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Plant chitinases are enzymes that have several functions, including providing

protection against pathogens. Agave tequilana is an economically important

plant that is poorly studied. Here, we identified a chitinase from short reads

of the A. tequilana transcriptome (AtChi1). A second chitinase, differing by

only six residues from the first, was isolated from total RNA of plants

infected with Fusarium oxysporum (AtChi2). Both enzymes were overex-

pressed in Escherichia coli and analysis of their sequences indicated that they

belong to the class I glycoside hydrolase family19, whose members exhibit

two domains: a carbohydrate-binding module and a catalytic domain, con-

nected by a flexible linker. Activity assays and thermal shift experiments

demonstrated that the recombinant Agave enzymes are highly thermostable

acidic endochitinases with Tm values of 75 °C and 71 °C. Both exhibit a

molecular mass close to 32 kDa, as determined by MALDI-TOF, and experi-

mental pIs of 3.7 and 3.9. Coupling small-angle x-ray scattering information

with homology modeling and docking simulations allowed us to structurally

characterize both chitinases, which notably show different interactions in the

binding groove. Even when the six different amino acids are all exposed to

solvent in the loops located near the linker and opposite to the binding site,

they confer distinct kinetic parameters against colloidal chitin and similar

affinity for (GlnNAc)6, as shown by isothermal titration calorimetry. Interest-

ingly, binding is more enthalpy-driven for AtChi2. Whereas the physiological

role of these chitinases remains unknown, we demonstrate that they exhibit

important antifungal activity against chitin-rich fungi such as Aspergillus sp.

Database

SAXS structural data are available in the SASBDB database with accession numbers

SASDDE7 and SASDDA6.

Enzymes

Chitinases (EC 3.2.1.14).

Abbreviations

(GlcNAc)6, chitohexaose; CatD, catalytic domain; CBM, carbohydrate-binding module; CD, circular dichroism; DLS, dynamic light scattering;

GH, glycoside hydrolase; GlcNAc, N-acetylglucosamine; ITC, isothermal titration calorimetry; MALDI-TOF, matrix-assisted laser desorption/

ionization-time of flight; NMR, nuclear magnetic resonance; PR, pathogenesis-related; SAXS, small-angle x-ray scattering; SEC, size-

exclusion chromatography; Tm, melting temperature.
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Introduction

Chitinases (EC 3.2.1.14) are enzymes that hydrolyze b-
1,4-bonds between N-acetylglucosamine (GlcNAc) resi-

dues in chitin (C8H13NO5)n, which is present in the cell

walls of fungi, the exoskeleton of most insects, in

yeasts, algae, and the shells of crustaceans, among

others [1]. This type of enzymes is involved in numer-

ous physiological events such as abiotic stress

responses [2], including antifungal activity versus

pathological fungus [3,4]. The Carbohydrate-Active

Enzyme (CAZy) database classifies most chitinases in

the glycosyl hydrolase (GH) families 18, 19 based on

primary sequence, three-dimensional structure, and

catalytic mechanism [5]. Those belonging to the GH18

family are found in most organisms, whereas the ones

in the GH19 family have been detected mainly in

plants as part of the defense mechanism against patho-

gens. Chitinases of the GH19 family consist of two

domains, the N-terminal carbohydrate-binding module

(CBM18) and a catalytic domain (CatD) that exhibits

an a-helix rich/lysozyme-like structure with diverse

loop arrangements and they hydrolyze their substrates

through a single-displacement mechanism with inver-

sion of the anomeric carbon configuration [6].

Plant chitinases are further classified into seven

classes (I–VII) [7–11]. Classes I, II, IV, VI, and VII

belong to the GH19 family, whereas classes III and V

are grouped in the GH18 family [12]. In class I chiti-

nases, the CatD and CBM18 domains are connected

by a flexible linker that varies in length and amino

acid composition [9]. The CBM18, or hevein-like

domain, is also present in class IV but is absent in

class II chitinases [7]. Several studies indicate that one

plant can possess numerous chitinases belonging to

different classes, or several isoforms with redundant

functions in order to guarantee the accomplishment of

the biological function [12–15].

Most investigations into the structure–function rela-

tionships of plant chitinases, belonging to classes I and

IV, have been carried out on empty catalytic domains

or in complex with GlcNAc oligosaccharides of up to

six units [16,17]. However, for enzymes in class I, it

has not been possible to obtain a full-length crystallo-

graphic structure due to the flexibility of the linker

that binds the two domains. There is only one report

in which both domains, without the linker, are

observed in the crystal structure (PDB entry 2DKV)

[18]. These domains seem to contribute differently to

the activity of class I chitinases, even in defense-related

functions [4,15]. Therefore, it is interesting to perform

studies that provide information regarding the spatial

distribution of both domains and its importance in the

activity and kinetic properties of class I chitinases. The

structural characterization of chitinases from plants

may lead to the development of new chimeric enzymes

that could be used to obtain varieties that are more

resistant to pathogens [19].

While many chitinases are known to be important in

numerous plants, none have been isolated from the

genus Agave. There are only four enzymes that have

been identified in the transcriptome of this plant, and

they were isolated and characterized from total RNA:

two fructosyltransferases (1-SST and 6G-FFT) and

two types of invertases (cell wall and vacuolar) [20].

Agaves are succulent monocotyledonous plants native

to deserts or moderately dried environments of North

America. The genus Agave is cultivated to produce

fiber, food, beverages, fuel, etc., and has great socioe-

conomic and agroecological value, especially in hot

and drought-prone regions of the world; despite its

adaptability, these plants suffer from diseases, such as

those caused by insects and fungus. Within this genus,

Agave tequilana is primarily used for the elaboration

of beverages, in soil conservation; furthermore, it has

also been indicated that this plant can potentially be

an important source of lignocellulosic bioenergy feed-

stocks [21–23].

Here we describe the overexpression, catalytic activ-

ity, and binding affinity determinations, as well as a

structural characterization in solution of two novel

class I chitinases, present in A. tequilana. Isothermal

titration calorimetry (ITC) using chitohexaose

(GlnNAc)6 and the active enzymes, under very low

activity conditions (pH 7.0, 18 °C), allowed us to

determine the Kd and the associated thermodynamic

parameters. The structural characterization of both

chitinases by means of small-angle x-ray scattering

(SAXS) analysis and homology modeling showed sub-

tle differences between them. Docking simulations

using (GlnNAc)6 revealed slightly different binding

grooves. Finally, these enzymes were found to be

highly thermostable and exhibited antifungal activity

versus Aspergillus sp., implying that they could exert a

protective role in the plant.

Results

Class I chitinases obtained from the

transcriptome and the cDNA of Agave tequilana

plants

A class I chitinase from A. tequilana was assembled

from transcriptome short readings. The whole gene

was assembled and submitted for a nucleotide BLAST
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alignment using the NCBI server [24], which confirmed

that it corresponded to a class I chitinase. The

sequence obtained (named AtChi1) corresponds to a

class I chitinase that exhibits more than 66% sequence

identity with chitinases from Poa pratensis, Ananas co-

mosus, Zea mays, and Oryza sativa. The gene identi-

fied encodes for a protein of 324 residues, including a

signal peptide of 20 residues at the N terminus

(Fig. S1). According to the predictions of servers Sig-

nalP (http://www.cbs.dtu.dk/services/SignalP/) [25] and

Phobius (http://phobius.sbc.su.se/) [26], the first

60 base pairs encode for a signal peptide for secretion.

After the signal peptide, residues 1–39 correspond to

the CBM18 present in class I plant chitinases that

shows a hevein-like fold [27,28]. Residues Gly40 to

Ser66 form the interdomain flexible linker (shown in

yellow in Fig. 1A) that connects the CBM18 with the

C-terminal CatD.

Moreover, a cDNA fragment encoding an A. tequi-

lana class I chitinase that lacks a signal peptide was

amplified from total RNA of Fusarium oxysporum

infected leaves using RT-PCR. The PCR products

obtained from infected leaves were subjected to agar-

ose gel electrophoresis; and from leaves with 4 weeks

of infection, three bands of approximately 900, 1000,

and 1200 bp were identified (Fig. 1B). However, from

the leaves with 7 weeks of infection, only the 900 bp

band was still visible. This band was isolated, cloned

and expressed (AtChi2) (Fig. 1B). The latter has only

six residues different from those in AtChi1 (shown in

green in Fig. 1A) but conserves the putative catalytic

acidic residues, Glu129 and Glu151, that have been

described for other plant class I chitinases (shown in

magenta) (Fig. 1A) [18,29].

Characterization of the purified AtChi1 and

AtChi2

Both chitinases were purified from 16 h cell cultures of

Rosetta Gami and SHuffle strains, respectively. These

strains were selected because they allow the correct

formation of disulfide bonds, of which class I plant

chitinases usually have more than six (three in the cat-

alytic domain and four in the CBM18). The protocol

used allowed us to obtain the two enzymes with a high

degree of homogeneity, appearing as single bands on

SDS/PAGE gels near 31 kDa (Fig. 2A). Recombinant

AtChi1 and AtChi2 were purified with yields of 4 and

Fig. 1. Amino acid sequences of chitinases from Agave tequilana. (A) Sequence comparison between AtChi1 assembled from short reads

of A. tequilana transcriptome and AtChi2 isolated from infected plant total RNA. Mature AtChi1 comprises residues Gln1 to Cys39 that

correspond to the CBM18, the linker between the CBM18 and the catalytic domain shown in yellow (residues Gly40-Ser66), and the

catalytic domain (residues Ile67-Phe304). Residues in green show the differences between the two isoforms, which are present in the

catalytic domain. Residues shown in purple are the catalytic Glu129 and Glu151. (B) Agarose gel showing the AtChi2 gene from infected

leaves total RNA (A. tequilana plants after 4 and 7 weeks of infection with Fusarium oxysporum). Lane 1: Big leaves (BL), 4 weeks after

infection; Lane 2: Small leaves (SL), 4 weeks after infection; Lane 3; BL, 7 weeks after infection; Lane 4: SL, 7 weeks after infection; Lane

5: Negative control without polymerase; Lane 6: PCR positive control, BL-400 bp fragment of glyceraldehyde dehydrogenase (GDH); Lane 7:

SL-GDH; Lane 8: 1 kb molecular weight ladder; Lane 9: BL without infection. Lane 10: SL without infection.
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2 mg�L�1 of culture, respectively. The mature AtChi1

has 304 residues, including 17 cysteines in conserved

positions of the class I chitinases family, with a theo-

retical molecular mass of 31.7 kDa and pI of 4.7.

AtChi2 is a protein of 304 residues that also exhibits

the conserved cysteine positions and has a theoretical

molecular mass of 31.9 kDa and pI of 4.82. These the-

oretical masses were calculated for the recombinant

Fig. 2. Purification, mass determination, and folding analysis of AtChi1 and AtChi2. AtChi1: left side (yellow) and AtChi2: right side (purple).

(A) SDS/PAGE of the purified enzymes: Lane 1, molecular weight size markers (kDa); Lane 2, AtChi1, Lane 3 AtChi2. (B) MALDI-TOF

spectra for both enzymes; insets correspond to the SEC elution profile of the pure enzymes. (C) CD spectra in the far-UV region.

[AtChi1] = 0.186 mg�mL�1, [AtChi2] = 0.23 mg�mL�1.
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proteins with three additional residues at the N termi-

nus due to the cleavage site for TEV, Gly-Gly-Ala for

AtChi1 and Ser-Asn-Ala for AtChi2. The masses of

the two proteins were confirmed by MALDI-TOF

spectrometry (Fig. 2B) with base m/z peaks of 31.7

and 31.9 kDa, and the experimental pIs were 3.7 and

3.9, respectively.

Furthermore, the far-UV circular dichroism (CD)

spectra of both enzymes were very similar and exhib-

ited a clear helical character (Fig. 2C) with two nega-

tive peaks at 222 and 208 nm. However, the analysis

indicated a high contribution of loops and flexible

regions. The BeStSel server estimated equivalent

amounts of a-helices and b-sheets, 24.4% and 23.5%,

respectively for AtChi1, whereas for AtChi2 these val-

ues were 31.3% and 15%, respectively. It is important

to note that this server predicted a high content of

turns and other disordered structures for both

enzymes: 52.2% for AtChi1 and 53.6% for AtChi2,

results that are in agreement with the presence of

loops and flexible regions common in ‘loopful’ plant

class I chitinases (Fig. 2C) [17,18,30,31].

Notably, both chitinases only exhibited important

activity over insoluble colloidal chitin, two orders of

magnitude higher than the activity observed when the

oligosaccharides chitohexaose (GlnNac)6 and chitotriose

(GlnNac)3 were used under the same conditions

(Fig. S2). No activity was detected with 4-Methylumbel-

liferyl N-acetyl-b-D-glucosaminide and 4-Methylumbellif-

eryl N,N0-diacetyl-b-D-chitobioside. The effect of pH on

the stability of the two chitinases was measured using dif-

ferent buffers, ranging in pH from 2.0 to 10.0. As shown

in Fig. 3A, both chitinases were optimally active at pH

5.0 (37 °C) using colloidal chitin as substrate. Moreover,

both enzymes were stable over the pH range 3–10, retain-
ing more than 75% of its activity even after incubation

for 48 h at these pH values. Furthermore, the activities

of the two chitinases were evaluated on colloidal chitin

and data of initial rates versus substrate concentration

were adjusted to a Michaelis–Menten plot and kinetic

parameters were calculated (Fig. 3B). For AtChi1,

Km = 4.84 � 0.45 mg�mL�1, kcat = 0.47 � 0.11 min�1,

and kcat/Km = 9.7 9 10�2 mL�mg�1�min�1 at the condi-

tions described in the Materials and methods section,

whereas for AtChi2 Km = 8.01 � 0.67 mg�mL�1,

kcat = 0.53 � 0.09 min�1, and kcat/Km = 6.6 9

10�2 mL�mg�1�min�1 in the same conditions (Fig. 3B),

indicating a higher affinity and catalytic efficiency for

AtChi1.

Analysis of thermal shift assays for the two chiti-

nases indicated the higher melting temperatures (Tm)

in pH values between 6.0 and 6.5 (Fig. 3C). The maxi-

mum Tm values were 75 °C and 71 °C for AtChi1 and

AtChi2, respectively. For this reason, we selected MES

pH 6.0 as the condition of maximum stability.

Binding affinity and thermodynamic

characterization

To measure the binding affinities between the two chiti-

nases and chitohexaose, we performed ITC experiments

and determined the equilibrium dissociation constant

(Kd). Both enzymes bound chitohexaose with a stoi-

chiometry of n = 1 and Kd values of 208 and 128 lM,
respectively (Fig. 4A,B). These Kd values were consis-

tent with the binding affinities reported for a class I

GH19 chitinases from Bryum coronatum (moss) using

ITC and GlcNac oligosaccharides [30]. Moreover, data

showed a 1.5-fold difference in the enthalpy of forma-

tion for the chitohexaose–chitinase complex with a

more negative value for AtChi1 ΔH = �8.6 �
0.1 kcal�mol�1 compared to ΔH = �5.5 � 0.0 kcal�mol�1

for the AtChi2. There is a 10-fold difference in entropy
between the two enzymes with values of �TΔS = 3.7 �
0.1 kcal�mol�1 for AtChi1 and �TΔS = 0.3 �
0.0 kcal�mol�1 for AtChi2. It is important to mention that
the activity of the two enzymes over chitohexaose was very
low in the ITC assay conditions (pH 7.0, 18 °C), with a
maximum 0.04% of the substrate consumed during the
experiment.

Solution structure and homology modeling

We characterized the low-resolution overall shape

and maximum particle size of the complete chitinases

in solution using SAXS. Data collection and struc-

tural parameters for the experiments are reported in

Table 1. Raw data for both enzymes, with insets of

the Guinier plots, are shown in Fig. 5A. For AtChi1,

we used the lowest protein concentration because we

observed some aggregation during the experiment at

higher concentrations. It is important to note that

before the experiment both proteins were monodis-

perse and monomeric as confirmed by SEC (Fig. 2B,

inset) and DLS (results not shown). For AtChi2 we

used a merged file with the 7.5 and 3.75 mg�mL�1

concentrations for the analysis. All SAXS data are

deposited in the SASBDB database [32] with IDs

SASDDE7 and SASDDA6 for AtChi1 and AtChi2,

respectively. The radius of gyration (Rg) determined

for AtChi1 was 26.10 � 1.3 �A, whereas for AtChi2 it

was 24.1 � 0.47 �A (Fig. 5B). The Guinier plot

reveals a linear fit suggesting that there are no inter-

particle interactions at the concentration used for

each protein. At this point, it is important to
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mention that the Guinier analysis from ATSAS only

gives fidelity coefficients, not linear regression coeffi-

cients. The maximum particle dimensions, derived

from the distance distribution function P(r), were

97.6 and 98 �A for AtChi1 and AtChi2, respectively

(Fig. 5B).

Fig. 3. Characterization of AtChi1 and AtChi2. AtChi1: yellow and AtChi2: purple. (A) Optimum pH for activity and stability (shown in blue)

using colloidal chitin as substrate. [Colloidal chitin] = 4.78 mg�mL�1 (w/v). Assay conditions: for activity, 24 h at 37 °C; for stability, 48 h. (B)

Michaelis–Menten curves obtained using the GRAPHPAD software. (C) Thermodynamic stabilities using Thermal Shift Assays. In (A) and (B),

the data show the means of three independent experiments and bars indicate the standard deviations.
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The ab-initio low-resolution molecular models of

AtChi1 and AtChi2 in solution were generated using

DAMMIF [33] and DAMFILT [34]. We also deposited the

best model generated in DAMMIF for each enzyme in

the SASBDB website. Both models clearly indicate the

presence of two lobes that are joined by a hinge region

that corresponds to the 27 amino acids linker

(Fig. 5C). Three-dimensional models of AtChi1 and

AtChi2 were generated with the Robetta server [35]

that used the crystal structure of rice class I chitinase

(PDB entry 2DKV) to model the CBM18 for both

Agave enzymes. This structure lacks the linker between

the catalytic domain and the CBM. The catalytic

domains were modeled using the structure of the rye

chitinase (PDB entry 4DWX) (identity 76.5%), that

lacks the CBM18 and the linker. These AtChi1 and

AtChi2 models showed 99.1% and 99.5% of the resi-

dues in the most favored region of the Ramachandran

plot, respectively, and 0.9% and 0.5% in the disal-

lowed regions of the Ramachandran plot, respectively

[36]. For AtChi1, these residues correspond to Gln152

and Tyr 183, and for AtChi2 to Tyr 183, which are

located in the chitin binding groove. Ramachandran

outliers do happen in several enzymes and antibodies

indicating strained conformations of residues in active

or binding sites [37].

Robetta models were fitted to the experimental scat-

tering curves from SAXS with the CRYSOL program

[38]. The models for each enzyme with the best fitting

to SAXS data were superimposed into the SAXS

envelopes revealing good global fitting (Fig. 5C). For

AtChi1 the chi-square goodness of fit for the three best

Robetta models was: 4.09, 3.79, 4.03; and for AtChi2

these values were 2.44, 2.51 2.19. The best fitting for

both enzymes is shown in Fig. 5C. The catalytic

domains of both chitinases were almost identical with

an RMSD of only 0.263 Å, while the linker and

CBM18 exhibited slightly different conformations

(Fig. 5D). It is important to mention that the best

Robetta CatDs models were compared with the CatDs

of plant class I chitinases deposited in the PDB and

slight differences are observed in the longest loop (III),

where Glu151 is located.

To get insight into the binding of chitohexaose, we

used the homology models of the catalytic domains

obtained using Robetta, which were fitted onto the

SAXS experimental envelopes, with the lowest

Fig. 4. ITC thermograms and theoretical fits

for the binding of chitohexaose to AtChi1

(left) and AtChi2 (right). Titrations were

conducted in 20 mM phosphate buffer pH

7.0 (18 °C). Thermodynamic parameters

obtained from individual experiments are

shown in boxes.

Table 1. SAXS data collection and structural parameters

AtChi1 AtChi2

Data collection parameters

Detector Rayonix MX225-HE Pilatus3 X 1M

Defining slit size

(H mm 9 V mm)

0.3 9 0.3 0.3 9 0.3

Detector distance (m) 1.78 1.80

Wavelength (�A) 1.127 1.127

Exposure time (s) 10 9 1 10 9 1

Protein concentration

(mg�mL�1)

0.23–15 0.23–7.5

Temperature (K) 288 288

Structural parameters

Rg from Guinier (nm) 2.6 � 0.13 2.4 � 0.047

Dmax (nm) 9.7 9.8

Porod volume (nm3) 52 49
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chi-squared values. A superposition of these models

showed RMSD values that varied from 0.08 Å
(Model 1 versus Model 2) to 0.159 Å (Model 1 versus

Model 5) for AtChi1, whereas for AtChi2 these values

were 0.134–0.181 Å (Fig. S3). Docking experiments

were performed allowing side-chain flexibility and even

though the substrate binding clefts look almost identi-

cal to those in other plant chitinases, they showed

slightly different binding energies (kcal�mol�1): �8.3,

�8.4, �8.6, �7.5, �8.2 for the five AtChi1 dockings,

whereas for AtChi2 these values were: �8.0, �8.2,

�7.5, �7.8, �7.7 (Fig. S4). It is worth mentioning that

the experimental ΔH values determined using ITC

were �8.609 � 0.1 kcal�mol�1 for AtChi1 compared

to �5.482 � 0.0 kcal�mol�1 for AtChi2, while ΔG

values were �4.56 and �5.2 kcal�mol�1 for AtChi1

and AtChi2, respectively. The first five solutions of

lower energy were selected and analyzed considering

the previous reports on the amino acids involved in

interactions with the substrates or products of active

GH19 chitinases [16,17,29]. Figure 6B illustrates the

interaction of the catalytic residues with (GlcNAc)6
when the latter was positioned throughout the groove

in subsites �4 to +2. Figure 6C shows a surface view

of the catalytic cleft of both enzymes with (GlcNAc)6.

Interestingly, as shown in this figure the binding

groove for AtChi2 is slightly wider than the one in

AtChi1, and there are more interactions of AtChi1

with chitohexaose as estimated using CONTACT in

CCP4 [39].

Fig. 5. SAXS analysis of AtChi1 (left) and

AtChi2 (right). (A) Scattering experimental

data with an inset of the Guinier plot. (B)

Normalized inter-atomic pairwise distribution

function P(r). (C) Structural fitting of the

Robetta models for AtChi1 (gold) and

AtChi2 (purple) into the ab initio calculated

SAXS envelopes. Lower panel shows

simulated curves obtained with the CRYSOL

program [38]. Chi-squared values are

indicated for both proteins (D) Superposition

of the Robetta models for AtChi1 (gold) and

AtChi2 (purple, in surface representation,

which includes the CBM18 and the CatD.
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Fig. 6. Docking analyzes using (GlnNAc)6 on AtChi1 and AtChi2 Robetta models. (A) Left side: Superposition of the catalytic domains

showing the docked chitohexaose. The arrow indicates the slightly different conformation for loop III in both chitinases where the catalytic

residue E151 is located. Right side: 90° view showing the six different residues in both enzymes as blue sticks. (B) Zoom of the groove

where the residues that could be involved in the interaction with (GlnNAc)6 are shown in AtChi1 (left) and AtChi2 (right). (C) Surface

representation of the catalytic groove with the oligosaccharide. Residues in transparent areas (W134, D276, Y142, R283, Q75, K282) exhibit

different conformation due to the six mutations between both chitinases. Colors are the same used in Fig. 5.
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Antifungal activities versus phytopathogenic

fungi

The antifungal activity of both chitinases versus the

pathogenic fungi Aspergillus sp. is shown in Fig. 7.

AtChi1 exhibited higher antifungal activity at both

concentrations when compared with AtChi2 and fun-

gal inhibition showed concentration dependence.

Discussion

Recently, the study of chitinases has been an impor-

tant objective of numerous research projects due to

their enormous potential applications, such as biocon-

trol agents, to develop pest-resistant species of eco-

nomically important plants [40,41], or for their role as

molecular markers of numerous diseases [42–44], and

they are also attractive for protein engineering studies

[45,46]. In the present study, the first chitinases from

the genus Agave (AtChi1 and AtChi2) were produced

in E. coli cells and the recombinant products were

purified and characterized. The predicted AtChi1 was

identified by inspecting the Agave transcriptome, and

AtChi2 was amplified from infected leaves RNA using

RT-PCR. Three PCR products were obtained after

4 weeks of infection and only one band was observed

for the 7 weeks infected plant (Fig. 1B). These results

suggest that during infection more isoforms could be

expressed in the plant and that the chitinase genes

respond differently to biotic stresses [47]. Both chiti-

nases belong to the class I/GH19 family and exhibit

only six different residues in their sequences (Fig. 1A),

which notably are all exposed to the solvent and

located near the hinge region and opposite to the bind-

ing groove. This result is interesting because it has

been reported that molecular evolution of class I chiti-

nase is driven by selection for advantageous mutations,

causing an excess of amino acid replacements in the

active site and substrate binding cleft [48], which is not

the case.

Plant chitinases are either induced as PR proteins in

response to insect or fungal attack or are constitutively

expressed in tissues vulnerable to pathogen attack [49–

51]. The Agave chitinases are catalytically active and

conserve the aromatic residues involved in the interac-

tion with the substrate and also the catalytic residues

Glu129 and Glu151 (Fig. 1A), including the His-Glu-

Thr-Thr motif, which is highly conserved among class

I chitinases [52]. The CBM18 also conserves the resi-

dues involved in interactions with GlcNAc oligosac-

charides (Ser19, Phe21, Tyr23, and Tyr30) [28]

(Fig. 1A). Analysis of the hydrolytic activity of both

enzymes on colloidal chitin revealed an optimum pH

of 5.0, and they were stable over a wide pH range

(2.0–10.0), preserving over 75% of their enzymatic

activities when incubated in different buffers for 48 h.

These optimum pH and pH stability have been

reported for other plant chitinases, including Tri-

chosanthes dioica (pointed gourd), fruits from the

genus Dyospyrus (persimmon), leaf from A. comosus

(pineapple), and Ficus microcarpa (Chinese banyan),

and Limonium bicolor (lavender) [15,53,54]. However,

not all plant chitinases show this pH stability, as has

been demonstrated for those from Carica papaya,

Vicia faba (fava bean), and Vitis vinifera (grapes),

which were unstable in a broad pH range [55–57]. Fur-

thermore, AtChi1 and AtChi2 showed high thermosta-

bilities, as determined by thermal shift assays, with

apparent Tm of 75 °C and 71 °C, respectively

(Fig. 3C). Highly thermostable plant chitinases are not

Fig. 7. Antifungal activities against the phytopathogenic fungus Aspergillus sp. (A) AtChi1; (B) AtChi2. (a) Left disks containing sterile buffer

were used as negative controls. (b) Bottom disks containing 150 lg enzyme and (c) top disks containing 300 lg enzyme in a sterile 20 mM

MES, pH 6.0 solution were applied onto potato dextrose agar in Petri dishes (5.4 cm diameter), each with a central inoculum that contained

the mycelium of a 1-day-old fungi culture. Radial growth inhibition is clearly observed for both enzymes at the two concentrations used.
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very common, regardless of the class or family to

which they belong [54]. For instance, chitinases iso-

lated from fava bean, cranberry beans, and maize were

stable only at temperatures under 58 °C, 45 °C, and

60 °C, respectively [57–59]. However, there are some

examples of chitinases that retained their activities

above 60 °C, such as the chitinase isolated from per-

simmon, or up to 70 °C for the chitinases isolated

from the ʻBaozhu’ pear and pineapple [3,15,54].

The kinetic analysis of AtChi1 and AtChi2 using

colloidal chitin as the substrate (Fig. 3B), allowed us

to obtain the Km and Vmax and to calculate kcat and

kcat/Km. The Km values for these enzymes are about

one order of magnitude lower than, or similar to,

those reported for other plant chitinases when the

same substrate was used. For instance, a class I chiti-

nase from persimmon exhibited a Km of

11.9 � 0.78 mg�mL�1 [54], and a class I/GH19 chiti-

nase from O. sativa showed a Km value 1.9 mg�mL�1

[60]. However, in these reports, the kcat values are not

shown. There is one report of a chitinase from the

Cucurbitaceae Trichosanthes dioca which shows a Km

value of 0.3 mg�mL�1 and a Vmax of

5.58 U�min�1�mg�1 [53]. These results are expected

because the alignment of the Agave enzymes with class

I plant chitinases showed good conservation of the cat-

alytic residues and also of almost all the residues

involved in substrate binding and catalysis [18,29,31].

To date, there are no reports of the three-dimensional

structure of full-length class I chitinases. Some studies

describe the structures of the CatD and the CBM18 sep-

arately; however, it has not been possible to obtain a

good electron density map to interpret the long flexible

linker connecting both [27,61,62]. Additionally, it has

also been suggested that such linkers could be very labile

[31]. In this regard, the only crystallographic structure

of a class I chitinase lacks coordinates for the linker

[18]. We performed SAXS experiments in solution to

estimate the low-resolution molecular envelopes for

both enzymes. The estimated radius of gyration (Rg)

was 26.1 and 24.1 �A for AtChi1 and AtChi2, respec-

tively. These values are in agreement with the 22.9 �A

obtained for rice class I chitinase (OsChia1b) [18]. Fur-

thermore, the experimental P(r) curves for the enzymes

exhibit asymmetric bell-shaped profiles, with a small

additional maximum near to 78 and 58 �A for AtChi1

and AtChi2, respectively (Fig. 5B). This result suggests

that both proteins are not globular particles with a

spherically symmetric distribution of mass, and could

have multiple conformations in solution, which is possi-

ble for multi-domain proteins connected by very long

and flexible linkers [63]. These graphics allowed us to

determine the maximum particle size (Dmax), being

97.6 �A for AtChi1 and 98 �A for AtChi2. Both Dmax val-

ues (Fig. 5B) are larger than the one obtained for

OsChia1b (Dmax of 86 �A) [18].

The low-resolution macromolecular shapes of both

chitinases in solution showed slight differences in their

overall shapes. Both models displayed elongated envel-

opes and had two lobes that were clearly distinguish-

able (Fig. 5C). However, the most important result

revealed from these experiments is the clearly distin-

guishable presence of the long flexible linker that con-

nects the CatD to the CBM18.

The theoretical 3D models of the two chitinases gen-

erated using the Robetta server were superimposed

onto the ab-initio envelopes calculated using the SAXS

data (Fig. 5C). In general, the conformation of both

models is in good agreement with the SAXS envelopes,

with slight discrepancies mainly due to the flexibility

of the linker. The template used by Robetta to gener-

ate the CBMs models was the crystal structure of rice

class I chitinase (PDB entry 2DKV), which lacks coor-

dinates for the linker. This structure was selected due

to high sequence identity, 68% for AtChi1 and 67%

for AtChi2. To build the catalytic domains, the crystal

structure of the rye chitinase (PDB entry 4DWX) was

used by Robetta due to sequence identity (76.5%). It

is important to mention that Robetta does not con-

sider the flexibility of the linker. These models showed

99.1% and 99.5% of the residues in the most favored

region of the Ramachandran plot, respectively, and

only 0.9% and 0.5% in the disallowed regions, respec-

tively [36]. The residues in the disallowed regions of

the Ramachandran plot, two in AtChi1 and one in

AtChi2 are located in the chitin binding groove, indi-

cating commonly strained conformations of residues in

binding sites [37]. Interestingly, our models suggest a

slightly higher spatial proximity of the CBM18 with

the CatD for AtChi2 (Fig. 5D). Recently, the NMR

structure of the chitinase CJP-4 from the Japanese

cedar pollen showed that the CBM18 was responsible

for chitin binding [31]; therefore, the separation found

between the CBM18s and the CatDs in a hypothetical

open conformation could contribute to the decrease in

the catalytic efficiency of these enzymes, as was

observed for AtChi2 in comparison with AtChi1. The

shapes of the envelopes obtained in our work suggest

the presence of at least two conformations in solution

for this class of enzymes. Considering that most of the

different residues between AtChi1 and AtChi2 are

close to the interface between the two domains and on

the opposite side of the catalytic groove (Fig. 5A,C),

we suggest that these residues may participate in the

stabilization of the open or the compact conformation

during the catalysis of class I chitinases and may
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contribute to the abundance of each conformation and

its functional differences. This hypothesis is supported

with the results from the ITC experiments (Fig. 4),

where the thermodynamics of binding for the chito-

hexaose substrate were measured under conditions

promoting low catalytic activity. The results show rele-

vant differences between the two chitinases. First, the

binding of chitohexaose is enthalpically driven for

both enzymes; however, AtChi2 displays an entropic

penalty 10-fold lower than the one for AtChi1.

Nonetheless, there is no significant difference in the

binding free energy DG, suggesting that all six GlcNAc

moieties of the chitohexaose associate to the binding

cleft in the two chitinases [64]. Furthermore, the

oligosaccharide binds twofold more tightly to AtChi2

with a Kd of 128 lM, whereas AtChi1 displays a Kd of

208 lM. These values are well in agreement with a pre-

vious report for a class IV chitinase from Cryptome-

ria japonica [31]. Taken together, these data suggest

that the six different residues between the two chiti-

nases have long-range effects in the accommodation

process of the ligand in the binding groove and affect

its affinity even when they are located on the surface

of the two proteins. Differences in the thermodynamic

parameters indicate that subtle changes in the amino

acid sequence of the chitinases promote divergence in

the formation of the protein–ligand complex.

The docking experiments suggest that the active site

groove is different in both isoforms with more flexibil-

ity of the oligosaccharide in the binding groove of

AtCHit2 (Fig. S4). Figure 6A indicates that loop III in

AtChi1 is conformationally different from the same

loop in AtChi2. This causes that the catalytic residue

Glu151 is farther from the ligand in AtChi2. These

results could explain the differences in Km and Kd val-

ues between both enzymes. The calculated docking

binding energies are in good agreement with the exper-

imental values obtained in the ITC. Therefore, we con-

sider that our simulations are valid.

Besides, Fig. 5C shows all the residues in the groove

of AtChi1 and AtChi2 that make contact with the

oligosaccharide, just a few residues are not conserved

in these interactions. Several residues (shown in trans-

parent) located in loops II and V, adopt different con-

formation probably due to the six different residues in

both enzymes. Long-distance effects of these mutations

could be also responsible for small changes in the

binding sites of the enzymes. Notably, in both

enzymes, the position of the catalytic Glu151 is far

from the �1 +1 GlnNAc bond in the chitohexaose

molecule, which could explain the low catalytic activity

over oligosaccharides. The distances between the OE1-

Glu151 to the �1 +1 GlnNAc bond is 5.56 �A (AtChi1)

and 5.81 �A (AtChi2); and for OE1-Glu129 the dis-

tances are 7.50 �A for AtChi1 and 5.30 �A for AtChi2

(Fig. 6B). Besides, we measured the distance between

the Ca of the catalytic proton donor and the catalytic

nucleophile in each enzyme and the values are 9.48

and 9.31 �A, indicating that they operate through an

inverting mechanism of action.

Interestingly, AtChi1 and AtChi2 showed antifungal

activities versus Aspergillus sp. at concentrations of

150 and 300 lg per disk. This result suggests that the

Agave enzymes are involved in defense mechanisms.

The inhibition observed was lower than that reported

for other plant chitinases [3,54]; however, it is known

that plants overexpress a pull of chitinases, glucanases,

and others PR proteins that act synergistically to fight

pathogen infections [65]. These inhibitory concentra-

tion values are similar to those reported for barley

class I chitinase of 80 and 200 lg [66]. Recently, the

variation in the temporal and spatial induction of

chitinases in response to infection was demonstrated in

chickpea [47]. Therefore, in the late stages of the infec-

tion, chitinases that maintain their expression may

have additional physiological functions in the plant,

not directly related to defense.

Our results are the first into the study of chitinases

enzymes of A. tequilana and in the whole genus Agave.

The information provided by the experimental SAXS

analysis showed the spatial organization of the two

domains, characteristic of class I chitinases. The differ-

ent residues located near the inter-domain region could

be responsible for the slightly different conformations

of both chitinases, the differences in the kinetic proper-

ties and also the different thermodynamic parameters,

which could promote divergence in the formation of

the protein–ligand complex. In this regard, it has been

recognized that mutations can exert long-distance

effects on protein structure, flexibility and stability

[67]. Finally, we also demonstrated that both enzymes,

one of which (AtChi2) was obtained from RNA of

F. oxysporum-infected plants, exhibit antifungal activ-

ity versus Aspergillus sp.; therefore, these enzymes

could be considered as pathogenesis-related proteins

(PR) with an important role in Agave defense.

Materials and methods

Materials

Escherichia coli DH10a and Rosetta Gami strains were

from Novagen (Madison, WI, USA) and SHuffle c3029

strain was purchased from New England BioLabs

(Ipswich, MA, USA). The pJET1.2/blunt vector was

from Thermofisher (Waltham, MA, USA). The plasmids
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pET-32a and pMCSG7 were from Novagen and SnapGene

(IA, USA), respectively. Plants of A. tequilana used in

RNA isolation were collected in an Agave plantation in

Atotonilco el Alto Jalisco, Mexico. These plants were culti-

vated on autoclaved soil and maintained at 23 °C.

Identification of a predicted chitinase

The gene sequence of a class I chitinase was searched on

the A. tequilana transcriptome (BioProject PRJNA193469)

[68] using conserved regions of different plant chitinases

with antifungal properties. The whole gene was assembled

and submitted for a nucleotide BLAST alignment using the

NCBI server [24]. The assembled sequence lacking the sig-

nal peptide was synthesized by GenScrip (Piscataway, NJ,

USA) and cloned into the pET-32a vector with a TEV pro-

tease site, instead of the EK site, to produce the recombi-

nant protein, which was named AtChi1. The TEV protease

is produced ‘in-house’ [69].

Cloning of the chitinase gene (AtChi2)

To verify the presence of the hypothetical chitinase (AtChi1)

in the genome of A. tequilana, RNA was extracted from

leaves, roots, and stems of healthy and F. oxysporum

infected A. tequilana plants. F. oxysporum inoculum was

produced in sterile rice grains and was mixed with the soil

where the A. tequilana plant would be transplanted. After

45 days, 50 000 propagules of F. oxysporum were obtained

per gram of soil and the A. tequilana plant was transplanted

and left to grow for 4 and 7 weeks. The plant material was

washed with DEPC-treated water, cut into small pieces, fro-

zen in liquid nitrogen and macerated using a mortar and then

was treated with TRizol (Sigma, St. Louis, MO, USA)

according to the manufacturer’s instructions. Briefly, 1 mL

of TRizol was added to 100 mg of macerated tissue, incu-

bated at 22 °C during 30 min and then centrifuged to elimi-

nate large debris, 200 lL of chloroform was added to the

clear supernatant, incubated 10 min at room temperature

and then centrifuged for 15 min at 12 000 g at 4 °C. RNA

was precipitated by adding 0.5 mL of isopropanol to the

aqueous phase; the RNA pellet was then washed with 75%

ethanol and resuspended with 50 lL RNAase-free water.

RNA yield was calculated by absorbance at 260 nm and

sample purity was determined by absorbance at 280 nm and

RNA agarose gel electrophoresis. A calculated A260/A280

ratio of the sample was 1.99.

Once the RNA was isolated, cDNA was synthesized using

the ProtoScript� II First Strand cDNA Synthesis Kit (New

England BioLabs), 500 lg of total RNA were used in a first

strand cDNA synthesis reaction with 50 units of ProtoScript

II Reverse Transcriptase and 5 lM of oligo d(t)23VN. Reac-

tions were incubated at 42 °C for 1 h, then 5 min at 80 °C to

inactivate the enzyme and then diluted with nuclease-free

water to a final volume of 50 lL. The PCR was performed

using KAPA HiFi DNA polymerase in a 50 lL total volume

containing, KAPA HiFi HotStart ReadyMix 1X

(KapaBiosystems Inc, Wilmington, MA, USA), 0.3 lM of

each primer, and 2–5 lL of cDNA. The primer sequences

were: 50-GCTCCCACGCACAGCAATGTGGGAGCC-30

(forward) and 50-CTAAAAATGACTCTGGTTCCCA

CAGTCC-30 (reverse). The PCR was carried out on a

Techne cycler under the following conditions: an initial

denaturation step at 95 °C for 3 min, followed by 30 cycles

at 98 °C for 20 s, 65 °C for 30 s, 72 °C for 2 min, with a

final extension at 72 °C for 5 min. PCR products were ana-

lyzed by 1% agarose gel stained with ethidium bromide. No

amplification of the gene was observed in either sample of

the healthy Agave; however, the amplification of the gene

was observed in leaves of infected plants.

The gene was cloned into the pJET1.2/blunt vector

(Thermo Scientific CloneJET PCR Cloning Kit). The cloning

reaction was set to a final volume of 20 lL using 10 lL of

29 reaction buffer, 2 lL of non-purified PCR product,

50 ng of pJET1.2/blunt cloning vector, and 1 lL of T4

ligase; incubation was done at 22 °C for 30 min and 5 lL of

the ligation mixture were used for heat-shock transformation

of E. coli DH5a-competent cells. The positive clones were

confirmed by sequencing and after the analysis of the

sequences cloned, six differences between the hypothetical

protein from bio project and the protein cloned from RNA

were found; for this reason, the last one was named AtChi2.

To obtain the recombinant AtChi2 protein, subcloning

the gene into the pET-32a vector under the same conditions

as AtChi1 was tried. A new pair of primers were designed

adding a KpnI and TEV sites into the forward primer, and

an EcoR1 restriction site into the reverse primer, unfortu-

nately no positive clone was obtained after several

attempts. The expression plasmid for recombinant AtChi2

was constructed via ligation-independent cloning [70]. The

pMCSG7 was linearized with SspI restriction enzyme. The

AtChi1 gene cloned into pJET1.2 vector was amplified with

forward primer 50-TACTTCCAATCCAATGCGCAG

CAATGTGGGAGCC-30 and reverse primer 50-TTATC

CACTTCCAATGCTAAAAATGACTCTGGTTCCCACA

GTCC-30. The single-stranded cohesive ends of the PCR

product and linear vector were produced via the treatment

of T4 DNA polymerase in the presence of only dCTP or

dGTP, respectively, to generate complementary overhangs.

The two treated segments were mixed and allowed to

anneal without ligase. The vector, designated as pMCSG7-

AtChi2, was then heat-shock transformed into E. coli

DH5a, and positive clones of the recombinant plasmid

were identified, propagated and sequenced.

Heterologous expression and purification of

AtChi1 and AtChi2

To express AtChi1, the Rosetta gami strain was cultivated

in Luria-Bertani media at 37 °C with agitation until an
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A600 of 0.5 was reached. IPTG was added to a final concen-

tration of 0.5 mM and the incubation temperature lowered

to 18 °C for 16 h. Likewise, the SHuffle strain containing

AtChi2 was cultivated at 30 °C until an A600 of 0.7 was

reached. Induction was achieved with the addition of 1 mM

IPTG at 16 °C for 18 h. In both cases, the cells were har-

vested by centrifugation at 15 300 g and suspended in the

lysis buffer containing 20 mM Tris/HCl, pH 8.0; 300 mM

NaCl; 1 mM PMSF. Cell pellets were lysed by sonication

and clarified by centrifuging at 30 000 g for 45 min.

The purification protocol was the same for both AtChi1

and AtChi2 proteins. The supernatants were loaded onto

HisTrap columns (GE Healthcare, Piscataway, NJ, USA)

equilibrated using five column volumes of 20 mM Tris/HCl,

pH 8.0, 300 mM NaCl, 20 mM imidazole; the columns were

washed with equilibration buffer and the proteins eluted

using an imidazole concentration gradient (60% of the elu-

tion buffer containing 20 mM Tris/HCl, pH 8.0, 0.4 M imi-

dazole). The purified fusion proteins were cleaved overnight

at 4 °C, with agitation with TEV protease (50 mM Tris-

HCl, pH 8.0, 300 mM NaCl, 5 mM MgCl2 0.25 mM DTT,

and 5% glycerol) and the products were recirculated

through the HisTrap column. The unbound fractions were

then concentrated and applied to a Superdex 75 16/60 size

exclusion column. To assess each purification step, SDS/

PAGE and Coomassie blue staining were used [71]. Protein

concentration was determined using the theoretical extinc-

tion coefficients of 1 mg�mL�1 solutions of AtChi1 and

AtChi2 at 280 nm, of 1.76 and 1.71, respectively. Finally,

monodispersity and oligomerization of the samples were

verified using a Malvern Zetasizer lV instrument (Malvern

Panalytical Ltd, Malvern, UK).

Mass, pI determination, and circular dichroism

measurements

To determine the molecular mass of the recombinant pro-

teins, matrix-assisted laser desorption/ionization-time of

flight (MALDI-TOF) mass spectrometry was used (Micro-

flex; Bruker Scientific LLC, Billerica, MA, USA), 20 lg of

each protein was used for the analysis. The standard for

mass calibration was rabbit triosephosphate isomerase (Mr

32.62 kDa). The matrix used was a saturated solution of

sinapinic acid in 30% (v/v) aqueous acetonitrile, 0.1% (v/v)

trifluoroacetic acid. Samples were analyzed using FLEX

ANALYSIS 3.0TM (Bruker) software. Isoelectric points were

determined using a PhastSystem and PhastGel IEF in the

pH range 3–9 (GE Healthcare Life Sciences).

CD measurements were performed at 20 °C using a Jasco-

J1500 spectropolarimeter (Jasco, Easton, MD, USA)

equipped with a Peltier temperature control system. Solutions

of AtChi1 and AtChi2, at a concentration of 0.2 mg�mL�1,

were dialyzed against deionized water using Spectra/Por dialy-

sis membrane (MWCO 6000–8000) and filtered with Dura-

pore membrane filters (0.22 lm pore size). Far-UV spectra

were collected for each sample from 185 to 260 nm in a 1-mm

path-length cell. Three scans were averaged to obtain the final

spectra of the two proteins. All the spectra were scaled to

molar ellipticities [h] (deg�cm2�dmol�1). The BeStSel (Beta

Structure Selection) server was used to analyze the CD spectra

of both enzymes [72].

Determination of the optimum pH and pH

stability with colloidal chitin

The optimum pH for each chitinase was determined at

37 °C using different buffers at 20 mM concentration and

pH values between 3.0 and 10.0. The buffers used were

monobasic sodium phosphate/phosphoric acid, sodium

acetate (pH 3.0); sodium acetate/acetic acid (pH 4.0 and

5.0); dibasic potassium phosphate/phosphoric acid (pH 6.0

and 7.0); and Tris base/hydrochloric acid (pH 8.0–10.0). To
check pH stability, the enzyme was incubated in the above-

mentioned buffers at 4 °C for 48 h. After incubation, sam-

ples were added into the reaction mixture and the residual

activities were measured at the optimum pH (5.0).

Thermal shift assays

The thermodynamic stabilities of the chitinases were deter-

mined using fluorescence-based thermal shift assays with

kits to screen pH, stability, and solubility using the envi-

ronmentally sensitive extrinsic dye SYPRO Orange [73].

Assays were performed in 96-well plates using 20 lL of

chitinases that contained SYPRO Orange dye and were

recorded with a Q-PCR instrument, while the temperature

was increased in a continuous step from 25 to 95 °C.

Chitinase assays and substrate specificity

The chitinase activity assays were performed using colloidal

chitin, chitohexaose, and chitotriose as substrates and prod-

ucts were quantified with the 3,5-dinitrosalicylic acid

(DNS) method that detects reducing sugars [74,75]. For the

steady-state kinetics with colloidal chitin, 1.4 mL final vol-

ume reactions were set at 16 different substrate concentra-

tions between 0.12 and 19.4 mg�mL�1, all reactions started

with the addition of 200 lg of enzyme in 50 mM acetate

buffer, pH 5.0 at 37 °C with gentle shaking for 24 h, after

which the tubes of reaction were centrifuged at 14 000 g

for 5 min. Then, 0.7 mL of the DNS reagent was added to

0.4 mL of the supernatant and the mixture was boiled for

15 min. After cooling at room temperature, the absorbance

at 550 nm was measured. A standard curve was prepared

using N-Acetyl-D-Glucosamine. One enzyme unit was

defined as the quantity of enzyme necessary to release

1 nmol of N-Acetyl-D-Glucosamine from colloidal chitin in

1 h under the assay conditions. All measurements were per-

formed in triplicate, with negative controls comprising
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mixes without enzyme. The results were adjusted using a

Michaelis–Menten equation in the GRAPHPAD software (San

Diego, CA, USA) to obtain the Km and Vmax values.

For substrate specificity using chitotriose and chito-

hexaose the same methodology described for colloidal

chitin was used. Besides, to determine chitobiosidase and

exochitinase activities, a fluorometric assay with 4-Methy-

lumbelliferyl N-acetyl-b-D-glucosaminide and 4-Methylum-

belliferyl-b-D-N,N0-diacetylchitobioside (Sigma, St. Louis,

MO, USA) was used. The amount of 4-methylumbellifer-

one (4-MU) released was measured spectrofluorometrically

by a fluorescence spectrophotometer (Biotek Synergy HT,

Biotek Instruments, Winooski, VT, USA) (excitation

390 nm and emission 450 nm). Each of the substrates was

dissolved in 0.5 mL of 50 mM sodium acetate buffer (pH

5.0) to give 0.036 mM substrate solutions. Ten microlitre of

the enzyme solution (1.48 mg�mL�1) was added to the sub-

strate solution and the mixture was incubated at 37 °C. As

a control, the substrate solution was also incubated in the

absence of chitinase. A portion (0.1 mL) of the reaction

mixture was withdrawn after an appropriate reaction time

and mixed with 0.5 mL of 0.4 M Na2HPO4–NaOH buffer,

pH 11.9, to terminate the enzymatic reaction. The fluores-

cence intensity of the resultant solution was measured at

450 nm with excitation at 360 nm using a Shimadzu

RF1500 spectrofluorometer (Shimadzu Corp., Kyoto,

Japan). The concentration of 4-MU released from the fluo-

rogenic substrates was calculated from a calibration curve

obtained using authentic solutions of UMB after subtrac-

tion of the control value.

Isothermal titration calorimetry assays

ChiAt1 and ChiAt2 were exhaustively dialyzed against 20 mM

phosphate buffer pH 7.0 and concentrated, using Amicon-

Ultra 0.5 (Millipore Sigma, St. Louis, MO, USA; MWCO

10 kDa) centrifugal filter units, to a final concentration of

100 lM. Chitohexaose was dissolved in the dialysis buffer to

obtain a 6.7 mM solution. ITC measurements for both chiti-

nases with chitohexaose were performed at 290 K using a

low-volume (200 lL sample cell) NanoITC200 (Microcal,

Malvern Panalytical Ltd). The pH value and temperature

were selected to measure essentially binding and not hydroly-

sis of chitohexaose. The binding reaction was monitored by

recording the heat release upon small additions of the chito-

hexaose solution to each protein solution. In the experiment,

33 injections (1.2 lL each) of the chitohexaose solution were

titrated into the protein solution. The solution was stirred at

350 r.p.m. and the resulting heat of reaction was measured.

The heat of dilution of the chitohexaose was obtained by

titrating the ligand into the buffer solution, under identical

conditions and injection schedule used with the enzyme sam-

ples. The enthalpy change (ΔH) and binding constant (Ka)

were determined from the experimental curve using the soft-

ware ORIGIN version 7.0.

Small angle x-ray scattering analysis

Scattering data were collected at the Experimental Station

4-2 (Stanford Synchrotron Radiation Lightsource). For

AtChi1, the detector used was a Rayonix MX225HE CCD

and for AtChi2 a Pilatus3 X 1M detector (Dectris,

Philadelphia, PA, USA). The measurements were made

using protein concentrations of 0.23, to 15 mg�mL�1, in

50 mM MES buffer, pH 6, at 15 °C. This buffer was

selected for SAXS experiments because thermal shift assays

gave the highest stability of both enzymes in these condi-

tions (Fig. 3C). For data analysis of AtChi1, we used the

lowest protein concentration because some aggregation was

observed during the experiment. It is important to note

that before the experiment, the protein was in a monodis-

perse and monomeric form, as determined with the DLS

instrument. For AtChi2, we used a merged file with the 7.5

and 3.75 mg�mL�1 concentrations for the analysis. The

wavelength of the x-rays was 1.127 �A and the sample-detec-

tor distance 1.7 m, which gave a measured range of

0.007 < q < 0.5 �A�1 (q = 4psinh/k, where 2h is the scatter-

ing angle and k is the wavelength). Background scattering

was subtracted, and data were analyzed using the ATSAS

software package [76]. The radius of gyration (Rg) for each

protein was calculated using the Guinier approximation

with the program PRIMUS [77]. The pair distribution func-

tion P(r), and the maximum particle size (Dmax) were

obtained using the program GNOM [78]. To generate ab-ini-

tio envelopes, ten cycles of DAMMIF [33] were run and were

followed by the program DAMFILT [34] to obtain low-resolu-

tion envelopes. The UCSF CHIMERA package was used to fit

models generated using Robetta (http://robetta.bakerlab.

org) for both chitinases into the SAXS envelopes and to

prepare figures [79]. The CRYSOL program [38] was used for

calculating the fitting of each model to SAXS data before

and after the minimization.

Docking simulation

We performed in silico molecular-docking simulations of

the (GlcNAc)6 oligosaccharide with AUTODOCK 4.0 [80]

using the models generated in Robetta of the CatDs of

both Agave chitinases. Prior to docking, the chitohexaose

coordinates were generated with SMILES and minimized in

CHIMERA [79]. The monosaccharides in (GlcNAc)6 were

named as �4, �3, �2, �1 and +1, +2, beginning from the

non-reducing end. Hydrogens and charges were assigned to

the receptor and the ligands using the AUTODOCKTOOLS 1.5.7

[80]. Docking simulations were run using the Lamarckian

Genetic algorithm that is known to be the most efficient

and reliable method of Auto Dock. The grid maps were

calculated using AutoGrid. Initially, potential binding sites

were detected based on a blind docking in which the box

was sufficiently large to cover the CatDs centered at their

midpoints (48.75 �A 9 43.5 �A 9 38.6 �A) along the x-, y-,
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and z-axes. The next step was a focused docking with a

smaller box (26.3 �A 9 22.5 �A 9 22.5 �A), centered on the

carbohydrate-binding groove of the CatD that was the best

energy result obtained in the blind docking. The best mod-

els were selected based on binding energy scores. We identi-

fied and analyzed the residues potentially involved in ligand

binding using CHIMERA [79].

Antifungal activity assays

Antifungal activity of AtCh1 and AtChi2 was conducted

using the disk diffusion test. The inhibitory effect of the

chitinases was tested on the radial growth of the phy-

topathogenic fungus of economic importance Aspergillus

sp. Two different amounts of the purified chitinases, 150

and 300 lg in a sterile 20 mM MES, pH 6.0 solution, were

applied to 5-mm sterile paper disks onto potato dextrose

agar in Petri dishes (5.4 cm diameter), each with a central

inoculum that contained the mycelium of a 1-day-old fungi

culture. The disks were placed on the agar 24 h after the

inoculation at an approximate distance of 5 mm from the

growing front of the hyphae. The plates were incubated for

48 h at 22 °C and analyzed. Disks with sterile buffer were

used as negative controls.
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Fig. S1. PSI-Blast amino acid sequence alignment of

the assembled ChiA1 from short reads of the tran-

scriptome of Agave tequilana with seven chitinases with

the higher sequence identity.

Fig. S2. Activity of AtChi1 (yellow) and AtChi2 (pur-

ple) over insoluble colloidal chitin compared with the

activity over the oligosaccharides chitohexaose

(GlnNac)6 and chitotriose (GlnNac)3, under the same

conditions (50 mM acetate buffer pH 5.0, 37 °C, 24 h)

(see methodology).

Fig. S3. A superposition of the five CatD Robetta

models, which gave very small differences.

Fig. S4. Binding poses of chitohexaose for the docking

simulations of the five CatDs Robetta models.
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