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Microenvironment and conformation of the active
site of xylanase from an extremophilic Bacillus was
deciphered for the first time using fluorescence spec-
troscopy. NBS modified enzyme showed complete inac-
tivation and the kinetic analysis implicated the pres-
ence of an essential tryptophan at the active site of
xylanase. Xylan (0.5%) protected the enzyme com-
pletely from inactivation with NBS, whereas it af-
forded 35% protection against the loss of fluorescence,
suggesting that not all the tryptophans are involved at
the substrate binding site. Quenching studies revealed
that acrylamide was more efficient than Kl and CsCI
as indicated by the higher Stern-Volmer quenching
constants (Ksv). The steric factor represented by the
percentage accessibility of the tryptophan residues of
Xylll was higher with the positively charged Cs* (80)
than with the negatively charged 1~ (10), suggesting
that the tryptophan residues are located in a relatively
electronegative environment. In the presence of 6 M
Gdn HCI the fluorescence shifted to 350 nm with in-
creased accessibility of the fluorophore to the quench-
ers. The proximity of the essential carboxyl groups
with a high pKa value of 6.9 [Chauthaiwale and Rao
(1994) Biochim. Biophys. Acta] probably contributes to
the electronegative environment of the tryptophan
residue. Our results on sequence analysis of the gene
encoding for Xylll (Accession Number U83602 in the
GenBank database) have shown that Trp 61 is highly
conserved and may play a role in the structure-func-
tion relationship of the enzyme. © 1998 Academic Press

Recently xylanases from extremophiles are gaining
importance due to their biotechnological applications
and as useful model systems for structure-function
studies. Xylanases (EC.3.2.1.8) act on 3-1,4 linked xylo-
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pyranosyl residues of the xylan backbone and in con-
junction with cellulases convert the cellulosic biomass
to sugars. Currently the most promising application for
cellulase free xylanases has been reported in the paper
and pulp industry [1]. Chemical modification studies
are important in structure function analysis and pro-
tein engineering. The studies on sequence similarities
of xylanases, cellulase and lysozyme have supported
the possibility that catalytic mechanism of these en-
zymes follows the same pathway. The involvement of
carboxyl groups for the catalysis [2] and the participa-
tion of tryptophan residues for the substrate binding
[3] have been shown. Crystallographic analysis of the
active site residues of xylanases of family G have re-
vealed the presence of a large number of aromatic resi-
dues mainly tyrosines and tryptophans which comprise
the binding or active sites [4]. Quenching reactions can
provide information on the interactions with substrates
or inhibitors and about intramolecular distances be-
tween specific chromophoric groups.

Extremophilic Bacillus secretes a low molecular
weight xylanase (Xyl I1) Mr 15,800 with a pl of 8 and
belongs to the family G/11 according to the numerical
classification of glycosyl hydrolases [5]. The enzyme
exhibited stability and activity over a wide pH range
of 7-10 at 60-70°C [6]. The applicability of this cellulase
free thermostable xylanase for enzymatic bleaching
has also been demonstrated by us [7]. Gene fragment
encoding for the Xyl Il has been cloned and expressed
in E. coli [8] and Bacillus [9]. Nucleotide sequence of
Xyl 11 has been carried out (manuscript under prepara-
tion) and site directed mutagenesis experiments to
identify the active site residues is in progress. Despite
the importance of extremophilic xylanases in biotech-
nological application no reports are documented deci-
phering the active sites and their microenvironment.
In the present investigation we report the fluorometric
interactions of extremophilic xylanase with the chemi-
cal modifier (NBS) and to probe the microenvironment
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of the tryptophan residues in the native and denatured
form using solute quenchers.

MATERIALS AND METHODS

Production and purification of xylanase. Xylanase was produced
and purified according to the earlier report [6]. Xylanase activity and
protein was determined according to [10,11].

Reaction of xylanase with chemical modifier. The enzyme solution
containing 0.2ug protein in buffer (50mM acetate buffer, pH 6.0) was
incubated in the presence of various amounts of modifier for different
time periods in a volume of 0.5ml. Control tubes having only enzyme
or only inhibitor or inhibitor and substrate were incubated under
identical conditions. The pseudo-first order rate constants (K) were
obtained from the best fit plots of logarithm of the residual activity
against time of reaction. The second order rate constants were calcu-
lated from the slopes of the plots of the pseudo-first order rate con-
stants against concentration of the inhibitor [12]. Xylanase
(1x107°M) in 50mM acetate buffer pH 6.0 was titrated with 10ul
aliquots of NBS (1x10*M) and the number of tryptophan residues
oxidized per mol of enzyme was determined spectrophotometrically
according to Spande et al [13].

Fluorescence measurements and quenching experiments. All flu-
orescence studies were measured on an Perkin-Elmer Luminescence
spectrometer LS 50B at 25°C. The results of the quenching reactions
were analysed according to the Stern-Volmer and modified Stern-
Volmer equation [14,15].

RESULTS

Tryptophanyl Fluorescence Analysis of Native
and NBS Modified Xylanase

The native and NBS modified Xyl 11 fluoresce with an
emission maximum of 339nm on excitation at 295nm
(Fig. 1). The fluorescence spectrum of native enzyme
showed a rapid decrease on addition of NBS upto a mo-
lar ratio of ~5. A negligible change on further addition
was observed suggesting that in a molecule of Xyl 11 the
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FIG. 1. Fluorescence spectra of 25 ug xylanase (O) treated with
20 uM NBS in presence of 0.5% xylan (A) and in presence of NBS
alone (@).
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FIG. 2. Effect of NBS on the tryptophanyl fluorescence of xyla-
nase. Enzyme (1.87x107°M) in 0.05 M sodium phosphate buffer pH
6.0 was titrated with aliquots of NBS (1x103M).

reactivities of the tryptophans were different (Fig. 2).
The tryptophanyl fluorescence analysis showed that the
substrate xylan (0.5%) quenched the fluorescence to
50%. However, on addition of NBS a significant change
in quenching of fluorescence was observed (Fig. 1).

Inactivation Kinetics of NBS Modified Enzyme

The number of tryptophan residues in Xyl Il was
found to be three from the method of Goodwin and
Morton [16]. The inactivation of Xyl Il enzyme by NBS
measured in terms of xylanase activity was found to
be dependent on both time and inhibitor concentration
and followed first order kinetics (Fig. 3). Complete inac-
tivation of Xyl Il activity was due to oxidation of one
tryptophan residue (Fig. 3, inset). The effect of NBS on
xylanase activity showed that after each addition of
NBS there was a progressive decrease in absorption at
280 nm with concomittant loss in enzyme activity (data
not shown) Fig. 4 shows the residual enzymatic activity
plotted against the number of tryptophan groups modi-
fied. The extrapolation with the Y-intercept passing
through 0% inactivation showed the presence of one
tryptophan residue at the catalytic site. The second
order rate constant was determined to be 9700
M™*min~*. The values of Vmax for the native and modi-
fied enzyme was 0.742 pmoles/min/mg and 0.1886
pmmoles/min/mg respectively. The k,, values for the
modified enzyme (5mg/ml) increased as compared to
the native enzyme (3.5mg/ml) indicating the decreased
affinity of the enzyme to the substrate which appar-
ently affected the efficiency of the modified enzyme.
Xylan (0.5%) was able to give 100% protection to the
enzyme from NBS inactivation (Table 1). The modifi-
cation of Xyl Il was also carried out with HNBB which
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FIG. 3. Kinetics of xylanase from the extremophilic Bacillus by NBS:Xylanase was incubated with NBS 0 uM (O), 0.5 uM (4A), 1.0 uM
(O), 1.5 uM (X), and 2.0 uM (@) at 25°C. Aliquots of the reaction were removed at indicated time intervals. The residual xylanase activity
was measured and expressed as percentage of control. Inset: Apparent order of reaction with respect to NBS concentration.

is a more specific reagent for tryptophan. The loss of
activity in this case was also due to one tryptophan
residue and the second order rate constant was deter-
mined to be 33 M™* min~*. The amino acid profile of
the chemical modified enzyme was similar to that of
the native enzyme.

Assessment of the Microenvironment of Tryptophans

The fluorescence characteristics of tryptophan resi-
dues depend strongly on the microenvironment and thus
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FIG. 4. Plot of percentage residual activity against number of
tryptophan groups modified as deduced by spectroscopic studies.

provide a sensitive probe of the conformational state
of the protein. Fluorescence quenching of proteins in
solutions have been widely used for studying the degree
of exposure and electronic environment of aromatic
amino acid residues. Acrylamide is an efficient quencher
of tryptophan fluorescence and can distinguish between
buried and exposed side chains. In contrast, KI and CsClI
are highly hydrated, charged molecules and their
quenching ability is limited to surface exposed trypto-
phans and also depends upon the neighbouring charged
groups [14,15]. The Stern-Volmer plots of native and
Gdn HCI treated Xyl Il with various quenchers are
shown in (Fig. 5, 6A, 6B). The quenching of Xyl Il with
increased concentration of acrylamide resulted in a
Stern-Volmer plot with an upward curvature, whereas
those for CsCl and KI were linear. The static parameter
V was calculated to be 1.0M* for acrylamide. The Ker
and f, values were extrapolated from a replot of the
quenching data according to modified Stern-Volmer
equation (Fig. 7). The Ky, and f, values are given in
Table I1. The fluorecence emission of Xylll in 6M Gdn
HCI shifted to 350nm. The Ksv values for acrylamide
and iodide were increased 10 and 2 fold respectively
in presence of 6M Gdn HCI indicating exposure of the
fluorophores to solvent whereas in case of CsCl there
was no change (Table I1). The K, value for acrylamide
was much higher than that of KI and CsCl since it can
penetrate into the interior and is an efficient quencher.
The ratio of the Stern-Volmer constant of tryptophan to
that of a protein using the same quencher is the steric
factor. In the expression [17]
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FIG.5. Stern—Volmer plots of quenching of fluorescence by acryl-
amide:native (O) and 6 M Gdn HCl-treated enzyme (X).

R = (Ks/(protein)/Ky,(tryptophan)) 100%,

the steric factor, R, represents the percent accessibility
of the tryptophan residues of Xyl Il relative to that of
free tryptophan. Since iodide and cesium are oppositely
charged, the fluorophore accessibility is appropriately
defined as:

R = R(I") + R(Cs")/2.

From Fig(7,8) the steric value R for Xylll are 10 with
iodide ion and 80 with Cs* ion. The average steric value
is 48, which indicates that 48% of the tryptophans in
Xylll are exposed to solvent and quencher.
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zyme. Substrate protection studies by kinetic analysis
indicated the involvement of a tryptophan residue at
the substrate binding site. This was further confirmed
using fluorometric analysis showing 35% protection
against loss in fluorescence indicating that not all the
tryptophans are involved in the substrate binding site.
It has been suggested that interaction between sub-
strate and tryptophan stabilises the transition state
during enzymatic hydrolysis of glycosidic bond [18].
The stacking interaction of tryptophan with the face of
a xylose ring is similar to a predicted stacking interac-
tion of Trp 457 with a glucose residue at the subsite
D in the CelD active site. The stacking interaction is
supposede to be a common binding interaction in gly-
cosidases [19]. The tryptophan residues in Xylll from
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The kinetic analysis revealed the participation of one ol
tryptophan residue at the active site of the enzyme.
Treatment of Xyl Il with NBS results in complete loss
of activity and quenching of fluorescence with no al-
change in the emission maximum indicating that inac-
tivation is not due to conformational change in the en-
W
~ 2+
LL°
TABLE 1
Protection of Xylanase from Inactivation ! X
Addition Residual activity (%)
!
None 100 % o 02 53 54 05
NBS* 0 [alm
Xylan (0.2 mg) + NBS 50
Xylan (0.5 mg) + NBS 80 FIG. 6. Microenvironment of xylanase: Stern—Volmer plots. Flu-
Xylan (1.0 mg) + NBS 100 orescence intensities of free tryptophan (O), of xylanase (O), and of

* NBS concentration was 5 um.

enzyme treated with 6 M Gdn HCI (X) are shown. (A) Quenching
with 17; (B) quenching with Cs™.
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the extremophilic Bacillus showed a fluorescence maxi-
mum of 339nm, typical of proteins containing trypto-
phan residues in an hydrophobic environment. In gen-
eral when the protein unfolds, it exposes buried trypto-
phan to the aqueous solvent, this results in the shift
of fluorescence emission maximum toward longer
wavelength. Upon unfolding in 6M GdnHCI the fluo-
rescence emission maxima of Xyll shifts to 350nm char-
acteristic of tryptophans fully exposed to water. Fur-
ther insight into the tertiary structure of Xylll may be
obtained from fluorescence quenching experiments. Kl
and CsCl have been suggested as companion probes
since these bear opposite charges and their relative
guenching efficiencies should be related not only to the
accessibility of the protein fluorophore but also to the
net charge in the vicinity of the fluorophore. In pres-
ence of acrylamide, Xylll showed an upward curving
Stern-Volmer plot, whereas linear plots with KI and
CsCl indicating that the tryptophans may be present
in an homogenous environment and that the side
chains of all tryptophans have similar collisional con-
stants and the acrylamide quenching of the XyllI tryp-
tophan fluorescence proceeds via both a dynamic pro-
cess. The magnitude of V is related to the probability
of finding the quencher molecule close to the fluoro-
phore at the moment of excitation to quench it immedi-
ately or statically [16]. When V is less than 2.07! as
is in this case, the steady-state concentration of the
guencher in the ‘active’ volume surrounding the indole
ring is very low. This can be explained by a restricted
accessibility of the quencher to the side chains of the
tryptophans. A linear Stern-Volmer plot with KI and
CsCl indicates that no static quenching was observed
as is usually is the case. The larger steric value ob-
tained with Cs™ ion compared to I~ ion as quencher
suggests that the tryptophan(s) are located in a rela-
tively negatively charged environment which may be
due to the tryptophan(s) being present in the close vi-
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FIG. 7. Modified Stern—Volmer plot of xylanase due to acryl-

amide quenching: native (O) and in presence of Gdn HCI (X).
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TABLE 2
Quenching Parameters

Acrylamide Kev
Ksy fa KQ 1~ Cs*
Native Xyl | 5.2 1 3.33 15 2.0
Xyl 11 in 6 M Gdn HCI 40.0 1 37.50 2.8 2.0
Free tryptophan — — — 12.5 25

cinity of a carboxylic acid residue. Our experiments
have indicated the presence of essential carboxylic
groups at the active site of Xylll with high pka value
(6.9) [20] which may be responsible for the activity of
the enzyme at alkaline pH. Analysis of the nucleotide
sequence of Xyl Il (accession number U83602 in the
GenBank database) based on the multiple alignment
has shown Trp 61 to be highly conserved (manuscript
under preparation) and may play a crucial role in the
interaction with the substrate. In lysozyme, belonging
to the family of glycanases the hydrophobicity of Trp
108 is reported to play an important role in main-
taining stability and high pKa value of Glu 35 [21].
NMR assignments of xylanases from B. circulans indi-
cate the participation of Trp 71 in a hydrogen bond
important for the structure of the active site which
probably corresponds to Trp 61 in Xyl Il. This interac-
tion conserved in all low molecular weight xylanases
of known structure play an important role in establish-
ing the active site conformation of these enzymes [22].
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