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ABSTRACT

Industrial depolymerization of chitinous biomass generally requires numerous steps and the
use of deleterious substances. Enzymatic methods provide an alternative, but fundamental
knowledge that could direct potential development of industrial enzyme cocktails is scarce.
We have studied the contribution of mono-component chitinases (ChiA, -B, and -C) and the
lytic polysaccharide monooxygenase (LPMO) from Serratia marcescens on depolymerization
of a-chitin substrates with varying particle size and crystallinity that were generated using a
converge mill. For all chitinases activity was positively correlated to a decline in particle size
and crystallinity. Especially ChiC, the only non-processive endo-chitinase from the S.
marcescens chitinolytic machinery, benefited from mechanical pretreatment. Combining the
chitinases revealed clear synergies for all substrates tested. CBP21, the chitin-active LPMO
from S. marcescens, increased solubilization of substrates with high degrees of crystallinity
when combined with each of the three chitinases, but this synergy was reduced upon decline

in crystallinity.
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INTRODUCTION

Chitin is a linear homopolysaccharide composed of GIcNAc units covalently connected by [3-
1, 4 glycosidic linkages and is an abundant biomass, synthesized in nature at a rate of 10"
tons per year (/). The biological role of chitin is foremost to provide mechanical strength and
chemical resistance and it is predominantly found in exoskeletons of crustaceans, cuticle of
insect and fungal cell walls. There is a rising interest in GIcNAc, soluble
chitooligosaccharides and their deacytelated derivatives (glucosamine and chitosan oligomers,
respectively) as these biomolecules have uses in applications ranging from food to medicine
and agriculture. GlcNAc is especially interesting for use in food as it is chemically stable and
has a refreshing and sweet taste (2). The most abundant product of enzymatic chitin
hydrolysis by chitinases is (GIcNAc), , which can be readily hydrolyzed to GIcNAc by N-
acetylhexosmainidases. (GIcNAc), represents a useful product itself as e.g. an inducer for
production of chitinolytic enzymes (3) or as a donor substrate for enzymatic
transglycosylation for production of chitooligosaccahrides (4). Chitin and chitosan oligomers
are known for eliciting plant defense responses and it is expected that chitin oligomers can be

used in many applications, including biopesticides or foods (3, 6).

A major challenge in the industrial enzymatic depolymerization of insoluble polysaccharides
(like chitin) is their innate recalcitrance, chemical stability and crystalline nature which
prevent efficient hydrolysis. So far, few studies have described enzymatic chitin
depolymerization in an industrial context, but the analogous field of cellulose saccharification
is plentiful of such studies (see e.g. (7) and references within). Traditional enzyme cocktails
used for the purpose of recalcitrant biomass conversion contain a series of complementary
enzyme activities like processive enzymes acting from either the reducing or non-reducing

end of the polysaccharide chains and non-processive endo type enzymes that act randomly on
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amorphous parts of the substrate. The recent discovery of a new family of carbohydrate
active enzymes that specifically target crystalline parts of the substrate (lytic polysaccharide
monooxygenases; LPMOs; (8-11)) has provided a new enzyme activity to the existing
cocktails promoting more efficient substrate conversion. LPMO driven increased substrate
conversion, has indeed has been shown for the Novozymes “Cellic” enzyme products (/2).
However, the use of a non-enzymatic pretreatment of the biomass is still needed for obtaining
the best possible starting point for efficient enzymatic depolymerization. For chitin,
mechanical pretreatment (milling) has been shown increase the rate downstream enzymatic

conversion through the reduction of particle size and crystallinity (/3).

To increase the understanding of how the physiochemical properties of chitin influence
enzymatic degradability, we have evaluated the solubilization of crab o-chitin with a variable
degree of mechanical pretreatment by mono-component enzymes from the well characterized
S. marcescens chitinolytic system (/4). The S. marcescens enzymes include the family GH18
chitinases, ChiA, -B and -C (/5-19), the LPMO called CBP21 and chitobiase, a family GH20
N-acetylhexosaminidase. ChiA and B are processive exo-chitinases moving in opposite
directions (20) while ChiC is a non-processive endo-chitinase (/8, 27). CBP21 is a family
AA10-type (auxiliary activity family 10) LPMO that specifically targets crystalline chitin (77,
22). All enzymes, except chitobiase, were assayed individually and combined in order to

determine the limiting factors of chitin depolymerization.
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MATERIALS AND METHODS

Preparation of the substrates

Initial particle size reduction of the crab a-chitin flakes (Yaizu Suisankagaku Industry Co.
Ltd.) was accomplished by shearing the particles for 60 s in a 300 cc type cutter mill
(Hikikko; Tokyo unicom Co. Ltd.) run at maximum velocity. This chitin was named CO.
Converge milling was conducted by milling 20 g a-chitin samples at 800 rpm with zirconia
balls (10 mm in diameter) using a converge mill (Makabe giken Co. Ltd.; (23, 24)) . The
volume of balls used in the experiment represented 10% of the sample volume. Samples were

milled for 2, 5, 10 or 30 minutes (Table 1) and named C2, C5, C10 and C30, respectively.

Property determination of the substrates

The average particle size (median size Dsy) was determined by a particle size distribution
analyzer (Nikkiso, HRA [X-100]) using methanol to disperse the particles. Equatorial
diffraction profiles were obtained using Cu-Ka radiation from a powder X-ray generator
(Japan Electronic Organization Co. Ltd., JDX-3530) operating at 30kV and 30mA. The
crystallinity index was calculated from normalized diffractograms according to the protocol
described in (/3). The Fourier transform infrared (FTIR) spectroscopy of each substrate was
measured with a Nicolet 1Z10 spectrometer with OMNIC software (Thermo Fisher Scientific

Inc.).

Enzyme production and purification
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Recombinant enzymes used in the chitin degradation reactions (ChiA, B, C and CBP21) were
cloned and expressed as previously described (15, 16, 19, 25). All enzymes were purified by
chitin affinity chromatography using the protocol developed for CBP21 (25). In short,
periplasmic extracts of E. coli cultures containing the enzyme of interest prepared by cold
osmotic shock according to (/5), were applied directly on a 20 ml chitin beads (New England
Biolabs) column equilibrated with 20 mM Tris-HCI pH 8.0 binding buffer. Following elution
of non-bound proteins and stabilization of the base line, the enzymes were eluted by applying
20 mM acetic acid (elution buffer). Collected enzymes were immediately adjusted to pH 8.0
with Tris-HCI pH 8.0 and concentrated with Vivaspin protein concentration devices (GE
Healthcare), followed by buffer change to 20 mM Tris-HCI pH 8.0 using the same device. All

enzymes were kept at 4°C until use.

Enzyme reactions

Chitin degradation reactions were conducted in 1.5 mL sample tubes containing 4.0 mg/mL
chitin, 0.2 uM chitinase and/or 1.0 uM CBP21 in total volume of 0.5 ml in 50 mM
ammonium acetate buffer (pH 6.3). In reactions containing CBP21, ascorbic acid was added
to a final concentration of 1.0 mM (external electron donor). To avoid microbial
contamination, substrates were autoclaved before use. All reactions were incubated statically
at 37°C. Samples (60 puL) were taken for analysis after 0, 2, 4, 6, 8, 24 and 48 h of incubation,
mixed with an equal volume of 50 mM H,SOy in order to terminate the reactions and stored at
-20°C until analysis. All reactions were run in triplicates. Although the end product of chitin
hydrolysis is GIcNAc and (GlcNAc), , only (GlcNAc), was used as a measure of chitinase

activity since the generation of GIcNAc was less than 10% of the total soluble sugar released
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in all reactions. Toluene was added to all reactions (0.5% v/v) in order to prevent microbial

contamination.

High-performance liquid chromatography (HPLC)

Quantities of (GIcNAc), released from the chitin degradation reactions were determined by an
isocratic liquid chromatography using a Shimadzu Prominence HPLC system equipped with a
Rezex RFQ-Fast acid H (8%) 7.8 x 100 mm (Phenomenex) column with a Carbo-H, 4 x 3.0
mm guard column and Rezex RFQ-Fast Acid H (8%) 7.8 x 50 mm fitted in front. The mobile
phase was composed of 5 mM H,SO, and was run at a flow of 1.0 mL/min. Eluted (GIcNAc),
was detected by monitoring the absorbance at 195 nm and calibration standards were run

routinely.

MALDI-TOF MS of oxidized chitooligosaccharides

Activity of CBP21 was determined by MALDI-TOF MS analysis of products generated by
1.0 uM CBP21 combined with 1.0 mM ascorbic acid, 1.0 mg/mL milled a-chitin (C0O, C2 and
C10) or B-chitin from squid (France Chitin, Marseille) in 20 mM Bis-Tris pH 6.3. The

MALDI-TOF MS protocol was identical to that used in (/7).

Binding assays

The substrates (C0, C2 and C10) were washed prior to the binding assay by suspending the

chitin in 100 volumes of 20 mM acetic acid, followed by sedimentation by centrifugation at
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5000 g. After decanting off the supernatant the chitin pellet was resuspended in 0.5 ml 50 mM
ammonium acetate buffer pH 6.3 (binding buffer) followed by sedimentation by
centrifugation. The washing step was repeated three times in order to ensure removal of all
acetic acid. The concomitant substrate binding assays were performed by mixing 1 uM
enzyme with 10 mg washed substrate suspended in 50 mM ammonium acetate buffer pH 6.3
(100 pL total volume ) in 1.5 mL test tubes, followed by 1 h static incubation at 37°C. After
sedimentation of the chitin by centrifugation, the substrates containing the bound proteins
were washed three times with 0.2 ml binding buffer. After the final washing step, 0.2 ml
elution buffer (20 mM acetic acid) was added and in order to release the proteins from the
substrate. After 10 minutes of incubation, proteins released from the chitin by the elution
buffer were analyzed by SDS-PAGE. Enzymes not eluted by the elution buffer, but still
bound to the chitin were analyzed by resuspending the chitin in 20 pl of loading buffer,
followed by 10 min boiling and subsequent analysis by SDS-PAGE. The gel was stained by

Coomassie brilliant blue R-250 (CBB).
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RESULTS

Properties of milled chitin

Converge mill grinding of a-chitin resulted in a time dependent reduction of mean particle
size and crystallinity (Table 1, Fig. 1A). From the initial size of the particles of 2.0 mm (CO
sample), mean particle size converged at 21 um after 30 min grinding (Table 1). In addition to
size reduction, the degree of crystallinity was reduced from 94% in the CO sample to 40% in
the sample milled for 30 minutes. The reduction in crystallinity was accompanied by a
decrease in the crystallite size being 7.0 nm in the CO sample and 6.6, 6.1, 5.2, and 2.7 nm in
the C2, C5, C10 and C30 samples, respectively. Milling also gave an increase in d-spacing of
the (020) lattice compared to ground state (C0), whereas essentially no shift in the (110)
lattice could be observed. Finally, FTIR analysis of the C2, C5 and C10 substrates showed
changes in the 1640 cm™ region of the spectra (Fig. 1B and C), which represents signals of

amide group or carbonyl groups.

Putative morphological changes to the C2 sample upon treatment with 1.0 uM CBP21 in the
presence of 1.0 mM ascorbic acid was also investigated with FTIR. Compared to the
unreacted C2 chitin, the CBP21 treatment increased absorption in the lower cm™ (1530-1000)

of the spectrum (Fig. 1D).

Enzymatic degradation of o-chitin

a-chitin milled with the converge mill for either 0 (CO0), 2 (C2), 5 (CS5), 10 (C10) or 30 (C30)
minutes were subjected for hydrolysis by the individual components of the S. marcescens

chitinolytic system. There was essentially no difference in degradation rate between of C10
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and C30 and the latter substrate was therefore not included in the degradation studies

described below.

A general trend observed was that decrease in particle size and crystallinity was correlated
with an increase in hydrolysis rate and yield by all chitinases (Fig. 2). However, the level of
substrate milling needed for optimal degradation was different for the three chitinases. For
ChiA, maximum rate was achieved for C5 (Fig. 2a), whereas ChiB and ChiC showed
maximum rate for C10 (Fig. 2b and c¢). Amongst the chitinases, ChiA appeared to be the
fastest enzyme, whereas ChiB showed the slowest rate. Furthermore, ChiA also gave the
highest product yield among the chitinases. ChiB and ChiC gave highest yields from the C10

substrate, whereas ChiA produced approximately equal amounts for C5 and C10.

The presence of CBP21 and an external electron donor (for activation of CBP21) showed
different effects on the chitinase performances (Fig. 2). ChiA was generally not influenced by
CBP21 activity, although a little effect could be observed for CO and C5 (Fig. 2A). ChiB and
ChiC, on the other hand, were clearly boosted by the presence of CBP21 (Fig. 2B and C),
although the effect decreased with declining crystallinity of the substrates. Incubation of
CBP21 with C2 in the absence of chitinases showed that this LPMO also was able to

individually depolymerize the substrate producing soluble oxidized chitooligosaccharides

(Fig. 3).

Combination of the three chitinases in the presence and absence of CBP21, showed an
increase in degradation rate and yield correlating to the degree of pretreatment similar to what
was observed for the individual chitinases (Fig. 4A). However, the contribution of CBP21

was only significant for the non-milled chitin.

An impression of the synergy obtained by combining the complementary enzyme activities

can be demonstrated by comparing the sum of products generated by the individual enzymes

10
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(data from Fig. 2) to the amount of product formed by the enzymes when combined in a

reaction (data from Fig. 4A). For the three chitinases and CBP21, conversion of C2 and C10

was indeed more efficient by the enzymes in combination, thus showing synergy between the

enzymes (Fig. 4, panels B and C). The contribution of CBP21 is minimal for the low

crystallinity substrate (C10), but significant for the high crystallinity substrate (C2).

Chitin binding assay

The binding of each enzyme to C2 (high crystallinity) and C10 (low crystallinity) were
investigated by binding assays. ChiA showed somewhat stronger binding to both substrates
than the rest of the enzymes, especially for C10 (Fig. 5). CBP21, on the other hand, showed
little binding to either C2, C10 (Fig. 5) or CO (data not shown). CBP21 was the only of the
enzymes that could be close to fully unbound from the substrates by the elution buffer (20

mM acetic acid).

11
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DISCUSSION

It has previously been shown that chitin can be efficiently ground by a converge mill and that
the resulting chitin powder is readily degraded by commercially available chitinases (/3).
However, in the former study milling times were long (30 to 60 minutes) and the components
of the enzyme cocktail were unknown. In order to improve the strategy for efficient chitin
conversion, a-chitin was processed by a converge-mill in times ranging from 2 to 30 minutes
and degradability was assayed with pure, recombinant mono-components enzymes from the S.
marcescens chitinolytic machinery. The short milling times showed a substantial effect on the
size and crystallinity of the chitin (Table 1) and after 10 minutes the substrate properties were
altered sufficiently to yield maximum degradation rates by the chitinolytic enzymes (Fig. 2).
This result differs from those of Nakagawa et al. (13), where milling times up to 60 minutes
were needed to obtain maximum enzyme conversion rate. This difference in optimal milling
time is most likely related to the choice of enzyme system. It seems that the commercial
chitinase system used by Nakagawa et al. was more optimal for amorphous chitin than
crystalline, whereas the S. marcescens system appears to handle the recalcitrance of the
substrate with higher residual crystallinity better. Thus, tailoring an enzyme cocktail to match
the properties of the substrate may be important for obtaining a maximum rate of

solubilization.

The contribution of each chitinase to chitin conversion was analyzed for four chitin variants
with variation in particle size and crystallinity. The activity of all chitinases showed a positive
correlation with decrease in particle size and crystallinity (Fig. 2). Among the three chitinases,
ChiC was especially responsive to the mechanical substrate treatment. This observation is in
line with the non-processive endo-activity that has been demonstrated for this enzyme (/4,

21), which implies favoring of an amorphous/ non-crystalline substrate. The most efficient

12
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enzyme was ChiA, which showed an increase in activity for C5 compared to C2, but no
increase in activity for C10 compared to C5 (Fig. 2). This may indicate that ChiA activity is
less dependent on chitin crystallinity and particle size for efficient substrate solubilization
compared to ChiB and ChiC. When all chitinases were combined, a clear synergy was
observed (Fig. 4), demonstrating the complementary activities of the three chitinases. Such
synergy has been reported before for this enzyme system (/7, 26, 27), but not for a well

characterized powder substrate such as the one used in this study.

The maximum turnover rate of all chitinases was obtained for the substrate with lowest
particle size and degree of crystallinity (C10; particle size 24.4 um, and crystallinity index =
75%), indicating that the optimal particle size/ degree of crystallinity for the S. marcescens
chitinolytic machinery is higher than for the commercial chitinase cocktail applied on the
same type of substrate by Nakagawa et. a/ ((13); optimal particle size was 19.5 um). This may
imply that the S. marcescens enzymes are more optimized for crystalline material
(crystallinity is correlated with particle size/ milling time) and that pretreatment time may be
reduced compared to the optimum suggested by Nakagawa et. al ((1/3); 60 minutes milling by
converge mill). Such enzymatic properties may be favorable in an industrial chitin conversion

setup where an efficient and time saving treatment of the raw material is advantageous.

An important contribution to the field working on the enzymatic degradation of recalcitrant
polysaccharides was the recent discovery of the LPMOs (9-11, 22). LPMOs have an activity
that is complementary to the processive and non-processive endo- and/or exo-acting glycoside
hydrolases as these enzymes induce chain breaks in polysaccharide chains that are “locked
up” in a crystalline arrangement. S. marcescens secretes one LPMO (named CBP21) that has

been shown to be essential for efficient degradation of chitin by the bacterium (77, 26).

13
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CBP21 has previously been shown to bind specifically to B-chitin and only show weak
binding to the a-chitin allomorph (25, 28). This correlates well with the observations from the
binding data obtained in this study, where only weak binding of CBP21 to C2 and C10 is
observed (Fig. 5). Nevertheless, in the presence of an external electron donor, CBP21 was
able to cleave this substrate (Fig. 3A). Interestingly, only oxidized chitooligosaccharides with
a degree of polymerization (DP) up to 6 were observed, whereas when B-chitin is used as a
substrate, products up to DP10 can be observed (Fig. 3B and ref. (/7)). It is likely that this is
caused by the tighter interaction of the chitin chains in a-chitin compared to -chitin, making
high-DP chitooligosaccharides unable to dissociate from the crystalline arrangement.
Furthermore, CBP21 activity seems to have an effect on the substrate morphology, illustrated
by changes in the FTIR spectrum (1660-1000 cm™ region) for C2 incubated with CBP21 (Fig.
1D). Moreover, the activity of CBP21 also increased conversion rates of chitin by the
chitinases, although the effect declines with the decrease in particle size and crystallinity (Fig.
2). Thus the activity of CBP21 correlates with the degree of crystallinity of the substrate,
which agrees with the hypothesis that LPMOs mainly target the crystalline areas of the

insoluble substrates and that this crystallinity is inhibiting for many glycoside hydrolases.

When comparing the effect of CBP21 for the individual chitinases, the results show large
differences. Firstly, it seems that the activity of ChiA is not influenced by the activity of
CBP21 except for the highly crystalline CO substrate (Fig. 2A). This indicates that ChiA
targets a different region on the substrate than CBP21 and a plausible explanation may be that
ChiA and CBP21 target different faces of the chitin crystal, similar to what has been observed
for various cellulose binding modules (29-37). Despite boosting the activity of ChiA only
marginally, both ChiB and ChiC activity benefitted from CBP21 activity (Fig. 2B&C),

indicating that these enzymes act on the same physical landscape of the substrate. Although
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ChiC is endo-type and non-processive chitinase and ChiB is an exo-type processive enzyme,
they both share a C-terminal family 5/12 chitin binding domain (/4). This suggests targeting
of the same physical parts of the substrate, which correlates well with the increase in velocity

when combined with CBP21.

In conclusion, the data show that degradation of chitinous substrates with a high degree of
residual crystallinity after pretreatment are more efficiently degraded by a chitinolytic system
that employs a LPMO in addition to the chitinases. In this study the LPMO (CBP21) seemed
primarily to promote the activity of ChiB and ChiC, indicating that the addition of a second
LPMO with a different substrate preference may be beneficial for optimizing the total chitin
solubilization efficiency of the system. Furthermore, the study also shows that a sufficient
reduction of particle size and crystallinity by mechanical pretreatment may eliminate the need
of LPMOs. However, this assumption does not consider the existence of one or more LPMOs

that have activity on more amorphous substrates.

15



300 ACKNOWLEDGEMENTS

301  We thank Anne C. Bunzs, UMB and Joni Niemi, Department of Life Sciences at Turku
302  University of Applied Sciences, Finland for recombinant protein purification. We thank
303  Kenichi Koseki, INCT for the substrate milling and measurement of ash contents.

304

305

16



306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

REFERENCES

1. Gooday, G. W., The ecology of chitin degradation. Adv. Microb. Ecol. 1990, 11, 387-
430.

2. Lee, K. Y.; Shibutani, M.; Takagi, H.; Arimura, T.; Takigami, S.; Uneyama, C.; Kato,
N.; Hirose, M., Subchronic toxicity study of dietary N-acetylglucosamine in F344 rats. Food
Chem. Toxicol. 2004, 42 (4), 687-695.

3. Uchiyama, T.; Kaneko, R.; Yamaguchi, J.; Inoue, A.; Yanagida, T.; Nikaidou, N.;
Regue, M.; Watanabe, T., Uptake of N,N'-diacetylchitobiose [(GIcNAc)2] via the
phosphotransferase system is essential for chitinase production by Serratia marcescens 2170.
J. Bacteriol. 2003, 185 (6), 1776-1782.

4, Usui, T.; Matsui, H.; Isobe, K., Enzymic synthesis of useful chito-oligosaccharides
utilizing transglycosylation by chitinolytic enzymes in a buffer containing ammonium sulfate.
Carbohydr. Res. 1990, 203 (1), 65-77.

5. Hirano, H., Development and technology of chitin and chitosan. . CMC publishing Co.
Ltd. : Tokyo, 2004.

6. Aam, B. B.; Heggset, E. B.; Norberg, A. L.; Serlie, M.; Varum, K. M.; Eijsink, V. G.
H., Production of chitooligosaccharides and their potential applications in medicine. Marine
drugs 2010, 8 (5), 1482-1517.

7. Merino, S. T.; Cherry, J., Progress and challenges in enzyme development for Biomass
utilization. Biofuels 2007, 108, 95-120.

8. Horn, S. J.; Vaaje-Kolstad, G.; Westereng, B.; Eijsink, V. G. H., Novel enzymes for the
degradation of cellulose. Biotechnol. Biofuels 2012, 5 (1), 45.

9. Phillips, C. M.; Beeson, W. T.; Cate, J. H.; Marletta, M. A., Cellobiose dehydrogenase
and a copper-dependent polysaccharide monooxygenase potentiate cellulose degradation by

Neurospora crassa. ACS Chem. Biol. 2011, 6 (12), 1399-406.

17



331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

10. Quinlan, R. J.; Sweeney, M. D.; Lo Leggio, L.; Otten, H.; Poulsen, J. C.; Johansen, K.
S.; Krogh, K. B.; Jorgensen, C. I.; Tovborg, M.; Anthonsen, A.; Tryfona, T.; Walter, C. P.;
Dupree, P.; Xu, F.; Davies, G. J.; Walton, P. H., Insights into the oxidative degradation of
cellulose by a copper metalloenzyme that exploits biomass components. Proc. Natl. Acad. Sci.
USA4 2011, 108 (37), 15079-15084.

11. Vaaje-Kolstad, G.; Westereng, B.; Horn, S. J.; Liu, Z. L.; Zhai, H.; Serlie, M.; Eijsink,
V. G. H., An Oxidative Enzyme Boosting the Enzymatic Conversion of Recalcitrant
Polysaccharides. Science 2010, 330 (6001), 219-222.

12. Cannella, D.; Hsieh, C. W.; Felby, C.; Jorgensen, H., Production and effect of aldonic
acids during enzymatic hydrolysis of lignocellulose at high dry matter content. Biotechnol.
Biofuels. 2012, 5 (1), 26.

13. Nakagawa, Y. S.; Oyama, Y.; Kon, N.; Nikaido, M.; Tanno, K.; Kogawa, J.; Inomata,
S.; Masui, A.; Yamamura, A.; Kawaguchi, M.; Matahira, Y.; Totani, K., Development of
innovative technologies to decrease the environmental burdens associated with using chitin as
a biomass resource: Mechanochemical grinding and enzymatic degradation. Carbohyd.
Polym. 2011, 83 (4), 1843-1849.

14. Vaaje-Kolstad, G.; Horn, S. J.; Serlie, M.; Eijsink, V. G. H., The chitinolytic
machinery of Serratia marcescens - a model system for enzymatic degradation of recalcitrant
polysaccharides. FEBS J. 2013, 280 (13), 3028-3049.

15. Brurberg, M. B.; Eijsink, V. G. H.; Haandrikman, A. J.; Venema, G.; Nes, I. F,,
Chitinase B from Serratia marcescens BJL200 is exported to the periplasm without
processing. Microbiology 1995, 141 ( Pt 1), 123-131.

16. Brurberg, M. B.; Eijsink, V. G. H.; Nes, L. F., Characterization of a chitinase gene
(chiA) from Serratia marcescens BJL200 and one-step purification of the gene product.

FEMS Microbiol. Lett. 1994, 124 (3), 399-404.

18



356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

17. Brurberg, M. B.; Nes, I. F.; Eijsink, V. G. H., Comparative studies of chitinases A and
B from Serratia marcescens. Microbiology 1996, 142, 1581-1589.

18. Payne, C. M.; Baban, J.; Horn, S. J.; Backe, P. H.; Arvai, A. S.; Dalhus, B.; Bjeras, M.;
Eijsink, V. G. H.; Serlie, M.; Beckham, G. T.; Vaaje-Kolstad, G., Hallmarks of processivity in
glycoside hydrolases from crystallographic and computational studies of the Serratia
marcescens chitinases. J. Biol. Chem. 2012, 287 (43), 36322-36330.

19. Synstad, B.; Vaaje-Kolstad, G.; Cederkvist, H.; Saua, S. F.; Horn, S. J.; Eijsink, V. G.
H.; Serlie, M., Expression and characterization of endochitinase C from Serratia marcescens
BJL200 and its purification by a one-step general chitinase purification method. Biosci.
Biotech. Bioch. 2008, 72 (3), 715-723.

20. Zakariassen, H.; Aam, B. B.; Horn, S. J.; Varum, K. M.; Serlie, M.; Eijsink, V. G. H.,
Aromatic residues in the catalytic center of chitinase a from Serratia marcescens affect
processivity, enzyme activity, and biomass converting efficiency. J. Biol. Chem. 2009, 284
(16), 10610-10617.

21. Horn, S. J.; Serbotten, A.; Synstad, B.; Sikorski, P.; Serlie, M.; Varum, K. M.; Eijsink,
V. G. H., Endo/exo mechanism and processivity of family 18 chitinases produced by Serratia
marcescens. FEBS J. 2006, 273 (3), 491-503.

22. Aachmann, F. L.; Serlie, M.; Skjak-Brak, G.; Eijsink, V. G. H.; Vaaje-Kolstad, G.,
NMR structure of a lytic polysaccharide monooxygenase provides insight into copper
binding, protein dynamics, and substrate interactions. Proc. Natl. Acad. Sci. USA 2012, 109
(46), 18779-18784.

23. Sato, T.; Asada, K.; Takeda, M.; Tanno, K., Mechano-chemical synthesis of compound
powders in ZnO-TiO2 system by a new high intensive ball mill. J. Jpn. Soc. Powder. Powder.
Metall. 2006, 53, 62-67.

24, Tanno, K.; Sato, T.; Maruyama, M.; Yamaya, Y.; Fujitaka, H., Basic performance of

19



381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

high speed, high purity and high intensive ball mill. J. Jpn. Soc. Powder. Powder. Metall.
20006, 53, 68-75. .

25. Vaaje-Kolstad, G.; Houston, D. R.; Riemen, A. H. K.; Eijsink, V. G. H.; van Aalten, D.
M. F., Crystal structure and binding properties of the Serratia marcescens chitin-binding
protein CBP21. J. Biol. Chem. 2005, 280 (12), 11313-11319.

26. Vaaje-Kolstad, G.; Horn, S. J.; van Aalten, D. M. F.; Synstad, B.; Eijsink, V. G. H.,
The non-catalytic chitin-binding protein CBP21 from Serratia marcescens is essential for
chitin degradation. J. Biol. Chem. 2005, 280 (31), 28492-28497.

217. Suzuki, K.; Sugawara, N.; Suzuki, M.; Uchiyama, T.; Katouno, F.; Nikaidou, N.;
Watanabe, T., Chitinases A, B, and C1 of Serratia marcescens 2170 produced by recombinant
Escherichia coli: enzymatic properties and synergism on chitin degradation. Biosci.
Biotechnol. Biochem. 2002, 66 (5), 1075-1083.

28. Suzuki, K.; Suzuki, M.; Taiyoji, M.; Nikaidou, N.; Watanabe, T., Chitin binding
protein (CBP21) in the culture supernatant of Serratia marcescens 2170. Biosci. Biotechnol.
Biochem. 1998, 62 (1), 128-135.

29. Carrard, G.; Koivula, A.; Soderlund, H.; Beguin, P., Cellulose-binding domains
promote hydrolysis of different sites on crystalline cellulose. Proc. Natl. Acad. Sci. USA 2000,
97 (19), 10342-10347.

30. Lehtio, J.; Sugiyama, J.; Gustavsson, M.; Fransson, L.; Linder, M.; Teeri, T. T., The
binding specificity and affinity determinants of family 1 and family 3 cellulose binding
modules. Proc. Natl. Acad. Sci. USA 2003, 100 (2), 484-489.

31. McLean, B. W.; Boraston, A. B.; Brouwer, D.; Sanaie, N.; Fyfe, C. A.; Warren, R. A_;
Kilburn, D. G.; Haynes, C. A., Carbohydrate-binding modules recognize fine substructures of

cellulose. J. Biol. Chem. 2002, 277 (52), 50245-50254.

20



406

407

408

409

410

FINANCIAL SUPPORT

Y SN was supported by Grant for a research worker in abroad from Institute of National
College of Technology and Grant-in-Aid for Young Scientists (B) (#22780097). GVK and

VGHE were supported by grants 214138 and 196885 from the Norwegian Research Council.

21



411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

FIGURE CAPTIONS

Figure 1. Properties of milled a-chitin. (A) X-ray diffractograms of samples milled by a
converge mill for 0 (CO0), 5 (C5), 10 (C10) and 30 minutes (C30). (B) FTIR spectra of C2, C5
and C10 (peaks around 2300-2400 indicate CO,; atmosphere). (C) Close-up of the 1620-1678
(cm™) region that represent signals for amide and carbonyl bonds. (D) Close-up of the 900-
1660 (cm™) region of the FTIR spectra of C2 incubated with buffer (control) and C2 treated
1.0 uM CBP21 and 1.0 mM ascorbic acid. Both samples were incubated for 24 h at 37°C

followed by drying at 50°C for 24 h before FTIR analysis.

Figure 2. Degradation of 4.0 mg/ml CO, C2, C5 and C10 with 0.2 uM ChiA (A), -B (B) and -
C (C) in the presence and absence of 1.0 uM CBP21, measured by the release of (GlcNAc)s.
All experiments were conducted in 50 mM ammonium acetate buffer (pH 6.3). When CBP21
was used, 1 mM ascorbic acid was included as an external electron donor. Ascorbic acid did
not alter the activity of the chitinases (results not shown). Error bars indicate standard

deviation (n = 3).

Figure 3. MALDI-TOF analysis of products liberated by CBP21 when incubated with 3-chitin
(A) or C2 (B) in the presence of 1.0 mM ascorbic acid in 20 mM Tris-HCI buffer, pH 8.0.
Oxidized chitooligosaccharides (aldonic acids) are labeled according to their degree of
polymerization (DP). Each product is found in clusters representing sodium and potassium
adducts. Masses observed for both substrates, [M+Na'] and [M+K'] respectively, were 869.2
and 891.2 (DP4ox), 1072.3 and 1094.4 (DP5ox), 1275.3 and 1297.3 (DP6ox). Additional
masses ([M+Na'] and [M+K']) only observed for B-chitin as substrate were 1478.3 and
1500.3 (DP70x), 1681.4 and 1703.4 (DP8ox), 1884.4 and 1906.4 (DP90x) and 2087.5 and

2109.5 (DP100x).
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Figure 4. Synergy of the mono-component S. marcescens chitinolytic enzymes. (A)
Degradation of 4 mg/ml a-chitin by a combination of ChiA, -B and -C (0.6 uM enzyme in
total, 0.2 uM of each enzyme) in the presence and absence of 1 uM CBP21. Evaluation of
enzyme synergy was performed for substrates C2 (B) and C10 (C). The synergy is visualized
by comparing the amount of product formed by ChiA, -B, -C in a one pot reaction (data from
panel A; labeled “ChiA+B+C”) to the sum of product released by the individual chitinases
after 24 h incubation (data from Fig. 2 labeled “ChiA+ChiB+ChiC”), in the presence and

absence of CBP21. Error bars indicate standard deviation (n = 3).

Figure 5. Binding of ChiA, B- and -C and CBP21 to C2 and C10 visualized by SDS-PAGE
analysis. The gel pictures show the purified enzyme before addition of substrate (“C”), protein
left unbound after 1 h incubation at room temperature (“NB”), protein desorbed by reduction
of pH to ~3.2 (“E”), and protein remaining attached to the chitin particles after elution by
acetic acid (“B”; desorbed by boiling the chitin in 20 pL. SDS-PAGE loading buffer for 10

minutes).
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TABLES

Table 1. Property of chitin substrates used in this study.

Milling time Crystallinity d-spacing d-spacing Crystallite ~ Average

(min) index (110)  (110) (nm)  (020) (nm)  size (110) particle size
(%) (nm) (uM)

0 (non-milled) 94 0.46 0.94 7.0 ~2000

2(C2) 93 0.46 0.95 6.6 127

5(C5) 88 0.46 0.95 6.1 43.7

10 (C10) 74 0.47 0.95 5.2 243

30 (C30) 40 0.46 0.98 2.7 20.6
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