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ABSTRACT 

The Gram-negative bacteria Serratia marcescens and Serratia proteamaculans have efficient 

chitinolytic machineries that degrade chitin into N-acetylglucosamine (GlcNAc), which is used 

as carbon and energy source. The enzymatic degradation of chitin in these bacteria occur 

through the synergistic action of glycoside hydrolases (GHs) that have complementary 

activities; an endo-acting GH (ChiC) making random scissions on the polysaccharide chains 

and two exo-acting GHs mainly target single reducing (ChiA) and non-reducing (ChiB) chain 

ends. Both bacteria produce low amounts of a fourth GH18 (ChiD) with an unclear role in 

chitin degradation. Here, we have determined the thermodynamic signatures for binding of 

(GlcNAc)6 and the inhibitor allosamidin to SpChiD as well as the crystal structure of SpChiD 

in complex with allosamidin. The binding free energies for the two ligands are similar (DGr° = 

-8.9 ± 0.1 and -8.4 ± 0.1 kcal/mol, respectively) with clear enthalpic penalties (DHr° = 3.2 ± 

0.1 and 1.8 ± 0.1 kcal/mol, respectively). Binding of (GlcNAc)6 is dominated by solvation 

entropy change (–TDSsolv° = -17.4 ± 0.4 kcal/mol) and the conformational entropy change 

dominates for allosamidin binding (–TDSconf° = -9.0 ± 0.2 kcal/mol). These signatures as well 

as the interactions with allosamidin are very similar to those of SmChiB suggesting that both 

enzymes are non-reducing end specific. 
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INTRODUCTION 

Chitin is the second most abundant biopolymer in Nature and common as a structural 

component in crustaceans, arthropods, fungi, and parasitic nematodes. It is an insoluble, linear 

polysaccharide consisting of repeated units of b-1,4-N-acetylgucosamine (GlcNAc).  

In Nature, microorganisms that are able to use chitin as a carbon and energy source 

usually produce multiple enzymes involved in its degradation. The Gram-negative bacteria 

Serratia marcescens and Serratia proteamaculans produce two exo-processive family 18 

glycoside hydrolases (GHs) (ChiA and ChiB) that processively convert chitin chains into 

dimeric products moving in opposite directions and another family 18 GH (ChiC) that is non-

processive and endo-acting. A family 20 chitobiase is responsible for converting oligomeric 

chitinase products into monomeric products. Moreover, a lytic polysaccharide monooxygenase 

(LPMO), belonging to auxiliary activity (AA) family 10, targets crystalline regions where it 

uses an activated dioxygen to cleave glycosidic bonds, thus creating new access points for exo-

acting GHs. The genome of S. marcescens encodes only one such LPMO (CBP21), while the 

genome of S.proteamaculans encodes three such enzymes (CBP21, CBP28 and CBP50). 1-4  

The S. marcescens GH18 chitinases have a multi-modular architecture. In addition to 

the catalytic domains, they also have at least one carbohydrate-binding module (CBM) each. 

Their catalytic domains have similar overall structures, but show conspicuous differences in 

their substrate-binding regions that relate to varying functionalities. ChiA and ChiB have  deep 

substrate-binding clefts, in part made up of a 70−90 residue ‘α + β’ insertion in the catalytic 

domain, whereas endo-acting  ChiC lacs this insertion and has a much more shallow substrate-

binding cleft.5-7 Another prominent functionally important feature is that the deep substrate-

binding clefts in ChiA and ChiB are lined with aromatic residues that interact with ligands and 

are important for the processive abilities of these enzymes. The open substrate-binding cleft of 

ChiC has few aromatic amino acids.5, 8, 9 
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 Interestingly, both S. marcescens and S. proteamaculans possess an additional fourth 

potential GH18 chitinase (ChiD), which consists of a catalytic domain only. Like ChiA and 

ChiB, ChiD has the ‘α + β’ insertion that contributes to creating a deep substrate-binding cleft. 

ChiD is remarkable in displaying a high degree of innate transglycosylation (TG) and 

chitobiase activity in addition to hydrolytic activity towards chitin and soluble chito-

oligosaccarides. 10-14 It has been suggested that the relatively high chitobiase activity of SpChiD 

is due to a loop (Asn30–Asp42) that, uniquely for ChiD, occludes the –3 and –2 subsites.11  

SmChiD is only produced in low amounts during growth on chitin, and it does not contribute 

significantly to degradation of chitin when present in an enzyme cocktail. Moreover, the 

chitobiase activity of SmChiD is considerably lower than the activity of the GH20 chitobiase.10 

Hence, the role of this enigmatic enzyme in chitin degradation remains uncertain. 

  Previously, we have shown that the functional differences between SmChiA, SmChiB, 

and SmChiC in chitin degradation, i.e. variation in the degree and direction of processivity, are 

reflected in the thermodynamic signatures of substrate and inhibitor binding15-20 Since there 

now are known correlations between the thermodynamics of ligand binding and chitinase 

functionality, we have determined the thermodynamic signatures of substrate and inhibitor 

binding to SpChiD in order to learn more about the potential function of this enigmatic enzyme. 

In addition, we have determined the crystal structure of SpChiD bound to the well-known 

GH18 inhibitor allosamidin, which, notably, is expected to bind to the –3 to –1 subsites, which 

are thought to be occluded in SpChiD. The obtained results are compared to available data for 

the well-characterized SmChiA, SmChiB, and SmChiC. 

  

EXPERIMENTAL SECTION 

Proteins and Chemicals. Allosamidin was isolated from Streptomyces sp. and the 

purity was controlled by 1H NMR as described elsewhere.21 Previously, the structure of 
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allosamidin has been verified by both NMR and crystallography.22 (GlcNAc)6 was purchased 

from Sigma–Aldrich (St. Louis, MO, U.S.A.). The plasmid pET-22b (+) and Escherichia coli 

BL21 (DE3) (Novagen, Madison, USA) were used for heterologous expression. E. coli was 

grown in LB broth (1% peptone, 0.5% yeast extract, 1% NaCl) at 37°C. Ampicillin at 100 

µg/mL working concentration was added to the LB broth as required. Oligonucleotide primers 

were purchased from Eurofins India (Bangalore, India). Restriction enzymes, T4 DNA ligase 

and Pfu DNA polymerase were obtained from MBI Fermentas (Ontario, Canada). Isopropyl-

β-D-thiogalactoside (IPTG), ampicillin and all other chemicals were purchased from 

Calbiochem or Merck (Darmstadt, Germany), or Hi-media labs (Mumbai, India). Ni-NTA His 

resin for protein purification was procured from Novagen (Madison, USA). 

Generation of SpChiD-E153A. Wild-type pET-22(b)-SpChiD was used as template 

for generating the mutant E153A.23 Mutagenesis was performed using the QuikChange II site-

directed mutagenesis kit (Agilent Technologies), as described by the manufacturer. The primer 

sequences used for site-directed mutagenesis were forward:

 5’−CATCGATCTCGACTGGGCTTACCCGGTTAACGGTG−3’ and reverse: 

5’−CACCGTTAACCGGGTAAGCCCAGTCGAGATCGATG−3’. The gene sequence after 

mutagenesis was confirmed by automated DNA sequencing and the plasmid with the desired 

mutation was transformed into E. coli BL21 (DE3) for protein over expression. 

Protein expression, isolation and Ni-NTA purification. E. coli BL21 (DE3) cells 

expressing wild-type SpChiD and its mutant E153A were produced as previously reported.12 

Periplasmic fractions were made as described in the expression system manual of the pET 

(Novagen) with slight changes. Firstly, the cells were concentrated by centrifugation of a 500 

mL culture. There were subsequently resuspended in 15 mL of ice-cold spheroplast buffer 

followed by incubation at 4 °C under mild mixing (15 min). The spheroplast buffer was 

prepared by mixing 10 mL of 1 M Tris–HCl, pH 8.0, 20 g sucrose, 200 µL 0.25 M EDTA, pH 
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8.0, 200 µL 50 mM phenylmethylsulfonyl fluoride, and distilled water to a final volume of 100 

mL. After collection of the cells by centrifugation at 7741 g, for 8 min at 4 °C, the pellet was 

resuspended in 15 mL of ice-cold filter-sterilized 5 mM MgSO4 solution and incubated at 4 °C 

for 10 min, followed by centrifugation at 7741 g, for 8 min at 4 °C. The supernatant was 

sterilized using 0.2 µm filters and used for protein purification. Prior to purification, the protein 

was transferred to equilibration buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole), 

pH 8.0, using Amicon Ultra Centrifugal filters (10 kDa cutoff, Millipore, Billerica, MA). The 

proteins were purified using standard nickel affinity chromatography, as described 

previously.12 

Crystallization with allosamidin. The purified wild-type SpChiD was incubated at 

various concentrations (12, 15 and 18 mg/mL) with 2.3 mM allosamidin at 4 °C, overnight, to 

ensure complete binding. These preformed complexes were used for vapour-diffusion 

crystallization screening in 96-well sitting drop trays, using a Mosquito crystallization robot 

(TTP Labtech, UK) and commercially available screens. Crystals appeared in several 

conditions of the JCSG-plusTM (MD1-37) screen, and well diffracting crystals appeared by 

equilibrium against 0.1 M BICINE, pH 9.0 and 20% (w/v) PEG 6000 as precipitant. 

Diffraction data collection, structure determination and model refinement. 

Crystals were flash frozen in liquid nitrogen after a short soak in reservoir solution 

supplemented with 20% ethylene glycol. X-ray diffraction data of SpChiD crystals co-

crystallized with allosamidin were collected at the ID23-1 “Massif” beamline at the European 

Synchrotron Radiation Facility (ESRF), in Grenoble, France. Integration, scaling, and analyses 

of data was undertaken by the use of  XDS,24 Aimless,25 and CCP4i.26 The crystal structure 

was obtained by molecular replacement utilizing the Phaser module within the PHENIX 

software.27 The ligand free crystal structure of ligand-free  SpChiD (4nzc.pdb) was used as a 

search model.11 Refinement was done using PHENIX27 and each refinement cycle was 
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interspersed with rebuilding and manual adjustments using Coot.28 The asymmetric unit of the 

final model contains one protein chain of 395 residues, as well as one allosamidin molecule, 3 

ethylene glycol molecules and 434 solvent water molecules. A few side chains have been 

modeled with two alternative conformations. Final atomic coordinates and structure factors 

have been deposited in the Protein Data Bank with accession code 6hm1. 

Isothermal titration calorimetry experiments. ITC experiments were executed using 

a VP-ITC system from Microcal, Inc (Northampton, MA).29 Prior to experiments, the solutions 

place in the reaction cell were degassed to avoid air bubbles that can cause disturbances in the 

base line. Samples for analysis consisted of 250 µM of (GlcNAc)6 and allosamidin, 

respectively, in the ITC-syringe and 15 µM of SpChiD in the reaction cell. For all experiments, 

a 20 mM potassium phosphate buffer of pH 6.0 was used. During the experiments, 8 µL of the 

titrant were added into the reaction cell at 180 s intervals. To obtain a temperature dependence 

of the reaction enthalpy change (DHr°) of the reaction, this was determined t of 20, 25, 30, and 

37 °C. The stirring speed was set to be 260 rpm. The end of the ITC experiments was achieved 

after 22-27 injections. A minimum of three independent titrations was undertaken for each 

binding reaction. 

Analysis of calorimetric data. ITC data were collected by the Microcal Origin v.7.0 

software associated with the VP-ITC system.29 All data were corrected for heat of dilution by 

subtracting the heat remaining after saturation of binding sites on the enzyme prior to further 

data analysis. For the fit of ITC-data, a non-linear least-squares algorithm and a single-site 

binding model in the Origin software was employed. The binding reaction data followed a 

single-site binding model. From the fits, the stoichiometry (n) of the reaction, equilibrium 

binding association constant (Ka), and the DHr° of the reaction were derived directly. Typically, 

the determined value of n was between 0.9 and 1.1 for each independent reaction. The 
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equilibrium binding dissociation constant (Kd), reaction free energy change (DGr°) and the 

reaction entropy change (DSr°) were then calculated from the relations depicted in Equation 1.  

  DGr° = –RTlnKa  = RTlnKd = DHr° – TDSr°    (1) 

 

Errors are reported as standard deviations of at least three experiments at each temperature. 

The methodology used for parameterization of the entropic term has been described in detail 

previously.16, 30 

 

RESULTS 

Binding of (GlcNAc)6 and allosamidin to SpChiD. Since the E153Q mutant of 

SpChiD still showed significant catalytic activity,14 the binding free energy of (GlcNAc)6 (Fig. 

1) was determined with a mutant containing the E153A single point mutation. 

 

Figure 1. Molecular structures of (GlcNAc)6 (top) and allosamidin (bottom). 
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Figure 2. Thermograms (upper panel) and binding isotherms with theoretical fits (middle 

panel) obtained for binding of (GlcNAc)6 (left) or allosamidin (right) to SpChiD at pH 6.0 and 

t = 30 °C in 20 mM potassium phosphate. The lower panels show the temperature dependency 

of binding of (GlcNAc)6 (left) and allosamidin (right) at pH 6.0. The plot of DHr° vs. 

temperature yields the change in heat capacity (DCp,r°) as the slope. The derived values of 

DCp,r° are −240 ± 6 cal/K mol and −50 ± 3 cal/K mol, respectively. 
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Table 1. Thermodynamic parameters for ligand binding to SmChiA, SmChiB, SmChiC, and 

SpChiD at t = 30 °C, pH = 6.0 

Enzyme Kd
a          DGr°b           DHr°b           -TΔSr°b        -TΔSsolv°b,c       -TΔSconf°b,d    –TDSmix°b,d        DCp,r°e,f 

      (GlcNAc)6 

SmChiAg 0.56 ± 0.03    -8.7 ± 0.1    –4.5 ± 0.2    −4.2 ± 0.2     -17.5 ± 1.0       10.9 ± 1.0          2.4             -241 ± 12 

SmChiBh 0.20 ± 0.03    −9.3 ± 0.1    −0.1 ± 0.3    −9.2 ± 0.3     −11.5 ± 0.5    −0.1 ± 0.6         2.4             −158 ± 5 

SmChiCg 0.10 ± 0.02    −9.7 ± 0.1    −7.8 ± 0.2    −1.9 ± 0.2     −11.5 ± 1.0        7.2 ± 1.0           2.4               −158 ± 12 

SpChiD 0.35 ± 0.09     -8.9 ± 0.1      3.2 ± 0.1  -12.1 ± 0.1   -17.4 ± 0.4    2.9 ± 0.4          2.4                -240 ± 6 

 

      Allosamidin 

SmChiAi 0.17 ± 0.06    -9.4 ± 0.2    –6.2 ± 0.2    −3.2 ± 0.3     -4.5 ± 1.3     −1.1 ± 1.3            2.4           -61 ± 13 

SmChiBj 0.16 ± 0.04    −9.4 ± 0.1      3.8 ± 0.2    −13.2 ± 0.2   −4.5 ± 0.5     −11.1 ± 0.6          2.4           −63 ± 4 

SmChiCi 2.0 ± 0.2       −7.9 ± 0.1    −0.6 ± 0.1    −7.3 ± 0.1     −8.7 ± 1.3       −1.0 ± 1.3           2.4             −120 ± 15 

SpChiD 0.91 ± 0.09    -8.4 ± 0.1      1.8 ± 0.1    -10.2 ± 0.1   -3.6 ± 0.2       -9.0 ± 0.2          2.4              -50 ± 3 

a µM, b kcal/mol, c ΔSsolvº = ΔCp ln(T303 K/T385 K), d derived using ΔSr° = ΔSsolvº + ΔSmixº + ΔSconfº where ΔSmixº = 

R ln(1/55.5) = -8 cal/K·mol (“cratic” term) 31, e cal/K·mol, f derived from the temperature dependence of ΔHr°, g 

data from Hamre et al. 17, h data from Norberg et al. 32, i data from Baban et al. 15, j data from Cederkvist et al. 16.  

 

Binding of (GlcNAc)6 to SpChiD at pH 6.0 (20 mM potassium phosphate buffer) at 

temperatures of 20, 25, 30, and 37 °C was investigated using ITC. In Figure 2, a representative 

ITC thermogram and its theoretical fit to the data obtained in the experiment is depicted at t 

=30 °C. At this temperature, SpChiD binds (GlcNAc)6 with a Kd of = 0.35 ± 0.09 µM (ΔGr°= 

-8.9 ± 0.1 kcal/mol, Table 1). The reaction is accompanied by an enthalpic change (ΔHr°) of 

3.2 ± 0.1 kcal/mol and an entropic change (DSr°) of 40 ± 1 cal/K mol, giving a -TDSr° of -12.1 

± 0.1 kcal/mol. Using data collected at different temperatures, the change in heat capacity 

(DCp,r°) as determined by Equation 2, was determined to be -240 ± 6 cal/K·mol (Fig 2). 
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       (2) 

 

Binding of allosamidin (Fig. 1) to SpChiD was also studied using ITC at pH 6.0 (20 mM 

potassium phosphate buffer) at temperatures of 20, 25, 30, and 37 °C. In Figure 2, a 

representative ITC thermogram and its theoretical fit to the data obtained in the experiment is 

depicted at t =30 °C. At this temperature, SpChiD binds allosamidin with a Kd of = 0.91 ± 0.09 

µM (ΔGr°= -8.4 ± 0.1 kcal/mol, Table 1). The reaction is accompanied by an enthalpic change 

(ΔHr°) of 1.8 ± 0.1 kcal/mol and an entropic change (DSr°) of 34 ± 1 cal/K mol (-TDSr° = -10.2 

± 0.1 kcal/mol). The change in heat capacity was determined to be -50 ± 3 cal/K mol (Fig. 2; 

Table 1). 

The allosamizoline group of allosamidin (Fig. 1) contains a 2-aminooxazoline 

functional group, which typically has a pKa value around 8.6.33 This means that allosamidin 

will have a positive charge at pH 6 that will interact with the Asp – Glu catalytic diad in the –

1 subsite. If the diad is to form a strong electrostratic – electrostatic interaction with the 

allosamizoline group, a proton needs to be released.16 Therefore, the pKa of the diad can be 

assessed by determining potential protonation/deprotonation effects coupled to allosamidin and 

this can be achieved by measuring the contribution from buffer ionization to ΔHr°.34 In addition 

to 20 mM potassium buffer (ionization heat of 1.22 kcal/mol), ITC experiments were carried 

out at identical buffer concentrations at pH 6.0 in PIPES (ionization heat of 2.72 kcal/mol) and 

imidazole (ionization heat of 8.75 kcal/mol).35 The ΔHr° values, 3.2 ± 0.1 kcal/mol, 1.0 ± 0.2 

kcal/mol and –2.3 ± 0.2 kcal/mol for phosphate, PIPES and imidazole, respectively, were 

plotted as a function of the ionization enthalpy of the buffer and fitted to Equation 3:34 

ΔHr° = ΔHind° + nH+• ΔHion°      (3) 
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In this equation, ΔHind° is the buffer-independent enthalpy change and nH+ is the number of 

protons taken up or released by the enzyme upon ligand binding.34 The slope of the linear 

regression curve indicates that at 0.55 protons are transferred from the enzyme-ligand complex 

to the buffer (nH+ = –0.55 ± 0.04 with ΔHind° = 2.5 kcal/mol) at pH 6.0. This suggest that 55 

% of the diad is in its acidic form at pH 6.0, which implies a pKa of 6.09, i.e. a value quite 

similar to values obtained for the other GH18 chitinases from S. marcescens (Table 2). 

 

Table 2. Estimated pKa values for the catalytic diad obtained from the buffer dependency of 

allosamidin binding to the individual chitinases. 

  SmChiAa SmChiBb SmChiCa SpChiD 

pKa  6.03  6.95  5.65  6.09 

a Data from Baban et al.,15 b data from Cederkvist et al.16 

 

Parameterization of the entropic term. The entropic term, ΔSr°, can be viewed as the 

sum of translational, solvation, and conformational entropic changes as shown in Equation 4.31 

ΔSr° = ΔS°mix + ΔS°solv + ΔS°conf.     (4) 

 

When examining the entropic term, any entropic change (DST) at a given temperature can be 

calculated once ΔCp,r° has been obtained and the entropy change has been determined at a 

reference temperature (DSTR) because entropy changes are temperature dependent (Eq. 5): 

 Δ𝑆$ = 	Δ𝑆$' +	∫ Δ𝐶+.-𝑑ln𝑇
$
$' = 	Δ𝑆$' + Δ𝐶+.-ln 2

$
$'
3    (5) 

 

For solvation entropy changes, the reference temperature normally corresponds to temperatures 

at which hydration is zero. This temperature has been estimated to be 385 K. There are several 
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experiments that allude to this temperature. The entropy of transfer of six liquid hydrocarbons, 

as a model for hydrophobic interaction in protein folding, reaches zero at 385.5 ± 2.2 K.31 

Also, plotting entropy changes versus heat capacity changes for denaturation of 11 proteins, 

apolar gases, saturated hydrocarbon gases, and solid cyclic dipeptides yield linear plots, and 

the temperature of 385 K comes from the slopes after least-squares fits of the data.37 A similar 

result was obtained when 8 different alcohols were investigated.36 Inserting TR = 385 K and 

DSTR = 0 into Eq 5 and rearranging, the solvation entropy at any given temperature (i.e. T = 

298 K) can be estimated when ΔCp,r° is known (Eq 6). 

       (6) 

 

Using this relationship, the ΔS°solv for binding of (GlcNAc)6 is 57 ± 1 cal/K mol, representing 

-17.4 ± 0.4 kcal/mol (−TΔS°solv) of the total free energy change of -8.9 kcal/mol (Table 1). 

Similar values for allosamidin binding are ΔS°solv of 12 ± 1 cal/K mol, representing –3.6 ± 0.2 

kcal/mol (−TΔS°solv) of the total free energy change of -8.4 kcal/mol. 

The translational entropy change (ΔS°mix) of the reaction can be calculated as a ‘cratic’ 

term, a statistical correction that reflects mixing of solute and solvent molecules, and 

effectively accounts for entropy change due to changes in translational⁄ rotational degrees of 

freedom (Equation 6):31 

        (7) 

 

Using this approach, a ΔS°mix of –8 cal/K mol can be calculated, corresponding to a –TΔS°mix 

of 2.4 kcal/mol. This then allows for the calculation of the conformational entropy change 

(ΔS°conf) using Equation 3, resulting in values of –10 ± 1 cal/K mol (–TΔS°conf = 2.9 ± 0.4 
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kcal/mol) and 30 ± 1  cal/K mol  (––TΔS°conf = –9.0 ± 0.2 kcal/mol), for binding of (GlcNAc)6 

and allosamidin, respectively (Table 1).  

Crystal Structure of SpChiD in complex with allosamidin. A crystal structure 

determination study was undertaken to compare the intermolecular interactions between 

allosamidin in SpChiD to those in SmChiA, SmChiB, and SmChiC. A crystal of SpChiD in 

complex with allosamidin was obtained by incubating the wild type with allosamidin prior to 

crystallization. The structure was determined at a resolution of 1.54 Å (Table 3) and revealed 

the presence of the allosamidin molecule bound to subsites –3 to –1 (Figure 3). Intermolecular 

interactions between SpChiD and allosamidin are listed in Supplementary Figure 1. The overall 

structure of the protein was essentially identical to the four other published SpChiD structures 

available in the PDB (PDB ids 4LGX, 4NZC, 4PTM and 4Q22), with one major exception: In 

the SpChiD apo-enzyme and variants containing GlcNAc in the active site, a loop, connecting 

the first b-strand and a-helix of the (b/a)8 barrel,  hinged by two glycine residues (loop amino 

acid sequence: GGDVTAGPGG) occupies and blocks the –2 and –3 subsite (Fig. 3). The loop 

is bound to the active site mainly through water-mediated contacts and through a bifurcated 

hydrogen bond connecting the Thr36 hydroxyl group to the side chains of Arg278 and Asp323. In 

the SpChiD structure containing allosamidin, the inhibitor has displaced the loop by occupation 

of the –1 to –3 subsites. No electron density can be observed for the loop, indicating high 

flexibility. The displacement of the flexible loop and binding of allosamidin is also 

accompanied by changes in the side chain positions of Asp323, Tyr325 and Phe58 (Fig. 3, panel 

C). Most other GH18 chitinases also have a loop of variable length connecting the first (b/a)8 

barrel b-strand and a-helix (regularly also containing short a-helixes), although none of these 

block the non-reducing side of the active site and most are neither hinged by glycine residues. 

On the other hand, GH18 chitinases containing a similar flexible loop are found in a large 

variety of species in the Enterobacteriaceae family.13 
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Figure 3. Allosamidin binds to the –3 to –1 subsites of SpChiD (A) displacing a flexible loop 

(colored in pink surface representation) that occludes the –3 and –2 subsites in the apo-

enzyme (B). The position of allosamidin observed in the SpChiD-allosamidin complex is also 

shown in the apo-enzyme structure displayed in panel B. It should be noted that the flexible 

loop is not observed in the allosamidin-SpChiD complex structure due to disorder. The 

putative movement of the loop upon binding of allosamidin is indicated in panel C by an 

arrow. The new position of the loop is shown by a dashed grey loop structure, which was 

drawn by hand in order to aid interpretation of the loop movement. The details of allosamidin 

binding, illustrated by a superpositioning of the SpChiD apo-enzyme (side chains shown in 

blue colored carbon atoms) and allosamidin-complex (side chains shown in green colored 

carbon atoms) is shown in panel D. Allosamidin is shown in grey colored carbon atoms and 

the flexible loop of the apo-enzyme is shown in pink cartoon. Some active site residues are 

not shown for clarity. Subsites are indicated by numers. 
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Table 3. Crystal data, data-collection statistics and refinement data. 
Data Collection  

Beamline ID23-1 (ESRF, Grenoble) 
Wavelength (Å) 0.97319 
Temperature (K) 100 
Space Group P212121 
Unit-cell parameters (Å, °) a=60.777, b=62.855, c=103.183 
Resolution (Å) 43.69 - 1.54 (1.60 - 1.54)a 
Unique reflections 57 471 (5508) 
Completeness (%) 96.9 (96.2) 
Multiplicity 3.3 (3.1) 
Mean I/σI 12.5 (1.8) 
Rmerge (all I+ and I-) 0.054 (0.603) 
Refinement statistics  
Resolution of data used in 
refinement 43.69 – 1.54 

Completeness for range (%) 97.0 
Rcryst/Rfree (%)b 16.9/20.3 
R.m.s.d. bonds (Å) 0.005 
R.m.s.d. angles (°) 0.83 
Average B-factor 
(protein/solvent/NAG ligand) 
(Å2) 

20.7 / 30.1 / 17.2 

Number of atoms in model  
Protein 3041 
Solvent waters 434 
Allosamidin  43 
Ethylene glycol 12 
Ramachandran plot (%) c  
Favorable region 97.4 
Additionally allowed 2.6 
a Values in parentheses are for the highest resolution shells 
b Rcryst = Σhkl |Fo - Fc| / Σhkl |Fo| where Fo and Fc are the observed and calculated structure factor 
amplitudes, respectively. Rfree is calculated from a randomly chosen 5.1 % set of unique 
reflections not used in refinement. 
c Defined using MolProbity.37  
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Figure 4. Aligned crystal structures of allosamidin bound to the active site of SmChiA (top) 

(pdb code 1ffq, 38), SpChiD (middle) (pdb code 6hm1), and SmChiB (bottom) (pdb code 

1e6r).39 The left panels show the active site topologies for the three GH18s. A “roof” is formed 

in SmChiB upon ligand binding while the flexible loop has been displaced in SpChiD. The right 

panels show interacting side chains, which are labelled, discussed in the text. Interactions 

involving the protein backbone interactions are omitted for clarity.  
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The interactions between the three chitinases with deep catalytic clefts, SpChiD, SmChiA, and 

SmChiB and the allosamizoline moiety in the –1 subsite are very similar, including a stacking 

interaction with a fully conserved Trp residue in the –1 subsite (395, 539, and 403, 

respectively), hydrogen bonding to the catalytic Asp-Glu diad (151-153, 313-315, and 142-

144), and hydrogen bonds to the backbone of a Trp residue in the +1 subsite (114, 275, and 

97), and a the side-chain of Tyr residue (222, 390, and 214) (Fig. 4). The major difference 

between the chitinases is observed for the interactions in the –3 subsite. Here, SmChiA has a 

stacking interaction with a Trp residue (167) and a strong hydrogen bond interaction with a 

Thr residue (276) 15, 19, 39. These interactions are lacking in SpChiD and SmChiB. There are 

also differences between SpChiD and SmChiB. The substrate-binding cleft of SmChiB has a 

bit of a tunnel-structure and a small “roof” that covers allosamidin. Moreover, there are 

hydrophobic contacts between SmChiB and allosamidin that seem stronger (shorter distances) 

compared to what is observed in SpChiD (see Pro14 in  SmChiB vs. Gly32 in SpChiD; Fig. 4).  

 

DISCUSSION 

The mode of action of polymer-degrading GHs, which may vary in terms of  endo- vs. exo-

activity, processive vs. nonprocessive action, and reducing end vs. non-reducing end binding, 

are governed by active site topology and dynamics. These active-site adaptations are reflected 

in thermodynamic features of the binding of substrates and inhibitors. Of the four Serratia 

chitinases mentioned above, three, SmChiA, SmChiB, and SpChiD, have similar overall active 

site topologies (Fig. 4) and these are discussed and compared in detail below. 

 Because of the difference in the directionality of processive action, allosamidin binds 

in the so-called substrate binding sites in SmChiA, whereas these same sites are product 

binding sites in SmChiB. In SmChiA, these subsites, including the –3 subsite containing ChiA-

specific Trp167 and Thr276,9 bind to the polymeric part of the chitin molecule that is being 
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processively degraded 9, 40, 41, whereas the polymer binds to +  subsites in SmChiB, interacting 

with residues such as Trp97 (+1), Trp220 (+2), and Phe190 (+3). Trp167 and Thr276 contribute with 

a binding enthalpy of 4 and 3 kcal/mol, respectively,15, 19 and removal of these binding 

interactions reduces the processive ability of the enzyme.9, 42, 43 In SmChiB, the aromatic 

residues contributes binding enthalpies between 1 to 3.5 kcal/mol and their removal also 

reduces the processive ability of the enzyme.8, 20, 44, 45 There are no indications that SpChiD acts 

processively.10 Its substrate binding cleft resembles that of SmChiB in that there are potentially 

strong stacking interactions in the + subsites through Trp114 (+1), Tyr226 (+2), and Trp160 (+3), 

whereas there seems to be little affinity in the –2 and –3 subsites. Accordingly, it has been 

shown that SpChiD binds (GlcNAc)4 from –1 to +3 (60 %) and –2 to +2 (40 %) clearly showing  

stronger enzyme – sugar interactions in positive subsites compared to negative subsites.12 Here 

SpChiD deviates from SmChiA and SmChiB, which both almost exclusively bind (GlcNAc)4 

from – 2 to +2.46 

 Despite these differences, all three chitinases bind allosamidin with high affinity (Table 

1), which is likely due to the dominating role of the many conserved interactions between the 

allosamizoline moiety conserved residues in the –1 subsite. The allosamizoline moiety is 

analogous to the –1 sugar in an intermediate state during hydrolysis 22, 47. Strong binding 

interactions in the –1 subsites are needed to achieve the energetically demanding distortion of 

the 4C1-conformation of the –1 sugar moiety to the 1,4B-conformation, which is required to 

allow for a nucleophilic attack of a water molecule at the C1 carbon.48, 49 SpChiD lacks 

obviously strong interactions with the ligand in its –2 and –3 subsites and binds allosamidin 

somewhat more weakly compared to SmChiA, with its strong interaction in the –3 subsite 

involving Trp167 and Thr276, and SmChiB, which lacks an analogue of Trp167 but which to some 

extent secludes bound allosamidin from solution because of “roof” formation (Fig. 4). 
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While binding of allosamidin to SpChiD is 1 kcal/mol weaker compared to SmChiA 

and SmChiB, binding of the longer (GlcNAc)6 is very similar for all three enzymes, probably 

reflecting the fact that in this case both substrate- and product-binding subsites are involved 

for all three  enzymes. 

The high affinity of SpChiD for ligands covering subsites –2 and –3 is somewhat 

remarkable since structural studies have indicated that these subsites are occluded by a loop 

that is hinged by glycine in SpChiD. Indeed, the binding of allosamidin to SpChiD displaces 

this flexible loop and alters the conformation of three amino acids in order to accommodate 

ligand binding (Fig. 3). The function of the loop has previously been indicated to be 

important for the chitobiase activity of SpChiD. It was shown from the very recent 

crystallization studies that the binding of (GlcNAc)2 at the active site of SpChiD does not 

alter the conformation of loop.14 Furthermore, the residues Val35 and Thr36 from the loop 

region mediate favorable contacts with the incoming sugar residue, in a way that helps the 

correct positioning of (GlcNAc)2 at the active site.11 Mutation of these residues or deletion of 

the entire loop renders the enzyme unable to hydrolyze (GlcNAc)2.13 These studies clearly 

indicate that the loop flexibility and/or conformational dynamics are important for the 

enzyme to accommodate oligomers of chain length greater than (GlcNAc)2.  

The thermodynamic signatures of ligand binding differ between the chitinases. Firstly, 

binding of both (GlcNAc)6 and allosamidin is significantly less enthalpically favorable for 

SpChiD and SmChiB compared to what is observed for SmChiA. The DHr° is 7.7 and 8.0 

kcal/mol less favorable for (GlcNAc)6 and allosamidin binding, respectively, to SpChiD 

compared to SmChiA (for SmChiB, binding is 4.4 and 10 kcal/mol less favorable, respectively). 

This is likely due in part to the strong interaction in the –3 subsite of ChiA, which, according 

to previous studies can be worth as much as 4 kcal/mol.15, 50  
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Secondly, the changes in heat capacity show that the desolvation entropy effect upon 

(GlcNAc)6 binding is 6 kcal/mol more favorable for SpChiD and SmChiA compared to 

SmChiB. This is in accordance with SpChiD and SmChiA having a more open cleft topology, 

which implies that more water molecules interact with the substrate-binding clefts and will be  

displaced upon substrate binding. In support of this, molecular dynamics simulations have 

shown that the average number of water molecules displaced by (GlcNAc)6 binding is higher 

for SmChiA compared to SmChiB 17. The differences in DCp,r° and –TDSsolv° are much smaller 

for allosamidin binding, which suggest that the differences seen for (GlcNAc)6 binding are 

primarily due to the positive subsites at pH 6.0. It is important to note that favorable changes 

in solvation entropy may also be caused by entropically constrained water molecules and is not 

necessarily a measure of the number of released water molecules. In this respect, solvent-

exposed aromatic residues that interact with substrates could be important although there is no 

obvious correlation because of the occurrence of such residues in the positive subsites of the 

chitinases and the observed variation in –TDSsolv°. Furthermore, the buffer dependency of 

allosamdin binding demonstrate that the catalytic diad of SmChiA, SmChiB, and SpChiD is 

deprotonated upon allosamidin binding at pH 6.0. Previous studies have demonstrated that Kd, 

and hence DGr°, decreases with increasing pH for allosamidin binding to SmChiB  and 

SmChiA.15, 16 The decrease in DGr° was accompanied with a decrease in DHr°. This was 

interpreted as there being a free energy penalty for the deprotonation of the catalytic diad, 

which is gradually reduced as the degree of the protonation of this diad is reduced with 

increasing pH. Moreover, it was also observed that DCp,r° also decreased at pH 8.5 (from –61 

to –125 cal/K•mol, –TDSsolv° = –4.5 and –9.5 kcal/mol) for SmChiA and (from –63 to  –190 

cal/K•mol, –TDSsolv° = –4.5 and –13.7 kcal/mol) for SmChiB. The resulting negative charge 

will require increased solvation, suggesting increased desolvation upon ligand binding. For 

(GlcNAc)6 binding, at least to SmChiB, there is no such pH dependency as DCp,r° only changes 
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from −158 cal/K•mol (–TDSsolv° = −11.5 kcal/mol) at pH 6.0 to –169 cal/K•mol (TDSsolv° = 

−12.2 kcal/mol).32 This result is likely not only be due to the fact that there are no titratable 

groups on the ligands, but must also imply that the titratable groups remaining in the catalytic 

center of SmChiB after mutating the catalytic Glu144 to a non-titratable glutamine are not 

significantly titrated in the pH 6.0–8.0 range. Combined, these results show that DCp,r° and 

DSsolv° greatly depend on both the nature of ligand with respect to length and charges and the 

architecture of the active site. 

A third interesting observation is the large difference in conformational entropy change 

for (GlcNAc)6 and allosamidin binding to SpChiD and SmChiB compared to SmChiA. Binding 

of allosamidin to SpChiD and SmChiB is accompanied by similar, highly favorable values for 

–TDSconf° of –9.0 and –11.1 kcal/mol, respectively, in contrast to a much less favorable value 

for SmChiA (–1.1 kcal/mol). The same trend, albeit not as favorable, is observed for (GlcNAc)6 

binding. Here, the approximate average difference is also in the order of 9 kcal/mol, (–TDSconf° 

= 2.9 and –0.1 kcal/mol vs. 10.9 kcal/mol, for SpChiD, SmChiB and SmChiA, respctively). The 

less favorable –TDSconf° for (GlcNAc)6 binding likely relates to the fact that long ligands are 

more flexible and thus lose more entropy upon binding to the enzyme. Also, larger portions of 

the proteins will bind (GlcNAc)6 compared to allosamidin, resulting in a loss of flexibility in 

these parts of the proteins. The observed experimental difference in conformational entropy 

change between SmChiA and SmChiB upon ligand binding is also seen in active site dynamics 

from molecular dynamics calculations.17 Here, the results show that SmChiA appears to rigidify 

upon binding (GlcNAc)6 and exhibits less fluctuation than the apo form. Similarly, the 

flexibility of SmChiB is virtually unchanged upon ligand binding. Moreover, it is likely that 

the observed displacement of the loop, which indicates increased flexibility upon ligand 

binding to SpChiD, will also contribute favorably to the conformational entropy change. 
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CONCLUSIONS 

 Family GH18 chitinases from S. proteamaculans and S. marcescens use the same 

catalytic machinery when catalyzing the hydrolysis of chitin. Still, their different and 

complementary functionalities, which are needed to tackle their recalcitrant substrate, require 

variations in active site topology, dynamics and chemical composition. The data summarized 

in Table 1 and the observed interactions with the intermediate analogue allosamidin as 

discussed above clearly show that these variations are reflected in the thermodynamics of 

substrate and inhibitor interactions. As discussed earlier, this is particularly applicable to 

reducing end vs. non-reducing end activity. The energetic penalty for “decrystallizing” a chain 

end, which has been calculated to be 5.6 kcal/mol per dimeric unit 51, is independent of whether 

this is a reducing end or a non-reducing end. Still, the GH18s performing this work are end-

specific, and their active sites and thermodynamic signatures of ligand binding reflect this 

specificity.9, 15 In structural terms, the placement of aromatic amino acids along the substrate-

binding surface seems crucial.9 Besides the essential Trp in the –1 subsite, SpChiD and SmChiB 

only have aromatic amino acids in positive subsites and the thermodynamic signatures of 

ligand binding by these two enzymes are quite similar. Combined this suggests that SpChiD 

attacks chitin chains from their non-reducing end. The aromatic amino acids in the positive 

subsites have also shown to be essential for the observed transglycosylation activity of both 

SmChiB and SpChiD due to their large hydrophobic area and substrate binding affinity.14, 52, 53 

The crystal structure of SpChiD with allosamidin revealed the expected strong interactions with 

the –1 sugar moiety that undergoes the 4C1- to the 1,4B-conformation. Interestingly, the 

structure also revealed that there are only one hydrogen bond interaction at the –2 and none in 

the –3 subsite. This, coupled with relative few, close hydrophobic interactions suggest relative 

weak binding affinity in these subsites, also suggested by the weaker affinity for allosamidin 

compared to that observed for SmChiA and SmChiB. Still, SpChiD have equal binding affinity 
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for (GlcNAc)6 as SmChiA and SmChiB. This is in accordance with the observation that the 

enzyme has the unusual tendency to bind (GlcNAc)4 in subsites –1 to +3 and may be the active 

site structural determinant for the observed chitobiase activity of SpChiD. 

 The present data show binding affinities and thermodynamic features of binding that 

place SpChiD firmly among other in-depth characterized Serratia chitinases. To some extent, 

this makes SpChiD even more enigmatic, since these seemingly normal ligand binding 

properties are accompanied by low activity on chitin and the known fact that SpChiD hardly 

contributes to the efficiency of chitin degradation by a cocktail of Serratia chitinases.10 The 

present work lays the foundation for future research to unravel the true nature of this enzyme. 
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