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We made use of EXLX1, an expansin from Bacillus subtilis, to
investigate protein features essential for its plant cell wall bind-
ing and wall loosening activities. We found that the two expan-
sin domains, D1 and D2, need to be linked for wall extension
activity and that D2 mediates EXLX1 binding to whole cell walls
and to cellulose via distinct residues on the D2 surface. Binding
to cellulose is mediated by three aromatic residues arranged lin-
early on the putative binding surface that spans D1 and D2.
Mutation of these three residues to alanine eliminated cellulose
binding and concomitantly eliminated wall loosening activity
measured either by cell wall extension or by weakening of filter
paper but hardly affected binding to whole cell walls, which is
mediated by basic residues located on other D2 surfaces. Muta-
tion of these basic residues to glutamine reduced cell wall bind-
ing but not wall loosening activities. We propose domain D2 as
the founding member of a new carbohydrate binding module
family, CBM63, but its function in expansin activity apparently
goes beyond simply anchoring D1 to the wall. Several polar res-
idues on the putative binding surface of domain D1 are also
important for activity, most notably Asp82, whose mutation to
alanine or asparagine completely eliminated wall loosening
activity. The functional insights based on this bacterial expansin
may be extrapolated to the interactions of plant expansins with
cell walls.

Expansins were discovered in the 1990s as proteins that
induce extension and stress relaxation of plant cell walls at low
pH (1). Their biological functions have meanwhile been
extended by numerous molecular, genomic, and genetic studies
implicating them in diverse physiological and developmental
processes, including cell enlargement, fruit softening, pollina-
tion, leaf abscission, and leaf primordium emergence (2-15).
Two expansin families, named a-expansin and 3-expansin, are
found in all groups of land plants (16, 17) and evidently have
different targets in the plant cell wall (1, 18).

The action of expansin on the cell wall is not yet under-
stood in molecular detail. The leading hypothesis is that it
loosens plant cell walls by disrupting the noncovalent bind-
ing of matrix polysaccharides to cellulose (19 -21), resulting
in physical effects, such as polymer creep and stress relax-
ation of extended (stretched) cell walls (20, 22). The crystal
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structures of two B-expansins have been solved (Protein
Data Bank codes 2HCZ and 1N10), showing them to consist
of two compact domains, D1 and D2, tightly packed onto
each other with an open, highly conserved surface spanning
the two domains. This putative polysaccharide binding sur-
face (PPBS)? is lined with aromatic and polar residues suita-
ble for polysaccharide binding (19). The functions of the two
domains and of specific PPBS residues have not yet been
tested experimentally because heterologous expression of
plant expansins has proved difficult, thus limiting detailed
structure-function analysis.

Opening a potential route around this impasse, a Bacillus
subtilis protein, named YOA] or EXLX1, was found to possess
structural features and wall extension activities characteristic
of plant expansins (21). Related proteins are found in phyloge-
netically diverse bacteria that infect plants and cause vascular
wilt disease. Gene knock-out studies indicate that these “bacte-
rial expansins” promote plant infection or root surface coloni-
zation by bacteria, possibly by modifying plant cell walls
(21, 23).

Similar to plant expansins, EXLX1 has a mass of 23 kDa and
consists of two compact domains, D1 and D2, connected by a
4-amino acid linker and packed closely against each other.
Domain D1 forms a six-stranded double-is B-barrel with high
structural similarity to D1 of plant expansins, much lower sim-
ilarity to GH-45 glycoside hydrolases, and even more distant
similarity to GH-102 peptidoglycan lytic transglycosylases (21).
Aspartic acid residue Asp-82 in EXLX1 corresponds to an
aspartic acid residue in the catalytic sites of GH-45 and GH-102
enzymes, but other residues essential for these catalytic activi-
ties are missing in EXLX1 as well as in plant expansins. Con-
sistent with this structure, no bona fide lytic activity has been
detected in EXLX1 or other expansins (19-21, 24). Domain
D2 in EXLX1 is structurally related to domain D2 of plant
expansins, forming an Ig-like B-sandwich. An open, nearly pla-
nar PPBS, ~50 A long, spans the two EXLX1 domains, formed
by Asp-82 and other polar residues in domain D1 and by three
aromatic residues (Trp-125, Trp-126, and Tyr-157) in D2
(21).

In this study, we exploited the ease of EXLX1 expression in
Escherichia coli to create protein variants to assess the roles of
the two domains for plant cell wall loosening and binding activ-
ities. Additionally, we modified conserved residues on the PPBS
to assess their importance for wall loosening and binding activ-
ities with results that may be extrapolated to plant expansin
function.

3 The abbreviations used are: PPBS, putative polysaccharide binding surface;
CBM, carbohydrate binding module; CDTA, 1,2-cyclohexylenedinitrilotet-
raacetic acid.
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EXPERIMENTAL PROCEDURES

Polysaccharides—Avicel (FMC BioPolymer, PH-101), fibrous
cotton fibers (Sigma, C-6288) and filter paper (Whatman No. 3
and VWR 413) were used as cellulose substrates. Phosphoric
acid-swollen cotton fibers and phosphoric acid-swollen Avicel
were prepared as described (25). Insoluble arabinoxylan from
wheat flour was purchased from Megazyme (lot number
20301).

Plant Materials—Wheat coleoptiles (Triticum aestivum L.
cv. Pennmore) were prepared as described (26). Fresh celery
(Apium graveolens) was purchased from a local market. Paren-
chyma strips (10 X 1.5 X 0.5 mm) for wall extension assays were
prepared from the apical 5-cm region of the inner five to six
petioles.

Wheat coleoptile cell walls were prepared by an adapted pro-
tocol (27, 28). Five grams of wheat coleoptiles (1-1.5 cm long,
abraded) were ground to fine powder in liquid N, and washed
five times with 50 ml of 1 M NaCl at 4 °C for 2 h by inversion.
The residues (mostly cell walls) were vacuum-dried for 2 h and
stored at room temperature. For binding studies, cell walls were
resuspended in 25 mm HEPES, pH 7.5. For sequential extrac-
tions, cell walls were first resuspended by inversion in 50 ml of
50 mm CDTA in 20 muM potassium phosphate, pH 7 overnight at
room temperature and washed five times with deionized H,O
for 1 h. CDTA was used to solubilize pectins. The wall residues
were then resuspended in 50 ml of 0.1 M KOH + 0.3% NaBH,,
inverted overnight at room temperature to solubilize loosely
bound hemicelluloses, and then washed five times with deion-
ized H,O for 1 h. Finally, to solubilize tightly bound hemicellu-
loses, residues were resuspended in 50 ml of 4 M KOH + 4%
H,BO, + 0.5% NaBH,, inverted overnight at room tempera-
ture, and washed five times with deionized H,O for 1 h. NaN; (3
mm) was included in steps longer than 2 h to prevent microbial
growth.

Bacterial Materials—Gluconacetobacter xylinus was grown
as described (29). In brief, G. xylinus cultures were grown in
Hestrin-Schramm medium (30) with 2% (w/v) glucose at 30 °C
for 72 h under static conditions. Cellulose pellicles were exten-
sively washed with deionized H,O and stored in 3 mm NaNj at
4 °C. Pellicle strips (10 X 0.5 X 0.5 mm) were prepared for
extension assays.

Cloning and Expression of Wild Type EXLX1 and EXLX1
Variants—EXLX1 was amplified from B. subtilis genomic DNA
by PCR using 5'-GGTTCCATGGCATATGACGACCTGCA-
TGAAGG-3"and 5'-CAGCTCGAGTTATTCAGGAAACTG-
AAC-3' as primers. Subsequently, EXLX1 was cloned between
Ncol and Xhol sites of pET22b (Novagen). The original signal
peptide of EXLX1 was substituted with pelB, and a methionine
was added at the N terminus of the mature EXLX1. D1 and D2
domains were amplified by PCR using primers 5'-GCAGCAT-
ATGGACGACCTGCATG-3' and 5'-CAGCTCGAGTTAGA-
CAACACGCCATTTAAT-3' and primers 5'-CAGCATATG-
AATTTCACGTACCGGATC-3" and 5'-CAGCTCGAGTTA-
TTCAGGAAACTGAAC-3', respectively. D1 and D2 were
cloned into pET22b between the Ndel and Xhol sites. EXLX1
variants were generated by site-directed mutagenesis (Stratagene
QuikChange kit). The primers used to generate EXLX1 variants
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for structure-function analysis are listed in supplemental Table
S1. All modifications were confirmed by sequencing.

EXLX1 and variants were expressed in E. coli strain BL21
(DE3-pLys). Cultures were grown to Ay, = 0.6 at 37 °C and
then induced with 0.1 mwm isopropyl 1-thio-3-p-galactopyrano-
side for 4 h at room temperature.

Protein Purification—Wild type EXLX1 and all EXLX1 vari-
ants (except D1) were purified as described (21) except that 50
mM HEPES, pH 7.5 was used instead of 50 mm Tris-HCI, pH 8.0.
The purity of 10-ug samples was visualized by 10% SDS-PAGE
(15% for domains D1 and D2) and staining with Coomassie
Brilliant Blue R-250.

Domain DI Purification—The cell pellet from a 1-liter cul-
ture was resuspended in 40 ml of buffer containing 50 mm
HEPES, pH 7.5, 5 mm DTT, 1% CHAPS, 1 mm EDTA, and '
pellet of protease inhibitors (SIGMAFAST, Sigma-Aldrich).
Proteins were precipitated by addition of 24 ml of 3.5 M ammo-
nium sulfate, mixed at 4 °C for 15 min, and then centrifuged at
18,000 X g for 15 min. The pellet was resuspended in 25 mm
HEPES, pH 7.5 to a final volume of 2.5 ml and desalted on a
PD-10 desalting column (GE Healthcare). The sample was fil-
tered through a 0.2-um Whatman GD/X polyether sulfone
(PES) filter and loaded onto a HiPrep Sephacryl S-100 column
(GE Healthcare) using 25 mm HEPES, pH 7.5 + 0.15 M NaCl as
the mobile phase at a flow rate of 0.5 ml/min. The purified
protein was desalted and concentrated with an Amicon 10-kDa
filter (Millipore). In contrast to EXLX1 and D2, D1 precipitated
when stored at 4 °C for more than 3 days. Therefore, D1 was
stored at —80 °C until use.

Binding Assays—Binding of EXLX1 and variants to cellulose,
insoluble arabinoxylans, and wheat coleoptile cell walls, includ-
ing sequentially extracted cell walls, was analyzed by depletion
isotherms. In brief, variable amounts of EXLX1 were added to
buffer containing a fixed amount of binding substrate. The mix-
ture was shaken on a Thermomixer R (Eppendorf) set at 1100
rpm and 25 °C until equilibrium was reached (1 h). The samples
were centrifuged at 14,000 X g for 10 min to pellet the binding
substrate. Protein in the supernatant was quantified by the
Bradford assay (Pierce) using BSA for calibration. Soluble pro-
tein was subtracted from the protein initially added to obtain
the protein bound to the insoluble polysaccharides. Dissocia-
tion constants (K,;) and binding capacities were calculated by
fitting the data to a single site Langmuir isotherm with Origin 7
(OriginLab).

Wall Extension Assays with Various Substrates—Wheat
coleoptiles, celery, and G. xylinus strips were clamped in a con-
stant force extensometer at 25-, 12.5-, and 20-g force, respec-
tively, in 25 mm HEPES, pH 7.5. Specimen length was recorded
at 30-s intervals before and after addition of wild type EXLX1 or
EXLX1 variants as described (1, 18). To weaken wheat coleop-
tiles, the specimen was incubated in 70 mm NaOH for 20 min,
washed extensively with deionized H,O, and finally incubated
in 25 mMm HEPES, pH 7.5 or other buffer as indicated in the text.

Circular Dichroism (CD) Spectra—Proteins were dialyzed
extensively against 5 mM sodium phosphate, pH 7.0. CD spectra
of EXLX1 and variants were collected on a Jasco 810 spectro-
polarimeter from 190 to 240 nm with a step of 1.0 nm and a 2-s
averaging time. Four replicates per EXLX1 variant were aver-
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aged. After subtraction of buffer spectra, CD spectra were
smoothed by the means-movement method and analyzed using
the DichroWeb on-line server (31, 32). The CONTINLL pro-
gram was used to deconvolute CD spectra using SP175 as a
reference data set (33—35). The secondary structure of EXLX1
and variants was compared with the actual secondary structure
of EXLX1 as determined from Protein Data Bank code 3D30
structure (21).

Paper Strength Determination—Whatman filter paper No. 3
was cut into 10 X 1.5-mm strips. Ten strips were incubated
with 120 ug/ml EXLX1 and variants in 1 ml of 25 mm HEPES,
pH 7.5. The samples were gently inverted for 4 h at 25 °C. Strips
were clamped onto an extensometer and extended at 1.5
mm/min until breakage. The force at the point of breakage was
recorded.

Labeling EXLX1 with Alexa Fluor and Staining of Cellulose
and Cell Wall—Amino acid residue Asp-96 in EXLX1 was
changed to a cysteine to enable the protein to be labeled
with Alexa Fluor 488 C,-maleimide (Invitrogen). The change
was introduced by site-directed mutagenesis (Stratagene
QuikChange kit) with 5'-CGGCAATATGAAATGCGGAAA-
AATCAATATTAAATG-3' and 5'-CATTTAATATTGATT-
TTTCCGCATTTCATATTGCCG-3' as primers. Asp-96 is
located in domain D1, but it is not part of the PPBS. D96C (92
uM) was incubated in 1.2 ml of 50 mm HEPES, pH 7.5, 1 mm
tris(2-carboxyethyl)phosphine, and 1 mm Alexa Fluor 488 for
2 h at room temperature in the dark. Alexa Fluor 488-labeled
D96C was separated on a PD-10 desalting column (GE Health-
care) three times to remove all traces of free Alexa Fluor 488.
Labeled protein was concentrated in 25 mm HEPES, pH 7.5 on
an Amicon 10-kDa filter. Labeled protein (5 ug/ml) was incu-
bated with 10 mg/ml Avicel or 0.5 mg/ml fresh wheat coleoptile
cross-sections in 0.3 ml of 25 mm HEPES, pH 7.5 for 1 h on
a Thermomixer R (Eppendorf) set at 1100 rpm and 25 °C.
Labeled samples were washed five times with 1 ml of 25 mm
HEPES, pH 7.5 for 1 h with shaking, mounted onto glass slides,
and viewed on a Zeiss Axioplan fluorescence microscope with a
GFP filter set.

Protein Alignment—Protein alignment was done by using the
MUSCLE server (36). Sequence logos were generated by
WebLogo server (37).

Protein Models—Protein structures were visualized with
University of California San Francisco Chimera software (38).

RESULTS

Optimizing Wall Loosening Assays for EXLX1 Structure-
Function Analysis—Wall loosening by expansins may be mea-
sured by clamping cell wall specimens in a constant force exten-
someter and measuring the rate of wall extension before and
after addition of expansin (1, 18). Because EXLX1 exhibits rel-
atively low specific activity in such “creep assays” compared
with plant expansins (21), we first sought to increase its activity
for our structure-function analysis. To that end, we tested walls
of differing composition, including cell walls from wheat
coleoptiles and celery parenchyma as well as cellulose pellicles
from G. xylinus. EXLX1 induced wall creep with all these mate-
rials (supplemental Fig. S1, A—C), but activity was weak, vari-
able, or both. The best results were obtained with wheat coleop-
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FIGURE 1. Characterization of EXLX1 wall extension activity (creep) with
alkali-pretreated wheat coleoptiles. A, concentration dependence. B, pH
dependence using 150 pg/ml EXLX1. The buffers used to stabilize the pH
were 25 mM NaOAc, pH 4.5; 25 mm NaOAc, pH 5.5; 25 mm HEPES, pH 7.5; 25 mm
Tris, pH 9.5; 25 mm borate, pH 10.5; 25 mm borate, pH 11.5; 25 mm sodium
phosphate buffer, pH 10.5; and 25 mm sodium phosphate buffer, pH 11.5.
Error bars indicate S.E. (4 = n = 20).

tile walls pretreated briefly with 70 mm NaOH, which increased
EXLX1 response ~5-fold (supplemental Fig. S1, A and D).
Additionally, this pretreatment reduced sample-to-sample var-
iability. The sensitivity and reproducibility gained by this pre-
treatment made structure-function analysis of EXLX1 feasible.

The rate of wall extension depended on EXLX1 concentra-
tion, increasing steeply in the 0—25 ug/ml range and approach-
ing saturation at concentrations >50 ug/ml (Fig. 14). At >200
png/ml, the wall samples tended to break after a short time,
making accurate estimation of the maximum rate of wall exten-
sion difficult. For our analysis (below), EXLX1 variants were
routinely tested for activity at 30 ug/ml. Higher protein
amounts were used for EXLX1 variants with little or no activity.

EXLX1 induced cell wall creep at pH values from 5.5 to 9.5
(Fig. 1B); at pH = 4.5, the activity was very low, whereas at lower
pH values, EXLX1 precipitated. Activity was reduced at pH 10.5
and was not detected at pH 11.5. Two different buffers were
tested at pH 10.5 and 11.5 with similar results, reducing the
possibility of buffer-specific inhibition. Based on these results,
the activity of EXLX1 variants was routinely assayed in 25 mm
HEPES, pH 7.5.

In addition to these wall creep assays, we tested the ability of
EXLX1 to weaken Whatman filter paper (a network of pure
cellulose) by extending uniform strips under increasing force
until they broke (39). Preincubation of strips with EXLX1
reduced the breakage force by 20% compared with preincu-
bation with buffer (Fig. 2A4). Although this effect was repro-
ducible, it was not sensitive enough to be used alone for
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FIGURE 2. Filter paper weakening activity of EXLX1 and selected EXLX1
variants. Activities of wild type EXLX1 (A) and selected EXLX1 variants (B)
were tested at a concentration of 120 wg/ml. Equimolar amounts of lysozyme
and BSA were used as negative controls. HEPES (25 mm), pH 7.5 was used as
buffer control. Error bars indicate S.E. (8 = n = 10). Double and Triple variants
correspond to W125A/W126A and W125A/W126A/Y157A, respectively. *
denotes p = 0.05 (two-tailed t test).

Creep activity (um/min)
S = N W A U1 &N X

EXLX1 D1 D2 D1+D2

FIGURE 3. Creep activity of domains D1 and D2 and full-length EXLX1.
Domain D1 (100 wg/ml), domain D2 (100 wg/ml), a mixture of D1 and D2 (100
ng/mleach), and full-length EXLX1 (200 wg/ml) were tested for creep activity
with alkali-pretreated wheat coleoptiles. Error bars indicate S.E. (4 = n = 8).

structure-function analysis of EXLX1. Instead, we used it as
a supplemental assay to test EXLX1 variants with little or no
cell wall extension activity.

Production and Purification of EXLX1 Variants—We
designed protein variants consisting of single domains or full-
length proteins with specific PPBS residues modified by site-
directed mutagenesis. EXLX1 variants were expressed in E. coli,
purified by cation exchange chromatography, and tested for
wall loosening activities or for wall binding. Protein purity was
evaluated by SDS-PAGE (supplemental Fig. S2). The secondary
structure of EXLX1 variants, including single domain variants,
was assessed by circular dichroism spectra to ensure that the
proteins were not denatured or seriously misfolded (supple-
mental Table S2).

Roles of Domains D1 and D2—To test the hypothesis that
wall loosening activity is mediated solely by one of the domains,
each EXLX1 domain was expressed as described above and
tested for wall creep activity. No activity was detected for either
domain at concentrations as high as 100 ug/ml (Fig. 3). On a
molar basis, this concentration is ~26-fold higher than an
EXLX1 concentration of 7.5 ug/ml, which induced a substan-
tial creep response (Fig. 1A). Likewise, a mixture of D1 and D2
together did not result in activity (Fig. 3). These results indicate
that D1 and D2 by themselves have negligible wall extension

MAY 13,2011-VOLUME 286+-NUMBER 19
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FIGURE 4. Location of key EXLX1 amino acid residues modified by site-
directed mutagenesis.

activity and need to be connected for effective wall extension
activity.

D1 Residues Needed for Wall Extension Activity—Thr-12 and
Asp-82 in domain D1 (shown in Fig. 4) are absolutely conserved
among expansins as well as in some distantly related enzymes
(19, 21). Despite its strict conservation, Thr-12 was not essen-
tial for activity because the T12A variant exhibited ~70% wall
extension activity compared with wild type EXLX1 (Fig. 54).
Therefore, the role of Thr-12 may be subtle or not related to
wall loosening. In contrast, neither D82A nor D82N showed
detectable creep activity even at 200 wg/ml (Fig. 5A4), whereas
the D82E variant had 30% activity compared with wild type
EXLX1 (Fig. 5A). These results suggest that the carboxyl group
of Asp-82 is crucial for wall extension activity.

We also mutated other residues near Asp-82 that are part of
the PPBS on the D1 domain (Thr-14, Ser-16, Asp-71, Tyr-73,
Glu-75, Lys-95, and Lys-98) (Fig. 54). D71A showed greatly
reduced activity, whereas D71N had moderate activity (~50%)
compared with wild type EXLX1 (Fig. 5A4). Thus, the carboxyl
group at Asp-71 is important but not essential for wall creep
activity. Y73A activity was severely reduced, whereas a more
conservative substitution, Y73F, gave good activity (Fig. 54),
suggesting that the aromatic ring of Tyr-73, but not its hydroxyl
group, is important for activity. The roles of Thr-14 and Ser-16
were studied by altering them to alanine. Thr-14 is close to
Asp-82 (3.6 A) and could form H-bonds with Asp-82 or with a
polysaccharide ligand. Indeed, T14A showed an ~60% reduc-
tion in activity compared with wild type (Fig. 54). SI6A was
only moderately reduced in activity (39%; Fig. 5A). Likewise,
E75A and E75Q activities were reduced by 30-35% (Fig. 5A4),
indicating that Glu-75 plays a moderate role in wall creep activ-
ity. Finally, alanine substitutions of Lys-95 and Lys-98 (Fig. 4)
did not affect activity. Collectively, these results show that
many residues on the conserved D1 surface contribute to activ-
ity with mutation of Asp-82 resulting in complete loss of activ-
ity, whereas mutations of other residues resulted in reduced
activity.

D2 Residues Needed for Wall Extension Activity—Because
Lys-119 along with the aromatic amino acids Trp-125, Trp-126,
and Tyr-157 are part of the PPBS spanning D1 and D2, their
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FIGURE 5. Creep activity of EXLX1 variants. A, creep activity of amino acid variants in domain D1 relative to wild type EXLX1. B, creep activity of amino acid
variants in domain D2 relative to wild type EXLX1. Alkali-pretreated wheat coleoptiles were used as substrate. When activity was tested at 200 instead of 30
mg/ml, the number 200 appears next to the name of the EXLX1 variant. Error bars indicate S.E. (4 = n =< 24). * denotes p = 0.05 (two-tailed t test).

importance for wall creep activity was tested by mutagenesis.
K119A, W125A, W126A, and Y157A variants showed reduced
activity by ~50, ~25, ~35, and ~65%, respectively, compared
with wild type EXLX1 (Fig. 5B). The double change in W125A/
W126A almost entirely eliminated activity at 30 ug/ml and led
to ~80% less activity at 200 ug/ml compared with wild type
(Fig. 5B). The triple variant W125A/W126A/Y157A had no
activity at 200 ug/ml (Fig. 5B). The results indicate that these
residues on the conserved D2 surface are important for EXLX1
creep activity.

Activity of EXLX1 Variants on Pure Cellulose—Domain D1 or
D2 alone did not weaken paper (Fig. 2B) in agreement with the
corresponding cell wall creep results. Likewise, the inactive
variants D71A, D82A, and Y73A did not weaken filter paper
(Fig. 2B). In contrast, the activities of the variants W125A,
W126A, and Y157A were indistinguishable from wild type
EXLX1 (Fig. 2B). One possibility is that these aromatic residues
are not important for activity against cellulose. Another possi-
bility is that the paper strength assay is not sensitive enough to
distinguish wild type EXLX1 from these moderately inferior
variants. The second possibility is more likely because W125A/
W126A and W125A/W126A/Y157A variants were much less
competent than wild type EXLX1 in weakening filter paper
(Fig. 2B).

These results indicate that the PPBS, defined by Asp-71, Tyr-
73, and Asp-82 in domain D1 and by Trp-125, Trp-126, and
Tyr-157 in domain D2, is crucial for activity with pure cellulose.
Additionally, D1 and D2 need to be connected for weakening
paper. Thus, there is a good correspondence in the results of the
wall creep assay and paper strength assay, implicating cellulose
as a key target in both assays.
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Protein Features Important for Wall Binding—To identify
the potential targets of EXLX1, the binding of EXLX1 variants
to plant cell walls and to selective wall components was studied
and compared with wall creep activity. We first analyzed the
binding of wild type EXLX1 to cell walls. Binding was consistent
with a single binding site in a Langmuir isotherm model with an
affinity for EXLX1 of K, = 1.4 um and a binding capacity of
B, ax = 20.6 umol/g of cell wall (Table 1 and Fig. 6A4). Binding
was also visualized with EXLX1 fluorescently labeled with
Alexa Fluor 488 (Fig. 7, A and B). Binding to wheat coleoptile
cross-sections was seen in all cell walls but most abundantly at
cell corners flanking the intercellular spaces, a pattern similar
to homogalacturonan labeling (40), suggesting binding of
EXLX1 to pectin. Because EXLX1 is a basic protein (pI = 9.3),
electrostatic binding to pectin may be expected. Supporting
this idea, inclusion of 10 mm CaCl, in the binding assay elimi-
nated >90% of the binding to whole cell walls (Fig. 6B). Pre-
treatment of cell walls with 70 mm NaOH, used in the creep
assay, did not affect EXLX1 binding (supplemental Fig. S3A).

To identify the major binding target of EXLX1, we measured
its binding to walls that were sequentially extracted to remove
pectins and hemicelluloses. The results indicate that EXL.X1
binds predominantly to pectins and hemicelluloses (Fig. 6D).
As a further test, we measured EXLX1 binding to insoluble
arabinoxylan from wheat flour, which is similar to glucurono-
arabinoxylan, the dominant hemicellulose in grass coleoptiles
(28). EXLX1 bound with an affinity of K, = 4.7 um and a bind-
ing capacity of B, ,, = 3.3 wmol/g of insoluble arabinoxylan
(Table 1). This binding is also mediated by polar or electrostatic
forces because inclusion of 10 mm CaCl, during the binding
assay eliminated binding (supplemental Fig. S3B). Collectively,
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TABLE 1
Characterization of binding of EXLX1 variants to Avicel, wheat coleop-
tile cell walls, and insoluble arabinoxylan

HEPES (25 mm), pH 7.5 was used as a buffer. Values shown are mean * S.E. (5 =
n = 10).

Substrate B, K,
wmol/g substrate M
Avicel
Wild type 0.34 + 0.03 2.12 *0.51
D1 “ “
D2 0.32 = 0.02 223 +0.42
K119A 0.26 £ 0.02 3.53 £1.02
W125A 0.14 + 0.03 572 +1.21
W126A 0.15 = 0.03 4.62 + 1.58
Y157A 0.25 = 0.03 5.61 = 1.53
W125/W126A 0.13 + 0.03 10.54 * 2.61
W125/W126A/Y157A 0.10 = 0.03 9.95 + 2.73
K171Q/K188Q 0.29 £ 0.02 1.99 = 0.28
R173Q/K180Q/K183Q 0.29 + 0.02 3.48 + 0.59
‘Wheat coleoptile cell walls
Wild type 20.6 = 0.8 1.41 £ 0.22
D1 a a
D2 30.1+1.8 1.79 £0.18
K119A 135=*1 443 +0.92
W125/W126A/Y157A 191 = 1.6 3.19 £0.77
K171Q 13.3 £3.2 4.91 =225
K188Q 16.7 = 1.5 6.47 + 1.24
K171Q/K188Q “ “
R173Q/K180Q/K183Q “ “
K145Q/K171Q/K188Q e e
Insoluble arabinoxylan
Wild type 33*04 4.72 £ 1.61
R173Q/K180Q/K183Q “ “
K145Q/K171Q/K188Q e e

“Too low to determine accurately.

our results indicate that EXLX1 binds primarily to the matrix
polysaccharides of wheat coleoptile cell walls through electro-
static or polar forces.

EXLX1I Binding to Cellulose—Because EXLX1 induced creep
of G. xylinus pellicle strips and weakened filter paper (both
consisting of pure cellulose networks), EXLX1 binding to cel-
lulose was studied. EXLX1 bound to several forms of cellulose,
including cotton fibers, phosphoric acid-swollen fibrous cotton
fibers, Avicel, phosphoric acid-swollen Avicel, and filter paper
(supplemental Fig. S3C). EXLX1 binding to Avicel was consis-
tent with a single binding site having an affinity of K, = 2.1 um for
EXLX1 and a binding capacity of B,,,, = 0.34 umol/g of cellu-
lose (Fig. 6E and Table 1). Binding was qualitatively confirmed
by Alexa Fluor 488-labeled EXLX1, which bound to Avicel in a
diffuse pattern (Fig. 7, C and D). In contrast to the largely elec-
trostatic binding of EXLX1 to pectins and hemicelluloses,
much of EXLX1 binding to Avicel is through hydrophobic
forces as evidenced by the relatively modest reduction of bind-
ing to Avicel by CaCl, addition (Fig. 6C).

It is notable that the binding capacity of Avicel for EXLX1
(0.34 wmol/g) is 10- and 60-fold lower than the binding capac-
ities of wheat arabinoxylan (3.3 wmol/g) and wheat coleoptile
cell walls (20.6 wmol/g), respectively. Thus, EXLX1 binding to
the cellulosic portion of wheat coleoptile cell walls might be
difficult to detect because total binding is dominated by EXLX1
binding to matrix polysaccharides. EXLX1 binding to cell walls
pre-extracted with 4 m KOH is largely through electrostatic or
polar forces as evidenced by reduced binding when CaCl, was
included in the binding assay (Fig. 6D) in contrast with the
largely hydrophobic binding of EXLX1 to cellulose (Fig. 6C).
Thus, EXLX1 binding to the extracted wheat coleoptile cell wall
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FIGURE 6. Binding of EXLX1 to wheat coleoptile cell walls and cellulose.
A, binding isotherm of EXLX1 to cell walls. HEPES (25 mm), pH 7.5 was used as
buffer. The effect of CaCl, on EXLX1 binding to wheat coleoptile cell walls (B)
and Avicel (C) is shown. In both cases, 12 ug/ml EXLX1 was incubated in 0.3 ml
of 25 mm HEPES, pH 7.5 containing 0.5 mg/ml cell walls or 10 mg/ml Avicel.
Error bars indicate S.E. (3 = n = 6). D, binding of EXLX1 to cell wall residues
after sequential extraction of matrix polysaccharides. E, binding isotherm of
EXLX1 to Avicel. HEPES (25 mwm), pH 7.5 was used as buffer. Error bars indicate
SE.(4=n=10).

is most likely due to binding to residual matrix polysaccharides
that were not extracted rather than EXLX1 binding to the cel-
lulosic portion of the cell wall.

Binding of EXLX1 Domains and Variants to Cell Walls—Do-
main D1 did not bind to wheat coleoptile cell walls or to cellu-
lose (Table 1), whereas domain D2 bound to both materials in a
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FIGURE 7. Visualization of Alexa Fluor 488-labeled EXLX1 binding to wheat
coleoptile cross-sections (A and B) and Avicel (C) by fluorescence microscopy
is shown. The wheat coleoptile cross-section in B includes the young leaf in
addition to the surrounding coleoptile. D, visualization of Avicel by light
microscopy.

manner similar to that of full-length EXLX1 (Table 1). These
results indicate that binding of EXLX1 to cellulose and to whole
cell walls is mediated almost entirely by D2.

To identify the specific D2 residues participating in binding,
EXLX1 variants in the D2 domain were studied. Binding to
cellulose was reduced by half in W125A and W126A with even
greater effects found in the double and triple aromatic mutants,
whereas it was only mildly reduced in Y157A and K119A (Table
1). These results indicate that EXLX1 binding to cellulose is
mediated primarily by the aromatic residues Trp-125 and Trp-
126 and secondarily by Lys-119 and Tyr-157. Figs. 5B and 2B
show that Lys-119, Trp-125, Trp-126, and Tyr-157 are likewise
important for creep activity with wheat coleoptiles and for filter
paper weakening. We therefore conclude that binding of
EXLX1 to cellulose is closely linked to its cell wall loosening
activities.

In analyzing D2 binding to whole cell walls, we found quite
different results. Cell wall binding in the triple variant W125A/
W126A/Y157A was not substantially affected, whereas binding
was mildly reduced in K119A (Table 1). This result shows that
EXLX1 binding to whole cell walls is mediated by D2 residues
other than the aromatic residues important for cellulose bind-
ing (Trp-125, Trp-126, and Tyr-157).

It is possible that binding to whole cell walls, which are neg-
atively charged due to acidic wall polysaccharides, is mediated
by positively charged residues in D2, which has a pI of 9.66. To
test this possibility, five EXLX1 variants were generated,
K171Q, K188Q, K171Q/K188Q, K145Q/K171Q/K188Q, and
R173Q/K180Q/K183Q, in which 1, 1, 2, 3, and 3 positively
charged residues, respectively, were replaced by glutamine (see
distribution in supplemental Fig. S4). The variants exhibited
reduced binding to cell walls in proportion to the number of
positive charges that were replaced with K145Q/K171Q/
K188Q and R173Q/K180Q/K183Q showing essentially no
binding (Table 1). Likewise, K145Q/K171Q/K188Q and
R173Q/K180Q/K183Q showed virtually no binding to insolu-
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ble arabinoxylan. Thus, EXLX1 binding to whole cell walls is
dominated by electrostatic and polar interaction of the basic D2
domain with matrix polysaccharides.

The wall extension activities of K145Q/K171Q/K188Q and
R173Q/K180Q/K183Q were also tested. Both variants were
more active than wild type EXLX1 (Fig. 5B). This result indi-
cates that EXLX1 binding to pectins and hemicelluloses is not
needed for wall creep activity and indeed may compete with the
weaker binding, most likely to cellulose, that leads to cell wall
creep.

DISCUSSION

The functional roles of the two domains of expansin and its
conserved amino acid residues have been a matter of specula-
tion but until now have not been tested experimentally. By
comparing the binding and wall loosening activities of recom-
binant variants of the bacterial expansin EXLX1, we assessed
the functional significance of specific protein features. One
clear conclusion is that domain D2 is the principle determinant
of binding to cell walls with different residues involved in bind-
ing to cellulose and binding to matrix polysaccharides.
Although EXLX1 binding to the matrix is quantitatively much
greater than its binding to cellulose, binding to the matrix could
be strongly reduced in EXLX1 variants without diminishing its
wall loosening activity. In contrast, reduction of cellulose bind-
ing greatly reduced wall loosening activity, whether measured
as cell wall creep or weakening of filter paper, but hardly
affected binding to the whole cell wall. Furthermore, we found
that the two protein domains had to be connected for wall loos-
ening activity and that many of the conserved residues on the
PPBS contribute to wall loosening activity, most notably Asp-
82, whose carboxyl group was essential for wall loosening
activity.

Roles of Domain D2—The essential role of D2 for wall loos-
ening may be partly explained by the fact that D2 almost exclu-
sively mediates EXLX1 binding to cellulose and to matrix poly-
saccharides. Its binding to cellulose is mediated primarily
through the conserved aromatic residues Trp-125, Trp-126,
and Tyr-157, whereas its binding to matrix polysaccharides is
mediated through nonconserved basic residues that are not
part of the PPBS. These binding properties, as well as EXLX1
loosening of filter paper and G. xylinus pellicles, point to bare
cellulose as a key target of EXLX1 action in its wall loosening
activity. The nonproductive binding to acidic residues may be
useful in limiting diffusion of the protein in the wall or concen-
trating it to specific wall regions. Similar 2-fold binding prop-
erties are likely to be found in other expansins with a basic pl,
such as the B-expansins in maize pollen (26), and potentially in
other cell wall-modifying proteins.

Domain D2 as Carbohydrate Binding Module (CBM)—
CBMs are non-catalytic modules that bind to carbohydrates
(41). Most often, CBMs are linked to catalytic modules, such as
glycoside hydrolases and pectin lyases, where they potentiate
activity by targeting and proximity effects (41—43). The idea
that expansins might contain a CBM first emerged from the
observation that conserved aromatic resides near the C termi-
nus of a-expansin sequences were spaced like those found in
some CBMs (44). Molecular modeling of B-expansin proteins,
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prior to publication of the first crystal-based structures, led to
the hypothesis that the C terminus of B-expansins might
resemble family-3 CBMs, possibly with two cellulose binding
surfaces (45, 46). However, comparison of the crystal-based
structures of expansin domain D2 with CBM3 structures does
not support this idea; although both structures are -sand-
wiches, they have different B-strand topologies and lack signif-
icant sequence similarity. Furthermore, these ideas were based
on speculative interpretations of structure rather than experi-
mental assessments of binding activities. Thus, our results are
important in substantiating the idea that domain D2 indeed
serves a binding function and in identifying the roles of specific
residues in cell wall binding.

EXLX1 domain D2 is a B-sandwich with an Ig-like fold,
which is a feature of many CBM families. The affinity of EXLX1
and D2 with Avicel (K, = 2.1 um) is similar to that of other
CBMs (0.13—-6 uMm) (47-54). We found that D2 mediates bind-
ing of EXLX1 to cellulose mainly through Trp-125 and Trp-126
and secondarily through Tyr-157 and Lys-119. The side chains
of Trp-125, Trp-126, and Tyr-157 are arranged in a line with a
spacing consistent with binding the n, n + 2, and n + 4 pyra-
nose rings of a glucan chain. This arrangement is generally sim-
ilar to the aromatic surface in several families of CBMs (families
1, 5,10, and 29) (41, 55).

Careful inspection of the EXLX1 structure (Protein Data
Bank code 3D30) reveals that the side chains of Trp-125, Trp-
126, and Tyr-157 are not quite planar but are twisted clockwise,
suggesting that D2 binds to a single glucan chain rather than a
flat, highly crystalline cellulose surface. The low binding capac-
ity of Avicel for EXLX1 and D2 (~0.3 umol/g of Avicel) com-
pared with the majority of CBMs (range of 0.2-10 umol/g of
Avicel) (47-54) suggests that most cellulose surfaces are not
structured appropriately for EXLX1 binding. The exact struc-
ture of the EXLX1 cellulosic target merits further investigation.

The Carbohydrate-Active Enzymes (CAZy) database cur-
rently classifies CBMs into 62 families based on structural and
sequence relatedness. In surveying available CBM structures,
we found that D2 shows general structural similarities to CBM
families 9, 31, 34, 39, and 41, but its sequence similarity with
proteins in these families is not statistically significant. Also,
there is no reason to believe that D2 is related to these other
families in terms of evolutionary origin, binding specificity, or
functional role. We therefore propose it as the founding mem-
ber of a new CBM family, CBM63 (with agreement of Dr. Ber-
nard Henrissat, founder of the CAZy database). CBM63 should
include highly similar D2 domains from other putative ex-
pansins from bacteria and fungi (supplemental Fig. S5). Addi-
tionally, it should contain D2 domains of plant expansins in the
a-expansin and B-expansin families (supplemental Fig. S5)
(56). However, the binding specificities and roles of additional
members of CBM63 need to be experimentally determined
before a complete picture of the family is formed.

D2 is rather atypical among CBMs because it is not loosely
linked to a catalytic domain by a flexible linker (41, 42), but it is
tightly packed against D1. The crystal structures for three dif-
ferent expansins (Protein Data Bank codes 3D30, 1N10, and
2HCZ) all show the same spatial alignment and tight fit of the
two expansin domains; thus, this close spatial configuration of
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the two domains may be important for activity. The slightly
twisted aromatic surface of D2 extends the open, largely polar
surface of D1, forming the conserved PPBS. We suggest that, in
mediating cell wall loosening, D1 and D2 act cooperatively
rather than independently; in other words, D2 function may
extend beyond simple anchoring of the D1 domain to the wall.
This idea is supported by the fact that domain D1 alone did not
exhibit wall extension activity, whereas by comparison, most
catalytic domains linked to CBMs retain >10% activity upon
CBM truncation (57-65). Indirect support can also be seen in
the fact that K119A and Y157A (closest to D1) affect creep
activity more than W125A and W126A, whereas these latter
residues are more significant for cellulose binding. Thus, D2
may contribute to the wall loosening action of EXLX1 not only
by binding to a 81,4-D-glucan target but also by participating
directly in reconfiguring polysaccharides at the cellulose-ma-
trix interface, leading to cell wall creep.

Role of D1 Domain—We estimate that the PPBS of EXLX1,
running 48 A from Thr-12 in domain D1 to Trp-125 in domain
D2, could accommodate an oligosaccharide backbone with
nine sugar rings. In contrast to the D2 surface, which is domi-
nated by aromatic residues that can interact with the hydropho-
bic center of sugar rings, the PPBS on D1 is dominated by
polar residues. These could interact with a polysaccharide by
H-bonds with hydroxyl groups on the periphery of sugar rings.
In support of this idea, we found that several of the polar resi-
dues on the D1 PPBS, including Thr-12, Thr-14, Ser-16, and
Glu-75, made partial contributions to EXLX1 wall loosening
activity. Larger effects were found with Asp-71 and Tyr-73,
whereas the carboxyl group of Asp-82 proved to be essential for
wall loosening activity.

This last result is particularly striking because Asp-82 is
highly conserved among expansins, and a corresponding aspar-
tic acid residue is also highly conserved in GH-45 endogluca-
nases where it is thought to serve as the catalytic proton donor
for the hydrolysis of B1,4-p-glucans (66). However, GH-45
catalysis by this mechanism requires a second aspartic acid res-
idue acting as a catalytic base, and EXLX1 lacks such a residue.
We considered the possibility that Glu-75 might function in
this role, but, arguing against this, the E75A variant retained
most of its wall loosening activity (Fig. 54). In some cases, the
catalytic base of inverting glycoside hydrolases has been elusive.
It is possible that a remote amino acid may activate the nucleo-
philic water molecule via a string of solvent molecules in a Grot-
thus-type mechanism used by GH-6 and GH-124 glycoside
hydrolases (67, 68). Regardless of the identity of the base, the
carboxylic group of Asp-82 needs to be protonated to act as a
catalytic acid. However, unlike plant expansins that have an
acidic pH optimum (1, 26), EXLX1 activity at pH 9.5 was as high
as that at pH 5.5 or 7.5, arguing against Asp-82 acting as a
catalytic acid. It is theoretically possible that the environment
around Asp-82 elevates the pK, of Asp-82 (expected to be
~3.9). However, an increase of pK, by 5—6 units, particularly
for a residue that is exposed to the surface, would be extraordi-
nary. These results, combined with those of a previous study
showing that EXLX1 did not hydrolyze various wheat coleoptile
cell walls or cellulose (21), argue against hydrolytic activity in
EXLX1.
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Another structure with distant similarity to domain D1 of
EXLX1 is a GH-102 peptidoglycan lytic transglycosylase from
E. coli called EcMItA (21). EcMItA utilizes only one acidic
amino acid residue to cleave 31,4-glycosidic bonds in bacterial
cell wall peptidoglycan (70). Structural alignment of EXLX1
and EcMItA showed that Asp-82 corresponded to the sole cat-
alytic residue of EcMItA (21). However, this mechanism
requires the carboxylic group of Asp-82 to be protonated. Addi-
tionally, the presence of the N-acetyl group of the muramoyl
residue in peptidoglycan helps to cleave the B1,4-glycosidic
bond in EcMItA (69, 71, 72). Such a group does not exist in a
pure glucan chain, such as cellulose. Finally, ECMItA requires
an additional domain, not present in EXLX1, to stabilize the
glycan chain and potentiate enzymatic action. Collectively,
these results suggest that EXLX1 is unlikely to act enzymatically
by a mechanism similar to that of glycoside hydrolases or lytic
transglycosylases.

Model of Expansin Action—The prevailing model of plant
expansin action proposes that expansins loosen plant cell walls
by targeting cellulose-hemicellulose junctions that link cellu-
lose microfibrils into a strong but resilient network (2). Accord-
ing to this idea, expansin binding to a polysaccharide junction
weakens it sufficiently to enable chain movement (slippage)
under the action of cell wall stress.

Our data show that residues Asp-71, Tyr-73, and Asp-82 on
domain D1, along with the slightly twisted aromatic surface on
domain D2, are crucial for creep activity by EXLX1. EXLX1 may
induce wall creep when these residues bind a glucan that is part
of the load-bearing network in the cell wall, distorting its shape
and allowing physical slippage of the junction if the wall is in
tension. Our results point to cellulose as a key target of the
loosening action of EXLX1, implicating cellulose-cellulose
junctions as possible load-bearing junctions within the plant
cell wall.

As the structure of EXLX1 is very similar to that of plant
expansins (21) and most of the important residues identified
here correspond to similar residues in plant expansins, we
anticipate that the same principles of wall binding and loosen-
ing that were discerned here from analysis of EXLX1 will also
apply to plant expansins. Key differences may be in the specific
targets of action, the pH dependence of activity, and the higher
wall loosening activity by plant expansins.
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