230
3 S8N-H 56 O-C 3.116 78.625
4 61N-H 61 OG1-CB 2.922 88.907
5 61 0GI1-HGI 64 OD1-CG 3.006 38.510
6 63N-H 63 OG-CB 2.962 86.822
7 74N-H 720-C 3.163 86.360
8 750G-HG 77 OG-CB 3.049 85.477
9 97N-H 96 OG-CB 3.217 89.908
10 125N-H 125 OG-CB 2.834 81.821
11  1390G1-HG1 300EI-CD 2.772 30.043
12 170N-H 168 O-C 3.091 88.356
13 186 OG-HG 186 O-C 3.207 66.097
14 190 OG-HG 228 OH-CB 3.052 64.239
15 223N-H 221 OG-CB 3.226 31.297
16 224N-H 224 OG1-CB 2.893 88.805
17 224 OGl1-HG1 224 0-C 3.152 59.642
18  229N-H 214 OG-CB 3.087 72.076
19 244 N-H 242 0-C 3.225 85.401

in the P2-P4 sites in our hexane structure make the expected
hydrogen bonds to the protein. Theonly significant difference
is the interaction of the side chain of the attacking aspartic
acid with the protein. In earlier structures, the residue in the
P1’ position was either absent or did not make any strong
interactions with the protein. This is understandable since
this product usually dissociates in water once the scissile bond
has been cleaved. Inproteincrystalsin hexane, the equilibrium
has apparently shifted tomake binding at the P1/site favorable.
Such a shift in equilibrium toward peptide bond synthesis has
been reported in other nonaqueous solvents (Homandberg et

Biochemistry, Vol. 33, No. 23, 1994 7333

al.,1978; Kasche et al., 1991). The Asp side chain has three
possible hydrogen-bonding interactions with the protein and
one interaction with the hydroxyl attached to the tetrahedral
carbon. This side chain is located where a highly conserved
water molecule (the Henderson water) is usually observed in
structures formed in water (Henderson, 1970; Singer et al.,
1993a,b; Perona et al., 1993). We observe good density for
the Henderson water in the native structure.

The Henderson water has been proposed as the water
molecule that catalyzes the hydrolysis reaction (Perona et al.,
1993). This proposal is not supported by time-dependent
structures obtained using the Laue method (Singer et al.,
1993a,b). The Lauestructure has been interpreted as showing
that the Henderson water is involved in the stabilization of
the active site rather than in catalysis (Singer et al., 1993b).
Our structure in hexane supports the interpretation of the
Lauestructure. The amine of the attacking Asp group clearly
comes from the direction of the water molecule that was
observed in the Laue structures (water 1082). The side chain
of the attacking Asp has displaced the Henderson water.

The proposal that any crystal structure has trapped the
tetrahedral intermediate seems unlikely on energetic grounds.
It has been estimated that the transition state that occurs
between the ES complex and the acyl enzyme is 12 kcal/mol
higher in free energy than the acyl enzyme intermediate (West
et al., 1990) under typical steady-state conditions. Therefore,
12 kcal/mol is a conservative estimate for the free energy
difference between the tetrahedral intermediate and the acyl
enzyme intermediate in the hexane-treated crystals. Since a
crystal structure is an average over both crystal volume and
time, the tetrahedral intermediate must be more stable than
either the acyl enzyme intermediate or the ES complex.
Knowles has shown that such stabilization of enzyme-bound
intermediates can be achieved for proline racemase by very
high substrate concentrations (Albery & Knowles, 1986). It
is possible (but seems unlikely) that this is the cause of the
stabilization of the tetrahedral intermediate in hexane.

While searching for an explanation of this problem, we
noticed that Asp 102 makes two very short hydrogen bonds
in the hexane structure. The 2.63-A interaction is among the
shortest hydrogen bonds in the entire structure. One possible
explanation for the stability of the tetrahedral intermediates
is these short hydrogen bonds. Short, strong hydrogen bonds
have been implicated in a number of enzymatic reactions
(Cleland, 1992; Gerlt et al., 1991; Gerlt & Gassman, 1992,
1993). Unfortunately, this bond is also very shortin a number
of other serine protease structures that have no substrate in
the active site (Tsukada & Blow, 1985).

A further argument against the thermodynamic trapping
of tetrahedral intermediates in serine proteases is a series of
NMR experiments that has clearly shown that tetrahedral
intermediates are not directly observable between complexes
of trypsin and the bovine trypsin inhibitor or the soybean
trypsin inhibitor in solution (Baillargeon e al., 1980; Richarz;et
al., 1980). Crystal structures of these complexes have been
interpreted as forming a tetrahedral intermediate (Sweet et
al.,1974; Rihlmann et al., 1973). It has been suggested that
the difference between the crystal structures and the NMR
structures is that water molecules are excluded from the active
site in the crystal structures but not in the NMR experiments
(Steitz & Shulman, 1982). If this explanation is correct, the
tetrahedral intermediates observed crystallographically are
kinetically trapped, rather than being thermodynamically more
stable than the neighboring intermediates on the reaction
pathway.
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FIGURE 10: Residues of the catalytic triad and the peptide in the active site. The density attached to Ser 195 is clearly tetrahedral. The group

attacking from the P1’ direction has been modeled as an Asp.
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FIGURE 11: Cartoon of the active site. Bold lines indicate the covalent bonds of the tetrapeptide. The observed hydrogen-bonding pattern in
the active site is consistent with the neutron structure of trypsin (Kossiakoff & Spencer, 1981) and the solid-state NMR spectrum of a-lytic
protease in octane {Burke et al., 1989). The protonation state of the attacking Asp is not clear. The oxygen attached to the tetrahedral carbon
has been modeled as an alcohol rather than an alkoxide ion. It is unlikely that an alkoxide ion would be strongly stabilized in hexane.

Despite these questions about the stability of the tetrahedral
intermediate in the crystal lattice, it is hard to interpret the
electron density shown in Figure 10 (and in the other serine
protease structures) as something other than the tetrahedral
intermediate. We took great pains not to bias our model
toward the tetrahedral intermediate in the active site.
Refinement was started with the only high-resolution model

of «y-chymotrypsin, with something other than a peptide in
the active site (Stoddard et al., 1990). This model has a
cinnamate covalently bound to Ser 195. In our initial
refinement model, the cinnamate was removed. We would
have preferred to start with apo-y-chymotrypsin, but we (and
others) have not been able to completely remove the tet-
rapeptide from the crystal. Crystallizations that avoid
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FiGuRe 12: Differential temperature factor plot of the backbone
atoms of chymotrypsin. The average B-value for protein atoms in the
hexane structure is 4.4 and in water is 5.4, so that the differences seen
in the graph are significant. The graph is predominantly positive,
reflecting the rigidity of the enzyme in a hexane environment.

production of the tetrapeptide result in a-chymotrypsin not
v-chymotrypsin. Thetetrapeptide was not added to the model
until after the solvent structure had been completed. At that
point in the refinement, the electron density throughout the
map was quite good. Finally, when added, the peptide was
modeled as the previously established acyl enzyme adduct
with a trigonal carbon. Despite all of these attempts to bias
the model away from a tetrahedral geometry, the electron
density looks tetrahedral. The native structure that went
through an identical protocol of crystallization, data collection,
and structural refinement does not exhibit any such departure
from the expected acyl enzyme intermediate.

A final point that must be considered is the source of the
attacking peptide. The density for the side chain of the
attacking peptide is weaker than the density near the
tetrahedral carbon, and there is no convincing electron density
for the a-carbonyl group. This is probably due to heterogeneity
in the attacking peptide. Other studies have shown that there
are a large number of peptides in the crystallization buffer
(Harel et al., 1991). It is reasonable to assume that some of
these peptides were in the solvent channels of the crystal lattice
when the crystals were transferred to hexane. These peptides
presumably were more solublein the active site than in hexane.

Moving the crystals into hexane affects the details of the
structure of y-chymotrypsin, but it does not dramatically alter
the overall structure. Thereactivity of the crystalline enzyme
in hexane is similar to that of the enzyme in water in the
hydrolysis direction. However, in the absence of water, it is
possible to catalyze the reaction in the synthetic direction as
well. Chymotrypsin is less mobile in hexane than in water.
This decreased mobility, combined with altered side-chain
conformations, can be used to explain the altered reactivity
of enzymes in organic solvents. The binding of hexane
molecules to the surface of chymotrypsin is energetically
reasonable, and it may be possible to use organic solvents as
a probe of the surface properties of proteins. These binding
sites may also be useful in the design of enzyme inhibitors.
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