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The fluorescence spectra of subtilisin Carlsberg (STC) and subtilisin BPN’ (STB) were measured in aque-
ous—organic mixed solvents over a wide range of solvent composition. The tryptophan fluorophores were used
as probes of the environmental polarity, and the structural changes of the enzymes were detected as changes of
the difference in the emission wavelength between the enzymes and N-acetyl-L-tryptophan ethyl ester (Alem).
It was found that Alen was well correlated with the catalytic activity of the enzymes, as expressed by the
hydrolysis rate of N-acetyl-L-tyrosine ethyl ester. For example, the characteristic dependency of the activity
of STC on the solvent composition in acetonitrile—water was closely related to the change in AMem. Similar
correlations between A)em and the catalytic activity were observed for subtilisins in aqueous 1,4-dioxane, THF,
DMF, DMA, and DMSO solutions with high correlation coefficients, except for STB in water-DMF and -DMA.
The results are discussed in terms of the structural modification of the enzymes in these aqueous—organic media.

Recently, applications of enzymatic reactions to or-
ganic synthesis have attracted much attention owing to
their high stereo- and regiospecificity, as compared to
chemical processes. Although most enzymes are insol-
uble in organic solvents, it is now well recognized that
enzymes can catalyze many reactions in organic solvents
with restricted amounts of water. For example, pro-
teases have been utilized in organic solvents for the syn-
thesis of esters®> 1% or peptides'!—'® and for the optical
resolution of chiral compounds.!t17—20)

Recent studies have revealed that both the activity
and the specificity of enzymes are markedly affected by
the nature of the organic solvent. There can be signifi-
cant changes in the activity and specificity of an enzyme
by switching from one solvent to another.?'—2% Enzyme
catalysis is also a function of the water content in the
reaction media. Not only the activity, but also the sub-
strate specificity and enantiospecificity of enzymes, can
be altered by changing the water content.?®

It may be assumed that changes in the enzyme activ-
ity are partly due to structural modifications of the en-
zymes. However, since most of the reactions of interest
are catalyzed by enzymes suspended in aqueous-organic
media or immobilized to insoluble support materials,
it is difficult to detect the possible structural changes
of the enzymes by ordinary physico-chemical meth-
ods, such as NMR and CD. We previously reported
that the fluorescence wavelength of a-chymotrypsin is
closely related to its catalytic activity in aqueous—or-
ganic media.?® It may be reasonably assumed that any
structural modification of an enzyme due to an organic
solvent would cause changes in the emission wavelength
of the enzyme due to changes in the microenvironment
of the tryptophan residues in the enzyme. The catalytic
activity would also be altered by a structural modifica-
tion of the enzymes. In this article we report on the
results of a fluorescence spectroscopic study of subtil-
isins as relevant to their catalytic activity in aqueous—
organic media. So far, although several reports have

appeared concerning the fluorescence spectroscopy of
enzymes in organic solvents,?” 32 the correlations be-
tween the activity and the spectral characteristics have
rarely been investigated.

Experimental

Materials.  Subtilisin Carlsberg (protease type 8, EC
3.4.21.14) (STC) and subtilisin BPN’ (protease type 27, EC
3.1.1.3) (STB) were purchased from Sigma Chem. Co. N-
Acetyl-L-tyrosine ethyl ester (ATEE) and N-acetyl-L-trypto-
phan ethyl ester (ATYEE) were also purchased from Sigma.
Organic solvents of guaranteed grade were obtained from
Wako Pure Chem. Co. and dried on molecular sieves (3A).

Fluorescence Spectra. Steady state fluorescence spec-
tra of ATrEE and enzymes were taken in aqueous—organic
mixed solvents on a Shimadzu RF-5000 instrument with an
excitation wavelength of 295 nm and a band width of 5 nm.
For subtilisins, the samples contained 2.5 mg of an enzyme
in 10 ml of a solvent; they were magnetically stirred in a
temperature-controlled (30 °C) cell. The maximum emis-
sion wavelength of a sample was determined as an average
of more than five measurements. The Alem is defined as
the difference between the maximum wavelength of ATrEE
and the enzyme,

Adem = NTEE _ \F (1)

It was found that the emission wavelengths of STC and
STB are time-dependent, especially at high water contents,
probably due to autolysis of the enzymes. Therefore, the
fluorescence spectra were taken shortly after the preparation
of enzyme solutions.

Kinetic Measurement of ATEE Hydrolysis. A
solution of ATEE in a mixed solvent of water and an or-
ganic solvent was added to an aqueous solution of an enzyme
(2.5 mg). The total reaction volume was 10 ml, and the
final ATEE concentration was 10 mM (1 M=1 moldm™%).
The mixture was incubated at 30 °C with reciprocal shaking
(about 150 cycles per min). At intervals, samples were taken
and filtered by poly (tetrafluoroethylene) membrane filters,
and the filtrates were 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).
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Acetanilide was used as an internal standard, and reaction
components were detected with a UV detector at 270 nm.
The initial reaction rate of ATEE hydrolysis was calculated
from the initial increase in the amount of N-acetyl-L-tyrosine

(AT).

Results and Discussion

In general, both tryptophan and tyrosine residues are
responsible for the fluorescence of proteins; the maxi-
mum emission wavelength is a function of the excitation
wavelength. STC has only one tryptophan residue (Trp-
113) and 13 tyrosine residues, while STB has 3 trypto-
phan residues (Trp-106, 113, and 241) and 10 tyrosine
residues.®® However, it is known that the fluorescence
from tryptophan residues generally predominates over
that from tyrosine residues; the contribution from the
latter is negligibly small, probably due to quenching or
energy transfer.>®) An exception is STC, which exhibits
fluorescence from tyrosine residues.3>—3") However, it
has been reported that the contribution from tyrosine
residues is very small when the enzyme is excited at
or above 295 nm.3¢—3%) Therefore, in the present work,
the fluorescence spectra were measured with an exci-
tation wavelength of 295 nm in order to minimize the
complexity arising from the contributions from tyrosine
residues.

It is known that both the intensity and wavelength of
the fluorescence of a tryptophan derivative are sensitive
to the polarity of the solvent. In general, the emission
shifts to a higher wavelength along with an increase in
the polarity of the solvent. An example is shown in
Fig. 1 for N-acetyl-L-tryptophan ethyl ester (ATrEE) in
acetonitrile-water, where the emission wavelength in-
creases along with an increase in the water content.
Since the dielectric constant of water (80.4 at 20 °C)
is larger than any of the organic solvents used in this
work, similar dependencies of the emission wavelength
of ATrEE on the solvent composition were observed for
all of the organic solvent—water systems. Therefore, it
was assumed that a shift in the emission of an enzyme
to a higher wavelength is an indication of an increase in
the polarity of the microenvironment of the tryptophan
residues, and any structural changes of the enzyme can
be detected by measuring the fluorescence wavelength.

Acetonitrile.  The emission wavelengths of STC
and STB were plotted against water content in acetoni-
trile—~water mixed solvents as compared to the emission
wavelength of ATrEE (Fig. 1). In this study, pure wa-
ter was used as a cosolvent instead of buffer solutions in
order to avoid any complexity arising from possible in-
teractions between the enzymes and ionic species of the
buffer components. Also, complexity may arise from
the precipitation of buffer salts at high concentrations
of the organic solvents. The maximum emission wave-
lengths of STC and STB in pure water were 330 and
346 nm, respectively, which were close to the emission
wavelengths in buffer solutions.3”3® This suggests that
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Fig. 1. Fluorescence wavelength of (O) STC, (®) STB,

and (A) ATYEE in acetonitrile-water.

no significant modification of the enzyme structure oc-
curs due to using pure water instead of buffer solutions.

It can be seen from Fig. 1 that the emission wave-
length of STC is very different from that of ATrEE,
and is strongly dependent on the solvent composition.
It may be assumed that changes in the enzyme struc-
ture, such as unfolding of the peptide chains or swelling
of the enzyme by the solvent, would cause changes in
the polarity of the microenvironment of the tryptophan
residues, leading to shifts in the emission wavelength of
the enzyme. The changes in the polarity may be associ-
ated with conformational changes of the enzyme or the
solvent composition around the tryptophan residues.
The latter is important when tryptophan residues are
exposed to a solvent, like those in STB.%%4Y) Therefore,
the shifts in the emission wavelength of the enzyme and
ATYEE by changing from one solvent composition to
another may be expressed by

AXE = AXE(str) + AN (solv) (2)

and
ANATEE — ANATTEE (614, (3)

respectively, where AA(str) and AA(solv) represent the
contributions due to changes in the structure and sol-
vent composition, respectively. Therefore,

—AAdem=ANF — ANATEE
=ANE(str) + {A/\E(solv) - Ax\AﬁEE(solv)} . (@)
Although a change in the solvent composition differ-

ently affects the emission wavelength, depending on the
location of the tryptophan residues in the enzymes, the
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second term in Eq. 4 minimizes the direct solvent effects
on the emission wavelength.

Any changes in the enzyme structure around the
tryptophan residue would affect the catalytic activity
of the enzyme. It was therefore considered that the
changes in AAe, would be correlated with the enzyme
activity. In Fig. 2, Al and the rate of catalytic hy-
drolysis of ATEE by STC are plotted against the water
content in acetonitrile—water. It can be seen that there
is a good correlation between A\, and the hydrolysis
rate. The result seems to indicate that the enzyme is
more active when the tryptophan residue in STC is in
a less-polar (more hydrophobic) environment, as com-
pared to the bulk solvent phase. Especially, at water
contents of 40—60%, both AMem and the catalytic ac-
tivity of STC were very low, and by decreasing water
content to 20—30%, part of the activity was recovered
along with an increase in Aden.

In contrast to STC, the emission of STB shifted to
a lower wavelength along with a decrease in the water
content (Fig. 1), though there is a parallel relation be-
tween Alen and the hydrolysis rate of ATEE by STB
(Fig. 2). The change in the activity of the enzyme may
be at least partly due to a structural change of the en-
zyme. Similarly to STC, STB exhibited higher activi-
ties at solvent compositions, which give a higher A)g,.

It should be noted that the low values of Alep, in-
dicate that the environmental polarities are similar for
the tryptophan fluorophores in and out of the enzyme
molecules. Therefore, as mentioned above, it may be as-
sumed that, at these solvent compositions, some struc-
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Fig. 2. Hydrolysis rate of ATEE (v) and AMem in ace-

tonitrile—water. A: hydrolysis rate by STC; O: Alem
of STC; A: hydrolysis rate by STB; @: Alem of STB.
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tural changes of the enzymes occur which increase the
polarity of the microenvironment of the tryptophan
residues. The tryptophan residues may be exposed to
the bulk solvent phase due to conformational changes of
the enzymes, or the tryptophan residues are in a specific
environment of high polarity due to the polar groups in
the enzymes. A modification of the enzyme structure
would lead to a retardation of the enzyme activity.

It is known that although the enzymatic behaviors
in aqueous solutions are similar for STC and STB,*>43
the activities of the enzymes are significantly different
in ethanol.®) As shown in Figs. 1 and 2, the activity and
fluorescence of the enzymes are different for STC and
STB in acetonitrile-water. Both A, and the activity
of STC decrease at water contents of 40—60%. Similar
profiles have been shown for a-chymotrypsin in aceto-
nitrile-water.?®) It may be worth mentioning that these
enzymes recover catalytic activity at 10—30% water,
and that this has been utilized for preparative reac-
tions of esters and peptides. In contrast, the activity
of STB is very low at low water contents. This may
be attributed to a difference in the surface properties of
the enzymes; the amino acid residues of the STC and
STB are different at 84 positions out of which 75 point
outward.*?

1,4-Dioxane and THF. The ether linkages provide
1,4-dioxane and THF with a hydrophilic nature and
water-miscibility; these solvents have been utilized for
some enzymatic reactions, including ester or peptide
synthesis by proteases. As shown in Fig. 3, there are
parallel relations between A)ey, and the activity of STC
and STB in 1,4-dioxane-water. Similar dependencies of
AMen and the activity on the solvent composition were
observed for these enzymes in THF-water, as shown in
Fig. 4.

DMF and DMA. DMF and DMA are useful sol-
vents for many synthetic reactions, because they have
a strong solubility power for many polar compounds,
such as amino acid derivatives, which are insoluble in
nonpolar organic solvents. Although DMF or DMF-
water mixed solvents have been used for some enzy-
matic reactions, problems are often encountered due to
an instability and low catalytic activity of enzymes in
DMF at low water contents. The half-life of STB in
anhydrous DMF was reported to be about 30 min.'?

The catalytic activity of STC in DMF-water was
strongly dependent on the solvent composition (Fig. 5),
and the enzyme was deactivated at water contents be-
low 20%. A similar tendency was observed for the ac-
tivity in DM A-water (Fig. 6). Again, there seems to be
a correlation between the catalytic activity and Alep,.
The activity of STB also decreased at low water con-
tents in both DMF- and DM A-water mixtures. How-
ever, the Al increased inconsistently along with a
decrease in the activity at water contents below 30%,
leading to a relatively poor correlation between Alen
and the activity at these solvent compositions.
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Fig. 3. Hydrolysis rate of ATEE (v) and A)em in 1,4-
dioxane—water. Symbols are the same as in Fig. 2.
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Fig. 4. Hydrolysis rate of ATEE (v) and Alem in

THF-water. Symbols are the same as in Fig. 2.

DMSO. Although DMSO is also one of the promis-
ing solvents for enzymatic reactions of polar substrates,
it has been reported that it can deactivate enzymes by
unfolding the peptide chains of the enzymes.*> Figure 7
shows that the activity of both STC and STB decreased
parallel to the A)em along with a decrease in the water
content.

Characteristics of Fluorescence Properties of
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Fig. 5. Hydrolysis rate of ATEE (v) and AMem in
DMF-water. Symbols are the same as in Fig. 2.
3
o0
(024 -1 20
7
- / ]
g 2t P
o |
.| N s
= 5
3 |2
S <
~ 1
> -1 0
0 -10
0 20 40 60 80 100
Water Content /| %
Fig. 6. Hydrolysis rate of ATEE (v) and Alem in

DMA-water. Symbols are the same as in Fig. 2.

STC and STB. There are several characteristic
points worth mentioning concerning the fluorescence
properties of STC and STB in the aqueous—organic me-
dia studied in this work. Firstly, the dependencies of
the emission wavelength, and therefore Alen, on the
solvent composition are much stronger for STC than
for STB. For example, the emission wavelength of STC
in acetonitrile-water changed by as much as 18 nm
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Fig. 7. Hydrolysis rate of ATEE (v) and AMem in

DMSO-water. Symbols are the same as in Fig. 2.

along with a change in the solvent composition, while
the change in the wavelength of STB was less than 8
nm (Fig. 1). This situation is similar for other cosol-
vent systems. It has been reported that the emission
of STB is mainly from Trp-106 and Trp-241, and that
these residues are located near to the surface of the
enzyme, and are partly exposed to the solvent.37:40:41)
This may illustrate small changes and a similar solvent
dependency of the emission wavelength of STB to that
of ATYEE. On the contrary, the relatively large vari-
ation in the emission wavelength, as well as the low
wavelength in neat water, suggests the hydrophobic en-
vironment of the Trp-113 in STC. This seems to suggest
that the solvent-dependence of the emission wavelength
of STC is primarily attributed to structural changes of
the enzyme molecule, rather than a direct interaction
with the solvent.

Secondly, the A)ey, of STC were almost always pos-
itive and larger than those of STB. This may also
support the above consideration concerning the hydro-
phobic environment of the tryptophan residue in STC.
Thirdly, the Al of STB always decreased along with
a decrease in the water content, and became negative
below a water content of 50—65%. The negative value
of A)em may be an indication of an effect of surrounding
polar groups in the enzyme on the microenvironment of
the tryptophan residues.

Correlation between A\, and Activity of En-
zymes. The extent of linear correlations between
Alem and the catalytic activity of STC and STB, as ex-
pressed by the hydrolysis rate of ATEE, was estimated
by applying the data in Figs. 2, 3, 4, 5, 6, and 7 to
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Table 1. Correlation between Alem and Hydrolysis
Rate of ATEE®
Solvent a b r
STC STB STC STB STC STB
Acetonitrile 0.11  0.043 0.44 0.19 0.83 0.96
1,4-Dioxane 0.13 0.15 —0.90 0.78 0.94 0.97
THF 0.072 0.12 -0.48 0.70 0.75 0.86
DMF 0.13 0.081 -0.27 042 093 0.65
DMA 0.11 0.044 -0.27 074 097 0.1
DMSO 0.071 0.17 0.17 0.75 0.90 0.90

a) Parameters in Eq. 5 calculated form data in
Figs. 2, 3,4, 5,6, and 7.

v = a*Alem + b. (5)

The constants (a and b) were determined by a least-
squares method, and are listed in Table 1. The correla-
tion coefficients (r) are also included in Table 1. It can
be seen that there are fairly good correlations between
A)enm and the activity for both STC and STB.

The present results suggest that the fluorescence
properties of STC and STB in aqueous-organic media
are different for each other, but that the emission wave-
lengths of these enzymes are well correlated to their cat-
alytic activity. On the basis of the assumption that the
difference between the emission wavelengths of ATTEE
and the enzyme is a measure of the structural change of
the enzymes, the results seem to indicate that changes
in the catalytic activity can be at least partly ascribed
to conformational changes of the enzymes.

This work was supported in part by a Grant-in-Aid
for Scientific Research No. 04453093 from the Ministry
of Education, Science and Culture.
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