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The effects of the composition of aqueous—organic mixed solvents on steady state fluorescence emission of a-
chymotrypsin were investigated. In all the solvent systems, maximum wavelength of fluorescence emission shifted
initially to higher wavelength and then to lower wavelength by increasing water content in organic solvents. The
results were interpreted in terms of the changes in microenvironment of tryptophan residues in the enzyme
due to conformational modification of the enzyme. The maximum emission wavelength of chymotrypsin is well
correlated to its catalytic activity for the hydrolysis of N-acetyl-L-tyrosine ethyl ester. Activity of chymotrypsin
decreased or it was totally inhibited at solvent compositions which give long emission wavelength of the enzyme.
The results suggest that the fluorescence spectroscopy may be useful for detection of conformational changes

and alteration of catalytic activity of the enzyme.

Enzymes have been widely used as catalysts in or-
ganic synthesis and asymmetric transformations of chi-
ral compounds.?— It has been recognized that enzymes
work not only in aqueous solutions but also in many or-
ganic solvents.®~® Especially the ability of proteases
to catalyze the synthetic reactions of esters and pep-
tides, which are the reverse reactions of the hydro-
lysis of these compounds, in media composed mainly
of organic solvents have been well documented.®—'V
In these reactions catalytic activities of enzymes are
strongly affected by the nature and composition of sol-
vents. Furthermore, substrate specificity and enan-
tiospecificity of the enzymes are often altered by chang-
ing the solvents.!?—1%

These results suggest that enzyme structures are pro-
foundly influenced by the molecular environment. Or-
ganic solvents may perturb the native structure of the
enzymes and modify their activity and specificities.
Also, numerous studies have reported that enzymes are
deactivated in organic solvents probably due to unfold-
ing of the peptide chains; typical examples are deacti-
vation of proteases in alcohols and polar aprotic organic
solvents.'®—17)

Most of the studies on enzyme functions in nonaque-
ous media have been based on the kinetic measure-
ments. Most of enzymes are insoluble in media with
high concentrations of organic solvents. Therefore spec-
troscopic studies such as NMR and CD (circular dichro-
ism), which are often employed for aqueous solutions,
are not applicable to the studies of enzymes in these me-
dia. In the present study we investigated the changes in
fluorescence properties of a-chymotrypsin (CT) in sev-
eral aqueous—organic mixed solvents in order to detect
the structural changes in the enzyme. Since the disso-
lution of an enzyme in a solvent is not a prerequisite for
measuring fluorescence spectra,'® the emission spectra
of the tryptophan residues in CT would give some in-
formation on the structural changes in wide range of
the solvent compositions. The results are discussed in
relevant to the effects of solvent composition on the cat-

alytic activity of CT.
k Experimental

Materials. a-Chymotrypsin (CT) having a specific
activity of 46 units (tmol min~! mg~?) at pH 7.8 and 25°C
for hydrolysis of N-benzoyl-L-tyrosine ethyl ester was a prod-
uct of Sigma Chemical Co. N-Acetyl-L-tyrosine ethyl ester
(ATEE) and N-acetyl-L-tryptophan ethyl ester were also
products of Sigma. Organic solvents were guaranteed grade
and purchased from Wako Pure Chemical Co. The solvents
were dried on 3A molecular sieves.

Measurement of Fluorescence Spectra. Steady
state fluorescence spectra of CT and N-acetyl-L-tryptophan
ethyl ester in aqueous—organic solvents were taken with
Shimadzu RF-5000 instrument with excitation wavelength
of 295 nm and band width of 5 nm. The samples contained
2.5 mg CT in 10 ml solvents and were magnetically stirred
in a temperature-controlled (30°C) cell. Maximum emission
wavelength of a sample was determined as average of more
than four measurements.

Kinetic Measurement. A solution of ATEE in a
mixture of organic solvent and water was added to an aque-
ous solution of CT. Pure water was used instead of buffer
solutions throughout the experiment in order to avoid the
precipitation of the buffer components in solutions of high
concentrations of organic solvent. The mixture was incu-
bated at 30°C with reciprocal shaking (about 150 cycles per
min). At intervals a part of the mixture was filtered by
a poly(tetrafluoroethylene) membrane filter and the filtrate
was injected into HPLC (Shimadzu LC-6A). A Shim-pack
CLC-ODS column (0.15 mx6.0 mm) was used and eluted
with water—acetonitrile (50/50 by volume). Acetanilide was
used as an internal standard, and reaction components were
detected with a UV detector at 270 nm. The reaction rates
were calculated from the initial increase in the amounts of
N-acetyl-L-tyrosine.

Results and Discussion

It is known that the fluorescence of proteins is due
to constituent aromatic amino acids, tryptophan, and
tyrosine. In the present work fluorescence of CT was
excited by UV light at 295 nm, because at this wave-
length only tryptophan residues are excited and also
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intertryptophyl energy transfer is negligible.!*—2") Un-
der this condition, observed fluorescence spectra are re-
garded as the sum of contributions of individual tryp-
tophan residues in the protein.

It is also known that fluorescence of a tryptophan
residue is sensitive to its microenvironment. In gen-
eral, the wavelength of maximum emission should shift
to lower values and intensity of emission will increase
as the polarity of the environment of the fluorophore
decreases.!®?? A typical example of solvent effect on
tryptophyl fluorescence is shown in Fig. 1, in which the
maximum wavelength (Aem) and intensity of the fluores-
cence of N-acetyl-L-tryptophan ethyl ester are plotted
against water content (%) in acetonitrile-water mixed
solvents. In going from pure acetonitrile to water, Aem
shifts from 333 to 353 nm. Therefore, it may be as-
sumed that any changes in Aep, of tryptophan residues
in CT will be an indication of the change in microenvi-
ronment of the residues due to structural perturbation
of the protein.

CT has eight tryptophan residues. It has been in-
ferred that none of them are highly exposed to solvent,
and therefore the Aem of CT (331—333 nm in aque-
ous solutions) is hardly affected by solvents or ionic
quenchers unless the conformational changes of the en-
zyme occurs. It was reported that the position of the
emission spectra of CT is independent of hydration or
solubilization.'® Judging from the ey of native CT,
most of tryptophan residues are considered to be in hy-
drophobic environment. The maximum emission wave-
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length of CT in several aqueous—organic media was mea-
sured and the results are discussed in terms of microen-
vironment of CT and as relevant to its catalytic activity.

a) Acetonitrile. In Fig. 2, Xdem and emission
intensity of CT are plotted against water content in
acetonitrile-water mixed solvents. By increasing wa-
ter content, Aem initially shifts to higher wavelength
up to 345 nm at about 70% water and then to lower
wavelength. In pure water the emission wavelength is
332 nm which is close to the normal emission of na-
tive CT in buffer solutions or in solid state. Interest-
ingly, the profile of emission intensity is almost reversal
of that of emission wavelength (Fig. 2). The shifts of
Aem t0 higher wavelength may be the indication of the
change in microenvironment of tryptophan residues in
CT due to interactions with the solvent. Probably, at
water contents between 30 and 80%, where Aer, shifts to
higher wavelength, some structural changes of CT may
occur which increase the polarity of the environment
of tryptophan residues; that is the exposure of tryp-
tophan residues to the solvent. The situation is very
similar to denaturation by urea. It has been reported
that the denaturation of proteins by high urea concen-
trations which causes practically complete unfolding of
a protein globule, gives rise to the shifts of fluorescence
spectral maxima toward 350—353 nm.!??3)

In the present experiment, part of CT is insoluble
and suspended in the solvents at water contents below
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Fig. 1. Wavelength and intensity of maximum fluores-
cence emission of N-acetyl-L-tryptophan ethyl ester
in acetonitrile-water. O :wavelength; @ : intensity.
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Fig. 2. Wavelength and intensity of maximum flu-

orescence emission of CT in acetonitrile- water.
O:wavelength; @:intensity; © and @ :wavelength
and intensity of filtrate, respectively.
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40%. In these solvents, both suspended and solubilized
CT will contribute to emission. In was found that sol-
ubilized CT exhibits much higher A¢p, than that of sus-
pended CT; for example after filtration of CT suspen-
sion in a solvent with 10% water, the filtrate showed
Aem at around 347 nm as compared to that of CT sus-
pension at 333 nm (Fig. 2). So far, relatively few studies
have appeared on the fluorescence spectroscopy of solid
enzymes.'®) However, the above results suggest that this
technique may be useful in studying modification of en-
zyme structure not only in solutions but also in solid
(suspended) state.

It may be reasonably assumed that any structural
modifications of an enzyme would give rise to changes
in its catalytic activity and specificities. Figure 3 shows
the reaction rate and product yield of the hydrolysis of
N-acetyl-L-tyrosine ethyl ester (ATEE) by the catalysis
of CT in acetonitrile-water. It can be seen clearly that
CT loses activity at water contents between 40 and 70%.
This phenomenon seems to be closely related to the red
shift of Ae described above and may most probably
be ascribed to the structural modification of CT. At
water contents below 40%, probably the aggregation of
CT stabilizes the enzyme against destructive action of
the solvent. As described previously, catalysis of CT at
high concentrations of organic solvents have been well
recognized and utilized for ester or peptide synthesis.

b) Ethanol.  Ethanol has been considered to be
a toxic solvent for many enzymes.!® It has been gen-
erally recognized that, by increasing ethanol contents,
enzymes lose activity probably due to unfolding of the
peptide chains. However, recent studies revealed that
this solvent can be used for synthetic reactions by pro-
teases such as ester and peptide synthesis.!®'? The ac-
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Fig. 3. Reaction rate and product yield of hydrolysis
of ATEE in acetonitrile-water. CT 2.5 mg, ATEE 10
mM, solvent 10 ml; A :reaction rate; @: Ac—L-Tyr—
OH yield (24 h).
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tivity is strongly dependent on the water content, and
therefore analysis of fluorescence properties would give
some information on structural changes of the enzymes
in ethanol-water mixtures.

Figures 4 and 5 show the fluorescence properties and
reaction profile of ATEE hydrolysis in ethanol-water.
Again in this case, by addition of ethanol to aqueous
CT solution, maximum emission shifts to higher wave-
length giving a maximum at around 50% water. By
further decreasing water contents, e, exhibits a blue
shift. These spectral variations are very similar to those
in acetonitrile-water, and furthermore, a close relation-
ship between Aep, and hydrolysis rate of ATEE is ob-
served (Fig. 5). At 50% water, catalysis of CT is com-
pletely suppressed.

c) 1,4-Dioxane and THF. The dependency of Aem
of CT on water content in 1,4-dioxane-water (Fig. 6) has
some common feature to that in ethanol-water. Max-
imum Aem is observed at around 50% water content,
and there are lower Ay, regions at higher and lower wa-
ter contents. This implies that at least part of CT is
not deactivated at high concentrations of 1,4-dioxane
as demonstrated by kinetic study (Fig. 7). Small but
not negligible activity of CT is retained for hydrolysis of
ATEE in 1,4-dioxane containing 10% water, although
1,4-dioxane is known to be a competitive inhibitor of
CT'23,24)

In the case of THF—water, emission profile of CT is
similar to that in 1,4-dioxane—water, except that maxi-
mum Mg, is obtained at about 70% water (Fig. 8). This
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Fig. 4. Wavelength and intensity of maximum

fluorescence emission of CT in ethanol- water.

O : wavelength; @ :intensity.
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Fig. 5. Reaction rate and product yield of hydrolysis
of ATEE in ethanol-water. CT 2.5 mg, ATEE 10
mM, solvent 10 ml; A :reaction rate; @: Ac-L-Tyr—
OH yield (24 h).
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Fig. 6. Wavelength and intensity of maximum flu-

orescence emission of CT in 1,4-dioxane—water.
O:wavelength; @ :intensity.

corresponds to the complete retardation of activity of
CT by addition of only 30% THF (Fig. 9). Thus, both
in 1,4-dioxane and THF-water systems, significant re-
lationship is observed between Aey, and activity of CT.

d) N,N-Dimethylformamide (DMF). DMF is
one of the solvents which have strong solubilizing power
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Fig. 7. Reaction rate and product yield of hydrolysis
of ATEE in 1,4-dioxane-water. CT 2.5 mg, ATEE 10
mM, solvent 10 ml; A :reaction rate; @: Ac-L-Tyr—
OH yield (24 h).
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Fig. 8. Wavelength and intensity of maximum fluores-
cence emission of CT in THF-water. O: wavelength;
@ : intensity.

for many polar substances. Especially for biocatalytic
conversions of amino acids and related compounds in
organic solvents, selection of solvent is prerequisite in
which the substrates are soluble. DMF has been a can-
didate for this purpose. However, DMF is known to
be a competitive inhibitor of many enzymes and most
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Fig. 9. Reaction rate and product yield of hydrolysis
of ATEE in THF-water. CT 2.5 mg, ATEE 10 mM,
solvent 10 ml; A:reaction rate; @:Ac-L-Tyr—OH
yield (24 h).

of enzymes lose catalytic activity in solvents with high
DMF contents. An exception is subtilisin Carlsberg
which was reported to retain its activity in anhydrous
DMF .2 In our experiences, catalytic activity of CT for
ester or peptide synthesis was completely suppressed in
DMF.?62") By addition of 50% or more water, activity
is recovered and the reaction systems have been uti-
lized for peptide synthesis?®?% and optical resolution of
amino acids.3®

In Fig. 10 maximum emission wavelength of CT and
its intensity are plotted against water content in DMF.
With increase in water content, ey, slightly shifts to
higher wavelength and then sharply shifts to lower
wavelength giving a maximum at about 30% water.
Again this is closely correlated to the change in activity
for ATEE hydrolysis shown in Fig. 11. The situation is
comparable to those described above for several organic
solvents, but kinetic study reveals that CT completely
loses catalytic activity in DMF with water contents be-
low 30% (Fig. 11). This indicates that DMF denatures
CT more effectively than other solvents probably due
to its strong interaction with the enzyme molecules.

The present results appear of interest particularly in
view of enzyme utilization for synthetic reactions in wa-
ter-containing organic solvents because many of these
reactions are necessarily carried out in these systems.
Enzymes often lose catalytic activity at high concentra-
tions of organic solvents or their specificities are altered
at specific solvent compositions. The fluorescence spec-
troscopic measurements may be useful for prediction of
changes in enzyme catalysis in these reaction systems.

This work was supported in part by a Grant-in-Aid
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Fig. 10.  Wavelength and intensity of maximum

fluorescence emission of CT in DMF- water.

O : wavelength; @ : intensity.
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Fig. 11. Reaction rate and product yield of hydro-
lysis of ATEE in DMF-water. CT 2.5 mg, ATEE 10
mM, solvent 10 ml; A:reaction rate; @: Ac—L-Tyr—
OH yield (24 h).
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