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Despite the extensive use and study of enzymes sus-
pended in organic solvents, whether activity differ-
ences between different preparations can be ac-
counted for by differences in protein secondary struc-
ture is still unknown. To address this issue, in the
current study two model enzymes, a-chymotrypsin
and subtilisin Carlsberg, were lyophilized and sus-
pended in both polar and nonpolar organic solvents.
The secondary structures of the proteins in the initial
aqueous solution, in the lyophilized powder, and
in the subsequent suspensions in organic solvents
were determined using infrared spectroscopy. Lyophi-
lization perturbed the secondary structure of both en-
zymes. With «a-chymotrypsin, lyophilization from
buffer followed by suspension in ethanol, hexane, or
pyridine did not alter the unfolded structure observed
in the dried powder. In contrast, with subtilisin Carls-
berg, suspension of the dried enzyme in ethanol led to
further perturbation of structure, whereas in hexane,
and more so in pyridine, there was some return toward
native structure. Lyophilization of the aqueous pro-
tein solutions in the presence of either trehalose or
sorbitol led to retention of more native-like structure
of both enzymes in the dried solid. However, large
structural perturbations arose when these samples
were suspended in organic solvents. The only excep-
tion was the subtilisin-trehalose mixture, which re-
gained some native structure in ethanol and hexane.
The greatest changes were noted in samples sus-
pended in pyridine, in which the infrared spectra indi-
cated extensive intermolecular beta-sheet formation
from protein aggregates. There was not any consistent
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correlation between activity in organic solvents and
either the initial structure obtained in the dried pow-
ders or the final structure when suspended in organic
solvents. Nor could differences in residual water con-
tents in dried samples or the total water content in
the organic solvent reaction system account for the
activity differences. o© 1996 Academic Press, Inc.

Key Words: nonaqueous enzymology; protein second-
ary structure; infrared spectroscopy; subtilisin Carls-
berg; a-chymotrypsin; lyophilization; protein stabili-
zation.

The ability of enzymes to function in low water envi-
ronments, which are found in organic solvents, is well
established (1). However, the structure—activity rela-
tionships of proteins in these systems are not well un-
derstood. This is especially true for enzymes that are
first freeze-dried (lyophilized) and then suspended in
organic solvents. It has been found that lyophilization
conditions can profoundly affect catalytic activity of
these systems (2, 3). Of greatest interest for the current
study is the observation that lyophilizing enzymes in
the presence of sorbitol or trehalose increased the activ-
ity noted in the subsequent enzyme suspension in
organic solvents (4-6). It has been documented with
infrared spectroscopy for numerous proteins that
freeze-drying can induce unfolding and that stabilizing
carbohydrate additives can inhibit this structural per-
turbation (7-9). Dabulis and Klibanov have proposed
that the increased activity noted in organic solvents
for enzymes lyophilized with carbohydrates is due to
protection of protein structure during freeze-drying (4).

The purpose of the current study was to test this
hypothesis directly. We used infrared spectroscopy to
determine the effects of freeze-drying in the absence
or presence of the stabilizing additives, sorbitol and
trehalose, on the secondary structure of subtilisin
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Carlsberg and a-chymotrypsin, in the initial dried solid
and after suspension of lyophilized formulations in or-
ganic solvents. Differences in catalytic activities mea-
sured for different lyophilized subtilisin and «a-chymo-
trypsin formulations in ethanol, hexane, or pyridine
could not be accounted for by differences in protein
secondary structure, either in the initial dried solid or
after suspension in the organic solvents. Furthermore,
neither residual water content in the dried samples nor
total water content in the suspensions correlated with
enzymatic activities.

MATERIALS AND METHODS

Materials. Both subtilisin Carlsberg and a-chymotrypsin were
purchased from Sigma and used as received. N-Acetylphenylalanine
methyl ester (N-Ac-Phe-OMe)* was purchased from Bachem. Acetoni-
trile (HPLC grade) was from Fisher. HPLC-grade hexane and pyri-
dine were obtained from Aldrich. Sorbitol and trehalose were ob-
tained from Pfanstiehl Laboratories, Inc. Trifluoroacetic acid was
obtained from Sigma. Ethanol was purchased from AAPER Alcohols.

Lyophilization. Samples were lyophilized according to the meth-
ods of Dabulis and Klibanov (4). Briefly, the proteins were prepared
at 10 mg/ml concentration in 10 mm potassium phosphate buffer (pH
7.5 at 23°C), in the presence or absence of sorbitol and trehalose.
Aliquots (100 ul) were placed into 1.5-ml polypropylene Eppendorf
test tubes, which were immersed for 2—3 min in liquid nitrogen. The
sample tubes were then placed under vacuum (5—-10 mTorr) on a
benchtop Labconco lyophilizer (—50°C condenser temperature) for
18-24 h.

Infrared spectroscopy. Protein solutions were prepared for in-
frared measurement in a CaF, cell (Beckman FH-01) with a 6-um
spacer. To prepare homogeneous protein suspensions in organic
solvents, 1 ml of organic solvent was added to the dried powder
in the 1.5-ml Eppendorf test tube. Then, the resulting mixture
was dispersed by sonication for 20 s. The suspensions were placed
into a Perkin Elmer variable pathlength cell set to 6 yum. Dried
samples (ca 0.2-0.4 mg protein) were ground with 300 mg KBr
and pressed into pellets, as described previously (7, 8). This proce-
dure for preparing KBr pellets does not alter structure of proteins
in the dried solid (7).

Infrared spectra were recorded at 25°C using a Nicolet Magna 550
spectrometer equipped with a dTGS detector. For each spectrum a
512-scan interferogram was collected in single beam mode with a 4
cm™* resolution. For aqueous samples and samples suspended in
organic solvents, reference spectra were recorded under identical
scan conditions with only the corresponding solutions (without pro-
tein) in the cell. The spectra of liquid water and organic solvents,
and the spectra for water vapor, were subtracted from the observed
protein spectra according to previously established criteria with a
double subtraction procedure (9—11). Second-derivative spectra were
obtained with the derivative function of Omnic software (Nicolet).
The final protein spectrum was smoothed with a 7-point Savitsky—
Golay function to remove white noise. The spectra for a given experi-
mental sample and that for the native, aqueous protein were normal-
ized for area and overlaid for comparison (9, 12).

Assay of enzyme catalytic activity. Enzymatic activity was mea-
sured by following the transesterification of the substrate N-Ac-Phe-
OMe into its ethyl ester (13). The enzyme (1 mg) was suspended in

% Abbreviation used:

methyl ester.

N-Ac-Phe-OMe, N-acetylphenylalanine
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TABLE 1
Rates for a-Chymotrypsin Suspended in Organic Media

Rate (umol/ Total water
Lyoprotectent Solvent h-mg) (n9)?
None Ethanol 0.95 2020 + 160
None Hexane 2.8 330 = 40
None Pyridine 0.002 430 = 40
10% trehalose Ethanol 1.6 2420 = 160
10% trehalose Hexane 3.3 730 + 20
10% trehalose Pyridine 0.003 830 + 20
2% sorbitol Ethanol 0.97 2020 = 160
2% sorbitol Hexane 0.55 330 = 30
2% sorbitol Pyridine 0.002 430 = 30

@ Total water values reflect the mean and standard deviation of
nine measurements of both solvents and lyophilyzed pellets.

1 ml of the reaction mixture and sonicated for 20 s to disperse the
sample. Each reaction mixture contained substrate concentrations
giving V. activity, based on previously published reports (2—4, 13—
15). For reactions in ethanol, the substrate concentration was 500
mm and the reaction was terminated by the addition of glacial acetic
acid. For reactions in pyridine, the substrate concentration was 100
mm and the ethanol concentration was 150 mm. The reaction was
terminated by centrifuging (6700g for 5 min) the solid enzyme out
of the reaction mixture and removing the supernatant. The hexane
reaction mixture contained ethanol at 10% by volume and a N-Ac-
Phe-OMe concentration of 60 mm. The reaction was terminated by
the addition of glacial acetic acid. The extent of reaction at given
time points was determined by analysis of N-Ac-Phe-OEt on a Beck-
man 110A HPLC equipped with a Spherisorb PhaseSep ODS2 (25
cm X 4.6 mm) column. After evaporating the sample to dryness, it
was redissolved in acetonitrile and injected. All samples were eluted
with an isocratic 32:68 acetonitrile:water mixture containing 0.1%
trifluoroacetic acid, at a flow rate of 2 ml/min, while absorbance was
monitored at 215 nm. Reported activities reflect the initial rate of the
reaction for the substrate concentration listed and 1 mg of suspended
enzyme in a total reaction volume of 1 ml. These rates are given in
Tables I and II.

Water content measurements. Water content of the lyophilized
samples were determined by Karl Fisher titration, using a Mettler
DL37 coulimetric titrator. The values are the average of triplicate
measurements on three independent lyophilized samples.

RESULTS

It is now well established, using infrared spectro-
scopic analysis of protein structure in the dried solid,
that freeze-drying in the absence of stabilizing addi-
tives induces protein unfolding (7-9). During rehydra-
tion some proteins aggregate and lose activity, whereas
others refold and are fully native and active (7-9). To
ascertain the behavior of the model proteins under con-
ditions used in the current study, infrared spectroscopy
was used to determine the secondary structure of a-
chymotrypsin and subtilisin Carlsberg in the initial
aqueous solution, in the dried solid, and after rehydra-
tion. As can be seen in Fig. 1, the second derivative
infrared spectrum of lyophilized a-chymotrypsin, in the
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TABLE 11
Rates for Subtilisin Carlsberg Suspended in Organic Media

Rate (uzmol/ Total water
Lyoprotectent Solvent h-mg) (ng)?
None Ethanol 37 2030 + 170
None Hexane 0.22 340 = 50
None Pyridine 0.38 440 = 50
10% trehalose Ethanol 65 2500 = 200
10% trehalose Hexane 0.088 840 + 100
10% trehalose Pyridine 7.6 940 = 100
2% sorbitol Ethanol 81 1980 + 160
2% sorbitol Hexane 0.10 300 = 40
2% sorbitol Pyridine 2.9 400 = 40

@ Total water values reflect the mean and standard deviation of
nine measurements of both solvents and lyophilyzed pellets.

conformationally sensitive amide | region (7-12, 16,
17), is grossly altered relative to that for the initial
native protein in aqueous solution. There are increases
in bandwidths and shifts in band positions and relative
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FIG. 1. Comparison of the second derivative spectra of a-chymo-
trypsin in aqueous solution (---) and in the dried state or suspended
in an organic solvent. The protein was lyophilized from 10 mm potas-
sium phosphate buffer (pH 7.5).
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FIG. 2. Comparison of the second derivative spectra of subtilisin
Carlsberg in aqueous solution (---) and in the dried state or sus-
pended in an organic solvent. The protein was lyophilized from 10
mm potassium phosphate buffer (pH 7.5).

absorbances, which are indicative of protein unfolding
(7-9, 12). However, upon rehydration, the protein is
fully soluble and its infrared spectrum is virtually iden-
tical to that for the initial native protein solution, indi-
cating that a-chymotrypsin refolds during rehydration
(data not shown).

Similar results were obtained with subtilisin Carls-
berg (Fig. 2). However, the degree of structural pertur-
bation in the dried solid appears to be more severe
than that noted with a-chymotrypsin, based on spectral
differences between the dried and native aqueous pro-
tein samples. After rehydration, the protein is fully
soluble and the infrared spectrum is essentially identi-
cal to that for the initial native protein solution (data
not shown).

Suspension of the freeze-dried samples in organic
solvents led to different structural behaviors for the
two enzymes. Suspension of lyophilized a-chymotryp-
sin in ethanol, hexane, or pyridine led to only minor
structural changes, as indicated by the small changes
in the infrared spectra relative to that for the initial
dried solid (Fig. 1). In contrast, subtilisin’s structure
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was altered upon contact with organic solvents to vary-
ing degrees, depending on the solvent (Fig. 2). The in-
frared spectrum of the sample suspended in ethanol
was not changed much relative to that for the original
dried protein. In hexane, the protein’s structure ap-
peared to be further perturbed, as evidenced by further
broadening of the beta sheet (9-11, 16, 17) infrared
band near 1632 cm™*. Finally, suspension of subtilisin
in pyridine led to partial refolding of the protein. The
two components bands for beta sheet in the range of
1625-1645 cm™* and that for turn structure near 1685
cm™* (9-11, 16, 17) show improved resolution, which
is more similar to that of the native protein than to
that noted in the initial dried solid.

It has also been well established that lyophilization-
induced structural alterations can be inhibited by the
presence of stabilizing additives, e.g., trehalose and
sorbitol (7-9). Also, lyophilization of enzymes in such
stabilizers has been shown to increase greatly the cata-
lytic activity measured in suspensions in organic sol-
vents (4). To ascertain if structural stabilization during
lyophilization could account for this effect, we lyophi-
lized a-chymotrypsin and subtilisin in either 2% (w/v)
sorbitol or 10% (w/v) trehalose. Sorbitol was assessed
at a 2% concentration to mimic conditions used pre-
viously by Dabulis and Klibanov (4). The higher concen-
tration of trehalose was tested because our previous
research with protein stabilization by disaccharides
had documented that this is often the minimal level
needed to obtain optimum protection of proteins during
freeze-drying (8, 18).

Figure 3 shows the second derivative infrared spec-
tra for a-chymotrypsin lyophilized in the presence of
2% sorbitol. The structure of the protein in the dried
solid is more native-like than that obtained in the ab-
sence of stabilizer (Fig. 1). The bands at 1645 and 1650
cm™*, which are representative of beta sheet and disor-
dered components, respectively, are resolved, although
not as completely as in the spectrum of the native aque-
ous protein. Suspension of the enzyme prepared with
sorbitol in all organic solvents tested led to extensive
alterations in the protein’s infrared spectrum, indicat-
ing that the structure was greatly perturbed (Fig. 3).
The structural perturbation was most pronounced in
the sample suspended in pyridine, for which the infra-
red spectrum has a large new band near 1608 cm™>.
This band is due to intermolecular beta sheet and its
appearance indicates that protein molecules were ag-
gregated extensively in pyridine (9).

Lyophilization of a-chymotrypsin in 10% trehalose
led to an even greater retention of native structure in
the dried solid than noted with 2% sorbitol (Fig. 4). The
beta sheet band at 1635 cm™* has almost the same
frequency and intensity as seen in the spectrum of the
native protein and the band for disordered elements at
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FIG. 3. Comparison of the second derivative spectra of a-chymo-
trypsin in aqueous solution (---) and in the dried state or suspended
in an organic solvent. The protein was lyophilized from 10 mm potas-
sium phosphate buffer (pH 7.5) containing 2% (by weight) sorbitol.

1648 cm™* is well resolved. However, as noted with
the samples lyophilized with sorbitol, the structures of
samples dried with trehalose were greatly perturbed
upon suspension in organic solvents, based on the loss
of similarity of the respective samples’ infrared spectra
to those of the native protein (Fig. 4). Again, this effect
was most dramatic in pyridine and the spectrum has
a dominant intermolecular beta sheet band (1608 cm ™)
indicative of protein aggregation.

Lyophilization of subtilisin in either 2% sorbitol (Fig.
5) or 10% trehalose (Fig. 6) led to almost equivalent,
partial retention of native structure in the dried solid.
This is most evident by the retention of the three com-
ponent bands in the region of 1625-1660 cm™*. For
samples prepared with sorbitol, large structural per-
turbations were noted in all three organic solvents (Fig.
5). The spectrum of the sample in pyridine is dominated
by an intermolecular beta sheet band, indicating pro-
tein aggregation. For samples prepared with trehalose,
suspension of the enzyme in ethanol or hexane had
minimal effect on the protein’s structure (Fig. 6). In
contrast, suspension in pyridine grossly perturbed
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FIG. 4. Comparison of the second derivative spectra of a-chymo-
trypsin in aqueous solution (---) and in the dried state or suspended
in an organic solvent. The protein was lyophilized from 10 mm potas-
sium phosphate buffer (pH 7.5) containing 10% (by weight) trehalose.

structure and led to protein aggregation, as indicated
by the predominant intermolecular beta sheet band.
In order to assess whether these structural alterations
impacted enzymatic activity, the initial rate of reaction
was measured by following the time course of the reaction
at a fixed substrate concentration. Similar approaches
for determining enzymatic activity have been reported
previously (2—4, 13, 14). Choices of substrate concentra-
tion roughly correspond to that needed for V.. rates,
based on work by Klibanov and co-workers (2—4, 13, 14)
and our own work with subtilisin (15). While not provid-
ing a complete kinetic analysis, this information does
provide insight into whether the substantial changes in
secondary structure resulting from lyophilization and
suspension in organic solvents affects activity to any sig-
nificant degree. In general, there was not a clear correla-
tion between retention of native-like structure (or lack of
it) and the measured enzymatic activity of a-chymotryp-
sin (Figs. 1, 3, and 4 and Table I). In the case of reactions
in ethanol, the activity was relatively constant for all
samples; however, the structure was greatly disrupted
when a-chymotrypsin was suspended in the presence of
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trehalose and sorbitol. With pyridine as the solvent, the
activity was invariant, but very low, even though the
protein was extensively aggregated in the presence of
trehalose and sorbitol, but relatively native-like without
those additives. Furthermore, the level of enzymatic ac-
tivity in hexane (with a small amount of ethanol as a
reactant) and ethanol was substantial, even when the
secondary structure was significantly different than the
native conformation.

As with a-chymotrypsin, the trends in the enzymatic
activity of subtilisin Carlsberg do not reflect the gross
differences in secondary structure (Figs. 2, 5, and 6 and
Table I1). For example, in the absence of additives, the
sample in ethanol was arguably the least native-like,
and yet it displayed activity more than 100-fold greater
than samples in the other solvents. Samples suspended
in pyridine had higher activity when greatly aggre-
gated (in the presence of sorbitol and trehalose) than
when subtilisin was not aggregated (in the absence of
additives), contrary to what one might expect (19-21).

Another factor that could potentially account for the
differences in activity noted for the different prepara-
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FIG. 5. Comparison of the second derivative spectra of subtilisin
Carlsberg in aqueous solution (---) and in the dried state or sus-
pended in an organic solvent. The protein was lyophilized from 10
mm potassium phosphate buffer (pH 7.5) containing 2% (by weight)
sorbitol.
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FIG. 6. Comparison of the second derivative spectra of subtilisin
Carlsberg in aqueous solution (---) and in the dried state or sus-
pended in an organic solvent. The protein was lyophilized from 10
mm potassium phosphate buffer (pH 7.5) containing 10% (by weight)
trehalose.

tions in a given organic solvent is the amount of water
present in the reaction mixture. Water is available
from the solvent itself, added substrate, and the “dried”
protein preparation. As shown in Fig. 7A, the residual
water in the lyophilized samples as a percentage of the
total sample mass was greatest in the samples pre-
pared without stabilizers. However, in terms of the to-
tal amount of water present in the dried sample, the
most water was measured in the samples with treha-
lose, which had the greatest dried weight (Fig. 7B).
Actually, with regard to the catalytic activity in the
reaction mixture, it seems that the most relevant pa-
rameter is the total amount of water present from all
sources (Tables | and I1). However, comparing the cata-
lytic activity data for each sample type in a given sol-
vent for any of the measurements of water content did
not show a consistent correlation. Thus, it appears that
neither secondary structure nor water content can ac-
count for the observed differences in catalytic activity.

DISCUSSION

The hypothesis tested in the current study was that
the stabilizing additives, sorbitol and trehalose, should
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prevent lyophilization-induced unfolding of enzymes,
such as a-chymotrypsin and subtilisin, and that such
structural stabilization should account for the greater
activity of these preparations upon suspension in or-
ganic solvents, relative to that for samples lyophilized
without stabilizers (4, 22). The first part of this hypoth-
esis is now well supported by studies on many lyophi-
lized proteins (7—9). Similarly, in the current study, it
was found that a-chymotrypsin and subtilisin unfold
when lyophilized without stabilizers and that more na-
tive-like secondary structure was retained in the dried
solid when sorbitol or trehalose was included in the
formulation. However, no correlation was observed be-
tween the level of enzymatic activity noted in various
organic solvents and either the initial secondary struc-
ture in the dried solid or the final structure arising
after suspension in the solvents. Of course, simply mon-
itoring secondary structure provides no detailed infor-
mation about regions such as the active site. Further-
more, the measured enzymatic activity may be the re-
sult of a relatively small population of active molecules.
Methods, such as infrared spectroscopy, can only ob-
serve an average conformation for the ensemble and
cannot directly measure the number of individual com-
petent enzyme molecules. In addition, when a sample
appears relatively native-like at the level of secondary
structure, it is possible that the active site structure
could still be perturbed significantly. Yet, it seems un-
likely that a native, functional active site would be re-
tained in samples in which the secondary structure is
grossly altered. Little information is available regard-
ing the structural integrity of the active site of enzymes
in organic solvents, other than from a few NMR spec-
troscopic (23, 24) and X-ray crystallographic studies
(25). These suggest that the active site is not compro-
mised if the overall structure is intact, but no clear
example is reported of an enzyme with grossly altered
secondary structure and a viable active site.

We also found, contrary to previous hypotheses (1,
4, 13, 22, 26), that large-scale alterations in a protein’s
structure can occur upon suspension of the lyophilized
sample in organic solvents, whether the solvent is polar
or nonpolar. These changes range from partial refold-
ing of the protein to formation of intermolecular beta
sheet associated with nonnative protein aggregates.
The only exceptions were for a-chymotrypsin samples
lyophilized without stabilizers, which retained about
the same level of nonnative structure in ethanol, hex-
ane, and pyridine as was seen in the initial dried solid.

A common theme in nonagueous enzymology is that
proteins are much less flexible in nonpolar organic sol-
vents than they are in aqueous solution (13, 14, 24).
Accordingly, the proteins are said to have “memory” of
the structure present prior to suspension in the nonpo-
lar solvent. Due to the low polarity, high conforma-
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(A) Total mass of residual water in the lyophilized samples as a percentage on the total sample mass. (B) Total mass of residual

water present in the lyophilized samples. The mass of water in lyophilized samples was determined by Karl Fischer autotitration. The
values shown are means = SD for triplicate measurements on three independent lyophilized samples.

tional rigidity in the medium in which “enzyme mem-
ory” is displayed is expected. In contrast to these sug-
gestions, the current results indicate that there can be
substantial reorganization in enzyme structure when
lyophilized powders are placed in organic solvents. This
is consistent with the work of Farber and co-workers
who found evidence of specific interactions between
proteins and solvents as nonpolar as hexane (25).
Hence, the initial structure in a dried solid is not pre-
dictive of the final structure in organic solvents.

One potential reason for the observed changes in
structure was our finding that the “dried” samples con-
tained a substantial amount of residual water (5-10 g
H,O/g dry wt). Thus, suspension in organic solvents
would result in an extremely complicated milieu, in
which water, carbohydrate, and organic solvent could
all impinge on protein structure and mobility. With so
many components, which alone or in concert could alter
protein structure and stability, it is not possible to pre-
dict what would happen to protein conformation in a
given mixture, nor even to explain rigorously the vari-
ous behaviors observed in the current study. For exam-
ple, sugars are known to stabilize native protein struc-
ture in aqueous solutions (26, 27), whereas, in the pres-
ence of “sufficient water,” more polar organic solvents
(e.g., alcohols) will foster denaturation, at least at rela-
tively high temperatures (28). In contrast, it is well
established that when the water activity coefficient is
sufficiently low, the resistance of proteins to thermal
denaturation is greatly increased in organic solvents
(29), including alcohols (30).

The complexity of these systems could be reduced sub-
stantially if a more rigorous lyophilization protocol were
used to prepare samples that have substantially lower

residual moisture (e.g., < 0.01 g H,O/g dry wt). The less
effective drying method of the current study was chosen
because it has been used most often by researchers pre-
paring proteins for nonaqueous enzymology, including
Dabulis and Klibanov (4). In terms of residual moisture,
a more carefully controlled lyophilization cycle (31—-33)
will result in lower residual moisture because: (1) the
sample can be maintained below the collapse temperature
during sublimation of ice (i.e., primary drying); and (2)
the final temperature of the sample can be adjusted to
greater than ambient, which would foster an increased
drying as water is desorbed from the amorphous phase
(i.e., secondary drying) that contains protein and noncrys-
talline additives (e.g., carbohydrates). The final tempera-
ture of the dried product during secondary drying is most
important in determining residual moisture; increasing
the duration of this step will not have nearly as much
effect (31-33). Therefore, with the current protocol, in
which the final sample temperature is equal to room tem-
perature (ca. 23°C), increasing the drying time even sev-
eral more hours would not be expected to reduce the final
water content substantially.

Furthermore, our results also did not indicate any
correlation between enzyme catalytic activity and sam-
ple water content, although it has been shown pre-
viously that a higher water activity coefficient results
in higher enzyme catalytic activity in organic solvents
(34-36). It is important to note that for a given mass
ratio of water in the resuspended lyophilized powder
(e.g., compare subtilisin dried without stabilizes versus
with sorbitol or trehalose, Table I1), the water activity
coefficient will be higher in the less polar solvents (e.g.,
hexane). However, for our samples, even in hexane,
catalytic activity did not correlate with water content.
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Considering the complexities of the systems in terms
of composition and morphology, it is not surprising that
numerous factors in addition to those discussed above
have been proposed to be important for influencing cat-
alytic activity of enzymes suspended in organic sol-
vents. These include:

(1) that the polar organic solvents may bind at the
active site, meaning the solvent in which the enzyme
is most active might be the least inhibitory (18, 34).
Also, as noted above infrared spectroscopy cannot de-
termine site-specific changes in structure, such as dis-
ruption of the functional conformation of the active site.
It is known that different solvents can alter regioselec-
tivity (37) and enantioselectivity (38), possibly via
changes in the nature of the active site.

(2) that the solvent alters the partitioning of the
substrates between the bulk solvent and the enzyme/
water complex (30, 34, 39). With the variety of sub-
strates often used in transesterification assays,
which are routinely used for studying enzyme activi-
ties in organic solvents, this effect could account for
the differences in activity. The substrate used here is
quite soluble in ethanol and much less so in hexane,
which may account for the differences in activities
we noted in these solvents (Tables | and Il). Further-
more, the presence of a protein-stabilizing carbohy-
drate used during lyophilization may also limit acces-
sibility to the active sites (4-6).

(3) that the thermodynamic activity of the alcohol
reactant varies depending on the solvent. Partitioning
is not the sole physicochemical parameter being af-
fected by differences in solvent composition. For exam-
ple, the thermodynamic activity of a reactant such as
hexanol is approximately 10-fold larger in hexane than
it is in 2-butanone, and it is about 2-fold greater than
even in carbon tetrachloride (20).

(4) that catalytic activity in polar solvents versus
nonpolar ones might be due to immediate loss in enzy-
matic hydration (3, 40). However, both a-chymotrypsin
and subtilisin Carlsberg have been reported to remain
active in methanol and tetrahydrofuran, even though
little water remains around the protein (13). Subtilisin
was found to maintain some activity in dimethylform-
amide, despite extensive water stripping (3). In other
words, the solvent can affect the partitioning of water
between the enzyme and the bulk solvent (32).

Most likely, each of these factors plays some role in
controlling the activity of an enzyme in a low-water
environment. Perhaps if all other parameters were con-
trolled and kept equivalent, then differences in protein
secondary structure could be shown to be important for
differences in catalytic activity. If such were the case, it
seems reasonable that increasing the fraction of native
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protein molecules in the total population should result
in greater catalytic activity.
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