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ABSTRACT

Enzyme catalyzed hydrolysis of glycosidic bonds is undertaken by glycoside hydrolases (GHs)
in nature. In addition to a catalytic domain (CD), GHs often have carbohydrate-binding modules
(CBMs) attached to the CD through a linker. Allosamidin binding to full-length GH18 Serratia
marcescens ChiB and the catalytic domain only yield equal changes in reaction free energy
(AG® = -38 klJ/mol), enthalpy (AH;° = 18 kJ/mol), and entropy (-7AS:° = —57 kJ/mol).
Interestingly, the change in heat capacity (ACy,) was 3-fold smaller for full-length vs. the CD
alone (—263 vs. —695 J/K mol). Allosamidin binding to the full-length isoform and the CD alone
of the GH18 human chitotriosidase yielded different AG,® (—46.9 vs. —38.9 kJ/mol) due to
differences in AH;° (—58.2 vs. —50.2 kJ/mol), while —7AS;° and (11.3 vs. 11.3 kJ/mol) and AC)
(=531 vs. =602 kJ/mol) are similar. The results combined show that the nature of the linker

region and CBM affect the thermodynamic signatures of active site ligand binding.
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1. Introduction

Enzymatic degradation of recalcitrant polysaccharides, such as cellulose and chitin, is
of great biological and economical importance. In nature, enzymatic depolymerization of
polysaccharides is accomplished by glycoside hydrolases (GHs). Chitin is degraded by
enzymes called chitinases. These enzymes can be classified in two different GH families, family
18 and 19, depending on structure and mechanism (Henrissat and Davies, 1997). Family 19
chitinases are mainly found in plants and actinomycetes, while family 18 chitinases occur in
many different organisms, including bacteria and human. The chitinolytic machinery of the
Gram negative soil bacterium Serratia marcescens is one of the best known enzyme systems
for the conversion of insoluble polysaccharides, consisting of four chitin-active enzymes;
chitinase A (SmChiA), chitinase B (SmChiB), chitinase C (SmChiC), and chitin binding protein
(CBP21), a surface-active lytic polysaccharide monooxygenase (LPMO) (Vaaje-Kolstad et al.,
2013). The human genome codes for two active GH18 chitinases, acidic mammalian chitinase
(AMCase) and human chitotriosidase (HCHT). HCHT, mainly found in circulation, is
expressed and secreted in human macrophages, while AMCase is expressed in lung and
stomach tissue (Boot et al., 2001, Zhu et al., 2004, Renkema et al., 1997). Both enzymes are
believed to be a part of the innate immune system (van Eijk et al., 2007, Elias et al., 2005).

Common for all GHs are a catalytic domain (CD) hydrolyzing the glycosidic bonds
between different carbohydrate moieties. In addition, GHs often have a supplementary
carbohydrate-binding module (CBM) with carbohydrate-binding activity attached to the CD
through a linker region (Boraston et al., 2004, Gilbert et al., 2013). Removal of CBMs often
result in severely impaired binding to polymeric substrate (Watanabe et al., 1994, Varnai et al.,
2013). HCHT occurs in two isoforms; one with a catalytic domain only (abbreviated HCHT39)

and one variant with a family 14 CBM, consisting of 49 amino acids, attached C-terminally



through a 29-residue linker (abbreviated HCHT50) (Renkema et al., 1997, Lombard et al., 2014,
Boraston et al., 2004). SmChiB occurs in a single isoform with a family 5 CBM attached through
a C-terminal linker, about the same size (49 and 26 amino acids, respectively) as HCHT50
extending the positive subsite binding surface (van Aalten et al., 2000). Previous results suggest
that the CBM of HCHTS50 also extends positive subsite surfaces as observed in SmChiB
(Stockinger et al., 2015). Still, SmChiB has a CBM with a flat surface more common for
recalcitrant polysaccharide degradation, while the CBM of HCHTS50 is associated with
oligosaccharide binding (Boraston et al., 2004). Moreover, based on structural evidences
available to date, bacterial GH18 chitinases appear to have their CBMs appended to the catalytic
domain via a linker that is virtually fused against the surface of the catalytic domain, resulting
in a compact, multi modular enzyme with an extended binding surface (Perrakis et al., 1994,
van Aalten et al., 2000). In other enzyme families, such as families GH6 and GH7 active on
cellulose, this linker region can be found as a solvent-exposed, intrinsically disordered peptide
sequence (Payne et al., 2015, Wilson, 2004), preventing the acquiring of crystal structures.
Interestingly, efforts to obtain a crystal structure of HCHT50 were fruitless until recently. The
structure of the catalytic domain were solved in 2002 (Fusetti et al., 2002) and only through a
combined cross-seeding and micro-seeding cycle approach were Fadel et al. able to obtain the
crystal structure of the full-length enzyme (Fadel et al., 2016). Even so, the linker-region could
not be modeled due to a lack of interpretable electron density due to the flexibility of this region.
This suggests that the linker region of HCHTS50 is less fused with the catalytic domain as seen
for example SmChiB.

Ligand binding to an enzymes active site is accompanied by conformational changes in
the protein-ligand complex. Since CBMs and their linker regions vary for selected GH18s, it is
interesting to see if their presence affect the thermodynamics of active site binding. Previously,

we have used isothermal titration calorimetry (ITC) to obtain the thermodynamic signature for



the allosamidin binding, a well-known family 18 chitinase inhibitor, to HCHT39 and SmChiB
{Cederkvist, 2007 #79;Eide, 2013 #4}. In this work, we have investigated the binding of the
same inhibitor to HCHT50 and SmChiB catalytic-domain only (SmChiB-CD) to assess the

effect of the linkers and CBMs on GH18 active site ligand binding.

2. Experimental

2.1. Proteins and Chemicals

HCHTS50 was overexpressed in HEK293-6E cells and purified as described elsewhere
(Stockinger et al., 2015). For SmChiB-CD, mutagenesis of Hisio-SmChiB-E144Q-G446 was
performed using the QuickChange™ site directed mutagenesis from Stratagene (La Jolla, CA,
USA), as described by the manufacturer. The primers used for the mutagenesis was designed
as described by Westereng, 2002 (Westereng, 2002). The template in the mutagenesis was
Hisi0-SmChiB-E144Q (Norberg et al., 2010). Then Hisio-SmChiB-G446 (SmChiB-CD) was
mutated by use of the following primers in the PCR reaction:
5’"GGACATCGACTGGGAGTACCCGCAAGC’3 (forward) and
5’GCTTGCGGGTACTCCCAGTCGATGTCC’3 (reverse). To confirm the desired mutation,
the mutated gene was sequenced using GATC Biotechs (Conctance, Germany) LIGHTrun
Sequencing service. When desired mutation was confirmed, the gene was transformed into
Escherichia coli BL21Star (DE3) cells (Life Technologies, Carlsbad, CA, USA). SmChiB-CD
was further expressed and purified by the same method as described by Hamre et al., 2015
(Hamre et al., 2015). Enzyme purity was verified by SDS-PAGE and estimated to be above
>95% in all cases. Protein concentration was determined by using the Bradford-method from

Bio-Rad. Allosamidin was a kind gift from Professor Shohei Sakuda, University of Tokyo.



Allosamdin is isolated from Streptomyces sp. and the purity is controlled by 'H NMR as
described by Sakuda et al. (Sakuda et al., 1987). The structure of allosamidin has previously
been verified by both NMR and crystallography (Sakuda et al., 1986). Buffers were made of
potassium phosphate from Sigma-Aldrich (St. Louis, MO USA). The pH of final the solutions
were controlled to be the desired one (pH 6.0) using glass electrode pH meter that was calibrated

prior to use.

2.2. Isothermal titration calorimetry experiments

ITC experiments were performed with a VP-ITC system from Microcal, Inc
(Northampton, MA) (Wiseman et al., 1989). Solutions were made by using Milli-Q watere and
were thoroughly degassed prior to experiments to avoid air bubbles in the calorimeter. Standard
ITC conditions were 250 uM of allosamidin in the syringe and 15 uM of HCHTS50 or SmChiB-
CD in the reaction cell in 20 mM potassium phosphate buffer of pH 6.0. Aliquots of 8 uL. were
injected into the reaction cell at 180 s intervals at temperatures of 20, 25, 30, and 37 °C with a
stirring speed of 260 rpm. The titrations were normally complete after 22-27 injections. At least

three independent titrations were performed for each binding reaction.

2.3 Analysis of calorimetric data

ITC data were collected automatically using the Microcal Origin v.7.0 software
accompanying the VP-ITC system (Wiseman et al., 1989). Prior to further analysis, data were
corrected for heat of dilution by subtracting the heat remaining after saturation of binding sites
on the enzyme. Data were further fitted using a non-linear least-squares algorithm using a

single-site binding model employed by the Origin software that accompanies the VP-ITC



system. All data from the binding reactions fitted well with the single-site binding model
yielding the stoichiometry (#), equilibrium binding association constant (Ka.), and the reaction
enthalpy change (AH:°) of the reaction. The value of n was found to be between 0.9 and 1.1 for
all reactions. The equilibrium binding dissociation constant (Kq), reaction free energy change
(AG:°) and the reaction entropy change (AS;°) were calculated from the relationship described
in Equation 1.
AG° =—RTInK, = RTInKq = AH;° — TAS;° (1)

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

description of how the entropic term is parameterized has been described in detail previously

(Cederkvist et al., 2007, Zakariassen and Serlie, 2007).

3. Results

3.1 Binding of allosamidin to HCHT50 and SmChiB-CD.

The binding of allosamidin to HCHT50 and SmChiB-CD (Fig. 1) at pH 6.0 (20 mM
potassium phosphate buffer) at different temperatures (20-37 °C) was studied using ITC. Fig.
2 shows typical ITC thermograms and theoretical fits to the experimental data at # = 30 °C and
pH 6.0. At this temperature, HCHT50 bind allosamidin with a K4 of = 0.008 = 0.003 pM (AG: =
—46.9 £ 0.5 kJ/mol, Table 1). The stoichiometry (n) was found to be 1.10 = 0.03. The reaction
was accompanied by an enthalpic change (AH;°) of —58.2 £+ 0.8 kJ/mol and an entropic change
of (AS:°) of =37 = 3 J/K mol (—TAS:° 11.3 £ 0.9 kJ/mol). The change in the heat of the reaction,

as determined by Equation 2, was found to be —531 + 13 J/K mol.
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The binding of allosamidin to SmChiB-CD at ¢t =30 °C gave a Kq of 0.18 + 0.03uM
(—39.1 £ 1.0 kJ/mol, Table 1). The stoichiometry (n) was found to be 0.95 + 0.09. The reaction
was accompanied by an enthalpic change (AH;°) of 18.4 £ 0.5 kJ/mol and an entropic change

of (AS:°) of 189 + 4 J/K mol (—7TAS:° = —57.5 = 1.1 kJ/mol). The change in the heat of the

reaction was determined to be —695 + 40 J/K mol.
3.3 Parameterization of the Entropic Term.

The entropic term, AS;°, can be viewed as the sum of translational, solvation, and

conformational entropic changes (Baker and Murphy, 1997) as seen in Equation 4.
AS:° = AS®mix + AS%soiv + AS®conf. (4)

By recognizing that the entropy of solvation is close to zero for proteins near 7= 385 K, ACy,
can be related to the solvation entropy change (AS°slv) of the binding reaction at r = 30 °C as

described by Equation 5 (Baker and Murphy, 1997, Baldwin, 1986, Murphy et al., 1990).

AS?

solv

6))

=AC;, ln(%j

385K

By using this relationship, a AS®olv of 127 + 3 J/K mol can be calculated representing —38.5 +
0.9 kJ/mol (—TAS°sv) of the total free energy change of —46.9 kJ/mol for the binding reaction

between HCHTS50 and allosamidin (Table 1). For the binding reaction between SmChiB-CD



and allosamidin the following values were calculated: AS®solv of 167 = 7 J/K mol representing
—50.5 £ 2.0 kJ/mol (—TAS°slv) of the total free energy change of —39.1 + 1.0 kJ/mol.
Furthermore, the translational entropy change (AS°mix) of the reaction can be calculated
as a ‘cratic’ term, a statistical correction that reflects mixing of solute and solvent molecules
and the changes in translational / rotational degrees of freedom (Equation 6) (Baker and

Murphy, 1997):
ASS, =R h{LJ (6)
55.5

Using this approach, a AS°mix of =33 J/K mol can be calculated corresponding to a —TAS mix of
10.0 kJ/mol for both HCHT50 and SmChiB-CD. This further allows for the calculation of the
conformational entropy change (AS°conf) described by Equation 3. For HCHTS50 AS°cont Was
calculated to be 131 + 4 J/K mol, corresponding to a —TAS®conr of 39.8 + 1.3 kJ/mol. For
SmChiB-CD AS°cont was found to be 56 + 8 J/K mol corresponding to a —TAS conr of —=17.0 £

2.3 kJ/mol.
4. Discussion

CBMs are important for recognition and increasing GH concentration on the
carbohydrate substrate (Boraston et al., 2004). Their significance is highlighted by the
classification of CBMs into over 70 families in the Carbohydrate Active Enzymes database

(CAZy) (www.cazy.org). The CBMS5 of SmChiB has a flat surface commonly found for GHs,

both chitinases and cellulases, that is supposed to accommodate and degrade crystalline
polysaccharides while the CBM14 of HCHTS50 is designed to bind oligosaccharides. One of the

believed key roles of CBMs is to increase the concentration of enzyme on the substrate surfaces
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(Varnai et al., 2014). Still, HCHTS50 is markedly better at degrading a B-chitin substrate from
crab shell than SmChiB with 100 % vs. 30 % substrate degradation efficiency, respectively
(Hamre et al., 2014, Stockinger et al., 2015). Moreover, the presence of a CBM may also slow
desorption from the substrate (Varnai et al., 2014), thus preventing new actions on the substrate,
and it is often observed that substrate dissociation is the rate limiting step in polysaccharide
degradation (Igarashi et al., 2011, Kurasin and Véljamée, 2011, Kuusk et al., 2015). It may be
that HCHT50 with its somewhat unusual CBM14 and a flexible linker that is sufficiently long
enough to enable the location of this on both sides of catalytic domain is an overall architecture
that enables efficient degradation of the recalcitrant polysaccharide chitin.

From this and previous works, we now have thermodynamic signatures for active-site
ligand binding of two GH18s with different linker regions and CBMs and catalytic domains
only (Table 1) (Eide et al., 2013, Cederkvist et al., 2007). Hence, the effect of linkers and CBMs
on the overall binding thermodynamics can be assessed. The most important thermodynamic
parameter is the free energy of binding (AG:°), as this summarizes the overall stability of the
protein-ligand complex relative to the free species. Firstly, SmChiB and SmChiB-CD show
equal affinity towards allosamidin with a AG:* of ~ — 39 kJ/mol. Moreover at ¢ = 30 °C, the
unfavorable enthalpic (AH,° = ~18 kJ/mol) and the favorable entropic terms (—7AS;° = —57
kJ/mol) of the free energy of binding is equal. Interestingly, there are significant differences in
the measured change of heat capacities (ACy,) where there is a ~3-fold decrease in the change
in heat capacity upon allosamidin binding upon removal of the CBM (—695 vs. =263 kJ/mol)
(Fig. 3). A traditional interpretation has been that negative AC,,: values are associated with
changes in hydrophobic hydration and nonpolar accessible surface areas (Livingstone et al.,
1991, Tomme et al., 1996) and that AC,, is linked to hydration of a system in general (Baker
and Murphy, 1997, Murphy et al., 1990, Sturtevant, 1977, Baldwin, 1986). In line with this, it

has been observed that AC,; is proportional with solvation entropy changes upon binding,
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allowing the estimation of its value (Baldwin, 1986, Zolotnitsky et al., 2004, Livingstone et al.,
1991). Allosamidin binding to SmChiB-CD is highly driven by desolvation of the protein and
the ligand upon complexation, having a —7ASsor® of —50.5 kJ/mol, exceeding the total free
energy of binding. Binding to the full length SmChiB is accompanied by a —7ASsoi® of —21.0
kJ/mol constituting roughly half of the free energy of binding. Since the translational entropy
change of allosamidin binding to both SmChiB and SmChiB-CD is of equal magnitude (and can
be calculated), conformational entropy changes can be estimated. Here, it is interesting to
observe that conformational entropy changes upon binding to the full length of SmChiB
(—=TAScont® = —45.2 kJ/mol) is of equal magnitude as the free energy of binding while it is
approximately half for SmChiB-CD (=TAScont” = —17.0 kJ/mol).

Free energy of allosamidin binding to HCHT39 is equal to that of SmChiB and SmChiB-
CD at ¢t = 30 °C, while it is 8 kJ/mol more favorable to HCHT50 due to an 8 kJ/mol more
favorable enthalpic term (—58.2 vs. —50.2 kJ/mol) resulting in an equal, unfavorable entropic
term for both isoforms (—7AS:° = 11.3 kJ/mol). Intriguingly, there are small differences in the
measured change of heat capacities (—531 kJ/mol for HCHT50 vs. —602 kJ/mol for HCHT39,
equal within experimental errors). This results in equally small differences in both solvation
and conformation entropy changes since the reaction entropy change is the same for both
isoforms.

It is highly interesting to observe that the presence of a CBM greatly affects the
thermodynamic signatures of active site ligand binding for SmChiB while this is not the case
for HCHT50. In biochemistry, the dissociation constant K4, which is proportional to AG°, is
widely used to assess binding affinity. The introduction of ITC allows for simultaneous
determination of the enthalpic and entropic terms in addition to Kq and AG°. Still, as seen for
SmChiB and SmChiB-CD, all these parameters are equal. Even so, the individual changes in
heat capacities are markedly different. The parameterization of the entropic terms shows that

11



the linker and the CBM are important for the inducing of beneficial conformational changes
upon binding. Conformational changes are indeed observed upon ligand binding in the crystal
structure of SmChiB as well (van Aalten et al., 2001). Upon removal of the linker and the CBM,
the beneficial conformational entropy changes decrease and the solvation entropy increase.
Since the linker is clearly fused with the CD (Figure 1), it is not surprising to observe that its
presence affects the thermodynamics upon binding. Similarly, it is not unexpected that the
effect of the linker and the CBM for HCHTS50 on the thermodynamics of binding is less
pronounced. The lack of interpretable electron density of the linker region suggest this is
intrinsically disordered (Fadel et al., 2016) as is common for i.e. family 6 and 7 cellulases
(Payne et al., 2015).

Our results suggest that initial binding to the HCHT active site is not very influenced by
the linker region nor by the CBM in contrast to what is observed for SmChiB. The flexibility of
the linker may even allow the CBM of HCHT to move independently the catalytic domain on
a crystalline substrate. The present study further confirm that HCHTS50 shows atypical
properties relative to bacterial enzymes (Eide et al., 2016)(Stockinger et al., 2015). In bacteria,
several GHs are normally co-evolved to tackle the enzymatic degradation of the crystalline
chitin structures while HCHT is the single systemic chitinase in humans. For this reason, it
appears that HCHT harbors unique GH18 characteristics in line with its alleged physiological

task of being a “complete” chitinolytic machinery by itself.
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Table 1.

Thermodynamic parameters (free energy change (AG), enthalpy change (AH), entropy change
(AS), which in turn is divided in to conformational (conf), solvational (solv), and translational
(mix) entropy, and change in heat capacity (AC,)) for allosamidin binding to HCHTS0,
HCHT39, SmChiB, and SmChiB-CD at ¢ =30 °C and p = 1.01 Bar, as determined by isothermal

titration calorimetry.

K AG® AH,°® —TAS:*° ~TASsor,*>* ~TASeont™¢ —TASmix°®* AC,,°%¢

HCHTS50

0.0083 + 0.0028 ~469+0.5 —582+08 11309 -38.5+0.9 39.8+1.3 10.0 -531+13
HCHT39

0.20+0.03 -389+04 —502+12 113£12 —437+44 45.0+42 10.0 —602 + 63
SmChiB"

0.16 +0.04 -38.0+1.0 18.5+0.9 -565+17 -21.0+1.1 —452+20 10.0 —263+16
SmChiB-CD

0.18+0.03 -39.1+1.0 184+0.5 -575+1.1 -505+2.0 -17.0+23 10.0 —695 + 40

& uM; b (kJ/mol); © ASson® = AC, In(T303 k/T385 x) (Baker and Murphy, 1997, Baldwin,
1986, Murphy et al., 1990); ¢ derived using AS° = ASso® + ASmix® + ASecont’; ¢ ASmix® =
RIn(1/55.5) = 33 J/K mol (“cratic” term) [24]; f(J/K mol); ¢ these data are derived from the

temperature dependence of AH;°; ® from Cederkvist ef al. (Cederkvist et al., 2007).
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Fig. 1. Structure of HCHTS50 (pdb code 5hbf) (left), and SmChiB (pdb code 1e6r (van Aalten

et al., 2001)) (right). The catalytic domains are colored in magenta while the carbohydrate-
14



binding modules are colored in pink. For SmChiB, the linker region is colored in hotpink. This
region of HCHTS50 could not be modeled due to a lack of interpretable electron density due to

the flexibility of this region.
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Fig. 2. Thermograms (upper panels) and binding isotherms with theoretical fits (lower panels)
for the titration of allosamidin to HCHTS50 (left) and SmChiB-CD (right) at # =30 °C in 20 mM

potassium phosphate buffer at pH 6.0.
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Fig 3. The plot of AH;° vs. temperature yields the change of heat capacity (ACp,) as the slope.
The left panel gives the temperature dependence of allosamidin binding to HCHT39 and
HCHTS50 at pH 6.0. The AC;; value for HCHT50 and HCHT39 are —531 + 13 J/K mol and
—-602 + 63 J/K mol, respectively. The right panel gives the temperature dependence of
allosamidin binding to SmChiB and SmChiB-CD at pH 6.0. The AC,; value for SmChiB and

SmChiB-CD are —263 + 16 J/K mol and —695 + 40 J/K mol, respectively.
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