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A prerequisite to the use of any enzyme in any industrial process is an understanding of its activity
and stability under process conditions. Glycoside hydrolase family 8 enzymes include many important
biotechnological biocatalysts yet little is known of the performance of these with respect to pH. A better
understanding of this parameter and its relationship to structure and function in these enzymes will
allow for an improved use of these in industry as well as an enhanced ability in their engineering and
optimisation for a particular application. An in-depth analysis of the pH induced changes in activity, irre-

gg(‘;v:;g:dence versible inactivation, conformation, stability and solubility of a commercial glycoside hydrolase family
Activity 8 xylanase was carried out with the aim of identifying the factors determining the pH dependence of
Stability this enzyme. Our study showed that different phenomena play different roles at the various pHs exam-
Solubility ined. Both reversible and irreversible processes are involved at acidic pHs, with the irreversible processes
Xylanase dominating and being due to protein aggregation and precipitation. At basic pHs, loss of activity is prin-

Glycoside hydrolase family 8 cipally due to reversible processes, possibly deprotonation of an essential catalytic residue, but at higher
pHs, near the pl of the protein, precipitation again dominates while structure unfolding was discerned
at the higher pHs investigated. Such insights demonstrate the complexity of factors involved in the pH
dependence of proteins and advances our knowledge on design principles and concepts for engineering
proteins. Our results highlight the major role of protein precipitation in activity and stability losses at
both low and high pHs but it is proposed that different strategies be used in tailoring the enzyme to over-
come this in each case. Indeed the detailed understanding obtained here will allow for a more focused,
informed and hence successful tailoring of glycoside hydrolase family 8 proteins for a specific pH and
process application.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

One of the principal challenges to the successful integration of
an industrial biocatalyst into a commercial process is related to its
fitness for the specific application. The enzyme needs to have the
desired substrate specificity and selectivity and be highly active
and stable under the process conditions. Frequently however, many

Abbreviations: ~ GHS8, glycoside hydrolase family 8; pXyl, psychrophilic
glycoside hydrolase family 8 xylanase (UniProtKB entry Q8RJN8); MOPS, 3-
(N-morpholino)propanesulfonic acid; MES, 2-(N-morpholino)ethanesulfonic
acid; TAPS,  N-[Tris(hydroxymethyl)methyl]-3-aminopropanesulfonic  acid;
CHES, N-cyclohexyl-2-aminoethanesulfonic acid; CAPS, N-cyclohexyl-3-
aminopropanesulfonic acid.
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naturally occurring enzymes do not fulfil all of these requirements,
in particular as many industrial processes are carried out under
harsh conditions such as extremes of temperature, pH, pressure,
salinity and/or in the presence of organic solvents, detergents etc.
[1,2]. Xylanases (endo-1,4-B-D-xylanase, E.C. 3.2.1.8) are impor-
tant industrial biocatalysts regularly used in industrial processes
in which extreme conditions prevail. They have found application
in the technical, food and feed sectors of the enzymes market and
are employed under such diverse extreme conditions as high tem-
peratures (pulp and paper, bioconversion), low temperatures (food
and beverages), acidic pHs (bioconversion, sulphite pulping, bev-
erages, animal feed), alkaline pHs (bioconversion, kraft pulping,
detergents) and/or even in the presence of detergents [3-9]. These
enzymes randomly cleave the internal 3-1,4-p-xylosidic linkages
of the complex plant heteropolysaccharide xylan and are classified
into glycoside hydrolase (GH) families 5,7, 8,10, 11 and 43 based on
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amino acid sequence similarity. Interestingly, while family 10 and
11 members have been extensively studied, much less is known
about the other families’ members [5,9,10].

We have previously isolated a glycoside hydrolase family 8
(GH8) xylanase, designated pXyl, from the Antarctic bacterium
Pseudoalteromonas haloplanktis TAH3a [11] and extensively stud-
ied this at the physicochemical, functional and structural levels
[12-15]. This was shown to be characterised by a specificity for
xylan, being most active on long chain xylo-oligomers [11,16],
and an insensitivity to xylanase inhibitors [17], as well as typical
cold-adapted characteristics of a high activity at low to moderate
temperatures and a reduced stability [13,18]. Importantly also, this
enzyme has been successfully developed for use as a technological
aid in baking where it allows for improved bread quality [19-21]
and is currently being commercialised worldwide for use in this
application. Indeed, the unique properties of this enzyme point to
its suitability for exploitation in various other application areas, in
particular in the beverages industry and in animal feeds but also,
potentially, in biofuel production. In many of these applications
extremes of pH are encountered yet, interestingly, while much is
already known of this important industrial enzyme, little is known
of its relationship to pH and of the pH dependence of its activity and
stability. In fact, GH8 also contains many other industrially impor-
tant enzymes such as cellulases, licheninases and chitosanases yet
it appears that, in contrast to family 10 and 11 enzymes where a
large number of studies have been carried out [5,9,10,22-26], pH
adaptation in GH8 enzymes has not been studied. Furthermore, in
contrast to adaptation of enzymes to temperature, and in particu-
lar high temperatures, much less is currently known of adaptation
to pH, with variable and sometimes conflicting observations on
adaptation strategies being reported [5,9,10,22-27].

Here we addressed these limitations by employing a variety of
biochemical and biophysical techniques for an in-depth investiga-
tion of the pH dependence of the cold adapted GH8 xylanase pXyl.
The detailed knowledge available for this enzyme; of its structure,
function, activity and mechanism of action, as well as its commer-
cial value, make it an attractive model for the study. The work
described here enables a better understanding of adaptation to
pH in this enzyme and in glycoside hydrolase family 8 enzymes
in general, but also advances our knowledge on the factors defin-
ing the pH-dependent characteristics of enzymes, with important
implications for protein science and protein engineering [28].

2. Material and methods
2.1. Xylanase production and purification

The pET22b(+)-E. coli BL21(DE3) expression system (Novagen)
was used for overexpression of pXyl by batch production at 18°C
using previously described conditions [11] but with optimisation of
the induction time and induction period. For optimisation, xylanase
production levels following induction with 1 mM IPTG at various
growth stages (mid-log, late-log and early-stationary phases) and
various induction periods (0-24 h) were compared. Intracellular
xylanase production levels were measured by activity measure-
ments with a modified Bernfeld reducing sugar assay [29] with
3% soluble birchwood xylan and 0.1 M Mcllvaine’s buffer pH6.5, as
described previously [11].

The xylanase was purified by a combination of anion exchange,
cation exchange and gel filtration chromatographies (GE Health-
care Life Sciences) as previously described [11]. Purified enzyme
was dialysed in storage buffer (pH 7.5, 20 mM MOPS + 100 mM
NaCl) and stored at 4°C until use. SDS-PAGE was employed for
confirmation of protein purity.

2.2. Buffer mix

Throughout the study the following buffer mix covering the pH
range from 3 to 12 was used: 100 mM Citrate (Merck), 20 mM MES
(Sigma), 20 mM MOPS (Sigma), 20 mM TAPS (Sigma), 20 mM CHES
(Sigma) and 20 mM CAPS (Sigma). The pH was adjusted with HCl or
NaOH and the final pH of all solutions was measured after enzyme
addition. Unless otherwise stated, all experiments were performed
in triplicate.

2.3. pH dependence of activity

Activity of the purified protein as a function of pH was deter-
mined with the buffer mix described in 2.2 using a modified
Bernfeld reducing sugar assay [29] with 3% soluble birchwood xylan
as described previously [11] and assay times of 5, 30 and 60 min.

2.4. Irreversible inactivation

400 pg/mL purified xylanase was diluted 8-fold in the buffer mix
at pHs from 3 to 12 and incubated at 25°C. Samples were taken
at 5min and 24 h, diluted 8-fold in storage buffer (pH 7.5, 20 mM
MOPS +100 mM NacCl) and incubated for one hour at room tempera-
ture to allow for reversible refolding/reactivation. Residual activity
was measured with a 5 min assay under optimal conditions (pH 6.5
in 0.1 M Mcllvaine’s buffer) with the Bernfeld reducing sugar assay
as described in 2.3 [11,29].

2.5. Tertiary structure analysis: fluorescence spectroscopy

400 pg/mL purified xylanase was diluted 8-fold in the buffer
mix at pHs from 3 to 12 and incubated at 25°C. Samples were
taken at 5 min and 24 h and fluorescence emission spectra recorded
from 300-400 nm following excitation at 295 nm on a PerkinElmer
LS50 fluorescence spectrometer with a scan rate of 100 nm/min
and data interval of 0.5 nm. As controls, the fluorescence emission
spectra of the xylanase following high temperature and guanidine
hydrochloride treatment at pH 7.5 were also measured. The former
was prepared by incubating the enzyme diluted in pH 7.5 buffer
mix at 80°C for 20 min before fluorescence spectroscopy analysis
as described above. For the latter 6 M guanidine hydrochloride was
included in the pH 7.5 buffer mix used for dilution.

2.6. Structural stability: thermal denaturation

400 pg/mL purified xylanase was diluted 8-fold in the buffer mix
at pHs from 3 to 12 and incubated at 25 °C for 24 h. The fluorescence
intensity at 343 nm with excitation at 280 nm was then measured
during a temperature ramp from 25°C to 70°C at 1.5°C/min. A
PerkinElmer LS50 Fluorescence Spectrometer connected to a LKB
BROMMA 2219 MultiTemp II thermostatic circulator was used. The
temperature of the enzyme solution was measured throughout the
fluorescence study and data were treated for determination of the
denaturation temperature as described by Pace [30].

2.7. Protein solubility

200 pg/mL purified xylanase was incubated in the buffer mix
at pHs from 3 to 12 for 24h at 25°C, centrifuged at 25000 x g
for 30min at 4°C and supernatants analysed for soluble pro-
tein content by absorbance measurements at 280 nm on a UV-vis
1700 spectrophotometer (Shimadzu). To measure the effect of pro-
tein concentration on solubility, various concentrations of purified
xylanase, from 0.07 to 3.6 mg/mL, in 20mM MOPs buffer with
100 mM Nacl, pH 7.5 were prepared with an Amicon Ultra-15 Cen-
trifugal Filter Unit, 10 KDa cut-off (Merck Millipore) and incubated
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Fig. 1. Effect of elapsed fermentation time at induction and post-induction period
on xylanase production. Comparison of xylanase production levels, expressed as
international units (IU) of xylanase activity per mL of cell culture, as a function
of the elapsed fermentation time at induction (10, 14 and 22 h incubation) and
post-induction period (0-24 h). The inset graph shows the growth curve of unin-
duced E.coli BL21(DE3) for assessment of the elapsed fermentation time and stage
of growth.

at 25°C. Samples were taken at 0 h and following 24, 72 and 168 h
incubation and analysed for soluble protein content as described
above.

3. Results and discussion
3.1. Xylanase production

The protein was produced and purified essentially as described
previously [11] but with optimisation of the induction time and
period. From Fig. 1 it can be seen that, under the conditions used,
optimum pXyl production was obtained by induction with IPTG
during the early stationary phase (following approximately 22 h
incubation at 18°C) for 24 h. This is in agreement with a recent
comprehensive study of batch production approaches with the
E.coli-pET expression system where it was shown that, in contrast
to what is generally believed, optimal recombinant protein pro-
duction is obtained by induction during the stationary phase [31].
Indeed, protein production is most commonly induced during the
exponential growth phase when cells are most actively dividing
[32] but our previous studies showed that induction during the
stationary phase, where a higher cell density and possibly also a
reduced stress on the cells is observed, enables for increased recom-
binant protein production [31,33]. In accordance with this, and
further illustrating the advantages of the approach, in the present
study we observed an almost doubling in xylanase production for
induction during the stationary phase as compared to induction
during the exponential phase. Finally, due to the cold-adapted
characteristics and heat instability of the enzyme, an incubation
temperature of 18°C was used, with a resultant reduced growth
rate for the E. coli host and hence, consequently, an extended induc-
tion period of approximately 24 h being required.

3.2. pH dependence of activity

The activity profile for the purified enzyme as a function of pH
with 5,30 and 60 min assays is shown in Fig. 2. Here, activity values
greater than or equal to 90% are taken as reflecting a fully active
state and it can be seen that under the conditions used optimum
activity for pXyl is observed between pHs 5.5 and 8 for the 5min
assay and pHs 6 and 8.0 for the 60 min assay. Outside of this range
a rapid loss of activity occurs.
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Fig. 2. pH activity profile for the glycoside hydrolase family 8 xylanase. Relative
activities for 5 (filled circles), 30 (empty squares) and 60 (filled triangles) minute
activity assays are shown. The dashed line indicates the 90% relative activity level.
The solid line represents the fitting of the Henderson-Hasselbalch equation to the
5 min data.

GH8 enzymes catalyse hydrolysis with inversion of the
anomeric configuration of the substrate with two catalytic residues,
namely the proton donor and proton acceptor, playing essential
roles. These two residues have been identified in pXyl as glutamic
acid 78 (E78) and aspartic acid 281 (D281), respectively [12]. If one
assumes that the pH-dependent activity of the enzyme is defined
by the protonation/deprotonation of these two or indeed any two
essential residues then the Henderson-Hasselbalch equation can be
rearranged to describe this as follows:

1
Kal — pH
+]O(p PH) +

Relative Activity (%) = ( * 100 (1)

(pH — pKa2) )

1 10

Fitting this equation to the 5 min data (filled circles) in Fig. 2 indi-
cates good agreement of the bell shaped curve (black line) with the
measured data at neutral and basic pHs while discrepancies are
seen for the acidic limb. Such discrepancies indicate that the loss of
activity observed at acidic pHs is due to something other than, or
in addition to, protonation of an essential residue. Furthermore, it
can be seen that use of longer assay periods (30-60 min) resulted in
even steeper losses at acidic pHs, at pH 5.5 and below, while the rel-
ative activity for the basic limb was little changed. Indeed the pK; of
the residue involved in activity loss at basic pHs can be calculated
from Eq. (1) but the poor agreement of data at the acidic pHs inval-
idates use of the acid pH data. A glutamic acid (E78), as the proton
donor, is suggested as being the critical residue governing the basic
pH limb in pXyl yet a pK, of 9 was calculated from equation 1 even
though the side chain carboxylic group of glutamic acid in solution
has a reported pK, of ~4.3. Nevertheless pK, values can vary con-
siderably depending on the environment [25] and in fact high pKj,
values for acidic side chains are frequently reported, in particular
for the catalytic residues of enzymes e.g. the acid/base residue in
XIn A from Streptomyces lividans has a pKy of 9.4 [34] while that
of a glycoside hydrolase family 1 3-glucosidase has a pK, of 8.1
[35]. Structural analysis of pXyl (pdb: 1H13, 1H14) indicates that
E78 is located in the active site pocket near numerous hydropho-
bic (W82, Y380, Y381, W124, Y203) and acidic (D144, D281, D200)
residues which could potentially stabilise the protonated form of
the side chain and thereby increase the pK, and allow for the high
value observed. Thus taken together, these observations indicate
that the loss of activity observed at high pHs may indeed be related
to the reversible deprotonation of an essential residue, possibly the
proton donor (E78). On the other hand, more complex and time
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Fig. 3. Irreversible inactivation of the xylanase as a function of pH (A) and comparison of irreversible inactivation with activity (B). Residual activities following 5 min (filled
circles) and 24 h (empty squares) incubation at various pHs are shown in (A). The five minute data for irreversible inactivation (filled circles) and activity (empty triangles)

as a function of pH are compared in (B). The dashed line indicates the 90% level.

dependent factors, other than simply protonation of an essential
residue, play a role in the loss of activity at acidic pHs.

3.3. Irreversible inactivation

Investigation of irreversible inactivation via measurement at
optimum pH of the activity remaining after incubation at various
pHs gives a measure of the stability of the activity of the enzyme.
In this study two incubation periods were used; 5min, for com-
parison with the 5 min activity assay, and 24 h, for determination
of longer term effects on the enzyme. From Fig. 3A it can be seen
that maximum (>90 %) retention of activity occurs between pHs 5
and 10 following 5 min incubation and that this range is reduced
to pHs 6-9 following 24 h. Thus at pHs below 6 and above 9 time
dependent irreversible processes which negatively affect enzyme
activity occur. Indeed these irreversible processes become dom-
inant at the extremes of pH; at the low pH extremes complete
irreversible inactivation already occurs after only 5 min incubation
while at pH 10 and above irreversible inactivation dominates for
the longer incubation period examined (24 h).

From Fig. 3B, where the results of the 5 min activity and inacti-
vation studies are compared, it can be seen that the activity losses
observed between pHs 5 and 10 are solely due to reversible pro-
cesses as no significant irreversible inactivation was detected. Thus,
as previously discussed, the activity loss observed for the basic pH
limb, between pHs 8 and 10 with the 5min assay, are solely due
to reversible processes. On the other hand, above pH 10 and for
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the acidic pH limb at ~pH 4.5, it can be seen that the activity loss
measured is greater than that due to irreversible inactivation alone
and hence indicates that the observed loss of activity at these pHs
is due to both reversible and irreversible processes.

As discussed earlier, the reversible processes at basic pHs likely
involve deprotonation of the proton donor (E78) whereas those
observed here at acidic pHs could involve protonation of the pro-
ton acceptor (D281) or, as previously described for a homologous
family 8 chitosanase (ChoK), an irreversible repositioning of the
proton donor at an inactive position at acidic pHs [36]. Interest-
ingly, a similar position for the proton donor, near the nucleophilic
water molecule, was reported for the wild-type pXyl crystal struc-
ture at pH 5 [15]. An induced fit mechanism wherein this proton
donor is repositioned on substrate binding was suggested [14] but
we propose that the E78 position observed was resultant of the low
pH used and hence a crystal structure of wild type pXyl at neutral
pHs (~pH 7) is called for. In contrast to the reversible processes, the
factors involved in the irreversible processes are as yet unclear and
hence, in an attempt to identify these, our studies were focused on
characterising the effects of pH on the xylanase structure, stability
and solubility.

3.4. Tertiary structure analysis: fluorescence spectroscopy
Fluorescence spectroscopy was used here to probe perturba-

tions induced by pH in the folded state of the protein. The cold
adapted xylanase contains 10 tryptophans, 30 tyrosines and 23

B
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320 400

Fig. 4. Fluorescence emission spectra for the xylanase after 24 h incubation at various pHs. The results for incubation at low pHs (A) and high pHs (B) are shown (solid lines)
as well as emission spectra for guanidine hydrochloride (GnHCl, dotted line) and temperature (Temp., dotted line) denatured protein. The horizontal dashed line indicates

the 90% level.
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Fig. 5. Relative fluorescence intensity of the xylanase at 343 nm following 5 min
(filled circle) and 24 h (empty square) incubation at various pHs. The horizontal
dashed line indicates the 90% level.

phenylalanines but as tyrosine fluorescence can be affected by pH
[37] and that of phenylalanine is relatively weak, focus was directed
to the tryptophans via excitation at 295 nm. Structural analysis
indicates that the 10 tryptophans of pXyl are distributed through-
out the structure and analysis via the GETAREA server [38] indicates
that 2 tryptophans (residues W124 and W249) are strongly exposed
(>30% surface exposition), 5 are weakly exposed (5-30% exposition)
and the remaining 3 are buried (<5% exposition).

From Figs. 4 and 5 it can be seen that no significant structural
modifications were detected with this technique between pHs 4.5
and 9.5 after 5 min and pHs 5 and 9 after 24 h incubation. At pHs 4
(5 min incubation) and 4.5 (24 h incubation) an abrupt decrease in
the fluorescence intensity to an acid denatured state with a resid-
ual relative fluorescence intensity of ~50% occurs. In contrast, at
the basic pH limb, a more gradual decrease in fluorescence inten-
sity is initially observed at pHs 9 and 9.5 before a strong decrease
at pH 10.5 (5 min incubation) or pH 10 (24 h incubation) and then
again a more gradual reduction in fluorescence intensity to a dena-
tured state at the higher pHs. The high pH (pH 11-12) denatured
state is characterised by a drastically reduced fluorescence intensity
and a slight shift in its emission maximum to higher wavelengths
(348 nm, as compared to 344 nm at neutral pHs), somewhat similar
to the guanidine hydrochloride unfolded protein and characteris-
tic of a denatured state with little residual structure (Fig. 4). On the
other hand, the high residual fluorescence for the acid denatured
state at pHs 3.5-4.5 and minor shift to lower wavelengths is simi-
lar to the high temperature denatured sample (Fig. 4) and indicates
an incompletely unfolded state in which the tryptophan residues
are at least partially buried, suggestive of an aggregated or molten
globule state.

3.5. Stability: thermal denaturation

The effect of pH on the stability of the protein was investigated
by measuring the residual thermal stability following 24 h incuba-
tion at various pHs. Here thermal denaturation was found to be
irreversible and led to protein precipitation. Hence the thermody-
namic parameters of stability could not be calculated and only the
apparent T, as a measure of the kinetics of the irreversible pro-
cess under the conditions used, could be determined. From Fig. 6 it
can be seen that, with an average apparent Ty, of 53.9 °C, maximum
stability was at pH 6 to 6.5 under the conditions used and that
high relative protein stability (>90% of maximum) was observed
between pHs 5.5 and 7.5. Nevertheless, it is important to note that
at this 90% level a more than 5°C reduction in the apparent T, is
already observed, suggestive of a significantly increased rate for the
irreversible process even at this level. Furthermore, reductions in
the apparent Ty, at acidic pHs down to pH 5 and more gradual reduc-
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Fig. 6. Apparent denaturation temperature of the xylanase following 24 h incuba-
tion at various pHs. The measured apparent melting temperatures (T, left axis) and
the values expressed as a percentage of the maximum at pH 6.5 (relative Ty, right
axis) are shown. No transitions were observed following incubation at pHs <pH 4.5
or >pH 10. The horizontal dashed line indicates the 90% level.

tions at the basic pH limb are followed by the absence of transitions
for the samples at pH 4.5 and below and at pH 10 and above indicat-
ing that here the transition had already occurred during incubation
at these pHs.

3.6. Protein solubility

The results of the protein solubility study are given in Fig. 7
where it can be seen that strong precipitation occurs at pHs
~3.5-4.5 and ~9.5-10.5. Such results show that the irreversible
processes observed earlier at these pHs are dominated by protein
precipitation but the increased solubility seen at more extreme pHs
suggests that here protein unfolding becomes dominant. Thus the
accentuated loss of activity, high irreversible inactivation, abrupt
decrease in fluorescence intensity to a denatured state with a high
residual relative fluorescence intensity as well as the lack of a
thermal transition at acidic pHs (~<pH 4.5) are all resultant of pre-
cipitation of the protein at these pHs. Furthermore, at the basic pHs,
the irreversible inactivation observed above pH 9, the relatively
high residual fluorescence intensity at ~pH 10 and the absence of
a thermal denaturation transition at this same pH are also due to
protein precipitation. Interestingly ~pH 10 is close to the isoelec-
tric point of pXyl (pI =9.5-10) where it possesses a net zero charge
and where, as seen here, proteins in general tend to have a reduced
solubility [39].

Precipitation has been previously observed for pXyl at high con-
centrations [40] and following heat denaturation [41] and here we
investigated this further. Precipitation was found to be dependent
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Fig. 7. Xylanase solubility as a function of pH. The concentration of protein remain-
ing in solution was measured following 24h incubation at various pHs. The
horizontal dashed line indicates the 90% level.
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examined. The horizontal dashed line indicates the 90% level.

on the protein concentration (Fig. 8) and indeed turbid solutions
were clearly visible at concentrations of 2 mg/mL and higher under
the conditions used. Thus pXyl has a high propensity for precipita-
tion with this being governed by both initial protein concentration
and pH. Hydrophobic effects are believed to play a crucial role
in promoting protein aggregation [42] and pXyl has already been
reported as being characterised by a relatively high exposure of
hydrophobic residues (16.7% of accessible surface area) [15]. This
high surface hydrophobicity has been suggested as being related to
its adaptation to low temperatures [15] but may also play a role in
the high tendency of this enzyme to precipitate as seen here.

4. Conclusions

In this study we produced and purified a GH8 xylanase and car-
ried out an in-depth analysis of the pH induced changes in activity,
irreversible inactivation, conformation, stability and solubility so as
toidentify the factors determining the pH dependence of this indus-
trial enzyme. Different optimal pH ranges were observed with each
of the techniques used (see the recapitulative Fig. 9) which reflects
both the diverse parameters measured and the distinct sensitivi-
ties of the techniques used and highlights the necessity of using a
variety of different techniques when characterising proteins.

Highest activity and stability was seen at near neutral pHs and
decreased with shifts towards both the acidic and basic pHs. At
acidic pHs, the initial loss of activity is due to reversible pro-
cesses, possibly a repositioning of the proton donor [36] or/and

M. Barroca et al. / Enzyme and Microbial Technology 96 (2017) 163-169

protonation of the proton acceptor, which have little effect on sta-
bility or are poorly detected by the techniques used. However,
this is rapidly overcome by strong irreversible precipitation which
develops over time, with a maximum at pH 4.5 leading to large
alterations in all parameters measured. Analysis of the results for
the basic pHs indicates that here a different phenomena occurs
to that observed at acidic pHs. Initially, conformational alterations
accompanied by areversible loss of activity are observed and allows
one to suggest that this may include a reversible deprotonation of
the proton donor E78. Subsequently, at pH 10, close to the plI, pro-
tein precipitation leads to large modifications being detected in the
structure and activity and is followed by protein unfolding at higher
pHs leading to a denatured state with little residual structure.

The structure, function, solubility and stability of proteins at a
given pH depend on their net charge and the charge state of the
individual ionizable residues. Hence, most commonly, approaches
for engineering proteins for increased activity and/or stability at
acidic or basic pHs involve amino acid changes that alter the pK, of
specific residues, modify the surface charge and/or sometimes also
introduce stabilising interactions. From this study it can be appre-
ciated that such approaches would probably have little effect with
this GH8 enzyme. At acidic pHs protein precipitation dominates
and would mask any positive effects resultant of an engineer-
ing strategy focused on activity or stability. Here focus should be
placed on reducing precipitation, namely by reducing the surface
hydrophobicity via mutation of surface hydrophobic residues to
polar residues [43]. At basic pHs, mutations aiming at altering the
environment of the proton donor E78 to increase its pKa would
probably be effective but at pHs close to 10 precipitation again
becomes dominant. This is probably resultant of the net zero charge
on the protein near its pl and hence approaches for alleviating pre-
cipitation here should be focused on increasing the net charge on
the protein at this pH [39]. Finally, at even higher pHs, protein
unfolding dominates and hence introduction of stabilising inter-
actions may be relevant.

The insights obtained in this study have implications in protein
science and protein engineering and demonstrate the complexity
and various factors associated with the pH dependence of pro-
teins and the engineering of these. The identification and detailed
description of the various factors determining the pH dependence
of pXyl allows for a better understanding of this enzyme and of GH8
enzymes in general and will enable for a more successful tailoring
and optimisation of these to a specific process condition.
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