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ABSTRACT: Biological deconstruction of polymer materials gains
efficiency from the spatiotemporally coordinated action of enzymes
with synergetic function in polymer chain depolymerization. To
perpetuate enzyme synergy on a solid substrate undergoing
deconstruction, the overall attack must alternate between focusing
the individual enzymes locally and dissipating them again to other
surface sites. Natural cellulas'es working as multienzylrm'e complexes Cellulases on cellulose
assembled on a scaffold protein (the cellulosome) maximize the effect

of local concentration yet restrain the dispersion of individual

enzymes. Here, with evidence from real-time atomic force ;
microscopy to track nanoscale deconstruction of single cellulose

fibers, we show that the cellulosome forces the fiber degradation into

the transversal direction, to produce smaller fragments from multiple local attacks (“cuts”). Noncomplexed enzymes, as in fungal
cellulases or obtained by dissociating the cellulosome, release the confining force so that fiber degradation proceeds laterally,
observed as directed ablation of surface fibrils and leading to whole fiber “thinning”. Processive cellulases that are enabled to freely
disperse evoke the lateral degradation and determine its efficiency. Our results suggest that among natural cellulases, the dispersed
enzymes are more generally and globally effective in depolymerization, while the cellulosome represents a specialized, fiber-
fragmenting machinery.

o

KEYWORDS: polymer deconstruction, cellulose, complexed and noncomplexed cellulases, enzyme assembly, enzyme synergy,
processive depolymerization

B INTRODUCTION deconstruction of the plastics exploits the synergy between two

13,14,16,17

Biochemical upgrading of polymer materials in natural residues
and polluting wastes represents a central element of the
transition to a sustainable bioeconomy.'™* Upgrading usually
involves, as a first step, the deconstruction of the solid polymer
substrate via catalytic depolymerization of the polymer chains
into the soluble monomers.”™® By virtue of its selectivity and
the benign conditions used, biological (enzyme-catalyzed)
depolymerization is widely regarded as the preferred option for
material deconstruction, as opposed to alternative(s) from
pure chemistry.® Biological deconstruction relies on coopera-
tive catalysis by multienzyme systems as a common
mechanistic principle. The principle is exemplified on a large
variety of biomaterials built from hydrolyzable polymer chains
(e.%., polysaccharides,”™"" structural proteins,'” polyest-
ers' "'¥2719) In all cases, the material deconstruction gains
efficiency from the spatiotemporally coordinated action of
different enzymes with synergetic function in polymer chain
depolymerization.'”'® Typically, a set of chain end-cleavin

and internally chain-cleaving hydrolases act in synergy.”'

Even in xenobiotic materials such as polyethylene tereph-
thalate, the naturally evolved enzyme system for biological
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hydrolases.

On soluble polymer substrates, there is hardly any structural
restriction for enzymes to synergize. However, most polymer
materials are solid. Their nanoscale morphology typically
shows ordered (crystalline) phases interspersed with regions of
irregular structure.'®™>® Spatial irregularities result from
orientational and directional disorder in polymer chain
organization into solid material.”*~*” Only a limited fraction
of the enzyme-accessible external surface is usually available for
polymer chain cleavage by the individual types of hydro-
lases.”* > For an enzyme system confined to working at the
surface of such solids, there thus arises the fundamental
challenge of a locally focused usage of enzyme synergy.
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Figure 1. AFM characterization of bacterial cellulose. (A, B) AFM height image of (A) multiple fibers adsorbed on HOPG and (B) an isolated fiber
bundle showing multiple twists (encircled in green) and an unwound region (encircled in white). An expanded view on the highlighted areas
(colored rectangles) in panel A is shown in panel E. (C, D) AFM height (left) and phase images (right) of a close-up region of the fiber to reveal
the fibrillar substructure. In panel C, some fibrils exhibit dislocations (lower-left blue arrow) or end internally (upper-right blue arrow). In panel D,
a regular pattern of structural defects (less well-ordered regions of the cellulose, seen as darker areas in the phase images) is identified. These
defects occur even in the absence of a discernible feature in the height channel (pink circle). Their regular spacing suggests structural connection
with the fiber twist. (E) Peak force tapping also confirmed a somewhat regular alternating appearance of nanodomains with higher/lower
deformation under force load. The upper left image is a zoomed and rescaled height image (taken from panel A) to allow an easier viewing. Note
that calibration for peak force was performed on HOPG. (F) Schematic representation of a fiber adsorbed on HOPG. Scale bars are 250 nm (A, B)
and 100 nm (C, D, E). The false color scales used throughout the images are shown in panel A. Height (nm), phase (deg), and deformation (nm)
ranges were 42 nm (A), 45 nm (B), 80 nm/16° (C), 15 nm/24° (D), 10 nm/3 nm deformation (E, upper panel), and 15 nm deformation (E,

lower panel).

Moreover, there is the additional challenge of perpetuation of
enzyme synergy as the solid surface evolves because of the
substrate’s ongoing deconstruction. Generally, the overall
enzyme attack would thus be expected to consist in dynamical
cycles of local concentration and dispersion of the individual
enzymes.”' The concentration benefits enzyme synergy
momentarily, while dispersion is necessary to maintain it, by
enabling the enzymes to access fresh “chain attack” sites on the
surface.””*” Besides desorption and readsorption, dispersion
involves molecular diffusion as well as directed movement on
the solid surface. As concentration and dispersion are opposing
processes, their spatiotemporal coordination is crucial. Little is
known about how enzyme systems steer the attack cycles of
their individual synergetic activities for eflicient interfacial
(solid surface-directed) catalysis to substrate chain depolyme-
rization.

The abundant biomaterial cellulose has been the center of
attention for decades because of its enzymatic deconstruction
into glucose and further upgrading into fuels and chem-
icals.””** Natural hydrolase systems for cellulose deconstruc-
tion (cellulases) reflect in their molecular organization the two
opposing extremes of the concentration—dispersion cycle of
synergetic enzyme attack on a solid substrate (Figure S1). The
cellulosome, found in select anaerobic bacteria and fungi,34’35
is a large protein complex that has multiple enzymatic subunits
assembled on a flexible scaffold protein (Figure S1A).>**" The

cellulases of cellulose-degrading fungi are ensembles of
individual enzyme molecules (Figure S1B).'” In placing
enzymes of synergetic function in close spatial proximity, the
cellulosome maximizes the effect of local concentration.’**
Complexation on the other hand restricts dispersion of the
enzymes. The cellulase ensembles, in contrast, enable free
dispersion of enzymes®” but lack the force from complexation
to promote local concentration.”” The idea inspired by the
cellulosome, that molecular proximity can leverage synergizing
enzymes to improved efliciency, is supported from evidence on
engineered enzyme complexes, the so-called designer cellulo-
somes,"”"" and multienzymatic fusion proteins.””~** The
assembled/covalently linked enzymes are generally reported
as more active in substrate hydrolysis (cellulose™*****” but
also other materials including plastics'”*®) than the corre-
sponding mixture of the disassembled/separated enzymatic
units. However, with natural and engineered cellulase systems
alike, we lack mechanistic understanding of how activity in
multienzyme complexes directs the nanoscale deconstruction
of the cellulosic substrate in comparison to activity of a
dispersed ensemble of the same or relevantly similar enzymes.
Only with this fundamental knowledge will it become possible
to assess enzyme assembly into complexes with respect to
intensifying the cellulose degradation. Deepened insight
obtained for the cellulases may inform enzymatic degradation
of solid substrates in general.
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Figure 2. Cellulose fiber deconstruction by the cellulosome. (A) Time-lapse AFM height images taken from Movie S1 showing fiber deconstruction
by the cellulosome to proceed via localized cuts into fibrils (framed in orange and white) that destabilize the overall fiber architecture and lead to
whole fiber fragmentation. (B) AFM height (left, right) and amplitude (center) images taken from Movie S1 showing a single cellulosome (circled
in orange) adsorbed on a cellulose fibril. After its dissociation, the cellulosome leaves behind a cavity (also circled in orange) due to the material
removed underneath. (C) Time-lapse AFM height images taken from Movie S2 showing that fibrils attacked by cellulosomes can become “mobile”
due to release from the fibril composite (indicated by a distorted shape, orange rectangle) and are subsequently removed by the AFM tip, with
details shown in Movie S2. (D) Time course of volume loss during fiber degradation by the cellulosome (prominent steps are highlighted in gray).
(E) Schematic representation of cellulosomal fiber deconstruction. Scale bars are SO nm. The false color scale used throughout the images is shown
in panel A. Height (nm) and amplitude (V) ranges were 30 nm (A), 15 nm/5 V (B), and 40 nm (C).

Here, we developed an advanced experimental framework to
characterize cellulase synergetic activity in terms of the
nanoscale deconstruction work done on solid material. The
methodology solves a fundamental dilemma regarding the
cellulose substrate applied in such an inquiry. The substrate
should be representative of the fiber morphology of natural
celluloses, yet it must feature a well-defined nanoarchitecture
to enable continuous (real-time) tracking of enzymatically
caused deconstruction events at high (~1 nm) spatial
resolution. Struggling with exactly this dilemma, earlier studies
of related purport** ™" and our own®***~>* were limited in the
scope of observation and interpretation. Although instrumental
to unravel the single-molecule behavior of certain cellulases,
near-perfect crystallites”*® of cellulose lack “amorphous
domains”, that is, areas of organizational disorder of the
polysaccharide chains.'”*"***”*” Such amorphous domains
represent recurrent features of nanostructure distinctive of
natural cellulose fibrils.”**” The crystallites therefore represent
only partial substrates for cellulase multienzyme systems and
have limited purview for assessing synergy between individual
enzyme types in substrate deconstruction. We show that single
fibers (bundles of microfibrils) of bacterial cellulose,”®!

released carefully from the fiber network of the native material,

met the challenging functional-analytical requirements of
investigation comprehensively. Employing this dedicated
substrate preparation in a combined atomic force microscopy
(AFM) and biochemical study, we succeeded in obtaining
evidence that clarifies the role of cellulase complexation in
natural deconstruction.

B RESULTS

Single-Fiber Cellulose Substrate. Cellulose substrate
pertinent to the mechanistic inquiry was prepared from
bacterial (Acetobacter xylinum) cellulose. Single cellulose fibers
were released by controlled ultrasonication from the three-
dimensional network of fibers synthesized by the bacteria
(Figure S2). For AFM analysis, an appropriately diluted
suspension of the sonicated cellulose was adsorbed on the
surface of highly oriented pyrolytic graphite (HOPG) (Figure
1A,D; Figure S2). The single fibers are ~1 ym long bundles of
regularly twisted (1—2 twists/um) and strongly intertwined
cellulose fibrils, as shown in Figure 1B. They exhibit a right-
handed chirality (Figure S3), with this, a similarity in
supramolecular chirality with plant-derived nanocelluloses is
noted.”” Data from X-ray diffraction show the fibrils to be of
high (>90%) bulk crystallinity and to exhibit natural cellulose
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Figure 3. Cellulose fiber deconstruction by dispersed cellulases. (A, B, C) Time-lapse AFM height images taken from Movies S3 (A) and S4 (B, C)
showing fiber deconstruction (green frame) by free cellulases to proceed via longitudinal thinning, due to directed ablation of surface fibrils
(indicated with arrows). An expanded view on the highlighted area (yellow rectangle) in panel B is shown in panel C. Different fibrils from the
same fiber in panels B and C are degraded in opposite direction. (D) Time course of volume loss during fiber degradation by dispersed cellulases.
(E) The pattern, that individual fibrils are degraded unidirectionally but different fibrils can be degraded in opposite direction of the fiber’s length
axis, remains in experiments with purified enzymes (Cel7A, Cel7B) but lacking the alternate cellobiohydrolase Cel6A. (F) Schematic representation
of fiber deconstruction by dispersed cellulases. Scale bars are 50 nm. The false color scale used throughout the images is shown in panel A. Height

(nm) range was 42 nm (A, B), 18 nm (C), and 18 nm (E).

la crystal structure®®®® (Figure S4). The cellulose Ia
crystallinity implies each microfibril contains chains oriented
in parallel.60 We note that plant cellulose mostly exhibits I
crystallinity, featuring a slightly different interchain hydrogen
bond pattern in parallel-oriented chains as compared with
cellulose Ia.”® The crystal phases (Ia, I) often occur together
in variable ratio in natural celluloses.'”®* The crystal phase
composition of cellulose will certainly affect the kinetic
properties of the enzymes assayed with that substrate.
However, fundamental characteristics of cellulase, for example,
whether an enzyme cleaves chains internally or in a processive
fashion, are typica_lléy not variably dependent on the substrate’s
crystal structure.”>°® Therefore, while the distinction between
cellulose I and Ip is important, it is exceedingly improbable
that the overall mode of nanoscale deconstruction of the
cellulose fiber by a cellulase system would be critically
determined by the type of crystal phase.

Using material-sensitive AFM measurements in tapping
mode performed on sample in reaction buffer, we distinguish
microfibril regions of differing nanomechanical properties.””**

13533

AFM results acquired in phase imaging (Figure 1C, D) and
peak force tapping mode (Figure 1E) reveal nanodomains of
higher and lower phase contrast and deformation, respectively,
and show these domains to alternate in a somewhat regular
fashion along the fibril length. The deformation reflects the
material rigidity directly. The phase contrast serves as a general
(compounded®) reporter of alterations in overall material
character. Changes in the measured parameters are therefore
good indications of a different organizational order of the
cellulose chains. Nanodomains of low structural order are
found primarily in regions of the microfibril affected by the
internal twist (Figure 1C—E). Adopting terminology from the
materials sciences, we refer to these nanodomains as “defects”
in the molecular organization of the polymer.”””" Overall, the
single cellulose fibers used exhibit well-defined and reprodu-
cible features of structural nanoarchitecture at the levels of the
individual microfibril and the microfibril bundle/fiber (Figure
1F).

In addition to their regular fibrillary structure, the cellulose
fibers show deformations on a larger scale, like unwound
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Figure 4. Cellulose fiber deconstruction by a noncomplexed (disassembled) cellulosome. (A, B, C) Time-lapse AFM height images taken from
Movies S5 (A, B) and S6 (C) showing fiber deconstruction (purple frames/arrows) by disassembled cellulosomal cellulases to proceed similar as
observed for naturally dispersed cellulases. Degradation occurs via ablation of surface fibrils (A, B) by mostly isolated enzymes (white arrow) and
thinning/ablation (C). (D) Time course of volume loss during fiber degradation by the disassembled cellulosome. Note that the shown graph starts
at about 60 min after an instable fiber on top is torn away (see Movie S6). The full time course is shown in the inset, and the presented time period
is underlaid in gray. Scale bars are 100 nm. The false color scales used throughout the images is shown in panel A. Height (nm) range was 12 nm

(A, C) and 14 nm (B).

regions where fibrils are separated from the bundle composite
(Figure 1B, white circle) or internally ending fibrils which are
typically seen as sudden and locally restricted decreases in
height (Figure 1C, arrows). The deformations are arguably
caused by the ultrasonication procedure used to isolate single
fibers of the cellulose. Precisely because they can represent the
effect of mechanical refining on crystalline cellulose, these
deformations were interesting additional features to be
analyzed for enzymatic deconstruction.”®”"

Cellulose Fiber Deconstruction by the Cellulosome.
To study the activity of multienzyme complexes, we used the
cellulosome purified from the supernatant of Clostridium
thermocellum grown on cellulose. The C. thermocellum
cellulosome is well-characterized’®”” and can be considered
prototypical of this class of cellulases. In its full-fledged form, as
obtained on average by the procedures used, the cellulosome
comprises a scaffold protein (CipA) of nine subunits harboring
a complete set of synergistically acting, carbohydrate-
depolymerizing enzyme activities’®”* and a family 3 carbohy-
drate binding module. Note that CipA might be naturally
integrated further into secondary scaffoldins (e.g, OlpB),
forming even larger carbohydrate-depolymerizing entities
comprising up to 63 individual enzymes.*®*

Using a tailored set up for real-time AFM measurements,
images were recorded from the enzymatic reaction over a time
span (~3 h) and with a temporal resolution (~0.05—0.50

13534

frames/s) carefully adjusted to the rates of observable
nanoscale deconstruction events. The data processing was
automated and the analysis human user-independent by a self-
programmed, dedicated MATLAB routine (Figure S5—S9).
Full image sets are presented as movies (Supporting
Information).

Viewed overall (Movie S1), the fiber deconstruction consists
in multiple events of localized (~100 nm longitudinal range)
disruption of the fiber’s internal structure, eventually leading to
fragmentation into smaller pieces (Figure 2A). Analyzed in
more detail, the enzymatic attacks are focused on fiber regions
featuring structural defects in multiple adjacent microfibrils or
showing mechanically induced deformations (Figure 24, B).
Although single-molecule tracking was not pursued with these
experiments, cellulosomes were seen frequently to be adsorbed
stably (>2 min) at the attacked sites (Figure 2B, Movies S1
and S2). The deconstruction begins with adjoining cuts at
deformations of surface-exposed fibrils (Figure S10) to remove
material over ~30 nm of fibril length. Due to destabilization of
the fibrillar organization in the regions affected, fibrils or parts
thereof are released from the composite structure, overall
visible as local fraying of the fiber (Figure 24, C, Movies S1
and S2). Uppermost fibrils thus become more mobile and are
occasionally moveable by the AFM tip during further scanning
of the region, an effect that is not observed during fiber
measurements without active enzymes present (Figure 2C,
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Figure S. Cellulose hydrolysis by dispersed and complexed cellulases. The conversion was calculated on the basis of the amount of liberated
glucose. If not stated otherwise, substrate concentration, temperature, and enzyme loading were 1.0 g/L, 55 °C, and 0.5 mg/g, respectively. (A)
Hydrolysis time course of bacterial cellulose using either complexed (cellulosome) or dispersed cellulases. (B) Conversion after 48 h using various
loadings of cellulosome, dispersed cellulases, and disassembled cellulosomes. (C) Synergy between the cellulosome and individual dispersed
cellulases after 24 h. The cellulosome was present at 1.0 yg/mL and supplemented with either Cel6A (0.5 pug/mL), Cel7B (0.5 pg/mL),
disassembled cellulosome (0.4 g/mL), Cel7A (0.5 pug/mL), or the Cel7A core protein (1.0 yg/mL). The disassembled cellulosome (0.8 pg/mL)

was supplemented with Cel7A (0.5 pug/mL).

Figure S11 and Movie S2). This in combination with the
ongoing enzymatic degradation causes the fiber to break apart
completely. Parts of the fiber not affected by the fragmentation
have hardly changed in height.

To track the fiber deconstruction on the basis of a
quantifiable parameter, we determined the decrease in fiber
volume dependent on reaction time. The cellulosome removes
fiber volume in discrete steps (Figure 2D). This is consistent
with a process of fiber splitting into progressively smaller
fragments that are eventually fully degraded or removed from
the graphite surface (Figure 2E, Movies S1 and S2).

Cellulose Fiber Deconstruction by Noncomplexed
(Dispersed) Cellulases. The cellulase system of the fungus
Trichoderma reesei was used.” This cellulase is well-charac-
terized and prototypical of the dispersed cellulase class.””> In
sharp contrast to the cellulosome, the T. reesei cellulases
degrade the cellulose fiber by longitudinal thinning (Figure 3A,
Movie S3). Deconstruction consists in multiple events of
directed ablation of fibrils from the dynamically evolving fiber
surface (Figure 3A—C, Movies S3 and S4). While outer lying
fibrils are gradually removed, the internal fiber structure
remains largely intact and fiber fragmentation is minimal
(Figure 3A—C, Movies S3 and S4). The removal of fiber
volume with time is continuous, as shown in Figure 3D.
Although the fibril ends were usually well accessible to the
cellulases, the fibril ablation often starts internally at positions
of defect in molecular organization of the cellulose chains
(Movie S2). In terms of recognition of attack sites on the
cellulose fibril, therefore, important similarity between
cellulases and the cellulosome is noted. Interestingly, fiber
parts showing larger structural deformation are not attacked
faster, or with higher preference, than fibril-internal regions of
defect.

Although each fibril is degraded unidirectionally by the
cellulases,”>”%”” the direction of degradation changes between
different fibrils (cf. Figure 3B, C, Movie S4). The finding is
important mechanistically. We considered that besides its

major cellobiohydrolase (Cel7A) that degrades cellulose chains
from the reducing end,'’ the T. reesei cellulase comprises
another cellobiohydrolase (Cel6A) of opposite (nonreducing)
chain-end specificity.”® Fiber deconstruction by isolated
enzymes (i.e., Cel7A and the endoglucanase Cel7B) under
exclusion of the Cel6A involves direction change in fibril
degradation analogous to the native cellulase (Figure 3E).
These results therefore identify fibril orientation in the fiber as
the determinant of the observable direction of the enzymatic
fibril degradation (Figure 3F). Their implication, that fibrils are
assembled in the fiber in different (parallel as well as
antiparallel) orientation, clarifies an elusive feature of the
supramolecular organization of bacterial cellulose.”®

Cellulose Fiber Deconstruction by a Noncomplexed
(Disassembled) Cellulosome. The immediate suggestion
from the aggregate evidence on fiber deconstruction by the
cellulases and the cellulosome is the following: (1) enzyme
assembly into stable complexes forces substrate degradation
through localized attacks in the transversal direction of the
fiber; and (2) dispersed enzymes release the confining force so
that substrate degradation proceeds laterally. To subject the
implied hypothesis to a critical test, we dissociated the
cellulosome’s enzymatic subunits from the scaffold protein””
and applied the resulting mixture of dispersed enzymes to
AFM study of cellulose fiber construction. The individual
subunit composition of the native cellulosome is retained
largely in the dispersed preparation® (Figure S12). The
specific activity of soluble sugar release from the used cellulose
is ~3-fold less for the dispersed compared to the native
cellulosome (see later). By way of the enzyme loading, the
AFM experiments compensate this difference.

Results (Movies S5 and S6, Figure 4) show that the
dispersed cellulosomes behave in fiber deconstruction as
predicted. Their mode of action is characteristically similar
to that of the T. reesei cellulases, consisting in the mainly
unidirectional ablation of single fibrils on the surface (Figure
4A, B) and leading to whole fiber thinning (Figure 4C).
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Figure 6. Local degradation efficiency of dispersed and complexed cellulases. Local deconstruction as performed by dispersed cellulases (A, B, C),
the cellulosome (D, E, F), and disassembled cellulosomes (G, H, I). (A, D, G) AFM height images were used to select a pixel row (white dashed
line) and track the height profiles over time (left). Exemplary height profiles are shown at the beginning, in the middle, and toward the end of the
respective degradation process in the corresponding panels (right). (B, E, H) The height progression over time is plotted in a top down perspective
allowing a continuous tracking of the time-dependent local changes in fiber height, width, and surface structure. (C, F, I) The maximal height values
per pixel row (taken from B, E, H) and time point were used to construct these plots and calculate the mean height per time step size for every pixel
row resulted in a distribution of degradation speeds as shown in panel J. (J) Mean degradation velocity measured for dispersed cellulases (green
bars) and the disassembled cellulosome (purple bars), respectively. (K) Average processive distance by the disassembled cellulosomes (N = 14)
and dispersed cellulases (N = 30). Median and mean are shown as solid black and dashed blue lines, respectively. Scale bars are 100 nm (A, D, G).

Change of degradation direction between different fibrils of
one fiber can be observed again (cf. Figure 4A, B). Localized
fragmentation of the cellulose fiber is not observed, indicating
that the defining feature of the native cellulosome’s mode of
substrate deconstruction has been lost. The dispersed
cellulosomes remove fiber volume continuously, as implied
by a substrate degradation that proceeds via ablative thinning
(Figure 4D).

Cellulose Hydrolysis by Dispersed and Complexed
Cellulases. To what extent is the bulk substrate conversion
affected by differences in the enzymatic mode of cellulose
deconstruction at nanoscale? To address this important
question, we performed hydrolysis studies in suspension,
measuring the release of soluble sugars from the same cellulose
substrate as used in AFM experiments. As shown in Figure 5A,
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the T. reesei cellulases are considerably more active (~5-fold)
than the native cellulosome as regards the specific hydrolysis
rate. The activity of the dispersed cellulosome is further
decreased by ~3-fold compared to the native cellulosome. The
maximum conversion of substrate shows strong dependence on
the enzyme loading when the native and the dispersed
cellulosomes are used. In contrast, it is largely independent
of enzyme loading for the T. reesei cellulases (Figure SB).
These results suggest that native and dispersed cellulosomes
are both lacking a “factor” present in the T. reesei cellulases and
important for efficient hydrolysis of the bacterial cellulose.
Supplementing each cellulosome preparation with an individ-
ual fungal cellulase (Figure SC), we show that cellobiohy-
drolase Cel7A enhances the activity strongly (~1.2-fold the
sum of the individual activities), while the endoglucanase
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Cel7B and the nonreducing chain end-specific cellobiohy-
drolase Cel6A are not effective. The addition of complete T.
reesei cellulase yields the highest conversion (not shown) but
unlike Cel7A alone, the cellulase does not create synergy (see
equation S1 in the Supporting Information) with the
cellulosome, in accordance with earlier ﬁndings.gl’82 Interest-
ingly, the enhancement due to Cel7A addition is most
pronounced for the disassembled cellulosome (~2.0-fold).
Note the requirement of these supplementation experiments to
use the added cellulases under “cellulosome buffer” conditions,
not fully optimal for their activity. Notwithstanding this, the
shown evidence identifies Cel7A as an effective functional
complement of the cellulosome’s activity.

Considering that the cellulosome has its own major
cellobiohydrolase (Cel48S)*"** which like Cel7A depolymer-
izes cellulose chains processively from the reducing end,'® we
asked what the Cel7A has, and the dispersed Cel48S
apparently lacks, that is crucial for synergy with the native
cellulosome. Being a strong candidate to make a difference, the
cellulose binding module of Cel7A was processed off from the
enzyme,®* and the isolated catalytic module was examined
separately (Figure S13). As shown in Figure SC, the Cel7A
catalytic module is almost identically effective as the intact
cellulase, suggesting that synergy with the cellulosome is due to
an intrinsic cellobiohydrolase catalytic feature of the Cel7A,
independent of interactions from the enzyme’s binding
module.

To pinpoint nanoscale effects in substrate deconstruction
from which Cel7A synergy with the cellulosome might
originate, we analyzed our real-time AFM data for material
height reduction at representative fiber cross sections (Figure
6A—C) and so obtained a highly localized assessment of the
degradation mode of the respective enzyme system. The height
reduction by the cellulases is continuous (i.e., height loss/time
step is relatively constant and small compared with the total
height loss; Figure 6A—D, G; Figure S14), whereas that by the
cellulosome involves discrete steps of much larger size (>20%
of total height reduction; Figure 6B, E, H; Figure S15). The
height reduction by the dispersed cellulosome is also
continuous (Figure 6C, F, I; Figure S16), but the step size
(height/ time; median: 0.03 nm/min) is considerably smaller
than that of the cellulases (median: 0.19 nm/min) (Figure 6]).
The disassembled cellulosome and the dispersed cellulases are
highly similar in their basic characteristics of cellulose
microfibril deconstruction: both use effectively the same defect
regions of the microfibril to initiate their attack and then
remove material in the lateral direction (Figures 3, 4; Movies
$3, S4 and S5, S6). Considering this, the enhanced degradation
speed of the cellulases very plausibly derives from an imgroved
processivity of the enzymes, in particular Cel7A,5%¢ as
compared to the dispersed enzymatic subunits of the
cellulosome, in particular the quintessential Cel48S.°"*” We
therefore analyzed the lateral distance of the individual
degradation events in more detail (Figure 6K) and find that
indeed, the cellulases, or the Cel7A and Cel7B combination of
purified enzymes, involve a much larger “length of action”
(~1.9-fold; median: 34 nm) in each event than the dispersed
cellulosome (median: 18 nm).

B DISCUSSION

Evidence from the current study provides a mechanistic
correlation between the molecular assembly state of cellulases
and the nanoscale characteristics of cellulose deconstruction by

the enzymes. From this, a new dynamic interpretation of
cellulase synergy obtains and an important relationship with
hydrolytic efficiency is suggested. Direct observations were
made possible from a dedicated cellulose substrate preparation.
Despite its simple macroscopic morphology (a single fiber built
from a bundle of microfibrils), this substrate involved the
essential elements of supramolecular nanoarchitecture of native
cellulose, as pertinent to the analysis of different enzymes
working in synergy for deconstruction. In particular, the
individual crystalline microfibrils comprised amorphous nano-
domains regularly interspersed between domains of high order
of the molecular chain organization. The amorphous nano-
domains were the preferred common initiation sites for
substrate degradation by the cellulases irrespective of their
assembly state. Although widely used, the idea of “amorphous
material” in enzymatic cellulose deconstruction is vague.”*™"
Our findings define it, structurally and functionally, in terms of
nanoscale defects of cellulose chain organization in the
microfibril,”**”® notably distinct from larger-scale deforma-
tions/dislocations of the fiber’s microfibril composite struc-
ture.””>” We notice that the results have relevance to inform
cellulose pretreatment for facilitated enzymatic degrada-
tion.””"”” Disintegrating the fiber structure solely in terms of
organization of the different microfibrils seems not enough for
optimum efficiency. The microfibril nanostructure is identified
as additional target for the pretreatment. Our argument, of
course, recognizes the central task of practical pretreatment,
which is to disentangle the stable composite structure of the
lignocellulose substrate, with hemicellulose and lignin present
in tight association with the cellulose. For the mechanistic
inquiry pursued, the results are important in showing that
different cellulase systems are comparable on the basis of
effectively the same cellulosic nanomaterial degraded.

Stable enzyme complexes direct the catalytic deconstruction
transverse to the longitudinal axis of the cellulose fiber. The
size of local cuts into the microfibril surface reveal the dynamic
reach of action (~30 nm) for a single cellulosome molecule
absorbed in place. The cuts destabilize the fibril bundle
architecture proximally, which can occasionally appear as
fraying of the fiber’s macrostructure. Others have phenom-
enologically noted frayed regions in cellulose particles upon
treatment with the cellulosome,®*""®* but the actual decon-
struction events leading to it were not resolved. Dispersed
enzymes promote substrate deconstruction in the opposite
(lateral) direction, observable in multiple events of ablation of
surface-accessible single microfibrils. The directionality change
(transversal — lateral) reflects the release of restraint on
cellulase processivity due to stable complex formation.
Directional preference of cellulases (lateral) and cellulosome
(transversal) was previously also noted in studies of the
degradation of soft wood kraft pulp.*’ The lateral deconstruc-
tion of the microfibrils by the dispersed cellulases involves
cellulose chain depolymerization from the reducing end, which
is a specificity represented by their Cel7A."° In the dispersed
cellulosome, this specificity is represented by Cel48S.*""* Both
are major constituents (>24—40% of total enzyme pro-
tein) 7" of the respective cellulase system. Although
distinct evolutionary and mechanistically,77 the Cel7A and
Cel48S feature substrate binding pockets of closely related
subsite topology: 2 (Cel48S)” or 3 (Cel7A)’° glucose units
are accommodated after, and 7 glucose units (both enzymes)
are accommodated before, the catalytic site of bond fission.
Unlike Cel7A,'%7%%%%%7 the processivity of Cel48S has not

https://doi.org/10.1021/acscatal.1c03465
ACS Catal. 2021, 11, 13530—13542


https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c03465/suppl_file/cs1c03465_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c03465/suppl_file/cs1c03465_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c03465/suppl_file/cs1c03465_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c03465/suppl_file/cs1c03465_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c03465/suppl_file/cs1c03465_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c03465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

been examined, as far as we know. However, kinetic data imply
a processivity on bacterial cellulose considerablgr higher for
Cel7A (~61,”° 88 + 10”7) than Cel48A (~15)."" Cel48A is a
cellobiohydrolase related to Cel48S by common membership
to glycoside hydrolase family GH48 (~72% sequence identity
for the GH48 core). Cel48A is found 1prominently in
dispersed-type cellulases of bacteria.'”'°" On cellulose
pretreated with endoglucanase, the processivity of Cel7A was
still ~34 + 2.°° Since each processive step is ~1 nm (the size
of the cellobiose product released®®), the AFM-observed lateral
distance of ~34 nm (Figure 6K) for microfibril degradation by
the cellulases reflects the processive length of chain
depolymerization by Cel7A working in synergy with
endoglucanase(s). The shorter lateral distance of ~18 nm for
the dispersed cellulosome may indeed be due to Cel48S being
less prominently processive than Cel7A. The Cel48 cellobio-
hydrolases seem to be only moderately efficient in cellulose
hydrolysis, typically considerably less than Cel7A. Of note, the
cellobiohydrolase Cel6A shows reduced processivity compared
with Cel7A,"%'% and it is less permissive than Cel7A for the
cellulose substrate used.'”* The combination of these proper-
ties of Cel6A could explain the enzyme’s inability to synergize
with the cellulosome. Investigations of Thermobifida fusca
Cel48A degrading bacterial cellulose showed that the enzyme’s
efficiency in hydrolysis was indeed correlated with the
processivity.wo'101 In summary, the picture revealed is that
assembly on the scaffold protein restricts the laterally directed
activity of processive enzymes in the cellulosome. Dispersion
of the enzymes removes the confining force, and so lateral
activity becomes dominant in a disassembled preparation of
the cellulosome (see ref 74). Although analogous in the
principle, the nanoscale cellulose deconstruction by the
dispersed cellulosome falls short in processive efficiency of
that of naturally dispersed cellulases, arguably explainable by
the properties of the respective reducing chain end-cleaving
cellobiohydrolases.

The fundamentally different modes of cellulose deconstruc-
tion by cellulases and the cellulosome raise the important
question of their relative efficiency in enzymatic hydrolysis of
the bacterial cellulose fibers. The cellulosome is just ~20% as
active on the bacterial cellulose as the naturally dispersed
cellulases. From our visualization results, the cellulosome is
identified as a specialized, fiber-fragmenting nanomachine.*®
The cellulases in contrast are more globally effective toward
full-scale depolymerization of the solid substrate into soluble
sugars. This is seen not only in the higher intrinsic hydrolysis
rate of the dispersed cellulases but also in the fact that the
maximum sugar release is almost independent of the enzyme
loading for the cellulases (as expected for an ideal catalytic
system), whereas it shows pronounced dependence on the
enzyme loading for the cellulosome. Extension of these
conclusions to other cellulose substrates should be made
with due caution, keeping in mind the purposefully selected,
special characteristics of the bacterial cellulose fibers used here.
The use of a pure cellulose substrate has eliminated various
possible effects of hemicellulose and lignin on the enzyme
activity.s’82 Additionally, the simple fiber structure of the
bacterial cellulose used minimizes the influence of the substrate
morphology at fiber aggregate and particle levels. These
reservations notwithstanding, we show that the cellobiohy-
drolase Cel7A (or only its catalytic module) that is enabled to
freely disperse makes most of the difference between the two
cellulase systems. The Cel7A shows excellent potential to
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functionally complement the cellulosome’s hydrolytic activity.
Its effect is understood as completing the full synergistic cycle
between local concentration and dispersion of the individual
enzymes during their attack on the solid substrate: the Cel7A
adds the dynamic element of dispersion which is low in the
cellulosome for the benefit of concentrating the enzymes.
Importantly, evidence that other dispersed cellulases such as
Cel7B and Cel6A are ineffective in complementing the
cellulosome, identifies the Cel7A specifically for this task.
The ability of Cel7A to move processively over long distances
of cellulose chain seems to be key. Conversely, the interesting
problem arises of how dispersed cellulases manage the local
concentration of their enzymes for optimum cooperative
function. Findings of the current study encourage speculation
about dynamic clustering of individual cellulases on the
cellulose surface. The cellulase clusters envisioned are transient
and disperse under the processive movement of the Cel7A
molecules originally engaged in their formation. Importantly,
the clusters here considered are productive, and involve
enzyme synergy, in substrate deconstruction. They must
therefore be distinguished sharply from unproductive “collision
clusters” of processive enzymes that have previously been
observed.” A recent AFM study of endo- and exochitinases
hydrolyzing chitin supports the idea of transient enzyme
clusters having a role in solid substrate deconstruction.’

Lastly, our results suggest a nuanced view on a general
concept of multienzyme complex bioengineering for efficiency-
enhanced polymer substrate degradation. The exploitable
proximity effects, resulting from locally concentrating enzymes
of synergistic function on a tailored scaffold protein, were
demonstrated in seminal studies of engineered cellulosome
parts (designer cellulosomes).*” However, performance
characteristics of the native cellulosome shown here reveal
limitations on the enhancement of deconstruction efficiency
that enzyme assembly into stable complexes could possibly
achieve. The fundamental issue is that enzyme complexation is
realized by necessity at the cost of enzyme dispersion. A
“hybrid approach” seems promising wherein stable enzyme
complexes are made to work together with complementarily
active enzymes of the dispersed type. The ultimate challenge in
multienzyme biocatalyst development for polymer degradation
would be protein engineering for coordinated formation and
dispersion of transient clusters of synergistic enzymes on the
solid substrate.”
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B AUTHOR INFORMATION

Corresponding Author
Bernd Nidetzky — Institute of Biotechnology and Biochemical
Engineering, Graz University of Technology, 8010 Graz,
Austria; Austrian Centre of Industrial Biotechnology, 8010
Graz, Austria; © orcid.org/0000-0002-5030-2643;
Email: bernd.nidetzky@tugraz.at

Authors

Krisztina Zajki-Zechmeister — Institute of Biotechnology and
Biochemical Engineering, Graz University of Technology,
8010 Graz, Austria; © orcid.org/0000-0001-5118-5752

Gaurav Singh Kaira — Institute of Biotechnology and
Biochemical Engineering, Graz University of Technology,
8010 Graz, Austria; Austrian Centre of Industrial
Biotechnology, 8010 Graz, Austria; © orcid.org/0000-
0003-2337-1456

Manuel Eibinger — Institute of Biotechnology and Biochemical
Engineering, Graz University of Technology, 8010 Graz,
Austria; © orcid.org/0000-0003-3139-5394

Klara Seelich — Institute of Biotechnology and Biochemical
Engineering, Graz University of Technology, 8010 Graz,
Austria; © orcid.org/0000-0003-3420-1874

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal. 1c03465

Author Contributions

All authors designed the research. KZ.-Z., G.S.K, M.E,, and
K.S. performed the experiments and analyzed the data. All
authors wrote the paper.

Funding
This work was supported by the Austrian Science Funds (FWF
Project P-31611 to B.N.).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank Elettra-Sincrotrone Trieste for the
allocation of synchrotron radiation beamtime, Nicola Demitri
(Elettra-Sincrotrone, Trieste, Italy) for his work at the XRD2
beamline and Pascal Heim (Institute of Experimental Physics,
Graz University of Technology) for assistance with the
development of the automated AFM image analysis in
MATLAB.

B REFERENCES

(1) Ragauskas, A. J.; Williams, C. K.; Davison, B. H.; Britovsek, G.;
Cairney, J.; Eckert, C. A.; Frederick, W. J., Jr; Hallett, J. P.; Leak, D. J.;
Liotta, C. L.; Mielenz, J. R.; Murphy, R.; Templer, R.; Tschaplinski, T.
The path forward for biofuels and biomaterials. Science 2006, 311,
484—489.

(2) Liao, Y.; Koelewijn, S. F.; van den Bossche, G.; van Aelst, J.; van
den Bosch, S.; Renders, T.; Navare, K.; Nicolai, T.; van Aelst, K;
Maesen, M.; Matsushima, H.; Thevelein, J. M.; van Acker, K.; Lagrain,
B.; Verboekend, D.; Sels, B. F. A sustainable wood biorefinery for low-

carbon footprint chemicals production. Science 2020, 367, 1385—
1390.

(3) Alonso, D. M.; Hakim, S. H.; Zhou, S.; Won, W.; Hosseinaei, O.;
Tao, J.; Garcia-Negron, V.; Motagamwala, A. H,; Mellmer, M. A;
Huang, K; Houtman, C. J,; Labbé, N.; Harper, D. P.; Maravelias, C.
T.; Runge, T.; Dumesic, J. A. Increasing the revenue from
lignocellulosic biomass: maximizing feedstock utilization. Sci. Adv.
2017, 3, No. e1603301.

(4) Shahab, R. L.; Brethauer, S; Davey, M. P,; Smith, A. G;
Vignolini, S.; Luterbacher, J. S.; Studer, M. H. A heterogeneous
microbial consortium producing short-chain fatty acids from
lignocellulose. Science 2020, 369, eabb1214.

(5) Chundawat, S. P. S.; Beckham, G. T.; Himmel, M. E.; Dale, B. E.
Deconstruction of lignocellulosic biomass to fuels and chemicals.
Annu. Rev. Chem. Biomol. Eng. 2011, 2, 121—145.

(6) Himmel, M. E.; Ding, S.-Y,; Johnson, D. K; Adney, W. S,;
Nimlos, M. R.; Brady, J. W.; Foust, T. D. Biomass recalcitrance:
engineering plants and enzymes for biofuels production. Science 2007,
315, 804—807.

(7) Questell-Santiago, Y. M.; Galkin, M. V.; Barta, K; Luterbacher, J.
S. Stabilization strategies in biomass depolymerization using chemical
functionalization. Nat. Rev. Chem. 2020, 4, 311—330.

(8) Chandel, A. K.; Chandrasekhar, G.; Silva, M. B.; Silvério da Silva,
S. The realm of cellulases in biorefinery development. Crit. Rev.
Biotechnol. 2012, 32, 187—202.

(9) Qu, M.; Watanabe-Nakayama, T.; Sun, S.; Umeda, K.; Guo, X;
Liu, Y;; Ando, T.; Yang, Q. High-speed atomic force microscopy
reveals factors affecting the processivity of chitinases during interfacial
enzymatic hydrolysis of crystalline chitin. ACS Catal. 2020, 10,
13606—13615.

(10) Payne, C. M.; Knott, B. C,; Mayes, H. B.; Hansson, H,;
Himmel, M. E,; Sandgren, M.; Stihlberg, J.; Beckham, G. T. Fungal
cellulases. Chem. Rev. 2015, 115, 1308—1448.

(11) Chen, C.-C;; Dai, L.; Ma, L.; Guo, R.-T. Enzymatic degradation
of plant biomass and synthetic polymers. Nat. Rev. Chem. 2020 43
2020, 4, 114—126.

(12) Zhang, Y.-Z; Ran, L.-Y,; Li, C.-Y,; Chen, X.-L. Diversity,
structures, and collagen-degrading mechanisms of bacterial collage-
nolytic proteases. Appl. Environ. Microbiol. 2015, 81, 6098—6107.

(13) Wei, R; Tiso, T.; Bertling, J.; O’Connor, K; Blank, L. M,;
Bornscheuer, U. T. Possibilities and limitations of biotechnological
plastic degradation and recycling. Nat. Catal. 2020, 3, 867—871.

(14) Ellis, L. D.; Rorrer, N. A,; Sullivan, K. P.; Otto, M.; McGeehan,
J. E.; Romén-Leshkov, Y.; Wierckx, N.; Beckham, G. T. Chemical and
biological catalysis for plastics recycling and upcycling. Nat. Catal.
2021, 4, 539—556.

(15) Nakamura, A.; Kobayashi, N.; Koga, N.; Iino, R. Positive charge
introduction on the surface of thermostabilized PET hydrolase
facilitates PET binding and degradation. ACS Catal. 2021, 11, 8550—
8564.

(16) Chen, C. C.; Dai, L.; Ma, L.; Guo, R. T. Enzymatic degradation
of plant biomass and synthetic polymers. Nat. Rev. Chem. 2020, 4,
114—-126.

(17) Knott, B. C.; Erickson, E.; Allen, M. D.; Gado, J. E.; Graham,
R; Kearns, F. L.; Pardo, I; Topuzly, E.; Anderson, J. J.; Austin, H. P,;
Dominick, G.; Johnson, C. W.; Rorrer, N. A,; Szostkiewicz, C. J.;
Copié, V.; Payne, C. M.; Woodcock, H. L.; Donohoe, B. S.; Beckham,
G. T.,; McGeehan, J. E. Characterization and engineering of a two-
enzyme system for plastics depolymerization. Proc. Natl. Acad. Sci. U.
S. A. 2020, 117, 25476—25485.

(18) Beckham, G. T.; Matthews, J. F.; Peters, B.; Bomble, Y. J.;
Himmel, M. E.; Crowley, M. F. Molecular-level origins of biomass
recalcitrance: decrystallization free energies for four common cellulose
polymorphs. J. Phys. Chem. B 2011, 115, 4118-27.

(19) Klemm, D.; Heublein, B,; Fink, H.-P.; Bohn, A. Cellulose:
fascinating biopolymer and sustainable raw material. Angew. Chem.,
Int. Ed. 20085, 44, 3358—93.

(20) Ling, S.; Kaplan, D. L.; Buehler, M. J. Nanofibrils in nature and
materials engineering. Nat. Rev. Mater. 2018, 3, 18016.

https://doi.org/10.1021/acscatal.1c03465
ACS Catal. 2021, 11, 13530—13542


https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c03465/suppl_file/cs1c03465_si_005.mov
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c03465/suppl_file/cs1c03465_si_006.mov
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c03465/suppl_file/cs1c03465_si_007.mov
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bernd+Nidetzky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5030-2643
mailto:bernd.nidetzky@tugraz.at
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Krisztina+Zajki-Zechmeister"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5118-5752
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gaurav+Singh+Kaira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2337-1456
https://orcid.org/0000-0003-2337-1456
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manuel+Eibinger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3139-5394
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Klara+Seelich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3420-1874
https://pubs.acs.org/doi/10.1021/acscatal.1c03465?ref=pdf
https://doi.org/10.1126/science.1114736
https://doi.org/10.1126/science.aau1567
https://doi.org/10.1126/science.aau1567
https://doi.org/10.1126/sciadv.1603301
https://doi.org/10.1126/sciadv.1603301
https://doi.org/10.1126/science.abb1214
https://doi.org/10.1126/science.abb1214
https://doi.org/10.1126/science.abb1214
https://doi.org/10.1146/annurev-chembioeng-061010-114205
https://doi.org/10.1126/science.1137016
https://doi.org/10.1126/science.1137016
https://doi.org/10.1038/s41570-020-0187-y
https://doi.org/10.1038/s41570-020-0187-y
https://doi.org/10.3109/07388551.2011.595385
https://doi.org/10.1021/acscatal.0c02751?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02751?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02751?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500351c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500351c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41570-020-0163-6
https://doi.org/10.1038/s41570-020-0163-6
https://doi.org/10.1128/AEM.00883-15
https://doi.org/10.1128/AEM.00883-15
https://doi.org/10.1128/AEM.00883-15
https://doi.org/10.1038/s41929-020-00521-w
https://doi.org/10.1038/s41929-020-00521-w
https://doi.org/10.1038/s41929-021-00648-4
https://doi.org/10.1038/s41929-021-00648-4
https://doi.org/10.1021/acscatal.1c01204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c01204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c01204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41570-020-0163-6
https://doi.org/10.1038/s41570-020-0163-6
https://doi.org/10.1073/pnas.2006753117
https://doi.org/10.1073/pnas.2006753117
https://doi.org/10.1021/jp1106394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp1106394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp1106394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200460587
https://doi.org/10.1002/anie.200460587
https://doi.org/10.1038/natrevmats.2018.16
https://doi.org/10.1038/natrevmats.2018.16
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c03465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

(21) Babi, M.; Palermo, A.; Abitbol, T.; Fatona, A.; Jarvis, V.; Nayak,
A.; Cranston, E.; Moran-Mirabal, J. Visualization of nanostructural
dislocations in microcrystalline cellulose fibrils through super-
resolution fluorescence microscopy. Microsc. Microanal. 2021, 27,
854—857.

(22) Williams, A.; Babi, M.; Reid, M.; Grandfield, K,; Moran-
Mirabal, J.; Bassim, N. Correlative light and electron microscopy for
the study of the structural arrangement of bacterial microcrystalline
cellulose microfibrils. Microsc. Microanal. 2021, 27, 566—569.

(23) Willhammar, T.; Daicho, K.; Johnstone, D. N.; Kobayashi, K
Liu, Y.; Midgley, P. A; Bergstrom, L.; Saito, T. Local crystallinity in
twisted cellulose nanofibers. ACS Nano 2021, 15, 2730—2737.

(24) Peciulyte, A.; Karlstrém, K; Larsson, P. T.; Olsson, L. Impact
of the supramolecular structure of cellulose on the efficiency of
enzymatic hydrolysis. Biotechnol. Biofuels 20185, 8, 56.

(25) Bansal, P.; Hall, M; Realff, M. J.; Lee, J. H.; Bommarius, A. S.
Modeling cellulase kinetics on lignocellulosic substrates. Biotechnol.
Adv. 2009, 27, 833—48.

(26) Pei, Y.; Wang, L.; Tang, K.; Kaplan, D. L. Biopolymer nanoscale
assemblies as building blocks for new materials: a review. Adv. Funct.
Mater. 2021, 31, 2008552.

(27) Ciesielski, P. N.; Pecha, M. B.; Lattanzi, A. M.; Bharadwaj, V.
S.; Crowley, M. F.; Bu, L.; Vermaas, J. V.; Steirer, K. X.; Crowley, M.
F. Advances in multiscale modeling of lignocellulosic biomass. ACS
Sustainable Chem. Eng. 2020, 8, 3512—3531.

(28) Zhang, Y.-H. P; Lynd, L. R. Toward an aggregated
understanding of enzymatic hydrolysis of cellulose: noncomplexed
cellulase systems. Biotechnol. Bioeng. 2004, 88, 797—824.

(29) Bansal, P.; Vowell, B. J,; Hall, M.; Realff, M. J.; Lee, J. H;
Bommarius, A. S. Elucidation of cellulose accessibility, hydrolysability
and reactivity as the major limitations in the enzymatic hydrolysis of
cellulose. Bioresour. Technol. 2012, 107, 243—50.

(30) Nill, J. D.; Jeoh, T. The role of evolving interfacial substrate
properties on heterogeneous cellulose hydrolysis kinetics. ACS
Sustainable Chem. Eng. 2020, 8, 6722—6733.

(31) Fox, J. M; Jess, P.; Jambusaria, R. B.; Moo, G. M.; Liphardt, J.;
Clark, D. S; Blanch, H. W. A single-molecule analysis reveals
morphological targets for cellulase synergy. Nat. Chem. Biol. 2013, 9,
356—361.

(32) Jalak, J; Kurasin, M; Teugjas, H; Viljamie, P. Endo-exo
synergism in cellulose hydrolysis revisited. J. Biol. Chem. 2012, 287,
28802—1S.

(33) Resasco, D. E.; Wang, B.; Sabatini, D. Distributed processes for
biomass conversion could aid UN Sustainable Development Goals.
Nat. Catal. 2018, 1, 731-735.

(34) Hooker, C. A; Lee, K. Z.; Solomon, K. V. Leveraging anaerobic
fungi for biotechnology. Curr. Opin. Biotechnol. 2019, 59, 103—110.

(35) Nakatani, H.; Hori, K. Cell surface protein engineering for
high-performance whole-cell catalysts. Front. Chem. Sci. Eng. 2017, 11,
46.

(36) Artzi, L; Bayer, E. A,; Morais, S. Cellulosomes: bacterial
nanomachines for dismantling plant polysaccharides. Nat. Rev.
Microbiol. 2017, 15, 83—95.

(37) Bayer, E. A; Shimon, L. J. W.,; Shoham, Y.; Lamed, R.
Cellulosomes—structure and ultrastructure. J. Struct. Biol. 1998, 124,
221-234.

(38) Eibinger, M.; Ganner, T.; Plank, H.; Nidetzky, B. A biological
nanomachine at work: watching the cellulosome degrade crystalline
cellulose. ACS Cent. Sci. 2020, 6, 739—746.

(39) Vermaas, J. V.; Kont, R;; Beckham, G. T.; Crowley, M. F;
Gudmundsson, M.; Sandgren, M.; Stahlberg, J.; Viljamie, P.; Knott,
B. C. The dissociation mechanism of processive cellulases. Proc. Natl.
Acad. Sci. U. S. A. 2019, 116, 23061—23067.

(40) Bayer, E. A. Cellulosomes and designer cellulosomes: why toy
with Nature? Environ. Microbiol. Rep. 2017, 9, 14—15.

(41) Morais, S.; Morag, E.; Barak, Y.; Goldman, D.; Hadar, Y,;
Lamed, R.; Shoham, Y.; Wilson, D. B.; Bayer, E. A. Deconstruction of
lignocellulose into soluble sugars by native and designer cellulosomes.
mBio 2012, 3, No. e00508-12.

(42) Ellis, G. A;; Klein, W. P; Lasarte-Aragonés, G.; Thakur, M,;
Walper, S. A.; Medintz, I. L. Artificial multienzyme scaffolds: pursuing
in vitro substrate channeling with an overview of current progress.
ACS Catal. 2019, 9, 10812—10869.

(43) Gilmore, S. P.; Lillington, S. P.; Haitjema, C. H.; de Groot, R;;
O’Malley, M. A. Designing chimeric enzymes inspired by fungal
cellulosomes. Synth. Syst. Biotechnol. 2020, S, 23—32.

(44) Brunecky, R.; Alahuhta, M.; Xu, Q.; Donohoe, B. S.; Crowley,
M. F,; Kataeva, I. A;; Yang, S.-J.; Resch, M. G,; Adams, M. W. W;
Lunin, V. V,; Himmel, M. E,; Bomble, Y. J. Revealing nature’s
cellulase diversity: the digestion mechanism of Caldicellulosiruptor
bescii CelA. Science 2013, 342, 1513—1516.

(45) Taylor, L. E; Knott, B. C.; Baker, J. O,; Alahuhta, P. M,;
Hobdey, S. E.; Linger, J. G.; Lunin, V. V.; Amore, A.; Subramanian,
V.; Podkaminer, K; Xu, Q.; VanderWall, T. A,; Schuster, L. A;
Chaudhari, Y. B.; Adney, W. S; Crowley, M. F.; Himmel, M. E;
Decker, S. R.;; Beckham, G. T. Engineering enhanced cellobiohy-
drolase activity. Nat. Commun. 2018, 9, 1-10.

(46) Gilmore, S. P.; Henske, J. K; O’Malley, M. A. Driving biomass
breakdown through engineered cellulosomes. Bioengineered 2015, 6,
204—208.

(47) Fierobe, H.-P.; Mingardon, F.; Mechaly, A; Bélich, A;
Rincon, M. T.; Pages, S,; Lamed, R;; Tardif, C.; Bélaich, J.-P.; Bayer,
E. A. Action of designer cellulosomes on homogeneous versus
complex substrates. J. Biol. Chem. 2005, 280, 16325—16334.

(48) Ribitsch, D.; Yebra, A. O.; Zitzenbacher, S.; Wu, J.; Nowitsch,
S.; Steinkellner, G.; Greimel, K.; Doliska, A.; Oberdorfer, G.; Gruber,
C. C.; Gruber, K.; Schwab, H.; Stana-Kleinschek, K.; Acero, E. H,;
Guebitz, G. M. Fusion of binding domains to Thermobifida
cellulosilytica cutinase to tune sorption characteristics and enhancing
PET hydrolysis. Biomacromolecules 2013, 14, 1769—1776.

(49) Yarbrough, J. M,; Zhang, R; Mittal, A;; Vander Wall, T,;
Bomble, Y. J; Decker, S. R; Himmel, M. E,; Ciesielski, P. N.
Multifunctional cellulolytic enzymes outperform processive fungal
cellulases for coproduction of nanocellulose and biofuels. ACS Nano
2017, 11, 3101—3109.

(50) Jeoh, T.; Santa-Maria, M. C.; O’Dell, P. ]. Assessing cellulose
microfibrillar structure changes due to cellulase action. Carbohydr.
Polym. 2013, 97, S81—6.

(51) Santa-Maria, M.; Jeoh, T. Molecular-scale investigations of
cellulose microstructure during enzymatic hydrolysis. Biomacromole-
cules 2010, 11, 2000—2007.

(52) Eibinger, M.; Sattelkow, J.; Ganner, T.; Plank, H.; Nidetzky, B.
Single-molecule study of oxidative enzymatic deconstruction of
cellulose. Nat. Commun. 2017, 8, 894.

(53) Ganner, T.; Bubner, P.; Eibinger, M.; Mayrhofer, C.; Plank, H.;
Nidetzky, B. Dissecting and Reconstructing Synergism: in situ
visualization of cooperativity among cellulases. J. Biol. Chem. 2012,
287, 43215—43222.

(54) Eibinger, M.; Bubner, P.; Ganner, T.; Plank, H.; Nidetzky, B.
Surface structural dynamics of enzymatic cellulose degradation,
revealed by combined kinetic and atomic force microscopy studies.
FEBS J. 2014, 281, 275-290.

(55) Igarashi, K.; Uchihashi, T.; Koivula, A.; Wada, M.; Kimura, S.;
Okamoto, T.; Penttila, M.; Ando, T.; Samejima, M. Traffic jams
reduce hydrolytic efficiency of cellulase on cellulose surface. Science
2011, 333, 1279—1282.

(56) Moon, R. J.; Martini, A.; Nairn, J.; Simonsen, J.; Youngblood, J.
Cellulose nanomaterials review: structure, properties and nano-
composites. Chem. Soc. Rev. 2011, 40, 3941—-3994.

(57) Peter, Z. Order in cellulosics: Historical review of crystal
structure research on cellulose. Carbohydr. Polym. 2021, 254, 117417.

(58) Su, Y.; Burger, C.; Ma, H.; Chuy, B.; Hsiao, B. S. Exploring the
nature of cellulose microfibrils. Biomacromolecules 2015, 16, 1201—
1209.

(59) Nishiyama, Y.; Kim, U.-J,; Kim, D.-Y.; Katsumata, K. S.; May,
R. P; Langan, P. Periodic disorder along ramie cellulose microfibrils.
Biomacromolecules 2003, 4, 1013—1017.

https://doi.org/10.1021/acscatal.1c03465
ACS Catal. 2021, 11, 13530—13542


https://doi.org/10.1017/S1431927621003354
https://doi.org/10.1017/S1431927621003354
https://doi.org/10.1017/S1431927621003354
https://doi.org/10.1017/S1431927621002452
https://doi.org/10.1017/S1431927621002452
https://doi.org/10.1017/S1431927621002452
https://doi.org/10.1021/acsnano.0c08295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c08295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s13068-015-0236-9
https://doi.org/10.1186/s13068-015-0236-9
https://doi.org/10.1186/s13068-015-0236-9
https://doi.org/10.1016/j.biotechadv.2009.06.005
https://doi.org/10.1002/adfm.202008552
https://doi.org/10.1002/adfm.202008552
https://doi.org/10.1021/acssuschemeng.9b07415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/bit.20282
https://doi.org/10.1002/bit.20282
https://doi.org/10.1002/bit.20282
https://doi.org/10.1016/j.biortech.2011.12.063
https://doi.org/10.1016/j.biortech.2011.12.063
https://doi.org/10.1016/j.biortech.2011.12.063
https://doi.org/10.1021/acssuschemeng.0c00779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c00779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchembio.1227
https://doi.org/10.1038/nchembio.1227
https://doi.org/10.1074/jbc.M112.381624
https://doi.org/10.1074/jbc.M112.381624
https://doi.org/10.1038/s41929-018-0166-6
https://doi.org/10.1038/s41929-018-0166-6
https://doi.org/10.1016/j.copbio.2019.03.013
https://doi.org/10.1016/j.copbio.2019.03.013
https://doi.org/10.1007/s11705-017-1609-3
https://doi.org/10.1007/s11705-017-1609-3
https://doi.org/10.1038/nrmicro.2016.164
https://doi.org/10.1038/nrmicro.2016.164
https://doi.org/10.1006/jsbi.1998.4065
https://doi.org/10.1021/acscentsci.0c00050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c00050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c00050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1913398116
https://doi.org/10.1111/1758-2229.12489
https://doi.org/10.1111/1758-2229.12489
https://doi.org/10.1128/mBio.00508-12
https://doi.org/10.1128/mBio.00508-12
https://doi.org/10.1021/acscatal.9b02413?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b02413?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.synbio.2020.01.003
https://doi.org/10.1016/j.synbio.2020.01.003
https://doi.org/10.1126/science.1244273
https://doi.org/10.1126/science.1244273
https://doi.org/10.1126/science.1244273
https://doi.org/10.1038/s41467-018-03501-8
https://doi.org/10.1038/s41467-018-03501-8
https://doi.org/10.1080/21655979.2015.1060379
https://doi.org/10.1080/21655979.2015.1060379
https://doi.org/10.1074/jbc.M414449200
https://doi.org/10.1074/jbc.M414449200
https://doi.org/10.1021/bm400140u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm400140u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm400140u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carbpol.2013.05.027
https://doi.org/10.1016/j.carbpol.2013.05.027
https://doi.org/10.1021/bm100366h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm100366h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-017-01028-y
https://doi.org/10.1038/s41467-017-01028-y
https://doi.org/10.1074/jbc.M112.419952
https://doi.org/10.1074/jbc.M112.419952
https://doi.org/10.1111/febs.12594
https://doi.org/10.1111/febs.12594
https://doi.org/10.1126/science.1208386
https://doi.org/10.1126/science.1208386
https://doi.org/10.1039/c0cs00108b
https://doi.org/10.1039/c0cs00108b
https://doi.org/10.1016/j.carbpol.2020.117417
https://doi.org/10.1016/j.carbpol.2020.117417
https://doi.org/10.1021/bm501897z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm501897z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm025772x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c03465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

(60) Iguchi, M.; Yamanaka, S.; Budhiono, A. Bacterial cellulose — a
masterpiece of nature * s arts. J. Mater. Sci. 2000, 35, 261—270.

(61) Wang, J.; Tavakoli, J.; Tang, Y. Bacterial cellulose production,
properties and applications with different culture methods - A review.
Carbohydr. Polym. 2019, 219, 63—76.

(62) Usov, L; Nystréom, G.; Adamcik, J.; Handschin, S.; Schiitz, C.;
Fall, A;; Bergstrom, L.; Mezzenga, R. Understanding nanocellulose
chirality and structure-properties relationship at the single fibril level.
Nat. Commun. 2015, 6, 7564.

(63) Boisset, C.; Chanzy, H.; Henrissat, B.; Lamed, R.; Shoham, Y.;
Bayer, E. A. Digestion of crystalline cellulose substrates by the
Clostridium thermocellum cellulosome: structural and morphological
aspects. Biochem. J. 1999, 340, 829.

(64) Wada, M.; Okano, T.; Sugiyama, J. Allomorphs of native
crystalline cellulose I evaluated by two equatorial d-spacings. J. Wood
Sci. 2001, 47, 124—128.

(65) Shibafuji, Y.; Nakamura, A.; Uchihashi, T.; Sugimoto, N;
Fukuda, S.; Watanabe, H.; Samejima, M.; Ando, T.; Noji, H.; Koivula,
A,; Igarashi, K; Iino, R. Single-molecule imaging analysis of
elementary reaction steps of Trichoderma reesei cellobiohydrolase I
(Cel7A) hydrolyzing crystalline cellulose I and IIL. J. Biol. Chem. 2014,
289, 14056—1406S.

(66) Chundawat, S. P. S.; Bellesia, G.; Uppugundla, N.; da Costa
Sousa, L.; Gao, D.; Cheh, A. M,; Agarwal, U. P.; Bianchetti, C. M.;
Phillips, G. N.; Langan, P.; Balan, V.,; Gnanakaran, S.; Dale, B. E.
Restructuring the crystalline cellulose hydrogen bond network
enhances its depolymerization rate. J. Am. Chem. Soc. 2011, 133,
11163—74.

(67) Dufréne, Y. F.; Ando, T.; Garcia, R; Alsteens, D.; Martinez-
Martin, D.; Engel, A.; Gerber, C; Miiller, D. ]J. Imaging modes of
atomic force microscopy for application in molecular and cell biology.
Nat. Nanotechnol. 2017, 12, 295—307.

(68) Garcia, R. Nanomechanical mapping of soft materials with the
atomic force microscope: methods, theory and applications. Chem.
Soc. Rev. 2020, 49, 5850—5884.

(69) Melcher, J.; Carrasco, C.; Xu, X.; Carrascosa, J. L.; Gomez-
Herrero, J.; Jose de Pablo, P.; Raman, A. Origins of phase contrast in
the atomic force microscope in liquids. Proc. Natl. Acad. Sci. U. S. A.
2009, 106, 13655—13660.

(70) Ciesielski, P. N.; Wagner, R.; Bharadwaj, V. S.; Killgore, J.;
Mittal, A.; Beckham, G. T.; Decker, S. R;; Himmel, M. E.; Crowley,
M. E. Nanomechanics of cellulose deformation reveal molecular
defects that facilitate natural deconstruction. Proc. Natl. Acad. Sci. U. S.
A. 2019, 116, 9825.

(71) Hidayat, B. J; Felby, C.; Johansen, K. S.; Thygesen, L. G.
Cellulose is not just cellulose: a review of dislocations as reactive sites
in the enzymatic hydrolysis of cellulose microfibrils. Cellulose 2012,
19, 1481—1493.

(72) Lamed, R.; Bayer, E. Cellulosomes from Clostridium
thermocellum. Methods Enzymol. 1988, 160, 472—482.

(73) Fontes, C. M. G. A;; Gilbert, H. J. Cellulosomes: highly efficient
nanomachines designed to deconstruct plant cell wall complex
carbohydrates. Annu. Rev. Biochem. 2010, 79, 655—681.

(74) Xu, Q; Resch, M. G.; Podkaminer, K.; Yang, S.; Baker, J. O;
Donohoe, B. S.; Wilson, C.; Klingeman, D. M.; Olson, D. G.; Decker,
S.R; Giannone, R. J.; Hettich, R. L.; Brown, S. D.; Lynd, L. R.; Bayer,
E. A; Himmel, M. E; Bomble, Y. J. Dramatic performance of
Clostridium thermocellum explained by its wide range of cellulase
modalities. Sci. Adv. 2016, 2, No. e1501254.

(75) Bischof, R. H.; Ramoni, J.; Seiboth, B. Cellulases and beyond:
the first 70 years of the enzyme producer Trichoderma reesei. Microb.
Cell Fact. 2016, 135, 106.

(76) Nakamura, A.; Watanabe, H.; Ishida, T.; Uchihashi, T.; Wada,
M.; Ando, T.; Igarashi, K; Samejima, M. Trade-off between
processivity and hydrolytic velocity of cellobiohydrolases at the
surface of crystalline cellulose. J. Am. Chem. Soc. 2014, 136, 4584—
4592.

(77) Uchiyama, T.; Uchihashi, T.; Nakamura, A.; Watanabe, H,;
Kaneko, S.; Samejima, M.; Igarashi, K. Convergent evolution of

13541

processivity in bacterial and fungal cellulases. Proc. Natl. Acad. Sci. U.
S. A. 2020, 117, 19896—19903.

(78) Nakamura, A.; Tasaki, T.; Ishiwata, D.; Yamamoto, M.; Okuni,
Y.; Visootsat, A.; Maximilien, M.; Noji, H.; Uchiyama, T.; Samejima,
M.,; Igarashi, K,; Iino, R. Single-molecule imaging analysis of binding,
processive movement, and dissociation of cellobiohydrolase Tricho-
derma reesei Cel6A and its domains on crystalline cellulose. J. Biol.
Chem. 2016, 291, 22404—22413.

(79) Morag, E.; Yaron, S.; Lamed, R.; Kenig, R.; Shoham, Y.; Bayer,
E. A. Dissociation of the cellulosome of Clostridium thermocellum
under nondenaturing conditions. J. Biotechnol. 1996, S1, 235—242.

(80) Gold, N. D; Martin, V. J. J. Global view of the Clostridium
thermocellum cellulosome revealed by quantitative proteomic analysis.
J. Bacteriol. 2007, 189, 6787—95.

(81) Resch, M. G.; Donohoe, B. S.; Baker, J. O,; Decker, S. R;
Bayer, E. A;; Beckham, G. T.; Himmel, M. E. Fungal cellulases and
complexed cellulosomal enzymes exhibit synergistic mechanisms in
cellulose deconstruction. Energy Environ. Sci. 2013, 6, 1858.

(82) Resch, M. G.; Donohoe, B. S.; Ciesielski, P. N.; Nill, J. E;
Magnusson, L.; Himmel, M. E,; Mittal, A; Katahira, R;; Biddy, M. J;
Beckham, G. T. Clean fractionation pretreatment reduces enzyme
loadings for biomass saccharification and reveals the mechanism of
free and cellulosomal enzyme synergy. ACS Sustainable Chem. Eng.
2014, 2, 1377—-1387.

(83) Olson, D. G.; Tripathi, S. A.; Giannone, R. J; Lo, J.; Caiazza, N.
C.; Hogsett, D. A.; Hettich, R. L.; Guss, A. M.; Dubrovsky, G.; Lynd,
L. R. Deletion of the Cel48S cellulase from Clostridium thermocellum.
Proc. Natl. Acad. Sci. U. S. A. 2010, 107, 17727—17732.

(84) Lemos, M.; Teixeira, J.; Mota, M.; Gama, F. A simple method
to separate cellulose-binding domains of fungal cellulases after
digestion by a protease. Biotechnol. Lett. 2000, 22, 703—707.

(85) Brady, S. K.; Sreelatha, S.; Feng, Y.; Chundawat, S. P. S. S,;
Lang, M. ]J. Cellobiohydrolase 1 from Trichoderma reesei degrades
cellulose in single cellobiose steps. Nat. Commun. 2015, 6, 10149.

(86) Jalak, J.; Viljamie, P. Mechanism of initial rapid rate
retardation in cellobiohydrolase catalyzed cellulose hydrolysis.
Biotechnol. Bioeng. 2010, 106, 871—83.

(87) Tatl, M.; Morais, S.; Tovar-Herrera, O. E.; Bomble, Y.; Bayer,
E. A,; Medalia, O.; Mizrahi, I. Nanoscale resolution of microbial fiber
degradation in action. bioRxiv, Feb. 16, 20212021.02.16.431430.
DOI: 10.1101/2021.02.16.431430.

(88) Mazeau, K; Heux, L. Molecular dynamics simulations of bulk
native crystalline and amorphous structures of cellulose. J. Phys. Chem.
B 2003, 107, 2394—2403.

(89) Niu, H.; Shah, N.; Kontoravdi, C. Modelling of amorphous
cellulose depolymerisation by cellulases, parametric studies and
optimization. Biochem. Eng. J. 2016, 10S, 455—472.

(90) Zhou, W.; Schiittler, H.-B.; Hao, Z.; Xu, Y. Cellulose hydrolysis
in evolving substrate morphologies I: A general modeling formalism.
Biotechnol. Bioeng. 2009, 104, 261—74.

(91) Donohoe, B. S.; Resch, M. G. Mechanisms employed by
cellulase systems to gain access through the complex architecture of
lignocellulosic substrates. Curr. Opin. Chem. Biol. 2015, 29, 100—107.

(92) Petridis, L.; Smith, J. C. Molecular-level driving forces in
lignocellulosic biomass deconstruction for bioenergy. Nat. Rev. Chem.
2018, 2, 382—389.

(93) Liu, Y.-J; Liu, S; Dong S, Li, R; Feng, Y,; Cui, Q
Determination of the native features of the exoglucanase Cel48S from
Clostridium thermocellum. Biotechnol. Biofuels 2018, 11, 6.

(94) Dykstra, A. B.; St. Brice, L; Rodriguez, M.; Raman, B;
Izquierdo, J.; Cook, K. D.; Lynd, L. R.; Hettich, R. L. Development of
a Multipoint Quantitation Method to Simultaneously Measure
Enzymatic and Structural Components of the Clostridium thermo-
cellum Cellulosome Protein Complex. J. Proteome Res. 2014, 13, 692—
701.

(95) Guimaries, B. G.; Souchon, H.; Lytle, B. L.; David Wu, J. H,;
Alzari, P. M. The crystal structure and catalytic mechanism of
cellobiohydrolase celS, the major enzymatic component of the

https://doi.org/10.1021/acscatal.1c03465
ACS Catal. 2021, 11, 13530—13542


https://doi.org/10.1023/A:1004775229149
https://doi.org/10.1023/A:1004775229149
https://doi.org/10.1016/j.carbpol.2019.05.008
https://doi.org/10.1016/j.carbpol.2019.05.008
https://doi.org/10.1038/ncomms8564
https://doi.org/10.1038/ncomms8564
https://doi.org/10.1042/bj3400829
https://doi.org/10.1042/bj3400829
https://doi.org/10.1042/bj3400829
https://doi.org/10.1007/BF00780560
https://doi.org/10.1007/BF00780560
https://doi.org/10.1074/jbc.M113.546085
https://doi.org/10.1074/jbc.M113.546085
https://doi.org/10.1074/jbc.M113.546085
https://doi.org/10.1021/ja2011115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2011115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2017.45
https://doi.org/10.1038/nnano.2017.45
https://doi.org/10.1039/D0CS00318B
https://doi.org/10.1039/D0CS00318B
https://doi.org/10.1073/pnas.0902240106
https://doi.org/10.1073/pnas.0902240106
https://doi.org/10.1073/pnas.1900161116
https://doi.org/10.1073/pnas.1900161116
https://doi.org/10.1007/s10570-012-9740-2
https://doi.org/10.1007/s10570-012-9740-2
https://doi.org/10.1016/0076-6879(88)60157-1
https://doi.org/10.1016/0076-6879(88)60157-1
https://doi.org/10.1146/annurev-biochem-091208-085603
https://doi.org/10.1146/annurev-biochem-091208-085603
https://doi.org/10.1146/annurev-biochem-091208-085603
https://doi.org/10.1126/sciadv.1501254
https://doi.org/10.1126/sciadv.1501254
https://doi.org/10.1126/sciadv.1501254
https://doi.org/10.1186/s12934-016-0507-6
https://doi.org/10.1186/s12934-016-0507-6
https://doi.org/10.1021/ja4119994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4119994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4119994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.2011366117
https://doi.org/10.1073/pnas.2011366117
https://doi.org/10.1074/jbc.M116.752048
https://doi.org/10.1074/jbc.M116.752048
https://doi.org/10.1074/jbc.M116.752048
https://doi.org/10.1016/S0168-1656(96)01601-X
https://doi.org/10.1016/S0168-1656(96)01601-X
https://doi.org/10.1128/JB.00882-07
https://doi.org/10.1128/JB.00882-07
https://doi.org/10.1039/c3ee00019b
https://doi.org/10.1039/c3ee00019b
https://doi.org/10.1039/c3ee00019b
https://doi.org/10.1021/sc500210w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/sc500210w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/sc500210w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1003584107
https://doi.org/10.1023/A:1005691821173
https://doi.org/10.1023/A:1005691821173
https://doi.org/10.1023/A:1005691821173
https://doi.org/10.1038/ncomms10149
https://doi.org/10.1038/ncomms10149
https://doi.org/10.1002/bit.22779
https://doi.org/10.1002/bit.22779
https://doi.org/10.1101/2021.02.16.431430
https://doi.org/10.1101/2021.02.16.431430
https://doi.org/10.1101/2021.02.16.431430?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0219395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0219395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bej.2015.10.017
https://doi.org/10.1016/j.bej.2015.10.017
https://doi.org/10.1016/j.bej.2015.10.017
https://doi.org/10.1002/bit.22389
https://doi.org/10.1002/bit.22389
https://doi.org/10.1016/j.cbpa.2015.08.014
https://doi.org/10.1016/j.cbpa.2015.08.014
https://doi.org/10.1016/j.cbpa.2015.08.014
https://doi.org/10.1038/s41570-018-0050-6
https://doi.org/10.1038/s41570-018-0050-6
https://doi.org/10.1186/s13068-017-1009-4
https://doi.org/10.1186/s13068-017-1009-4
https://doi.org/10.1021/pr400788e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/pr400788e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/pr400788e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/pr400788e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0022-2836(02)00497-7
https://doi.org/10.1016/S0022-2836(02)00497-7
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c03465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis pubs.acs.org/acscatalysis Research Article

Clostridium thermocellum cellulosome. J. Mol. Biol. 2002, 320, 587—
596.

(96) Divne, C.; Stihlberg, J.; Teeri, T. T.; Jones, T. A. High-
resolution crystal structures reveal how a cellulose chain is bound in
the 50 A long tunnel of cellobiohydrolase I from Trichoderma reesei. J.
Mol. Biol. 1998, 275, 309—325.

(97) Beckham, G. T.; Stihlberg, J.; Knott, B. C; Himmel, M. E;
Crowley, M. F.; Sandgren, M.; Serlie, M.; Payne, C. M. Towards a
molecular-level theory of carbohydrate processivity in glycoside
hydrolases. Curr. Opin. Biotechnol. 2014, 27, 96—106.

(98) Kurasin, M.; Viljamie, P. Processivity of cellobiohydrolases is
limited by the substrate. J. Biol. Chem. 2011, 286, 169—77.

(99) Kipper, K; Viljamie, P.; Johansson, G. Processive action of
cellobiohydrolase Cel7A from Trichoderma reesei is revealed as ‘burst’
kinetics on fluorescent polymeric model substrates. Biochem. J. 2005,
385, 527—-535.

(100) Kostylev, M.; Alahuhta, M.; Chen, M.; Brunecky, R.; Himmel,
M. E; Lunin, V. V,; Brady, J; Wilson, D. B. Cel48A from
Thermobifida fusca: Structure and site directed mutagenesis of key
residues. Biotechnol. Bioeng. 2014, 111, 664—673.

(101) Kostylev, M.; Wilson, D. A distinct model of synergism
between a processive endocellulase (TfCel9A) and an exocellulase
(TfCel48A) from Thermobifida fusca. Appl. Environ. Microbiol. 2014,
80, 339—344.

(102) Christensen, S. J.; Kari, J.; Badino, S. F.; Borch, K.; Westh, P.
Rate-limiting step and substrate accessibility of cellobiohydrolase
Cel6A from Trichoderma reesei. FEBS J. 2018, 285, 4482—4493.

(103) Boisset, C.; Fraschini, C.; Schiilein, M.; Henrissat, B.; Chanzy,
H. Imaging the Enzymatic Digestion of bacterial cellulose ribbons
reveals the endo character of the cellobiohydrolase Cel6A from
Humicola insolens and its mode of synergy with cellobiohydrolase
Cel7A. Appl. Environ. Microbiol. 2000, 66 (4), 1444—1452.

(104) Badino, S. F.; Kari, J.; Christensen, S. J.; Borch, K.; Westh, P.
Direct kinetic comparison of the two cellobiohydrolases Cel6A and
Cel7A from Hypocrea jecorina. Biochim. Biophys. Acta, Proteins
Proteomics 2017, 1865, 1739—174S.

13542 https://doi.org/10.1021/acscatal.1c03465
ACS Catal. 2021, 11, 13530—13542


https://doi.org/10.1016/S0022-2836(02)00497-7
https://doi.org/10.1006/jmbi.1997.1437
https://doi.org/10.1006/jmbi.1997.1437
https://doi.org/10.1006/jmbi.1997.1437
https://doi.org/10.1016/j.copbio.2013.12.002
https://doi.org/10.1016/j.copbio.2013.12.002
https://doi.org/10.1016/j.copbio.2013.12.002
https://doi.org/10.1074/jbc.M110.161059
https://doi.org/10.1074/jbc.M110.161059
https://doi.org/10.1042/BJ20041144
https://doi.org/10.1042/BJ20041144
https://doi.org/10.1042/BJ20041144
https://doi.org/10.1002/bit.25139
https://doi.org/10.1002/bit.25139
https://doi.org/10.1002/bit.25139
https://doi.org/10.1128/AEM.02706-13
https://doi.org/10.1128/AEM.02706-13
https://doi.org/10.1128/AEM.02706-13
https://doi.org/10.1111/febs.14668
https://doi.org/10.1111/febs.14668
https://doi.org/10.1128/AEM.66.4.1444-1452.2000
https://doi.org/10.1128/AEM.66.4.1444-1452.2000
https://doi.org/10.1128/AEM.66.4.1444-1452.2000
https://doi.org/10.1128/AEM.66.4.1444-1452.2000
https://doi.org/10.1016/j.bbapap.2017.08.013
https://doi.org/10.1016/j.bbapap.2017.08.013
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c03465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

