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BIOCHEMISTRY

Lytic polysaccharide monooxygenase increases
cellobiohydrolases activity by promoting
decrystallization of cellulose surface

Taku Uchiyama’, Takayuki Uchihashi?3, Takuya Ishida't, Akihiko Nakamura?, Josh V. Vermaas®5,
Michael F. Crowley®, Masahiro Samejima'-7, Gregg T. Beckham?, Kiyohiko Igarashi’-8*

Efficient depolymerization of crystalline cellulose requires cooperation between multiple cellulolytic enzymes.
Through biochemical approaches, molecular dynamics (MD) simulation, and single-molecule observations
using high-speed atomic force microscopy (HS-AFM), we quantify and track synergistic activity for cellobiohy-
drolases (CBHs) with a lytic polysaccharide monooxygenase (LPMO) from Phanerochaete chrysosporium. Increas-
ing concentrations of LPMO (AA9D) increased the activity of a glycoside hydrolase family 6 CBH, Cel6A, whereas
the activity of a family 7 CBH (Cel7D) was enhanced only at lower concentrations of AA9D. MD simulation sug-
gests that the result of AA9D action to produce chain breaks in crystalline cellulose can oxidatively disturb the
crystalline surface by disrupting hydrogen bonds. HS-AFM observations showed that AA9D increased the
number of Cel7D molecules moving on the substrate surface and increased the processivity of Cel7D,
thereby increasing the depolymerization performance, suggesting that AA9D not only generates chain ends
but also amorphizes the crystalline surface, thereby increasing the activity of CBHs.
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INTRODUCTION reaction requires electrons, which can be provided by external re-
Cellulosic biomass is a potential feedstock for sustainable energy  ducing agents (4-7), enzymatic systems such as cellobiose dehydro-
and bio-based material production, and therefore, basic studies of genase (CDH) (8-10), or a photocatalytic system (II). Recent
its enzymatic deconstruction are important for bio-based carbon  studies have suggested that H,O, is a cosubstrate of LPMOs (12).
cycling. Because cellulose is an insoluble crystalline substrate and LPMO activity enhances the activity of glycosyl hydrolytic
is highly recalcitrant to depolymerization, synergistic deconstruc-  enzymes toward highly crystalline substrates that are resistant to cel-
tion by cellulolytic enzymes performing various functions plays a  lulases (13-17) and increases the activity of cellulosic enzyme cock-
key role. Cellulases—namely, cellulolytic glycoside hydrolases tails (18-20). However, some combinations of LPMO and cellulase
(GHs)—can be categorized into cellobiohydrolases (CBHs), endo-  do not show such synergy (14, 16, 17), suggesting that further study
glucanases (EGs), and B-glucosidases (I). Among them, CBHs de-  of the synergy mechanisms between LPMO and GHs merits

polymerize crystalline cellulose by processive hydrolysis along a  attention.

cellulose chain, where successive hydrolysis events can occur The white-rot fungus Phanerochaete chrysosporium degrades all
without enzyme dissociation from the chain. EGs hydrolyze cellu-  plant cell wall components and is among the best-studied fungi as-
lose chains in amorphous regions at internal sites of a cellulose  sociated with woody biomass bioconversion (21). P. chrysosporium
chain, and B-glucosidases hydrolyze cello-oligosaccharides pro-  produces many types of extracellular GHs and oxidative enzymes
duced by CBH and/or EG activities, relieving product inhibition. = (22), and the molecular structures of two CBHs, Cel6A and
Beyond GHs, lytic polysaccharide monooxygenases (LPMOs)  Cel7D, have been solved (23, 24). Furthermore, processive move-
were discovered as a group of oxidative cellulolytic enzymes (2, ments of Cel7D have been visualized by high-speed atomic force
3). LPMOs form a redox couple that catalyzes oxidative cleavage microscopy (HS-AFM) (25). As shown in Fig. 1A, the molecular
of glycosidic bonds and are the main enzymes involved in oxidative  structure of the P. chrysosporium LPMO, AA9D, has also been
boosting of crystalline cellulose degradation. The LPMO-mediated  solved (26), and its biochemical characteristics, strict C-1 hydroxyl
group oxidation specificity, and inability to degrade cello-oligosac-
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and HS-AFM to observe crystalline cellulose degradation by Cel7D
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Fig. 1. AA9D and two cellobiohydrolases. (A) Molecular structure and activity of AA9D and the two cellobiohydrolases. Cel6A and Cel7D degrade cellulose chain from
nonreducing and reducing ends, respectively, which is produced by AA9D. (B) Deconstruction products produced from crystalline cellulose I, (1 mg ml~") by 1 uM
cellobiohydrolases after 60-min reaction with or without 1 uM AA9D. Error bars show the SD of the total concentration of deconstruction products (from three inde-
pendent measurements). (C and E) Time course of cellobiose formation and (D and F) ratio of Glc, + Glc, + Glc,A/Glc + Glc; from crystalline cellulose |,.. Error bars show SD
of data from three independent measurements. In (C) and (D), red circle, Cel6A; green circle, Cel6A with AA9D; in (E) and (F), red circle, Cel7D; green circle, Cel7D

with AA9D.

RESULTS

Synergistic effects of the two CBHs and AA9D

To examine the synergistic effects between cellulases and AA9D,
crystalline cellulose I, was depolymerized by Cel6A or Cel7D in
the presence or absence of AA9D and ascorbate. As shown in
Fig. 1B, product formation by Cel6A or Cel7D with AA9D and
ascorbate was 2.2 and 2.1 times higher than that by Cel6A or
Cel7D alone, respectively. Although AA9D alone produced cello-ol-
igosaccharides, Glc,, Glcs, Glcy, and Glcs, and oxidized cello-oligo-
saccharides, GlcyA, GlcsA, and likely GlcgA, from crystalline
cellulose I, (fig. S1), the total amount of product was small
(9.3 £ 0.4 uM in a 60-min reaction), and AA9D alone without ascor-
bate had no effect on the activity of Cel6A and Cel7D (fig. S2), in-
dicating that AA9D promotes the activity of CBHs via its oxidative
activity, but not via a protein-protein interaction.

As shown in Fig. 1 (C and E) and fig. S3, AA9D enhances
product formation by CBHs from the beginning of the reaction.
Because Glc, is produced mainly through processive hydrolysis,
whereas Glc and Glc; are primary products released at the initial
hydrolysis events in the reaction of CBH, the exo/endo ratio includ-
ing processivity can be estimated as the ratio of Glc,/(Glc + Glc;)
(29). However, in the present case, Glc,A and Glc, are also pro-
duced in the presence of AA9D. The ratio of even/odd
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oligosaccharides was calculated and plotted in Fig. 1 (D and F).
No oxidized cello-oligosaccharide other than Glc,A was detected.
Cel6A and Cel7D showed somewhat different behavior; i.e., the
even/odd ratio gradually increases with time for Cel6A while it
was slightly increased for Cel7D, whereas in the presence of
AA9D, the even/odd ratio gradually decreased with reaction time
for Cel6A but remained slightly increased for Cel7D. The ratio
was above 15 when the CBHs alone were used but was less than
11 for Cel6A (Fig. 1D) and less than 7 for Cel7D (Fig. 1F) in the
presence of AA9D.

Change of deconstruction products with increase of AA9D
concentration

We examined the deconstruction product amounts and the even/
odd products ratio after reaction of AA9D (0.01 to 2.0 pM) and 1
uM Cel6A or Cel7D. As shown in Fig. 2A, increasing AA9D con-
centration increased the amount of deconstruction products in the
case of Cel6A, whereas an increase was observed only at low concen-
trations of AA9D, and addition of AA9D above 0.05 uM had no
further effect in the case of Cel7D (Fig. 2B). As for the even/odd
products ratio, it was almost constant at around 10 in the combina-
tion with Cel6A (Fig. 2C), while in the case of Cel7D, it gradually
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Fig. 2. Synergy between AA9D and the two cellobiohydrolases. (A to C) Concentration dependence of the effect of AA9D on crystalline cellulose |, degradation by the
two cellobiohydrolases. (A) Amount of deconstruction products when Cel6A is combined with AA9D. Deconstruction products generated from crystalline cellulose |, (1
mg ml~") by 1 uM Cel6A after reaction in the presence of 0 to 2 uM AA9D for 60 min. (B) Amount of deconstruction products when Cel7D is combined with AA9D.
Deconstruction products generated from crystalline cellulose I, (1 mg mI~") by 1 uM Cel7D after reaction in the presence of 0 to 2 uM AA9D for 60 min. (C) Ratio of
Glc;, + Gleg + Glc,A/Glc + Gles from crystalline cellulose 1. Red square, 1T uM Cel6A in the presence of 0 to 2 uM AA9D; blue circle, 1 uM Cel7D with 0 to 2 uM AA9D. Error
bars show SD of data from three independent measurements. (D to G) Effect of adding AA9D during the reaction of the two cellobiohydrolases. (D and F) Time course of
cellobiose formation and (E and G) ratio of Glc, + Glc, + Glc,A/Glc + Glcs formed from crystalline cellulose I,. AA9D was added at the time indicated by the black arrow
(reaction time, 90 min). Error bars show SD for data from three independent measurements. In (D) and (E), red circle, 1 uM Cel6A; green circle, 1 uM Cel6A with 2 uM AA9D;
n (F) and (G), red circle, 1 uM Cel7D; green circle, T uM Cel7D with 0.05 uM AA9D.

decreased from 12 to 6 with increasing concentration of
AA9D (Fig. 2C).

The effect of adding AA9D to Cel6A or Cel7D in the middle of
the reaction, i.e., 90 min after initiation of the reaction, was then
tested (Fig. 2, D to G, and fig. S4). Immediately after AA9D addi-
tion, the amount of deconstruction products (mainly Glc,) in-
creased, as shown in Fig. 2 (D and F). Glc,A was formed only
after the addition of AA9D (fig. S4, D and H), and no other oxidized
cello-oligosaccharide was detected. As shown in Fig. 2E, the values
of even/odd ratio for Cel6A with and without AA9D were similar,
while for Cel7D, the ratio dropped from 15 in the absence of AA9D
to about 11 in its presence (Fig. 2G).

MD simulation
The structural impact of AA9D activity on the crystalline cellulose
surface was evaluated by analyzing MD trajectories of intact and
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oxidatively cleaved cellulose surfaces. To prepare a crystalline cellu-
lose surface for analysis, five, six, and seven cello-oligo chains con-
sisting of 14-mer glucose residues were stacked in three layers in the
cellulose I, orientation (fig. S5), in the same manner as in our pre-
vious work (30-32). The middle chain on the crystalline cellulose
surface was modeled as being oxidatively cleaved at the glycosidic
bond between the seventh and eighth Glc, mimicking AA9D activ-
ity, and this structure was compared with the intact chain control
simulation. AA9D oxidizes the C-1 position of the seventh Glc to
form either a glucono-9-lactone or a gluconic acid, depending on
subsequent hydrolysis in solution, and we therefore simulated
both states. Figure 3 and movies S1 to S3 show the MD simulation
results.

The oxidation of the seventh Glc has a substantial impact on the
local cellulose structure. The deviation from the crystal structure
[measured as root mean square deviation (RMSD)], the fluctuation
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Fig. 3. MD simulation of the effect of glycosidic bond cleavage by AA9D on the hydrophobic surface of cellulose. (A to H) Results of simulating RMSD, RMSF, SASA,
and H-bonds when the glycosidic bond between glucose residues 7 and 8 of the third chain is cleaved, indicated by a vertical black line. The vertical axis shows the
number of chains (1 to 5), and the horizontal axis shows the glucose residue at the nonreducing end (NRE) side as 1 and the glucose residue at the reducing end (RE) side
as 14. (A to H) Changes in glycosidic bond cleavage relative to the intact control; (A and B) the time averaged RMSD change for the oxidatively cleaved surface when
compared with the intact chains; (C and D) RMSF change for the oxidatively cleaved surface when compared with the intact chains; (E and F) change in SASA after the
middle chain is oxidatively cleaved. Top panels of (G) and (H) show the change in hydrogen bonds within the cellulose fibrils after oxidative cleavage. Bottom panels of (G)
and (H) quantify the change in hydrogen bonding between cellulose and water molecules on a per-residue basis. (A), (C), (E), and (G) show simulation results when the
seventh residue is glucono-8-lactone, while (B), (D), (F), and (H) show simulation results when the seventh residue is gluconic acid. (I) Snapshots of water molecules near
the central chain for the three tested states. In the intact state, all water molecules (blue, oxygens; white, hydrogens) can access the primary surface. For clarity, only the
central chain (yellow, carbons; red, oxygens; white hydrogens) and water molecules within 4 A of this chain are shown. Some water molecules end the MD simulation

underneath the original surface and are highlighted by a dashed pink oval.

[measured as root mean square fluctuation (RMSF)], and the
solvent-accessible surface area (SASA) are all increased adjacent
to the bond cleavage site, as compared with the intact crystal struc-
ture (Fig. 3, A to F, and movies S2 and S3).

In the 1-us MD trajectory, the identity of the most exposed chain
depends on the oxidation chemistry. When the seventh Glc is trans-
formed to glucono-6-lactone, the eighth Glc nonreducing end chain
is exposed on the hydrophobic surface (Fig. 3, A, C, and E, and
movie S2). Conversely, when the seventh Glc residue is transformed
to gluconic acid, the gluconic acid on the reducing end chain is
exposed on the hydrophobic surface (Fig. 3, B, D, and F, and
movie S3).

Next, we calculated the change in the amount of hydrogen bonds
of Glc residues forming the hydrophobic surface (Fig. 3, G and H).
MD analysis indicated that when the seventh residue is glucono-§-
lactone, hydrogen bonding between the eighth Glc residue and
other Glc residues constituting the cellulose surface is decreased,
while hydrogen bonding with water is increased (Fig. 3G).
However, when the seventh residue is gluconic acid (Fig. 3H),

Uchiyama et al., Sci. Adv. 8, eade5155 (2022) 23 December 2022

little change is observed in the hydrogen bonds between the cellu-
lose chains, while the hydrogen bonds between the seventh and
eighth residues and water are increased. Figure 31 shows snapshots
of intact cellulose chain and the chain attacked by AA9D, as well as
free water molecules around them. It can be seen that more water
molecules are attracted to the newly formed chain ends compared to
the intact chain. In addition, the presence of water molecules that
penetrate between the newly formed ends and crystalline cellulose
surface was simulated. Thus, the MD analysis indicates that cleavage
of the glycosidic bond by AA9D attracts water molecules onto the
hydrophobic surface of crystalline cellulose, solvating cellulose
chains, and exposing them to the solution. Furthermore, it is con-
sidered that water molecules penetrate between the newly formed
chain terminals and the crystalline cellulose surface, disturb hydro-
gen bonds, and promote cellulose surface decrystallization.
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Fig. 4. HS-AFM images of Cel7D. Positions of Cel7D molecules are indicated by
magenta arrowheads. (A) Real-time observation of crystalline cellulose I, incubat-
ed with 1 uM Cel7D by means of HS-AFM. The time interval between imagesis 0.3 s
(200 x 100 nm?, 120 x 60 pixels). (B) Crystalline cellulose |, before enzyme addi-
tion. (C) Image at 4.5 min after the addition of Cel7D. (D and E) Images at 15.0 min
(D) and 27.0 min (E) after the addition of 0.5 uM AA9D following incubation with
Cel7D. The degradation of crystalline cellulose I, by Cel7D and AA9D increased
with increasing reaction time.

HS-AFM observation of synergistic interaction of Cel7D

and AA9D

As shown in Fig. 4A, unidirectional movement of Cel7D molecules
on the surface of crystalline cellulose I, was observed by HS-AFM,
while such moving molecules could not be observed in the case of
Cel6A, possibly because of its low degree of processivity (33).

Moreover, in the case of AA9D, even adsorbed molecules on the
cellulose surface could not be observed. When Cel7D was loaded
alone, the molecules mainly moved in a specific part of the substrate
as shown in Fig. 4C and movie S4, upper panel. In movie $4, , mol-
ecules with processive movement were observed mainly on the
lateral side of the cellulose fiber. However, after addition of
AA9D, the number of Cel7D molecules moving on the surface of
cellulose I, apparently increased, and the molecules moved over
more diverse sites on the surface of cellulose I, as shown in Fig. 4
(D and E) and movie S4, lower panel. In movie S4, lower panel, ob-
served molecules move not only on the side of the cellulose fiber but
also in the center.

The movement of Cel7D molecules before and after the addition
of AA9D was then analyzed statistically (fig. S6) and the obtained
parameters are listed in Table 1.

Figure S6C shows a histogram of the velocities of Cel7D (n = 89),
exhibiting a Gaussian distribution with a mean + SD 0f 9.4 £ 4.1 nm
s™'. Figure S6E shows a histogram of the distribution of the duration
of movement of Cel7D molecules; the time constant + SE was
0.4 £ 0.1 s. From the velocity and the time constant, the processivity
of Cel7D for cellulose I, was estimated to be 4.04 successive

Uchiyama et al., Sci. Adv. 8, eade5155 (2022) 23 December 2022

reactions, taking the length of the cellobiose repeating unit as 1.0
nm in crystalline cellulose (34). We also analyzed the molecular
movements of Cel7D in the presence of AA9ID and estimated the
kinetic parameters. Figure S6B shows the time courses for Cel7D
(n = 314), indicating that Cel7D molecules were mobile for longer
in the presence of AA9D than in its absence (fig. S6A). The veloc-
ities of Cel7D molecules showed a Gaussian distribution with a
mean + SD of 9.4 + 3.3 nm s™, which is the same as the velocity
of Cel7D alone (fig. S6D). However, as shown in fig. S6F, the
time constant + SE of the duration of Cel7D molecules on the
surface was 1.5 + 0.2 s, corresponding to 14.4 reactions, which is
3.6 times longer than in the absence of AA9D. On the basis of the
HS-AFM observations, we analyzed whether there is a difference in
the amount of Cel7D adsorbed on cellulose I, before and after the
addition of AA9D (Fig. 5).

After the addition of Cel7D, the count was started from the point
where the molecules were adsorbed for 0.6 s (two frames of HS-
AFM images) or longer on a section of the cellulose surface
(Fig. 5A; one section is 140 nm by 60 nm). The number of Cel7D
molecules adsorbed was counted before and after the addition of
AA9D, 383.1 s after the start time (Fig. 5B). In addition, to
confirm that the suspending action did not affect Cel7D adsorption
onto the substrate, we carried out mixing by a micropipette (after
190.2 to 217.8 s from the start) during the observation when
Cel7D was added alone. AA9D was added at 383.1 to 406.2 s after
the start of the reaction. Figure 5B shows the numbers of Cel7D
molecules adsorbed on a section of the cellulose surface at every
0.3 s from the start of the reaction until 761.1 s. As shown in
Fig. 5C, Cel7D molecules adhered to a limited area on the cellulose
surface before the addition of AA9D, possibly attacking preexisting
chain ends. However, after the addition of AA9D, more adhesion
sites were observed over the cellulose surface (Fig. 5D). The
average number of Cel7D molecules adsorbed on the substrate
from the start to 189.6 s was 0.023 molecules nm™2 s~'. The
average number of Cel7D molecules adsorbed on the substrate
surface for 164.7 s from the mixing to before the addition of
AA9D was 0.020 molecules nm~2 s~!. Thus, the suspending
action itself has essentially no effect on the adsorption rate of
Cel7D molecules on the substrate. However, the average number
of Cel7D molecules adsorbed on the substrate surface at 354.6 s
after the addition of AA9D was 0.042 molecules nm™2 s™'. Thus,
the number of adsorbed Cel7D molecules was doubled by the addi-
tion of AA9D. The number of Cel7D molecules that showed proc-
essive reaction also increased from 89 to 156 before and after the
addition of AA9D. Moreover, the processivity of Cel7D increased
after the addition of AA9D (Table 1), suggesting that more Cel7D
molecules remained on the cellulose surface for a longer period of
time. These results suggested that the activity of AA9D not only en-
hances the processivity of Cel7D but also generates a substrate
surface on which Cel7D is more easily adsorbed.

DISCUSSION

In the present study, we tested the synergistic effect of degradation
of crystalline cellulose I, by AA9D and Cel7D or Cel6A, all from the
wood-rotting fungus P. chrysosporium. When the amount of AA9D
was increased, the amount of deconstruction products generated by
Cel6A was clearly increased, while the even/odd products ratio re-
mained almost constant (Fig. 2, A and C). This is presumably
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Table 1. Comparison of statistical parameters of Cel7D and Cel7D with AA9D.

Enzyme(s) Dissociation rate Half-life of Average velocity Calculated processivity (number of
constant (s~')* movement (s)t (nm s~ ")# reactions)

Cel7D 1.61 +0.23 04 +0.1 94 +4.1 4.04

Cel7D 0.46 = 0.06 1.5+£0.2 94 +33 14.4

with AA9D

*The values are rate constant + SE of the fitting with exponential decay.
values are means + SD for a Gaussian distribution.

because the Cl1-oxidizing activity of AA9D increases the activity of
Cel6A by producing newly formed nonreducing ends. In the case of
Cel7D, addition of AA9D also enhanced Cel7D activity by 1.8-fold
compared to that without AA9D (Fig. 2B). However, the amount of
deconstruction products did not increase when the concentration of
AA9D was further increased. In addition, the even/odd products
ratio, an indicator of exo/endo ratio and processivity (Fig. 2C),
was markedly decreased for Cel7D, which should be due to a differ-
ence in the effect of oxidation of the C-1 hydroxyl group on the two
CBHs. However, the increased activity of both enzymes at low con-
centrations of LPMO without formation of oxidative products
cannot be well explained simply in terms of an increase in the
number of chain ends.

There are several reports indicating that LPMO oxidation of the
Glc C-1 hydroxyl group shows little or no synergy with GH7 CBH
activity. Zhou et al. (16) tested the synergies between LPMO from
Mpyceliophthora thermophila (MtLPMOYL) and GH7 CBH from
Trichoderma longibrachiatum or GH6 CBH using phosphoric
acid—swollen cellulose (PASC) and Avicel as substrates and found
no synergy in the combination of MfLPMO9L and GH7 CBH for
Avicel degradation; apparent synergy was observed only at a ratio of
LPMO:CBH = 1:10 for PASC degradation. At a ratio of 10:1, activity
toward both Avicel and PASC was reduced. However, synergies
were observed toward both Avicel and PASC when Mt{LPMO9L
and GH6 CBH were mixed at a ratio of 10:1. Tokin et al. (17) exam-
ined synergism of three LPMOs (TaAA9A from Thermoascus aur-
antiacus, LsAA9A from Lentinus similis, and TtAA9E from
Thielavia terrestris) with two CBHs from Trichoderma reesei
(TrCel6A and TrCel7A) for deconstruction of PASC or Avicel.
When LPMOs oxidizing both C-1/C-4 hydroxyl groups (TaAA9A
and LsAA9A) were used, synergies were found with TrCel6A and
TrCel7A for both PASC and Avicel degradation. However,
TtAA9E, which oxidizes the C-1 hydroxyl group of Glc, showed
synergism only with TrCel6A; the activity of TrCel7A remained
the same or was reduced in the presence of TtAA9E. These
reports indicate that the combination of LPMO oxidizing the C-1
hydroxyl group and GH7 CBHs has only a limited effect on cellu-
lose degradation, whereas the combination of LPMO and GH6
CBHs exhibits synergistically increased activity. It should be
noted that our study and the other reports differ in the substrate
used to examine the synergistic effects of CBHs and LPMO.

The results obtained in this work with Cel7D and AA9D are in
contrast to the previous finding that the activity of TrCel7A was de-
creased by LPMO-mediated oxidation of the C-1 hydroxyl group
(17). In a previous study, HS-AFM observations revealed that
TrCel7A shows stronger processivity than Cel7D, probably due to
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tThe values are time constant + SE of the fitting with exponential decay.

iThe

the extended loop covering the active cleft in TrCel7A (25). The
action of TrCel7A, which exhibits a high degree of processivity, is
hindered by LPMO oxidizing the C-1 hydroxyl group, while Cel7D,
which has lower processivity than TrCel7A, is not inhibited but
shows endo-initiation activity, and consequently, there is no de-
crease in total depolymerization activity, as shown in Fig. 2 (B
and C). Considering the results of prior MD studies, which indicat-
ed that the processive movement of TrCel7A is inhibited when the
reducing end of the cellulose chain is oxidized to gluconic acid (32),
as well as our previous report that oxidation of the C-1 hydroxyl
group in cellobiose by CDH relieves product inhibition of Cel7D
(35), we hypothesize that oxidation of the reducing end inhibits
the process of loading the substrate chain into the active site and/
or processive movement of the catalytic domain during hydrolysis
of GH7 CBHs. In contrast, GH6 CBHs start their reaction at the
nonreducing end of the cellulose chain. Because AA9D activity
exposes unmodified glucose residues at the nonreducing end,
AA9D may directly lead to increased accessibility of cellulose
chains to GH6 CBHs. Christensen et al. (36) reported that the asso-
ciation (k,,,) and dissociation (k) constants of TrCel6A are 20 to
50 times higher than those of TrCel7A, supporting the idea that
Cel6A attacks sites generated by the oxidation more effectively
than does Cel7D.

The MD simulation indicates that oxidation by AA9D results in
exposure of the nonreducing-end Glc residue or the reducing-end
residue on the surface depending on the terminal structure, namely,
glucono-8-lactone or gluconic acid, respectively. The oxidative
cleavage not only increases the solvation of the newly generated
chain ends but also disturbs the crystalline cellulose surface by dis-
rupting hydrogen bonds, which likely promotes cellulose hydrolysis
by CBHs. We have also previously succeeded in visualizing cellulase
molecules on the surface of crystalline cellulose I, by means of HS-
AFM (37), and therefore, we applied this technique to visualize the
synergistic action of Cel7D and AA9D. The number of observed
Cel7D molecules increased after the addition of a low concentration
of AA9D, indicating that AA9D creates more access points for
Cel7D on the substrate surface. Eibinger et al. (38) proposed that
oxidation of the C-1 hydroxyl group by LPMO increases the
amount of TrCel7A molecules adsorbed on a crystalline cellulose
surface and increases their processivity. We statistically analyzed
the present observations, and the results established that move-
ments of Cel7D molecules on the substrate surface are longer in
the presence of AA9D (Table 1 and fig. S6). The greater half-life
of movement of Cel7D in the presence of AA9D indicate that the
substrate surface is more susceptible to attack by Cel7D, and the cel-
lulose chain is more easily retained in the active site tunnel.
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Fig. 5. Synergistic action of Cel7D and AA9D from P. chrysosporium in degrading crystalline cellulose I,. (A) Counting area of the crystalline cellulose I, surface
observed by HS-AFM. (B) Real-time observation of the number of Cel7D molecules attached to and detached from the surface of cellulose I,. Reaction by 1 uM Cel7D. The
mixing is indicated by the gray background. Arrow “c" is the point at which the image (C) was obtained. At 380 s after the start of counting, 0.5 uM AA9D was added and
mixed; the timing is indicated by a gray background. Arrow “d" is the point at which image (D) was obtained. (C) Image containing the most molecules in the counting
area in the presence of Cel7D alone. Positions of Cel7D molecules are marked by magenta arrowheads. This image is taken from movie S4, upper panel. (D) Image
containing the most molecules in the counting area in the presence of Cel7D with AA9D. Positions of Cel7D molecules are marked by magenta arrowheads. This
image is taken from movie S4, lower panel. (E) Synergistic mechanism of cellulolytic activity of Cel7D and AA9D. AA9D acts on crystalline cellulose to generate more
cellulose chain ends and Cel7D conducts processive reaction from these chain ends. In addition, the chain ends generated by AA9D activity attract water molecules onto

the hydrophobic surface of cellulose and thereby increase the endo-type reaction of Cel7D to promote cellulase activity. These two functions of AA9D synergistically

promote the cellulolytic reaction of Cel7D.

The biochemical experiments revealed that the addition of
AA9D enhanced the “velocity of product formation,” which takes
account of processivity and the endo/exo ratio, by Cel7D. Although
an endo-type reaction could not be distinguished by HS-AFM,
AA9D enhances the processivity of Cel7D, while the even/odd
ratio is lowered by AA9D, indicating an increased likelihood of
endo-type reaction of Cel7D. The increased endo activity indicates
that the activity of AA9D not only creates cellulose chain terminals
by oxidation but also modifies the cellulose surface.

On the basis of the MD analysis and the experimental results, we
propose a mechanistic model for synergistic degradation of crystal-
line cellulose by AA9D and Cel7D (Fig. 5E). AA9D adsorbed on the
hydrophobic surface of crystalline cellulose cleaves the glycosidic
bonds within cellulose chains on the surface. Glc at the nonreducing
end or gluconic acid at the reducing end is exposed at the cleaved
site, and water molecules solvate residues near the cleavage site.
After spontaneous hydrolysis of glucono-§-lactone to gluconic
acid, Cel7D captures exposed gluconic acid residues and initiates
processive hydrolysis. If Cel6A arrives before glucono-§-lactone
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hydrolysis, the enzyme would find an exposed nonreducing chain
end suitable for processive hydrolysis. Furthermore, the existence
of water molecules that penetrate between the newly formed termi-
nal and the crystalline cellulose has been predicted, and it is consid-
ered that such water molecules would promote decrystallization of
the surface of the crystalline cellulose, making it more vulnerable to
attack by CBHs. The decrystallized surface hinders the processive
action of CBHs, but if the endo activity of CBHs is sufficient, the
CBHs generate chain ends and create more decomposable surfaces
on their own.

The LPMO examined in the present study, AA9D, is classified as
a monooxygenase oxidizing the C-1 hydroxyl group of Glc, but
there are also LPMOs able to oxidize the C-4 hydroxyl group (39)
and both C-1/C-4 hydroxyl groups (40). Thus, the synergy between
LPMOs and CBHs may change depending on the precise combina-
tion of enzymes. To date, there are few reports on the synergistic
effects of LPMO and EG (41, 42), warranting further research to
develop LPMOs as enzymes for enhancing the degradability of in-
soluble polysaccharides.
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MATERIALS AND METHODS

Materials

Crystalline cellulose I, was prepared from green algae Cladophora
spp. according to the reported method (28). Cello-oligosaccharides
were acquired from Seikagaku Kogyo. Calcium cellobionate was
purchased from ICN Biomedicals.

Expression and purification of AA9D, Cel6A, and Cel7D
from P. chrysosporium

Expression and purification of recombinant AA9D were carried out
as described previously (26). Cel6A was a purified recombinant
enzyme preparation from Pichia pastoris (43). Cel7D was purified
from the supernatant of P. chrysosporium strain K-3 grown on
Kremer and Wood medium containing 2% cellulose as the sole
carbon source as described previously (25).

Enzyme assay

Enzyme activity toward crystalline cellulose I, was determined in a
150-pl reaction mixture containing 50 mM sodium acetate buffer
(pH 5.0), 1.0 mM ascorbate, substrate (1.0 mg ml™!), and a desig-
nated concentration (micromolar) of enzyme at 35°C. The reaction
was stopped by heating the sample to 98°C for 5 min. Deconstruc-
tion products formed from cellulose I, were separated from the re-
action mixture by using a 0.22-um Durapore polyvinylidene
difluoride membrane filter (MultiScreen 15-GV, Merck Millipore)
and were analyzed by high-performance liquid chromatography
(LC-2000 series, Jasco) using a Corona-charged aerosol detector
(Corona CAD, ESA Biosciences) and a prepacked Shodex Asahipak
NH2P-50 column (4.6 by 250 mm, Showa Denko K. K.). The eluent
was 50 mM CH;COO(NH,) (pH 6.0), containing a linear gradient
of CH3CN from 60 to 55% for 5 min, fixed at 55% for 3 min, fixed at
25% for 20 min, and fixed at 60% for 5 min. The column was kept at
40°C and eluted at 1.0 ml min~!. Glucose (Glc), cellobiose (Glc,),
cellotriose (Glcs), cellotetraose (Glc,), cellopentaose (Glcs), and cel-
lobionic acid (Glc,A) were identified and quantitated by comparing
the retention times and peak areas with those of authentic stan-
dards. Cellotrionic acid (Glc;A), cellotetraonic acid (GlcyA), and
cellopentaonic acid (GlcsA) were identified by comparing the reten-
tion times with those of CDH-treated cello-oligosaccharides (44).
AA9D addition during the reaction of CBHs was performed as
follows. Add the remaining 1.5 pl to prepare a 150-ul reaction sol-
ution that will give a final concentration of 1.0 mg ml™" substrate,
1.0 uM Cel6A or Cel7D, 50 mM sodium acetate buffer (pH 5.0), and
1.0 mM ascorbate, which was incubated at 35°C for 90 min. Then,
1.5 pl of AA9D (to a final concentration of 2.0 uM for Cel6A or 0.05
uM for Cel7D) or water was added and incubated for each time. The
reaction was stopped by heating the sample to 98°C for 5 min. For
the reaction solution before 90-min incubation, incubating 148.5-ul
of reaction mixture until each time then the reaction was stopped at
98°C for 5 min, and 1.5 ul of water was added to prepare a 150-ul
reaction solution.

HS-AFM observation

Moving molecules of Cel7D were observed by HS-AFM, similar to
previous reports (25, 33, 37, 45-47). A suspension (1 mg ml™!) of
highly crystalline cellulose I, was dropped on a highly oriented py-
rolytic graphite stage and incubated at 25°C for 10 min. The stage
was rinsed with 50 mM sodium acetate buffer (pH 5.0) and 1 mM

Uchiyama et al., Sci. Adv. 8, eade5155 (2022) 23 December 2022

ascorbate to remove unbound cellulose I, and set on the instrument,
and then 78 pl of the same buffer was added, followed by 2 pl of 40
uM Cel7D solution. We analyzed molecules whose movement
started and ended in the observation area. When AA9D was includ-
ed, 2 ul of 20 uM AA9D was added to the system.

For statistical analysis of the moving velocities of individual
Cel7D molecules, semi-automatic tracking of each molecule on
the kymograph was carried out (33, 47). The moving velocities of
cellulase molecules were obtained by IGOR Pro 6 (WaveMetrics,
Portland, OR) and fitted to a Gaussian distribution. Histogram
data were tested for normality using the Shapiro-Wilk test
(Prism7, GraphPad). Values satisfied the Shapiro-Wilk test, con-
firming a normal distribution (P > 0.05). Adsorption times of mol-
ecules were calculated from the number of frames in which the
molecules were observed. The plots of numbers of molecules in
each range of adsorption time were fitted by a single exponential
function, and a time constant was estimated (25, 33, 47).

The time course of the number of Cel7D molecules attached to
the surface of cellulose I, was determined as follows. The number of
molecules adhering to the surface was determined every 0.3 s. Mol-
ecules remaining for 0.6 s or more were counted as adsorbed. Mol-
ecules that disappeared in 0.3 s were considered nonadsorbed and
were not counted. The time when Cel7D was added and the first
molecule remained for 0.6 s or more was used as the starting
point for counting the adsorbed molecules of Cel7D alone. Then,
AA9D was added, and the time at which a molecule remained for
0.6 s or more was similarly set as the starting point for counting ad-
sorbed molecules of Cel7D in the presence of AAID.

MD simulation

Three simulation systems were prepared to study cellulose structure
after oxidative cellulose cleavage by LPMOs, following strategies
outlined in our previous work on polysaccharide decrystallization
(30-32, 48), using partial cellulose microfibrils solvated in explicit
water. In one system, which served as the control, all cellulose fibrils
remain intact. Two additional simulations were prepared where the
crystalline cellulose was oxidatively cut, leaving either a glucono-§-
lactone or gluconic acid exposed on the reducing end of the newly
exposed chain termini, as shown in fig. S5. Both potential cleavages
represent alternative reducing-end oxidations possible after LPMO
action. To provide an accurate environment for the cut chain, addi-
tional cellulose layers were included within the simulation to
monitor their fluctuations. The initial cellulose structure was
taken from previously equilibrated structures. To reduce simulation
cost, only three layers of cellulose were included, with the cellulose
at the fibril midplane restrained in space through 1 kcal mol~! A~2
harmonic restraints applied to the glucose rings. To emulate a
longer cellulose crystal, chain ends at residues 1 and 14 were also
restrained via 1 kcal mol™! A~2 harmonic restraints applied to
glucose ring atoms.

The three systems were simulated for 1000 ns using NAMD 2.13
(49) with the CHARMMS36 force field for carbohydrates (50) and
water (51), using previously parameterized force fields for oxidized
cellulose (32). The simulations were performed in the NPT ensem-
ble, using a Langevin thermostat (52) and barostat (53) to maintain
298 K and 1 atm, respectively. The RATTLE algorithm (54) was
applied to hydrogens to enable 2-fs time steps. Particle mesh
Ewald with 1.2 A spacing was applied to compute long-range elec-
trostatics (55), while VDW and short-range electrostatics were
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switched at 10 A and cutoff at 12 A. The trajectories were analyzed
using python-enabled VMD 1.9.3 (56), leveraging NumPy (57) and
matplotlib (58) libraries for plotting and analysis.

Supplementary Materials
This PDF file includes:
Figs. S1 to S6

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S4

View/request a protocol for this paper from Bio-protocol.
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