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ABSTRACT: The active site of xylanase A (XlnA) fromStreptomyces liVidans contains three histidine
residues, two of which (H81 and H207) are almost completely conserved in family 10 glycanases. The
structural analysis of the enzyme shows that H81 and H207 are part of an important hydrogen bond
network in the vicinity of the two catalytic residues (E128 and E236). In order to investigate the role of
these two histidine residues for the structure/function of XlnA, three mutant enzymes were produced at
each position, namely, H81R/S/Y and H207E/K/R. The specific activity of these mutant enzymes is
reduced by more than 95%, revealing the importance of these two residues for the catalytic function of
XlnA. The kinetic parameters of the three more active enzymes were determined, of which mutation
H207K increased theKM 3-fold. Thekcat of the mutant enzymes is reduced proportionally to the specific
activity. Furthermore, the pKa values of the two catalytic residues are decreased in all six mutations,
demonstrating a role for H81 and H207 in the hydrogen bond network responsible for maintaining the
ionization state of the two catalytic residues. In most cases, the unfolding of mutated XlnA in guanidine
hydrochloride (Gdn-HCl) showed that the concentration required to denature 50% of the XlnA decreased,
thus demonstrating the importance of those two residues for the stability of the enzyme. Moreover, the
m value [m) d(∆G)/d[Gdn-HCl]] for the unfolding of XlnA in Gdn-HCl is increased for each of the six
mutations, suggesting that the mutant proteins have less residual structure in the denatured state than
does the wild-type enzyme.

Xylanases are classified into two distinct families of
glycosyl hydrolases according to their primary structure
(families 10 and 11) (1). Streptomyces liVidans produces
three xylanases, xylanase A (XlnA)1 belonging to family 10
and xylanases B and C which belong to family 11. Three-
dimensional structures of xylanases from both families have
been elucidated, and they show a completely different fold.
All known structures of family 10 xylanases fold in a (R/
â)8 barrel (2, 3, 4, 5) while xylanases from family 11 are
composed mainly ofâ-sheets (6, 7, 8, 9). Xylanases from
family 10 also belong to the 4/7 superfamily of glycosyl
hydrolases which includes several hydrolase families with
various substrate specificities (10, 11, 12).

While xylanases from families 10 and 11 have very
different overall structures, they use the same double
displacement mechanism for the hydrolysis of the xylosidic
bond. Xylanases hydrolyzeâ-1,4 bonds in an endo fashion
with net retention of the configuration of the anomeric
carbon. This mechanism involves two carboxylic catalytic
residues: the acid/base catalyst, which is protonated for the
glycosylation step, and a nucleophile, which is ionized for

the stabilization of the oxocarbonium intermediate (13). In
XlnA, these two catalytic residues were identified by site-
directed mutagenesis as E128 and E236, respectively (14).
The three-dimensional structure of XlnA corroborates these
assignments and suggests that other amino acids may form
an important network of hydrogen bonding in the vicinity
of the glutamic acid residues. More specifically, in XlnA
from S. liVidans, H81 and H207 are in close proximity to
and are involved in hydrogen bonding with E236, the
nucleophile (2). The corresponding histidine residues in
other xylanases of family 10 have also been shown to be
involved in interactions with their nucleophile.

The three-dimensional structure of Cex fromCellulomonas
fimi, a family 10 xylanase, reveals an important hydrogen
bonding network in the active site, implicating one histidine
residue (H205) (corresponding to H207 ofS. liVidansXlnA)
that is responsible for maintaining the ionization state of the
nucleophile (3). This structure, and the results of site-
directed mutagenesis experiments, suggests the involvement
of H80 (corresponding to H81 ofS. liVidans XlnA) in
substrate recognition (3). These histidine residues were also
suggested to be involved in maintaining the ionization state
of the nucleophile in two other family 10 xylanases (4, 5).
The structure of the cocrystal of XynA fromPseudomonas
fluorescenssubsp. cellulosawith xylopentaose allowed the
identification of six subsites (A-F) involved in substrate
binding. The enzyme hydrolyzes theâ-1,4-xylosidic bond
between subsites D and E, which include the two catalytic
residues (4). By sequence homology, H81 and H207 would
be part of subsites E and D, respectively, with H81
interacting with the saccharide moiety present in subsite E.
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In this paper, we used site-directed mutagenesis to
characterize the function of the two histidine residues (H81
and H207) conserved in family 10 hydrolases that are in the
vicinity of the nucleophile E236 of XlnA. To study the role
of H81, amino acids capable of hydrogen bonding were
chosen to replace histidine, and in the case of H207, histidine
was replaced by charged residues to study its involvement
in the ionization state of the two catalytic residues. We
report the characterization of six mutant proteins at those
two positions (H81R/S/Y and H207E/K/R).

MATERIALS AND METHODS

Site-Directed Mutagenesis.Site-directed mutagenesis of
the xlnA gene was performed according to Kunkel (15) on
phagemid pIAF217 or pAM19.1 (14). The following oli-
gonucleotides were used for mutagenesis: H81R, 5′-GGC-
CAGGGTGCGGCCGCGCAC-3′; H81S, 5′-GGCCAGGGT-
GCTGCCGCGCAC-3′; H81Y, 5′-CAGGGTGTAGCCGCG-
3′; H207E, 5′-GCCGCTGTTGAACTCCGACTGGAA-3′;
H207K, 5′-GCTGTTGAACTTCGACTGGAA-3′; and H207R,
5′-GCTGTTGAAGCGCGACTGGAA-3′ [underlining indi-
cates the substituted nucleotide(s)] and were synthesized on
a Gene Assembler (Pharmacia). Screening and subcloning
of the mutated gene from pIAF217 into plasmid pIAF18 were
done as described previously (14). The mutatedSphI-
BamHI fragment from pAM19.1 was cloned directly into
pIJ702 (16) digested withSphI-BglII to form the new
plasmid pIAF18.1.
Enzyme Production and Purification.XlnA was produced

as described (17). Proteins contained in the supernatant of
S. liVidansculture were first concentrated by ultrafiltration
with a 3 kDa cutoff membrane (Omega). The concentrated
proteins were then precipitated with 65% saturation of
ammonium sulfate, and after centrifugation, the precipitate
was dissolved in 50 mM sodium citrate buffer, pH 6.0.
Samples of 100 mg of protein were then loaded on a phenyl-
Sepharose column (Pharmacia) in 50 mM sodium citrate
buffer containing 1 M ammonium sulfate, pH 5.6. Proteins
were eluted with a decreasing linear gradient to 0 M
ammonium sulfate, followed by an increasing linear gradient
to 50% ethylene glycol. The XlnA-containing fractions were
pooled, dialyzed against Milli-Q water, and freeze-dried. The
second step consisted of separation on a Superdex HR75
beaded column (3× 60 cm; Pharmacia) with 100 mM
sodium citrate, pH 6.0, as the eluant. The purified XlnA-
containing fractions were pooled, dialyzed, and freeze-dried.
Protein Analysis.Protein concentration was determined

according to Lowryet al. (18) using bovine serum albumin
as the standard (Bio-Rad). Determination of protein purity
was assessed by SDS-PAGE (19) and Western blot analysis
with anti-XlnA antibodies according to Towbinet al. (20).
Enzymatic Determinations.The specific activity was

determined by incubating the enzymes with 4.5 mg/mL
birchwood xylan (Sigma) in 50 mM sodium citrate buffer,
pH 6.0, at 60°C for 10 min. The released reducing sugars
were detected usingp-hydroxybenzoic acid hydrazide (21)
with an adaptation for microtiter plates. For the determi-
nation of Michaelis-Menten constants, the initial velocities
of the enzymes were measured at 60°C in 50 mM sodium
citrate buffer, pH 6.0, by using birchwood xylan at increasing
concentrations from 0.045 to 4.5 mg/mL. The enzyme
concentrations used for wild-type XlnA, H81S, H207K, and

H207R were 0.0148, 0.143, 0.639 and 0.696µM, respec-
tively; higher enzyme concentrations were used for mutant
enzymes to compensate for their low activity. The kinetic
parameters were calculated with the software EnzFitter ver.
1.03 (22). The optimum temperature profiles of the enzymes
were determined by measuring the specific activity in 50
mM sodium citrate buffer, pH 6.0, at temperatures ranging
between 35 and 80°C. The pH profiles of hydrolysis were
determined by measuring the specific activity of the enzymes
in 50 mM phosphate buffer at pH values ranging from 4.0
to 9.0. The pKa values of the catalytic groups were
determined in subsequent experiments. The initial velocities
of the enzymes (kcat apparent) were determined at a xylan
concentration of 48KM in 50 mM sodium phosphate buffer
at pH values of 4.0 to 10.5. The pKa values corresponding
to the enzyme-substrate complex were determined from the
plot of kcat apparentVs pH using the software GraFit ver.
3.09b (23).
Stability of the Enzyme.For the determination of the

stability, solutions of 500µg/mL enzyme were incubated at
60 °C. Samples were removed at various time points for
the determination of residual activity. The half-lives were
obtained by plotting the natural logarithm of the residual
activity as a function of time of incubation. Stability was
determined in the presence of substrate by incubating the
enzyme with 7.2 mg/mL birchwood xylan in 50 mM sodium
citrate buffer, pH 6.0. At various times, aliquots were
withdrawn and analyzed for their content of reducing sugars.
The XlnA half-lives were determined by nonlinear analysis
of time versus released reducing sugars plots.
Circular Dichroism (CD). Solutions of 500µg/mL

xylanase in 10 mM sodium phosphate buffer, pH 6.0, were
analyzed at room temperature using a 0.5 mm jacketed cell
on a Jasco J-710 spectropolarimeter interfaced with an IBM
computer. Data were averaged from 10 acquisitions between
250 and 184 nm at a scan rate of 100 nm/min. Samples for
tertiary structure changes were analyzed in a 1 cmcell
between 350 and 240 nm under the same conditions.
Denaturation curves were obtained with solutions containing
0.2 mg/mL xylanase and increasing concentration of Gdn-
HCl in 10 mM sodium phosphate buffer, pH 6.0. Samples
were incubated for 24 h at 25°C prior to CD analysis, and
five measurements at 285.2 nm in a 1.0 cm cell were taken
and averaged. These values were then transformed into the
fraction of unfolded protein according to eq 1 assuming a
two-state unfolding mechanism:

whereXn is the value of the native protein,XU the value for
the unfolded protein, and X the value observed. Data in the
transition of thefU Vs [Gdn-HCl] plot were transformed to
calculate the standard free energy of unfolding (∆G) ac-
cording to eq 2 (24):

where∆G ) -RT ln [(XN - X)/X - XU)], ∆G(H2O) is the
∆G extrapolated at 0 M Gdn-HCl from the∆G vs [Gdn-
HCl] plot, andm ) d(∆G)/d[Gdn-HCl].

RESULTS

The specific activity is greatly reduced by the mutations
introduced at positions 81 and 207 of XlnA. Losses of 99.8,

fU ) (X- Xn)/(XU - Xn) (1)

∆G) ∆G(H2O)- m[Gdn-HCl] (2)
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95.2, and 99.7% are observed for H81R/S/Y, respectively,
while H207E/K/R mutations cause a decrease of 99.6, 98.9,
and 99.3%, respectively (Table 1). However, the mutant
enzymes H81S, H207K, and H207R retained sufficient
activity to determine their kinetic parameters on birchwood
xylan. While the conditions used for the determination of
the kinetic parameters were optimal for wild-type XlnA, they
were sufficiently close to those of the mutants so that the
parameters could be compared. Thekcat values are affected
in proportions similar to the decrease in specific activity.
The affinity for birchwood xylan (KM) is changed only in
the case of H207K, which exhibits aKM value 3 times higher
than that of the wild-type enzyme (Table 1).
The optimum temperature profile of XlnA was not affected

significantly by any of the mutations, being 60°C under
standard conditions (data not shown). The pH profiles of
the modified enzymes were determined and compared to that
of the wild-type enzyme (Figure 1). For all mutations at
positions H81 and H207, the pH profile is shifted toward
acid pH. In the cases of H81R and H207K, the pH profile
is also affected on the alkaline side, but to a lesser extent.
Thus, the postulated effect of the different mutations on the
ionization state of the two catalytic glutamic acid residues
was verified. To minimize the influence of enzyme stability
on the pH profile, the pH dependence ofkcatwas determined
in order to measure accurately the pKa of the two catalytic
residues. McIntoshet al. (25) have shown, by using nuclear
magnetic resonance, that the two breaks in the pH profile of
Bacillus circulansxylanase (family 11) were caused by
changes in the ionization state of the nucleophile and the
acid/base catalyst. For wild-type XlnA, pKa values of 4.82
and 9.40 were obtained for the nucleophile and acid/base
catalyst, respectively, and were similar to those found for
other 4/7 superfamily members (26). In all cases, the
apparent pKa of the two catalytic residues is shifted toward
acidic pH. For the six mutations studied, the calculated pKa

shifts are 0.21-0.85 pH unit for the nucleophile glutamic

acid and 0.33-0.59 pH unit for the acid/base catalyst residue
(Table 2).
In comparison to the wild-type enzyme, all mutations

reduce the enzyme’s stability at 60°C at least 75% in the
absence of substrate (Table 3). In the presence of xylan,
the protein is protected from denaturation at this temperature.
All mutations at position H81 (H81R/S/Y) have half-lives
comparable to the wild-type (318 min). Among those at
position H207, H207E and H207K have half-lives in the
same range (312 and 234 min, respectively), whereas the
half-life of H207R is considerably shorter (84 min, Table
3).
The stability of the mutant proteins was also assessed by

CD by determining the unfolding curve of each enzyme in
Gdn-HCl (Figure 2), and the unfolding transition midpoints
of all mutants were compared to that of the wild-type
enzyme. Only the H81Y mutation did not destabilize XlnA,
while mutations H81R/S slightly decrease the unfolding
transition midpoint from 1.98 M to 1.72 and 1.89 M,
respectively (Table 3). Mutations at position H207 have a
greater destabilizing effect on XlnA. The unfolding midpoint
is decreased by 0.77, 0.59, and 0.70 M for mutation H207E/
K/R, respectively (Table 3). Mathematical transformation
of the data from the unfolding curves allows the calculation
of two other parameters: them value, which reflects the
sensitivity of the∆G of unfolding in relation to Gdn-HCl
concentration; and the∆G(H2O), which represents the
difference in free energy between the native and the
denatured state of the protein extrapolated to 0 M Gdn-HCl.
All six mutations significantly increase themvalue for Gdn-
HCl (Table 3). This result is unexpected for single point
mutations. These increasedm values result in higher
standard free energies of unfolding for five out of six
mutants; only H207K has a∆G(H2O) comparable to that of
the wild-type enzyme (Table 3).
The mutated enzymes show typical mobility on SDS-

PAGE and reacted with anti-XlnA antibodies in Western blot
analysis (data not shown). Comparison of their far-UV
spectra by circular dichroism with the wild-type protein
shows that the mutations introduced at positions 81 and 207
did not greatly affect the overall structure of the protein. This
suggests that the kinetic and stability variations observed
were not due to any major change in the three-dimensional
structure of the mutant proteins as minor structural changes
may not be detected by CD (Figure 3).

DISCUSSION

Xylanase A from Streptomyces liVidans contains six
histidine residues, three of which are located in the active

Table 1: Specific Activity and Kinetic Parameters of Wild-Type
and Mutant Xylanases Using Birchwood Xylan as the Substrate

enzymes sp act. (IU‚mg-1) KM (mg‚mL-1) kcat(s-1)

wild-type 174 0.10 134
H81R 0.3 a a
H81S 8.4 0.10 6.6
H81Y 0.5 a a
H207E 0.7 a a
H207K 1.9 0.31 1.6
H207R 1.3 0.10 0.9
a Parameters not determined.

FIGURE 1: pH profiles of wild-type (closed circles) and mutant
(open symbols) xylanases. Panel A: H81 mutant enzymes (H81R,
squares; H81S, triangles; H81Y, diamonds) Panel B: H207 mutant
enzymes (H207E, squares; H207K, triangles; H207R, diamonds).

Table 2: pKa Values of the Catalytic Residues for XlnA and
Mutants Enzymes

pKa valuea

enzyme nucleophile E236 acid/base catalyst E128

wild-type 4.82( 0.01 9.40( 0.02
H81R 4.03( 0.05 8.95( 0.05
H81S 3.97( 0.24 9.07( 0.23
H81Y 4.26( 0.18 8.97( 0.20
H207E 4.24( 0.10 8.81( 0.10
H207K 4.61( 0.07 8.95( 0.09
H207R 4.19( 0.06 8.90( 0.06
aCalculated fromkcat vs pH plot using Grafit ver. 3.09b software

(Leatherbarrow, 1990).
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site of the enzyme. Primary sequence analysis of xylanases
belonging to family 10 shows that H81 and H207 are
invariant in all but one case (Figure 4). Moreover, these
two histidines are part of the eight conserved amino acids
identified for superfamily 4/7 (26). The elucidation of the
role of these histidine residues in XlnA will contribute to
the understanding of the importance of the hydrogen-bonding
network in the vicinity of the active site for the structure/
function of glycosyl hydrolases belonging to this superfamily.
The three-dimensional structure of XlnA shows that H207

(Nε2) is hydrogen-bonded to E236 (Oε2) and that its Nδ1
atom is bonded to D238 (Oδ2) (Figure 5). E236 and D238
are part of the conserved ITELDI motif found in xylanases
belonging to family 10. This suggests that the interaction
of H207 with this conserved structural feature of family 10
glycanases may be important for the structure/function of
these enzymes. The three mutations introduced at position
207 almost abolish the enzyme activity, confirming the
crucial role of this amino acid for efficient catalysis. The
activity of the mutant proteins was generally sufficient for
further characterization. However, when the specific activity
was less than 1 IU/mg, it was impossible to determine the

kinetic parameters accurately. Both mutations at H207
(H207K and H207R) affect thekcat of the enzyme, which
indicates that the stabilization of the catalytic intermediate
of the reaction was affected by the mutation. This effect on
the catalytic properties of the enzyme could be due to
incorrect positioning of the nucleophile E236 in the catalytic
site. Another explanation could be that an adequate stabi-
lization of the catalytic intermediate is prevented by reduced

Table 3: Stability Parameters of the Modified Xylanases

half-life (min)

enzymes without substrate with substrate
Denaturation transition
midpoint, [Gdn-HCl] (M)

mvaluea

(kJ mol-1 M-1)
standard free energy of

unfolding,∆G(H2O) (kJ‚mol-1)

wild-type 131 318( 42 1.98 4.90 9.7
H81R 33 360( 60 1.72 9.94 17.1
H81S 17 276( 60 1.89 7.25 13.7
H81Y 27 300( 54 1.99 6.58 13.1
H207E 24 312( 30 1.21 9.50 11.5
H207K 5 84( 12 1.39 6.99 9.7
H207R 10 234( 42 1.28 14.45 18.5
aCalculated from eq 2.

FIGURE2: Denaturation curves in Gdn-HCl of wild-type and mutant
xylanases A. Panel A: H81 mutants. Panel B: H207 mutants.
Inset: Data in the transition were transformed as described under
Materials and Methods to plot the variation of∆G as a function of
[Gdn-HCl].

FIGURE 3: Circular dichroism spectra of wild-type and mutant
xylanases. Panel A: H81 mutants. Panel B: H207 mutants.

FIGURE 4: Amino acid alignment of xylanases from family 10.
The arrowhead indicates the highly conserved histidines shown in
boldface characters (corresponding to H81, H86, and H207 ofS.
liVidans mature XlnA). Amino acids are numbered from the
translational methionine of each enzyme. Sequence accession
numbers from GenBank, SwissProt, or NCBI are indicated in
brackets with the following identification key: SlivA,Streptomyces
liVidans XlnA [P26514]; Acti2, Actimomadurasp. FC7 XilII
[U08894]: AawaA,Aspergillus awamoriIFO4308 XynA[P33559];
BaccA, Bacillus sp. C-125 XynA [P07528]; BsteA,Bacillus
stearothermophilusT-6 XynA [Z29080]; BsteX,Bacillus stearo-
thermophilus21 Xyn [D28121]; BovaI,Bacteroides oVatusV975
XylI [U04957]; BfibA, ButyriVibrio fibrisolVens49 XynA [P23551];
BfibB, ButyriVibrio fibrisolVensH17C XynB [P26223]; CsacA,
Caldocellum saccharolyticumXynA [P23556]; Csac4,Caldocellum
saccharolyticumORF4 [P23557]; Cfimi,Cellulomonas fimiCex
[P07986]; CsteB,Clostridium stercorariumF9 XynB [D12504];
CtheZ,Clostridium thermocellumXynZ [P10478]; CtheX,Clostrid-
ium thermocellumXynX [144776]; DtheA,Dictyoglomus thermo-
philumRt46B.1 [973983]; EnidC,Emericella(Aspergillus) nidulans
XlnC [1050888]; ErumX,Eubacterium ruminantiumXln [974180];
PchrP,Penicillium chrysogenumQ176 XylP [M98458]; PfluA,
Pseudomonas fluorescens cellulosaXynA [P14768]; PfluB,
Pseudomonas fluorescens cellulosaXynB [P23030]; RflaA,Ru-
minococcus flaVefaciensXynA [P29126]; TsacA,Thermoanaero-
bacter saccharolyticumB6A-RI XynA [P36917]; TaurX,Ther-
moascus aurantiacusXyn [P23360]; TmarA,Thermotoga maritima
XynA [559960]; TneaA,Thermogota neapolitanaXynA [603892];
TbacA,Thermophilic bacteriumRt8.B4A XynA [P40944].
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interactions between H207 and the nucleophile E236. This
is indicated by the change inkcat and is supported by the
observation of Whiteet al. (27), who showed a direct
interaction between H205 in Cex fromC. fimi and the
nucleophile E233 in the structure of the covalent enzyme-
intermediate complex. Mutation H207K also affects the
affinity of the enzyme for birchwood xylan. In this case, a
lysine residue at position 207 is likely to disturb the position
of other close amino acids interacting with the substrate.
The pH profiles of the specific activity obtained for H207

mutants are all shifted to more acidic values (Figure 1),
suggesting that the hydrogen bond between the equivalent
of H207 and E236 found in the enzyme-substrate complex
(27), that is lost upon mutation, is important for the ionization
state of the two catalytic residues. However, a comparison
of the pH profiles of the apparentkcat of the mutant enzymes
with the wild-type gave different results. Comparing the pKa

of the two catalytic residues of the wild-type enzyme with
those of the mutants (Table 2), it is apparent that the three
mutations modified the hydrogen bond network of the active
site such that the pKa values of the two catalytic residues
move toward the theoretical value for free glutamic acid. In
fact, the pKa values of those amino acids are equally affected
for mutations H207E and H207R, while the mutation H207K
decreases the pKa of the nucleophile 3 times less than the
other mutations did. This would indicate that modification
of the hydrogen bonding network in the vicinity of E236
affects interactions involving E128. Thus, the nucleophilicity
of E236 might be implicated in maintaining an elevated pKa

for E128 orVice Versa. Such a dual dependence between
two catalytic glutamic acids has been suggested for a family
11 xylanase that uses the same double-displacement mech-
anism with a similar distance between the two catalytic
residues (25). Moreover, modeling of the E233D mutant of
Cex showed that the absence of hydrogen bonding between
H205 and E233 in Cex fromC. fimi would modify the
environment of the active site in a way that could alter the
pKa of both catalytic residues (28).
The H207 of XlnA is also important for enzyme stability.

All three mutations tested decreased the half-life of the

enzyme in the absence of substrate by more than 75%.
However, different results were obtained in the presence of
substrate. In the presence of xylan, the effect of the mutation
on the stability is abolished for mutants H207E and H207R.
These two mutants have half-lives similar or slightly lower
than the wild-type protein. In both cases, the enzyme is
protected by the presence of substrate in the active site
against thermal inactivation. For H207K, the 3-fold decrease
in affinity for xylan hindered complete stabilization of the
enzyme by the substrate. These results suggest the impor-
tance of this residue for the hydrogen bond network in the
active site of the enzyme.
The large decreases in the concentration of Gdn-HCl

necessary to unfold 50% of the xylanases observed for the
three mutations at position H207 (Table 3) confirm that the
native form of the protein is destabilized by the mutations.
On the other hand, in all three cases themvalue is increased,
which is surprising for single point mutations. These
increases inm values have a greater effect on the∆G than
the differences in transition midpoints resulting in apparent
stabilization of the H207 mutant enzymes (Table 3). Similar
changes in them value were first reported for the mutated
form of staphylococcal nuclease (29) and have since been
reported for many other proteins (for a list, see ref30).
Variations of them value were proposed to be the result of
modifications in the solvent-accessible surface area of the
denatured state (30). In the case of XlnA, the increase of
themvalue for the three mutations at position H207 suggests
that the mutant proteins have a denatured state with less
residual structure than the wild-type protein. H207 is located
in a loop, part of the active site, and the integrity of this
loop would be essential for the overall stability of the protein.
These changes inmvalues suggest that interactions involving
H207 could be important for the folding of XlnA.
To study the role of H81 in the structure/function of XlnA,

three mutations were made at this position. H81 (Nε2) is
hydrogen-bonded to E236 (Oε1) through a water molecule
and is hydrogen-bonded through its Nδ1 atom to D124 (Oδ2)
(Figure 5), a highly conserved residue in xylanases from
family 10 as shown previously (14). Since hydrogen bonding

FIGURE 5: Environment of H81 (panel A) and H207 (panel B) of XlnA fromS. liVidans (Derewendaet al., 1994). Hydrogen bonds are
shown as dashed lines.
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is involved, H81 was replaced with amino acids that have
side chains capable of hydrogen bonding: arginine (H81R),
serine (H81S), and tyrosine (H81Y). Mutation at this
position destroyed the activity of the enzyme (Table 1). These
mutations either affect the positioning of E236 and/or
destabilize the intermediate-enzyme complex, slowing down
catalysis. Cocrystal structures of xylanases from family 10
with xylopentaose (4) and with 2-fluoro-2-deoxy-â-cello-
bioside, a catalytic intermediate analog (27), have shown that
the equivalent of H81 is hydrogen-bonded with the 3′-
hydroxyl of the saccharide moiety located in subsite E in
either cases. Our results suggest that H81 is involved in
the stabilization of the catalytic intermediate, since the loss
of the hydrogen bond between H81 and the 3′-OH of the
saccharide in subsite E causes a large decrease in thekcat of
the enzyme. From these results, the importance of H81 for
the binding of the substrate cannot be assessed because serine
may well replace histidine in the binding to the substrate,
while still disrupting the hydrogen bond network of the active
site. Earlier, in the case of the H207K mutation, a decrease
in affinity for xylan (showed by an increase in theKM)
hindered the protective effect of substrate on the thermal
denaturation of the enzyme. Since the three H81 mutants
are all fully protected by xylan against thermal denaturation,
it is possible that the two other mutations (H81R/Y) do not
affect the affinity of the enzyme for xylan. Therefore, the
involvement of H81 with the catalytic intermediate seems
to be more important than that with the substrate in its ground
state, since only thekcatof the enzyme is affected by mutation
of this residue. Such a conclusion has been also proposed
for N127, an invariant residue in family 10 glycanases
located in the active site of XlnA fromS. liVidans(31). The
equivalent of N127 in Cex fromC. fimi (N126) was also
shown to interact strongly with the 2-hydroxyl of the same
saccharide unit as H80 (equivalent of H81 inS. liVidans
XlnA) in the 2-fluoro-2-deoxycellobiosyl-enzyme interme-
diate crystal structure (27). The kinetic results of this study,
and other similar results (31), support recent results (32) that
indicate that the interactions of family 10 glycanases with
the sugar moieties in subsites D and E are more important
for the stabilization of the catalytic intermediate than for the
binding of the substrate in its ground state.
The three mutations at position H81 also significantly

affect the pH profile of the enzyme (Figure 1). For the
specific activity profiles, the effects of the three mutations
studied are seen on the acidic side, lowering the apparent
pKa by more than 1 pH unit. In the case of thekcat Vs pH
profiles, the pKa values of the two catalytic residues are
lowered by the mutations, and the nucleophile is the most
affected residue. Therefore, in addition to its role in
stabilizing the catalytic intermediate, H81 appears to be a
very important residue in the hydrogen bond network of the
active site, and mutation of this residue modifies the
interactions necessary to maintain the ionization state of the
two catalytic glutamic acids of XlnA. However, the indirect
hydrogen bond between H81 and E236 is probably not
directly involved in maintaining the ionization state of the
nucleophile since it is not found in the enzyme-substrate
complex (27).
H81 also plays a key role in enzyme stability, since

mutations at this position decrease the half-life of the enzyme
by more than 75% (Table 3). However, the stability of the
protein compared to that of the wild-type enzyme is restored

in the presence of xylan, suggesting that the forces respon-
sible for the binding of substrate have a stabilizing effect on
the entire active site hydrogen bond network, thus overcom-
ing the negative effect caused by replacement of H81. The
three mutations introduced at position H81 also increase the
m values of the proteins. Since the transition midpoint of
Gdn-HCl denaturation is not affected or only slightly
decreased, these mutations increase significantly the free
energy of unfolding of the protein [∆G(H2O)]. As explained
earlier for mutations at position H207, these increases in the
m values are likely due to losses of residual structure in the
denatured state of the mutant proteins and suggest that H81
is involved in important interactions for the native and the
denatured state of XlnA.
In conclusion, the results presented in this study show the

importance of H81 and H207 for the structure/function of
XlnA of S. liVidans. These two histidine residues are
involved in a network of hydrogen bonds which are
responsible in maintaining the ionization state of the two
catalytic residues responsible for the hydrolysis ofâ-1,4-
glycosidic bond. All six mutations studied at position H81
or H207 lowered the pKa of E236, which would be of
advantage for applications of the enzyme at acidic pH if the
activity of the enzyme was maintained. These two histidine
residues are also essential for the stability of the protein.
These two residues are important in the active site of XlnA
and are probably involved in the folding of the native state
and the denatured state of the protein.
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