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Biodegradation of plant biomass is a slow process in nature,
and hydrolysis of cellulose is also widely considered to be a rate-
limiting step in the proposed industrial process of converting
lignocellulosic materials to biofuels. It is generally known that a
team of enzymes including endo- and exocellulases as well as
cellobiases are required to act synergistically to hydrolyze cellu-
lose to glucose. The detailed molecular mechanisms of these
enzymes have yet to be convincingly elucidated. In this report,
atomic force microscopy (AFM) is used to image in real-time the
structural changes in Valonia cellulose crystals acted upon by
the exocellulase cellobiohydrolase I (CBH I) from Trichoderma
reesei. Under AFM, single enzyme molecules could be observed
binding only to one face of the cellulose crystal, apparently the
hydrophobic face. The surface roughness of cellulose began
increasing after adding CBH I, and the overall size of cellulose
crystals decreased during an 11-h period. Interestingly, this size
reduction apparently occurred only in the width of the crystal,
whereas the height remained relatively constant. In addition,
the measured cross-section shape of cellulose crystal changed
from asymmetric to nearly symmetric. These observed changes
brought about by CBH I action may constitute the first direct
visualization supporting the idea that the exocellulase selec-
tively hydrolyzes the hydrophobic faces of cellulose. The limited
accessibility of the hydrophobic faces in native cellulose may
contribute significantly to the rate-limiting slowness of cellu-
lose hydrolysis.

Natural cellulose is a bundle of linear -1,4-linked glucan
chains held tightly in a crystalline structure by the cumulative
effect of many inter- and intrachain hydrogen bonds. Cellulose
produced by higher plants is the most abundant biopolymer on
Earth, accounting for 40 —60% by dry weight of plant cell walls.
In addition to the traditional uses of cellulose in the paper, food,
and textile industries, the new concept of biofuels produced
from lignocellulosic biomass is considered a promising route to
sustainable energy production. Unfortunately, lignocellulosic
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material is intrinsically recalcitrant to chemical and enzymatic
breakdown to simple sugars that can be fermented to liquid
fuels. A deeper understanding of biomass recalcitrance will be
required for the potential of lignocellulosic biofuels to be real-
ized (1).

In native plant cell walls, cellulose exists as nanometer scale
microfibril networks embedded in matrices of other biopoly-
mers such as hemicelluloses, pectins, and lignins. Chemical
pretreatment processes are often required to remove or relo-
cate these “other” matrix polymers, thereby exposing the cellu-
lose to a follow-up enzymatic hydrolysis to produce glucose.
The cellulases are a class of enzymes, produced mainly by cel-
lulolytic fungi and bacteria, that catalyze hydrolysis of the
B-1,4-glucosidic bonds that link the glucosyl units of cellulose.
Cellulases have been classified on the basis of their modes of
action on the substrate into three distinct classes that react
synergistically: (i) the endo-3-(1,4)-glucanases that cleave the
cellulose chain at internal positions to produce new chain ends
(2), (ii) the exo-B-(1,4)-p-glucanases that cleave successive
cellobiosyl units from the ends of cellulose, and (iii) the 3-D-
glucosidases that hydrolyze cellobiose to glucose. Among these
types of cellulases, the exoglucanases appear to catalyze most of
the bond-cleavages in the saccharification of crystalline cellu-
lose and are usually the major component of cellulase prepara-
tions, especially in the case of current fungus-derived commer-
cial enzymes.

Cellulose substrates isolated from different sources, though
all composed oflinear 3-1,4-linked glucose polymers, differ sig-
nificantly in structure as measured in terms of amorphous con-
tent, crystallinity, and size and shape of crystallites (3); these
structural differences may substantially affect susceptibility to
cellulase action. In addition, depending on variations of the
patterns of inter- and intrachain hydrogen bonds, cellulose may
form different crystalline allomorphs (e.g. cellulose I, I, IT, III,
and IV), upon which the binding and activities of cellulases may
be different. Endoglucanases acting alone may attack the non-
crystalline regions effectively, but effective attack on the crys-
talline portion of cellulose requires in addition the synergistic
action of the exoglucanases. The fact that cellulose structure
affects cellulase activities has long been documented (4), but
experimental data presented in the literature have been subject
to considerable uncertainty in interpretation of the relation-
ships between cellulose structure and cellulase activities due to
disagreements in identification and quantification of cellulose
structure by different analytical methods (5). In the current
study, cellulose crystals from the cell wall of a green alga, Valo-
nia ventricosa, were intensively characterized by means of
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atomic force microscopy (AFM).” Single, continuously moni-
tored crystals of the characterized material were used as sub-
strates in assays visualizing and quantifying the effects of catal-
ysis by Trichoderma reesei CBH I (Cel7A) on the structure of
cellulose crystals. The ultimate objective of this study is to elu-
cidate the reaction mechanism of cellulase on true crystalline
cellulose.

The cellulase system produced by the filamentous fungus
T. reesei is widely used as a commercial enzyme mixture in
industry. This system contains two exoglucanases, cellobiohy-
drolases CBH I and CBH II, which belong to glycoside hydro-
lase families 7 and 6 respectively, along with five endogluca-
nases (I-V). Itis generally believed that hydrolysis of crystalline
cellulose to cellobiose is the rate-limiting step of cellulose deg-
radation, which requires at least two type of synergistic reac-
tions, endo-exo cooperation between endoglucanases and cel-
lobiohydrolases (CBHs), and exo-exo cooperation between
CBH I and II, which remove cellobiosyl residues from, respec-
tively, the reducing and nonreducing ends of cellulose chains
(6). Among the enzymes present in the cellulase preparation
from T. reesei, CBH 1 is the most abundant component,
accounting for >60% of the total protein (7). CBH L is structur-
ally modular, consisting of a family 7 glycoside hydrolase cata-
lytic module and a family 1 carbohydrate-binding module
(TrCBM1), connected by a proline- and threonine-rich, highly
glycosylated linker peptide. In a proposed (8) mechanism for
the action of CBH I on crystalline cellulose, the surface-binding
family 1 CBM first binds to the planar surface of cellulose. The
reducing end of one cellulose chain is then threaded into the
active site tunnel of the catalytic module. The cellulose chain is
advanced “processively” through the tunnel, two glucosyl resi-
dues at a time, as catalytic residues in the tunnel catalyze the
hydrolysis of every second $3-1,4-glucosidic bond to depolymer-
ize the chain to free cellobiose units. This last proposed feature
is based primarily on the analytical finding that CBH I produces
mainly cellobiose, as well as on the structure of the catalytic
module (8) and the CBM (9). A recent study employing fast
AFM of CBH I on a cellulose crystal appears supportive of this
proposed mechanism (10).

During the past decade, researchers have investigated cellu-
lase activity and cellulose-cellulase interaction through a com-
bination of biochemical methods and wet chemistry, as well as
imaging techniques such as fluorescence microscopy (11-14),
transmission electron microscopy (TEM) (15, 16) and scanning
electron microscopy (17). AFM has also been used to charac-
terize the effects of different types of cellulases upon cellulose
structure (10, 13, 18 —20). Previously, we have studied the inter-
actions with cellulose of both complete cellulase enzymes (13)
and their binding modules (14, 21), by employing single-mole-
cule spectroscopy techniques, such as total internal reflection
fluorescence microscopy and AFM. It has been demonstrated
that AFM is a powerful analytical tool that can be used to obtain
highly accurate images of the cellulose surface under physiolog-
ical conditions with nanometer resolution (22, 23). The sample

2 The abbreviations used are: AFM, atomic force microscopy; CBH |, cellobio-
hydrolase I; CBM, cellulose-binding module; TEM, transmission electron
microscopy.
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can be imaged without physical (freezing) or chemical (fixation)
treatments; the images thus obtained therefore reflect “native”
structures. However, up until now, limited information has
been obtained by real-time observation of biological events in
time frames long enough to capture significant effects of cellu-
lase action. In the present study, we use AFM to image in real-
time the morphological changes occurring in single crystals of
Valonia cellulose as a result of hydrolysis by T. reesei CBH 1.
The Valonia cellulose I has mostly an I, structure and is a
widely accepted native crystalline cellulose standard. Our
objective was to learn how the enzyme affects the cellulose
morphology at the nanometer scale.

EXPERIMENTAL PROCEDURES

T. reesei CBH I Purification and Valonia ventricosa Cell
Culture—CBH I was purified from a seven-day broth of
T. reesei grown on Sigmacell 50 (Sigma-Aldrich Corp.) as car-
bon source. The detailed protocol of CBH I purification has
been described elsewhere (24). The cell culture of the green alga
V. ventricosa was purchased from UTEX (The Culture Collec-
tion of Algae at The University of Texas at Austin) and was
grown in enriched seawater medium (UTEX) at 23 °C under a
photo regime of 16-h light at 80 -100 foot candles of intensity
alternated with 8-h periods in the dark. The cells were har-
vested by centrifugation and were stored at —20 °C.

Preparation of Valonia Cell Wall Cross-section for AFM—
Frozen whole Valonia cells were fixed and embedded using the
following protocol, with all steps performed in a microwave at
30 °C under vacuum except where noted. Samples were fixed in
2.5% (v/v) glutaraldehyde in PBS, washed 3X with PBS, fixed in
1% (w/v) OsO, in PBS, washed 3X with distilled H,O, and
dehydrated with increasing concentrations of ethanol (30%,
60%, 90%, 3 X 100%, diluted in distilled H,O). Fixed cells were
then infiltrated with EMbed 812 resin (Electron Microscopy
Sciences, Hatfield, PA) in increasing concentrations of resin
(7%, 15%, 30%, 60%, 90%, 3 X 100% resin, diluted in ethanol),
with the last two resin exchanges lasting for 48 h each on a
rotator at room temperature. The samples were transferred to
flat-bottomed BEEM-type capsules (Electron Microscopy Sci-
ences), and the resin was polymerized by heating to 60 °C for
72 hin a nitrogen-purged vacuum oven. The samples were then
sectioned to ~240 nm thickness with a Diatome diamond knife
(Electron Microscopy Sciences) on a Leica EM UTC ultrami-
crotome (Leica, Wetzlar, Germany). Sections were collected on
freshly cleaved mica disks for AFM.

Preparation of Valonia Cellulose Crystals for AFM Imaging in
Buffer and CBH I Solution—The cellulose crystals were isolated
from Valonia cells using the previously described method (25).
Purified Valonia cellulose crystals were stored at —20 °C.
Freshly cleaved mica coated with an amine polymer, poly-L-
lysine, provided a flat, smooth, and stationary substrate on
which the cellulose crystals were firmly immobilized to over-
come the forces applied by the AFM probe and to permit high
resolution of the sample structure. Five ul of poly-L-lysine solu-
tion (0.1% w/v in water, Sigma-Aldrich) was added to freshly
cleaved mica. After 5 min of incubation, the excess poly-L-ly-
sine solution was removed using a spin coater (Model KW-4A,
Chemat Technology, Northridge, CA) operated at 500 rpm for
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30 s followed by 4000 rpm for 30 s. After that, 5 ul of a suspen-
sion of cellulose crystals (1 mg/ml in water) was added, followed
by incubation and spin coating as in the above procedure. The
coated mica was then dried in an oven at gentle heat (45 °C)
overnight. AFM was operated in tapping mode in buffer and in
air. We found that application of a 150-ul liquid droplet
(enzyme solution or buffer) to the cellulose-coated mica pro-
vided a sample in aqueous environment that was sufficient for
imaging for at least 10 h without significant artifacts caused by
water evaporation. CBH I (1 mg/ml) was applied to the cellu-
lose-coated mica in acetate buffer (20 mm acetate, 0.02% NaN3,
100 mMm NaCl, pH 5.0): the same buffer, without CBHI, was used
for buffer-control imaging.

AFM and Image Analysis—AFM measurements were con-
ducted using a Multi-Mode™™ scanning probe microscope with
NanoScope V controller (Veeco, Santa Barbara, CA). To ensure
absolute stability, the AFM was located in a specially designed
laboratory with acoustic and vibration isolation. A customized
Nikon optical microscope with deep focus (800X magnifica-
tion) was used to aid in positioning of the AFM tip to the desired
location. Silicon nitride probes and sharp nitride lever probes
(Veeco) were used in tapping mode to image cellulose fibers in
liquid, and DP18/HI'RES/AI BS probes (MikroMasch, San Jose,
CA) were used in air. Images of cross section and roughness
were analyzed using Nanoscope software (version 7.30). Sur-
face roughness was evaluated by flattening the images (second
order) and calculating mean roughness (Ra) and root mean
squared roughness (Rq). Ra is the arithmetic average of the
absolute values of the surface height deviations measured from
the mean plane, expressed as follows in Equation 1.

N

1
Ra :N2|Zi|

j=1

(Eg. 1)

In contrast, Rq is root mean square average of height deviations
taken from the mean image data plane, expressed as follows in

Equation 2.
g |2
q N

RESULTS AND DISCUSSION

Size and Shape of Valonia Cellulose Crystals—The green alga
V. ventricosa produces large cellulose fibrils. Cross-sections of
Valonia cellulose crystallites appear square with sizes ranging
from 10 to 20 nm as observed by TEM (26, 27). The negative
staining method used in those studies measured the crystallites
as nonstaining objects, and it was expected that the measured
size of the crystallite could be smaller than that of the actual
microfibril due to staining effects and resolution limitation. In
the current study, the cross-section of the Valonia cell wall was
imaged by AFM, with height (Fig. 14), phase (Fig. 1B), and
amplitude (Fig. 1C) images being taken simultaneously. By ana-
lyzing these images, the contours of each microfibril could be
seen clearly. The shape of each microfibril is hexagonal (Fig.
1D); because the microfibrils are mostly irregular with two nar-
row sides, they can appear pentagonal in low resolution images

(Eq.2)
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FIGURE 1. Atomic force micrographs of Valonia cell wall microfibrils. A
layered structure is shown in height (A), phase (B), and amplitude (C) images
taken simultaneously in 1 X 1 um scan size of native the Valonia cell wall
cross-section. Microfibrils are nearly aligned in parallel, and each five to eight
layers of microfibrils form a lamella. Zoomed-in phase image (200 X 200 nm,
D) shows the cross-section shape of individual microfibrils are mostly aniso-
tropic hexagonal. Isolated Valonia cellulose crystals were also imaged in ace-
tate buffer. Height images of 5 X 5 um scan size (E) show small bundles
formed by several crystals, and a close-up on the selected area from E shows
individual crystals (F), the size of which is ~25 nm based on height measure-
ment. Clear ridges can be seen on the cellulose crystal. Scale bar, 100 nm
(A-C), 20 nm (D), 1 uwm (E), and 30 nm (F).

(Fig. 1, A-C). The sizes of individual microfibrils range from 10
to 50 nm, with maximum frequency near 35 nm. The isolated
cellulose crystals were also imaged (Fig. 1, E and F). Several
crystals often form small bundles, and single crystals were
measured in the cross-section profile of height images as being
15 to 40 nm in height with maximum frequency of 25 nm, and
the length was measured as 200 nm to 2 wm with maximum
frequency of 1 wm. The reason that the measured size of single
isolated crystals was slightly smaller than that in native cell wall
could be one of the following: 1) the measured cross-sections
may not be perfectly perpendicular to the long axis of the
microfibril, which would result in larger size measured than
the actual one; 2) although we used a sharp tip (1 nm in apex) for
the AFM imaging to minimize the tip broadening effect, it
would be difficult to deconvolute such effects; or 3) the prepa-
ration process used to isolate the cellulose crystal could also be
expected to cause surface damage and peeling. Nevertheless,
the shape of Valonia cellulose observed is an irregular hexagon
with two narrow sides. Incidentally, subunits corresponding to
the 3—5 nm elementary fibril reported previously (28) were not
observed in this study.

CBH 1 Binds to Cellulose and Moves—Fig. 2 shows a single
cellulose crystal imaged in acetate buffer (as “zero-time con-
trol,” Fig. 2A) and at 171, 179, 188, 196, 205, 214, and 222 min,
respectively, (Fig. 2, B—H) after addition of CBH I. With the
same scanning size and area, we observed that cellulose fibers
had well defined ridges and relatively clean surfaces in buffer.
After addition of CBH I, there were some new features (right
side of cellulose) showing up on the cellulose crystal. These new
features could be explained as CBH I enzymes binding to the
cellulose surface. These new features were observed over a
period of time (222 min), as shown in Fig. 2 (B—H). The appar-
ent size of these features is approximately a quarter of the AFM
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FIGURE 2. Three-dimensional rendering of time lapse AFM amplitude images of an individual isolated Valonia cellulose crystal in acetate buffer (A)
and at 171, 179, 188, 196, 205, 214, and 222 min after addition of CBH | enzyme (B-H). Features observed attached to one side of the cellulose crystal are
believed to be CBH | enzyme molecules. Features observed attached to one side of the cellulose crystal are believed to be CBH | enzyme molecules. Features
appearing to have two different sizes may represent the two modules of CBH I (i.e. CD and CBM indicated by solid and open arrows, respectively). The location
of CBH | on cellulose was shown to change, which indicates movement of the enzyme. The measured relative position of putative CDs and CBMs was also
observed to change between ~5-10 nm, which is consistent with the modeled linker length, indicating that CBH | may be a dynamic structure during the

catalytic process. Scale bar, 10 nm.

measured height (25 nm) of the cellulose crystal. Based on pub-
lished crystal structures for the CBH I catalytic domain (8), and
on small-angle x-ray scattering structures for the intact enzyme
(29), projection of a bound CBH I molecule away from the cel-
lulose surface may be inferred to be between 5 and 10 nm. A
productively bound molecule (bound through both CBM and a
catalytic module “threaded” upon a cellulose chain) will have a
“projection height” closer to the smaller size, whereas an
enzyme molecule bound to the cellulose only by the CBM might
have projection heights ranging up to ~10 nm. Therefore, we
propose that the new features appearing on cellulose are most
likely to be CBH I enzymes. Although the AFM time-resolution
(frame rate ~ 1 frame/(8 min)) used in this study is not capable
of demonstrating processive motion of specific, individual CBH
I molecules, the observed new features were similar to those
tracked in a recent high speed AFM report (10). Fig. 2 also
shows that these features change relative locations on the cel-
lulose surface over the time imaged. Because there are appar-
ently two different sizes of features, with their relative distances
changing during the observed time frames (Fig. 2, C and D), we
further speculate that the two size categories represent two dif-
ferent kinds of modules (i.e. catalytic and carbohydrate-binding
modules) and that the observed changes in intermodule dis-
tance reflect conformational changes in the entire CBH I mol-
ecule as CBH I catalyzes bond cleavage and moves along on a
cellulose chain. Rigorous statistical analysis of continuous real-
time imaging using AFM will be required to confirm this
speculation.

Cellulose Surface Roughness Increases with CBH I Reaction—
AFM is capable of measuring the surface structure at atomic
resolution. We analyzed the structural changes in the cellulose
surface concomitant with the action of CBH 1. One of the fea-
tures obtained from AFM measurements is the degree of
roughness, which can be used to analyze changes in the surface
brought about by friction, adhesion, and catalytic activity.
There are many mathematical approaches to calculating sur-
face roughness from AFM images, including probability height
distribution, fractal analysis, mean roughness (Ra), and root-
mean-squared roughness (Rg). Ra and Rg are the most com-
monly reported of the measures of surface roughness that can
be extracted from AFM images. Fig. 3 represents roughness
measurement of the cellulose crystal shown in Fig. 2. We found
that cellulose surface roughness increased (in both Ra and Rgq
cases) by ~0.3 nm after addition of CBH I, which further con-
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FIGURE 3. Cellulose surface roughness increases after addition of CBH
I. Time lapse roughness analysis (based on Fig. 2) of cellulose fibers in
buffer (0 min, control experiment) and in CBH | solution (171, 179, 188,
196, 205, 214, and 222 min). Roughness increases by 0.3 nm shortly after
addition of CBH | and then remains at about the same level over 3 h
measurement. Trend lines are used to guide the eye. Ra, mean roughness;
Rg, root mean squared roughness. Error bars indicate S.D.

firms that the apparent morphological changes of cellulose
observed by AFM were the results of CBH I reaction. The
roughness remained almost constant during a subsequent 274
min of measurement in the presence of CBH I (Fig. 3). Valonia
celluloses are known to be primarily I, in crystalline form (30).
The distance between I, cellulose sheets (d,,,) is 0.39 nm,
which is similar to the measured surface roughness increases
resulting from CBH I action, indicating that CBH I enzymes
affect only the surface layer of cellulose crystals. Previously, it
has been demonstrated that the TrCBM1 binds to the hydro-
phobic faces (1 1 0) of cellulose (21, 31, 32), and these faces are
as narrow as 2—4 nm (14, 32). Presumably the hydrophobic
faces consist of more than one cellulose chain, thus the rough-
ness change may indicate that the cellulose chains are hydro-
lyzed individually.

Cellulose Crystal Size Decreases during CBH I Hydrolysis—
Continuous images of cellulose were taken in real-time during
incubation with either buffer or CBH I solution. The size and
shape of the cellulose crystal were analyzed by plotting the
cross-section profiles of each image frame (Fig. 4, A and B). No
change was observed during an 11-h incubation in buffer (Fig.
4A). After addition of CBH [, on the other hand, Fig. 4B shows
size reduction of the observed area taken from the average of
two successive frames with 50 cross-section lines in each frame
(based on 512 X 512 scan lines), which demonstrated that the
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FIGURE 4. Shown are selected cross-section profiles of Valonia cellulose analyzed by AFM height image in acetate buffer (A) and CBH | solution (B) during 11 h
of continuous imaging. Averages of 100 cross-section profiles (two successive frames with 50 cross-section lines in each frame) are plotted. In buffer, the
cellulose profile remains unchanged. In CBH I solution, cellulose surface morphology changes and size decreases from one side of the crystal resulting cellulose
in width changes, whereas height remains approximately the same. C, shown is the percentage change of integrated areas relative to the first point of the
sequence (the sixth hour after CBHI addition). Squares: cellulose in acetate buffer showing almost no changes; triangles: cellulose in CBH | solution showing
decreases of ~20%. Note that the cellulose crystals measured in buffer and in CBH | solution are two independent but identically conducted experiments.

Time (hr)

Valonia  }
cellulose
crystal

25 nm

' Valonia
cellulose
crystal

CBH | Hydrolysis

5nm 25 nm

FIGURE 5. A schematic diagram of AFM measurement of a cellulose crystal, in which the cross-section of a single 25-nm cellulose crystal is represented
based on cellulose |, structure with narrow 3-nm hydrophobic faces (1 1 0). In this schematic representation, the crystal attaches to the mica surface by its
broader hydrophilic surface. If the CBH I hydrolyzes both (1 1 0) and (—1 —1 0) faces, the AFM can only measure the changes in the (1 1 0) face, resulting in
cross-section profiles of AFM height imaging reduced in width from one side and unchanged in height (Fig. 4). Tip scanning profiles in red and blue lines

represent cellulose before and after hydrolysis, respectively. The tip and the cellulose are not in scale.

average width of the cellulose crystal decreased, but the average
height remained relatively constant. The apparent reduction of
cellulose specifically on one side of the crystal may imply that
the CBH I tends to hydrolyze cellulose from certain surfaces. It
has been previously reported that the family 1 CBM from CBH
I binds only to certain faces of cellulose crystal, i.e. the (1 1 0)
faces (or the hydrophobic faces) in the case of Valonia I, cellu-
lose (28). It could be further speculated that CBH I hydrolysis
also occurs only on the hydrophobic faces as discussed below.
The cross-section area of each single cellulose crystal was
further integrated based on AFM image section profiles, and a
size reduction of 20% was estimated based on 11 h of measure-
ment (Fig. 4C), whereas there was no change observed for the
same period of time in buffer (Fig. 44). The hydrolysis rate of
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CBH I could not be calculated, because 1) it is not known how
many CBH I molecules are involved in the period of 11 h
hydrolysis, and 2) it is difficult to estimate how many cellulose
chains are hydrolyzed in the 20% size reduction.

CBH I Hydrolysis Mechanism—Fig. 5 shows a schematic dia-
gram of an anisotropic hexagonal cellulose crystal and predic-
tions of scanning profiles produced during AFM imaging. In
this diagram, the cellulose crystal is initially 25 nm in width and
is shaped based on the cellulose I, structure with two hydro-
phobic faces (1 1 0) both 3-nm wide. Most likely, the broader
hydrophilic faces will attach to the mica surface when a single
cellulose crystal makes contact with the mica surface during
AFM sample preparation. The schematic of the AFM tip is gen-
erated based on a 1-nm radius for the tip apex and the general
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;/

FIGURE 6. Detailed structure of the end of a single cellulose crystal measured by AFM amplitude images. The cellulose crystal was treated in CBH |
solution, with imaging begun after 6 h treatment (A) and continued for an additional 274 min. Representative images are shown at 9 (B), 26 (C), 43 (D), 86 (E),
240 (F), 249 (G), and 274 (H) additional minutes of CBH | treatment, respectively. At successive time points, the crystal ends appeared smooth (A), sawtoothed
(B), and then nicked (C), indicating that CBH | erodes cellulose from the end of the crystal irregularly. White arrows highlight the crystal end change regions.
Apparent overall end-sharpening (A-G) is also observed only on one side, due to the effects of AFM tip geometry illustrated in Fig. 5. These observations

support previously reported cellulose tip sharpening caused by CBH | and imaged by TEM. The AFM imaging provides real-time measurement and more details
of morphological changes in crystal ends during CBH | hydrolysis. Scale bar, 20 nm.

(A) (B) (@)

FIGURE 7. “Buffer only” control for the experiment in Fig. 6. The cellulose crystal end shows no change in acetate buffer either in the short time scale (A-£)
orinthe long time scale (F). AFM amplitude images were taken 0 min (A), 9 min (B), 17 min (C), 26 min (D), 34 min (E), and 360 (F) min after the end of 6 h of initial

exposure to acetate buffer. Scale bar, 20 nm.

shape provided by the manufacturer. According to this pro-
posed orientation of the crystal on the mica surface, both
hydrophobic (1 1 0) and (—1 —1 0) faces, are exposed and sus-
ceptible to enzymatic hydrolysis. AFM, however, can probe
only the surfaces geometrically accessible to the tip, so for the
situation shown in Fig. 5, only the hydrolytic removal of mate-
rial from the (1 1 0) face will show up in scan profiles as a
difference between scans taken before and after CBH I hydro-
lysis. The schematic diagram shown in Fig. 5 therefore provides
a quite likely explanation for the one-sided reduction of the
cellulose crystal width in Fig. 4B. In addition, Fig. 5 illustrates a
reasonable explanation for the observation that no significant
changes in measured crystal height are detected during enzyme
hydrolysis, contrasted with substantial changes in crystal width.
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It has been documented that CBH I carries out exoattack on
cellulose from its reducing end generating sharpened tips (16).
Fig. 6 shows a succession of real-time AFM amplitude images (9
min per scan) of the end of the same cellulose crystal, beginning
("zero time” in the figure legend) 6 h after the addition of CBH
I. The amplitude mode yields clear images with high contrast.
During the course of the enzyme hydrolysis, we observed vari-
ous shape changes at the end of the cellulose crystal, such as
from smooth (Fig. 64, 0 min), to sawtoothed (Fig. 6B, 9 min),
and then to nicked (Fig. 6C, 26 min). The fiber end appeared
smooth again in Fig. 6G (249 min), but with a sharper angle than
that in Fig. 6A. The observed tip sharpening is similar to that
reported previously (16) where CBH I erodes bacterial cellulose
and renders the reducing end pointed in TEM images. We
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extend the results of the earlier work by providing real-time
images of irregularities produced in cellulose-crystal tips by
CBH I-catalyzed hydrolytic erosion. For the same reason illus-
trated in Fig. 5, AFM only detects one side of sharpening,
whereas TEM image can show sharpening from both sides. In
this study, operating AFM in an aqueous environment allows us
to image the process under physiological conditions without
intervening chemical/physical treatments. The observed phe-
nomenon is thus closer to that occurring in nature. A control
experiment was done by imaging cellulose fiber ends exposed to
acetate buffer only. A series of real-time AFM amplitude images
were taken starting at 6 h after adding acetate buffer solution
rather than CBH I solution. No observable changes were found
in either a short time (0 to 34 min with ~9 min frame rate) or a
long time scale (360 min) (Fig. 7). The ends of isolated cellulose
crystals sometimes appear to be nicked branches (Fig. 7), which
could have resulted from the harsh preparation conditions
(strong acid/base or high temperature) of cellulose isolation.

Conclusions—Atomic force microscopy has been used to
make real-time measurements, both qualitative and quantita-
tive, of the morphological changes in single crystals of cellulose
during hydrolysis by T. reesei CBH 1. We demonstrated struc-
tural changes including decrease in width, increases of surface
roughness, and changes in shape of fiber ends. We have
observed that the cross-section of Valonia cellulose crystal is
apparently an irregular hexagon with two narrow hydrophobic
faces that are binding surfaces for TrCBM1, and are likely to be
the surfaces from which CBH I-catalyzed reactions remove cel-
lulose chains. To the best of our knowledge, this is the first
direct measurement of CBH I hydrolysis of crystalline cellulose
that supports the hypothesis that CBH I hydrolyzes only the
hydrophobic faces of cellulose. We further speculate that devel-
opment of pretreatment approaches aimed at modification of
cellulose to increase the accessibility of the hydrophobic planes
to enzyme catalyst may lead to further improvements in the
efficiency of enzymatic saccharification of biomass.
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