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Abstract—The complex structures of water-soluble wheat arabinoxylans have been mapped along individual molecules, and within
populations, using the visualisation of the binding of inactivated enzymes by atomic force microscopy (AFM). It was demonstrated
that site-directed mutagenesis (SDM) can be used to produce inactive enzymes as structural probes. For the SDM mutants AFM has
been used to compare the binding of different xylanases to arabinoxylans. Xylanase mutant E386A, derived from the XynllA
enzyme (Neocallimastrix patriciarium), was shown to bind randomly along arabinoxylan molecules. The xylanase binding was also
monitored following Aspergillus niger arabinofuranosidase pre-treatment of samples. It was demonstrated that removal of arabinose
side chains significantly altered the binding pattern of the inactivated enzyme. Xylanase mutant E246A, derived from the Xynl10A
enzyme (Cellvibrio japonicus), was found to show deviations from random binding to the arabinoxylan chains. It is believed that this
is due to the effect of a small residual catalytic activity of the enzyme that alters the binding pattern of the probe. Control procedures
were developed and assessed to establish that the interactions between the modified xylanases and the arabinoxylans were specific
interactions. The experimental data demonstrates the potential for using inactivated enzymes and AFM to probe the structural
heterogeneity of individual polysaccharide molecules.
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1. Introduction ture is complex, and the distribution of arabinose side

chains along individual molecules, and between mole-

Arabinoxylans are characteristic cell-wall polysacchar-
ides of noncommeloid monocotyledons that include
grasses and cereals."* An arabinoxylan is considered* to
consist primarily of a linear backbone of B-(1 —4)-
linked p-xylose residues that is partially substituted at
intervals with individual a-L-arabinose residues attached
through O-2 and/or O-3 (Fig. 1). The molecular struc-

* Corresponding author. Tel.: +44-1603-255271; fax: +44-1603-5077-
23; e-mail: vic.morris@bbsrc.ac.uk

T Present address: Department of Surgery, Quillen College of Medi-
cine, East Tennessee State University, Johnson City, TN 37614,
USA.

¥ Present address: Nestle Research Centre, PO Box 44, Lausanne CH-
1000 Lausanne 26, Switzerland.

0008-6215/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/j.carres.2003.11.023

cules in a population, is not known with complete cer-
tainty. Present methods of analysis cannot probe the
distribution of side chains on individual arabinoxylans.
Hence the distribution of side chain residues cannot, at
present, be determined with complete certainty, since
there are believed to be various patterns even within an
arabinoxylan from a single species.” The polysacchar-
ides may also contain small amounts of xylose, galactose
or glucuronic acid as side chains, in addition to a variety
of phenolic residues. Although arabinoxylans are
generally considered to be linear molecules, static and
dynamic light scattering studies® have reported that
these polysaccharides may not be simple linear struc-
tures, but may exhibit some degree of branching. The
chemical structures of arabinoxylans are potentially
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Figure 1. Schematic depiction of the main structural features considered present within water-soluble wheat arabinoxylans. The diagram also
indicates the linkages cleaved by a variety of enzymes that are active against arabinoxylans.

heterogeneous both within a given polysaccharide and
between polysaccharides. The complexity of the molec-
ular structure will influence the interaction of xylanases
with arabinoxylans. Arabinose residues are the main
substituents along the xylan backbone and so have the
greatest influence on xylanase binding. The presence of
unsubstituted or ‘smooth’ regions (of between two and
five, or possibly more xylose residues) are thought to be
found between substituted regions that range from
highly ordered to completely random arrangement of
substitutions.”” The complexity of the interaction
means that enzymes like xylanases could provide sensi-
tive probes of the chemical structure. At present,
hydrolysing the polysaccharide and then analysing the
fragmentation patterns produced exploits this sensitivity
to chemical structure. Thus this approach can be used to
identify different patterns of side chain substitution that
are present within the ensemble of molecules. However,
this type of approach cannot distinguish features that
are characteristic of all the molecules present from those
that are only present in sub-populations of arabinoxyl-
ans. More information could be obtained if the binding
of the enzyme to the polysaccharide could be visualised.
Such an approach would require inactivation of the
enzymes.

Xylanases and arabinofuranosidases are important
enzymes that are used routinely for industrial treatment
of arabinoxylans. Xylanases (EC 3.2.1.8) belong to one
of two glycoside hydrolase families (GH10 and 11) and
their biological function (the depolymerisation of
xylans) is often exploited commercially in the pulp,
paper, food and animal feed industries.'® Arabinofur-
anosidases are a group of enzymes capable of hydroly-

sing the arabinofuranosidic linkages!''> present in

arabinoxylans (Fig. 1). The structure of many xylanases
has been elucidated!!"!7 and the molecular mechanism of
hydrolysis of the xylosidic linkage is understood in quite
specific terms.'®® The use of X-ray crystallography,
protein chemistry, enzymology and site-directed muta-
genesis® has made it possible to determine the amino
acids that play a critical role in substrate binding and
catalysis in GH10 and GH11 xylanases. Specific chem-
icals have been identified for modifying targeted amino
acids.?! N-Bromosuccinimide (NBS) oxidises trypto-
phan residues present in xylanases,”> and 1-ethyl-3-[3-
(dimethyl amino)propyljcarbodiimide (EDCI) modifies
carboxylic acid groups present at the active site of many
enzymes.?! These techniques, together with site-directed
mutagenesis (SDM), can be applied to produce chemical
and genetic mutants that bind but do not hydrolyse
arabinoxylans. The possibility of directly studying the
interaction of such mutants with arabinoxylans, by
imaging these binding events by atomic force micros-
copy (AFM), provides an important first step towards
understanding both the complex heterogencous chemi-
cal structure of arabinoxylans and its effect on enzyme
binding.

Previous AFM images of arabinoxylans®?* have
revealed stiff extended polymeric structures with a calcu-
lated Kuhn statistical segment length of 128 nm. The
majority of the polymeric structures seen were found to
be linear chains, but a small fraction was found to be
branched. For all the samples examined the relative
number of branched chains was about 15%. Branches
appeared to be randomly located on the backbones and
the likelihood of a branch occurring on a particular
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chain was shown to increase with increasing contour
length. The present paper demonstrates how AFM can
be used in combination with active and inactive enzymes
to further characterise the complex structures of indi-
vidual arabinoxylan molecules.

2. Results and discussion

As described previously? neutral sugar and methylation
analysis confirmed that the extracted polysaccharide was
a typical water-soluble wheat arabinoxylan containing
xylose and arabinose (98%), together with small
amounts (2%) of glucose, galactose and mannose.
Methylation analysis demonstrated the presence of ter-
minal xylose and (1 — 4)-linked xylose. Equal quantities
of xylose residues containing 2,3- and 3-linked arabinose
were identified. However, no detectable amounts of
purely 2-linked arabinose were found. The level of
backbone substitution with arabinose was found to be
0.55.% The estimated levels of ferulic acid, di-ferulic acid
and protein were 0.89, 0.09 and 1.8 mg g~!, respectively.
Only 5-5, 8-O-4' and 8-5 ferulic acid dimers were
detected in the alkaline extracts.?

Xylanase activity was assayed against wheat flour
arabinoxylan (Megazyme) and the amounts of reducing
sugars released were measured using the DNS assay.
The enzyme and polysaccharide were pre-incubated
before AFM imaging, which might mean that even low
levels of hydrolysis would interfere with the imaging
process.

Mutant E386A and mutant E246A from Neocalli-
mastrix patriciarium XynllA and Cellvibrio japonicus
(formerly Pseudomonas fluorescens subsp. Cellulose)
Xynl0A, respectively, in which the catalytic nucleophile
had been replaced with an alanine, and the catalytic
acid/base mutant of Xynl1A (E223A) were analysed for
catalytic activity and substrate binding (Table 1).
Enzyme activity was assayed (2h, 30°C) using wheat
flour arabinoxylan (1% w/w in 2mM ammonium
bicarbonate; Megazyme) as the substrate and the
reducing sugars released were detected using the DNS

Table 1. Characterisation of genetically modified xylanases

reagent. No enzyme activity was detectable for the
mutant Xynl1As E223A or E386A (the detection limit
using the DNS reagent was 2mUmg~!). However, the
Xynl0A mutant E246A did display detectable activity
that was 1000-fold less than the wild-type xylanase. The
binding of these enzymes to insoluble wheat arabin-
oxylan was assessed by spectrofluorimetry (Table 1).
Genetic modification of a single amino acid can alter the
interactions between amino acids present within the
protein and therefore alter the protein. This is illustrated
by the differences found in the solubility of the Xynl11A
mutants E386A and E233A. The former was found to be
soluble across the pH range used in analysis, whereas
mutant Xynl1A E223A was only soluble between pH 7
and 9. This illustrates both the importance of the pH of
the reaction and the nature of the mutant.

Preliminary AFM measurements on mixtures of ara-
binoxylans with the XynlOA mutant E246A also
revealed that extended incubation with the enzyme led
to some degree of depolymerisation, which was attrib-
uted to the low but detectable activity of the mutant
enzyme.

If enzyme binding is to be used to probe the poly-
saccharide structure it is necessary to develop method-
ologies that minimise or eliminate nonspecific binding of
enzymes to the polysaccharides. To provide further
evidence that any binding events observed by AFM were
the result of specific interactions between xylanases and
arabinoxylans control methods were developed. Test
samples (xylanase and arabinoxylans) were incubated
(overnight, 30°C) and compared with control samples
of xylanase—xanthan and arabinoxylan—polygalacturo-
nase for which there should be no enzyme activity or
specific binding. No detected increase in reducing sugars
using the DNS assay was observed following the incu-
bation of xylanase from C. japonicus with xanthan or
after incubation of polygalacturonase from Aspergillus
niger with arabinoxylans.

The contribution of nonspecific binding in the binding
assays used for the modified enzymes can be assessed
using the control samples. Possible levels of nonspe-
cific binding were investigated for polygalacturo-
nase and water-insoluble arabinoxylan mixtures by

Property pH Control Mutant Xynl0A Mutant XynllA Mutant Xynl1A
E246A E386A E223A

Activity 450 ND ND ND

(umolmin~' mg~")

Binding (%) 3 100 95 69 NP

Binding (%) 5 100 94 98 NP

Binding (%) 7 100 92 100 85

Binding (%) 9 100 93 95 65

p! 4.0 4.0 4.0 4.0

The control is the active C. japonicus Xynl0A xylanase. ND—not detected. NP—not performed due to problems with solubility of the enzyme.

Binding values are quoted as % values relative to the control.
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spectrofluorimetry. At pH7 the level of nonspecific
binding detected was < 2.2% of the total protein added.
The level of nonspecific binding was also analysed by
AFM imaging of test samples and controls. The nega-
tive controls were xylanase from C. japonicus imaged
together with the polysaccharide xanthan, and poly-
galacturonase from A. niger imaged with arabinoxylans.
The positive control imaged under identical conditions
was an active xylanase from C. japonicus imaged with
arabinoxylans. In the case of the positive control it was
found that the xylanase can completely hydrolyse the
polysaccharide, and no polysaccharide or oligosacchar-
ide fragments were observed by AFM. This indicates
that, under the conditions used to investigate modified
xylanase binding to arabinoxylans, the native xylanase
remains active and hence can bind effectively to the
arabinoxylan chains. This confirms that the experimen-
tal conditions are such that the AFM should be able to
detect specific binding of modified enzymes to arabino-
xylans.

The imaging of mutant xylanase binding events along
arabinoxylan polymers is an important step in the
analysis of xylanase binding and arabinoxylan structural
analysis. The possibility of nonspecific binding was
assessed by analysis of the AFM images obtained for the
test samples (xylanase—arabinoxylans mixtures) and the
control samples (xanthan—xylanase and polygalacturo-
nase—arabinoxylan). For the xanthan—xylanase system
this was achieved by determining the number of xylan-
ase molecules found to be associated with xanthan
polymers when imaged by AFM. Association was
defined as any xylanase molecules on top of, or next to
(i.e., within 5Snm of) the xanthan molecules. The total
area of each scanned image was determined and the
areas covered by either the xylanase or xanthan were
measured. Using this information it was possible to
determine the possibility of chance association, that is,
these different molecules occupying the same area of
mica. From these calculations it was confirmed that the
small number of xylanase molecules found associated
with the xanthan molecules could be explained purely by
chance. No accumulation of xylanase molecules induced

by the incubation process or the methods of sample
preparation or imaging was detected. Hence the sam-
pling process did not give rise to artifactual nonspecific
binding. Similarly, in the polygalacturonase—arabino-
xylan system, for all the polygalacturonase molecules
analysed, only 0.001% were observed to be associated
with arabinoxylan molecules, that is, either on or next to
(within 5nm of) arabinoxylan polymers. Again from
this analysis it appears that the preparation stages do
not introduce artifactual nonspecific binding of enzymes
to the polysaccharides. Hence it can be concluded that
the probability of observing nonspecific binding between
arabinoxylans and xylanases is very low.

AFM images of the Xyn10A mutant E246A-arabino-
xylan polymers are shown in Figure 2. The present
studies are designed to test the feasibility of imaging
inactivated enzymes bound to arabinoxylan chains and
to develop methods for analysing such binding. For
these studies it was considered sufficient to use molar
ratios of enzyme to polysaccharide that would saturate
the binding sites. The enzymes appear as round blobs
(P) attached to the extended polymer chains. The mea-
sured heights of the blobs are consistent with the heights
measured for AFM images of the individual enzymes.
Figure 3 shows a plot of calculated protein volume
against known molecular mass for proteins used in this
study. The data show that the volume or height when
compared with the values measured for the isolated
proteins can be used to confirm the identity of the object
bound to the polysaccharide. The majority of the
mutant Xynl10A E246A molecules are seen attached to
the arabinoxylan chains and very few unattached
enzymes are seen in the images. The unattached enzymes
seen in Figure 2a may have been knocked off the chains
by the AFM probe. Imaging of the XynlOA mutant
E246A binding was difficult due to the small, but
detectable, level of enzyme activity for this mutant: the
length of the chains observed in the images varied with
the preparation conditions. The images indicate that the
binding is neither regular nor periodic and a range of
different sized gaps was found between enzymes along
the arabinoxylan polymers.

Figure 2. AFM images showing the binding of mutant Xyn10A xylanases (E246A) to arabinoxylan chains. Scan size 600 x 600 nm. The enzymes (P)
are shown attached to the polysaccharide chains. In (a) there are two enzymes that have become detached from the chain. The enzymes are higher
than the polysaccharide chains and it is possible that the probe has knocked the enzymes off the chain during scanning.



E. L. Adams et al. | Carbohydrate Research 339 (2004) 579-590 583

m
- =
Qo =
(= =]
(= =]
1

900 A

700 -

600 T T :
25 30 35 40

molecular mass (KDa)

molecular volume (n
8
2

nN
o

Figure 3. Graph showing the calculated volume of proteins imaged by
AFM plotted against the molecular mass. The proteins used are a
xylanase from 7. longibraciatum (21.6kDa), a xylanase from N. pa-
triciarium (23 kDa), a polygalacturonase from A. niger (24kDa) and a
xylanase from C. japonicus (39.2kDa).

The mutant XynllA E386A was derived from a
family GHI11 enzyme, and the mutant Xynl0A E246A
was prepared from a family GH10 enzyme. Despite the
fact that members of the families 10 and 11 catalyse the
same reaction there are significant differences between
the two groups. Family 10 xylanases can attack xylosidic
linkages next to arabinose side chains and towards the
nonreducing end, and require two unsubstituted xylose
residues between side chains, whereas family 11 xylan-
ases need three unsubstituted xylose residues between
side chains.?® Therefore, since the binding of family 10
xylanases to arabinoxylans is less affected by the pres-
ence of side chains than the binding of family 11
xylanases, the pattern of binding events would be
expected to be different for the two mutant enzymes.
The AFM images (Fig. 4) obtained do, indeed, appear
to reveal different binding of mutant XynllA E386A
xylanase along the arabinoxylan polymers when com-
pared with that observed for the mutant Xyn10A E246A
xylanase. A range of different binding patterns was
detected, from areas that were unoccupied by xylanase
molecules (arrow A, Fig. 4a), to blocks of xylanase
molecules (arrow B, Fig. 4b). On initial visual exami-
nation of the images there does appear to be differences
between the binding patterns of the two enzymes. There
appears to be more clustering of the bound mutant
XynllA E386A.

Pronounced clustering of the bound enzymes may be
characteristic of a nonrandom binding pattern. How-
ever, it is difficult to draw this type of conclusion from
just visual inspection of images. Thus some form of
statistical analysis of images is important, in order to
determine if the binding sites for both types of xylanases
are randomly distributed along the arabinoxylan mole-
cules. The control experiments indicated that, in the
AFM images where xylanase molecules are seen to be
associated with arabinoxylan molecules, this represents
specific binding of the enzyme to the polysaccharide.
Figure 5 shows a plot of the frequency of occurrence of
pairs of bound mutant XynllA E386A xylanase
enzymes as a function of their nearest neighbour sepa-

Figure 4. AFM images showing the binding of mutant XynllA
xylanases (E386A) to arabinoxylan chains. Image size 600600 nm.
A indicates a region of the polysaccharide chain devoid of bound
enzymes, B shows a cluster of bound enzymes.
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Figure 5. Graph showing the probability density function of bound
enzymes with a given neighbour-neighbour separation (x) and a fitted
exponential function P(x).

ration distance along the chain. The expected distribu-
tion of binding sites on the chain will depend on the
mechanism by which the chain is produced. If it is
assumed that the creation of binding sites is a Poisson
process in which active binding sites are formed at a
constant density (1) and the creation of new sites is
independent of the formation of previous binding sites
then the probability P(x) of finding pairs of sites sepa-
rated by a distance x will be P(x) = lexp(—Aix). If the
enzyme binding monitors the distribution of binding
sites then the above equation should describe the data in
Figure 5. It is important to try to test whether the
binding sites are randomly distributed along the chains.
This is because there are suggestions that arabinosyl-
ation may be denser on some parts of the chains than on
others,>* which may indicate some association between
biosynthetic events that could influence binding of the
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probes. As can be seen the exponential function fits the
experimental data at large separations, but fails at low
separations. The data presented in Table 2 show a y?
analysis of the fit of the data to an exponential function.
Examination of z? tables confirms that the significance of
a simple exponential function describing the experimen-
tal data is only I part in 1000. This is because the enzymes
have a finite size and hence can only probe the distribu-
tion of binding sites over separations above the size of the
enzyme. A bound enzyme carries an exclusion zone that
prohibits visualisation of certain neighbouring binding
sites. In effect the experiment will produce a probability
distribution P'(x) = g(x)lexp(—4x), where g(x) is a
masking function that depends on the shape and size of
the probe enzyme. The probability function P'(x) can be
approximated by a gamma distribution of the form
P'(x) = A(I'(2)) ' (Ax)" " exp(—Jx). This is the simplest
exponential function that contains sufficient parameters
to model the cut-off at low enzyme separations. Figure 6
and Table 2 confirm that this type of distribution de-
scribes the experimental data very well. The data in
Figure 6 demonstrate that, provided the gamma distri-
bution is an adequate approximation for the masking
effect, the distribution of binding sites on the polymer
chain is random. This would suggest that there is no
significance to the bare patch of chain or cluster of en-
zymes identified in Figure 4. It emphasises the need to
analyse a large number of images rather than focus on
images showing features that, due to their unusual form
and visual impact, may attract undue attention. The
high significance found for the fit of the experimental
data to a gamma distribution (Table 2) suggests that this
function may be the correct analytical solution for P'(x).
It should be possible to calculate the analytical form of
P'(x) since, in effect, it is the probability of finding seg-
ments of length ¢ distributed along the chain. The
analysis of this problem is discussed further in the
Appendix.

A similar analysis of the binding data for the mutant
Xynl0A E246A is summarised in Table 2. The signifi-
cance of the fit to a gamma distribution is reduced. A
detailed analysis of this system is more difficult because

Table 2. x> analysis of the selective binding data from AFM

Mutant Mutant Mutant
XynllA Xynl0A XynllA
E386A E246A E386A+3h
Exponential
7 224 171 346
Significance 0.001 0.001 0.01
Gamma
Ve 19 35 12
Significance 0.98 0.60 0.50

The significance is determined by the y?> value, the number of data
points and y? tables.
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Figure 6. Graph showing the probability density function of bound
enzymes with a given neighbour-neighbour separation (x) and a fitted
gamma distribution function P'(x).

of the small residual activity of this mutant enzyme. It is
possible that the underlying binding site distribution is
random and that the deviations are due to the low level
of catalytic activity of the enzyme. The analysis pre-
sented in the appendix assumes that the population of
chains can be approximated by an infinite length chain.
The existence of finite length chains will cause a small
departure from the expected gamma function. Addi-
tional cleavage of certain binding sites will increase the
number of chain ends and will alter the observed dis-
tribution function of nearest-neighbour binding of the
probes. This may be sufficient to reduce the fit to the
gamma distribution. Further studies are required to test
this suggestion.

If the arabinoxylan is treated with an arabinofura-
nosidase then this will reduce the number of arabinose
side chains and should increase the number of xylanase
binding sites. This effect should be significant for family
11 xylanases, which require three unsubstituted xylose
residues next to an arabinose side chain.? If these new
sites are created at a constant rate then the total number
of binding sites per chain will increase but the distri-
bution of binding sites as a function of their separation
will remain the same. If, for example, the enzyme is
bound to a site on the chain and then created a series of
adjacent unsubstituted residues then the rate of creation
of binding sites would not be constant, and both the
number and the distribution of binding sites would
change. It should be possible to investigate the action of
arabinofuranosidase by examining the binding of inac-
tive xylanases to the modified arabinoxylan molecules.
Treatment of the arabinoxylan with the arabinofura-
nosidase for periods of 30 min, 1, 2 and 3 h led to pro-
gressive removal of side chains. At 3h 10% of the
arabinose had been removed. This was considered suf-
ficient for the observation of the changes in the binding
of the inactivated xylanase, but not too much to cause
aggregation of the polysaccharides. Figure 7a-d shows
the binding of the mutant XynllA E386A to an ara-
binoxylan that has been previously incubated with an
arabinofuranosidase for 3h. The images clearly dem-
onstrate the expected increase of density of binding of
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Figure 7. AFM images showing the binding of mutant XynllA
xylanases (E386A) to arabinoxylan chains that have been treated with
an arabinofuranosidase for 3 h. Scan size 600 x 600 nm.

the enzyme probes. Visually the images suggest that
there does appear to be more evidence for clustering of
these enzymes in the samples pre-treated with arabino-
furanosidase for 3 h. To test whether this corresponds to
preferential localisation of binding sites it is necessary to
statistically analyse the images. Analysis of the data
implies that the fit to a gamma distribution is less sig-
nificant than for the untreated arabinoxylan (Table 2).
This suggests that this approach can detect differences in
the distribution of binding sites on the polysaccharide
chains. Further analysis would require calculations of
the expected distribution function P'(x) based on models
for the action of the arabinofuranosidase.

The present studies demonstrate that inactivated
enzymes can be observed bound to arabinoxylan chains.
This suggests that these mutant enzymes can be used to
map and investigate the primary structure of hetero-
geneous polysaccharides. Preliminary analysis of the
binding of inactivated family GHI11 E386A xylanase
suggest that the binding sites are distributed at random
along the polysaccharide chains. Treatment of arabino-
xylans with arabinofuranosidases was found to alter the
binding of this inactivated xylanase to the polysaccha-
ride chains. The present investigation demonstrates the
feasibility of this approach. Clearly a considerable
amount of further work would be needed to develop this
approach as a routine tool for analysing modes of action
of enzymes. The calculation of the expected nearest
neighbour distribution functions for different modes of
action of enzymes is not a trivial task. In the present
experiments we have employed inactivated enzymes as

structural probes. The same approach could be used to
map the binding of other molecular probes to the
polysaccharide chains. Examples of other probes might
include lectins, antibodies or, preferably, FAB frag-
ments or peptides generated by phage display technol-
ogy with known epitopes. The experiments described
above suggest a quantitative approach for analysing
binding data. A simpler qualitative approach would be
to use the probes to identify sub-populations of mole-
cules with different structural features. There is clearly
also potential for using such probes for mapping the
location of particular polysaccharides within sectioned
plant tissue. The use of enzymes, although not inacti-
vated enzymes, as structural probes was pioneered by
Seibert et al.?’” These authors used a fluorochrome—cel-
lulase complex as a probe for cellulose in plant material.
Later studies have employed a variety of probes
including carbohydrate-binding domains, lectins and
both polyclonal and monoclonal antibodies. Microbial
enzymes from spoilage microorganisms have been
evolved to degrade the native structural elements of
plant tissue and use of inactivated clones of these
enzymes provides a new source of molecular probes.

3. Experimental methods
3.1. Preparation of enzymes

3.1.1. Modification. Modified xylanases from both
xylanase families (GH10 and GH11) were produced in
order to determine the binding distributions of these
enzymes on wheat flour arabinoxylan. Genetically
modified xylanases were generated using site-directed
mutagenesis. The catalytic nucleophile mutant Xynl10A
E246A of xylanase from C. japonicus, wild-type
Xynl0A, and XynllA mutants E386A (catalytic
nucleophilic mutant) and E223S (catalytic acid/base
mutant) from N. patriciarium were produced using the
methodology described by Gilbert and co-workers.?°
N-Terminus protein sequencing of five terminal amino
acids (carried out at the Protein Sequencing and Peptide
Synthesis Facility at John Innes Centre, Norwich, UK)
was used to confirm that the recombinant N. patricia-
rium Xylanase had been purified from the Escherichia
coli cells.

3.1.2. Purification of enzymes. Xylanase Xynl0A from
C. japonicus was purified by FPLC (Amersham Phar-
macia Biotech) using anion-exchange chromatography
(MonoQ, HR 10/10, Amersham Pharmacia Biotech).
Arabinofuranosidase from A. niger was purified by
hydrophobic interaction chromatography (HIC;
HiLoad 26/10 phenyl sepharose; Amersham Pharmacia
Biotech). One of the controls used to check that any
binding of enzymes observed by AFM was specific was
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to investigate mixtures of arabinoxylans with enzymes
known to have no activity towards arabinoxylans. The
enzyme chosen for these studies was a polygalacturonase
from A. niger (Megazyme) that was purified using
anion-exchange chromatography.

3.1.3. Characterisation of enzymes. Xylanase activity was
measured in the following manner. Arabinoxylan sam-
ples (2mgmL~") were prepared in 2mM ammonium
bicarbonate buffer and incubated with the xylanase
Xynl0A (10 ugmL~!, C. japonicus) for 15min at 30 °C.
The reaction was stopped by the addition of dinitro-
salicylic acid (DNS) reagent and the colour developed
by boiling for 5min. The absorbance was measured at
550 nm and the increase in reducing sugars was quanti-
fied using xylose or arabinose calibration curves (0—
180 pgmL~"). Arabinofuranosidase (4. niger; Mega-
zyme Inc.) activity was determined in reaction mixtures
of 0.5mL containing 10mM p-nitrophenyl-o-L-arabi-
nofuranoside (pNPA) in 50 mM sodium acetate buffer,
pH 4.0, incubated at 40 °C for 10 min. The reaction was
terminated by the addition of 0.5 mL of 100 mM sodium
tetraborate buffer. Release of free dye was measured
spectrophotometrically at 400 nm. One unit of arabin-
ofuranosidase activity was defined as the amount of
enzyme releasing 1 pmol of sugar per minute at pH 4.0 at
40 °C. For the isoelectric focussing (IEF) determination
of enzyme pl, PhastGel isoelectric gel was run in
accordance with the optimised method for an IEF 3-9
gel given in the manufacturer’s technique file no 100.

3.1.4. Binding assay. To determine the percentage of
bound enzymes over a given pH range a spectrofluori-
metry method was developed. The substrate (water-
insoluble wheat arabinoxylans WIAX, Megazyme) was
used at a concentration of 25mgmL~! with an enzyme
protein concentration at 1 mgg~' of substrate, chosen so
that the substrate would not be saturated by enzyme. The
substrate was first equilibrated at the appropriate pH by
washing with buffer until the pH of the buffer was
unaltered by WIAX: WIAX has an initial buffering
effect, and altered the pH of the buffer. In order to
overcome this problem the WIAX samples were washed
in the appropriate buffer until the pH remained constant
and the buffer was then changed approximately three
times following centrifugation (13,000g, 10 min, room
temperature). The enzyme-substrate mixture was shaken
for 30 min at 4 °C (to minimise hydrolysis), after which
the sample was centrifuged and the supernatant was
assayed for residual protein concentration by spectro-
fluorimetry (emission 350 nm, bandwidth 3 nm; excita-
tion 280nm, bandwidth 20nm) and also using a
dye-linked assay technique (Coomassie reagent). The
buffers used were sodium-phosphate-sodium-citrate
(Mcllvaines buffer) at pH3, 5 and 7 and Tris—HCI at
pH9. Bovine serum albumin was used as the standard

protein to quantify residual protein in solution. Experi-
ments were performed in triplicate. In order to assure
that these assays probed specific binding of the enzymes
two control experiments were devised. These involved
xylanases and xanthan, a polysaccharide that does not
specifically bind the enzyme, and arabinoxylans and
polygalacturonase, an enzyme that does not specifically
bind to the polysaccharide. To determine the level of any
nonspecific binding between xylanase and xanthan, a
2uL drop of xylanase (5pugmL~") was deposited onto
freshly cleaved mica sheets followed by a 2 uL. drop of
xanthan (2pugmL~"). Samples were allowed to dry at
room temperature for 10 min and imaged by AFM under
butanol using contact mode, using methods to be de-
scribed later. This approach was also used for the
imaging of arabino-xylans and polygalacturonase mix-
tures. The positive control, an active Xynl0A (C. japo-
nicus) xylanase, was used to confirm that binding and
subsequent hydrolytic activity was still present under
AFM compatible conditions, that is, binding events oc-
curred as a result of specific enzymic interaction, and not
nonspecific absorption to the mica. Mixtures of active
xylanase (5 ugmL~") and arabinoxylan (2 pgmL~") were
prepared as described above for the negative control
samples.

3.2. Preparation and characterisation of arabinoxylan
samples

The isolation and characterisation of the water-soluble
wheat arabinoxylans used in this study has been
described in a previous publication.”? The polymer was
stored as a freeze-dried powder. For atomic force
microscopy the samples were dissolved in 2mM
ammonium bicarbonate buffer at a concentration of
2mgmL~!. Protein was removed by overnight incuba-
tion with an immobilised protease.?* Neutral sugars and
glycosidic linkages were determined by methods
described in detail elsewhere.”* The ferulic acid and
di-ferulic acid contents of the arabinoxylans were estimated
by HPLC?! following saponification with NaOH (1 M,
16 h, room temperature and pressure). The total protein
content was determined by a Coomassie dye-binding
assay*? using bovine serum albumin (Sigma Aldrich) as
a standard.

3.3. Size-exclusion chromatography (SEC)

Untreated and protease treated arabinoxylan samples
were dissolved in a 2 mM ammonium bicarbonate buffer
at a concentration of 2mgmL~!. This particular buffer
concentration was found to be optimum for subsequent
atomic force microscopy measurements. Samples
(100 pL) were loaded onto a Polysep GFC P5000 col-
umn (Phenomenex, Macclesfield, Cheshire, UK), eluted
at 0.5mL min~!, and the eluant monitored using a HP-
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1047A refractive index detector (Hewlett Packard,
Bristol, UK). Fractions were collected at 1 min intervals.
Pullulan samples of molecular masses 166 x 10*, 38 x 10*,
18.6x10%, 10x10%, 4.8x10% 2.37x10% 1.22x10* and
0.58 x 10* were used as reference standards.

3.4. Atomic force microscopy (AFM)

3.4.1. Imaging of arabinoxylans. Fractions from the SEC
column were concentrated by rotary evaporation to
approximately 5ugmL~'. Samples (2pL) were drop
deposited onto freshly cleaved mica sheets. Typically
samples were allowed to stand in air for about 10 min.
The mica substrates were then placed in the liquid cell of
the AFM and imaged under redistilled butanol. Butanol
was used to reduce capillary forces (adhesion between
the tip and sample) and hence to permit imaging at
controlled, optimised applied forces, without damage or
distortion of the sample. Images were obtained using an
East Coast Scientific AFM working in the dc contact
mode. The apparatus was calibrated using etched silicon
Ultrasharp calibration gratings from NTMDT, Zele-
nograd Research Institute of Physical Problems, Mos-
cow, Russia. The grating TGXO0l1 was used for XY
calibration and the gratings TGZ01-3 used for height
calibration using step sizes of 25.5, 106 and 512 nm,
respectively. Silicon nitride cantilevers were used with a
quoted force constant of 0.38 Nm~!. Both topographic
and error signal mode images were recorded. The AFM
images are plane-fitted and renormalised by the ECS
software. Image contrast was further optimised using
Adobe Photoshop software.

3.4.2. AFM imaging of mutant xylanases and water-
soluble arabinoxylan mixtures. In order to observe
binding of xylanases to arabinoxylans AFM methods
were developed to allow the repeatable imaging of these
events. To observe binding for C. japonicus mutant
xylanase, a 2L drop of the mutant Xynl0A E246A
xylanase (5ugmL!') was first deposited onto freshly
cleaved mica and then allowed to stand in air for 10 min.
The arabinoxylan samples (2puL at 2ugmL~!) were
deposited onto the same mica and allowed to stand in
air for a further 10 min. This procedure was devised in
order to reduce the time that the enzyme was in solution
with the arabinoxylan as this enzyme was found to
possess some degree of remaining activity. To observe
the binding of the N. patriciarium mutant xylanases, a
2 uL drop of the xylanase (5 pgmL') was deposited onto
freshly cleaved mica. Then a 2 uL drop of the arabino-
xylan sample (2pgmL~') was deposited before the
sample had dried. The mica was kept wet for a 10 min
incubation period by the addition of 2mM ammonium
bicarbonate buffer. This was to allow time for the
enzyme to interact with the substrate and for binding to

occur. The sample was allowed to stand in air for
10 min.

3.4.3. AFM imaging controls. Methods for imaging the
xylanase binding to arabinoxylans were developed in
order to be able to image consistently these events. A
number of control experiments were developed in order
to demonstrate the effectiveness of the technique for
observing the specific binding of xylanases and arabino-
xylan. In order to eliminate possible artifacts due to the
substrate and the buffer solutions used ammonium
bicarbonate (2mM) was deposited onto mica and
allowed to dry for 10 min at room temperature. Samples
were then imaged under butanol by AFM. This was to
investigate the surface structure of the mica and the
purity of the buffer used. Sublimation of the buffer did
not generate any unwanted artifacts on the mica sub-
strate. The xylanase—arabinoxylan mixtures and the
control mixtures of xylanase—xanthan and polygalactu-
ronase—arabinoxylan were prepared and scanned using
identical experimental conditions.

3.5. Enzymatic treatment of arabinoxylan samples

3.5.1. Xylanase treatment. An arabinoxylan sample,
collected at 13 min from the SEC fractionation column,
was incubated with C. japonicus xylanase (25 pgmL™")
at 30°C for periods of 5 or 10min. The reaction was
stopped by ecither depositing 2 uL of the sample onto
mica (for AFM analysis), by adding DNS reagent (for
reducing sugar analysis), or by boiling for Smin (SEC
analysis).

3.5.2. Arabinofuranosidase treatment. Arabinoxylan
samples (100 pg, prepared in 2mM ammonium bicar-
bonate) were incubated with arabinofuranosidase
(37°C, pH6.0) in a final volume of 1.2mL for time
periods of 0.5, 1, 2 and 3 h. To further confirm that the
arabinofuranosidase activity was free of contaminating
xylanase activity, TMS modification of sugars was
applied. These samples were spun through a concen-
trating device (10 min, 13,000g, room temperature) with
a molecular cut-off at 3000 (Viva Science) to separate
polymers and proteins from released oligomers and
sugars. Bis-trimethylsilylimidazole (BSTFA; 100puL)
was added to each sample, prior to heating (30 min,
70°C). Samples were allowed to cool to room temper-
ature and then analysed by GC/MS. GC/MS analysis
was performed with a Hewlett Packard HP-5890 cou-
pled to a Tris-1S mass spectrometer (Micromass, UK)
operated in EI mode. A DB-1 fused-silica capillary
(B30mx0.32um film thickness, J&W Scientific) was
operated at a helium carrier gas flow rate of ] mL min~'.
The samples were injected at a temperature of 250 °C
into the split injector 40:1. The GC was temperature
programmed to run from 120 to 180°C at 1°C min™!
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and then 180 to 230°C at 2°Cmin~!. EI mass spectra
were obtained in the range m/z 50-800 every 1.0's using
a source temperature of 200 °C and an ionisation voltage
of 70eV. The quantification of the amount of arabinose
released was determined from the peak area at
20.80 min, following the comparison of this peak frag-
ments with an MS library of sugar fragments produced
following TMS modification of the sugars.

3.6. Analytical methods of AFM images

To determine the distribution of enzyme binding along
the arabinoxylan molecules analytical methods were
developed. These methods were applied to both test and
control samples imaged by AFM.

3.6.1. Analysis of arabinoxylan polymers imaged by
AFM. The images were assessed using Image tool
(Uthscsa). Measurements were taken of the distances
between binding events along the arabinoxylan chains.
The molecular size (heights) of the molecules bound to
the chains was used to confirm the identity of the bound
protein molecules.

3.6.2. Analysis of isolated enzymes by AFM. This anal-
ysis was developed from methods proposed by Schnei-
der et al.* in order to confirm that the molecules found
to be bound to the arabinoxylan were indeed the pro-
teins of interest. Enzymes were imaged alone at a con-
centration that produced an even coverage of discrete
enzyme molecules on the mica (approximately
5pugmL~"). Multiple cross-sections of the individual
proteins were measured to establish the mean diameters
and heights of each single protein. During scanning
the tip will partially compress the enzymes reducing the
expected height values and altering the shape of the
enzymes. In addition the measured radii will be broad-
ened by an amount that depends on the geometry of the
scanning tips. If the scanning tip can be approximated
by a hemisphere of radius R then, if the maximum
measured broadened radius of the molecules is w, the
true molecular radius will be » = w?/16R. The Schneider
et al.’s approach™ suggests calculating the molar volume
by approximating the enzymes as segments of a sphere
of volume V = (h/6)(3r* + h?). These calculated vol-
umes are plotted as a function of the known molecular
masses of the xylanases used in the present study in
Figure 3. The volume and hence the measured height of
the proteins was found to increase with increasing
molecular mass. Although this approach is approximate
it was found that height or volume measurements were
sufficient to identify molecules bound to arabinoxylans,
based on the dimensions of the isolated proteins when
imaged on mica.

Appendix. Irreversible adsorption on a disordered 1D
lattice

For a Poisson process a set of active binding sites will
be distributed along an infinite line with constant den-
sity A.

The nearest neighbour site separations will have an
exponential distribution:

P(x) = Exp(4) = Je™™ = Gamma(1, ) (1)

where = A" and Gamma represents a Gamma distri-
bution

Gamma(a, f) = p~*x*'e™/# /() (2)

In the case of irreversible, saturated, adsorption at the
active sites the adsorption positions will reveal the
exponential distribution of nearest neighbour site sepa-
rations.

However, the exponential distribution includes a finite
weight at infinitesimal site separations. Therefore this
model will include some un-physical adsorbed configu-
rations.

For sequential progression along the line, with adsorp-
tion only occurring at non-adjacent sites (this approxi-
mation neglects configurations, which arise in random
adsorption processes, where two unoccupied sites are
trapped between two occupied sites), the spatial distri-
bution of the adsorbed species will follow the distribu-
tion of the doublet lengths of the lattice:

P(z:x1 +XZ)

= / / ie’b“/le’i"zé(z — X — )Cz) dx; dx,
0 0
= Gamma(2, f) (3)

Since Gamma(oy, f) + Gamma(oa, f) = Gamma(oy + o, ff)
this result may be generalised so that a series of gamma
distributions, Gamma(3, ), Gamma(4,[5) etc., describe
triplet, quadrouplet etc. lengths on the lattice.

However, in turn, this approximation allows an
adsorption event to shield a neighbouring site from fu-
ture events, even when the sites are well separated. More
accurately, one may consider an inactivated region, of
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size 0, surrounding each adsorption site. In this case the
distribution of separations for the adsorbed species will
be a combination of singlet, doublet, triplet etc. sepa-
rations. Thus, again working sequentially along the line,

P(separation of adsorption events = x > 0)
= P(singlet separation = x) + P(doublet separation
= x Nsinglet separation < o) + P(triplet separation
= x Ndoublet separation < §) + ...

The terms on the right hand side of this expression can
be written as integrals:

P(n — tuplet separation

=xN(n— 1) — tuplet separation < J)
o
= / P(singlet separation =x —¢N(n—1)
0

— tuplet separation = ¢)de

o B e—(x—e)/p [)1*(”*1)81172e—x//f
o Jo I r(n—1)

= MGamma(l,ﬁ) n>1

I(n)

where the independence of individual lattice separations
and the Gamma distribution representation for n-tuplet
distances has been used. It is straight forward to sum
these terms so that the probability distribution for sep-
arations of a given d, P'(x|6), will be a shifted expo-
nential distribution:

de

P (x0) = P Gamma(1,B) x> ¢

Without details of the prior distribution, P(d), of the
inactivation lengths it is not possible to establish the full
marginal (observed) distribution of adsorption separa-
tions, P'(x). From the above equation it is clear that, at
large separations, P'(x) will decay as e /. If, addition-
ally, one assumes that é has a narrow distribution cen-
tred on its mean value, (), it is reasonable to assume
that P'(x) can be approximated by a single Gamma
distribution, with scale f, that is equi-modal with

P'(x[(6)):
P (x) ~ Gamma(1 + (3)/B, B)

Random sequential adsorption, i.e. not arranged
sequentially along the line, will lead to configurations
that are more complex than those described above.
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