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Materials and Methods
Knockout of yoaJ Gene in B. subtilis 168. The yoaJ gene was
amplified by PCR from Bacillus subtilis 168 1A1 genomic DNA,
cloned into pGem-Teasy vector, and verified by sequencing. The
plasmid was digested by BamHI restriction enzyme (yoaJ pre-
sents a unique BamHI recognition site at position 156) treated
with alkaline phosphatase and ligated with BamHI-predigested
mini Tn10, which contains a spectinomycin (Spc) cassette. The
resultant plasmid bearing yoaJ interrupted by Tn10-Spc cassette
was amplified in Escherichia coli Top10, purified (GFix mini-
preparation kit; GE Biosciences), and digested by EcoRI to
release the insert. The linear fragment containing yoaJ-Spc was
purified and used to transform B. subtilis-competent cells. B.
subtilis was made competent in MD medium [92% (wt/vol)
glucose, 0.05 g/L L-Trp, 0.011 g/L ferric ammonium citrate, 2.5
g/L potassium aspartate, 0.36 g/L magnesium sulfate, 9.85 g/L
dipotassium hydrogen phosphate, 5.5 g/L potassium dihydrogen
phosphate, 0.92 g/L trisodium citrate). The resultant recombi-
nants were selected on LB agar plates supplemented with 100
mg/L spectinomycin. Double recombination was verified by
sequencing and Southern blotting. Complementation studies of
the EXLX1� mutant were done by transforming B. subtilis 168
yoaJ� (BsJ�) with the promoterless shuttle vector pCN35 (1), in
which the complete yoaJ gene plus promoter region were cloned
and verified by sequencing both DNA strands. The cloned
fragment was obtained by PCR with Bs genomic DNA as matrix
and primers UP-K 5�-GGTACCTGAGCCTGATTTTTAT-
CACTTCAT-3� and RP-S 5�-GTCGACAATGAGTTCAT-
TCGGAACTAGAC-3�, which included KpnI and SalI restric-
tion sites (underlined) for cloning.

Protein Purification. Recombinant EXLX1 was purified on a
150-mL S-Sepharose Fast Flow column with a 0–1 M NaCl
elution gradient in a 50 mM Tris�HCl (pH 8) buffer followed by
separation on a 150-mL QAE-Sepharose Fast Flow column with
a 0–1 M NaCl elution gradient in a 50 mM Tris�HCl (pH 10.2)
buffer. The protein was dialyzed against a 50 mM sodium
phosphate (pH 7.0) buffer and stored at 4 °C. SeMet protein
purification included 1 mM DTT in every buffer to prevent the
oxidation of the SeMet.

Crystallization, Data Collection, Structure Solution, and Refinement.
EXLX1 was concentrated to 46 mg/mL and crystallized at 20 °C
by using the hanging-drop vapor diffusion method. Crystals used
for data collection were obtained with a precipitating solution
containing 4 M sodium formate and a 100 mM sodium acetate
(pH 4.4) buffer. Crystals were transferred to a cryoprotectant
solution containing 50% glycerol for freezing in liquid N2
preceding data collection. The same procedure was used to
obtained SeMet derivative crystals, except 5 mM DTT was
included in the buffer.

All of the data were collected at the BM30A beamline of the
European Synchrotron Radiation Facility. The dataset corre-
sponding to the SeMet derivative was integrated and scaled with
the programs Mosflm and Scala from the CCP4 suite (2). The
crystals belong to the body centered cubic space group I23 with
a unit cell axis length of 144.04 Å and are characterized by a very
high solvent content (73%). The single-wavelength anomalous
diffraction method was used to solve the structure with a 2.5-Å
resolution dataset collected at the selenium absorption edge.
The positions of 7 selenium atoms were identified and refined
with occupancies �67% with the software Solve (3). By using the

initial set of phases derived from those positions, the program
Resolve (4) automatically built the backbone of 174 residues and
the side chains of 29 of them. The subsequent refinement and
model building cycles were performed with CNS (5) and O (6),
respectively. All of the aa of the protein are modeled in the final
structure, except the N-terminal SeMet.

A higher resolution model of this structure (1.9 Å) was
obtained with the native (non-SeMet) protein. Data were inte-
grated and scaled with the program XDS. The space group and
unit cell parameters of the crystal are almost identical to the
SeMet derivative. The refinement and model building cycles
were performed with Refmac5 (7) and Coot (8), respectively.
The coordinates and structure factors of the SeMet derivative
and the native structures have been deposited in the Protein
Data Bank with the respective PDB ID codes 2BH0 and 3D30.
All of the images displaying crystallographic structures were
made by using Pymol.

The contact area of domains interface was calculated as the
average difference between the solvent-accessible surfaces of both
domains on their own and the whole protein by using CCP4 (2).

Binding to Plant Cell Walls. Washed plant cell wall fragments were
prepared from maize silks as described in ref. 9. Cell walls (3 mg)
or cellulose (3 mg) from acid-washed cotton liners (Fluka no.
22184) were incubated with 20 �g of EXLX1 in 500 �L of 50 mM
sodium acetate buffer (pH 5.5) for 1 h at 25 °C with agitation.
Ovalbumin was included at 1 mg/mL as a nonspecific blocking
agent. CaCl2 at 10 mM was included in the buffer in some
experiments. Samples were centrifuged to pellet the solid ma-
terials, and EXLX1 remaining in the supernatant was separated
by reverse phase HPLC on a C8 column and quantified by
280-nm absorbance. Experiments were replicated 3 times with
similar results.

Binding to Peptidoglycan. Peptidoglycan from B. subtilis 168 1A1
without teichoic acids was prepared as described in ref. 10.
Pull-down assays were performed as follows. Twenty micrograms
of purified EXLX1 was incubated on ice for 10 min with 3 mg
of purified insoluble peptidoglycan from B. subtilis 168 1A1 in
500 �L of water. The samples were then centrifuged for 10 min
at 13,000 � g, the supernatant was separated, and the pellet was
washed once with 1 mL of water. The wash liquid was pooled
with the first supernatant (sample 1). The pellet, consisting
mostly of peptidoglycan, was further incubated for 10 min on ice
with 500 �L of 5 M NaCl. The supernatant was recovered by
centrifugation, and a second wash with 1 mL of the same solution
was performed. Both supernatants were pooled (sample 2). The
pellet was then incubated with 500 �L of 2% SDS at 100 °C for
5 min. The sample was centrifuged, supernatant recovered, and
the treatment was repeated with 1 mL of 2% SDS. Both
supernatants were pooled (sample 3). The pellet was then
resuspended with 50 mM phosphate buffer (pH 7) and dialyzed
overnight at 4 °C against the same buffer. The sample was
adjusted to a 1.5-mL volume, 4 �g of lysozyme was added, and
digestion proceeded overnight at 37 °C (sample 4). An equiva-
lent volume of 300 �L for each sample (1 to 4) was concentrated,
heated in denaturing buffer [10% glycerol, 2.5% 2-mercapto-
ethanol, 1% SDS, 31.25 mM Tris�HCl, 0.003% bromophenol
blue (pH 6.8)], and samples were resolved by SDS/PAGE and
estimated visually with Coomassie blue staining.

Kerff et al. www.pnas.org/cgi/content/short/0809382105 1 of 11

http://www.pnas.org/cgi/content/short/0809382105


Lytic Activities. Two milligrams of dye-coupled cross-linked poly-
saccharide substrates (AZCL substrates; Megazyme) was sus-
pended in 200 �L of Mes buffer (50 mM, pH 5.5) with 1 mM
sodium azide to suppress microbial growth and incubated at
30 °C for 24 h with continuous shaking (1,000 rpm) with or
without 27 �g of EXLX1. The reaction was stopped by the
addition of 600 �L of 2.5% (wt/vol) Tris followed by centrifu-
gation and measurement of the supernatant absorbance at 590
nm. AZLC substrates were prewashed extensively to reduce
background, which varied among substrates. The reaction with
rhamnogalacturonan used AZ-rhamnogalacturonan and was
stopped by the addition of 600 �L of acetone. Independent
experiments showed that protein purification fractions from
empty pET vector controls (i.e., lacking EXLX1) had �(1–4)-
D-endoglucanase activity (i.e., with cross-linked �-glucan and
hydroxyethylcellulose) similar to that seen in purified EXLX1
fractions, suggesting that the latter had trace contamination with
endogenous E. coli endoglucanase (data not shown).

Cellulose Hydrolysis. Five milligrams of Avicel (PH101, FMC
Biopolymer) was incubated with agitation in 0.5 mL of 20 mM
sodium acetate buffer (pH 5.5), with various protein additives,
at 35 °C for 20 h. The samples were centrifuged to pellet the
cellulose, and the supernatant was assayed for reducing sugars by
PAHBAH assay (11). Additions included EXLX1 and BSA at 10
�g per tube, and 1 �g of crude Trichoderma reesei cellulase
(Sigma C-8546).

Root Colonization. This assay was adapted from Yaryura et al.
(12). Seeds of Zea mays were surface-disinfected in 3% sodium
hypochlorite and germinated for 2 days at 28 °C in the dark, then
transferred to culture tubes containing 5 mL of Murashige and

Skoog (MS) mineral solution and a strip of filter paper as
mechanical support of the seedling. Wild-type and mutant B.
subtilis cultures were grown separately in LB medium overnight,
washed twice, and resuspended in sterile MS medium. The tubes
were inoculated with equal amounts of wild-type and mutant
cells (0.25 mL titrated to 8 � 106 cfu mL�1) or with 0.5 mL of
MS for the controls. The seedlings were grown in an orbital
shaker at 140 rpm in a plant-growth chamber under a 16 h/8 h
light/dark cycle at 20 °C. A census of wild-type and mutant cells
attached to the roots was made 3 days after inoculation. Wild-
type cells carried a plasmid for expression of green fluorescent
protein (GFP), making for easy visual distinction between
wild-type and mutant colonies. Control experiments showed that
the GPF plasmid slowed B. subtilis growth in LB medium slightly
(data not shown). Consequently, estimates of reduced coloni-
zation by the mutant must be regarded as underestimates,
because without the GFP plasmid the wild type would likely grow
even faster. Seedlings were withdrawn from the tubes at day 3
and placed on sterile filter paper to remove excess medium. The
plants were then submerged in 5 mL of sterile MS in new culture
tubes and vortexed for 1 min to extract loosely bound bacteria,
which were discarded. Roots were then sonicated (10 min) in a
water-bath sonicator to remove tightly bound bacteria, which
were serially diluted and plated on LB agar plates. Petri dishes
were incubated for 24 h at 30 °C, and colonies were counted
under a fluorescence microscope to distinguish wild-type (GFP-
containing) from mutant colonies. Counts were expressed as cfu
mL�1 for bacteria suspended in medium. This experiment was
also carried out without the GFP plasmid; instead, erythromycin
selection, conferred by the pMUTIN insertion into the yoaJ
gene, was used to distinguish the resistant mutant from the
sensitive wild type, with qualitatively similar results (data not
shown).
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Fig. S1. Diagram representations of EXLX1 and the HiCel45–cellohexaose complex (peach, PDB ID code 4ENG) superimposed. The 2 fragments of cellohexaose
[(Glc)3] are shown as gray sticks. The 2 major insertions in HiCel45 compared with D1 of EXLX1 are circled in green. Note that the hydrophobic surface formed
by Y157, W126, and W125 in D2 of EXLX1 are correctly positioned to extend the potential glucan-binding surface of D1.
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Fig. S2. Stereo stick representation of the active-site residues of the EcMltA(D308A)–chitohexahose complex superposed on EXLX1. The chitohexaose molecule
is green, residues of EcMltA involved in the substrate binding and conserved in EXLX1 are yellow, and residues not conserved in EXLX1 are orange. D1 EXLX1
residues are cyan. Green numbers on the right numerate the residue-binding subsites. The peptidoglycan chain is a succession of GlcNAc and MurNAc units with
a peptide bound to the lactate of the latter. In MltA, the different MurNAc units would occupy subsites �2, �1, and �3 because steric clashes would occur with
a MurNAc lactate at the subsites �1 and �2. Steric clashes, however, less severe, might also happen in the same subsites of EXLX1. A similar binding mode of
peptidoglycan to EXLX1 and MltA might therefore be expected.
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Fig. S3. Pretreatment of wheat coleoptile cell wall specimens with EXPB1 enhances subsequent extension induced by EXLX1. Three representative curves are
shown in which heat-inactivated wall samples were pretreated with 5 �g/mL EXPB1 for 25 min followed by addition of EXLX1 to a final concentration of 50 �g/mL.
The increase in extension rate was typically followed by cell wall breakage. When EXLX1 was given at this concentration without EXPB1, the extension response
was �1 �m/min (see Fig. 3 Inset).

Kerff et al. www.pnas.org/cgi/content/short/0809382105 5 of 11

http://www.pnas.org/cgi/content/short/0809382105


Fig. S4. Elastic and plastic compliances and breaking stresses of wheat coleoptile cell wall specimens. Heat-inactivated wall specimens from dark-grown wheat
coleoptiles were prepared as described in ref. 13, preincubated for 4 h at 37 °C in 50 mM sodium acetate buffer (pH 4.5) with or without 250 �g/mL EXLX1, then
a 5-mm segment was extended in a custom-built extensometer at 3 mm/min. Values are means � SE of 15 samples. Elastic and plastic compliances were measured
as described in ref. 13 and are expressed as percentage strain per 100 g force. To measure breaking strength, heat-inactivated wheat coleoptile walls were treated
as above and then extended at a constant rate of 3 mm/min until they began to break. The maximum force (in grams) was taken as the breaking strength.
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Fig. S5. EXLX1 binding to plant cell walls (A), cellulose (B), and peptidoglycan (C). (A) EXLX1 binding to maize cell walls is hardly affected by presence of 1 mg/mL
ovalbumin as a blocking agent, but it is substantially reduced by the addition of 10 mM CaCl2 to the buffer. (B) EXLX1 binding to cellulose is not reduced by the
presence of 1 mg/mL ovalbumin as a blocking agent, but it is greatly reduced by the addition of 10 mM CaCl2 to the buffer. (C) Binding of EXLX1 to B. subtilis
peptidoglycan. Mm, molecular mass ladder. Lane 1, EXLX1 without peptidoglycan incubation; lane 2, soluble EXLX1 after incubation with peptidoglycan; lane
3, supernatant after 5 M NaCl wash of EXLX1–peptidoglycan complex; lane 4, supernatant after 2% SDS wash of EXLX1–peptidoglycan complex; lane 5,
supernatant after lysozyme digestion of EXLX1–peptidoglycan complex. Data in A and B are means of 3 replicates � standard errors.
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Fig. S6. Lytic activities of EXLX1 against plant cell wall polysaccharides. (A) Dye-coupled cross-linked substrate [2 mg in 200 �L of 50 mM Mes buffer (pH 5.5)]
was incubated for 24 h with buffer alone (Control) or with the addition of 27 �g of EXLX1. Shown is the mean � SEM of 2–4 replicates. Green bars (�acc): tubes
were spiked with 0.5 mg of �(1–3,1–4)-D-glucan as a potential acceptor for transglycosylase activity. GM, galactomannan; RG, rhamnoglacturonan; he,
hydroxyethyl; pachyman, �(1–3)-Dglucan. (B) EXLX1 nonspecifically enhances hydrolysis of cellulose (Avicel) by low amounts of cellulase. EXLX1 and BSA (10 �g)
did not cause cellulose hydrolysis, but greatly enhanced the hydrolytic activity of small amounts (1 �g) of Trichoderma cellulase (Cel).
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Table S1. Data collection and refinement statistics for two EXLX1 structures

Statistics SeMet Native

Diffraction data
Space group I23 I23
Unit cell parameters

a � b � c, Å 144.04 143.78
a � b � g, ° 90 90

Resolution range, Å 25.5–2.5 (2.64–2.5) 45.4–1.9 (2.0–1.9)
Measured
reflections

755,962 (103,834) 582,394 (80,747)

Unique reflections 17,348 (2,505) 38,981 (5,607)
Completeness, % 99.9 (99.9) 99.8 (98.9)
Redundancy 21.8 (21.1) 14.9 (14.4)
Rsym, %* 13 (68) 16 (163)
Rpim, %† 4.1 (42.8)
Average I/� 31.6 (5.1) 16.1 (2.0)

Refinement
Resolution range, Å 25.5–2.5 (2.64–2.5) 45.4–1.9 (1.95–1.9)
No. of reflections 17,348 (2,505) 36,971 (2,760)
Rcryst, %‡ 20 (30.3) 16.3 (30.6)
Rfree, %§ 23 (36.1) 19.1 (32.5)
rms deviations

Bond length, Å 0.007 0.016
Bond angles, ° 1.3 1.5

No. of residues 207 208
Mean B value

Protein atoms, Å2 32.7 35.9
Solvent atoms, Å2 39.8 45.3

PDB ID code 2BH0 3D30

Values in parentheses correspond to the high-resolution shell.
*Rsym� 	 (I � 
I�)/	 I; I is the intensity of an individual reflection, and 
I� is the mean value of all of the measurements of that reflection.
†Rpim, Precision-indicating merging R factor.
‡Rcryst � 	PFo � FcP/	PFoP; Fo and Fc are, respectively, observed and calculated structure factors.
§Rfree calculated for a randomly selected subset of reflections (5%) that were omitted during the refinement.

Kerff et al. www.pnas.org/cgi/content/short/0809382105 9 of 11

http://www.pnas.org/cgi/data/0809382105/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/content/short/0809382105


Table S2. Results of the pairwise superposition with the SSM algorithm of the 9 proteins that recognize polysaccharides and have an
available crystallographic structure containing a double-� ��barrel fold

BsEXLX1 98 96 83 80 78 89 83 85 D1+D2
EXPB1 1.9 117 104 95 93 96 82 85 BsEXLX1 186 181
Phl p 1 1.6 0.9 86 88 89 89 85 84 EXPB1 2.3 209
EcMltA 2.6 3.8 2.6 135** 135** 89 81 83 Phl p 1 2.3 1.7
AtMltA 2.0 2.8 2.7 2.0** 164** 78 84 87
NgMltA 1.9 2.8 2.7 2.0** 1.5** 82 79 88 D2
MeCel45A 2.0 2.4 2.0 3.1 2.7 2.8 106* 111* BsEXLX1 82 83
HiCel45 2.3 1.9 2.0 2.8 3.1 2.6 2.2* 202* EXPB1 1.6 87
MaCel45 2.1 2.1 1.9 2.8 2.9 2.9 2.2* 0.5* Phl p 1 1.6 1.5
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EXPB1 27.5 D1+D2
Phl p 1 23.9 62.4 EXPB1 22.5
EcMltA 14.4 11.5 15.1 Phl p 1 22 58.3
AtMltA 10.0 8.4 12.5 26.7**
NgMltA 15.4 14.0 15.7 30.4** 32.9** D2
MeCel45A 18.0 21.9 22.5 9.0 9.0 13.4 EXPB1 22.0
HiCel45 19.3 26.8 25.8 11.1 8.3 12.7 21.7* Phl p 1 21.7 54.0
MaCel45 10.6 23.5 23.8 13.2 11.5 11.4 21.6* 78.7*

* calculated for the whole proteins
** calculated with the N-terminal extension of the different MltA included

# residues rmsd % identity

Rmsd is highlighted in green, the number of residues included in the rmsd calculation is in orange, and the percentage of sequence identity is in pink.
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Table S3. Summary of results of BLAST using EXLX1 as query

Sequences producing significant alignments Score, bits E value

giP16078923PrefPNP�389744.1P Hypothetical protein BSU18630 �B. . . 468 7e-131
giP110590882PpdbP2BH0PA chain A, crystal structure of a semet. . . 400 2e-110
giP52080641PrefPYP�079432.1P YoaJ �Bacillus licheniformis ATC. . . 395 6e-109
giP21232964PrefPNP�638881.1P Cellulase �Xanthomonas campestri. . . 297 2e-79
giP84625463PrefPYP�452835.1P Cellulase �Xanthomonas oryzae pv. . . 286 5e-76
giP58583659PrefPYP�202675.1P Cellulase �Xanthomonas oryzae pv. . . 286 8e-76
giP71275113PrefPZP�00651400.1P Glycoside hydrolase, family 5:. . . 278 2e-73
giP71899133PrefPZP�00681297.1P Glycoside hydrolase, family 5:. . . 277 3e-73
giP28199725PrefPNP�780039.1P Extracellular endoglucanase prec. . . 277 3e-73
GiP15837412PrefPNP�298100.1P Extracellular endoglucanase prec. . . 275 1e-72
GiP83747707PrefPZP�00944742.1P Hypothetical protein RRSL�0239. . . 263 7e-69
giP50121146PrefPYP�050313.1P Putative cellulase �Erwinia caro. . . 260 3e-68
giP17545537PrefPNP�518939.1P PUTATIVE ENDOGLUCANASE PROTEIN �. . . 252 1e-65

giP115373847PrefPZP�01461139.1P YoaJ �Stigmatella aurantiaca . . . 159 8e-38
giP118062185PrefPZP�01530535.1P Rare lipoprotein A �Roseiflex. . . 159 1e-37
giP106889938PrefPZP�01357135.1P Rare lipoprotein A �Roseiflex. . . 158 2e-37
giP76260027PrefPZP�00767669.1P Rare lipoprotein A �Chloroflex. . . 141 2e-32
giP108762346PrefPYP�631763.1P Putative lipoprotein �Myxococcu. . . 124 3e-27
giP68227444PrefPZP�00566650.1P Rare lipoprotein A �Frankia sp. . . 120 4e-26
giP113941594PrefPZP�01427385.1P Rare lipoprotein A �Herpetosi. . . 110 4e-23
giP13277513PgbPAAK16222.1P cellulase CelA �Clavibacter michigane 104 3e-21
giP8980306PembPCAA44467.2P Cellulase �Clavibacter michiganensis� 95.9 2e-18
giP115377675PrefPZP�01464869.1P cellulase �Stigmatella aurant. . . 95.5 2e-18
giP83646399PrefPYP�434834.1P Endoglucanase C-terminal domain/. . . 92.4 1e-17
giP119479709PrefPXP�001259883.1P Extracellular cellulase CelA. . . 89.4 1e-16
giP70998214PrefPXP�753833.1P Cellulase CelA �Aspergillus fumi. . . 87.8 4e-16

The highest hits (with scores above 250 bits, upper half of table) are from bacteria that colonize plant root surfaces or are plant pathogens that reside in plant
vascular systems.
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