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glycoside hydrolase processivity.

(Bacl(ground: Nature employs processive and nonprocessive glycoside hydrolases to degrade polysaccharides.
Results: We solved the Serratia marcescens nonprocessive chitinase (ChiC2) structure and used simulation to identify dynamic

Conclusion: Dynamic metrics complement structural insights in determining processivity.
Significance: Identification of hallmarks of processivity is a key step toward development of a general, molecular-level theory of
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Degradation of recalcitrant polysaccharides in nature is typi-
cally accomplished by mixtures of processive and nonprocessive
glycoside hydrolases (GHs), which exhibit synergistic activity
wherein nonprocessive enzymes provide new sites for produc-
tive attachment of processive enzymes. GH processivity is typi-
cally attributed to active site geometry, but previous work has
demonstrated that processivity can be tuned by point mutations
or removal of single loops. To gain additional insights into the
differences between processive and nonprocessive enzymes that
give rise to their synergistic activities, this study reports the crys-
tal structure of the catalytic domain of the GH family 18 non-
processive endochitinase, ChiC, from Serratia marcescens. This
completes the structural characterization of the co-evolved chi-
tinolytic enzymes from this bacterium and enables structural
analysis of their complementary functions. The ChiC catalytic
module reveals a shallow substrate-binding cleft that lacks aro-
matic residues vital for processivity, a calcium-binding site not
previously seen in GH18 chitinases, and, importantly, a dis-

E1This article contains supplemental Materials and Methods and Results,
Table S1, and Figs. S1-S9.
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placed catalytic acid (Glu-141), suggesting flexibility in the cat-
alytic center. Molecular dynamics simulations of two processive
chitinases (ChiA and ChiB), the ChiC catalytic module, and an
endochitinase from Lactococcus lactis show that the nonproces-
sive enzymes have more flexible catalytic machineries and that
their bound ligands are more solvated and flexible. These three
features, which relate to the more dynamic on-offligand binding
processes associated with nonprocessive action, correlate to
experimentally measured differences in processivity of the
S. marcescens chitinases. These newly defined hallmarks thus
appear to be key dynamic metrics in determining processivity in
GH enzymes complementing structural insights.

Enzymatic depolymerization of the structural polysaccha-
rides chitin and cellulose is efficiently achieved in nature via the
combined, synergistic effort of enzyme cocktails composed
of glycoside hydrolases (GHs)® and lytic polysaccharide
monooxygenases (1-7). These synergistic cocktails contain
both processive and nonprocessive GHs, which have evolved
concomitantly to deconstruct insoluble, crystalline substrates
in an efficient manner. Processive enzymes have been shown to
bind individual chains in long tunnels or deep clefts and hydro-
lyze a series of glycosidic linkages along the same chain before
dissociation (8-14). Nonprocessive enzymes, conversely,
exhibit shallower clefts for binding and are thought to hydro-
lyze glycosidic linkages randomly in disordered regions of poly-
mer crystals (15). Nonprocessive enzymes may make more than
one cut per enzyme-substrate association primarily because
their carbohydrate-binding modules (CBMs) may keep them
loosely associated with the substrate and even with a single
chain (16, 17). However, in contrast to processive enzymes,

® The abbreviations used are: GH, glycoside hydrolase; CBM, carbohydrate-
binding module; MD, molecular dynamics.
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FIGURE 1. The chitinolytic system from S. marcescens. The enzyme system comprises three family GH18 chitinases, processive ChiA and ChiB and nonpro-
cessive ChiC, a family GH20 chitobiase that cleaves chitobiose and CBP21, a lytic polysaccharide monooxygenase. The structures of all enzymes, except ChiC,
have been reported previously (11,13, 19, 20, 29-35). The enzymes are shown with their substrates in light teal. An SDS-PAGE gel of the entire system has been

included in supplemental Fig. S1.

nonprocessive enzymes may release the single polymer chain
bound in the active site after each catalytic event, although the
exact mechanism of endoglucanase action remains unknown.

Developing a comprehensive thermodynamic and kinetic
description of enzyme processivity is central to our collective
understanding of carbon and nitrogen turnover in the bio-
sphere (18) and is of significant importance in the design of
enhanced enzyme mixtures for biomass conversion (1). Avail-
able structural data from model organisms such as S. marc-
escens, Hypocrea jecorina, Clostridium thermocellum, and
Thermobifida fusca suggest that the degree of GH processivity
isrelated to the shape and composition of the catalytic tunnel or
cleft (2, 8-11, 13, 15, 19-24). Typically, nonprocessive
enzymes exhibit open clefts with few aromatic amino acids,
whereas enzymes with higher degrees of processivity possess
closed tunnels or deep clefts with highly conserved aromatic
residues that directly contact the ligand. Biochemical studies
have further demonstrated that processive enzymes can be con-
verted to nonprocessive enzymes via removal of specific aro-
matic residues lining substrate tunnels (25, 26), as well as
through deletion of active site loop residues forming the tunnel
of processive enzymes (27).

Despite these previous studies, a general theory describing
the molecular-level hallmarks responsible for GH processivity,
especially one incorporating enzyme dynamics, remains elu-
sive. Differences in processivity are likely to result from struc-
tural and dynamic variations, beyond the presence of aromatic
residues discussed above and possibly including fluctuations of
the active site residues and the ligand, as well as differences in
ligand solvation. These features also likely impact the ability of
a given enzyme to decrystallize, hydrolyze, and processively
remove chains from crystal surfaces, which requires a signifi-
cant expenditure of work offset by the ligand binding free
energy (28). Here, we present several new structural and
dynamic hallmarks of processivity by combining structural
studies and molecular dynamics (MD) simulations of a com-
plete set of experimentally well characterized chitinolytic
enzymes from one organism, which will aid in the development
of a general molecular-level theory of processivity.

S. marcescens produces three GH family 18 chitinases, a fam-
ily 20 B-hexosaminidase (chitobiase), and a lytic polysaccharide
monooxygenase (Fig. 1). Structures of the two processive two-
domain chitinases, ChiA and ChiB, have been solved previously
(11, 13, 19, 20, 29-35). Until now, the structure of the third
chitinase, ChiC (36), has remained unsolved. ChiC consists of a
catalytic GH18 domain that is coupled to two C-terminal
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domains, putatively involved in substrate binding by a proline-
rich linker (37) (the two C-terminal domains are a Fibronectin
I1I-like module and a CBM5/12 module). Both the complete
enzyme (referred to as ChiC1l) and a truncated variant contain-
ing only the catalytic GH18 module (ChiC2) are observed in the
culture supernatant of S. marcescens growing on chitin (38).
ChiC2 is thought to be generated by proteolytic cleavage of
ChiC1 (38). Several studies on the full-length enzyme (36, 39)
have shown that ChiC is a nonprocessive enzyme. This is best
illustrated by studies with the soluble chitin derivative chitosan,
which showed that the degradation pattern obtained in a reac-
tion with ChiC was similar to that obtained during random acid
hydrolysis (39).

Family GH18 chitinases hydrolyze chitin through a sub-
strate-assisted mechanism that retains the stereochemistry of
the anomeric carbon. Previous studies suggest that family 18
enzymes initiate catalysis via distortion of the chitin substrate
in the —1 subsite adjacent to the glycosidic bond (19, 40, 41).
Substrate binding is accompanied by rotation of an aspartic
acid (Asp-139 in ChiC; see below), which forms a hydrogen
bond with the catalytic glutamic acid (Glu-141 in ChiC) and the
N-acetyl group of the —1-bound sugar. Nucleophilic attack by
the N-acetyl oxygen on the anomeric carbon leads to scission of
the glycosidic bond and generates an oxazolinium ion interme-
diate, which is subsequently hydrolyzed to complete the reac-
tion. Catalysis involves several additional residues (19, 42),
including a conserved Tyr (Tyr-208 in ChiC) and Asp/Asn
(Asn-209 in ChiC) that interact with the —1 sugar. Although
this mechanism likely applies to all GH18 chitinases, processive
and nonprocessive, including endo- and exo-acting, it is con-
ceivable that active site residue flexibility and dynamics are
adapted to the variations in the specific modes of actions of
these enzymes.

Here, we complete the full structural complement of the
S. marcescens chitinolytic mixture with the structure of the cat-
alytic domain of the nonprocessive enzyme from S. marcescens,
ChiC, at 1.68 A resolution. This enables direct comparison of
processive and nonprocessive enzymes having evolved in con-
cert to degrade chitin. From the crystal structures, we used MD
simulations to gain molecular-level insights into the structural
and dynamic differences between the processive and nonproc-
essive enzymes in S. marcescens. MD simulations were con-
ducted for 0.25 us for ChiA, ChiB, ChiC2 (the abbreviation
used here for the catalytic domain), and a second, representa-
tive nonprocessive chitinase from Lactococcus lactis ssp. Lactis
(43), referred to here by the Protein Data Bank (PDB) identifier
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3IAN. Each simulation was conducted with a chitin ligand to
compare the differences in ligand solvation and flexibility as
well as enzyme flexibility as a function of experimentally meas-
ured extents of processivity. Free energy calculations of the
ChiC2 catalytic residue (Glu-141) conformation quantify the
high flexibility of this residue, suggested by its unusual confor-
mation in the crystal structure. The properties of ChiC2 from
experimental and computational data are compared with those
of ChiA and ChiB and discussed in the context of the roles of
these enzymes in the chitinolytic machinery of S. marcescens.
Overall, this study aids in the development of a unified, molec-
ular-level understanding of processivity in GH enzymes by add-
ing key dynamic and ligand binding characteristics to known
static structural characteristics defining differences between
processive and nonprocessive GHs.

EXPERIMENTAL PROCEDURES

For additional details, see the supplemental Materials and
Methods.

Cloning, Expression, and Purification—The gene encoding
ChiC was cloned, produced, and partially purified by as detailed
in Ref. 44. Final purification was obtained by chitin affinity
chromatography and hydrophobic interaction chromatogra-
phy to isolate ChiC2.

Protein  Crystallization—Crystallization of ChiC2 was
obtained by sitting drop vapor diffusion crystallization through
mixing 0.5 ul of 4.0 mg/ml protein solution with an equal vol-
ume of crystallization buffers from the Hampton Research
PEG/Ion Screen and incubating at 25°C. Crystals were
obtained in 25 mM ammonium acetate and 20% (w/v) PEG3000.

Data Collection, Phasing, and Structure Refinement—
Diffraction data were collected using an in-house Rigaku
MicroMax MM-007 diffractometer. Data were scaled with
CrystalClear (Rigaku/MSC Inc.), and the structure was solved
by molecular replacement using AMoRe (45) with 3EBV as the
template structure. 1.68 A high-resolution data were later col-
lected at beamline ID14-2 at the European Synchrotron Radia-
tion Facility (ESRF) synchrotron in Grenoble, France. The new
dataset was scaled using XDS (46). The structure was refined by
simulated annealing energy minimization using CNS (47).
Model analysis and adjustments were done with Coot (48).

MD Simulation Protocol—Crystal structures from the PDB
were used to build ChiA (20), ChiB (34), and 3IAN, whereas the
structure presented in this work was used to build ChiC2. For
ChiC2 and 3IAN, the chitin ligand (GlcNAc, and GIcNAc,,
respectively) spanning the substrate-binding cleft was modeled
from an alignment of a combination of ligands bound in struc-
turally similar enzymes (49, 50). Ligands were docked into ChiA
(GlcNAcg) and ChiB (GlcNAcs) from multiple structures as
described in the supplemental Materials and Methods. In all
cases, the N-acetyl group of the GIcNAc unit bound in subsite
—1 was rotated to the anticipated conformation of the catalyt-
ically active complex (19). MD simulation setup, minimization,
and equilibration were performed using CHARMM (51). The
250-ns simulations were performed using NAMD (52). The
umbrella sampling simulations were conducted with the reac-
tion coordinate defined as the distance between the proton on
the carboxylate group of Glu-141 and the glycosidic linkage on
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FIGURE 2. Overall structure of the catalytic module of ChiC, ChiC2.
A, ChiC2 exhibits an (a/b)g TIM barrel fold with the catalytic glutamate, Glu-
141, positioned between B-strand 4 and a-helix 4 (side chain shown in stick
representation). Note the B-hairpin subdomain containing two exposed tryp-
tophans. Band C, comparison of ChiC2 (nonprocessive) with ChiA (processive,
PDB ID: TEHN (29)) shows the difference in depth of the substrate-binding
clefts that are suggestive of the nonprocessive and processive properties of
these enzymes, respectively. The “walls” of the ChiA substrate-binding cleft
are constituted from several insertions (colored orange) in addition to a large
a+b subdomain insertion (colored magenta). Arrows indicate the binding
clefts. D, aromatic amino acids lining the substrate-binding cleft of ChiA
(magenta sticks) and ChiC2 (cyan sticks). The substrate (GIcNAc)s bound to the
1EHN ChiA structure is shown in gray stick representation, and subsites to
which the sugars are bound are indicated. Nitrogen and oxygen atoms are
colored blue and red, respectively. Note the lack of aromatic amino acids in
the +1 and +2 subsites of the ChiC2 substrate-binding cleft; Tyr-275 of the
+1 subsite in ChiA is replaced with an Ala in ChiC2, and Phe-396 in the +2
subsite of ChiA is part of a loop that does not exist in ChiC.

the GlcNAc residue in the —1 site. Additional details can be
found in the supplemental Materials and Methods.

RESULTS

The Overall Structure of ChiC2—The structure of the ChiC
catalytic module was refined to an R-factor of 18.6% and an Ry,
factor of 21.6%, with only one residue (Gly-211, chain B) in the
disallowed region of the Ramachandran plot (supplemental
Table S1). As with other GH family 18 enzymes, ChiC2 consists
of a (Ba)g TIM barrel fold with the catalytic glutamate of the
characteristic DXXDXDXE motif positioned “on top” of the
barrel in the loop connecting 3-sheet 4 and «-helix 4, (Fig. 2A4).
The shallow substrate-binding cleft (inferred from analogies
with the plant chitinase hevamine (53)) seems to be extended by
a small B-hairpin subdomain (residues 213-226) with two sol-
vent-exposed tryptophans that might aid in substrate binding
(Fig. 2A). The substrate-binding cleft is shallow when com-
pared with the processive chitinases due to the lack of several
loops and the a+ 3 subdomain that gives processive chitinases
their characteristic deep substrate-binding cleft (Fig. 2, B and
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FIGURE 3. The catalytic center of ChiC. The catalytic glutamate of ChiC
exhibits a conformation inconsistent with the putative catalytically active
conformation (CAC) (19). A and B, illustrations of these conformations are
given showing the conformation found in the ChiC2 crystal structure (A) and
showing the putative catalytically active conformation from an MD simula-
tion (B). C, the free energy difference of the catalytic glutamate between the
solvent-exposed conformation and the catalytically active complex. A reac-
tion coordinate value of ~2.5 A corresponds to the catalytically active com-
plex (19), and a value near 5.5 A corresponds to the Glu-141 conformation
observed in the crystal structure (4AXN). Error bars were obtained by boot-
strapping in WHAM. D, superposition of frames from MD simulation of ChiC2
with a GlcNAc, ligand bound (see supplemental text for details) illustrating
the significant flexibility of Glu-141.

C). Interestingly, the structural data also revealed a hexacoor-
dinated Ca>" ion bound at the “bottom” of the TIM barrel and
an acetate molecule bound to conserved residues in the active
site, mimicking the acetate moiety of a GIcNAc positioned in
the —1 subsite (see supplemental Fig. S2; the supplemental text
and supplemental Figs. S3, S4, and S5 include additional infor-
mation on Ca®" binding).

The Catalytic Center and Substrate-binding Cleft—Inspec-
tion of the amino acids in the active site shows the catalytic
glutamate, Glu-141, in an unexpected position, H-bonded to
the main chain amino groups of Asp-107 and Ala-108, which
are part of the loop-joining B-sheet and a-helix 3 (Fig. 34). In
most other GH18 chitinases studied to date, the catalytic glu-
tamate is almost exclusively interacting with the third Asp in
the catalytic motif, Asp-139, which is important for successful
catalysis (19). The unusual positioning of the catalytic gluta-
mate has not been described previously. However, the structure
of LIChi18A from L. lactis (PDB ID: 3IAN) shows a similar posi-
tioning of its catalytic glutamate, indicating that this remarka-
ble structural detail is perhaps functionally relevant. It should
be noted that both ChiC2 and LI/Chil8A were crystallized at
neutral pH where both enzymes are catalytically active. The
sequence identity between the enzymes is 50%. A more detailed
analysis of the B-a3 loop (residues 102—114) reveals that this
region contains a conserved sequence motif in GH18 chiti-
nases, namely the SXGG motif (residues 102—105) that is fol-
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lowed by a Trp in processive chitinases (in ChiA and ChiB:
SIGGW), which is vital for processivity and the ability to effi-
ciently degrade insoluble chitin (25, 26, 36). In nonprocessive
chitinases such as ChiC and LIChil8A, this Trp is substituted
with an Ala (residue Ala-106; Fig. 3). A recent study on a chiti-
nase from Bacillus cereus shows that the 102—114loop is highly
flexible and moves upon substrate binding (49).

To examine the flexibility of Glu-141 quantitatively, the free
energy differences in the likely conformations of this residue
were calculated. Ultimately, the free energy difference for Glu-
141 to adopt a conformation corresponding to the catalytically
active complex (Fig. 3B) from its position in the crystal struc-
ture (Fig. 3A) is, within error (—0.33 = 0.80 kcal/mol), zero as
shown in Fig. 3C. The inflections and small changes in the free
energy landscape along the reaction coordinate correspond to a
water molecule interacting with both Glu-141 and the glyco-
sidic linkage of the —1 GlcNAc residue at ~3.5 A apart.

MD simulations of ChiC2 (with and without a GIcNAc,
ligand) were used to evaluate three structural features of the
catalytic center: the position of Glu-141 relative to its catalytic
partner Asp-139 (Fig. 3 and supplemental Figs. S6 and S7), the
root mean square deviation of the B-a3 loop adjacent to Glu-
141 (supplemental Fig. S8), and the hydrogen bonding of Glu-
141 with both Asp-107 and Ala-108 (supplemental Fig. S9).
Three different conformational states of the Glu-141/Asp-139
arrangement (supplemental Fig. S7) were observed over the
course of the simulation with ligand present, including the for-
mation of the proposed catalytically active complex (19). The
flexibility of the B-a3 loop and the occurrence of hydrogen
bonding with loop residues Asp-107 and Ala-108 appear to be
related to the conformation of Glu-141. Details regarding this
analysis can be found in the supplemental text.

Structural and Computational Comparison of Processive and
Nonprocessive Chitinases—The remarkable and previously
undiscovered flexibility in the active site of ChiC2 prompted us
to conduct an in-depth comparative study of processive and
nonprocessive chitinases to assess the differences in structural
characteristics contributing to ligand binding, and ultimately,
processivity. To this end, we performed MD simulations of
ChiA, ChiB, ChiC2, and the nonprocessive L. lactis chitinase,
3IAN, which is structurally similar to ChiC2. Quantitative
measurements of the ratio of degradation products (dimer/
trimer) on «- and B-chitin for ChiA, ChiB, and ChiC (36) allow
for direct comparison of dynamic properties to known degrees
of processivity. ChiB is the most processive of the three
enzymes with a ratio of 11.4 on a-chitin and 12.6 on B-chitin.
ChiA is less processive with ratios of 5.9 on «-chitin and 7.3 on
B-chitin. ChiC is classified as a nonprocessive enzyme with
product ratios of 3.0 and 4.1 on «- and B-chitin, respectively.

Differences between the enzymes were prominent in three
structural and dynamic features of the simulations. Given the
obvious differences in shape of the active sites, we hypothesized
that the cleft-shaped active site region of a nonprocessive chiti-
nase might exhibit greater solvation than that of the tunnel-
shaped processive chitinase. We note that we refer to product
and substrate sites, as shown in Fig. 4, in the nonprocessive
chitinases that are equivalent to the product and substrate sub-
sites in the appropriate processive chitinase (i.e. ChiC and 3IAN
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FIGURE 4. MD simulations of two processive chitinases, ChiA and ChiB, and two nonprocessive chitinases, ChiC2 and 31AN. All simulations were done on
enzymes in which an oligomer of GIcNAc (GIcNAc; in ChiB, GIcNAcg in ChiA and 3IAN, and GIcNAc, in ChiC2) had been docked to the —4 to +2 subsites of the
reducing end enzymes and the +3 to —2 subsites of ChiB (see supplemental text for additional details). In panels A and B, only subsites appearing in all four
enzymes are shown. The product and substrate subsite definitions are as shown above panel A. The panels show the average solvation of the ligand by binding
site (A), the root mean square fluctuations (RMSF) of the ligand by the binding site (B), and the root mean square fluctuations of the tetrad of catalytic residues,
listed for each enzyme (C). Error bars in panel A represent one standard deviation. Error bars in panels Band C were obtained with block averaging. D, the catalytic
tetrad of each enzyme examined here with simulation with the residues labeled. These residues represent the set for analysis in panel C. The enzyme structures

used for the simulation input are described in detail in the supplemental text.

exhibit equivalent subsites to ChiA). The data (Fig. 44) show
higher solvation in the nonprocessive enzymes, relative to ChiA
and ChiB, but only in the product subsites. There is surprisingly
little difference in solvation in the substrate-binding sites.
There is, however, a marked difference in the solvation between
the —1/+1sites in ChiA and ChiB in that water molecules tend
to remain on the product side in the ChiA active site and on the
substrate side of the hydrolysis reaction in the ChiB active site.
This is likely related to the end specificity of ChiA and ChiB
as reducing end- and nonreducing end-specific enzymes,
respectively.

Ligand fluctuations, as determined by measuring the root
mean square fluctuations by binding site over the 250-ns sim-
ulations, are shown in Fig. 4B. In the nonprocessive enzymes,
there is markedly increased fluctuation, which, as in the case of
ligand solvation, appears primarily in the product subsites.
There also appears to be significant stabilization of the ligand in
the first substrate side subsite of the processive chitinases rela-
tive to the nonprocessive chitinases, which coincides with the
observed flexibility of the catalytic center, including the
unusual experimentally observed position of the catalytic
glutamate.

36326 JOURNAL OF BIOLOGICAL CHEMISTRY

The flexibility of the catalytic machinery was further assessed
by analyzing the root mean square fluctuations for a tetrad of
catalytic residues over the entire simulation trajectory (Fig. 4, C
and D). It is apparent that the catalytic centers of the nonproc-
essive chitinases are prone to higher degrees of fluctuation in
comparison with processive chitinases. It also appears that the
most processive of the set of enzymes, ChiB, has the lowest level
of catalytic residue fluctuation, whereas the second processive
enzyme, ChiA, lies between ChiA and the nonprocessive
enzymes in the magnitude of catalytic residue fluctuations.

DISCUSSION

There exist ample combined structural and functional data for
processive family 18 chitinases with deep substrate-binding clefts,
in particular ChiA and ChiB from S. marcescens (13, 19, 20, 22,
2426, 29 -32, 34-36, 42, 54, 55). Published structures on (puta-
tively) endo-acting and (putatively) nonprocessive family 18 chiti-
nases are limited to those of the hevamine (53) and two bacterial
enzymes (49, 56). However, for these enzymes, structural data are
notaccompanied by detailed insight in the actual mode of action of
the enzymes. Nakamura et al. (56) only describe a structure of a
bacterial enzyme, whereas Hsieh et al. (49) provide a more detailed
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study of the mechanism and some properties of a B. cereus chiti-
nase, without addressing processivity. The authors of the latter
study also suggest that the enzyme appears, structurally, to be an
endochitinase, but mechanistically an exochitinase, although this
is based on product analysis of (GIcNAc),, which is not necessarily
indicative of exo-activity (57). In addition to these publications,
structural consortia have recently deposited crystal structures of
two putatively nonprocessive chitinases from Streptomyces coeli-
color (PDB ID: 3EBV) and L. lactis (PDB ID: 3IAN).

The lack of available and clear information regarding non-
processive family 18 chitinases highlights the importance of the
addition of the ChiC2 structure to the database, completing the
entire suite of the S.marcescens chitinases. This suite of
enzymes, all employing the same catalytic mechanism, provides
a model system by which characteristics contributing to pro-
cessivity may be studied. Findings related to processivity from
the S. marcescens model system have implications for other
similar enzymatic systems, including cellulases used in the pro-
duction of biofuels from cellulosic materials (25, 58).

It is generally thought that deep substrate-binding clefts and
grooves, which often fold over the substrate upon binding (8),
are important for keeping processive enzymes attached to the
substrate once bound (59 —61). Observation of the shallowness
of the substrate-binding cleft, combined with the flat surround-
ing surface in ChiC2, suggests that this enzyme is more adapted
to binding a flat surface (crystalline chitin) than soluble single
chains. Additionally, the small B-sheet subdomain exhibiting
two tryptophan residues observed adjacent to the cleft in ChiC2
possibly serves as an attachment point to the chitin surface (Fig.
2A). In addition to the steric constraints of the tunnel, carbo-
hydrate-m interactions of aromatic residues lining the sub-
strate-binding clefts are important for processivity and, more
generally, may make large contributions to the ligand binding
free energy (21, 22, 25, 26, 28, 62— 65). Notably, ChiC2 has fewer
such aromatic residues than ChiA and ChiB, primarily affecting
the product subsites (Fig. 2D).

Previous studies suggest that a strict, structural delineation
(i.e. deep tunnels or grooves versus open clefts) between pro-
cessive and nonprocessive enzymes may not be straightforward
(23,25-27, 66). For example, deletion of even a single active site
loop responsible for tunnel formation in processive GH family 6
enzymes, which exhibit similarity to known exoglucanases,
results in a nonprocessive enzyme with an open substrate-bind-
ing groove (27). Even more surprisingly, the deletion of a single
aromatic residue directly preceding the active site in S. marc-
escens ChiB results in the conversion of a processive enzyme to
a nonprocessive enzyme (25). Other structural factors, as well
as protein dynamics, may impact processivity. Considering the
general importance of enzyme dynamics for enzyme function
and the delicate balance between substrate and product bind-
ing, rebinding, and product expulsion that determines the
mode of action of polysaccharide-depolymerizing enzymes,
delineating processivity directly from static, structural features
or from sequence data alone is not likely to provide a definitive
measure of the degree of processivity. This notion, combined
with the previously undescribed active site flexibility observed
in ChiC2 (and 3IAN), prompted us to conduct MD simulations
of the complete S. marcescens GH18 enzyme suite to gain addi-
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tional insights. These analyses revealed three potential hall-
marks of processivity.

Flexibility of the catalytic machinery seems to be a key differ-
ence between processive and nonprocessive GH18 chitinases.
Free energy calculations quantitatively confirm the flexibility of
the catalytic residue, Glu-141, in ChiC2 and indicate no prefer-
ence for the catalytically active complex conformation over sol-
vent-exposed conformations. Coupling the free energy result
with observation of the three different conformational states of
Glu-141 (supplemental Fig. S7) and the relative flexibility of
active site loops in concert with the conformation changes over
the course of a 250-ns MD simulation (Figs. 3D and 4C and
supplemental Figs. S6 and S7), it is apparent that the active site
of ChiC2 has the ability to rapidly change conformation.
Although rotation of the partner Asp in the catalytic mecha-
nism of GH18 enzymes is essential in catalysis, flexibility of the
catalytic glutamate does not appear to be inherently required by
the mechanism and is thus likely to relate to the nonprocessive
endo-mode of action of ChiC2.

An important aspect of chitinase processivity/nonprocessivity
is the mechanism of product displacement. Although the proces-
sive chitinases have a defined product site designed to efficiently
dissociate chitobiose after successful catalysis, nonprocessive
enzymes dissociate from carbohydrate moieties on both sides of
the catalytic center. Our data suggest that this ability of ChiC2
manifests as a more dynamic binding of the ligand, which is more
flexible and more solvated when bound. These dynamic features
seem compatible with the more dynamic on-off substrate interac-
tions that are expected for nonprocessive enzymes. Somewhat
unexpectedly, the data clearly show that the differences between
the two enzyme types almost exclusively concern the product sub-
sites. This contrasts with previous studies on the contribution of
aromatic residues to processivity in ChiA and ChiB, which
revealed essential structural features on both sides of the catalytic
center (25, 26). It is conceivable that this reflects the fact that the
catalytically crucial but energetically unfavorable binding and dis-
tortion of the GIcNAc sugar binding to the —1 subsite requires a
certain binding energy and rigidity in the other substrate subsites
that is conserved among all family GH18 chitinases. The latter is
also suggested by the fact that the few aromatic residues that are
conserved in the binding cleft of ChiC2 are in the substrate sub-
sites (Fig. 2D).

Although this study focuses on identifying universal molec-
ular-level hallmarks of processivity in glycoside hydrolases, pri-
mary observations here relate only to the catalytic domains of
these enzymes. The possibility of additional features beyond
the catalytic domain contributing to processivity in these mul-
timodular enzymes remains. In the S. marcescens chitinases, for
example, ChiC exhibits two CBMs connected to the C terminus
via a short proteolytically susceptible linker. It is well known
that the extra domains add to enzyme efficiency, in particular
toward insoluble substrates (67), and it has been shown that this
is also the case for ChiC (37).” This is often ascribed to proxim-
ity effects (68). It seems unlikely that these additional domains
affect processivity of ChiC because the full-length enzyme is

7 G. Vaaje-Kolstad and M. Serlie, unpublished observations.
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not processive (39) and because recent work on the two-do-
main chitinases ChiA and ChiB has shown that processivity is
governed by arrangements of aromatic residues close to the
catalytic center (25, 26). Although additional heuristics of pro-
cessivity beyond the catalytic domain may exist, we have iden-
tified three interrelated noteworthy metrics, flexibility of the
catalytic center, solvation of the bound substrate, and flexibility
of the bound substrate, that are linked to processivity in GHs.

CONCLUSION

This study reports the structure of the S. marcescens nonpro-
cessive chitinase, ChiC2, which completes the GH family 18
suite of chitinase catalytic domains from S. marcescens. From
this model system, we applied simulation to gain insights into
the structural and dynamic differences between processive and
nonprocessive enzymes. The ChiC2 structure draws attention
to the unusual flexibility of the catalytic residue, Glu-141, a
feature currently only observed in one other chitinase, which
like ChiC is a nonprocessive endochitinase (43). Our simula-
tions demonstrate that characteristic dynamic features of the
catalytic domain, primarily near the site of hydrolysis, correlate
with processivity. The most visible and frequently acknowl-
edged hallmark of processivity is the geometry of the active site
(i.e. cleft, for nonprocessive enzymes, and tunnel, for processive
enzymes), but previous studies have demonstrated that the
degree of processivity in GH enzymes is likely more complex.
Here, we have identified three additional hallmarks of GH pro-
cessivity, namely, flexibility of the active site region, in particu-
lar the catalytic residues, ligand solvation proximal to the prod-
uct subsites, and ligand fluctuations in the product subsites.
These key features may be universal among processive and
nonprocessive enzymes from other GH families.
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