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Abstract Xylanase II, a key enzyme in the hydrolysis of
xylan, was purified from cultures of Trichoderma reesei
QM 9414 (anamorph of Hypocrea jecorina) grown on
wheat straw as a carbon source. Xylanase treated with
increasing guanidinium hydrochloride concentrations was
denatured in a cooperative way regarding secondary and
tertiary structures with midpoint transitions 5.6 & 0.1 and
3.7 £ 0.1 M, respectively, whereas the enzymatic activity
showed an intermediate state at 2—4 M denaturant. Treat-
ment with urea showed that xylanase secondary structure
was stabilized up to 4 M urea to be destabilized thereaf-
ter in a cooperative way with a transition midpoint
Dm = 5.7 £ 0.2 M, but the ellipticity at 220 nm was
greater than control in the presence of urea up to 6 M.
Tertiary structure in the presence of urea showed also
intermediate states with partial cooperative transitions with
a midpoint: Dm = 2.7 £ 0.04 and 6.7 &= 0.3 M, respec-
tively, whereas the enzymatic activity was enhanced about
40% at 2 M and inhibited above 4 M urea. Assays with the
fluorescent probe 4,4’-bis-1-phenylamine-8-naphftalene
sulfonate (bis-ANS) proved that the intermediate states had
the characteristics of molten globule structures. The change
of free energy for xylanase in absence of denaturants
obtained from the spectral centre of mass (SCM) data at
298 K is AGY o= ~17KkJ mol™'. In the presence of
increasing trifluoroethanol (TFE), the enzyme gained a-helix
content and lose tertiary structure and catalytic activity.
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Changes in pH (2-9) had practically no effect on the sec-
ondary structure of the enzyme, whereas the SCM values
indicated that tertiary structure is maintained above pH 4.
Bis-ANS binds to xylanase at pH 2 and 2.5 and in the pres-
ence of 30-40% TFE (v/v) characterizing molten globule
states in those environmental conditions.
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Introduction

Xylan is the major hemicellulose component in plant cell
walls and the most abundant polysaccharide after cellulose
[3]. The filamentous fungus Trichoderma reesei produces
extracellular enzymes that degrade xylan into monomers.
The major components of this xylanolytic system are xy-
lanase (f-1,4-p-xylan xylanohydrolase; EC 3.2.1.8) which
hydrolyses the f-1,4 bonds in the main chain generating a
mixture of xylo-oligosaccharides and f-xylosidase (f-1,4-
D-xylan xylohydrolase; EC 3.2.1.37), which cleaves off the
terminal xylose units from the non-reducing end of xylo-
oligosaccharides and is rate-limiting in xylan hydrolysis
[37]. To date, four xylanases have been described in
Trichoderma reesei: xylanase I (XYN I, 19 kDa, pl ~
5.2), XYN II, one of the major xylanases of the fungus
(21 kDa, pl ~ 9) [42, 43], XYN III (32 kDa, pI ~ 9.1)
practically absent in 7. reesei QM 9414 [49] and XYN IV
(50.3 kDa, pI ~ 7) [32].

The industrial use of xylanases is well known and is
extended to several fields. First, xylanases are used in the
prebleaching of kraft pulp by improving the liberation of
lignin through hydrolysis of hemicellulose. Therefore, they
reduce the use of harsh chemicals in the subsequent
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chemical bleaching stages [47]. In the textile industry,
xylanases are an alternative to the sulfuric acid treatment of
the textile polyester-cellulose wastes [5]. In the food
industry, xylanases improve dough properties and baking
quality of baked goods by breaking down the polysaccha-
rides in the dough [25]. The easy cultivation of the fungus
Trichoderma reesei according to the high activity of some
of its xylanases, makes it very attractive from an industrial
point of view. According to the biotechnological impor-
tance of xylanases, thermoinactivation studies and
improvement of their thermostability has attracted a con-
siderable amount of work with different techniques [2, 6,
19, 45], whereas structure—function studies of these
enzymes are limited. Enzymes must have flexible active
sites that undergo rapid conformational transitions to cat-
alyze sequential chemical transformations to accommodate
different chemical intermediates. One approach to inves-
tigate the role of active site flexibility in enzyme catalysis
is to determine the effects of chaotropic agents, such as
urea and guanidinium hydrochloride (GdmCl), which may
stabilize alternative conformational states. Regarding
xylanases, circular dichroism, fluorescence emission and
enzymatic assays are the common techniques employed to
detect intermediate states. The GdmCl-induced unfolding
of XynA from Thermotoga maritime showed intermediate
states [48] and so did xylanase from Pseudoalteromonas
haloplanktis [7], whereas xylanase A from Streptomyces
lividans exhibited a biphasic transition in the unfolding
process with GdmCl [36]. Moreover, the refolding of an
intermediate state obtained with 2 M GdmCl of xylanase
from Penicillium citrinum was carried out with the chap-
erone o-crystallin [10], and xylanase from the thermophilic
Bacillus sp. unfolded in the presence of 6 M GdmClI or
8 M urea has been refolded through the assistance of
cyclodextrins whereas an intermediate state was detected at
very low GdmCI concentration [28]. Also, many enzymes
are either activated or inactivated by urea or GdmCl con-
centrations that are lower than those needed to cause
demonstrable structural changes [12] as is shown with
xylanase activity from Chainia, which is stimulated at low
urea concentrations while subtle changes were noted
in the secondary and tertiary structure of the enzyme [22].
In addition, the aggregation and ulterior solubilization
of xylanase from Clostridium stercorarium has been stud-
ied [13], whereas 0.25 M GdmCl was a competitive
inhibitor for xylanase from an alkalophilic thermophilic
Bacillus sp. [29]. GdmCl] and/or urea have also been
employed to achieve the reversibility of calorimetric
transitions in xylanase from Bacillus circulans [8] or to
asses the stability of xylanase mutants of Streptromyces
olivaceoviridis [21].

Over the past years, we have studied the production of
cellulolytic enzymes by the fungus 7. reesei QM 9414
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grown on wheat straw [1] as well as the purification and
kinetic characterization of f-glucosidase [11]. Regarding
hemicellulases, we have purified [26] and studied the
kinetic and chemical mechanism of f-xylosidase [15, 16],
immobilized it on nylon powder, and studied its stability to
temperature on a bioreactor [9]. We have also purified
xylanase II and studied the protective role of several
polyols on its thermoinactivation [6]. The present paper
focuses on the field of enzyme structure—function relations
by studying the stability of xylanase II to several agents
such as chaotropes (urea and guanidinium hydrochloride),
alcohols (2,2,2-trifluoroethanol), and pH. Structural sta-
bility was investigated by means of circular dichroism and
fluorescence spectroscopy and results were correlated with
the catalytic activity of the enzyme.

Materials and methods
Enzyme purification

Trichoderma reesei QM 9414 was cultured on wheat straw
as previously described [1]. Xylanase was purified from
culture supernatant following the same procedure descri-
bed for p-glucosidase purification [11, 26] including
ammonium sulphate precipitation, DEAE-Sepharose CL-6B
(Pharmacia, Uppsala, Sweden) and Ultrogel AcA 44 (LKB,
Uppsala, Sweden) cromatographies. Purification of xylan-
ase to homogeneity was achieved after the gel filtration
step and the fractions corresponding to the top of the elu-
tion peak were pooled and employed for structural stability
studies. The purity of xylanase was routinely checked by
SDS-PAGE and amino acid analysis.

Analytics

Amino acid analysis of xylanase (0.8-2.3 nmol) was
determined on a Biochrom 30 automatic amino acid ana-
lyzer after hydrolysis with 6 N HCl at 105°C for 24 h in
sealed tubes under vacuum. The protein concentration of
samples was calculated from their absorbance at 280 nm
using the experimental molar absorption coefficient &g9 =
58,453 £ 212 M~} cm_l, calculated from the amino acid
content, which is very similar to the theoretical one
(58,330 Mt cm_l) at the same wavelength [18]. When the
protein content was measured according to Lowry et al. [24]
with bovine serum albumin (BSA, Sigma) as standard, the
concentration of xylanase II was overestimated, perhaps
due to its high number of tyrosine residues. Reducing sugars
were measured by the dinitrosalicylic reagent method [27]
recording the absorbance of the reduced reagent at 640 nm
in a Beckman DU-800 spectrophotometer with pD-xylose
(Sigma) as standard.
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Enzymatic assays

Standard assays were carried out in centrifuge tubes with
2 ml of 100 mM sodium citrate buffer pH 5 (standard
buffer) containing 1.4 pg protein and 1% (w/v) beechwood
xylan (Sigma) at 55°C for 10 min in a water bath (Selecta).
The reaction was terminated by cooling the samples in ice
for 10 min and the samples were centrifuged at 3,000 rpm
in a desk centrifuge for 10 min. To 1 ml of the supernatant,
1.5 ml of 3,5-dinitrosalycilic acid (DNS, Sigma) was
added and the samples were boiled for 5 min, cooled in
water—ice, and analyzed for reducing sugars. All the
experiments were carried out in duplicate or triplicate and
non-enzymatic hydrolysis of xylan was subtracted in each
experiment.

Circular dichroism studies

Circular dichroism spectra of xylanase were recorded at
25°C on a Jasco J-715 spectropolarimeter in thermostated
quartz cells of 0.1-cm path length, at 50 nm min~"' (I s
response time) for the far-UV (240-200 nm) spectral
range, each spectrum being the accumulation of five scans.
The spectra were obtained with 0.09 mg ml~" protein in
250 pl of 20 mM citrate buffer pH 5. Molar ellipticity [0]
was obtained from raw ellipticity data, 6, according to:
[0] = 0/(10cIN) where 1 is the path-length cell, ¢ the
concentration (M), and n is the number of amino acids
(190). The molecular mass of xylanase II was the theo-
retical one (20,842 Da) according to DNA Star program
(DNAstar Inc., MD, USA). Estimations of the secondary
structure content from the CD spectra were performed by
using the CDPro program and the o-helix and pf-sheet
contents were calculated using three different methods,
CONTIN/LL, SELCON3, and CDSSTR [39] employing
their mean value in plots. When spectra were recorded in
the presence of urea (Sigma), guanidium hydrochloride
(Sigma) and trifluoroethanol (Merck), the protein was
previously preincubated with them for ~1 h at 25°C.
Samples of 219 pl were prepared in water at the corre-
sponding chaotrope concentration from stock solutions of
9.87 M urea and 9.75 M GdmCl in water. We added to
them 31 pl protein from a stock solution (0.725 mg ml™")
in 100 mM citrate buffer pH 5 so that the final 250 pl
preincubation mixture contained 0.09 mg ml~" protein in
12.4 mM citrate buffer pH 5 (citrate molarity for CD
studies must not surpass 20 mM because of the background
of the buffer signal). Samples preincubated with TFE were
prepared by adding 31 pl protein of the same stock to
219 pl of TFE mixtures prepared by diluting commercial
TFE with the appropriate water amount to reach the desired
final percent TFE (v/v). To record the CD variation with
pH, the spectra were obtained of 250 pl samples of 5 mM

citrate, 5 mM MES, and 5 mM Tris buffer (CMT buffer) at
the indicated pHs containing 0.1 mg ml~" of purified xy-
lanase. The pH was assessed in a Mettler-Toledo MP230
pH-meter provided with a microelectrode. Spectra from
control samples were protein was substituted by the cor-
responding buffer were subtracted routine to spectra
obtained in the presence of protein.

Intrinsic and extrinsic fluorescence spectroscopy
studies

The intrinsic fluorescence emission spectra of xylanase
were recorded at 20°C in a SLM-Aminco AB2 spectro-
fluorimeter using a 1-cm quartz cell with 290-nm excitation
and emission slits set at 4 nm and scan speed of 2 nm s~ ".
The sample contained 0.09 mg ml~" in 250 pl of 20 mM
citrate buffer pH 5. When spectra were recorded in the
presence of urea, GAmCl and TFE, xylanase was preincu-
bated with them for ~4 h at 25°C. Samples containing
TFE, the chaotropes and samples at different pHs were
prepared as described above for obtaining the CD spectra.
Spectra from control samples where protein was substituted
by the corresponding buffer were subtracted routine to
spectra obtained in the presence of protein.

Extrinsic fluorescence of bis-ANS probe (4,4’-bis-1-phe-
nylamine-8-naphtalene sulfonate from Molecular Probes)
was determined as follows. Samples were prepared in a final
volume of 200 pl by adding 7 pl of probe from a 0.23-mM
solution in methanol to 18 pg protein in CMT buffer at the
corresponding pH (final probe concentration 8 uM). After
incubation at 37°C for 5 min, the emission spectra
(400-625 nm) were recorded after excitation at 395 nmin the
spectrofluorimeter connected to a water-bath thermostatized
at 37°C. Samples without protein were the blank. Scan speed
and slit widths were as described above. The same protocol
was applied to samples containing GdmCl, urea or 2,2,2-
trifluoroethanol (TFE) except that pH 5 was employed.

Analysis of the data

The SCM, intensity-weighted average emission wavelength,
was calculated from fluorescence spectra according to the
following equation where 4 is the emission wavelength and
I(4) represents the fluorescence intensity at wavelength /.

SCM = ZA1(4)/Z1(2) (1)

The fitting of the experimental data from denaturation
experiments was according to the following equations.

Yobs = Yn +a/(1 + exp(—(D — Dm) /b)) (2)
AG® = —RT In(Yx — Yobs)/(Yobs — Yu) 3)
AG® = AG} o — mD (4)
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In Egs. (2), (3), and (4), Yops is the observed parameter
(SCM or [9]220) at each denaturant concentration, Yy and Yy
are the parameter values in native and unfolded conditions,
respectively, D is the denaturant concentration, Dm is the
denaturant concentration at which half of the protein is
unfolded (the midpoint transition), a and b are constants,
AGP is the change of free energy (kJ mol™') at a given
denaturant concentration, AG%ZO is the change of free
energy in water, m is the slope of the line (kJ mol™' M)
R the gas constant (8.314 J mol ™! Kil) and T the absolute
temperature (K).

Results

Studies on xylanase stability were carried out in the pres-
ence of GdmCl, urea, trifluoroethanol and pH ranging from
2 to 9. Far-UV circular dichroism (CD) and fluorescence
intensity spectra of the samples were recorded at 25°C.
Also, enzymatic assays were carried out, unless otherwise
stated, after preincubating the enzyme with the reagent or
with the buffer at the indicated pH.

Unfolding of xylanase by guanidinium hydrochloride

The unfolding of xylanase induced by increasing concen-
trations of GmdCl (0-8.5 M) monitored by far-UV CD,
intrinsic fluorescence spectroscopy, and enzymatic assays
are depicted in Fig. 1. The protein was preincubated with
the denaturant for 1 h at 25°C and the CD spectra were
recorded at 25°C. Figure la depicts the xylanase spectra
without denaturant and in the presence of 8.5 M GdmCl. In
the control sample, the following percent content of sec-
ondary structure were calculated: 19.6 + 0.8% «-helix,
40.9 £ 3.5% f-sheet, 19.5 &+ 1.2% turn, and 19.5 £+ 3.4%
random. At the highest GdAmCI concentration, the shape of
the spectrum indicates that the protein is unfolded. Fig-
ure 1b shows the variation of the molar ellipticity at
220 nm ([9]220) with increasing GdmCl concentrations.
Above ~4.5 M denaturant, [0]220 increases cooperatively,
which indicates that there are only two states with no
accumulation of stable intermediates, regarding the sec-
ondary structure of xylanase, and one of them is the
unfolded one. Experimental data above 2.5 M were fitted
to Eq. (2) obtaining a midpoint transition Dm = 5.6 £
0.1 M, Dm being the denaturant concentration at which
half of the protein is unfolded, regarding the backbone
conformation. Data mentioned above are summarized in
Table 1.

The fluorescence spectra of the enzyme with and with-
out GdmCI were also recorded at 25°C. The fluorescence
intensity was increased with denaturant concentration and
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the maximum wavelength above 3 M GdmCl was also
increased (not shown). Figure lc represents the variation of
the spectral center of mass (SCM, the intensity-weighted
average emission wavelength) as the denaturant concen-
tration is increased. The SCM is taken to represent the
variation in the whole spectrum of the protein and we see
that there is a cooperative transition in Fig. lc, indicating
that the tertiary structure of the enzyme also unfolds in a
two-state process. The fitting of the data to Eq. (2) gave a
midpoint transition Dm = 3.7 £ 0.1 M, which is smaller
than the obtained by processing the [0]**° data. This indi-
cates that the protein tertiary structure is lost at lower
GdmCl] concentration than the secondary one. Moreover,
the fact that both curves (SCM and [0]**°) do not coincide
points to the existence of an intermediate state, thereby the
xylanase unfolding by GdmCl is not a two-state process.
The following step was to parallel the conformational
studies described above with the enzymatic behavior of
xylanase under the effect of GdmCI. To this, the enzymatic
stability of xylanase was determined in the beechwood
xylan degradation. In order to get stable intermediate
states, we approached the experiment by preincubating the
enzyme with the denaturant instead of carrying out the
enzymatic assay in the presence of the denaturant as is
usually done. To this, the enzyme was preincubated in
100 Wl of standard buffer with 0—7.2 M denaturant for 24 h
at 4°C and then the sample was diluted 20 times with the
standard buffer and the substrate to a final reaction volume
of 2 ml. Thus, the actual denaturant concentration in the
enzymatic assay was very low, in the range 0-0.36 M.
Figure 1d shows the residual activity of xylanase as the
GdmCl concentration (in the preincubation) was increased.
We see a gradual decrease in activity, then a plateau with
residual activity around 75%, and a cooperative transition
with Dm = 4.9 4+ 0.05 M thereafter. These results point to
the existence of an intermediate state of xylanase at
~2-4 M GdmCl with reduced activity (the plateau), which
evolves to lose completely the enzymatic activity at higher
denaturant concentrations. Moreover, the Dm obtained by
catalysis approaches better the Dm obtained in the sec-
ondary than in the tertiary unfolding transition. Thus, the
enzymatic assays do confirm the above-proposed hypoth-
esis: the existence of, at least, an intermediate state (I) in
the unfolding process of the native xylanase (N) to the
unfolded one (U). Therefore, the following scheme is
proposed for the GdmCI unfolding of xylanase

N1+ U

The I state would show reduced activity and a secondary
structure just like the native (Fig. 1b) but only part of its
tertiary structure (Fig. 1c), showing a conformation lacking
the compactness of the native state. We do not regard the
possible effect on xylanase activity of GdmCI as a cation
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Fig. 1 Far-UV circular (a) 2000 (b) -2000
dichroism, fluorescence 8.5 M GdmCl °
intensity, and catalytic activity 04 -3000 -
study of xylanase with GdmCl.
a Mean residues ellipticities [6] < -4000 -
vs. wavelength from the far UV- w2000 1 °
CD spectra of xylanase with g -g -5000 -
8.5 M GdmCl, 6 M urea and & -4000 - Né
without denaturant in 20 mM £ G -6000
citrate buffer pH 5. b Unfolding ; -6000 - ?
transition of xylanase by 3 Z  -7000 -
plotting the [0]**° vs. GdmCl = 8000 4 8
concentration. The line is a fit of 2, D -8000 -
data above 2 M to Eq. (2). 10000 4
¢ Variation of the spectral center -9000 -
of mass (SCM) with GdmCl
concentration. The line is a fit of -12000 T T T j -10000
the data to Eq. (2). d Percent 200 210 220 230 240 250
residual activity of xylanase vs. A (nm)
GdmCl concentration. Xylanase
(1.4 pg) was preincubated with (c) 352 (d) 100 =
0-7.3 M GdmCl in 100 pl of o o F
100 mM citrate buffer pH 5 for 350 | 100 & £ 50| %y .
24 h at 4°C, then assayed for < .
activity in standard condition 348 | 80 ....'ﬂ' o
(GdmCl become diluted 20 £ . ‘EG dm‘c“ (nﬁ)
times in the assay). The line is £ = 604
the fit to Eq. (2) of data above = 346 1 %
2 M GdmCl. Inset percent 8 < 4
xylanase activity from 344 BN
enzymatic assays with the 20 4
indicated GdmCl concentrations 342 |
in the bulk reaction mixture 0
340 T T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7
[GdmCI] (M) [GdmCI] (M)

Table 1 Thermodynamic data of xylanase unfolding by GdmCl and urea followed by tryptophan fluorescence and CD

GdmCl Urea
Dm (M) AGY m Dm (M) AGY m
(kJ mol™Y) (k] mol™' M) (kI mol™"y  (kKImol”' M
[01?%° 56+01 2215 3.93 5.7 £ 0.2 (I-U) 16.46 (I-U)  3.49
(N-U)
SCM 37+£0.1 1722 (N-U) 4.58 (N-U) 2.7 £ 0.04 6.7 £ 0.3 16.65(12-U)  2.66(12-U)
(N-U) (11-12) (12-U)
Activity 49+ 05 nd nd 1.1 +0.12 48 +03 69+04 nd nd
(I-0) (N-I1) (I11-12) (I2-U)

Dm is the denaturant concentration at the midpoint transition in SCM or activity dependence on denaturant. The m values are the slopes of fitting
data from Fig. 1b (N < U transition) Fig. 1c (N < U transition) Fig. 2b (I12 « U transition) and Fig. 2¢ (I < U transition) to Eq. (4) and the
AG%ZO apparent values are the intercepts obtained by LEM in the respective transitions

nd Not determined

(on the catalytic acid residues since the protein is itself a ~ medium due to substrate and buffer dilution. Therefore, the
cation at pH 5) in addition to its role as denaturant at low  actual GdmCI concentration in the plateau of Fig. 1d is
concentration, as suggested for other xylanases [22]. The  0.1-0.2 M and thus, ionic strength remains low in the
reason for this exclusion is that xylanase activity is not  enzymatic assay. Therefore, the only effect of GdAmCl on
sensitive to increasing ionic strength up to 1 M NaCl (not  xylanase is as chaotropic agent. On the other hand, as GdmCl
shown) and that the actual GdmCl concentration in  of the preincubation sample remains in the enzymatic assays
enzymatic assay is 20 times smaller than in the preincubation  although very diluted, we could doubt if results in Fig. 1d
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were due to the effect of the residual GdmCl on xylanase
activity instead of (or in addition to) the former effect of
GdmCl on xylanase in preincubation samples. To clear this
point, we measured the catalytic activity of xylanase with
GdmCl but lacking preincubation with it. Results were
plotted in Fig. 1d (inset) and showed a different shape than
that obtained after preincubating xylanase with the chaotrope.
For example, at 0.36 M GdmCl in inset, xylanase shows
about 50% residual activity whereas at the same actual
concentration (0.36 M) in the assay in Fig. 1d (7.2 M in the
preincubation and in the figure) the activity is completely
lost. Thus, the effect of GAmCl on xylanase depicted in
Fig. 1d may be attributable to the changes that GdmCl
produces in the enzyme during the preincubation period.

Unfolding of xylanase by urea

The unfolding of xylanase induced by increasing concen-
trations of urea (0-8.6 M) monitored by far-UV CD,
intrinsic fluorescence spectroscopy and catalytic activity
are shown Fig. 2. Figure 2a depicts the xylanase intrinsic

(a) 10

oM [Urea]

Fl(a.u.)

-8500

-9000 -

-9500 -

-10000 -

-10500 -

[6]?%° (deg-cm?-dmol ™) 3

-11000 - T T T

[Urea] (M)

Fig. 2 Far-UV circular dichroism, fluorescence intensity, and cata-
lytic activity study of xylanase with urea. a Fluorescence intensity
spectra of xylanase recorded with 0-8.6 M urea in 20 mM citrate
buffer pH 5. b Unfolding transition of xylanase through the variation
of SCM with urea concentration. The line is the fit to Eq. (2) of data
above 2 M urea. ¢ Unfolding transition of xylanase trough the
variation of [()]220 vs. urea concentration. The line is a fit of data
above 1.5 M to Eq. (2). d Percent residual activity of xylanase vs.
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fluorescence spectra without denaturant and in the presence
of increasing urea concentrations. We see that the fluo-
rescence intensity (FI) decreases with urea to increase with
further urea concentration thereafter. Figure 2b shows the
variation of the SCM with urea concentration and a sharp
decrease is noted from O M (N state) to 0.5 M urea,
becoming stabilized up to 2.5 M (I1 state) and increasing
thereafter to reach a plateau (3—4.5 M, 12 state) followed
by a cooperative transition to the unfolded form (U). The
unfolding process regarding the tertiary structure is
described by:

N Il 12« U

The fitting of the data to Eq. (2) gives the midpoint values
for the transitions summarized in Table 1: Dm = 2.7 &+
0.04 M (I1 <« I2 transition) and Dm = 6.7 £ 0.3 M
(I2 « U transition). The plot of the [01%%° vs. urea concen-
tration is plotted in Fig. 2c. The N state in absence of urea
was converted to an intermediate state (I) with [0]**° more
negative, thus stabilized (~44% f-sheet) and converted to
the U form cooperatively. We must take into account that

(b) 352

348
344 | o

340 -

SCM (nm)

336 -

332 T T T T

(d)

150 -
125 - /

100 e
-«
75 A

0123
[Urea] (M)

% Activity

50 - s,

25 - i

[Urea] (M)

urea concentration. Xylanase (1.4 ng) was preincubated with 0-8.6 M
urea in 100 pl of 100 mM citrate buffer pH 5 for 24 h at 4°C, then
assayed for activity in standard condition (urea become diluted 20
times in the assay). There are three lines from fitting partial data to
Eq. (2): 0-3 M urea (dashed line), 1.5-6 M (solid line), and
5.5-8.6 M (dotted line). Inset percent xylanase activity from enzy-
matic assays with the indicated urea concentrations in the bulk
reaction mixture
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xylanase with 6 M urea shows a molar ellipticity more
negative than control (Fig. 2c and the spectrum of xylanase
with 6 M urea in Fig. 1a), which seems to indicate that the
only intermediate state seen in the ellipticity profile, still
holds at this high denaturant concentration. Moreover, the
changes occurring in the tertiary structure of xylanase (two
intermediate states) are not reflected in its backbone.

The stability of xylanase against urea was also studied
by monitoring the changes in enzymatic activity at
increasing denaturant concentrations. Preincubation with
the denaturant and enzymatic assays were carried out as
described above for GAmCI. The residual activity vs. urea
concentration (0-8.6 M) is depicted in Fig. 2d, where we
see that there is an enhancement of the activity (maximum
of ~40%) at low urea concentrations (1.5-3 M) followed
by a gradual decrease in activity up to total loss at higher
urea concentrations. However, this decrease does not
appear cooperative and can be break down into two tran-
sitions with a mini-plateau at 5-5.5 M urea, which allowed
a better fitting of the data. The unfolding process would
depart with the N state, which at medium urea concentra-
tion (1.5-3 M) would give an intermediate state (I1) with
enhanced activity (in parallel to the SCM drop in Fig. 2b).
Then, as urea is further increased, the conformer 11 unfolds
partially to give a second intermediate (I2) at 5-5.5 M urea
which, in turn, totally unfolds to produce the U form of the
enzyme. From the overall observation of SCM and cata-
lytic changes with urea, we suggest the following pattern
for the equilibrium denaturation of urea:

N Il 12 & U

Multi-state transitions are generally modeled as the
superposition of independent two-state processes [14], thus
the midpoint for the three transitions was obtained by
fitting the data to Eq. (2) and is summarized in Table 1.
Dm = 1.1 & 0.1 M for urea activation (N « I1 transition)
and Dm = 4.8 £ 0.3 M and Dm = 6.9 &+ 0.4 M for Il <
12 and 12 < U transitions, respectively.

Thermodynamical stability of xylanase

Refolding of fully unfolded samples was achieved by
diluting 50 times the denaturant (GdmCI or urea) with
0.1 M citrate buffer pH 5 and preincubating the samples for
24 h at 4°C. Xylanase was refolded after urea dilution since
100% enzymatic activity was recovered whereas ~ 60%
activity was recovered after GdmCl dilution. As xylanase
unfolding can be seen as a reversible process, thermody-
namic treatment of the data can be applied to our results.
The conformational stability of a protein that undergoes a
reversible transition is given by its AGY , [30]. AGY, 4 is
calculated from the free energy (AG®) vs. denaturant con-
centration plot. The free energy in the GdmCl and urea

unfolding, was obtained applying Eq. (3) to data repre-
sented in Fig. Ib (N < U transition), Fig. Ic (N <~ U
transition), and Fig. 2b (I2 «» U transition). Thus, chemical
unfolding curves at different denaturants concentrations
were analyzed using a two-state unfolding mechanism,
according to the linear extrapolation model (LEM) [38].
Figure 3 depicts plots of the linear dependence of free
energy variation with GdmCl (Fig. 3a) or urea (Fig. 3b)
concentration in the SCM dependence of denaturant. We
see that at low denaturant concentration, the native state is
favored and AG® > 0 whereas at high denaturant concen-
trations, AG® < 0, so that unfolding is favored. At some
denaturant concentration, both the native and denatured
states will be equally favored and AG® = 0. The fitting of
the data in Fig. 3a and b to Eq. (4) and data from Fig. 1b
(not shown) allowed to calculate the free energy in water,
at zero denaturant concentration (AGY , the intercept) and
m (the slope). Results are summarized in Table 1. AG%ZO
represents the difference in free energy between the native
and the denatured state of the protein extrapolated to 0 M
denaturant and is AG}; = 17.22 kJ mol ™' and AGY o =
16.65 kI mol ™' M™' for GdmCl and urea unfolding
curves, respectively (SCM transition), which gives a mean
value of AGY) 5 ~ 16.9 kJ mol ™", The values obtained for
GdmCl and urea in the molar ellipticity transition were
AG) o =22.15kImol™" and 16.46 kJ mol~', respec-
tively, (not shown as figures, summarized in Table 1).
Regarding the m value (the slope), it is an empirical
parameter reflecting the change in solvent exposure of the
protein during the transition, and therefore, it is considered
an index of the compactness of the protein or a measure of
the cooperativity of the denaturation [31]. The values
m=458kI mol”' M~" for GdmCl and m = 2.66 kJ
mol~" M~ for urea in the SCM unfolding transitions and
m=3.93kImol”' M~" and m = 3.49 kJ mol™' M~ for
GdmCl and urea transitions, respectively ([9]220 measure),
indicate that the changes occurring in the loops of the
protein where Trp/s is/are located are more cooperative
when xylanase is unfolded with GdmCl than with urea
since m is higher and so occurs in the backbone unfolding
transition. This was expected since at high urea concen-
tration, the theoretically unfolded state of xylanase proba-
bly possesses some folded structure as seen for other
proteins whereas proteins denatured by GdmCl closely
approach a random coiled conformation [17], thus a lower
m value was expected when xylanase was unfolded with
urea.

Effect of trifluoroethanol on xylanase conformation
Changes in the secondary structure of xylanase were fol-

lowed by changes in [0]**° (Fig. 4a) and SCM (Fig. 4b)
with increasing % TFE (v/v) in the preincubated xylanase

@ Springer



J Ind Microbiol Biotechnol (2011) 38:113-125

120
Fig. 3 Variation of the Gibbs (a) 20
energy with GdmCl and urea
concentrations. a Values of AG® 151
obtained by applying Eq. (3) to — 101
data of Fig. Ic (SCM) plotted S
vs. GdmCI concentration. The £ 5 °
line in the plot is a fit of the data 2
to Eq. (4) and is extended to the = o0
Y-axis. b Same as in a except o2
that SCM data (from Fig. 2b of g 5
the urea unfolding process) 104
were plotted vs. urea
concentration -15
0 2

[GdnHCI] (M)

sample. As expected for TFE effect, the [0]**° of xylanase

became more negative in parallel with the increased in o-
helix content and decrease in f5-sheet (Fig. 4b) whereas the
SCM increased in a cooperative mode (Fig. 4c). The fitting
of data to Eq. (2) gave 62.7 &+ 2% (Fig. 4a) and
309 + 1.7% (Fig. 4c) as the midpoint TFE of the sec-
ondary and tertiary structure transitions, respectively,
indicating that changes occurring in the trp residues envi-
ronment occur at a lower TFE than those affecting the
backbone of the enzyme. Enzymatic assays of xylanase
preincubated with TFE for 24 h at 4°C were carried out and
residual percent activity is depicted in Fig. 4d vs. TFE
concentration. The midpoint transition 39.1 £ 1.7% (v/v)
is the TFE necessary to half reduce xylanase activity. This
value is far greater than that obtained when xylanase was

4

(b) 20
15 1
< 10
° ®
€ 5 o
2
= o <
&
o
G 57
[ a4 ®
-10
‘ ‘ -15 ‘ ‘ ‘ ‘
6 8 0 2 4 6 8
[Urea] (M)

assayed with the indicated TFE concentration (9.3 &£ 0.5%
(v/v), Fig. 4d, inset). As there is 20 times dilution of TFE
in the assay when preincubation took place, the actual
midpoint in the enzymatic assay would be about 2% TFE.
A TFE value so low should maintain the enzyme fully
active (as shown in the inset). Nevertheless, there is inac-
tivation and therefore, the effect of TFE in Fig. 4d is on the
enzyme conformation while xylanase was preincubated
with it, thus, it is a stability effect.

Effect on xylanase of pH changes
Stability of xylanase to pH changes was studied by spec-

troscopic techniques and catalytic activity and results are
depicted in Fig. 5. The molar ellipticity at 220 nm does not

Fig. 4 Effect of (a) -9000 (b)
trifluoroethanol on xylanase - P ®
secondary and tertiary structure A -12000 1 o 80 -
and enzymatic activity. g =]
a Dependence of molar ° S
ellipticity at 220 nm on TFE NE -15000 1 (-3 601
concentration. b Variation of Q >
a-helix (filled circles) and o -18000 & 40
p-sheet (void circles) with TFE A -g
concentration. ¢ Dependence of § -21000 - § 20 |
SCM on TFE concentration. E »n
d Stability of xylanase to TFE. -24000 PN
The enzyme (1.4 pg in 100 mM 0
citrate buffer) was preincubated (c) 348 | L4 (d) 100 31.00
with the alcohol for 24 h at 4°C ° S
in 100 pl, then assayed for 80 g%
activity (TFE conceptratlon in . 346 - > ‘\E .
the assay become diluted 20 = S 60 o~ 0
times). Inset Enzymatic assay of £ 5 0 10 20 30 40
1.4 pg xylanase in standard = 344 < 4 % TFE (v/v)
conditions except for the 8 B
presence in the assay of the a2l ©® 20
indicated TFE concentration. d
Lines in plots are fits to Eq. (2) ® 0

340 : : : ; ®

0 20 40 60 80 100 20 40 60 80 100
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vary noteworthy with pH in the range 2-9 (Fig. 5a), indi-
cating a great stability of the backbone of xylanase to
changes in the protonation of their amino acid residues.
Regarding the tertiary structure, we see in Fig. 5b that the
SCM varies cooperatively upon acidification with a mid-
point transition: pKa = 3.3 &+ 0.3. This indicates that the
protonation of an amino acid residue with this pKa triggers
the conformational change. As SCM is increased, the
tryptophan residues are displaced to an environment more
polar in parallel to the displacement of the wavelength
where the maximum fluorescence intensity occurs, from
335 to 337 nm (not shown). No relevant conformational
change is observed in the alkaline pH range. Figure 5c
plots the residual activity of xylanase after preincubating it
in CMT buffer at pH 2.5-8.5 either for 30 min or 22 h at
25°C. The enzyme is stable from pH 3.5 to 8.5 when
preincubated 30 min whereas it maintains 80% activity at
pH 5.5-8.5 to decrease at acid pHs thereafter at the longer
preincubation time (22 h). Our results are quite similar to
previous reports of xylanase Il from Trichoderma reesei
Rut C-30 [42] and of recombinant xylanase expressed in
E. coli although several mutants showed wider pH profiles
at higher temperatures [45]. The profile of activity vs. pH
depicted in Fig. 5d shows a typical shape with maximum

-6000

—_
Q
~

-7000 H

8000 ¢ © oo _o

-9000

[(-)]220 (deg-cm'1 ~dmo|'1)

—_
(2)
~—
[ ]

100 1 ° )
30 min
5, 807
=
S
'..3 60 22 h
<
¥ 40
20 -
0

pH

Fig. 5 Far-UV CD and fluorescence spectroscopies of xylanase with
pH changes. Stability and activity of xylanase with pH. a The molar
ellipticity at 220 nm plotted vs. pH. b Dependence of SCM on pH
changes. The line is a fit to Eq. (2) by changing D and Dm for pH and
pKa. c Stability of xylanase to pH. Protein (1.4 pg) was preincubated
in 200 pl of CMT buffer (5 mM) at the indicated pH for 30 min or
22 h at 25°C. Samples were assayed for activity in 2 ml of final

activity at pH 5 and also agrees with previous reports [45]
except that our profile is wider and shows 35% activity at
pH 8 instead of losing the activity [42].

Bis-ANS binding studies

The intermediates in the GdmCl and urea unfolding
exhibited the characteristics of the molten globule state of
proteins regarding secondary and tertiary structure [33].To
asses the molten globule nature of the intermediate in the
unfolding processes, we used a fluorescent probe that can
neither bind the native nor the unfolded state of proteins
but can bind intermediate structures with hydrophobic
domains exposed to the medium [23]. Therefore, it is a
sensitive probe to detect molten globule states of proteins,
in which secondary structural elements are established, but
the packing of the side chains in the hydrophobic core is
not yet complete, giving rise to a fluctuating globular
structure [4]. The effect that the environment of the
xylanase has on the fluorescence emission of bis-ANS at
480 nm is shown in Fig. 6. Changes in the intensity of
fluorescence emission by bis-ANS were observed as
GdmCl and urea concentration were increased (Fig. 6a). In
the presence of urea, there is a broad emission peak that

(b) 348
347
346

345

SCM (nm)

344

—_
Q
N
-
o
o

80

60

% Activity

40

20

pH

volume of 100 mM citrate buffer pH 5 containing 1% xylan. Other
conditions are as described in “Materials and methods”. Results are
expressed as residual percent activity taking 100% the activity of the
enzyme not preincubated. d Activity of xylanase with pH. Protein
(1.4 ng) was assayed for activity in 2 ml of CMT buffer (5 mM) at
the indicated pH containing 1% xylan. Other conditions are as
described in ¢, except that 100% was the activity at pH 5
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Fig. 6 Fluorescence intensity emitted by bis-ANS with xylanase and
denaturants, TFE, and pH changes. a Fluorescence intensity at
480 nm of the probe (8 uM) in the presence of xylanase
(0.09 mg mlfl) with GdmCl (void circles) or urea (filled circles)
vs. the denaturant concentration in 20 mM citrate buffer pH 5. The

may correspond to the emission of the probe bound to the
intermediate states, I1 and 12, detected and commented in
Fig. 2. We must remark that at 6 M urea, the probe still
shows emission, which is in agreement with data from
Figs. 2c and la commented above, pointing to the inter-
mediate state still existing at so high denaturant concen-
tration. Only at 7.5 M urea, the fluorescence intensity
reaches the control value in absence of urea indicating that
xylanase has been unfolded. When xylanase is in the
presence of GdmCI, the probe also shows fluorescence
emission, although the peak is narrower than that shown
with urea. This result is also concordant with the existence
of one intermediate state, I, in the catalytic stability study
in Fig. 2d. There is also a coincidence between the GdmCl
concentration at the maximum emission (2-2.5 M) and at
the plateau in Fig. 2d, where an intermediate with reduced
residual activity (~70%) was observed. With both dena-
turants the existence of intermediate states with molten
globule structure is confirmed although the fact that the
emission is greater with urea than with GdmCl could point
to xylanase intermediate states exhibiting a higher number
of hydrophobic residues where the probe can bind when the
unfolding chemical was urea. Figure 6b plots the FI at
480 nm of bis-ANS emission in the presence of xylanase
at different pHs. A noteworthy fluorescence emission of
the probe is noted at pH 2 and 2.5, thus characterizing
molten globule structures only at the indicated pH. Also,
the probe emits when xylanase is in a medium with
30-40% TFE (v/v), which is just the TFE concentration in
the SCM transition between the folded and unfolded form
of the enzyme in Fig. 4b. Therefore, xylanase shows
molten globule structures also at very low pH and 30-40%
TFE.
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Fl480
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spectra were recorded upon excitation at 395 nm. b Same as in
a except that xylanase samples do not contain chaotropes and were
in CMT buffer at the indicated pH (filled circles, solid line) or were in
20 mM citrate buffer pH 5 and contained TFE at the indicated
concentration (void circles, dotted line)

Discussion

Protein folding is a highly cooperative process, which, for
small globular proteins may be approximate by a two-state
process although proteins with more than 100 amino acid
residues fold usually in more than two-state process [34].
Denaturation studies can yield information about the native
state in terms of its cooperativity, intrinsic stability, and the
nature of forces required to maintain the tertiary structure.
In order to gain information about the conformational
stability of xylanase II from 7. reesei QM 9414, we pro-
ceeded to perform the classical approach of unfolding the
protein in presence of GdmCl and urea as well as other
environment perturbing agents such TFE and pH changes
by means of CD, intrinsic and extrinsic fluorescence
spectroscopy, and enzymatic assays. Xylanase unfolds in a
three-state process in the presence of GdmCI being the
intermediate state detected through enzymatic stability
assays (~70% residual activity, 2-4 M GdmClI) but not
with the conformational studies where two-state transitions
were observed and finally confirmed by the binding of bis-
ANS. Changes in xylanase tertiary structure are displayed
at lower GdmCI concentration (Dm = 3.7 £ 0.1 M) than
changes in its secondary structure (Dm = 5.6 £ 0.1 M).
At 5.5 M GdmCl, the enzyme shows practically no activity
and the tertiary structure is almost lost but still conserves
part of its secondary structure (see Fig. 1). This is not
surprising since it has been shown that inactivation of other
enzymes precedes conformational changes during dena-
turation by GdmCl, suggesting that the enzyme active sites
are located in regions more susceptible to perturbation by
denaturants than the molecule as a whole. Thus, it may
occur that the conformation of the active site is held
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together by weaker forces than the overall structure [51].
Unfolding of xylanase by urea is, at least, a four-state
process as suggested by results in Fig. 2 where two inter-
mediate states (at ~2 and ~4 M urea) are seen clearly in
the SCM dependence of urea concentration whereas only
one is detected regarding the backbone of the protein (at
2-4 M urea, Fig. 2c).Regarding the enzymatic stability of
xylanase with urea, one of the intermediate states displays
~40% enhanced activity and the other ~70% residual
activity. The midpoints of these transitions are summarized
in Table 1. The activating effect of urea on enzymatic
activity has been previously reported in Chainia xylanase
either at slight acid or alkaline pH [22]. The intermediate
states of xylanase chemical unfolding exhibit the charac-
teristics of molten globule structures, that is, conserved
secondary structure, partial lost of tertiary structure and
binding to the fluorescent probe bis-ANS.

The reversibility of the unfolding process with both
denaturants allowed the thermodynamic treatment of the
data. The conformational stability of xylanase, the differ-
ence in Gibbs energy between the folded and the unfolded
states, has been determined using the LEM. The extrapo-
lated value AGOHZO (in absence of denaturants) is practi-
cally identical for both GdmCl and urea in the tertiary
structure unfolding process, that is, 17.22 kJ mol~' and
16.65 kI mol™' , respectively, and slightly higher:
22.15 kJ mol™" for the backbone unfolding process with
GdmCl but again identical 16.46 kJ mol™' . The mean
AG%ZO is in the low range of values reported for globular
proteins where the native state appears to be stabilized by
17.7-83.6 kJ mol ' [40] or 21-41.8 kJ mol ' [31]. As the
native conformation of most globular proteins is only
marginally more stable (~20-60 kJ mol™") than a ran-
domly coiled conformation under physiological conditions
[41], the values we found for the Gibbs energy of xylanase
are not surprising. The reason for this is that enzymes need
plasticity and rapid changes in conformation to accom-
modate substrates and to catalyze, and a low thermody-
namic stability favors these functions. One of the
suggested strategies that evolution may have developed in
order to keep large proteins from becoming too stable is
the increased number of buried charged groups they dis-
play [20].

The effect of TFE on xylanase conformation and
enzymatic stability was also studied since TFE is known to
promote changes in the secondary structure of proteins.
The addition of TFE to protein samples must decrease the
polarity of the solvent promoting peptide hydrogen bonds,
thus o-helix formation, while discouraging hydrophobic
interactions [50]. Because hydrophobic interactions are
important for the stabilization of f-sheet structures, a
parallel decrease in f3-sheet content of xylanase with an
increase in TFE concentration was expected. Results of

xylanase o-helix and f-sheet content with increasing TFE
follows the expected pattern of o-helix increase and con-
comitant f3-sheet decrease. However, TFE is not a
helix-inducing solvent in the sense that it will induce helix
formation independently of the sequence. It is rather a
helix-enhancing cosolvent, which stabilizes helices in
regions with some o-helical propensity. A model has been
developed to explain the effect of TFE on the secondary
structure of proteins and peptides. At low alcohol con-
centrations (0-10% v/v), where the TFE clusters are not
fully developed or stabilized, TFE draws water away from
the surface of proteins. As the TFE concentration increases
and the cluster size becomes larger, the clusters may
associate directly with the hydrophobic side chains. This
decreases the side-chain conformational entropy, which
may be important in the formation of o-helix structures
[35]. In parallel to secondary structure changes in xylanase
with increasing TFE, tertiary structure and enzymatic sta-
bility were also affected. This result was expected since
family 11 xylanases present one single (catalytic) domain
with an all-fS-strand “sandwich-like” fold containing two
p-sheets forming a large cleft that can accommodate the
xylan polymers. On either side of the open cleft are two
conserved glutamate residues which have been identified as
the nucleophilic and acid/base catalysts [44]. Thus, if f-
sheet content diminishes with TFE increase, in addition to
changes in the tertiary structure, xylanase could not hold a
catalytic pocket designed precisely to be in between
p-sheets.

Finally, to complete the stability study, the pH changes
were considered as possible protein conformers makers.
Nevertheless, we found that the secondary structure and the
enzymatic activity are rather stable to pH changes whereas
the tertiary structure begins to unfold as the pH is acidified
below 4, although in the alkaline side, the tertiary structure
remains unchanged. In general, xylanases that are stable in
alkaline conditions are typically characterized by having a
decreased number of acidic residues and an increased
number of arginines [46] whereas tertiary structure analysis
of family 11 xylanases from 7. reesei indicated that
adaptation to low pH is brought about by an increase in
negative charge and a substitution and reorientation of
aromatic residues in the active sites [44]. In this aspect,
xylanase from T. reesei, although an alkaline enzyme,
shows a moderate balance (ten basic residues vs. eight acid
residues, DNA star program) which would explain the
quasi flat profiles of secondary structure and enzyme sta-
bility with varying pH and the modest loss of tertiary
structures at very acid pH (2.5) with the concomitant for-
mation of a molten globule structure. To complete the
studies on xylanase stability, work is now in progress to
find the conformational basis of its thermal stability with a
point in employing differential scanning calorimetry to
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contrast the thermodynamic stability of xylanase (this
paper) with new calorimetric data.
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