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/9-Glycosidase from the extreme thermophilic archaeon Sulfolobus solfataricus is a
tetrameric protein with a molecular mass of 240 kDa, stable in the presence of detergents,
and with a maximal activity at temperatures above 95°C. Understanding the structure-
activity relationships of the enzyme under different conditions is of fundamental impor-
tance for both theoretical and applicative purposes. In this paper we report the effect of
methanol, ethanol, 1-propanol, and 1-butanol on the activity of S. solfataricus /?-glyco-
sidase expressed in Escherichia coli. The alcohols stimulated the enzyme activity, with
1-butanol producing its maximum effect at a lower concentration than the other alcohols.
The structure of the enzyme was studied in the presence of 1-butanol by circular dichroism,
and Fourier-transform infrared and fluorescence spectroscopies. Circular dichroism and
steady-state fluorescence measurements revealed that at low temperatures the presence of
the alcohol produced no significant changes in the tertiary structure of the enzyme.
However, time-resolved fluorescence data showed that the alcohol modifies the protein
microenvironment, leading to a more flexible enzyme structure, which is probably respon-
sible for the enhanced enzymatic activity.

Key words: archaeon, circular dichroism, frequency domain fluorometry, #-glycosidase,
infrared spectroscopy, organic solvent.

Enzymes isolated from hyperthermophilic micro-organ-
isms are not only thermostable and active at high tempera-
ture, but are also often resistant to and active in the
presence of organic solvents and detergents {1, 2). In the
presence of common denaturants, such enzymes generally
show increased stability compared with their mesophilic
counterparts. These proteins represent natural examples of
proteins with very peculiar and interesting properties (3,
4). The goal of many studies is to identify the molecular
basis of their stability and use them as models for designing
proteins with special properties for new biotechnological
applications (5, 6). However, how the effect of organic
solvents is related to the most unusual properties of
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thermophilic enzymes, such as the thermostability and
thermoactivity, remains unanswered.

A thermophilic and thermostable /9-galactosidase from
the archaeon Sulfolobus solfataricus (7) has been purified
and partially characterized in our laboratories (8). More
recently, the enzyme was characterized as a glycosyl
hydrolase, and, in view of its wide substrate specificity and
exo-glucosidase activity, it has been classified as a /?-
glycosidase (S/9gly) (9). Its gene has been cloned and
expressed both in Escherichia coli (10) and Saccharomyces
cerevisiae (11). The recombinant enzymes were purified,
and shown to have the same structural and functional
features of the native enzyme (12, 13). The native and
recombinant enzymes have a molecular mass of about 240
kDa, and are composed of four identical subunits of about
60 kDa, each of which contains 17 tryptophan residues.
Moreover, the native enzyme has been crystallized (14) and
its structure solved at 2.6 A (25). The crystallographic data
show that the enzyme contains more than double the
proportion of ionic groups involved in ion pairs than is
generally present in mesophilic proteins (26), and that
these pairs are involved in clusters and networks that serve
to cross-link non-contiguous points of the structure at the
protein surface.

In some recent papers (17-23) we have shown the effect
of temperature, sodium dodecyl sulfate, and basic pH
conditions on the structure, activity, and conformational
dynamics of the enzyme. In the present study we have
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investigated the effects of a series of aliphatic alcohols on
the structure and activity of SySgly by far-, near-UV
circular dichroism (CD), Fourier transform infrared spec-
troscopy (FT-IR), and steady-state fluorescence spectros-
copy. The conformational dynamics of the enzyme were
studied by frequency domain fluorometry and anisotropy
decays.

EXPERIMENTAL PROCEDURES

Reagents—NaH2PO4 'H2O was obtained from J.T. Baker
Chemicals (New York, NY, USA). Deuterium oxide (99.9%
2H20) and CH3(CH2)3OD were purchased from Aldrich. All
other chemicals were commercial samples of the purest
quality. Deuterated 1-butanol is reported throughout the
paper as 1-butanol.

Enzyme Purification and Assay—The procedure for the
preparation of homogeneous SySgly is described elsewhere
(9). Protein samples were concentrated and placed in 10
mM sodium phosphate buffer, pH 7.4, with an Amicon
ultrafiltration apparatus using PM-30 membranes.

Enzyme activity was measured by following the hydroly-
sis of o-nitrophenyl-yS-D-galactopyranoside (ONPG) in the
absence and presence of the specified amounts of alcohol
from 30-75'C in sealed quartz cuvettes as previously
described (9). Each enzyme activity value is the mean of at
least three independent determinations. Standard devia-
tions never exceeded 10% of the respective mean values.

Protein Assay—Protein concentration was determined
by the method of Bradford (24), with bovine serum
albumin as the standard, and by A2B0 in 50 mm sodium
phosphate buffer, pH 7.0, at 25'C in a double beam Cary IE
spectrophotomer (Varian, Mulgrade, Victoria, Australia)
giving a value of 6.95X 105 absorbance units/mol (13).

Circular Dichroism Spectroscopy—Circular dichroism
spectroscopy (CD) was performed on homogeneous sam-
ples of S/Jgly at concentrations between 0.2 and 0.5 mg/ml
in 10 mM sodium phosphate buffer, pH 7.4, plus the
specified amounts of alcohol. We used a J-710 spectropolar-
imeter (Jasco, Tokyo) equipped with a Neslab RTE-110
temperature-controlled liquid system (Neslab Instru-
ments, Portsmouth, NH, USA) calibrated with a standard
solution of ( + )-10-camphorsulfonic acid. Sealed cuvettes
with 0.1 and 1.0 cm path lengths (Helma, Jamaica, NJ,
USA) were used for the far- and near-UV regions, respec-
tively. Photomultiplier voltage did not exceed 600 V in the
spectral regions measured. Each spectrum was averaged
five times and smoothed with Spectropolarimeter System
Software version 1.00 (Jasco). All measurements were
performed under nitrogen flow. For CD analyses, all
samples were preincubated for 10 min at the temperature
being studied. The results are expressed in terms of molar
ellipticity (6).

Preparation of Samples for Infrared Measurements—
Typically, 1.0 mg of S/Jgly in 1.0 ml of buffer was centri-
fuged in a "30 K microsep" microconcentrator (Dasit) at
3,000 X g and 4 C to a volume of approximately 50 //I. Then
300 n\ of buffer A (50 mM Hepes pD 7.4) or buffer B (50
mM Hepes, 300 mM 1-butanol pD 7.4) or buffer C (50 mM
Hepes, 80 mM 1-butanol pD 7.4) were added and the
sample was concentrated again. This procedure was re-
peated several times in order to completely replace the
original buffer with A or B or C buffers. In the last washing

all samples were concentrated to a final volume of approxi-
mately 401*\ and used for infrared analyses.

Infrared Spectra—The concentrated protein samples in
the final buffers were placed in a thermostated Graseby
Specac 20500 cell (Graseby Specac, Orpington, Kent, UK)
fitted with CaF2 windows and 25 ^m spacers. FT-IR spectra
were recorded by means of a Perkin-Elmer 1760- X Fourier
transform infrared spectrometer using a deuterated trig-
lycine sulfate detector and a normal Beer-Norton apodiza-
tion function. For at least 24 h before, and during data
acquisition the spectrometer was continuously purged with
dry air at a dew point of — 40'C. Spectra of buffers and
samples were acquired at 2 cm"1 resolution under the same
scanning and temperature conditions. In the thermal-de-
naturation experiments, the temperature was raised in 5'C
steps from 20 to 95°C. Before spectrum acquisition, sam-
ples were maintained at the desired temperature for the
time necessary to stabilize the temperature inside the cell
(6 min). Second derivative spectra were calculated over a 9
data-point range (9 cm"1). The deconvolution parameters
for the amide I' band were set with the half-bandwidth at 17
cm"1 and a resolution enhancement factor of 2.125.

Fluorescence Spectroscopy—Emission spectra were ob-
tained with a Jasco FP777 spectrofluorimeter, at a protein
concentration of 0.05 mg/ml in 10 mM sodium phosphate
buffer, pH 7.4, plus the specified amounts of alcohol. The
excitation was set at 300 nm in order to exclude the
tyrosine contribution to the overall fluorescence emission.

Frequency domain data were obtained with a frequency
domain fluorimeter operating between 2 and 2,000 MHz
(25-27). Modulated excitation was provided by the har-
monic content of a laser pulse train with a repetition rate of
3.75 MHz and a pulse width of 5 ps, from a synchronously
pumped and cavity dumped rhodamine 6G dye laser. The
dye laser was pumped with a mode-locked argon ion laser
(Coherent, Innova 100). The dye laser output was fre-
quency doubled to 300 nm for tryptophan excitation. For
intensity decay measurements, magic angle polarizer
orientations were used. The emitted light was observed
through an interference filter at 340 nm. The frequency-
domain intensity data were fitted to the time-resolved
expression

where a{ are the pre-exponential factors, t, the decay
times, and 2a, = 1.0. The frequency-domain anisotropy
data were fitted to

where r, are the amplitudes with rotational correlation
times 6t. The parameters were recovered by nonlinear least
squares using the theory and software described elsewhere
(28, 29). The standard deviations for phase and modulation
were 0.3 and 0.005, respectively.

RESULTS AND DISCUSSION

S/SGly is one of the more extensively studied thermophilic
enzymes (15, 17-23). Structure resolution at 2.6 A shows
the enzyme to be a tetramer with each subunit having the
classic (/3a)a-fold and lying at the corner of a slightly
puckered square in contact with two other monomers. Of
the 524 charged groups in the protein, 58% are involved in

J. Biochem.

 at C
hanghua C

hristian H
ospital on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Effect of Organic Solvents on a Hyperthermophilic ft-Glycosidase 547

ion-pair interactions, and about 60% of them occur as a part
of multiple ion pair networks with at least three charged
centers (25). These findings, according to other reports
(19-20, 22-23), suggest that large ion-pair networks play
a key role in the structural organization and thermos-
tability of the protein. Moreover, SySgly contains 68 trypto-
phan residues (17 residues per subunit) that are homo-
geneously dispersed in the primary structure and organized
in clusters in the tertiary structure {15). These features
make S/Sgly an attractive model for studies of the struc-
ture-function relationship of proteins.

Enzyme Activity in the Presence of Alcohols—The effects
of methanol, ethanol, 1-propanol, and 1-butanol on the
activity of S/?gly were studied at 30'C and the results are
shown in Fig. 1. In all instances, enzyme activation was
observed depending on the concentration of the alcohol as
well as its alkyl chain length. The alcohol concentration at
which the maximal SySgly activity was observed decreased
with increasing length of the alcohol chain: maximal
activation was induced by 80 mM 1-butanol (130%).
Moreover, the activation observed at 30"C became less with
increasing temperature and at 75°C was only 10%. Table I
shows the kinetic parameters of S/Sgly in the absence and in
the presence of 80 mM 1-butanol at 30 and 75'C. At 30°C,
S/Sgly in the presence of 1-butanol shows a i d value of 0.5
mM, which is twofold lower than that shown in the absence
of the alcohol, suggesting that the presence of 1-butanol
increases the enzyme affinity for substrate. The catalytic
efficiency values of SySgly in the presence and absence of 80
mM 1-butanol (110 versus 24 s^'/mM) suggest that at 30"C
the enzyme is 4.58-fold more efficient in the presence of the
alcohol. However, at 75"C, SySgly shows a K^ value of 11.0
mM in the presence of 80 mM 1-butanol as compared to 4.0
mM in its absence, and the catalytic efficiency is only 40%
of that detected at the same temperature in the absence of
the alcohol. These data suggest that at high temperature
1-butanol affects enzyme stability.

In order to investigate the effect of 1-butanol on the
structural features of S/Sgly we characterized the enzyme

by CD and FT-IK. We selected two 1-butanol concentra-
tions, 80 mM, the concentration that induces the maximal
enzyme activation, and 300 mM, which affects the enzyme
activity (Fig. 1).

Circular Dichroism—The circular dichroism (CD) spec-
trum for S/3gly in the far-ultraviolet region pH 7.4 and
30'C shows two minima, at 208 and 222 nm. Analysis of the
CD data provided the following information about the
secondary structure: a-helices, 50%; ft structures, 40%;
turns, 10%; unordered structures, less than 1% (17).
Moreover, the far-UV CD spectra recorded in the tempera-
ture range 20-95"C were superimposable suggesting that
the secondary structural organization of the thermohilic
enzyme is unaffected by temperature. The addition of 1-
butanol at concentrations of 80 or 300 mM to the enzyme
solution at 20'C did not modify the CD spectrum; more-
over, S/Sgly in the presence of 80 or 300 mM 1-butanol
displayed the same CD spectra at 25 and 85°C (data not
shown).

The near-UV CD spectrum of S/9gly in the absence of
1-butanol at 30*C (Fig. 2) suggests that most of the
aromatic residues in the protein are constrained by tertiary
interactions in compact regions of the protein macro-
molecule. The minimum at 293 and the maxima at 274 and
260 nm can be ascribed to tryptophan, tyrosine, and
phenylalanine residues, respectively (30). The addition of
80 or 300 mM 1-butanol to the enzyme solution resulted in
only a slight effect on the side chains of S/Sgly up to a
temperature of 70'C. However, starting from 75'C, the

TABLE I. Kinetic parameters of S£gly in the absence and
presence of 80 mM 1-butanol.

Temperature
CC)

30
75

(mM)
1.0
4.0

Absence

(a"') (i
24

1,320

r'/mM)
24

330

(mM)
0.5

11.0

Presence

(a"')
55

1,450

(s-'/mM)
110
131.88

The kinetic parameters were determined using o-nph-/?-D-Galp as a
substrate in the absence and presence of 80 mM 1-butanol.
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Fig. 1. Enzymatic activity of S/9gly at 30'C
in the presence of methanol (A), ethanol (B),
1-propanol (C), and 1-butanol (D).
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enzyme displayed marked changes in the CD spectrum in
the presence of 80 mM or 300 mM 1-butanol, and at 85*C a
strong quenching of the dichroic activity was observed,
indicating that the stability of the protein is affected by the
presence of alcohol at high temperature (Fig. 2). In con-
trast, S/5gly in the absence of 1-butanol displayed the same
near-UV CD spectra in the temperature range 25-95'C,
indicating that the tertiary architecture of the protein is not
affected by high temperature (17).

Infrared Spectroscopy—In a previous paper (20), we
described the structure of Sy5gly at basic pH and in the
presence of SDS. Figure 3 shows the second derivative and
deconvolved spectra of S/Sgly at pD 7.4 and 10. The spectra
are similar in shape, but differences in band positions and
intensities are present indicating differences in the secon-
dary structure of the enzyme at the two different pDs. In
particular, at pD 7.4, the band related to /3-sheets (20) is
found at a higher wavenumber (1,636.6 cm"1) than at pD 10
(1,635.1 cm"1), suggesting that at pD 7.4 the ^-sheets are
less exposed to the solvent. The intensity of the residual
amide II band (1,548 cm"1) at pD 7.4 is higher than at pD
10, also suggesting that at pD 7.4 the protein is less
accessible to the solvent (D2O) than at pD 10. At pD 7.4, a
unique 1,682.8 cm"1 band is found, which is probably due to
turns and /3-sheets since at pD 10 the band splits into two
bands, which were previously assigned to turns and /3-
sheets (20). The bands at 1,667.2, 1,654.9, and 1,645 cm"1

are assigned to turns, a -helices, and unordered structures,
respectively (20). The other bands seen in the 1,600-1,500
cm"1 region and not already mentioned can be assigned to
amino acid side chain absorptions (31). The presence of 300
mM 1-butanol affects the secondary structure of S/9gly at
pD 7.4 only marginally as revealed by the second derivative
and deconvolved spectra of the enzyme (data not shown).
The residual amide II band intensities of SySgly in the

-3

-4

-5

-6

-7

-8

S/3gly
S/jgly

+ n-butanol
— ~ S/Jgly
+ n-butanol at 85°C

250 3OO
WAVELENGTH ( nm)

Fig. 2. CD spectra of S/?gly in the near-UV region at SO'C in the
absence (continuous line) and presence of 1-butanol (dashed
line), and at 85'C in the presence of 1-butanol (dotted line).

absence and presence of 300 mM 1-butanol are similar,
indicating that the accessibility of the solvent (D20) to the
protein is similar for both samples. The small differences
between the spectra of S/Jgly in the absence and presence of
300 mM 1-butanol appear even smaller when comparing
the spectra of the control with the spectra of S/9gly in the
presence of 80 mM 1-butanol (data not shown).

Thermal Denaturation of Sfigly—The thermal denatura-
tion of SySgly was followed by monitoring different parame-
ters of the infrared spectra. Figure 4 shows the amide F
bandwidth as a function of temperature (32), and Fig. 5
shows difference spectra from which detailed information
about protein denaturation and aggregation can be obtained
(33). The spectra shown in Fig. 5 are the difference between
the two original absorption spectra collected at close tem-
peratures as indicated in the figure. The broad negative
band in the amide F region reflects thermal denaturation
(loss of secondary structure) while the positive bands close
to 1,617 and 1,685 cm"1 are due to protein aggregation
brought on by thermal denaturation (33). Figure 5A shows

u

<
CD
CC
O
1/1
CO

1700 1600 1500
WAVENUMBER (cm" 1 )

Fig. 3. Second derivative (top) and deconvolved (bottom)
spectra of S#gly. Continuous and dashed lines refer to S/5gly spectra
at pD 7.4 and 10.1, respectively.

80
TEMPERATURE C O

1OO

Fig. 4. Thermal denaturation of S£gly in the absence and
presence of 1-butanol (300 mM). The amide I' width calculated as
3/4 of amide I' eight (W3/4H) was monitored as a function of
temperature. Continuous line and closed circles: S/Sgly in the absence
of 1-butanol at pD 7.4; dotted line and open circles: S/Jgly in the
presence of 1-butanol at pD 7.4; dashed line and crosses: SySgly in the
absence of 1-butanol at pD 10.1.

J. Biochem.

 at C
hanghua C

hristian H
ospital on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Effect of Organic Solvents on a Hyperthermophilic 0-Glycosidase 549

97.5-

97.5-95*C

80-75*C

1650 1500 1650

WAVENUMBER (cm" 1 )

Fig. 5. Difference spectra of S/9gly in the ab-
sence (panel A) and presence (panel B) of 1-buta-
nol (300 mM) at pD 7.4. Difference spectra are the
difference between two original absorbance spectra
recorded at close temperatures as indicated on the
figure (e.g. 95-90'C). Spectra a, b, and c represent
difference spectra 25-20,45-40, and 65-60"C, respec-
tively.

1 5 0 0

that at pD 7.4 protein denaturation and aggregation occur
concomitantly and to a large extent between 95 and 97.5'C.
However, Fig. 4 shows that at these temperatures protein
denaturation has just started (or is not complete). In the
presence of 300 mM 1-butanol (Fig. 5B), the maximal
denaturation and aggregation of SySgly occurs apparently
between 90 and 95"C, as shown by the high intensities of the
negative and positive peaks. However, it must be noted that
the difference spectrum obtained at these temperatures
should be divided by 2 in order to be compared with the
difference spectrum (97.5-95"C) in which the temperature
increment is 2.5'C. Taking this into account, the maximal
denaturation and aggregation of the protein occurs between
95 and 97.5*C as shown also by the thermal denaturation
curve shown in Fig. 5. The onset of denaturation and
aggregation of S/Jgly can be observed between 85 and 90*C
and 75 and 80"C in the absence and presence of 1-butanol,
respectively (Fig. 4). These spectra indicate that 300 mM
1-butanol decreases the protein stability as shown also by
the thermal denaturation curves shown in Fig. 4, although
in this figure the identification of the onset of denaturation
is less certain than in the difference spectra. Figure 4 also
shows the thermal denaturation of SySgly at pD 10. The high
pD destabilizes the protein structure to a larger extent than
1-butanol since the maximal denaturation is observed
between 90 and 95'C at pD 10 and between 95 and 97.5 'C
in the presence of alcohol at pD 7.4. The negative band close
to 1,545 cm"1 in the difference spectra is due to a further H/
D exchange that occurs at high temperatures as a conse-
quence of the loosening of the protein structure and/or
protein denaturation, both allowing the solvent (D2O) to
reach more protein segments.

The thermal denaturation curves and the difference
spectra of S/?gly in the presence of 80 mM 1-butanol were
very similar to those of the control (data not shown),
indicating the same secondary structure stability in both
samples. However, it is interesting to note that CD reveal-

ed a destabilization of the S/?gly tertiary structure at 85*C,
a phenomenon that could not be observed by infrared
spectroscopy.

The data presented have indicated that both pH and
solvent affect the structure and activity of SySgly. At pD 7.4
the structure of the protein is less accessible to solvent than
at pD 10, as indicated both by the positions of the /3-sheet
band and by the intensity of the residual amide II band.
These data suggest that the structure of the protein at pD
7.4 is more compact than at pD 10. Moreover, the fact that
at pD 7.4 the p-sheet band is found at 1,636.6 cm"1 while at
pD 10 its position is at 1,635.1cm"1 suggests that at pD 7.4
the f3- sheets are more buried in the protein core than at pD
10. In the presence of 1-butanol the positions of the y3-sheet
and a -helix bands and the residual amide II band intensity
are the same as in the control spectrum, indicating that the
alcohol does not influence the accessibility of the solvent to
the protein. An explanation for this finding could be that
1-butanol might replace some hydrophobic interactions
between amino acid residues, probably located near the
surface rather than in the protein core. These new hydro-
phobic interactions would not influence the accessibility of
the solvent to the protein surface but would have the effect
of destabilizing the structure of the protein to some extent
as shown by the thermal denaturation curves. On the other
hand, the higher destabilization of the protein structure and
the higher accessibility of the solvent to the protein induced
by high pHs with respect to 1-butanol indicate that ionic
interactions play an important role in the stability of the
protein.

Fluorescence Spectroscopy—Since CD and FT-ER mea-
surements did not show any relevant effect of 1-butanol on
the structure of SySgly, we performed fluorescence charac-
terization of the enzyme in the absence and presence of 80
mM and 40 mM 1-butanol. These alcohol concentrations, as
shown in Fig. 1, induce maximal and 50% maximal enzyme
activation, respectively.

Vol. 126, No. 3, 1999
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The steady-state fluorescence spectra of S/Sgly are
similar in both the absence and presence of 40 and 80 mM
1-butanol. The fluorescence emission maximum is centered
at 339 ran and is blue-shifted compared with the emission
maximum of iV-acetyltryptophanylamide (NATA) (34).
The quantum yields in the absence and presence of 1-buta-
nol are also the same and close to that observed for NATA
under the same experimental conditions.

The intensity and anisotropy decays of the intrinsic
fluorescence of S/?gly were measured using the frequency-
domain method, and the data were analyzed using mutli-
exponential models. Table II shows the multi-exponential
analysis of the intensity and anisotropy decays of S/Jgly at
30°C in the absence and presence of 40 and 80 mM 1-buta-
nol. The best fits were obtained using the three exponential
model, characterized by chi-square values that were much
lower than those obtained with the other fits. The mean
lifetimes of SySgly in the absence and in the presence of 40
and 80 mM 1-butanol are 5.74, 5.76, and 5.75 ns, respec-
tively. The steady-state fluorescence data and the mean
lifetime of the enzyme in the absence and presence of the
alcohol are similar. However, as can be seen in Table II, the
addition of the alcohol to the protein solution changed its
intensity decay and amplitude values, indicating a solvent
effect on the protein microenvironment. SySgly in the
absence of 1-butanol displayed three lifetime components
centered at 0.73 ns (r,), 3.14 ns (r2) and 8.22 ns (T3). The
middle-lived component (r2) is coincides closely with the
typical lifetime value observed for monomeric trypto-
phanyl residues {34), while the long-lived component (r3)
can be ascribed to tryptophan residues located in the
compact homogeneous, partly buried, and/or unrelaxed
interior of the protein matrix (34). The addition of 40 mM
1-butanol to the protein solution resulted in a decrease in
the middle- and long-lived components to 2.43 and 8.05 ns,
respectively. On the other hand, the short-lived component
(Ti) increased to 1.46 ns. The addition of 80 mM 1-butanol

to the enzyme solution caused a decrease in the long-lived
component to 7.72 ns, while the middle-lived component
remained almost unchanged.

In an attempt to visualize the conformational dynamics of
SySgly alone and in the presence of 40 and 80 mM 1 -butanol,
we analyzed the data using a lifetime distribution model
(35). The best fits were obtained from a bimodal distribu-
tion with Lorentian shape. Figure 6 shows the S/Sgly
lifetime distributions in the absence (continuous line) and
presence of 80 mM 1-butanol (dashed line), the alcohol
concentration that induces the maximal enzyme activation
(see Fig. 1). In the absence of the alcohol, two components
appear in the lifetime distribution: one with a center at 0.54
ns and the other centered at 2.5 ns. The short component
(0.54 ns) is moderately sharp, with a width of 0.6 ns. The
long component (2.5 ns) is very broad, 5.9 ns. When 1-
butanol was added to the enzyme solution, a quite different
S/Sgly lifetime distribution was observed (Fig. 6, dashed
line). The lifetimes appear separated into two distinct
peaks, suggesting that the emissive properties of S/Sgly
arise from two tryptophan classes, one exposed to the
solvent and the other localized in buried and/or unrelaxed
regions of the protein matrix. Moreover, the peaks are very
sharp suggesting that the addition of the alcohol to the
protein solution induces an increase in protein flexibility. In

8.0

10 30 100
FREQUENCY (MHz)

300

Fig. 6. Tryptophanyl lifetime distribution pattern of S/3gly in
the absence (continuous line) and presence of 80 mM 1-butanol
(dashed line) at 30 C.

Fig. 7. Anisotropy decays of S/Sgly in the absence (opened
circles) and presence of 1-butanol (80 mM) (filled circles) at
30'C. The differential phases and modulated anisotropies are shown in
the upper and lower panels, respectively.

TABLE n. Multi-exponential analysis of the intensity and anisotropy decays of S£gly fluorescence at 30'C in the absence and
presence of 40 and 80 mM 1-butanol.

S/Jgly
S/9gly + 40mM
S>9gly-t-80mM

1-butanol
1-butanol

r, (ns)
0.73
1.46
1.98

r,
3
2
2

(ns)
.14
.43
.34

Intensity
r, (ns)
8.22
8.05
7.72

decays

0.319
0.102
0.125

0
0
0

a,
.468
.540
.534

a,
0.213
0.358
0.341

z'
0.9
1.1
1.1

ft
0
0
0

(ns)
.17
.20
.19

Anisotropy decays
8, (us)
39.8
53.1
58.0

Tog!

0.088
0.101
0.120

rogi
0.19
0.175
0.161

Z i

0.9
0.9
0.9
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particular, the center of the short component becomes
longer, increasing from 0.54 to 2.2 ns, a value very close to
that observed for monomeric tryptophan residues (34),
while the width of the short component is reduced from 0.6
to 0.01 ns. The center of the long component increases to
7.5 ns and its width becomes sharp (from 5.9 to 0.33 ns). It
is worth stating that the lifetime distribution analysis of
S/Sgly in the presence of 40 mM 1-butanol (data not shown)
is consistent with the suggestion that the addition of alcohol
to the protein solution results in a more flexible protein
structure.

The frequency-domain anisotropy decays in the absence
and presence of 40 and 80 mM 1-butanol are shown in Table
II. The two-exponential anisotropy decays indicate both
local motions of the tryptophanyl residues in S/Jgly and an
overall rotation of the macromolecule. The short correla-
tion time in the range of 100-200 ps is associated with the
local freedom of the tryptophanyl residues, as described in
several anisotropy decay studies on proteins (36, 37).
Correlation times longer than 40 ns are associated with the
overall rotation of the protein. Figure 7 shows the aniso-
tropy decays of SjSgly in the absence and presence of 80
mM 1-butanol. The differential phase data (upper panel in
Fig. 7) show a decrease in the long correlation time
amplitude at low frequencies near 20 MHz, and an increase
in the short correlation time amplitude at higher fre-
quencies near 20 MHz. The observed changes in the aniso-
tropy decays induced by the addition of 1-butanol suggest
that the alcohol induces additional freedom in the trypto-
phanyl residues and that in turn confers more flexibility to
the protein.

Conclusions—Understanding protein behavior in biologi-
cal reactions is fundamental for shedding light on the
mechanism(s) governing biochemical processes and deter-
mining the influence of the polypeptide chain on the active
site. The biological activity and native structure of a
protein are strictly linked: small structural alterations in
the macromolecule may have profound effects on protein
behavior. It is well known that solvent composition affects
both the structural and functional properties of biological
macromolecules; multi-component solvents such as aqua-
alcohol mixtures have been shown to have a significant
influence on the thermodynamic stability of a number of
proteins (38). Our data show that S/?gly is a very stable
protein; in fact it is active at high temperature and in the
presence of organic solvents. The presence of different
alcohols causes a marked enzyme activation at low temper-
ature that is dependent on the concentration and alkyl chain
length of the alcohol. The CD and FT-ER analyses point out
that the secondary structure of the protein is not affected at
low temperatures by the presence of 1-butanol. The
fluorescence and anisotropy decay data suggest that the
addition of 80 mM 1-butanol to the protein solution pro-
duces some effect on the protein microenvironment, induc-
ing a more flexible protein structure that is probably the
cause of the increased enzyme activity. Moreover, in this
paper, we also show the power of time-resolved fluores-
cence to detect small environmental changes in the protein
structure not observed by other techniques. The fluores-
cence data indicate that 1-butanol and other alcohols at the
concentrations that result in maximal activation, induce
more flexibility in the protein allowing a higher catalytic
activity.
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