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Abstract: Analyzing the structure of proteins from extremophiles is a promising way to study the
rules governing the protein structure, because such proteins are results of structural and functional
optimization under well-defined conditions. Studying the structure of chitinases addresses an
interesting aspect of enzymology, because chitin, while being the world’s second most abundant
biopolymer, is also a recalcitrant substrate. The crystal structure of a thermostable chitinase from
Streptomyces thermoviolaceus (StChi40) has been solved revealing a β/α-barrel (TIM-barrel) fold
with an α+β insertion domain. This is the first chitinase structure of the multi-chitinase system of
S. thermoviolaceus. The protein is also known to refold efficiently after thermal or chemical denaturation.
StChi40 is structurally close to the catalytic domain of psychrophilic chitinase B from Arthrobacter
TAD20. Differences are noted in comparison to the previously examined chitinases, particularly in the
substrate-binding cleft. A comparison of the thermophilic enzyme with its psychrophilic homologue
revealed structural features that could be attributed to StChi40’s thermal stability: compactness of
the structure with trimmed surface loops and unique disulfide bridges, one of which is additionally
stabilized by S–π interactions with aromatic rings. Uncharacteristically for thermophilic proteins,
StChi40 has fewer salt bridges than its mesophilic and psychrophilic homologues.

Keywords: X-ray crystallography; structure and function relationship; glycoside hydrolase; chitinase;
thermostability; TIM-barrel; α+β-domain; Streptomyces thermoviolaceus

1. Introduction

Chitin, known as the “marine cellulose”, is an insoluble linear β-1,4-linked polymer of
N-acetyl-β-glucosamine. It is degraded by chitinolytic enzymes and it has been gradually capturing
interest of the biotechnological community. Chitinolytic enzymes, chitinases (EC 3.2.1.14), mainly
comprise the GH18 and GH19 families of the glycoside hydrolase (GH) superfamily and have been
found in a wide range of organisms, such as fungi, crustaceans, and insects, which contain chitin in their
tissues, as well as organisms that do not contain chitin, such as archaea, bacteria, viruses, higher plants,
animals, and humans [1–4]. Classification of chitinases is based on the primary structure comparisons,
but it is well established that chitinases belonging to the same family share the main properties, such
as the fold of the catalytic domain, substrate specificity, stereochemistry of the reaction, as well as
the catalytic mechanism [5,6]. The most studied microbial chitinases are from the Serratia marcescens
enterobacteria noted for their simple but efficient chitin degradation system [7,8].

Among the Actinomyces, the Gram-positive soil bacteria of the Streptomyces genus are particularly
efficient in breaking down chitin, which they use as a source of carbon and nitrogen. [9,10]. In the
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past years, several reports have described chitinolytic enzymes, while the corresponding genes have
been isolated and characterized. At the level of gene regulation, several gene control elements of
the chitinolytic system have been studied in the Streptomyces [11–13]. In thermostable bacterium
Streptomyces thermoviolaceus OPC-520, the chitinolytic system consists of four chitinase genes (chi40,
chi35, chi30, and chi25) and two N-acetyl-β-glucosaminidase genes (nagA and nagB). Comparisons of
the deduced amino acid sequences of the four chitinase genes revealed that the StChi40 and StChi30
proteins belong to family GH18, while StChi35 and StChi25—to family GH19. StChi40, StChi30, and
StChi25 have been determined as active enzymes, while the chi35 gene product is inactive against
chitin [10]. We found StChi40 to refold completely and repeatedly after thermal unfolding [14]. We
considered StChi40 a suitable model protein for studying the molecular basis of thermostability and
reversible folding of thermostable enzymes based on the TIM-barrel fold.

Members of the GH18 family display a multi-domain architecture with various arrangements of
the domains. The common feature is a catalytic domain with the β/α-barrel fold, whose function is to
hydrolyze the β-1,4 linkage between N-acetyl-d-glucosamine residues of chitin. Chitinases of the GH18
family contain a characteristic DxDxE amino acid sequence motif, in which glutamate is the catalytic
residue essential for activity. In many chitinases, catalytic domains contain inserted subdomains.
However, in only a few cases their function is assigned. For instance, deletion of the α+β insertion in
ChiA of S. marcescens affected geometry of the catalytic groove. As a result, the specific activity was
greatly reduced, the pH optimum was shifted, and the chitinolytic degradation pattern also included
NAG [15]. Some chitinolytic enzymes contain specialized carbohydrate-binding modules (CBMs)
designed to bind chitin, known as chitin-binding domains (ChBD). They are found in plant, fungal,
and bacterial proteins and are structurally diverse. In addition, many chitinases contain fibronectin
type III (FnIII) or immunoglobulin-like (Ig-like) domains. One or more of them can be found between
the catalytic domain and the ChBD. They are postulated to serve as spacers to adjust the position of the
catalytic domain on the surface of chitin. Unfortunately, it is difficult to elucidate the structural basis of
this interaction. In few cases, only the interaction of NAG oligomers docked in the catalytic groove has
been structurally studied in atomic resolution [16–18].

In this work, we present the crystal structure of StChi40, which we have examined and compared
with related chitinases, including a cold-adapted homologue. We have noted similarities and
distinguishing features that could contribute to its thermostability.

2. Results

2.1. The Overall Structure of StChi40

There are two StChi40 molecules in the asymmetric unit, related by a non-crystallographic two-fold
axis; the molecules contact each other via their nearly flat surfaces that contain the substrate-binding
groove and the catalytic site. The pairs of StChi40 molecules are packed around the 61 axis (Figure 1).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 3 of 13 

 

 
Figure 1. Crystal packing of StChi40 molecules. The two molecules in each asymmetric unit are 
shown in the same color. In the pair of molecules colored red, the two monomers are distinguished 
by different shades. The unit cell is shown as a black box. 

The model of molecule A consists of 369 amino acid residues (40–408), while the model of 
molecule B consists of 370 amino acid residues (39–408). Both are very similar, with the 
root-mean-square (r.m.s.) deviation of 0.23 Å for the main chain atoms. The protein consists of the 
N-terminal catalytic β/α-barrel domain (classed as GH18) and an α+β insertion subdomain that is 
mainly composed of five antiparallel β-strands and an α-helix. The insertion domain is located 
between strand β7 and helix α7 of the main domain and also comprises a part of the loop between 
strand β6 and helix α6 (Figure 2). 

 
Figure 2. Cartoon plot of StChi40. The two protein domains are labelled. The secondary structure 
elements—α-helices (red), β-sheets (blue), 310-helices (pink)—of the catalytic domain are labelled 
according to the convention for β/α-barrels. The α+β insertion domain is marked by an oval. Cysteine 
residues forming disulfide bridges are labelled (yellow sticks) and numbered: 1—Cys86, 2—Cys162, 
3—Cys188, 4—Cys192, 5—Cys343, 6—Cys357. 

The structures most similar to StChi40, with amino acid sequence identity within the StChi40 
domains, are the catalytic domain of psychrophilic chitinase B from Arthrobacter TAD20 (37.1% 
identity, PDB code 1kfw), the catalytic domain of chitinase A1 from Bacillus circulans WL-12 (34.3%, 
PDB code 1itx), chitinase CrChi1 from nematophagous fungus Clonostachys rosea (33.3%, PDB code 
3g6l) [19], ChiA from Serratia marcescens (32.0%, PDB code 1ctn) [20], chitinase B from fungus 
Aspergillus niger (33.7%, PDB code 6igy), chitinase-h from insect Ostrinia furnacalis (30.5%, PDB code 
5gpr) [21], ChiA74 from Bacillus thuringiensis (30.3%, PDB code 6bt9) [22], and chitinase from Vibrio 

Figure 1. Crystal packing of StChi40 molecules. The two molecules in each asymmetric unit are shown
in the same color. In the pair of molecules colored red, the two monomers are distinguished by different
shades. The unit cell is shown as a black box.
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The model of molecule A consists of 369 amino acid residues (40–408), while the model of molecule
B consists of 370 amino acid residues (39–408). Both are very similar, with the root-mean-square
(r.m.s.) deviation of 0.23 Å for the main chain atoms. The protein consists of the N-terminal catalytic
β/α-barrel domain (classed as GH18) and an α+β insertion subdomain that is mainly composed of five
antiparallel β-strands and an α-helix. The insertion domain is located between strand β7 and helix α7
of the main domain and also comprises a part of the loop between strand β6 and helix α6 (Figure 2).
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Figure 2. Cartoon plot of StChi40. The two protein domains are labelled. The secondary structure
elements—α-helices (red), β-sheets (blue), 310-helices (pink)—of the catalytic domain are labelled
according to the convention for β/α-barrels. The α+β insertion domain is marked by an oval. Cysteine
residues forming disulfide bridges are labelled (yellow sticks) and numbered: 1—Cys86, 2—Cys162,
3—Cys188, 4—Cys192, 5—Cys343, 6—Cys357.

The structures most similar to StChi40, with amino acid sequence identity within the StChi40
domains, are the catalytic domain of psychrophilic chitinase B from Arthrobacter TAD20 (37.1% identity,
PDB code 1kfw), the catalytic domain of chitinase A1 from Bacillus circulans WL-12 (34.3%, PDB code
1itx), chitinase CrChi1 from nematophagous fungus Clonostachys rosea (33.3%, PDB code 3g6l) [19],
ChiA from Serratia marcescens (32.0%, PDB code 1ctn) [20], chitinase B from fungus Aspergillus niger
(33.7%, PDB code 6igy), chitinase-h from insect Ostrinia furnacalis (30.5%, PDB code 5gpr) [21], ChiA74
from Bacillus thuringiensis (30.3%, PDB code 6bt9) [22], and chitinase from Vibrio harveyi (30.8%, PDB
code 3b8s) [17]. Also, among similar chitinases there is another thermophilic chitinase from fungus
Rhizomucor miehei (29.2%, PDB code 5xwq).

A comparison of StChi40 and the chitinase from psychrophile Arthrobacter reveals truncations in
the thermophilic StChi40 with respect to the cold-adapted protein, in particular on the substrate-binding
side of the β/α-barrel, where two adjacent extended loops are trimmed in StChi40: between β2 and
α2 and between α3 and β4. Another truncation in StChi40 is observed between α4 and β5, where
the Arthrobacter chitinase has a surface loop (Figure 3). The same three loops are also shortened in a
chitinase from thermophilic R. miehei. Contrary to the trend of loop shortening, a small insertion has
taken place in StChi40 between β5 and α5, in comparison to the psychrophilic protein.
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Figure 3. Superposition of StChi40 (red) with psychrophilic chitinase B from Arthrobacter (blue). Loops
absent in StChi40 are shown (lime): between β2 and α2 (I), between α3 and β4 (II) and between α4 and
β5 (III); the loop absent in chitinase B between β5 and α5 is colored cyan.

2.2. Substrate-Binding Groove

The substrate-binding groove is located at carboxyl ends of the β-strands that constitute the
β/α-barrel, similar to other enzymes with the TIM-barrel architecture. Residues belonging to the loops
that connect the β-strand with α-helixes make up the substrate-binding cleft. The groove is deep and
clearly defined (Figures 4 and 5A).
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Figure 4. The substrate-binding site of StChi40. Residues lining the substrate-binding cleft are shown
and discussed in the text. Subsites are labelled red. Solvent molecules are not shown.

The surface of the protein around the substrate-binding groove is remarkably flat, suggesting a
close interaction with the chitin’s facet (Figure 5B). The insertion domain, in addition to forming part
of the substrate-binding cleft, contributes to this planar surface (Figures 4 and 5A). StChi40 lacks a
chitin-binding domain which extends from the “–“ site and is observed in ChiA from S. marcescens,
chitinase-h from insect O. furnacalis, and chitinase from V. harveyi.
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complexed with NAG8 [16] (PDB code 1ehn) or ChiA from V. harveyi complexed with NAG6 (PDB 
code 3b9a) [17]. The residues that make H-bonding and stacking interactions with the ligand are 
highly conserved among the related chitinases mentioned above. In StChi40, the catalytic residue is 
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Figure 5. Two perpendicular views of the electrostatic surface representation of StChi40 showing the
substrate-binding groove (A) and the side view of the flat surface that contains the groove (B). Panel A
shows the molecule in the same orientation as in Figures 2 and 4. The electronegative (red) character of
the binding site is clearly visible. The insertion domain is at the top-right side of panel A. The substrate
(white sticks) is modelled by superposing chitinase A from Vibrio harveyi complexed with NAG6 (PDB
code 3b9a) onto StChi40 [17]. Terminal substrate-binding subsites are labelled.

The groove in the StChi40 crystal structure is occupied by water molecules and a molecule of
malonate ion wedged in the slot between the rings of Trp142 and Trp256 in each of the two protein
molecules present in the asymmetric unit (Figure 4). Although there is no substrate in the StChi40
crystal structure, the residues lying along the substrate-binding groove and the active site residues have
been identified based on a comparison with an inactive mutant of ChiA from S. marcescens complexed
with NAG8 [16] (PDB code 1ehn) or ChiA from V. harveyi complexed with NAG6 (PDB code 3b9a) [17].
The residues that make H-bonding and stacking interactions with the ligand are highly conserved
among the related chitinases mentioned above. In StChi40, the catalytic residue is Glu183, a part of
the DxDxE signature. Its side chain is directed towards the ligand-binding groove near the scissile
bond. The second D, Asp181, is conserved, and it has been observed to rotate between the other two
residues of the conserved motif, as it stabilizes the glutamate in an active form and contributes to
an essential distortion of the N-acetyl group of the substrate’s −1 sugar [23]. According to the ChiA
structure in complex with a poly-NAG, Trp142 and Trp256 form a cleft for binding the ligand. Tyr184,
which substitutes Phe316 from ChiA, has an additional hydroxyl group to bind the ligand at the +1
subsite (Figure 4). What appears to be a continuous helix α2 is composed of two segments interrupted
by a long loop (96-117) (Figure 2) which extends the substrate-binding patch on the “–“ subsite, adding
to it solvent-exposed Trp112 at the protein’s fringe (Figure 4).
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The “–“ side of the substrate-binding groove is lined with aromatic residues conserved in all the
similar chitinases: Trp338 and Trp50 followed by Tyr53 and Tyr92. The last aromatic residue on this
patch is Trp112. There are several other residues in positions equivalent to those interacting with ligand
in ChiA: Glu330, Trp142, Thr143, Trp329, Arg55 (Figure 4). In StChi40, Asp54 that points towards
the substrate-binding groove is substituted by Gly in most of the other structures but not in insect
chitinase-h in which Pro residue is observed.

2.3. Disulfide Bridges

All the cysteine residues are involved in intra-chain disulfide bridges (Figure 2). The first pair
(Cys86 and Cys162) links a short β-strand that follows strand β2 with helix α3 that runs parallel to it,
although it is sequentially distant. This bond attaches the N-terminal end of the extended surface loop
between β2 and α2 to the body of the β/α-barrel. Both sulfur atoms interact with aromatic rings: S
atom of Cys86 at a distance of 3.6–3.9 Å to the centroid of Phe139 and S atom of Cys162 at 3.3–3.5 Å to
the centroid of Phe158 (Figure 6). In the chitinase from psychrophilic Arthrobacter, a disulfide bridge is
present in an equivalent position, but with no aromatic interactions. Additionally, Phe139 in StChi40 is
unique among the most similar structures listed above.
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Figure 6. Disulfide bridge between Cys86 and Cys162 which includes S–π interactions with aromatic
rings. Distances are indicated in angstroms.

The second pair of cysteine residues (Cys188, Cys192) makes a disulfide bond at the base of the
β-turn between strand β4 and helix α4 (Figure 2). The cystine is exposed to the solvent. The tip of
this β-turn, Leu190, interacts with conserved substrate-binding Trp142. This disulfide bond is unique
among the compared chitinases.

The third disulfide bridge (Cys343 and Cys357) is found in the insertion domain (Figure 2). This
covalent bond connects the end of helix α1’ with the end of strand β5’. The S atom of Cys343 lies close
to the plane of the Trp362 aromatic ring, within 3.3–3.5 Å from the Cδ1 atom. This disulfide bond is
also unique among the similar chitinases.

2.4. Amino Acid Substitutions and Their Structural Consequences

The features potentially stabilizing the structure have been examined. First, all salt bridges have
been identified [24] and analyzed in terms of evolutionary conservation. Among the most similar
structures, comparing only superimposable structural elements, there are fewer interactions in StChi40
between positively (His, Lys, Arg) and negatively charged residues (Glu, Asp) than between the
comparable meso- and psychrophilic proteins: five salt bridges in StChi40 compared to eight up
to thirteen in the related enzymes. However, the number of salt bridges in the other thermophilic
chitinase from R. miehei is even lower: two (Table 1).
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Table 1. Number of salt bridges and a comparison of residues in related chitinases.

Protein Name and Origin Temperature
Regimen PDB Code

No. of
Salt

Bridges

StChi40 Residues Discussed in the Text and
the Residues that Substitute Them in the

Related Proteins

StChi40 from Streptomyces
thermoviolaceus thermophilic 4w5u 5 His167 Glu214 Pro155 Pro264

Chitinase from fungus
Rhizomucor miehei thermophilic 5xwq 2 Lys170 Thr218 Phe158 Ala268

Chitinase A1 from Bacillus
circulans mesophilic 1itx 12 Arg192 Tyr246 Arg180 His291

Chitinase CrChi1 from
Clonostachys rosea mesophilic 3g6l 8 Lys162 Phe209 Arg150 His254

ChiA from Serratia marcescens mesophilic 1ctn 13 Gln302 Tyr357 Arg290 His403
Chitinase B from fungus

Aspergillus niger mesophilic 6igy 10 Ala137 Phe184 Arg125 His229

Chitinase-h from insect
Ostrinia furnacalis mesophilic 5gpr 13 Gln295 Tyr350 Arg283 His396

ChiA74 from Bacillus
thuringiensis mesophilic 6bt9 10 Arg199 Tyr253 Arg187 His298

Chitinase from Vibrio harveyi mesophilic 3b8s 9 Lys302 Tyr358 Arg290 His403
Chitinase B from Arthrobacter

TAD20 psychrophilic 1kfw 13 Lys165 Tyr236 Arg152 His284

Some residues that are conserved in other proteins are substituted in StChi40 (Table 1). For example,
instead of Arg, Lys, or Gln commonly observed in position 167, a His residue is present in StChi40
and its nitrogen atoms interact with Oδ1 of Asp172 and Oε1 of Glu214. It is worth mentioning that
Glu214 taking part in this interaction is also unique, because an aromatic residue is usually placed
in this position. The other thermophilic chitinase, from R. miehei, has Thr218 in this place. Pro155
and Pro264 observed in StChi40 are unique and substitute Arg and His, respectively, commonly
observed in mesophilic and psychrophilic chitinases. Interestingly, the other thermophilic chitinase
has hydrophobic residues (Phe and Ala) in these two positions.

3. Discussion

Unlike many chitinases, which often contain accessory domains in addition to the catalytic domain,
StChi40 has a relatively simple structure consisting of a single TIM-barrel β/α domain with an α+β

insertion subdomain that augments the substrate-binding site. It was found to fold reversibly with
high efficiency, which made it an interesting model to study the folding/unfolding mechanism of a
thermostable TIM-barrel [14]. Crystallization of StChi40 was achieved after 20 years of attempts by
several research groups, which is somewhat surprising given the protein’s stability, and the crystal
structure was solved using a single available crystal.

StChi40 shares the features characteristic of GH18, having the β/α-barrel fold of the catalytic
domain and conserved sequence motif DxDxE. Conservation of the residues that take part in catalysis
indicates that the reaction mechanism of chitin degradation proceeds according to the established
scheme for chitinases of this family [25]. StChi40 has a deep substrate-binding groove, similar to
that found in ChiA from S. marcescens [20]. This can be contrasted with a shallow binding site of
MmChi60, a chitinase from a psychrophilic bacterium [26]. It was argued that shallowness of the
binding groove could be a feature in cold-adapted enzymes to increase accessibility of the substrate,
whereas in thermophilic and mesophilic enzymes, optimizing substrate accessibility should not be as
critical as in psychrophiles.

It has been noted that there are many pathways by which extremophilic enzymes can adjust
to their environments and various features have been identified as being significant for adaptation
to different temperatures. In the course of evolution, enzymes have adjusted the number, kind,
and strength of their internal interactions to optimize the balance between rigidity—in order to be
stable—and flexibility, to be active at their environmental temperatures. Loop trimming, disulfide
bonds, salt bridges, and proline residues are the features noted to occur in thermostable proteins.
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Thermophilic StChi40 shares 37% of its amino acids sequence with the catalytic domain of a chitinase
from Arthrobacter TAD20, its cold-adapted structural counterpart. A comparison of the two structures
is interesting with regard to the question of the proteins’ adaptation to different temperatures.

Since thermal stability is achieved by the cumulative effect of multiple small contributions,
it is difficult to formulate general rules for such enzymes. However, alignment of StChi40 with
psychrophilic ChiB from Arthrobacter shows that StChi40 has shorter surface loops (Figure 3). A similar
loop arrangement is observed in the chitinase from thermophilic R. miehei. Surface minimization
could be a factor in achieving thermostability and an almost 100% refolding of StChi40 after thermal
denaturation. Mobility is the highest in loops, thus they are the likely initiation points for thermal
denaturation. Shortening of loops has been observed in thermophilic proteins, and it was interpreted
in terms of restricting conformational freedom of the unfolded state [27]. This should reduce the
difference in entropy between the unfolded and folded state and thus make it easier for the protein to
refold. Minimizing the ratio of the surface area to volume enhances stability of the protein by reducing
the unfavorable surface energy and increasing the interior packing interactions [28]. There is some
experimental evidence that trimming surface loops by protein engineering can increase thermostability,
although in practice it is difficult to modify proteins in such a way that only one aspect is probed and
the structure is not disturbed in some other way [29].

Disulfide bridges are commonly found in extracellular proteins and even in cytosolic proteins
in heat-stable organisms, as in the case of the adenylosuccinate lyase from hyperthermophilic
Pyrobaculum aerophilum [30]. They are considered a significant factor in stabilizing their structures [31].
Studies also point to other stabilizing forces in heat-resistant proteins, such as hydrophobic interactions,
ionic interactions, and hydrogen bonds. However, on a one-to-one basis, the strength of covalent
bonding exceeds by far the other interactions. In StChi40, all six Cys residues are paired up as disulfide
bridges. One of the cystines, made by Cys86 and Cys162, is additionally stabilized by S–π interactions
with Phe residues (Figure 6). This kind of interaction has been observed in hydrophobic cores of
proteins and is believed to contribute to protein stability [32]. It is strongest when the S atoms lie directly
opposite the centroid of the aromatic ring [33], which is exactly what is observed here with both sulfur
atoms. A corresponding disulfide bridge in the psychrophilic chitinase B lacks the aromatic interactions.
Other comparable chitinases from mesophilic organisms do not share this feature either. The other two
disulfide bridges observed in StChi40 are unique among the chitinases most similar to StChi40, which
suggests that their presence is significant. The disulfides could affect the thermodynamics of StChi40
to enhance its thermostability and renaturation properties. Cystine residues should decrease entropy
of the protein’s unfolded state, because once they are formed, the breaking of the covalent bond is
energetically demanding and would require temperatures higher than ambient even for thermophiles.

Salt bridges are considered to be the stabilizing features in thermostable proteins. A comparison
of the salt bridges in StChi40 and its closest homologues shows that in this respect StChi40 does
not follow the trend (Table 1). It goes to show that thermostability in proteins is achieved by a mix
of factors in various proportions and that, considered individually, they can be poor predictors of
protein’s properties. In the case of StChi40, counting salt bridges to assess its thermostability would
be misleading.

Two sites in StChi40 which are occupied by positively charged residues in all mesophilic and
psychrophilic chitinases used in the comparison are substituted by Pro residues. The only exception
is the thermophilic chitinase from R. miehei, where these sites are occupied by hydrophobic residues.
The presence of Pro could serve to stiffen the local structure. Proline stands out among amino acids
due to its restricted conformational possibilities, which should lower entropy of the protein’s unfolded
state [34]. In this context, one should keep in mind that stability of a protein’s structure can be achieved
not only through stabilizing the folded state, but also by “destabilizing” the unfolded state [35–37].

To summarize, a comparison of this thermostable protein with its cold-adapted homologue
from Arthrobacter TAD20 reveals features that could be relevant to its thermostability: in particular,
its compact structure with trimmed surface loops, disulfide bridges, one of which is additionally



Int. J. Mol. Sci. 2020, 21, 2892 9 of 13

stabilized by S–π interactions due to close contacts of the cystine group with phenylalanine rings, and
some unique proline residues that could promote shifting the equilibrium from the unfolded to the
folded state. The respective contributions of these features to the stability of the protein are yet to
be determined.

4. Materials and Methods

4.1. Biological Source

The chitinase under study comes from the Streptomyces thermoviolaceus bacterial strain (ATCC 15381).
All enzymes used in the cloning procedures were from Takara and New England Biolabs. The TA
cloning system was from InVitrogen (Watham, MA, USA). The column chromatography media were
from Pharmacia (Pfizer, New York, NY, USA) or Clontech (Takara, Kyoto, Japan) and all the other
chemicals were from Sigma-Aldrich (St. Louis, MO, USA) or Merck (Kenilworth, NJ, USA), in the
highest analytical grade. Synthetic oligonucleotides were prepared by MWG (Munich, Germany).
The Streptomyces thermoviolaceus bacterial strain was grown at 50 ◦C in a medium containing 10 g/L
yeast extract (DIFCO), 5 g/L proteose peptone (DIFCO), 1 g/L K2HPO4, 0.2 g/L MgSO4.7H20 (pH 7.2).

4.2. Plasmid and DNA Manipulations

Chitinase gene chi40 from S. thermoviolaceus, originally isolated as described by Tsujibo et al. [9,38],
was cloned under the T7 promoter. The natural secretion signal sequence of chi40 was replaced
by the pelB secretion sequence for efficient expression and export of StChi40 to the periplasm and
ultimately to the growth medium, as described by Christodoulou et al. [39]. PelB is a 22 amino-acid
N-terminal leader sequence of pectate lyase B of Erwinia carotovora [40], which upon attachment to
a protein directs it to the periplasm and out of the cell, while the signal peptide is removed by a
signal peptidase. The protein was released from periplasm by osmotic shock tuned to disrupt only the
outer membrane of the cells [41]. After pelleting the cell debris, the supernatant was adjusted to 1M
ammonium sulfate and 20 mM Na-phosphate at pH 8.0 and applied on a Phenyl Sepharose column for
hydrophobic interaction chromatography. The protein was eluted by a descending 1–0 M ammonium
sulfate gradient. The purified and concentrated StChi40 was finally purified to homogeneity by
size exclusion chromatography to remove small molecular weight minor impurities and aggregates.
The StChi40 concentration was determined using a UV spectrophotometer at 280 nm. The molar
absorption coefficient was calculated to amount to 104,195 M−1 cm−1 at 280 nm and used to determine
the protein concentration. Mass spectroscopy analysis confirmed the calculated molecular weight and
dynamic light scattering measurements indicated that purified StChi40 was monomeric in solution
(data not shown).

4.3. Crystallization and X-Ray Data Collection

After many crystallization attempts using the vapor diffusion method, only one crystal of StChi40
grew after approximately 18 months. The well solution initially contained 1.9 M sodium malonate
at pH 5.0. Crystallization drops were prepared by mixing the 30 mg/mL protein solution with the
well solution in the 1:1 ratio. Further crystallization attempts involving the above conditions as
well as various StChi40 N-terminal mutants at different concentrations, adding the reaction products
and substrates, changing the crystallization temperature (4 ◦C, 15 ◦C, 19 ◦C, 30 ◦C), and using other
crystallization screens yielded no positive results.

X-ray diffraction data were collected on beam line I911-3 at the MAX-lab synchrotron in Lund
using a Marresearch MX-225 detector. It was possible to collect three separate data sets from different
parts of the single available crystal. Most images contained a large number of overlapping reflections
causing severe problems with data processing. Close inspection of the frames and processing with
various parameters allowed the best data set to be selected. The chosen data set consisted of 320 images,
of which a continuous subset of images giving reasonable merging statistics, 71–240, was selected.
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The data were integrated and scaled with XDS [42]. A summary of the X-ray data collection and
processing of the best data set is given in Table 2.

Table 2. Summary of X-ray data collection and refinement.

Space group P6122
Unit cell parameters

a = b (Å) 183.2
c (Å) 130.8

Beamline MAX-lab I911-3
Wavelength (Å) 1.0000
Resolution (Å) 49–2.77 (2.94–2.77) *

Rmerge
# 0.15 (1.01)

Completeness (%) 99.4 (98.1)
Observed reflections 333,347
Unique reflections 33,240

<I/σ(I)> 13.5 (1.9)
Multiplicity 10.0
R §/Rfree

$ 0.15/0.20
Protein atoms 5572
Ligand atoms 14

Water molecules 74
Average B factor (Å2) 62

Error in the Luzzati plot (Å) 0.15
R.m.s. deviation from ideal

bond lengths (Å) 0.017
bond angles (◦) 1.63

Ramachandran plot (%)
favored 96
allowed 4
outliers 0

PDB code 4w5u

* Values in parentheses are for the highest resolution shell. # Rmerge = ΣhklΣi |Ii(hkl) − <I(hkl)>|/ΣhklΣiIi(hkl), where
Ii(hkl) is the integrated intensity of a given reflection and <I(hkl)> is the mean intensity of multiple corresponding
symmetry-related reflections. § R = Σhkl ||Fobs |− |Fcalc ||/Σhkl |Fobs |, where Fobs and Fcalc are the observed and calculated
structure factors, respectively. $ Rfree is R calculated using randomly chosen reflections excluded from the refinement.

4.4. Structure Determination and Refinement

The phase problem was solved by molecular replacement using Phaser [43]. The search model
was generated by the GeneSilico MetaServer, using various methods for protein prediction mainly
based on homology modelling [44]. Two protein molecules in the asymmetric unit were identified
with Phaser, indicating a solvent content of nearly 70%. The model was refined using the phenix.refine
software [45]. TLS parameters [46] were refined for both protein molecules: four and five groups,
accordingly, and restrained in refinement. The atoms related by non-crystallographic symmetry were
restrained automatically in refinement. The final statistics are listed in Table 2. The atomic coordinates
and structure factors have been deposited in the Protein Data Bank under accession code 4w5u.
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Abbreviations

StChi40 Chitinase 40 from Streptomyces thermoviolaceus
GHJ Glycoside hydrolase
ChBD Chitin-binding domain
CBMs Carbohydrate-binding modules
r.m.s. Root-mean-square
TIM Triose-phosphate isomerase
EC Enzyme Commission (number)
ChiA Chitinase A
ChiB Chitinase B
NAG N-Acetylglucosamine
PDB Protein Data Bank
TLS Translation/Libration/Screw
ATCC American Type Culture Collection

References

1. Jolles, P.; Muzzarelli, R.A.A. Chitin and Chitinases; Springer: Basel, Switzerland, 1999.
2. Boller, T. Plant–Microbe interactions: Molecular and Genetic Perspectives; Kosuge, T., Nester, E.W., Eds.;

MacMillan: New York, NY, USA, 1987; Volume 2, pp. 384–414.
3. Boot, R.G.; Renkema, G.H.; Strijland, A.; van Zonneveld, A.J.; Aerts, J.M. Cloning of a cDNA encoding

chitotriosidase, a human chitinase produced by macrophages. J. Biol. Chem. 1995, 270, 26252–26256.
[CrossRef]

4. Gooday, G.W. Physiology of microbial degradation of chitin and chitosan. In Biochemistry of Microbial
Degradation; Ratledge, C., Ed.; Kluwer: Dordrecht, The Netherlands, 1994; pp. 279–312.

5. Henrissat, B.; Bairoch, A. Updating the sequence-based classification of glycosyl hydrolases. Biochem J. 1996,
316, 695–696. [CrossRef]

6. Davies, G.; Henrissat, B. Structures and mechanisms of glycosyl hydrolases. Structure 1995, 3, 853–859.
[CrossRef]

7. Monreal, J.; Reese, E.T. The chitinase of Serratia marcescens. Can. J. Microbiol. 1969, 15, 689–696. [CrossRef]
8. Vaaje-Kolstad, G.; Horn, S.J.; Sorlie, M.; Eijsink, V.G. The chitinolytic machinery of Serratia marcescens—A

model system for enzymatic degradation of recalcitrant polysaccharides. FEBS J. 2013, 280, 3028–3049.
[CrossRef] [PubMed]

9. Tsujibo, H.; Minoura, K.; Miyamoto, K.; Endo, H.; Moriwaki, M.; Inamori, Y. Purification and properties of a
thermostable chitinase from Streptomyces thermoviolaceus OPC-520. Appl. Environ. Microbiol. 1993, 59,
620–622. [CrossRef] [PubMed]

10. Tsujibo, H.; Hatano, N.; Endo, H.; Miyamoto, K.; Inamori, Y. Purification and characterization of a
thermostable chitinase from Streptomyces thermoviolaceus OPC-520 and cloning of the encoding gene.
Biosci. Biotechnol. Biochem. 2000, 64, 96–102. [CrossRef]

11. Delic, I.; Robbins, P.; Westpheling, J. Direct repeat sequences are implicated in the regulation of two
Streptomyces chitinase promoters that are subject to carbon catabolite control. Proc. Natl. Acad. Sci. USA
1992, 89, 1885–1889. [CrossRef]

12. Tsujibo, H.; Hatano, N.; Okamoto, T.; Endo, H.; Miyamoto, K.; Inamori, Y. Synthesis of
chitinase in Streptomyces thermoviolaceus is regulated by a two-component sensor-regulator system.
FEMS. Microbiol. Lett. 1999, 181, 83–90. [CrossRef]

13. Ni, X.; Westpheling, J. Direct repeat sequences in the Streptomyces chitinase-63 promoter direct both glucose
repression and chitin induction. Proc. Natl. Acad. Sci. USA 1997, 94, 13116–13121. [CrossRef]

14. Pyrpassopoulos, S.; Vlassi, M.; Tsortos, A.; Papanikolau, Y.; Petratos, K.; Vorgias, C.E.; Nounesis, G.
Equilibrium heat-induced denaturation of chitinase 40 from Streptomyces thermoviolaceus. Proteins 2006,
64, 513–523. [CrossRef] [PubMed]

15. Zees, A.C.; Pyrpassopoulos, S.; Vorgias, C.E. Insights into the role of the (alpha+beta) insertion in the
TIM-barrel catalytic domain, regarding the stability and the enzymatic activity of chitinase A from Serratia
marcescens. Biochim. Biophys. Acta 2009, 1794, 23–31. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.270.44.26252
http://dx.doi.org/10.1042/bj3160695
http://dx.doi.org/10.1016/S0969-2126(01)00220-9
http://dx.doi.org/10.1139/m69-122
http://dx.doi.org/10.1111/febs.12181
http://www.ncbi.nlm.nih.gov/pubmed/23398882
http://dx.doi.org/10.1128/AEM.59.2.620-622.1993
http://www.ncbi.nlm.nih.gov/pubmed/8434929
http://dx.doi.org/10.1271/bbb.64.96
http://dx.doi.org/10.1073/pnas.89.5.1885
http://dx.doi.org/10.1111/j.1574-6968.1999.tb08829.x
http://dx.doi.org/10.1073/pnas.94.24.13116
http://dx.doi.org/10.1002/prot.21003
http://www.ncbi.nlm.nih.gov/pubmed/16685709
http://dx.doi.org/10.1016/j.bbapap.2008.09.018
http://www.ncbi.nlm.nih.gov/pubmed/18973833


Int. J. Mol. Sci. 2020, 21, 2892 12 of 13

16. Papanikolau, Y.; Prag, G.; Tavlas, G.; Vorgias, C.E.; Oppenheim, A.B.; Petratos, K. High resolution structural
analyses of mutant chitinase A complexes with substrates provide new insight into the mechanism of
catalysis. Biochemistry 2001, 40, 11338–11343. [CrossRef]

17. Songsiriritthigul, C.; Pantoom, S.; Aguda, A.H.; Robinson, R.C.; Suginta, W. Crystal structures of Vibrio
harveyi chitinase A complexed with chitooligosaccharides: Implications for the catalytic mechanism.
J. Struct. Biol. 2008, 162, 491–499. [CrossRef] [PubMed]

18. Malecki, P.H.; Vorgias, C.E.; Petoukhov, M.V.; Svergun, D.I.; Rypniewski, W. Crystal structures of
substrate-bound chitinase from the psychrophilic bacterium Moritella marina and its structure in solution.
Acta Crystallogr. D Biol. Crystallogr. 2014, 70, 676–684. [CrossRef] [PubMed]

19. Yang, J.; Gan, Z.; Lou, Z.; Tao, N.; Mi, Q.; Liang, L.; Sun, Y.; Guo, Y.; Huang, X.; Zou, C.; et al. Crystal structure
and mutagenesis analysis of chitinase CrChi1 from the nematophagous fungus Clonostachys rosea in complex
with the inhibitor caffeine. Microbiology 2010, 156, 3566–3574. [CrossRef] [PubMed]

20. Perrakis, A.; Tews, I.; Dauter, Z.; Oppenheim, A.B.; Chet, I.; Wilson, K.S.; Vorgias, C.E. Crystal structure of a
bacterial chitinase at 2.3 A resolution. Structure 1994, 2, 1169–1180. [CrossRef]

21. Liu, T.; Chen, L.; Zhou, Y.; Jiang, X.; Duan, Y.W.; Yang, Q. Structure, Catalysis, and Inhibition of OfChi-h,
the Lepidoptera-exclusive Insect Chitinase. J. Biol. Chem. 2017, 292, 2080–2088. [CrossRef]

22. Juarez-Hernandez, E.O.; Casados-Vazquez, L.E.; Brieba, L.G.; Torres-Larios, A.; Jimenez-Sandoval, P.;
Barboza-Corona, J.E. The crystal structure of the chitinase ChiA74 of Bacillus thuringiensis has a multidomain
assembly. Sci Rep. 2019, 9. [CrossRef]

23. Synstad, B.; Gaseidnes, S.; Van Aalten, D.M.; Vriend, G.; Nielsen, J.E.; Eijsink, V.G. Mutational and
computational analysis of the role of conserved residues in the active site of a family 18 chitinase.
Eur. J. Biochem. 2004, 271, 253–262. [CrossRef]

24. Piovesan, D.; Minervini, G.; Tosatto, S.C.E. The RING 2.0 web server for high quality residue interaction
networks. Nucleic Acids Res. 2016, 44, W367–W374. [CrossRef] [PubMed]

25. van Aalten, D.M.; Komander, D.; Synstad, B.; Gaseidnes, S.; Peter, M.G.; Eijsink, V.G. Structural insights
into the catalytic mechanism of a family 18 exo-chitinase. Proc. Natl. Acad. Sci. USA 2001, 98, 8979–8984.
[CrossRef] [PubMed]

26. Malecki, P.H.; Raczynska, J.E.; Vorgias, C.E.; Rypniewski, W. Structure of a complete four-domain chitinase
from Moritella marina, a marine psychrophilic bacterium. Acta Crystallogr. D Biol. Crystallogr. 2013, 69,
821–829. [CrossRef] [PubMed]

27. Zhou, H.-X. Loops, linkages, rings, catenanes, cages, and crowders: Entropy-based strategies for stabilizing
proteins. Acc. Chem. Res. 2004, 37, 123–130. [CrossRef] [PubMed]

28. Hwang, K.Y.; Song, H.K.; Chang, C.; Lee, J.; Lee, S.Y.; Kim, K.K.; Choe, S.; Sweet, R.M.; Suh, S.W. Crystal
structure of thermostable alpha-amylase from Bacillus licheniformis refined at 1.7 A resolution. Mol. Cells
1997, 7, 251–258. [PubMed]

29. Hardy, F.; Vriend, G.; van der Vinne, B.; Frigerio, F.; Grandi, G.; Venema, G.; Ejjsink, V.G.H. The effect of
engineering surface loops on the thermal stability of Bacillus subtilis neutral protease. Protein Eng. 1994, 7,
425–430. [CrossRef]

30. Toth, E.A.; Worby, C.; Dixon, J.E.; Goedken, E.R.; Marqusee, S.; Yeates, T.O. The crystal structure of
adenylosuccinate lyase from Pyrobaculum aerophilum reveals an intracellular protein with three disulfide
bonds. J. Mol. Biol. 2000, 301, 433–450. [CrossRef]

31. Matsumura, M.; Signor, G.; Matthews, B.W. Substantial increase of protein stability by multiple disulphide
bonds. Nature 1989, 342, 291–293. [CrossRef]

32. Reid, K.S.C.; Lindley, P.F.; Thornton, J.M. Sulphur-aromatic interactions in proteins. FEBS J. 1985, 190,
209–213. [CrossRef]

33. Ringer, A.L.; Senenko, A.; Sherrill, C.D. Models of S/pi interactions in protein structures: Comparison of the
H2S benzene complex with PDB data. Protein Sci. 2007, 16, 2216–2223. [CrossRef]

34. Matthews, B.W.; Nicholson, H.; Becktel, W.J. Enhanced protein thermostability from site-directed mutations
that decrease the entropy of unfolding. Proc. Natl. Acad. Sci. USA 1987, 84, 6663–6667. [CrossRef]

35. Davail, S.; Feller, G.; Narinx, E.; Gerday, C. Cold adaptation of proteins. Purification, characterization, and
sequence of the heat-labile subtilisin from the antarctic psychrophile Bacillus TA41. J. Biol. Chem. 1994, 269,
17448–17453.

http://dx.doi.org/10.1021/bi010505h
http://dx.doi.org/10.1016/j.jsb.2008.03.008
http://www.ncbi.nlm.nih.gov/pubmed/18467126
http://dx.doi.org/10.1107/S1399004713032264
http://www.ncbi.nlm.nih.gov/pubmed/24598737
http://dx.doi.org/10.1099/mic.0.043653-0
http://www.ncbi.nlm.nih.gov/pubmed/20829286
http://dx.doi.org/10.1016/S0969-2126(94)00119-7
http://dx.doi.org/10.1074/jbc.M116.755330
http://dx.doi.org/10.1038/s41598-019-39464-z
http://dx.doi.org/10.1046/j.1432-1033.2003.03923.x
http://dx.doi.org/10.1093/nar/gkw315
http://www.ncbi.nlm.nih.gov/pubmed/27198219
http://dx.doi.org/10.1073/pnas.151103798
http://www.ncbi.nlm.nih.gov/pubmed/11481469
http://dx.doi.org/10.1107/S0907444913002011
http://www.ncbi.nlm.nih.gov/pubmed/23633591
http://dx.doi.org/10.1021/ar0302282
http://www.ncbi.nlm.nih.gov/pubmed/14967059
http://www.ncbi.nlm.nih.gov/pubmed/9163741
http://dx.doi.org/10.1093/protein/7.3.425
http://dx.doi.org/10.1006/jmbi.2000.3970
http://dx.doi.org/10.1038/342291a0
http://dx.doi.org/10.1016/0014-5793(85)81285-0
http://dx.doi.org/10.1110/ps.073002307
http://dx.doi.org/10.1073/pnas.84.19.6663


Int. J. Mol. Sci. 2020, 21, 2892 13 of 13

36. Rutkiewicz, M.; Bujacz, A.; Wanarska, M.; Wierzbicka-Wos, A.; Cieslinski, H. Active Site Architecture and
Reaction Mechanism Determination of Cold Adapted beta-d-galactosidase from Arthrobacter sp. 32cB. Int. J.
Mol. Sci. 2019, 20, 4301. [CrossRef]

37. Rutkiewicz, M.; Bujacz, A.; Bujacz, G. Structural features of cold-adapted dimeric GH2 beta-D-galactosidase
from Arthrobacter sp. 32cB. Bba-Proteins Proteom. 2019, 1867, 776–786. [CrossRef] [PubMed]

38. Tsujibo, H.; Endo, H.; Minoura, K.; Miyamoto, K.; Inamori, Y. Cloning and sequence analysis of the gene
encoding a thermostable chitinase from Streptomyces thermoviolaceus OPC-520. Gene 1993, 134, 113–117.
[PubMed]

39. Christodoulou, E.; Duffner, F.; Vorgias, C.E. Overexpression, purification, and characterization of a
thermostable chitinase (Chi40) from Streptomyces thermoviolaceus OPC-520. Protein Expr. Purif. 2001,
23, 97–105. [CrossRef] [PubMed]

40. Lei, S.P.; Lin, H.C.; Wang, S.S.; Callaway, J.; Wilcox, G. Characterization of the Erwinia carotovora pelB gene
and its product pectate lyase. J. Bacteriol. 1987, 169, 4379–4383. [CrossRef]

41. Poole, K.; Hancock, R.E. Phosphate transport in Pseudomonas aeruginosa. Involvement of a periplasmic
phosphate-binding protein. Eur. J. Biochem. 1984, 144, 607–612. [CrossRef]

42. Kabsch, W. Xds. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 125–132. [CrossRef]
43. McCoy, A.J.; Grosse-Kunstleve, R.W.; Adams, P.D.; Winn, M.D.; Storoni, L.C.; Read, R.J. Phaser

crystallographic software. J. Appl. Crystallogr. 2007, 40, 658–674. [CrossRef]
44. Kurowski, M.A.; Bujnicki, J.M. GeneSilico protein structure prediction meta-server. Nucleic Acids Res. 2003,

31, 3305–3307. [CrossRef] [PubMed]
45. Afonine, P.V.; Grosse-Kunstleve, R.W.; Echols, N.; Headd, J.J.; Moriarty, N.W.; Mustyakimov, M.;

Terwilliger, T.C.; Urzhumtsev, A.; Zwart, P.H.; Adams, P.D. Towards automated crystallographic structure
refinement with phenix.refine. Acta Crystallogr. D Biol. Crystallogr. 2012, 68, 352–367. [CrossRef] [PubMed]

46. Winn, M.D.; Isupov, M.N.; Murshudov, G.N. Use of TLS parameters to model anisotropic displacements in
macromolecular refinement. Acta Crystallogr. D Biol. Crystallogr. 2001, 57, 122–133. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/ijms20174301
http://dx.doi.org/10.1016/j.bbapap.2019.06.001
http://www.ncbi.nlm.nih.gov/pubmed/31195142
http://www.ncbi.nlm.nih.gov/pubmed/8244021
http://dx.doi.org/10.1006/prep.2001.1490
http://www.ncbi.nlm.nih.gov/pubmed/11570850
http://dx.doi.org/10.1128/JB.169.9.4379-4383.1987
http://dx.doi.org/10.1111/j.1432-1033.1984.tb08508.x
http://dx.doi.org/10.1107/S0907444909047337
http://dx.doi.org/10.1107/S0021889807021206
http://dx.doi.org/10.1093/nar/gkg557
http://www.ncbi.nlm.nih.gov/pubmed/12824313
http://dx.doi.org/10.1107/S0907444912001308
http://www.ncbi.nlm.nih.gov/pubmed/22505256
http://dx.doi.org/10.1107/S0907444900014736
http://www.ncbi.nlm.nih.gov/pubmed/11134934
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	The Overall Structure of StChi40 
	Substrate-Binding Groove 
	Disulfide Bridges 
	Amino Acid Substitutions and Their Structural Consequences 

	Discussion 
	Materials and Methods 
	Biological Source 
	Plasmid and DNA Manipulations 
	Crystallization and X-Ray Data Collection 
	Structure Determination and Refinement 

	References

