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Abstract

Chitosan interaction with chitosanase was examined through analysis of spectral line shapes in
the NMR HSQC titration experiments. We established that the substrate, chitosan hexamer,
binds to the enzyme through the three-state induced-fit mechanism with fast formation of the
encounter complex followed by slow isomerization of the bound-state into the final
conformation. Mapping of the chemical shift perturbations in two sequential steps of the
mechanism highlighted involvement of the substrate-binding subsites and the hinge region in
the binding reaction. Equilibrium parameters of the three-state model agreed with the overall
thermodynamic dissociation constant determined by ITC. This study presented the first kinetic
evidence of the induced-fit mechanism in the glycoside hydrolases.
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Introduction

Chitin, B-1,4-linked polysaccharide of N-acetylglucosamine (GIcNAc), is the second most
abundant biomass next to cellulose (Younes and Rinaudo 2015), yet, the chitin biomass is not
readily utilized due to its chemical recalcitrance. Chemical or enzymatic deacetylation of chitin
produces chitosan, the amorphous and highly reactive p-1,4-linked polysaccharide of
glucosamine (GIcN) (Pareek et al. 2013). The chitosan polysaccharide can be degraded by
chitosanase (EC 3.2.1.132) (Monaghan et al. 1973) producing chitosan oligosaccharides, which
represent the new opportunity for drug development (Raafat et al. 2008; Rhoades et al. 2008;
Wang et al. 2007). Most chitosan polysaccharides are not completely deacetylated thus
containing variable fractions of GIcNAc and GIcN. The chitosanases hydrolyze the glycosidic
linkages between GIcN residues as well as the linkages between GlcN and GlcNAc (Fukamizo et
al. 1994).

Substrate-binding site of the chitosanase is composed of several subsites, each of which
accommodates a monomer unit of the polysaccharide substrate. Particularly, in the family
GH46 chitosanase from Streptomyces sp. N174, CsnN174, the substrate-binding cleft features
three subsites on each side of the catalytic center (Fukamizo and Brzezinski 1997; Tremblay et
al. 2001). According to the subsite nomenclature proposed by Davies et al. (1997), these
subsites were designated as -3, -2, -1, +1, +2, and +3, where the glycosidic bond located in
between -1 and +1 subsites is cleaved by the concerted action of catalytic residues Glu22 and
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Asp40 (Fukamizo and Brzezinski 1997), and the individual subsites are positively numbered
from the bond-cleavage site to the reducing end and negatively numbered to the non-reducing
end. Such a long substrate-binding cleft enables the enzyme to strongly bind to the
polysaccharide chain and provide for specificity of the substrate recognition as was
demonstrated for the chitosan hexamer (GlcN)s (Fukamizo et al. 1995; Fukamizo and Brzezinski
1997).

Recently, three-dimensional structure of chitosanase OUO1 from Microbacterium sp.
(CsnOUO01), whose amino acid sequence is 60% homologous to that of CsnN174, was solved by
X-ray crystallography in a complex with chitosan hexamer (GlcN)s (Lyu et al. 2015). The two
chitosanases were found to have a similar fold, and the complex structure revealed interaction
of (GIcN)s with the enzyme binding cleft highlighting the dominant role of the -2, -1 and +1
subsites in substrate binding and catalysis. Since most polysaccharide hydrolases have a long-
extended binding cleft, oligosaccharide ligands frequently used for enzymatic analysis of the
enzymes may bind to the binding cleft in multiple ways resulting in complicated binding
isotherms. For example, two different binding sites were identified in CsnN174 for the chitosan
trimer, (GlcN)s, by fluorescence quenching experiments (Katsumi et al. 2005).

A comparison of the chitosan-free and chitosan-bound forms of CsnOUO1 reveals that the
enzyme must undergo the opening conformational transition to allow for the chitosan polymer
binding, while the protein structure must close upon the substrate for catalysis and open again
for the product release (Lyu et al. 2015). A similar conformational change was also reported in a
family GH19 chitinase from rye seeds (Ohnuma et al. 2013), indicating a close relationship
between the mechanisms of GH46 and GH19 enzymes (Monzingo et al. 1996). Ligand
interactions coupled to conformational changes in protein structures may be sensitively
resolved using nuclear magnetic resonance (NMR) line shape analysis (Agafonov et al. 2014;
Gunther and Schaffhausen 2002; Kaplan and Fraenkel 1980; Kern et al. 1995; Mittag et al. 2006,
2003; Rao 1989). In this report we analyzed NMR line shapes in titrations of CsnN174
chitosanase with substrate and product molecules to illuminate the mechanism of coupling
between ligand binding and the conformational change in the protein structure.

Results

To probe the mechanism of the protein—ligand interactions in chitosanase, we conducted NMR
titrations with substrate- and product-like chitosan oligomers, (GIcN)s and (GIcN)s, of the
catalytically incompetent E22A mutant, in which the catalytic residue Glu22 was mutated to
alanine, as well as the wild-type protein (for the product). Figure 1 demonstrates a
representative overlay of a series of *H->N HSQC spectra obtained in a titration of the E22A
mutant with (GlcN)s. A number of the assigned NH cross-peaks, including N23, W28, A30, G39,
G43, G47, G153, T157, and D232, were significantly perturbed by addition of chitosan
oligomers.
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Fig. 1 *H->N HSQC spectra of E22A CsnN174 in the presence of different concentrations of the substrate
chitosan hexaose, (GlcN)s. Molar ratios of the ligand to protein concentrations are indicated by colors: 0,
red; 0.5, cyan; 1.5, green; 3, blue (for clarity, only four out of seven spectra in the titration series are
shown). Assigned resonances that were sufficiently resolved for line shape analysis are labeled

Figure 2 shows the backbone superimposition of the substrate-bound closed conformation of
CsnOUO1 (Lyu et al. 2015) with the ligand-free open form of CsnN174 (Marcotte et al. 1996).
Residues with resolved NH cross-peaks sensitive to ligand binding are indicated on both closed
and open structures to highlight their localization to the important functional regions of the
enzyme. Specifically, the D232 and N23 are found in the “plus” chitosan binding subsites (the
subsites with positive numbers) (Fukamizo and Brzezinski 1997; Tremblay et al. 2001) while
G153 and T157 are residues of the “minus” subsites (subsites with the negative numbers).
Residues G39 and G43 are located directly above the binding cleft and the catalytic site. The
group of residues including W28, A30, G47 is relatively distant from the substrate binding site
(>10 A to the closest chitosan atom) and located in the hinge region that experiences
conformational changes upon the opening-closing transition. To visualize the “hinge role” of
these residues, we simulated normal modes in the ligand-free chitosanase structure. The
Supplementary Movie 1 demonstrates the lowest non-trivial normal mode that interconverts
the open and closed enzyme conformations. Notable that residues N23 and G39 are the nearest
neighbors of the catalytic residues E22 and D40 thus capable of reporting on rearrangement of
the active site into the conformation resembling the catalytic state of the chitosanase.

T157

D232 b
Fig. 2 Flexibility of chitosanase and distribution of the resolved NMR probes. Free CsnN174 (PDB: 1CHK),

cyan tube; D43A CsnOUO01 complexed with (GlcN)s (PDB: 4QWP), green tube and black sticks, respectively.
Protein structures are aligned through the C-terminal domain (residues 121-236). NH groups of residues
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with chemical shifts perturbed by ligand binding are shown as spheres (residue numbers correspond to
the CsnN174 sequence)

Titration of the E22A CsnN174 with the substrate, chitosan hexamer, revealed a common line
shape evolution pattern: the initial resonance was shifting and disappearing upon titration
progress while a peak of the ligand-bound state appeared in the new location (Fig. 1). This
pattern may be caused by four possible molecular mechanisms (Kovrigin 2012): (A) pre-existing
dimerization equilibrium when the dimer is incapable of ligand binding, (B) dimerization of the
bound state to form a dimer that cannot dissociate the ligands, (C) binding of two ligand
molecules to different binding sites, and (D) the ligand binding followed by isomerization to a
tightly bound complex (the induced fit mechanism) (Fig. 3).

A Dimerization of free state: slow B Dimerization of bound state:
R+L <> RL fast slow
fast J R+L <> RL <> (RL), 3¢ R+L

RL R,+L 3¢

(RL), RL R

1200 1000 800 600 400 200 0 -200 -400 1200 1000 800 600 400 200 O -200 -400

Frequency, s Frequency, s
C Two-site binding: . slow D Induced Fit: fast  slow
R+L <> RL+L <> RL, R+L <> RL <> RL*

1200 1000 800 600 400 200 O -200 -400 1200 1000 800 600 400 200 0 -200 -400
Frequency, s Frequency, s
Fig. 3 Simulations of the three-state mechanisms that may be responsible for spectral patterns observed
in the chitosanase titrations with the substrate (GIcN)es. The exchange regime on NMR time scale is
indicated for each kinetic step. Frequencies of individual species are shown with vertical dashed lines. For
detailed kinetic and thermodynamics simulation parameters see Materials and Methods. The model
names according to LineShapeKin Simulation: a U-R2; b U-R2L2; ¢ B; d U-RL. One-dimensional spectra
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were simulated for the range of ligand-to-protein molar ratios, C./Cp (indicated next to the corresponding
traces), and displaced vertically for clarity

It is unlikely, that two substrate molecules may be bound at the same time to chitosanase
because the long-chain oligosaccharide such as (GlcN)e is known to fully engage the binding
cleft (Lyu et al. 2015)—eliminating two-binding site mechanism Fig. 3c. The dimerization of
chitosanase in ligand-free or bound forms (Fig. 3a, b) is expected to approximately double the
rotational correlation time of the enzyme leading to the increased observed line widths (see
Supplementary section “Estimation of the monomer and dimer line widths”). Dimerization of
the bound state in the slow exchange regime (Fig. 3b) results in the resolved resonance of the
dimer, therefore this mechanism may be readily detected through the line width
measurements of the free and bound states. The mean proton line widths of the ligand-free
and substrate-bound chitosanase samples were 30 and 29 Hz, respectively, with the standard
deviation of 5 Hz (Supplementary section “Measurement of proton line widths”). Since the
bound form of the enzyme did not demonstrate significantly increased line width, the
mechanism with dimerization of the bound form (Fig. 3b) was also eliminated.

We tested relative ability of the two remaining mechanisms in Fig. 3, panels a and d, to account
for the experimental data by fitting of both mathematical models to a series of 1D spectral
datasets of resonances of W28, G39, G153, and T157 resolved in proton dimension, and G43
and T157 resolved in the nitrogen dimension using IDAP NMR line shape analysis software
(Kovrigin 2012). Results in the Fig. 4 demonstrate that both mathematical models are capable
of reproducing general features of the experimental datasets. The induced fit model (U-RL,

Fig. 3d) was capable of fitting all datasets in one global fitting session to a single set of kinetic
and thermodynamic constants (Fig. 4, top row). We obtained values of equilibrium dissociation
constants of 42 uM and isomerization constant of 3.9 with the reverse rate constants of 30,000
and 9 s7* for the dissociation and isomerization, respectively.

G39, 'H G43, "N
U-RL e N —
P
=
N N
L __________._..__-—-——_- JJ-""' \'—___,__'_ | - " g e
.-d-——-—-—--"*—"".’- *R‘-*--- ‘"_“"‘/n"""“ﬂ-m—-.—-—'h-—_.
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Fig. 4 Representative NMR line shapes from the titration E22A CsnN174 chitosanase with (GIcN)e fit using
the IDAP software with two alternative models: the induced-fit mechanism (U-RL, top row) and the protein
dimerization in a free state with ligand binding to a monomer (U-R2, bottom row). The 1D spectral slices
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correspond to ligand to protein molar ratios of 0 (black), 0.5 (red), 1 (green), 1.5 (blue), 2 (cyan), 3
(magenta), 4 (gray). The U-RL model fit the data for six residues in one global fitting session to a single set
of kinetic and thermodynamic constants. The U-R2 model was not capable of fitting all data to a single set
of global parameters; the presented graphs are from individual fitting sessions for each residue

The model with chitosanase dimers incapable of binding a ligand (U-R2, Fig. 3a) did not
successfully fit all datasets in one session. The reason to that became obvious after fitting each
dataset individually—the model required vastly different values of equilibrium and rate
constants for different residues. The major challenge for the U-R2 model was to satisfy a
narrow line width of the initial resonance despite the increased line width of the dimer relative
to the monomer. The optimization algorithm achieved the desired narrow line widths by
shifting the population of dimer-monomer equilibrium predominantly to the monomer
(extremely low dimerization constants). However, to be able to account for significant peak
shifts observed during titrations, the U-R2 model required nonsensical values of the chemical
shift of a dimer (600-15,000 ppm) and unrealistically fast dimer dissociation rate constants of
10°-10'! s7! to maintain the fast-exchange regime—indicating that the real molecular
mechanism is unlikely to resemble the U-R2 model in Fig. 3a.

To further improve our confidence that U-R2 model was not a correct choice, we analyzed
variation of the chemical shifts and line widths upon dilution of the ligand-free chitosanase
sample. Dilution of the sample with the monomer—dimer equilibrium in fast exchange will shift
the averaged peak towards the monomer and result in a narrower line width. Supplementary
Fig. 2 and 3 reveal insignificant changes in line widths and chemical shifts of the signals
supporting rejection of U-R2 model as a possible mechanism for chitosanase interaction with its
substrate.

Considering the “closed” conformation of the substrate-bound chitosanase observed in the
crystal (Fig. 2, green tube), we may assume that in solution the conformation of CsnN174 tightly
bound with (GIcN)s is also similarly closed. Titration with the product, (GIcN)s, (Fig. 5) revealed
that chemical shifts of the hinge residues in the substrate- and product-saturated CsnN174 are
nearly identical. Similarity of the magnetic environments of the hinge residues in the end states
of both titrations indicates that the product is also capable of inducing the closed enzyme
conformation (albeit at much greater solution concentrations).
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Fig. 5 Chemical shift perturbations of the hinge residues in titrations of E22A CsnN174 with the substrate,
(GlcN)e, and the product, (GlcN)s. Molar ligand-to-protein ratio (from red to blue): 0, 0.5, 1, 1.5, and 3 for

(GlcN)e, left column; 0, 2, 5, 10, and 50 for (GlcN)s, right column

Using Isothermal Titration Calorimetry (ITC) we measured the equilibrium dissociation
constants for the product and substrate interaction with the enzyme to be 1120 + 70 and

22 + 3 uM for (GlcN)s and (GlcN)s, respectively (Supplementary Fig. 4; Supplementary Table 1).
Assuming similar diffusion-limited on-rate constants, the off-rate constant of the product is
expected to be, at least, one order of magnitude faster than that of the substrate leading to the
fast-exchange regime in NMR spectra. This is in agreement with the averaged shifting peak
pattern observed in chitosanase-product titration (Fig. 5, right column).

The exchange-averaged line shapes such as in (GIcN)s titration in Fig. 5 cannot provide enough
information for unambiguous determination of the product interaction mechanism (Kovrigin
2012). One of the means to reduce the conformational exchange rate constants without
altering chemical structure of the protein is deuteration, which results in increased energy
barriers for the hydrogen-bond making and breaking (Kohen 2003; Kovrigin and Loria 2006;
Krantz et al. 2000). To obtain the protein sample with some hydrogen bonds replaced with the
deuterium bonds, we expressed CsnN174 on the deuterated medium and partially back-
exchanged the protein to protonated water to allow for the amide NH signal detection. Due to
different solvent accessibility, some of the amide groups (for example, G47) remained
deuterated resulting in the slower conformational exchange regime in the protein structure.
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Figure 6 demonstrates the line shapes of the hinge residues in the perdeuterated CsnN174
(wild-type—in this experiment) recorded in the (GlcN)s titration. The fast-exchange pattern
observed in Fig. 5 (right column) is replaced with the fast-exchange disappearing peak
accompanied by a growing slow-exchange resonance of the bound state resembling the
substrate titration line shapes in Fig. 5 (left column). We observe that the second step in the
chitosan interaction with CsnN174 is significantly deccelerated with deuteration revealing (at
least) the three-state binding mechanism. Since the residues W28 and A30 are localized to the
hinge region of chitosanase, we may conclude that binding of the product is likely to proceed
through a similar induced-fit steps as binding of the substrate. The “hooked” peak shift of W28
indicates the second product molecule binding to the closing enzyme, which is in accord with
our ITC results (Supplementary Table 1) and the literature reports (Katsumi et al. 2005).

127.0 120.0
W28 A30 ©

12754 ) s 6O
O % 1210+ P 5
128.0 1 ' [
g /
2204 (O

B 50 79 78 7.30 730 710 7.00

&['H), pprn &"H), ppm
Fig. 6 Multi-state peak evolution in the deuterated and partially back-exchanged wild-type CsnN174
sample titrated with the chitosan trimer, (GlcN)s. Molar ligand:protein ratio (from red to blue): 0, 4, 10,

20, and 50
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To allow for a more accurate determination of quantitative parameters of the substrate binding
mechanism in CsnN174, we performed fitting of the experimental NMR HSQC spectra of the
titration of protonated E22A chitosanase with (GlcN)e using the two-dimensional NMR line
shape fitting software TITAN (Waudby et al. 2016). Two-dimensional line shape analysis allows
for fitting of peaks that appear in crowded regions such as N23, A30, and G47, for which the
one-dimensional line shape extraction used in IDAP was not reliable. The total of nine amide NH
peaks (residues N23, W28, A30, G39, G43, G47, G153, T157, and D232) were simultaneously fit
with the induced-fit model optimizing the residue-specific chemical shifts and line widths along
with the common equilibrium and rate constants for the association and isomerization steps.
Quality of fitting of experimental HSQC datasets with the induced-fit model in TITAN is
demonstrated in Supplementary Fig. 5. The peak positions and apparent relaxation rates of the
initial ligand-free state were determined from fitting the single dataset corresponding to free
CsnN174. The peak positions of the encounter complex, RL, and the final bound state, RL*,
were determined from simultaneous fitting of all titration points. Chemical shift differences
between the R, RL, and RL* states calculated with the Eq. 1 are plotted in Supplementary Fig. 6
while Supplementary Fig. 7 summarizes the best-fit apparent relaxation rate constants and
supplementary Table 2 gives the global equilibrium and kinetic parameters. Similar quantitative
analyses of the product titrations of protonated CsnN174 in the fast-exchange regime resulted
in unstable best-fit results. In the deuterated sample, the degree of back-exchange was difficult
to control thus rendering best-fit parameters qualitative. Therefore, in this paper, we focused
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on the chitosanase interaction with the substrate leaving the product interactions for future
work.

Discussion

Consideration of the “open” and “closed” crystal structures of CsnOUO1 (Fig. 2) along with
kinetic and thermodynamic studies led to the proposed induced-fit interaction mechanism (Lyu
et al. 2015). Site-resolved analysis of chemical shift perturbations may be informative on
relative roles of different residues in separate steps of enzyme-substrate interactions. Figure 7
visualizes chemical shift perturbations reported in Supplementary Fig. 6 for each of the two
kinetic steps as well as the overall chemical shift perturbation due to the full process. As might
have been anticipated, the residues N23, G153, and T157 show significant perturbation in the
ligand-binding step (Fig. 7a) as they are directly implicated in binding interactions with the
chitosan substrate. G153 and T157 are less perturbed in the second step—readjustment of the
enzyme-substrate complex to the tightly bound species (Fig. 7b).
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Fig. 7 Mapping of chemical shift perturbatlons in the two kinetic steps of the mechanism of substrate-
enzyme interaction in CsnN174. The NH groups (spheres) were colored according to the magnitude of the
chemical shift perturbations: blue, below the lower threshold in Supplementary Fig. 6; green, between
the lower and upper thresholds; and red, above the upper threshold

It is remarkable that hinge residues W28, A30, and G47 are perturbed to a greater degree in the
fast initial step of the mechanism than in the second, slow step (cf. Fig. 7 panels a and b). One
may propose two possible explanations for this observation. The chitosan is a highly charged
molecule; therefore, formation of the encounter complex may be sensed far beyond the
binding cleft of CsnN174. In this scenario, the chemical shift perturbations in the hinge due to
the substrate binding could exceed ones induced by a subsequent conformational change due
to closing of the enzyme in the slow step (Supplementary Fig. 8a). The alternative explanation
of the relatively greater perturbation of the hinge in the first step assumes that closing of the
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enzyme actually happens during the fast phase of the binding process. In this case, slow
rearrangement in the second phase must be of much smaller scale—occurring mostly around
the residues of N23 and G39 located in the immediate neighborhood of the catalytic Glu22 and
Asp40 (Supplementary Fig. 6, Fig. 7b). Essentially, the second explanation implies a four-state
mechanism with formation of the open first-encounter complex followed by fast hinge closing
followed by a slow conformational readjustment (Supplementary Fig. 8b). The first two
transitions would occur in the fast-exchange regime, therefore not resolvable in our analysis.

One may note that the off-rate constant for the substrate-binding step was determined to be
quite large—on the order of 20,000 s™* (Supplementary Table 2). In the three-state induced-fit
mechanism (Supplementary Fig. 8a), it would describe dissociation of a weak initial encounter
complex, which is expected to be labile. The equilibrium dissociation constant and the off-rate
constant determined by line shape fitting corresponded to the second-order association rate
constant of ca. 5 x 108 M1 s71, which is in a diffusion limit. Considering positively charged
chitosan substrate and the negatively charged enzyme binding site, the on-rate is likely to be
accelerated by their mutual electrostatic attraction.

In simulations of fast-exchange mechanisms published previously, one of us demonstrated that
the sequential fast-exchange transitions between three states produce line shapes that are
difficult to discern from a simpler two-state model (Kovrigin 2012). However, it was remarkable
that the observed line shape evolution should have appeared in a significantly slower exchange
regime than might be expected from the exchange rate constants of the individual steps (Fig. 4
in (Kovrigin 2012)). Therefore, the four-state model in Supplementary Fig. 8b would require
unrealistically fast kinetics in binding and closing steps to still yield the overall reverse rate
constant of 20,000 s in the fast phase of the process. Based on these considerations, we chose
the three-state model with fast formation of a weak open encounter complex followed by slow
closing of the enzyme into a catalytically competent state to be the most likely chitosanase
mechanism (Supplementary Fig. 8a).

The apparent dissociation constant of the substrate-enzyme complex determined in our ITC
measurement, Kqrc =22 + 3 UM, may be compared with NMR-derived parameters of the three-
state mechanism considering a relationship of the overall dissociation constant of the multistep
mechanism to equilibrium constants of the individual steps: Kd,overall=Kd,RL/Kiso. Substitution
of the best-fit parameters yields overall K4 of 12 + 4 uM, which is close but not identical to the
ITC result, likely, due to systematic biases in ITC and NMR analyses as well as possible
underestimation of the best-fit uncertainties.

From the relatively slow kinetics of the induced-fit step, we can anticipate closing of the initial
enzyme-substrate complex to be the rate-limiting step of the chitosan hydrolysis. Small
magnitude of the isomerization equilibrium constant between open and closed states of
chitosanase (Supplementary Table 2) indicates that the two protein conformations are nearly
isoenergetic, separated by AG° of only 2.8 kJ/mol. With such a weak preference for the closed
state, the slow kinetics of interconversion might serve as a “lock” ensuring that the catalytically
competent enzyme-substrate complex is sufficiently long-lived to allow for the effective
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chitosan cleavage. The product release following the catalytic reaction is expected to be fast as
judged by the fast-exchange kinetics of the product titration series (Fig. 5) and low product
binding affinity (Supplementary Table 1).

In conclusion, we revealed the induced-fit mechanism in the substrate-enzyme interaction in
chitosanase CsnN174, which is the first kinetic demonstration for the multi-step substrate
binding in the glycoside hydrolases. Our study emphasizes the power of the NMR line shape
analysis to illuminate the distinct functional roles of different structural elements in the
enzyme-substrate and product recognition. Complementing the NMR line shape analysis with
NMR spin relaxation measurements and molecular dynamics simulations in the future work
may enable building of a highly resolved structural picture of ligand interactions and internal
conformational dynamics in chitosanase.

Methods

Vectors and bacterial strains

The pFDES vector (Sanssouci et al. 2011) was used for the expression of wild type and mutant
CsnN174. The csnN174 gene (wild type or bearing the mutation E22A) (Boucher et al. 1995) was
cloned as a Hindlll-Notl fragment into pFDES digested with the same restriction enzymes.
Streptomyces lividans TK24 AcsnR (formerly A2657h) (Dubeau et al. 2009) was used as recipient
for the recombinant plasmids.

Protein expression and purification

Enzymes, wild-type CsnN174 and E22A CsnN174, were produced as extracellular proteins by
the heterologous host S. lividans TK24 AcsnR. Spores of S. lividans AcsnR harboring the
recombinant plasmids were inoculated into tryptic soy broth (TSB) medium with 50 ug ml
kanamycin. Cultures were incubated 48 h at 30 °C with shaking (230 rpm min~). Mycelium was
recovered by low speed centrifugation and inoculated in a modified M14 medium (Page et al.
1996) composed of 1 g 1" KH2PO4, 5 g I KzHPO4, 0.68% N¥°H4Cl, 1 g 1"t K2S04, 1 ml |71 of trace
elements solution (2 mg ml™* CoCl,-7H,0, 5 mg ml™! FeSO4-7H;0, 1.6 mg ml™* MnSO4-H,0 and
1.4 mg ml™! ZnSO4-7H,0), pH 6.9. Before use, 0.3 g I"* MgS04 and 0.3 g I"! CaCl, were added to
the M14 medium. 10 g I mannitol (for single isotope labelling) or 10 g I"* glucose Ce—C*3 (for
double isotope labelling) were used as carbon sources. For obtaining the deuterated CsnN174,
99% 2H,0 (Cambridge Isotope Laboratories) was used instead of H,0. Cultures were incubated
for 96 h at 30 °C with shaking (230 rpm min™1). Mycelial pellet was separated from the
supernatant by low speed centrifugation and discarded. Chitosanases were purified following a
simple two-step procedure, using the AKTA explorer system (GE Healthcare). The culture
supernatants were adjusted to pH 4.5 with 1 M acetic acid and loaded on a HiTrap SP-
Sepharose (GE Healthcare Bio-Sciences, Baie d’Urfé, QC, Canada) column equilibrated with
sodium acetate 50 mM buffer pH 4.5. These conditions are favourable for the heterologous
chitosanase attachment on the resin, but not for the attachment of the endogenous one (CsnA
encoded by gene sco0677) (Ghinet et al. 2010), produced in a very small amount by the host
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strain. After washing the unbound proteins with 2 CV (column volumes) of sodium acetate

50 mM pH 4.5, a second washing step was performed with 2 CV of sodium acetate 50 mM pH
4.5 plus 50 mM NaCl. CsnN174 was eluted with sodium acetate 50mM pH 4.5 plus 0.2 M NacCl
and the chosen fractions were dialysed against a solution of 1 mM MgCl, then loaded on a
Hydroxyapatite Fast Flow (Calbiochem, Darmstadt, Germany) column pre-equilibrated with

1 mM MgCl;. CsnN174 was eluted with 70 mM MgCl, and the fractions containing the purified
protein were dialysed against 50 mM sodium acetate buffer pH 5.5. The purity of the enzyme
preparations was evaluated by SDS—PAGE (Laemmli 1970). Protein concentration was
determined by the method of Bradford (Bradford 1976) using bovine serum albumin as a
standard. Protein concentration of purified chitosanases was determined by ultraviolet
absorbance (280 nm) using molar extinction coefficients of 30,300 Mt cm™™.

Isothermal titration calorimetry

E22A CsnN174 solution (48.2—-130 uM) in 50 mM sodium phosphate buffer (pH 7.0) were
degassed and their concentrations were determined. Chitosan oligomers (GIcN)s and (GIcN)s
were dissolved in the same buffer (1-50 mM), and the solution pH was adjusted to 7.0 by
NaOH. Then the ligand solution was degassed and loaded into a syringe, while the protein
solution (0.2028 ml) was loaded into the sample cell after confirming the solution pH 7.0.
Calorimetric titration was performed with an iTC200 system (Microcal Northampton, MA) at
25 °C. Aliquots (1.0-2.0 pl) of the ligand solution were added to the sample cell with a stirring
speed of 1000 rpm. Titrations were completed after 18—38 injections. The ITC data were
analyzed with the MicroCal Origin (GE) as well as in-house IDAP software (available from Dr.
Kovrigin). Statistical hypothesis testing was performed utilizing Akaike’s information criterion
(Akaike 1973, 1981; Motulsky and Christopoulos 2004). Best-fit parameter error ranges and
parameter correlations were determined through Monte-Carlo analysis.

Nuclear magnetic resonance spectroscopy

NMR samples contained 0.2—0.5 mM protein in 50 mM sodium acetate buffer pH 5.5 (90%
H,0/10% D,0). All NMR spectra were acquired at 300 K using a Bruker AVANCE 500, 800 or 950
spectrometer controlled with TopSpin 3.0 software and equipped with a triple-resonance
pulsed-field-gradient cryoprobe head. *H chemical shifts were referenced to HDO (4.64 ppm at
30 °C) relative to TSP. >N and *3C chemical shifts were indirectly calibrated from each
gyromagnetic ratio (Wishart et al. 1995).

Sequential assighments were performed using *°N/*3C-labelled CsnN174 and E22A CsnN174
from two-dimensional *H->N HSQC and three-dimensional HNCACB, CBCA(CO)NH, HNCA,
HNCACO, HNCO, and HNCOCA experiments (Kay et al. 1990). All spectra were processed using
NMRPipe software (Delaglio et al. 1995) and were analyzed using Sparky software (Goddard
and Kneller).
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TROSY-based *H-N HSQC spectrum and three dimensional spectra, TROSY-HNCO, TROSY-
HNCACO, TROSY-HNCACB, and TROSY-CBCA(CO)NH were measured using 2H/*>N/*3C-labelled
CsnN174. The assignment data were deposited in Biological Magnetic Resonance Data Bank
under Accession Nos. 11493 and 11494.

Two-dimensional *H->N HSQC spectra were recorded for 0.09—-0.1 mM CsnN174 in 50 mM
sodium acetate buffer pH 5.5 (90% H,0/10%D,0), in the presence of various concentrations of
the ligands. Peak assignment of the bound states in (GIcN)s titration was done by careful tracing
the shifts of fast-exchange averaged peaks through the titration. The longer chain chitosan
oligomer (GlcN)e displayed slow-exchange behavior precluding direct assignment transfer.
However, comparison of (GIcN)s and (GlcN)s titrations revealed that final bound state
resonances positions were relatively independent of the ligand type, which allowed to assign
the bound states of CsnN174 with (GIcN)s by comparison with (GIcN)s saturated spectra
(Supplementary Fig. 9). Averaged chemical shift differences,Adav, induced by oligosaccharide
binding or isomerization plotted in Supplementary Fig. 6 were calculated according to the Eq. 1
(Grzesiek et al. 1996):

(A8pn)?+ (2202

2

Abgy = (1)

where AGHN and ASN stands for chemical shifts difference between the first and the last point
in the titrations for *H and °N, respectively. The uncertainty of the chemical shift difference is
calculated according to standard error propagation rules (Taylor 1997).

NMR line shape simulations

Simulations of the NMR line shape mechanisms in Fig. 3 were performed with LineShapeKin
Simulation 4 (http://lineshapekin.net/#LineShapeKinSimulation411) using the parameters
outlined below. The full width at half-height of the peaks (FWHH) of 180 s was used as a
typical line width in chitosanase spectra to represent monomeric species; this value was
doubled to obtain the dimer FWHH—according to estimates in Supplementary Information,
section “Estimation of the monomer and dimer line widths”.

(A) Pre-existing dimerization equilibrium when the dimer is incapable of ligand binding:

U-R2 model; equilibrium association constant Ka=10,000; equilibrium dimerization constant
Kg=1000; dissociation rate constant k.a =5 s7%; dimer dissociation rate constant kzg = 2000 s7%;
frequencies of R, Rz, and RL were 400, -400, and 700 s, respectively;

(B) Dimerization of the protein—ligand complex such that ligand cannot dissociate from the dimer:

U_R2L2 model; equilibrium association constant Ka = 5000; equilibrium dimerization constant
Kg = 100,000; dissociation rate constant kaa = 2000 s™%; dimer dissociation rate constant
k2s = 5 s71; frequencies of R, RL, and (RL)2 were 0, 500, and 700 s™2, respectively;
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(C) Binding of two ligand molecules with distinctly different off-rates:

B model; microscopic equilibrium association constants for binding the first ligand Ka1 = 10,000
(assumed identical for both sites); microscopic equilibrium association constant for binding the
second ligand molecule, Kaz = 100,000; microscopic dissociation rate constants of the first and
second ligands were ka1 = 1000 s71, ka2 = 1 571, respectively; frequencies of R, RL and RL, were
0, 350, and 700 s, respectively;

(D) Induced fit mechanism:

U-RL model; equilibrium association constant Ka = 10,000; equilibrium isomerization constant
Kg = 10; dissociation rate constant kaa = 3000 s71; reverse isomerization rate constant kog =1 s7%;
frequencies of R, RL and RL* were 0, 500, and 700 s7%, respectively.

NMR line shape fitting

Fitting of the NMR titration data was performed using the in-house software IDAP (available
from Dr. Evgenii Kovrigin) and TITAN (Waudby et al. 2016). IDAP was utilized to fit alternative
mechanisms with U-RL and U-R2 models. TITAN was used without modifications to fit the two-
dimensional NMR data with the “Induced Fit” model (U-RL), but the U-R2 model was not
included in the available TITAN version. The uncertainties of the best-fit parameters in TITAN
were determined using bootstrap error analysis with 100 re-sampling runs.

Normal mode analysis

Normal Mode Analysis was performed using the eINemo web interface to the Elastic Network
Model (Suhre and Sanejouand 2004; Tirion 1996) accessible at URL: http://www.sciences.univ-
nantes.fr/elnemo/. The input to the eINemo server consisted of the one chain of ligand-free
chitosanase extracted from PDBID 1CHK structure. The lowest frequency non-trivial normal
mode (#7) that approximated the conformational transition between open and closed states of
the chitosanase was exported to the MPEG video format and provided as the Supplementary
Movie 1.
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	Abstract
	Chitosan interaction with chitosanase was examined through analysis of spectral line shapes in the NMR HSQC titration experiments. We established that the substrate, chitosan hexamer, binds to the enzyme through the three-state induced-fit mechanism with fast formation of the encounter complex followed by slow isomerization of the bound-state into the final conformation. Mapping of the chemical shift perturbations in two sequential steps of the mechanism highlighted involvement of the substrate-binding subsites and the hinge region in the binding reaction. Equilibrium parameters of the three-state model agreed with the overall thermodynamic dissociation constant determined by ITC. This study presented the first kinetic evidence of the induced-fit mechanism in the glycoside hydrolases.
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	Introduction
	Chitin, β-1,4-linked polysaccharide of N-acetylglucosamine (GlcNAc), is the second most abundant biomass next to cellulose (Younes and Rinaudo 2015), yet, the chitin biomass is not readily utilized due to its chemical recalcitrance. Chemical or enzymatic deacetylation of chitin produces chitosan, the amorphous and highly reactive β-1,4-linked polysaccharide of glucosamine (GlcN) (Pareek et al. 2013). The chitosan polysaccharide can be degraded by chitosanase (EC 3.2.1.132) (Monaghan et al. 1973) producing chitosan oligosaccharides, which represent the new opportunity for drug development (Raafat et al. 2008; Rhoades et al. 2008; Wang et al. 2007). Most chitosan polysaccharides are not completely deacetylated thus containing variable fractions of GlcNAc and GlcN. The chitosanases hydrolyze the glycosidic linkages between GlcN residues as well as the linkages between GlcN and GlcNAc (Fukamizo et al. 1994).
	Substrate-binding site of the chitosanase is composed of several subsites, each of which accommodates a monomer unit of the polysaccharide substrate. Particularly, in the family GH46 chitosanase from Streptomyces sp. N174, CsnN174, the substrate-binding cleft features three subsites on each side of the catalytic center (Fukamizo and Brzezinski 1997; Tremblay et al. 2001). According to the subsite nomenclature proposed by Davies et al. (1997), these subsites were designated as −3, −2, −1, +1, +2, and +3, where the glycosidic bond located in between −1 and +1 subsites is cleaved by the concerted action of catalytic residues Glu22 and Asp40 (Fukamizo and Brzezinski 1997), and the individual subsites are positively numbered from the bond-cleavage site to the reducing end and negatively numbered to the non-reducing end. Such a long substrate-binding cleft enables the enzyme to strongly bind to the polysaccharide chain and provide for specificity of the substrate recognition as was demonstrated for the chitosan hexamer (GlcN)6 (Fukamizo et al. 1995; Fukamizo and Brzezinski 1997).
	Recently, three-dimensional structure of chitosanase OU01 from Microbacterium sp. (CsnOU01), whose amino acid sequence is 60% homologous to that of CsnN174, was solved by X-ray crystallography in a complex with chitosan hexamer (GlcN)6 (Lyu et al. 2015). The two chitosanases were found to have a similar fold, and the complex structure revealed interaction of (GlcN)6 with the enzyme binding cleft highlighting the dominant role of the −2, −1 and +1 subsites in substrate binding and catalysis. Since most polysaccharide hydrolases have a long-extended binding cleft, oligosaccharide ligands frequently used for enzymatic analysis of the enzymes may bind to the binding cleft in multiple ways resulting in complicated binding isotherms. For example, two different binding sites were identified in CsnN174 for the chitosan trimer, (GlcN)3, by fluorescence quenching experiments (Katsumi et al. 2005).
	A comparison of the chitosan-free and chitosan-bound forms of CsnOU01 reveals that the enzyme must undergo the opening conformational transition to allow for the chitosan polymer binding, while the protein structure must close upon the substrate for catalysis and open again for the product release (Lyu et al. 2015). A similar conformational change was also reported in a family GH19 chitinase from rye seeds (Ohnuma et al. 2013), indicating a close relationship between the mechanisms of GH46 and GH19 enzymes (Monzingo et al. 1996). Ligand interactions coupled to conformational changes in protein structures may be sensitively resolved using nuclear magnetic resonance (NMR) line shape analysis (Agafonov et al. 2014; Günther and Schaffhausen 2002; Kaplan and Fraenkel 1980; Kern et al. 1995; Mittag et al. 2006, 2003; Rao 1989). In this report we analyzed NMR line shapes in titrations of CsnN174 chitosanase with substrate and product molecules to illuminate the mechanism of coupling between ligand binding and the conformational change in the protein structure.
	Results
	To probe the mechanism of the protein–ligand interactions in chitosanase, we conducted NMR titrations with substrate- and product-like chitosan oligomers, (GlcN)6 and (GlcN)3, of the catalytically incompetent E22A mutant, in which the catalytic residue Glu22 was mutated to alanine, as well as the wild-type protein (for the product). Figure 1 demonstrates a representative overlay of a series of 1H-15N HSQC spectra obtained in a titration of the E22A mutant with (GlcN)6. A number of the assigned NH cross-peaks, including N23, W28, A30, G39, G43, G47, G153, T157, and D232, were significantly perturbed by addition of chitosan oligomers.
	/ 
	Fig. 1 1H-15N HSQC spectra of E22A CsnN174 in the presence of different concentrations of the substrate chitosan hexaose, (GlcN)6. Molar ratios of the ligand to protein concentrations are indicated by colors: 0, red; 0.5, cyan; 1.5, green; 3, blue (for clarity, only four out of seven spectra in the titration series are shown). Assigned resonances that were sufficiently resolved for line shape analysis are labeled
	Figure 2 shows the backbone superimposition of the substrate-bound closed conformation of CsnOU01 (Lyu et al. 2015) with the ligand-free open form of CsnN174 (Marcotte et al. 1996). Residues with resolved NH cross-peaks sensitive to ligand binding are indicated on both closed and open structures to highlight their localization to the important functional regions of the enzyme. Specifically, the D232 and N23 are found in the “plus” chitosan binding subsites (the subsites with positive numbers) (Fukamizo and Brzezinski 1997; Tremblay et al. 2001) while G153 and T157 are residues of the “minus” subsites (subsites with the negative numbers). Residues G39 and G43 are located directly above the binding cleft and the catalytic site. The group of residues including W28, A30, G47 is relatively distant from the substrate binding site (>10 Å to the closest chitosan atom) and located in the hinge region that experiences conformational changes upon the opening-closing transition. To visualize the “hinge role” of these residues, we simulated normal modes in the ligand-free chitosanase structure. The Supplementary Movie 1 demonstrates the lowest non-trivial normal mode that interconverts the open and closed enzyme conformations. Notable that residues N23 and G39 are the nearest neighbors of the catalytic residues E22 and D40 thus capable of reporting on rearrangement of the active site into the conformation resembling the catalytic state of the chitosanase.
	/ 
	Fig. 2 Flexibility of chitosanase and distribution of the resolved NMR probes. Free CsnN174 (PDB: 1CHK), cyan tube; D43A CsnOU01 complexed with (GlcN)6 (PDB: 4QWP), green tube and black sticks, respectively. Protein structures are aligned through the C-terminal domain (residues 121–236). NH groups of residues with chemical shifts perturbed by ligand binding are shown as spheres (residue numbers correspond to the CsnN174 sequence)
	Titration of the E22A CsnN174 with the substrate, chitosan hexamer, revealed a common line shape evolution pattern: the initial resonance was shifting and disappearing upon titration progress while a peak of the ligand-bound state appeared in the new location (Fig. 1). This pattern may be caused by four possible molecular mechanisms (Kovrigin 2012): (A) pre-existing dimerization equilibrium when the dimer is incapable of ligand binding, (B) dimerization of the bound state to form a dimer that cannot dissociate the ligands, (C) binding of two ligand molecules to different binding sites, and (D) the ligand binding followed by isomerization to a tightly bound complex (the induced fit mechanism) (Fig. 3).
	/ 
	Fig. 3 Simulations of the three-state mechanisms that may be responsible for spectral patterns observed in the chitosanase titrations with the substrate (GlcN)6. The exchange regime on NMR time scale is indicated for each kinetic step. Frequencies of individual species are shown with vertical dashed lines. For detailed kinetic and thermodynamics simulation parameters see Materials and Methods. The model names according to LineShapeKin Simulation: a U-R2; b U-R2L2; c B; d U-RL. One-dimensional spectra were simulated for the range of ligand-to-protein molar ratios, CL/CP (indicated next to the corresponding traces), and displaced vertically for clarity
	It is unlikely, that two substrate molecules may be bound at the same time to chitosanase because the long-chain oligosaccharide such as (GlcN)6 is known to fully engage the binding cleft (Lyu et al. 2015)—eliminating two-binding site mechanism Fig. 3c. The dimerization of chitosanase in ligand-free or bound forms (Fig. 3a, b) is expected to approximately double the rotational correlation time of the enzyme leading to the increased observed line widths (see Supplementary section “Estimation of the monomer and dimer line widths”). Dimerization of the bound state in the slow exchange regime (Fig. 3b) results in the resolved resonance of the dimer, therefore this mechanism may be readily detected through the line width measurements of the free and bound states. The mean proton line widths of the ligand-free and substrate-bound chitosanase samples were 30 and 29 Hz, respectively, with the standard deviation of 5 Hz (Supplementary section “Measurement of proton line widths”). Since the bound form of the enzyme did not demonstrate significantly increased line width, the mechanism with dimerization of the bound form (Fig. 3b) was also eliminated.
	We tested relative ability of the two remaining mechanisms in Fig. 3, panels a and d, to account for the experimental data by fitting of both mathematical models to a series of 1D spectral datasets of resonances of W28, G39, G153, and T157 resolved in proton dimension, and G43 and T157 resolved in the nitrogen dimension using IDAP NMR line shape analysis software (Kovrigin 2012). Results in the Fig. 4 demonstrate that both mathematical models are capable of reproducing general features of the experimental datasets. The induced fit model (U-RL, Fig. 3d) was capable of fitting all datasets in one global fitting session to a single set of kinetic and thermodynamic constants (Fig. 4, top row). We obtained values of equilibrium dissociation constants of 42 µM and isomerization constant of 3.9 with the reverse rate constants of 30,000 and 9 s−1 for the dissociation and isomerization, respectively.
	/ 
	Fig. 4 Representative NMR line shapes from the titration E22A CsnN174 chitosanase with (GlcN)6 fit using the IDAP software with two alternative models: the induced-fit mechanism (U-RL, top row) and the protein dimerization in a free state with ligand binding to a monomer (U-R2, bottom row). The 1D spectral slices correspond to ligand to protein molar ratios of 0 (black), 0.5 (red), 1 (green), 1.5 (blue), 2 (cyan), 3 (magenta), 4 (gray). The U-RL model fit the data for six residues in one global fitting session to a single set of kinetic and thermodynamic constants. The U-R2 model was not capable of fitting all data to a single set of global parameters; the presented graphs are from individual fitting sessions for each residue
	The model with chitosanase dimers incapable of binding a ligand (U-R2, Fig. 3a) did not successfully fit all datasets in one session. The reason to that became obvious after fitting each dataset individually—the model required vastly different values of equilibrium and rate constants for different residues. The major challenge for the U-R2 model was to satisfy a narrow line width of the initial resonance despite the increased line width of the dimer relative to the monomer. The optimization algorithm achieved the desired narrow line widths by shifting the population of dimer-monomer equilibrium predominantly to the monomer (extremely low dimerization constants). However, to be able to account for significant peak shifts observed during titrations, the U-R2 model required nonsensical values of the chemical shift of a dimer (600–15,000 ppm) and unrealistically fast dimer dissociation rate constants of 109–1011 s−1 to maintain the fast-exchange regime—indicating that the real molecular mechanism is unlikely to resemble the U-R2 model in Fig. 3a.
	To further improve our confidence that U-R2 model was not a correct choice, we analyzed variation of the chemical shifts and line widths upon dilution of the ligand-free chitosanase sample. Dilution of the sample with the monomer–dimer equilibrium in fast exchange will shift the averaged peak towards the monomer and result in a narrower line width. Supplementary Fig. 2 and 3 reveal insignificant changes in line widths and chemical shifts of the signals supporting rejection of U-R2 model as a possible mechanism for chitosanase interaction with its substrate.
	Considering the “closed” conformation of the substrate-bound chitosanase observed in the crystal (Fig. 2, green tube), we may assume that in solution the conformation of CsnN174 tightly bound with (GlcN)6 is also similarly closed. Titration with the product, (GlcN)3, (Fig. 5) revealed that chemical shifts of the hinge residues in the substrate- and product-saturated CsnN174 are nearly identical. Similarity of the magnetic environments of the hinge residues in the end states of both titrations indicates that the product is also capable of inducing the closed enzyme conformation (albeit at much greater solution concentrations).
	/ 
	Fig. 5 Chemical shift perturbations of the hinge residues in titrations of E22A CsnN174 with the substrate, (GlcN)6, and the product, (GlcN)3. Molar ligand-to-protein ratio (from red to blue): 0, 0.5, 1, 1.5, and 3 for (GlcN)6, left column; 0, 2, 5, 10, and 50 for (GlcN)3, right column 
	Using Isothermal Titration Calorimetry (ITC) we measured the equilibrium dissociation constants for the product and substrate interaction with the enzyme to be 1120 ± 70 and 22 ± 3 µM for (GlcN)3 and (GlcN)6, respectively (Supplementary Fig. 4; Supplementary Table 1). Assuming similar diffusion-limited on-rate constants, the off-rate constant of the product is expected to be, at least, one order of magnitude faster than that of the substrate leading to the fast-exchange regime in NMR spectra. This is in agreement with the averaged shifting peak pattern observed in chitosanase-product titration (Fig. 5, right column).
	The exchange-averaged line shapes such as in (GlcN)3 titration in Fig. 5 cannot provide enough information for unambiguous determination of the product interaction mechanism (Kovrigin 2012). One of the means to reduce the conformational exchange rate constants without altering chemical structure of the protein is deuteration, which results in increased energy barriers for the hydrogen-bond making and breaking (Kohen 2003; Kovrigin and Loria 2006; Krantz et al. 2000). To obtain the protein sample with some hydrogen bonds replaced with the deuterium bonds, we expressed CsnN174 on the deuterated medium and partially back-exchanged the protein to protonated water to allow for the amide NH signal detection. Due to different solvent accessibility, some of the amide groups (for example, G47) remained deuterated resulting in the slower conformational exchange regime in the protein structure.
	Figure 6 demonstrates the line shapes of the hinge residues in the perdeuterated CsnN174 (wild-type—in this experiment) recorded in the (GlcN)3 titration. The fast-exchange pattern observed in Fig. 5 (right column) is replaced with the fast-exchange disappearing peak accompanied by a growing slow-exchange resonance of the bound state resembling the substrate titration line shapes in Fig. 5 (left column). We observe that the second step in the chitosan interaction with CsnN174 is significantly deccelerated with deuteration revealing (at least) the three-state binding mechanism. Since the residues W28 and A30 are localized to the hinge region of chitosanase, we may conclude that binding of the product is likely to proceed through a similar induced-fit steps as binding of the substrate. The “hooked” peak shift of W28 indicates the second product molecule binding to the closing enzyme, which is in accord with our ITC results (Supplementary Table 1) and the literature reports (Katsumi et al. 2005).
	/ 
	Fig. 6 Multi-state peak evolution in the deuterated and partially back-exchanged wild-type CsnN174 sample titrated with the chitosan trimer, (GlcN)3. Molar ligand:protein ratio (from red to blue): 0, 4, 10, 20, and 50
	To allow for a more accurate determination of quantitative parameters of the substrate binding mechanism in CsnN174, we performed fitting of the experimental NMR HSQC spectra of the titration of protonated E22A chitosanase with (GlcN)6 using the two-dimensional NMR line shape fitting software TITAN (Waudby et al. 2016). Two-dimensional line shape analysis allows for fitting of peaks that appear in crowded regions such as N23, A30, and G47, for which the one-dimensional line shape extraction used in IDAP was not reliable. The total of nine amide NH peaks (residues N23, W28, A30, G39, G43, G47, G153, T157, and D232) were simultaneously fit with the induced-fit model optimizing the residue-specific chemical shifts and line widths along with the common equilibrium and rate constants for the association and isomerization steps. Quality of fitting of experimental HSQC datasets with the induced-fit model in TITAN is demonstrated in Supplementary Fig. 5. The peak positions and apparent relaxation rates of the initial ligand-free state were determined from fitting the single dataset corresponding to free CsnN174. The peak positions of the encounter complex, RL, and the final bound state, RL*, were determined from simultaneous fitting of all titration points. Chemical shift differences between the R, RL, and RL* states calculated with the Eq. 1 are plotted in Supplementary Fig. 6 while Supplementary Fig. 7 summarizes the best-fit apparent relaxation rate constants and supplementary Table 2 gives the global equilibrium and kinetic parameters. Similar quantitative analyses of the product titrations of protonated CsnN174 in the fast-exchange regime resulted in unstable best-fit results. In the deuterated sample, the degree of back-exchange was difficult to control thus rendering best-fit parameters qualitative. Therefore, in this paper, we focused on the chitosanase interaction with the substrate leaving the product interactions for future work.
	Discussion
	Consideration of the “open” and “closed” crystal structures of CsnOU01 (Fig. 2) along with kinetic and thermodynamic studies led to the proposed induced-fit interaction mechanism (Lyu et al. 2015). Site-resolved analysis of chemical shift perturbations may be informative on relative roles of different residues in separate steps of enzyme-substrate interactions. Figure 7 visualizes chemical shift perturbations reported in Supplementary Fig. 6 for each of the two kinetic steps as well as the overall chemical shift perturbation due to the full process. As might have been anticipated, the residues N23, G153, and T157 show significant perturbation in the ligand-binding step (Fig. 7a) as they are directly implicated in binding interactions with the chitosan substrate. G153 and T157 are less perturbed in the second step—readjustment of the enzyme-substrate complex to the tightly bound species (Fig. 7b).
	/ 
	Fig. 7 Mapping of chemical shift perturbations in the two kinetic steps of the mechanism of substrate-enzyme interaction in CsnN174. The NH groups (spheres) were colored according to the magnitude of the chemical shift perturbations: blue, below the lower threshold in Supplementary Fig. 6; green, between the lower and upper thresholds; and red, above the upper threshold
	It is remarkable that hinge residues W28, A30, and G47 are perturbed to a greater degree in the fast initial step of the mechanism than in the second, slow step (cf. Fig. 7 panels a and b). One may propose two possible explanations for this observation. The chitosan is a highly charged molecule; therefore, formation of the encounter complex may be sensed far beyond the binding cleft of CsnN174. In this scenario, the chemical shift perturbations in the hinge due to the substrate binding could exceed ones induced by a subsequent conformational change due to closing of the enzyme in the slow step (Supplementary Fig. 8a). The alternative explanation of the relatively greater perturbation of the hinge in the first step assumes that closing of the enzyme actually happens during the fast phase of the binding process. In this case, slow rearrangement in the second phase must be of much smaller scale—occurring mostly around the residues of N23 and G39 located in the immediate neighborhood of the catalytic Glu22 and Asp40 (Supplementary Fig. 6, Fig. 7b). Essentially, the second explanation implies a four-state mechanism with formation of the open first-encounter complex followed by fast hinge closing followed by a slow conformational readjustment (Supplementary Fig. 8b). The first two transitions would occur in the fast-exchange regime, therefore not resolvable in our analysis.
	One may note that the off-rate constant for the substrate-binding step was determined to be quite large—on the order of 20,000 s−1 (Supplementary Table 2). In the three-state induced-fit mechanism (Supplementary Fig. 8a), it would describe dissociation of a weak initial encounter complex, which is expected to be labile. The equilibrium dissociation constant and the off-rate constant determined by line shape fitting corresponded to the second-order association rate constant of ca. 5 × 108 M−1 s−1, which is in a diffusion limit. Considering positively charged chitosan substrate and the negatively charged enzyme binding site, the on-rate is likely to be accelerated by their mutual electrostatic attraction.
	In simulations of fast-exchange mechanisms published previously, one of us demonstrated that the sequential fast-exchange transitions between three states produce line shapes that are difficult to discern from a simpler two-state model (Kovrigin 2012). However, it was remarkable that the observed line shape evolution should have appeared in a significantly slower exchange regime than might be expected from the exchange rate constants of the individual steps (Fig. 4 in (Kovrigin 2012)). Therefore, the four-state model in Supplementary Fig. 8b would require unrealistically fast kinetics in binding and closing steps to still yield the overall reverse rate constant of 20,000 s−1 in the fast phase of the process. Based on these considerations, we chose the three-state model with fast formation of a weak open encounter complex followed by slow closing of the enzyme into a catalytically competent state to be the most likely chitosanase mechanism (Supplementary Fig. 8a).
	The apparent dissociation constant of the substrate-enzyme complex determined in our ITC measurement, Kd,ITC = 22 ± 3 µM, may be compared with NMR-derived parameters of the three-state mechanism considering a relationship of the overall dissociation constant of the multistep mechanism to equilibrium constants of the individual steps: Kd,overall=Kd,RL/Kiso. Substitution of the best-fit parameters yields overall Kd of 12 ± 4 µM, which is close but not identical to the ITC result, likely, due to systematic biases in ITC and NMR analyses as well as possible underestimation of the best-fit uncertainties.
	From the relatively slow kinetics of the induced-fit step, we can anticipate closing of the initial enzyme-substrate complex to be the rate-limiting step of the chitosan hydrolysis. Small magnitude of the isomerization equilibrium constant between open and closed states of chitosanase (Supplementary Table 2) indicates that the two protein conformations are nearly isoenergetic, separated by ΔG0 of only 2.8 kJ/mol. With such a weak preference for the closed state, the slow kinetics of interconversion might serve as a “lock” ensuring that the catalytically competent enzyme-substrate complex is sufficiently long-lived to allow for the effective chitosan cleavage. The product release following the catalytic reaction is expected to be fast as judged by the fast-exchange kinetics of the product titration series (Fig. 5) and low product binding affinity (Supplementary Table 1).
	In conclusion, we revealed the induced-fit mechanism in the substrate-enzyme interaction in chitosanase CsnN174, which is the first kinetic demonstration for the multi-step substrate binding in the glycoside hydrolases. Our study emphasizes the power of the NMR line shape analysis to illuminate the distinct functional roles of different structural elements in the enzyme-substrate and product recognition. Complementing the NMR line shape analysis with NMR spin relaxation measurements and molecular dynamics simulations in the future work may enable building of a highly resolved structural picture of ligand interactions and internal conformational dynamics in chitosanase.
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	The pFDES vector (Sanssouci et al. 2011) was used for the expression of wild type and mutant CsnN174. The csnN174 gene (wild type or bearing the mutation E22A) (Boucher et al. 1995) was cloned as a HindIII-NotI fragment into pFDES digested with the same restriction enzymes. Streptomyces lividans TK24 ∆csnR (formerly ∆2657h) (Dubeau et al. 2009) was used as recipient for the recombinant plasmids.
	Enzymes, wild-type CsnN174 and E22A CsnN174, were produced as extracellular proteins by the heterologous host S. lividans TK24 ∆csnR. Spores of S. lividans ∆csnR harboring the recombinant plasmids were inoculated into tryptic soy broth (TSB) medium with 50 µg ml−1 kanamycin. Cultures were incubated 48 h at 30 °C with shaking (230 rpm min−1). Mycelium was recovered by low speed centrifugation and inoculated in a modified M14 medium (Page et al. 1996) composed of 1 g l−1 KH2PO4, 5 g l−1 K2HPO4, 0.68% N15H4Cl, 1 g l−1 K2SO4, 1 ml l−1 of trace elements solution (2 mg ml−1 CoCl2·7H2O, 5 mg ml−1 FeSO4·7H2O, 1.6 mg ml−1 MnSO4·H2O and 1.4 mg ml−1 ZnSO4·7H2O), pH 6.9. Before use, 0.3 g l−1 MgSO4 and 0.3 g l−1 CaCl2 were added to the M14 medium. 10 g l−1 mannitol (for single isotope labelling) or 10 g l−1 glucose C6–C13 (for double isotope labelling) were used as carbon sources. For obtaining the deuterated CsnN174, 99% 2H2O (Cambridge Isotope Laboratories) was used instead of H2O. Cultures were incubated for 96 h at 30 °C with shaking (230 rpm min−1). Mycelial pellet was separated from the supernatant by low speed centrifugation and discarded. Chitosanases were purified following a simple two-step procedure, using the ÄKTA explorer system (GE Healthcare). The culture supernatants were adjusted to pH 4.5 with 1 M acetic acid and loaded on a HiTrap SP-Sepharose (GE Healthcare Bio-Sciences, Baie d’Urfé, QC, Canada) column equilibrated with sodium acetate 50 mM buffer pH 4.5. These conditions are favourable for the heterologous chitosanase attachment on the resin, but not for the attachment of the endogenous one (CsnA encoded by gene sco0677) (Ghinet et al. 2010), produced in a very small amount by the host strain. After washing the unbound proteins with 2 CV (column volumes) of sodium acetate 50 mM pH 4.5, a second washing step was performed with 2 CV of sodium acetate 50 mM pH 4.5 plus 50 mM NaCl. CsnN174 was eluted with sodium acetate 50mM pH 4.5 plus 0.2 M NaCl and the chosen fractions were dialysed against a solution of 1 mM MgCl2 then loaded on a Hydroxyapatite Fast Flow (Calbiochem, Darmstadt, Germany) column pre-equilibrated with 1 mM MgCl2. CsnN174 was eluted with 70 mM MgCl2 and the fractions containing the purified protein were dialysed against 50 mM sodium acetate buffer pH 5.5. The purity of the enzyme preparations was evaluated by SDS–PAGE (Laemmli 1970). Protein concentration was determined by the method of Bradford (Bradford 1976) using bovine serum albumin as a standard. Protein concentration of purified chitosanases was determined by ultraviolet absorbance (280 nm) using molar extinction coefficients of 30,300 M−1 cm−1.
	E22A CsnN174 solution (48.2–130 µM) in 50 mM sodium phosphate buffer (pH 7.0) were degassed and their concentrations were determined. Chitosan oligomers (GlcN)3 and (GlcN)6 were dissolved in the same buffer (1–50 mM), and the solution pH was adjusted to 7.0 by NaOH. Then the ligand solution was degassed and loaded into a syringe, while the protein solution (0.2028 ml) was loaded into the sample cell after confirming the solution pH 7.0. Calorimetric titration was performed with an iTC200 system (Microcal Northampton, MA) at 25 °C. Aliquots (1.0–2.0 μl) of the ligand solution were added to the sample cell with a stirring speed of 1000 rpm. Titrations were completed after 18–38 injections. The ITC data were analyzed with the MicroCal Origin (GE) as well as in-house IDAP software (available from Dr. Kovrigin). Statistical hypothesis testing was performed utilizing Akaike’s information criterion (Akaike 1973, 1981; Motulsky and Christopoulos 2004). Best-fit parameter error ranges and parameter correlations were determined through Monte-Carlo analysis.
	NMR samples contained 0.2–0.5 mM protein in 50 mM sodium acetate buffer pH 5.5 (90% H2O/10% D2O). All NMR spectra were acquired at 300 K using a Bruker AVANCE 500, 800 or 950 spectrometer controlled with TopSpin 3.0 software and equipped with a triple-resonance pulsed-field-gradient cryoprobe head. 1H chemical shifts were referenced to HDO (4.64 ppm at 30 °C) relative to TSP. 15N and 13C chemical shifts were indirectly calibrated from each gyromagnetic ratio (Wishart et al. 1995).
	Sequential assignments were performed using 15N/13C-labelled CsnN174 and E22A CsnN174 from two-dimensional 1H-15N HSQC and three-dimensional HNCACB, CBCA(CO)NH, HNCA, HNCACO, HNCO, and HNCOCA experiments (Kay et al. 1990). All spectra were processed using NMRPipe software (Delaglio et al. 1995) and were analyzed using Sparky software (Goddard and Kneller).
	TROSY-based 1H-15N HSQC spectrum and three dimensional spectra, TROSY-HNCO, TROSY-HNCACO, TROSY-HNCACB, and TROSY-CBCA(CO)NH were measured using 2H/15N/13C-labelled CsnN174. The assignment data were deposited in Biological Magnetic Resonance Data Bank under Accession Nos. 11493 and 11494.
	Two-dimensional 1H-15N HSQC spectra were recorded for 0.09–0.1 mM CsnN174 in 50 mM sodium acetate buffer pH 5.5 (90% H2O/10%D2O), in the presence of various concentrations of the ligands. Peak assignment of the bound states in (GlcN)3 titration was done by careful tracing the shifts of fast-exchange averaged peaks through the titration. The longer chain chitosan oligomer (GlcN)6 displayed slow-exchange behavior precluding direct assignment transfer. However, comparison of (GlcN)3 and (GlcN)6 titrations revealed that final bound state resonances positions were relatively independent of the ligand type, which allowed to assign the bound states of CsnN174 with (GlcN)6 by comparison with (GlcN)3 saturated spectra (Supplementary Fig. 9). Averaged chemical shift differences,Δδav, induced by oligosaccharide binding or isomerization plotted in Supplementary Fig. 6 were calculated according to the Eq. 1 (Grzesiek et al. 1996):
	Δ𝛿𝑎𝑣=(Δ𝛿𝐻𝑁)2+(Δ𝛿𝑁5)22 (1)
	where ΔδHN and ΔδN stands for chemical shifts difference between the first and the last point in the titrations for 1H and 15N, respectively. The uncertainty of the chemical shift difference is calculated according to standard error propagation rules (Taylor 1997).
	Simulations of the NMR line shape mechanisms in Fig. 3 were performed with LineShapeKin Simulation 4 (http://lineshapekin.net/#LineShapeKinSimulation411) using the parameters outlined below. The full width at half-height of the peaks (FWHH) of 180 s−1 was used as a typical line width in chitosanase spectra to represent monomeric species; this value was doubled to obtain the dimer FWHH—according to estimates in Supplementary Information, section “Estimation of the monomer and dimer line widths”.
	U-R2 model; equilibrium association constant KA=10,000; equilibrium dimerization constant KB=1000; dissociation rate constant k2A = 5 s−1; dimer dissociation rate constant k2B = 2000 s−1; frequencies of R, R2, and RL were 400, −400, and 700 s−1, respectively;
	U_R2L2 model; equilibrium association constant KA = 5000; equilibrium dimerization constant KB = 100,000; dissociation rate constant k2A = 2000 s−1; dimer dissociation rate constant k2B = 5 s−1; frequencies of R, RL, and (RL)2 were 0, 500, and 700 s−1, respectively;
	B model; microscopic equilibrium association constants for binding the first ligand KA1 = 10,000 (assumed identical for both sites); microscopic equilibrium association constant for binding the second ligand molecule, KA2 = 100,000; microscopic dissociation rate constants of the first and second ligands were k2A1 = 1000 s−1, k2A2 = 1 s−1, respectively; frequencies of R, RL and RL2 were 0, 350, and 700 s−1, respectively;
	U-RL model; equilibrium association constant KA = 10,000; equilibrium isomerization constant KB = 10; dissociation rate constant k2A = 3000 s−1; reverse isomerization rate constant k2B = 1 s−1; frequencies of R, RL and RL* were 0, 500, and 700 s−1, respectively.
	Fitting of the NMR titration data was performed using the in-house software IDAP (available from Dr. Evgenii Kovrigin) and TITAN (Waudby et al. 2016). IDAP was utilized to fit alternative mechanisms with U-RL and U-R2 models. TITAN was used without modifications to fit the two-dimensional NMR data with the “Induced Fit” model (U-RL), but the U-R2 model was not included in the available TITAN version. The uncertainties of the best-fit parameters in TITAN were determined using bootstrap error analysis with 100 re-sampling runs.
	Normal Mode Analysis was performed using the elNemo web interface to the Elastic Network Model (Suhre and Sanejouand 2004; Tirion 1996) accessible at URL: http://www.sciences.univ-nantes.fr/elnemo/. The input to the elNemo server consisted of the one chain of ligand-free chitosanase extracted from PDBID 1CHK structure. The lowest frequency non-trivial normal mode (#7) that approximated the conformational transition between open and closed states of the chitosanase was exported to the MPEG video format and provided as the Supplementary Movie 1.
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