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Cerato-platanin (CP) is a secretion protein produced by the
fungal pathogen Ceratocystis platani, the causal agent of the
plane canker disease and the first member of the CP family. CP is
considered a pathogen-associated molecular pattern because it
induces various defense responses in the host, including pro-
duction of phytoalexins and cell death. Although much is known
about the properties of CP and related proteins as elicitors of
plant defense mechanisms, its biochemical activity and host tar-
get(s) remain elusive. Here, we present the three-dimensional
structure of CP. The protein, which exhibits a remarkable pH
and thermal stability, has a double ys3-barrel fold quite similar
to those found in expansins, endoglucanases, and the plant
defense protein barwin. Interestingly, although CP lacks lytic
activity against a variety of carbohydrates, it binds oligosaccha-
rides. We identified the CP region responsible for binding as a
shallow surface located at one side of the B-barrel. Chemical
shift perturbation of the protein amide protons, induced by
oligo-N-acetylglucosamines of various size, showed that all the
residues involved in oligosaccharide binding are conserved
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among the members of the CP family. Overall, the results sug-
gest that CP might be involved in polysaccharide recognition
and that the double {s3-barrel fold is widespread in distantly
related organisms, where it is often involved in host-microbe
interactions.

Plants are often infected by microbes with diverse lifestyles,
and to defend themselves, they have developed a two-layered
innate immune system (1). The first line provides a basal
defense against all potential pathogens and relies on the recog-
nition either of conserved pathogen-associated molecular pat-
terns (PAMPs),” including flagellin, peptidoglycans, chitin, and
B-glucan, some of the proteins relevant for the life cycle of the
pathogen (2), or of an array of cell wall-degrading enzymes not
necessarily involved in pathogenicity (3). This defense line leads
to cell wall alterations, deposition of callose, induction of reac-
tive oxygen species synthesis, activation of MAPK cascades,
and accumulation of defense-related proteins (4).

Nevertheless, some pathogens may succeed in suppressing
this primary defense mechanism. Thus, during evolution,
plants have developed a second recognition system based on
the perception of the effectors by R proteins, with subsequent
activation of an effector-triggered immunity, which often ends
up in a localized programmed cell death response (5-7).

Phytopathogenic fungi and oomycetes secrete several non-
catalytic proteins (generally characterized by low molecular
weight and by the presence of two to four disulfide bridges) that
belong to specific protein families: elicitin, hydrophobin,
NIP-1, and cerato-platanin (CP). Some members of these fam-
ilies have been proposed to have PAMP activity, e.g. cryptogein,
INF1 elicitin, and the Pepl and Stp1 hydrophobins (8 —10).

The members of the CP protein family are secreted by a num-
ber of phytopathogenic fungi, animal pathogens, and non-path-
ogenic fungal species (supplemental Fig. S1). These proteins
have been shown to act either as virulence factors and effectors,
such as Snodprotl from Phaeosphaeria nodorum, Spl from
Leptosphaeria maculans, and MpCP1 from Moniliophthora
perniciosa (11-13), or either as elicitors and PAMPs, such as

” The abbreviations used are: PAMP, pathogen-associated molecular pat-
tern; CP, cerato-platanin; RDC, residual dipolar constant; LT, lytic
transglycosylase.
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the proteins Sm1 and Epll from the soil-borne Trichoderma
virens and Hypocrea atroviridis, respectively (14, 15). In partic-
ular, Sm1 elicits the production of reactive oxygen species and
triggers the expression of several defense-related genes in
plants, confirming the capacity of this biocontrol fungus to
induce resistance, whereas Epl1 is the major protein found in
the secretome of the biocontrol fungal strain H. atroviridis
(14-16). Moreover, Magnaporthe grisea expresses a MgSM1-
CP-like protein that is able to induce a hypersensitive response
in leaves and enhanced disease resistance against Botrytis
cinerea and Pseudomonas syringae when transiently expressed
in Arabidopsis (17).

In addition, members of the CP family play a major role in
animal-fungus interaction, where they exhibit allergenic prop-
erties and induce strong immunological reactions. This is the
case of the Coccidioides-specific antigen from Coccidioides
immitis and the Aspfl3 antigen from Aspergillum fumigatus,
both causative agents of human lung diseases (18, 19), and of
the immunomodulatory protein Acal from the medicinal fun-
gus Antrodia camphorata (20).

The first member of the CP family is the CP protein from
Ceratocystis platani, the causal agent of the canker stain disease
of Platanus acerifolia (21, 22). CP plays a role in host-fungus
interaction because it induces cell death, phytoalexin synthesis,
and overexpression of defense-related genes (23—-25). For this
reason, CP and the orthologous protein cerato-populin from
Ceratocystis populicola, which triggers a CP-like reaction
in host-microbe interaction (26, 27), have been considered
PAMPs. CP can be found in the cell wall of ascospores, hyphae,
and conidia, suggesting that the protein plays a role in forming
the fungal cell wall (28). This last observation supports the
notion that PAMPs are generally surface-associated molecules
that cannot be easily altered without deeply interfering with the
fungus fitness (10).

Until now, no information on the structure of CP or other
CP-like proteins was available. In fact, only few examples of
fungal PAMPs have been structurally characterized (10). Here,
we report the NMR-derived solution structure of the first mem-
ber of the CP family, the CP protein. CP has a globular fold
containing two a-helices and six B-strands that form a six-
stranded double {B-barrel, a motif remarkably similar to the
those present in endoglucanases, domain I of expansins, and
the defense protein barwin. Because of these similarities, the
oligosaccharide-binding properties and the glycosidase activi-
ties of CP have been explored.

EXPERIMENTAL PROCEDURES
Expression and Purification of Cerato-platanin

The recombinant CP protein was expressed in Pichia pasto-
ris and purified by reverse-phase liquid chromatography as
described previously (29). The recombinant CP protein used in
this work presents an additional 9-residue N-terminal stretch
(EEGVSLEKR) because, under our experimental conditions,
the signal peptide used for extracellular expression turned out
not to be cut at the expected site. However, the protein shows
the same biological activity and the same CD and 'H NMR
spectra of native CP (29).
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Solution Structure of Cerato-platanin

For isotopic labeling, CP was expressed in minimal medium
supplemented with [*>N]ammonium sulfate and, in the case of
double-labeled proteins, with [**C]glycerol and ['*C]methanol
as described previously (30). The purified protein was esti-
mated to be ~95% pure by SDS-PAGE, and MALDI-TOF mass
spectrometry confirmed that it was 100% "*C- and "°N-isoto-
pically labeled.

NMR Measurements

NMR samples contained 0.7 mm double-labeled [**C,'*N]CP
in 10 mm phosphate buffer (pH 5.8), 0.05% NaN,, and 5 or 100%
D,O (Cambridge Isotope Laboratories, Inc.). Two- and three-
dimensional NMR experiments were carried out at 20 °C on
500- and 600-MHz Varian Inova AS spectrometers (National
Laboratory of Biosciences), a 600-MHz Varian Inova AS spec-
trometer (Centro Interfacoltd Misure, University of Parma),
and 700- and 400-MHz Bruker AVANCE spectrometers (Uni-
versity of Rome “Tor Vergata”). All NMR spectrometers were
equipped with a z pulsed field gradient unit and a triple reso-
nance probe. Sequence schemes employing pulsed field gradi-
ents were used to achieve suppression of the solvent signal and
spectral artifacts. Selective pulses to cover aliphatic, aromatic,
or carbonyl '*C nuclear spectral zones were obtained by adia-
batic pulse modulation. Quadrature detection in the indirectly
detected dimensions was obtained by the hybrid States-TPPI
(times proportional phase increment) method or the sensitivi-
ty-enhanced Echo-Antiecho combination. Linear prediction
was applied to extend the indirect '*C-detected dimension.
Direct and indirect dimensions were normally apodized using
90°-shifted squared sine-bell functions (for '*C- and '*N-edited
dimensions) or Lorentzian-to-Gaussian functions (for the *H
dimension), followed by zero filling and Fourier transform. The
NMR data were processed on Silicon Graphics workstations
with NMRView/NMRPipe software (31, 32).

NOESY Experiments—NOE-derived distance restraints were
obtained from three-dimensional ‘H-'>N NOESY (33) and
three-dimensional "H-'*C NOESY, separately optimized for
aliphatic and aromatic side chains (34) collected with 100-ms
mixing times. Two-dimensional NOESY was performed to
assign the peak at 11.40 ppm, which turned out to be the
hydroxyl proton of Tyr-9, which is hydrogen-bonded to the side
chain carboxyl of Asp-77.

Residual Dipolar Constant (RDC) Measurements—Five dis-
tinct sets of RDCs were measured: Vo e Tcacr
e and i o~ Anisotropic data were collected by dissolv-
ing the protein directly in 14 mg/ml liquid crystalline Pf1 (Asla
Lab) as the alignment medium. To decrease the signal width, we
added NaCl up to 150 mm. */,;, ., couplings were obtained
from the "H-coupled (F1) version of the HACACO experiment
(35). Y. and *Jiyn_ v were measured from 'H-'°N heteronu-
clear single quantum coherence spectra with only Ca decou-
pling (36). '/ RDCs were measured by an in-phase/
anti-phase heteronuclear single quantum coherence (HSQC)
experiment (37). 1]C0(»C’ RDCs were measured in a modified
version of the J-module HN(COCA) experiment (38, 39).

Diffusion Experiments—Diffusion-ordered spectroscopy ex-
periments were carried out using the BPPSTE (bipolar pulse
pairs stimulated echo) method (40). The duration of the total
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diffusion phase-encoding gradient pulse was 2 ms, the diffusion
delay was 0.05 s, and the minimum gradient strength was set to
0.3 gauss/cm. Diffusion coefficients were measured using 0.2
mMm CP in 10 mm phosphate buffer (pH 5.8), and 0.02% dioxane
was used as a radius standard (41).

Structure Calculation

Structure calculation was performed with XPLOR-NIH (42)
using a simulated annealing protocol. Calculations were carried
out over residues 1-120, excluding the first 9 N-terminal resi-
dues that do not belong to the native protein (see “Expression
and Purification of Cerato-platanin” above) and that turned out
to be unstructured (see supplemental Fig. S2). The simulated
annealing was driven by NMR-derived constraints during the
entire calculation, with force constraints and weighting factors
optimized to increase the score of low energy structures. A set
of 3203 interproton distance restraints was used, subdivided
into three groups: strong (1.8 -2.4 A), medium (1.8 —4.0 A), and
weak (1.8 -5.0 A). Because of very weak cross-peaks detected in
the *N-edited NOESY spectrum, we included also a restraint
comprising 6.0-3.0 A. Backbone dihedral restrains (¢ and i
angles) were derived from chemical shift analyses using the pro-
gram TALOS (43). Backbone hydrogen bonds were recognized
by evaluating the spatial relationship of amide protons with
potential acceptors in the initial structures produced without
the use of hydrogen bond constraints. In addition, specific side
chain hydrogen bonds were clearly identified using the WHAT
IF server (44) with structures generated in later stages of the
structural determination and were employed as additional
restraints in the last cycle of minimization. Five distinct sets of
backbone RDCs (84 1o 71 Jhiacer 60 Yew.cn 57 e
and 52 *J; ;) were included. Fitting the observed RDCs to a
preliminary structure, using the singular value decomposition
method (45) with the PALES program (46), provided an initial
guess of the magnitude and orientation of the molecular align-
ment tensor. Subsequent optimization during the simulated
annealing process led to the following final values for the N-H
normalized magnitude of the RDC tensor and rhombicity,
respectively: Da™™ = 5.55 Hz and R = 0.625. A complete cross-
validation of RDCs was conducted by carrying out a series of
simulated annealing calculations, each one lacking 10% of
RDCs randomly chosen from the whole data set. The missing
RDCs were back-calculated to evaluate how well each RDC
could be predicted; an average Ry,.. of 33.6% was obtained (47).
An ensemble of the 20 lower energy target function structures
(from a total of 1000), in which the number of residues in dis-
allowed regions of the Ramachandran plot is 0.0%, was chosen
to represent the protein solution structure and, together with
the constraint list, was deposited in the Protein Data Bank
(2KQA). The programs AQUA and PROCHECK (48) were
used to analyze the structures. Table 1 provides the structural
statistics.

Glycosidase Assay

Endo-1,3-B-glucanase, polygalacturonase, and cellulase ac-
tivities were determined using laminarin, polygalacturonic
acid, and carboxymethylcellulose as substrates, respectively,
according to previously published methods (49-51). The
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TABLE 1

Experimental restraints and structural statistics for the 20 lower
energy structures of the CP protein

As indicated under “Experimental Procedures,” the data refer to residues 1-120 of
the protein and do not consider the extra 9 residues at N terminus. r.m.s.d., root
mean square deviation.

No. of experimental restraints 3740
Distance restraints from NOEs 3203
Intraresidue 1094
Sequential 712
Medium-range 406
Long-range 991
Hydrogen bond distance restraints” 116
Dihedral angle restraints 97
Residual dipolar coupling constants 324
H-N 84
Ha-Ca 71
Ca-CO 60
H-CO 52
N-CO 57
Average No. of restraints per residue 31
XPLOR energies (kcal/mol)
Erota 2569.5 * 25.7
Epos 25.7 = 1.0
Eone 3095+ 7.3
Epmproper 513 *21
Eo 88.9 = 8.7
Eogn 0.18 + 0.22
Ep. 17169 * 17.6
E.. 1114 * 94
Eoni 283.6 = 6.3
r.m.s.d. from experimental restraints _
Average distance restraint violation (A) 0.041 * 0.002
Average dihedral angle restraint violation 0.11 £ 0.02°
Average H-N RDC violation (Hz) 0.94 = 0.03
Average Ha-Ca RDC constant violation (Hz) 0.75 + 0.02°
Average Ca-CO RDC violation (Hz) 2.18 = 0.07*
Average H-CO RDC violation (Hz) 2.66 = 0.17°
Average N-CO RDC violation (Hz) 3.25 + 0.68”
Riyee (%) 33.6
r.m.s.d. from idealized covalent geometry
Bond (A) 0.00372 = 0.00007
Angle 0.753 = 0.009°
Improper 0.586 * 0.012°

Ramachandran analysis®

Residues in favored regions (%) 855+ 1.2

Residues in additionally allowed regions (%) 11.7 £ 1.3

Residues in generously allowed regions (%) 2.8 0.6

Residues in disallowed regions (%) 0.0 £0.0
Ramachandran Z-score —1.636 = 0.331
Coordinate pgecisiond

Backbone (A) 0.40 * 0.07

All heavy atoms (A) 0.72 = 0.08

“HN-O and N-O distances were constrained to 2.1 = 0.5 and 3.0 = 0.5 A,
respectively.

? Values were normalized with respect to the H-N value.

¢ Residues 1-117.

4 Values represent r.m.s.d. with respect to the non-minimized average structure
(residues 1-117).

released reducing sugars were detected using the PAHBAH
procedure (52) with glucose as a standard. Enzymes (laminari-
nase from Trichoderma sp., pectinase from Aspergillus niger,
and cellulase from Trichoderma reseei) and substrates blanks
were also included. Chitinase activity was detected at 575 nm
using chitin azure as a substrate. Chitinase from Trichoderma
viride was used as a positive control.

N-Acetylglucosamine Binding

The binding of the B-(1,4)-tetramer of N-acetyl-p-glucosa-
mine (Sigma) was studied after the addition of 0, 0.1, 2, 4, and 8
mM oligosaccharide to a 0.04 mum solution of *°N-labeled CP. To
evaluate the binding of larger oligosaccharides, a chito-oligo-
saccharide mixture containing oligomers from the dimer to
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FIGURE 1. Three-dimensional structure of CP. A, stereo view of the superimposition of the backbone atoms of the 20 lower energy models. B, ribbon

representation of the structure. C, topological representation of CP.

hexamer of B-(1,4)-linked N-acetyl-p-glucosamine (Seikagaku
Biobusiness Corp.) was used. The mixture (containing 5 mg of
each oligosaccharide) was dissolved in 200 ul of H,O, and ali-
quots of the solution were added to a 0.1 mm solution of *°N-
labeled CP to obtain final concentrations of the hexamer of 0,
0.5, 1.0, 1.5, and 2.0 mm. The chemical shift perturbation in the
'H-">N HSQC spectrum upon oligosaccharide addition was
evaluated by the weighted average chemical shift change (53):
AS,, = (A% + AS*\/25)/2)""? (ppm).

RESULTS

CP Presents a Double yiB-Barrel Fold—The three-dimen-
sional structure of CP was solved by triple resonance NMR
methods using >3400 distance and dihedral angle restraints
together with 324 RDCs in iterative cycles of structure cal-
culations. The quality of the CP structure is highlighted by
the structural statistics (Table 1). The protein region Val-1-
Asn-117 is defined with high precision as reflected by the low

MAY 20, 2011 +VOLUME 286+-NUMBER 20

root mean square deviations from the mean structure for the
backbone atoms (+0.40 A) and for all heavy atoms (*=0.72 A)
(Fig. 1A and Table 1). A quality check using PROCHECK-
NMR (48) indicated that 85.5% of the residues display dihe-
dral angles in the allowed regions of the Ramachandran plot
(Table 1).

The solution structure of CP reveals a globular fold contain-
ing two a-helices and six 3-strands forming a double {)3-barrel
(Fig. 1, Band C). The six-stranded B-barrel has a shear number
of 10. The structure is consistent with CD measurements that
indicate a predominant 3-sheet structure and some «-helical
elements (supplemental Fig. S3). In addition, the CP hydrody-
namic radius, estimated by diffusion measurements, is ~19.5 A,
in agreement with the value expected for a monomeric and
globular protein of that size (54). The long and superficial
i-loop between B1 and B2 is rigid. In fact, '°N relaxation data
show quite homogeneous 7 and 7, values and an average
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TABLE 2

Results of the pairwise superposition of CP with protein representatives of families bearing a double {sB-barrel fold using the Dali server
A Z-score is a measure of the quality of the alignment. The higher the Z-score, the more homologous are the structures. A Z-score below 2 is not significant. PDB, Protein

Data Bank; r.m.s.d., root mean square deviation; EGV, endoglucanase V.

Protein Source PDB entry Z-score” r.m.s.d. No. of aligned residues Identity
A %

Expansins

Phlpl Timothy grass pollen 1IN10 9.5 2.1 91 15

EXPB1 Maize pollen 2HCZ 9.1 3.1 97 20

BsEXLX1 Grass bacillus 2BHO 8.6 2.7 90 16
Plant defense

Barwin Barley seed 1BW3 8.1 2.5 99 28
Endoglucanases

MeCel45A Blue mussel 1wWC2 7.2 2.8 98 17

EGV Humicola insolens 2ENG 5.3 3.2 95 13

maEG Melanocarpus albomyces 10A9 5.2 3.1 94 10
LTs

AtMItA Agrobacterium tumefaciens 2PNW 3.6 3.1 74 8

NgMItA Neisseria gonorrhoeae 2G5D 3.3 3.1 75 13

EcMItA Escherichia coli 2AE0 3.2 2.9 71 8

'H-'*N NOE of 0.85, indicating reduced internal motions (sup-
plemental Fig. S2). The only slightly flexible region of the pro-
tein comprises the sequence Ser-96 —Arg-101, which exhibits
relatively low 'H-">N NOE and long T, values (supplemental
Fig. S2). The last 3 C-terminal residues are unstructured and
highly mobile (supplemental Fig. S2). Interestingly, CD exper-
iments showed that the protein is quite stable in a wide pH
range and exhibits a somewhat high unfolding temperature of
~76 °C (supplemental Fig. S4).

Structures Related to CP—Protein sequence alignments show
that CP shares significant similarities only with fungi proteins
that are currently classified as members of the CP family (sup-
plemental Fig. S1). However, a search for structurally related
proteins using the Dali server (55) identified various proteins
involved in polysaccharide recognition and modification (Table
2), including plant (56) and bacterial (57) expansins, endoglu-
canases (56, 58 —60), and the plant defense protein barwin (61).
Although these proteins share a moderately low sequence
homology with CP, they display relatively high Dali Z-scores
ranging from 9.5 to 5.2 (Table 2). Superposition of CP with
these proteins highlights the significant structural match espe-
cially in the B-region (Fig. 2). Other less structurally related
proteins, with Z-scores in the range of 3.6 to 3.2, include the
lytic transglycosylases (LTs) (62).

CP Does Not Present Glycosidase Activity—Because CP is
structurally related to endoglucanase and LT proteins, we
tested whether it has glycoside hydrolase activity in in vitro
assays. No cellulase, endo-1,3-B-glucanase, polygalacturonase,
or chitinase activity could be detected even when CP was used
at a high protein concentration relative to the positive controls
(data not shown).

CP Binds Oligosaccharides—As shown in Table 2, the pro-
teins most structurally related to CP display carbohydrate-
binding properties; are involved in polysaccharide recognition;
and in some cases, exhibit hydrolytic activity (56, 61). There-
fore, we tested the oligosaccharide-binding capability of CP by
measuring the chemical shift perturbation of the amide protons
induced by oligosaccharides. Knowing that small oligosaccha-
rides are able to bind barwin, we assayed the interaction of the
tetramer of N-acetylglucosamine (GlcNAc-4) with CP. After

17564 JOURNAL OF BIOLOGICAL CHEMISTRY

MeCel45A AtMItA

FIGURE 2. Comparison of the CP structure with other proteins containing
adouble ysB-barrel fold. Shown is a diagram representation of the superpo-
sition of CP (green) with proteins that exhibit high Z-score values: the expan-
sin Phlp1 (orange), the plant defense protein barwin (magenta), the endoglu-
canase MeCel45A (red), and the LT AtMItA (yellow). The protein domains of
Phlp1 and AtMItA not structurally related to CP are depicted in gray.

the addition of increasing amounts of GIcNAc-4, we observed
changes in the chemical shifts of a limited number of residues.
The alterations were proportional to the quantity of added
ligand, thus indicating a fast exchange between the apo- and
holo-forms of the protein (see examples in supplemental Fig.
S5A). Although the affinity of CP binding to GlcNAc-4 is weak,
with an estimated K, in the range of 10—100 M, the weighted
average chemical shift changes after the addition of >25 eq of
GIcNAc-4 highlight three main regions involved in the oligo-
saccharide tetramer binding (Fig. 3A). These regions preferen-
tially encompass portions of the loops: Ser-17—-Ala-29 located
in the B1-B2 loop, Gly-51-Ser-54 in the 32-83 loop, and Asp-
77-Gly-81 comprising the last part of the B4-strand and the
B4-B5 loop. To further map the boundary of the CP oligosac-
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FIGURE 3. Interaction of CP with polysaccharides. A and B, average chemical shift perturbation upon interaction with GIcNAc-4 and with a mixture of longer
GlcNAcs, respectively. The results are plotted versus residue number (left panels) and mapped on the structure of CP (right panels). Some of the residues are indicated
in the structure and in the graph. Green, unperturbed residues; orange, residues whose amide chemical shift is perturbed; red, residues experiencing conformational
effects due to the carbohydrate interaction. G, residue conservation among the CP family members from different fungal species. Invariable residues are indicated in
magenta, except Cys residues (yellow), highly conserved residues (blue), and low and no conserved residues (cyan). This is shown along the CP sequence (left panel) and
mapped on the CP structure (right panel). Residues that are invariable or highly conserved and that interact with oligosaccharides are indicated.

charide-binding region, '°N-isotopically labeled CP was
titrated with a mixture of oligosaccharides containing dimers,
trimers, tetramers, pentamers, and hexamers of N-acetylgluco-
samine. Fig. 3B shows that, in addition to the oligosaccharide-
binding regions identified with GlIcNAc-4, the a1-86 loop, Ala-
99-Val-102, and the B1-strand, carrying the conserved SYD
motif, were also affected. In particular, the signal belonging to
Ser-4 in the B1-strand disappeared after the addition of the
oligosaccharide mixture, whereas it remained unaffected in the
presence of GlcNAc-4 (supplemental Fig. S5, A and B, left pan-
els). We interpret these results as an indication of the selective
interaction of these regions with the longer GlcNAcs.

“BSEpEN
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Opverall, the region involved in GlcNAc binding forms a flat
and shallow groove on one face of the B-barrel, which is rich in
polar (e.g. Asp-6, Asn-22, and Asp-53) and aromatic (e.g. Tyr-5
and Trp-52) residues suitable for sugar carbohydrate binding
(Fig. 3B). Furthermore, all the residues involved in GIcNAc
binding identified in this study are among the most conserved
ones in the CP family (Fig. 3C).

DISCUSSION

Despite recent advances in the characterization of Avr plant
pathogens and elicitor proteins, the limited number of struc-
tures available for these proteins has hampered the understand-
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ing of the molecular mechanism associated with the interaction
of these effectors with their targets or cognate pattern recogni-
tion receptors. Indeed, to date, only a few pairs of fungal effec-
tors/targets and PAMPs/pattern recognition receptors have
been identified and structurally characterized (2).

CP Structure—Thermal unfolding measurements show that
the protein is particularly stable: the unfolding temperature is
up to 76 °C (supplemental Fig. S4B), although it is irreversible.
On the other hand, the protein secondary structure is preserved
in a wide pH range, 3-9 (supplemental Fig. S4A). This last fea-
ture, perhaps the result of the presence of two disulfide bonds
resistant to pH but not to temperature, is expected to favor the
efficient secretion and/or translocation of CP into the host cell.

The solution structure of the CP protein that we report here
is the first one for members of the CP family. The protein pres-
ents a double i3-barrel fold remarkably similar to those found
in plant and bacterial expansins, LTs, endoglucanases, formate
dehydrogenase H, dimethyl-sulfoxide reductase, and aspartic
proteinases (63) and in the plant defense protein barwin (61).

Expansins are found primarily in plants, where they play a
critical role in cell enlargement and other developmental pro-
cesses requiring cell wall loosening (56). On the other hand,
endoglucanases are ubiquitous enzymes; catalyze the hydroly-
sis of cellulose to smaller oligosaccharides in numerous plants,
bacteria, and fungi; and are present in 13 of 80 families of
glycoside hydrolase enzymes (64). LT’ cleave the 3-(1,4)-glyco-
sidic bond between N-acetylmuramic acid and GIcNAc in pep-
tidoglycans, with the concomitant formation of a 1,6-anhydro-
ring at the N-acetylmuramic acid residue.

Except for barwin, which is also the most similar protein in
primary sequence (28% identity), the other proteins are larger
than CP (Fig. 2). Expansins present two domains: the N-termi-
nal domain, which constitutes the double {yB-barrel, and the
C-terminal domain, which forms an Ig-like B-sandwich. Endo-
glucanases have insertions in the $3-34 and B4-85 loops and
extensions at the N and C termini. In addition, they frequently
present a second domain, called the cellulose-binding domain,
attached with a linker to the C terminus (65). This is not the
case, however, in MeCel45A, which presents a single catalytic
domain. LTs are generally multidomain proteins, showing a
long insertion (~140 residues) in the B1-B2 loop, which consti-
tutes a second domain, and an N-terminal extension. It is worth
noting a significant fold similarity between CP and EXLX1, a
two-domain expansin from Bacillus subtilis that binds to plant
cell walls and to carbohydrates but lacks lytic activity against a
variety of cell wall polysaccharides and peptidoglycan (57),
functional features shared, at least in part, also by CP.

Rationale for CP Lack of Glycoside Hydrolase Activity and for
Oligosaccharide-binding Capability—The absence of glycoside
hydrolase activity can be rationalized by structurally comparing
CP with endoglucanases and LTs. The superposition of the
endoglucanase MeCel45A catalytic site with the corresponding
region of CP is depicted in Fig. 4A. The enzymatic activity of
MeCel45A depends on 2 residues, Asp-24 and Asp-132, which
are located in the B1- and B5-strands and act as a catalytic base
and acid, respectively (58). The corresponding residues in CP
are Ile-8 and Asn-84, which are conserved among the members
of the CP family and exhibit different chemical properties.
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B1

p4

CP

FIGURE 4. Superposition of the active sites of the endoglucanase
MeCel45A (A) and the LT EcMItA (B) with the corresponding region of CP.
Residues that are important for catalysis are displayed as sticks.

Other MeCel45A residues potentially involved in catalysis, as
suggested by their being conserved among endoglucanases, are
Thr-20 and Tyr-22 (Fig. 4A), replaced in CP with the conserved
residues Ser-4 and Asp-6, respectively, again, at least in the case
of Tyr-22/Asp-6, with diverse chemical properties (57).

Also the active site of LTs, presented here in the enzyme
EcMLItA, contains 2 aspartic acids as the main catalytic residues
(Fig. 4B), which, as for the endoglucanase active sites, are
located in B5 (Asp-308) and at the end of B4 (Asp-297). In the
catalytic mechanism proposed for LTs (66), Asp-308 acts as an
acid, and Asp-297, which is hydrogen-bonded to Tyr-101, acts
as a base. In fact, Tyr-101 is supposed to shuttle a proton from
Asp-297 to Asp-308.

This network of interactions observed in endoglucanases and
LTs is only partially conserved in CP. In particular, in the CP
structure, the substitution of an aspartic acid residue with
Asn-84 by removing the carboxylic group might justify the dis-
appearance of the hydrolase activity.

Itis interesting to note, however, that Asp-77 and Tyr-9, both
conserved in all CP family members, correspond to Asp-297
and Tyr-101 of EcMItA, respectively, whose side chains are
expected to interact (Fig. 4B). The interaction between the
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Asp-77 and Tyr-9 side chains is clearly visible by NMR because
of the reduced solvent exchange of the hydroxyl of the Tyr-9
side chain, which appeared at 11.4 ppm. In a two-dimensional
NOESY spectrum, clear NOE cross-peaks between this proton
and the two B-protons of Asp-77 could be observed, suggesting
the presence of a hydrogen bond between them (data not
shown).

Fig. 3C highlights that the residues conserved among the
members of the CP family are involved in polysaccharide bind-
ing. This fact strongly supports the hypothesis that the biolog-
ical function of proteins belonging to the CP family may be
related to polysaccharide binding, this feature being also con-
sistent with the location of the CP protein in the fungal cell wall
(28). Overall, site-specific mutations with respect to endoglu-
canase and LT proteins seem to explain why CP has lost glyco-
side hydrolase activity while maintaining the capability to bind
oligosaccharides.

The data presented in this study contribute to deeper knowl-
edge of the role of CP in both fungus fitness and host-microbe
interaction. Because CP is located in the cell wall of hyphae,
conidia, and ascospores of C. platani (28), its similarity to
expansins could be a sign of the involvement of the protein in
cell wall remodeling and enlargement. Moreover, the ability to
bind GIcNAc might imply a role of CP in host interaction.

Recognizing that chitin oligomers can act as PAMPs, elicit-
ing basal immune responses in plants (2, 67), it has been
recently reported that the virulence effector Ecp6 from the fun-
gal pathogen Cladosporium fulvum sequesters 3-(1,4)-poly-N-
acetyl-p-glucosamine, released from the hyphal cell wall during
infection, to prevent elicitation of host immunity (68). All con-
sidered, our data point to the possibility that, during plant-
microbe interaction, CP is overexpressed and interacts with the
host, acting as a typical PAMP (24, 25). The elicited plant
immune responses would include also overexpression of plant
cell wall-degrading enzymes, which will produce chitin oligo-
mers (69). At this stage, we may envisage that the expected
enhancement of the plant primary defense response induced by
those oligosaccharides can be blocked by the CP ability to bind
GlcNAg, albeit a bit more weakly compared with Ecp6.

In conclusion, we trust that the solution of CP three-dimen-
sional structure has opened the way to unravel the multifaceted
functions not only of this protein but also of the other members
of the CP family. 1) Because CP oligosaccharide binding in-
volves residues conserved throughout the CP family, it is rea-
sonable to expect that the other family members are able to
bind oligosaccharides. 2) The observation that CP and Ecp6
bind GlcNAcs with different affinities might explain why mem-
bers of the same family can act either as elicitors or effectors
and provide critical hints to understand the incompatibility/
compatibility of some plant-pathogen interactions. In other
words, it appears that we are disclosing a more widespread
strategy of host immune response suppression by fungal patho-
gens and elicitors (68).
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SUPPLEMENTARY MATERIAL

Sequence alignment of CP with other members of the CP family

BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.cgi) revealed that CP shares significant similarities
to fungi proteins only. Interestingly, all the identified proteins are currently classified as members of the CP

family. The Figure reports the sequence alignments for the selected proteins.
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B1 32

—— —

L 1
EEGVSLEKRVSISYDPIYAA-DLSMGSVACSNGDHGLMAQY ---PTLGEVPGFPNVGGIPDIAGWDS-PSCG 58

VSISYDPIYAA-DLSMGSVACSNGDHGLMNQY ---PTLGQVPGFPNVGGIPDIAGWNS-PSCG
VSISYDPIYAA-DLSMGSVACSNGDHGLMEQY ---PTLGQVPGFPNVGGIFPDIAGWNS-PSCG
VSISYDPIYAA-ELSMGSVACSNGDHGLMEQY ---PILGQVPGFPNVGGIPDIAAWNS-PSCG
VSISYDPIYAS-GLSMGSVACSNGEHGLMEQY ---PTLGQVPGFPNVGGIPDIAGWNS-PSCG
VSISYDPIYAS-GLSMGSVACSNGDHGLMDQY ---PTLGQVPGFPNVGGIPDIAGWNS -PNCG
VSISYDPVYGNPGQSMNTVACSNGKFGLAAKY ---PTLGDLPAFPNVGGIFDIFDWNNDQNCG
ITVSYDTGYDDASRSLDVVSCSDGSNGLIRK--GFSTQGSLPNFPNIGGASTIGGWNS -ASCG
ITVSYDVGYDDASRSLAVVSCSDGSNGLLTK--GYTTQGS LKNFPNIGGASVVAGWND -ANCG
DTVSYDTGYDDASRSLTVVSCSDGANGLITRY -HWQTQGQIPRFPYIGGVQAVAGWNS-PSCG
DTVSYDTGYDNGSRSLNDVSCSDGPNGLETRY -HWSTQGQIPRFPY IGGAAAVAGWNS-ASCG
DTVSYDTGYDDASRSLTVVSCSDGTNGLITRY -HWQTQGQIPRFPY IGGAQAVAGWNS -PNCG
ITVSYDPGYGEAGRAMTAVSCSDGTNGLITRY ~-GWKTQRGQIPKFPYIGGAQAIAGWNS-PSCG
TTVSYDTGYDDPNRSLTVVSCSDGSNGLITKY ~HWNFQNQVENFPY IGGVEAVAGWNS -PNCG
TTVSYDIGYDDPNRSLESVACSDGVNGLIWKY -GWKKQGDVRNFPFIGGAQAVAGWNS -PNCG
VSVSYDTGYDDGSRSLTAVSCSDGANGLITKY -GWQTQGQIRNFPY IGGVDAVGGWNS -PSCG
TTVSYDTGYDDKSRPMTAVSCSDGSNGLITKY -GWKTQGNIP-TKYIGGVNIIAGWNS -PNCG
ITVSYDTGYDDASRSMNVVSCSDGANGLAARF ---PTQGNLPSFPRIGGYQGIAGWNS -PQCG
ISVSYDQGYDDAGRSLTSVSCSDGNNGLITKY ~-GWQNQGAVAGFPRIGGYSGIAGWNS -AQCG
MSVSYDTGYDDPNRSMGVVSCSDGPNGLMHRF - --PTQGAIPNFPRIGGLSGIA-WNS-AQCG
IQVIYDSGYDNAARSLSVVSCSNGPNGLETRFPRYKVQGDLPTFARIGGASTIAGWNS -PNCG
QTASYDFTYDNGGSSLTSVACSDGPNGLITRG--YSTFGSLPGFPRIGGVPAVIGWNS -PACG
VNVTYDPFFDNPNNSLSYVACSDGTNGLLTKG--YTTLGS LPDFPYIGGAYATIAGWNS-PSCG
VSVSYDPRYDNGGTSMNDVSCSNGVNGLVIK---WPTFGSVPGFARIGGAPTIPGWNS -PNCG
VSVSYDPRYDNAGTSMNDVSCSNGVNGLVIK---WPTFGSVPGFARIGGAPTIPGWNS-PNCG
VSVSYDQRYDVAGNSMSTTSCSDGLYGLASK---WPTFGAVPSFALIGGAPTIPGWNS -PNCG
VSVSYDQRYDVAGSSMNTVSCSDGVNGLTSK---WPTFGSVPKFPHIGGSPTIPGWNS -PNCG
ISVSYDQKYDVSGSSLTTIVSCSDGVYGLISQG--YSTFGSLPGEFPNIGGAPTVAGWNS -PNCG
VSVSYDTAYDVSGASLTTVSCSDGANGLINKG--YSNFGS LPGFPKIGGAPTIAGWNS -PNCG
STLSYDTKYDVADTSLTTVACSDGDYGLITEG--YTTFGSLPTFARIGGAPTIPGWNS -PNCG
TDLSYDTHYDDPSLALSGVTCSDGDNGMITKG--YNTAGEIPNYPHVGGAFTVETWNS -PNCG
ADLSYDTHYDDPSLPLSGVTCSDGDNGMITKG--YNTAGE IPNYPHVGGAFTVETWNS -PNCG
*

= 1 o2
S e (U e oY
—
)

1
TCWKVTIPN----GNSIFIRGVDSGRGGFNVNPTAFTKLVG--STEAGRVDNVNYVQVDLSNCINGAN 120

-GNSIFIRGVDSGRGGFNVNPTAFTKLVG--STEAGRVDNVNYEQVDLSNCINGAN

-GNSIFIRGVDSGKGAFNVNPDAFVKLVG--SLEAGRVENVNYVQVDLSNCINGAN
-GNSIFIRGVDSGKGAFNVNPDAFVKLVG--SLEAGRVENVNYVQVDLSNCINGAN
~RNPIFILGVDSGKGNFNVSPQAFTELTG--STDAGRVNDIQYEKVSADNCKMPVA
~GRSINVLAIDHAAAGFNIGQRAMDTLTGGQRAVALGRID-ASYVQLDPSACGL
-GRSINVLVIDHAGAGFNIGEQALNTLTGGQRAAALGRID-ASYTQVDKSACGL
-GKTIYVLAVDHSAAGFNIGLDAMNALTNGNAVQYGRVD-ATASQVAVSNCGL
~GHTIYVLAVDHAASGFNIALDAMNALTGGQAVQLGRVS -ATATQVPVENCGL
-GKTIYVLAIDHTAAGFNIGLDAMNALTNGNAVALGRVS -ATASQVAVSNCGL
————— GKSINVLAIDHTAAGFNISPARMNALTNNQAVQLGRVD -ATATQVAVSNCGLEKK
————— GKTINILAIDHAGAGVNLSKKAMNELTGGNAEQFGRVD -AQVQQOVALSACGL
=GNTIYVLAIDHTGSGLNLGLRGMDALTNGHGQELGRVD-AVVAQVPISRCGL
-GKSINVLAIDHA-SGFNIGLAAMNDLTNGQAGSLGRIE-AQSQQVGLNACGL
—~GRKINVLAIDHAASGFNIGLDAMNALTGGQATALGRVN-AQVYHADPSACGLEK
-GNSIYVLAMDHAGAGFNIAQAAMNOQLTNGQAAALGRID-AQYAQVDRSNCGL
————— GNTIYVLAVDHAGDGFNIAKQAMDQLTNGQAAGLGRID-ANYQQOVATSNCGL
————— GKSIFVVAIDSSSTGFNIGLTAMNELTNNQATSLGRIE-AEVINASPSDCRM

TCYTLTYQ-=-—--- GVSINILAIDTAATGFNIAESAMNTLTNGRAVQLGNID-ADWILVIPEECGLPAE
SCWELTYTPPNGAKRSINIIAVDVGRGGFNLAHAALNDLTNGQATQLGRVN-VAARQVAPSACGLCIS
TCWELTYN---—~- NVSINILGIDTAA-GFNIALTAMNVLTNNAAVDLGEVD-AAAIQVDSSVCGL
KCYKLQYNQN-——-- TIYVIAIDAAPGGFNIATSAMNQLTNGMAVELGRVQ-ATYEEADPSHCASGV
KCYKLQYEQN--———| TIYVIAIDAAPGGFNIATSAMDQLTNGMAVELGRVQ-ATYEEADPSHCASGV
KCYKLHFAAGN-VDQTIYVIAIDAAPGGFNIGLNAMNQLTGGLAGQLGRVT-ATYEEADKSFCKQ
KCYKLTYGGK~-~--~— SIFVIAIDAAPGGFNLALSAMNDLTNGQAVNLGRVQ-ATYQEVAKSNCGQ
KCYQLHYAAGN-VDKSIYVITAIDAAPGGFNIGLQAMNTLTNGLAEQLGRVN-VDYTEVPRSNCGFP
KCYALTYNG----~- QTVNILAIDSAPGGFNIALEAMNTLTNNQAQQLGRIE-ATYTEVDVSLCA
SCYQITYTSATGQTNSIIMTAIDTAPGGFNVGQQOAMDLLTGGRAAELGRVD - ITWIQVGREQCGLTFR
KCYKVTYN-----. -AKTIFLTAIDHSNSGFNIAKKSMDVLTNGRAEELGRIK-VIYEEVASSLCGLK

KCYKVIYN----- AKTIFLTAIDHSNSGFNIAKKSMDVLTNGRAEELGRIK-VIYEEVASSLCGLK
. .k * . * * . *

TTOZ ‘9T AeN U0 ‘IZNIHIH 1A V.LISHIAINN Te Bio-og mmm woly papeojumoq


http://www.jbc.org/

Fig. S1. Sequence alignment of CPF members from different fungal species, generated by ClustalW
(http://www.ebi.ac.uk/clustalW). Invariable residues are shaded and marked with asterisks. The cysteines
involved in disulfide bridges are linked. The N-terminal secretion signal sequences of all proteins were
removed to optimize the alignment of CP with other CP variants from Ceratocystis fimbriata, CF-COF
(ABM63509), CF-MANG (ABM63508), CF-THEO (ABM63511), CF-IPO (ABM63510), CF-CRO
(ABM63507), and with related proteins from Ceratocystis populicola (ABM63506), Sclerotinia sclerotiorum
(XP_001588549), Botryotinia fuckeliana (XP_001559499), Hypocrea atroviridis (ABE73692), Thrichoderma
virens (AAZ80388), Trichoderma antroviride (CAL80754), Gibberella zeae-1 (XP_391381), Neurospora
crassa (XP_958708), Podospora anserine (XP_001911154), Magnaporthe grisea (XP_359969), Gibberella
zeae-2 (AAV83791), Cochliobolus Ilunatus (AAQ87930), Phaeosphaeria nodorum (XP_001803929),
Leptosphaeria maculans (AAM33130), Botryotinia fuckeliana (XP_001552257), Coprinopsis cinerea
(XP_001839821), Antrodia camphorata (AAT11911), Aspergillus clavatus (XP_001275544), Aspergillus
Sfumigatus (XP_755595), Neosartorya fischeri (XP_001260717), Aspergillus terreus (XP_001208607),
Aspergillus oryzae (XP_001821825), Aspergillus niger (XP_001399295), Aspergillus nidulans (XP_663877),
Coccidioides immitis (XP_001247410) and Coccidioides osadanii (Q00398). The secondary structure
elements and loops determined in the 3D structure of CP are shown. The additional 9 residues N-terminal
stretch are underlined.
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Backbone " N-relaxation measurements and analysis

Longitudinal (T;) and transverse (T,) relaxation times as well as {IH—ISN} NOEs of backbone amides were
determined using experiments acquired at 500 MHz with a >N-labelled CP sample (S1). The {'H-"N} NOE
values were taken as the ratio of the peak volumes of the experiments recorded with and without 'H saturation
using a saturation time of 3 s and a recycle delay of 2 s. Relaxation delays of 10, 210, 510, 710, 1010, 1310,
1510 and 1710 ms were employed for T, measurements, and 10, 50, 90 130, 170, 210, 250 and 290 ms for T,
measurements. T, and T, values were extracted by fitting the peak intensities to a single exponential decay
function in NMRView. (S2) The uncertainties of peak intensities were evaluated using the standard deviation

of the spectral noise measured in a region free of cross peaks.

Please note that the experimental points before residue 1 refer to the extra 9 residues as explained in
the "Expression and purification of cerato-platanin'' paragraph in the Experimental Section. The data clearly

indicate that the region has a disordered conformation.
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Fig. S2. Backbone relaxation analysis of CP. Plots of T, (upper panel), T, (middle panel) and 'H-""N NOE
(lower panel) vs.
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the protein residues.
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CD spectra of the recombinant CP protein

Circular dichroism (CD) measurements were performed on a JASCO J-810 spectropolarimeter
equipped with a Peltier temperature control system. The far-UV spectra were recorded at 20 °C in a 1 mm
optical path length cell in the wavelength range 190-260 nm with a bandwidth of 1 nm. The near-UV spectra
were recorded in the wavelength range 250-350 nm, at 20 °C using a 10 mm optical path length cell. For each
measurement, the average of four spectra was taken to improve the signal to noise ratio and each spectrum
was corrected by subtracting its blank. Typically, 15 uM of purified CP solution in 10 mM sodium phosphate
buffer, pH 5.8, was used for the CD measurements. The stability of the protein at different pH conditions was
also assayed. The pH values were adjusted by adding few drops of concentrated HC1 or NaOH.

>

[6] ><103 (deg.cmz.dmol'1)

190 200 210 220 230 240 250 260
A (nm)

[0] x 10° (deg.cm?.dmol™ 1)

_1 2 1 N 1 . 1 N 1 . 1
260 280 300 320 340
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Fig. S3. Far-UV (A) and near-UV (B) circular dichroism spectra of recombinant CP at 15 pM in 10 mM
sodium phosphate buffer, pH 5.8 at 20°C.
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CP structure stability

Protein stability has been analyzed as a function of pH and temperature. CD measurements were
performed as previously described.

The pH values were adjusted by adding few drops of concentrated HC1 or NaOH.

Thermal denaturation curves were recorded over a 15-90 °C temperature interval, following the
intensity of the CD signal at 212 nm. The temperature range was monitored at a temperature scan rate of 1
°C.min"', using 1 mm optical path length and 1 nm bandwidth. Reversibility of denaturation was tested by an
inverse temperature scanning, immediately after the end point temperature (90 °C) was reached and using the
same temperature scan rate.

The CD spectra of CP at different pHs show that the protein maintains its conformation in a wide pH
range (Fig. S4A). The protein is resistant to heat denaturation up to 60 °C; CP unfolding is complete only at
about 82 °C and the melting temperature turns out to be 76 °C (Fig. S4B). The unfolding is not reversible as
only 61% of the secondary structure can be recovered (Fig. S4B).
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Fig. S4. Characterization of CP stability. (A) Far-UV CD spectra of CP at different pH conditions. (B)

Temperature-induced denaturation (filled squares) and renaturation (opened circles) curves of CP. The curves
were recorded over a 15-90°C temperature interval, following the CD signal at 212 nm.
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Chemical Shift perturbation experiments

The experiments have been carried out as reported in Experimental Procedures.

In Fig. S5 are reported, as an example, the chemical shift perturbations of some amide crosspeaks
upon interaction with NAG-4 (A) and a NAGs mix formed by tetramer, pentamer and examer (B). Some
residues do not interact with any of the oligomers added (like T64, N67, and S70) and others are perturbed
only by the addition of the NAGs mix (S4 and V102) thus indicating they interact only with NAGs longer
than NAG-4.

In section A are reported, as an example, some of the residues affected (S17) or not affected (S4, T64,
S70, V102) by the presence of NAG-4.

In section B it is possible to observe what happens to the same residues when the NAGs mix is added.
In the case of S4 the interaction is so effective to produce a broadening of the line-width that precludes its
detection. V102 turns out to be significantly shifted, S17 exhibits a diverse chemical shift perturbation with
respect to the case in which only NAG-4 is present. Note that the shift for this peak move straight to lower
chemical shift.
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Fig. S5. Chemical shift perturbation upon interaction of NAG-4 (A) and NAGs-mix (B). Selected regions of
'H-"N HSQC spectra of 30 uM CP obtained in the absence (black) or after the addition of 2 mM (red), 4 mM
(green) and 8 mM (blue) of NAG-4 (A). The same 'H-PN HSQC regions for 100 uM CP in the absence
(black) or after the addition of 0.5 mM (yellow), 1 mM (red), 1.5 mM (green), 2 mM (blue) of NAGs-mix in a
solution containing a mixture of mono, di, tri, tetra, penta and hexa chitooligosaccharides (see Experimental
Procedures) (B).
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