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The low efﬁciency of enzymes used in the bioprocessing of biomass for biofuels is one of the primary
bottlenecks that must be overcome to make lignocellulosic biofuels cost-competitive. One of the rate-limiting
factors is the accessibility of the cellulase enzymes to insoluble cellulolytic substrates, facilitated by surface
absorption of the carbohydrate-binding modules (CBMs), a component of most cellulase systems. Despite
their importance, reports of direct observation of CBM function and activity using microscopic methods are
still uncommon. Here, we examine the site-speciﬁc binding of individual CBMs to crystalline cellulose in an
aqueous environment, using the single molecule ﬂuorescence method known as Defocused Orientation and
Position Imaging (DOPI). Systematic orientations were observed that are consistent with the CBMs binding
to the two opposite hydrophobic faces of the cellulose microﬁbril, with a well-deﬁned orientation relative to
the ﬁber axis. The approach provides in situ physical evidence indicating the CBMs bind with a well-deﬁned
orientation on those planes, thus supporting a binding mechanism driven by chemical and structural recognition
of the cellulose surface.
1. Introduction
Substantial progress in the conversion of biomass to biofuels
at low cost is contingent on fundamental breakthroughs in our
understanding of biomass structure and the mechanisms of cell
wall degrading enzymes which convert lignocellulosic biomass
to simple sugars suitable for fermentation. The chemical and
structural properties that have evolved in biomass to prevent
this disassembly of the plant cell wall (collectively referred to
as biomass recalcitrance) are currently the subject of intensive
study, motivated primarily by their potential as feedstocks for
biofuels and other bio-based products.1
Lignocellulosic biomass consists chieﬂy of plant cell walls:
an intricate mat of cellulose microﬁbrils embedded in a matrix
of complex polysaccharides (hemicelluloses and pectin) and
other polymers (mainly lignin).2 While cellulose is the primary
polysaccharide targeted for renewable feedstocks, its spatialchemical structure and its interaction with degrading enzymes
and microbes are not well understood at the nanometer scale.
Toward this end, we investigate the interaction of carbohydratebinding modules with cellulose microﬁbrils at the single
molecule level, to elucidate details of the molecular mechanisms
behind biomass conversion processes.
The primary plant-cell-wall-degrading microorganisms are
bacteria and fungi. Although a surprisingly varied set of
strategies have been found in different biomass degrading
ecosystems in nature, the system commonly involves a community of microbes and their secreted enzyme systems, such
as the cellulases, hemicellulases, and other related glycoside
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hydrolases; the polysaccharide lyases; and the carbohydrate
esterases.3 These enzymes are secreted as “free” enzymes,
produced by most fungi or bacteria, or form multienzyme
cellulosome complexes (produced by some anaerobic bacteria).
The deﬁnitive enzymatic degradation of plant cell wall polysaccharides is generally accomplished by the synergistic action of
enzymes with distinct glycosidic activities, which efﬁciently
deconstruct the heterogeneous chemical structure which has
evolved in the plant cell wall. These enzyme systems, secreted
in an aqueous environment, must access the insoluble polymeric
substrates in the plant cell wall to further catalyze hydrolysis.
This key function is facilitated by the site-speciﬁc binding of
the carbohydrate binding module (CBM), the component of the
cellulase enzyme which directs the catalytic domain(s) to the
cellulose surface.
CBMs are noncatalytic protein modules of glycoside hydrolases. They function as speciﬁc recognition modules that convey
or harness the catalytic domain of the enzymes selectively to
the polysaccharide substrate.4 CBMs play a critical role to
deliver the enzymatic components containing one or multiple
catalytic modules (e.g., the entire complement of the cellulosome) collectively to the lignocellulosic substrate, thus fulﬁlling
an important requirement for efﬁcient degradation of insoluble
cellulose and associated hemicelluloses. CBMs also potentially
disrupt distinct regions of their target ligand,5 align the polysaccharide chains, and function to enable the proximity of catalytic
modules to allow their synergistic activities. The structure and
ligand speciﬁcity of many CBMs have been determined
experimentally, and several hundred others have been putatively
identiﬁed and grouped into 59 families according to their amino
acid sequence similarity (http://www.cazy.org/fam/acc_CBM.
html). CBMs have also been classiﬁed into three types based
on their function: Type A CBMs, referred to as surface-binding
CBMs, bind speciﬁcally to insoluble crystalline cellulose. Types
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Figure 1. Sequence and structure of recombinant CBM-GFPs. All three polypeptides contain an N-terminal 6xHis tag (shown in italic), a CBM
(shown in bold), a short linker sequence (VPVEK), and a GFP (shown in underline). TrCBM1 is a typical fungi family 1 CBM (36 amino acids)
from T. reesei CBHI; AcCBM2 is a bacterial family 2 CBM (101 amino acids) from the free cellulase enzyme of A. cellulolyticus; and CtCBM3
is a bacterial family 3 CBM (156 amino acids) from the cellulosome scaffoldin of C. thermocellum. These three CBMs represent the three major
natural cellulase paradigms.3

B and C bind to soluble polysaccharides, and they are chainbinding or end-binding CBMs, respectively. The surface-binding
CBMs (type A) are particularly important, as they are commonly
found in a wide distribution of different plant-cell-walldegrading enzymes. It is thought that the planar binding sites
of the type A CBMs are complementary to the planar (hydrophobic) (110) faces of the cellulose crystal.6 In fact, this has
been conﬁrmed experimentally using TEM for the IR allomorph
of crystalline cellulose from Valonia.4,7
Fluorescence measurements that can achieve single-molecule
sensitivity and nanometer localization (<10 nm) in sparse
samples are now routine, due, in part, to advances in low-noise,
single-photon detectors, postprocessing localization, and the
development of total internal reﬂection ﬂuorescence (TIRF)
microscopy.8,9 Recently developed techniques have removed the
necessity of sparse coverage by utilizing photoactivatable
ﬂuorescent proteins (PA-FP) or by reducing the observation
volume below the diffraction limit.10 In addition to position,
the 3D orientation of single molecules is important for several
reasons, including its impact on photophysical parameters (e.g.,
ﬂuorescence lifetime) and its role in deducing the orientation
of the labeled biomolecule.11 Defocused orientation and position
imaging (DOPI) is a single-molecule method which exploits
the anisotropy of dipole radiation outside of the focal plane.12,13
In a homogeneous medium, ﬂuorescing molecules can be
considered as ideal electric dipole emitters, and when placed
in a stratiﬁed medium with different refractive indices (e.g., air/
sample/glass), the emitted radiation changes dramatically due
to the self-interaction with the back-reﬂected electromagnetic
ﬁeld. This can be seen by slightly defocusing the microscope,
which allows for unique identiﬁcation of the 3D spatial
orientation of the ﬂuorescent dipole. DOPI has been applied in
various areas, including imaging motor proteins,14 photonic
crystals,15 and second harmonic generation.16
Previously, the binding speciﬁcity of CBMs to crystalline
cellulose was demonstrated using single-molecule methods,4,17,18
and processive motion of single ﬂuorescently labeled family 2
CBMs along cellulose microﬁbrils was also observed.19,20 Here,
we utilize the DOPI method to observe the orientation of single

ﬂuorescently labeled CBMs bound to Valonia cellulose microﬁbrils. The approach provides in situ physical evidence of
the CBM-cellulose molecular interactionssindicating their
speciﬁcity for the hydrophobic crystalline facets of cellulosesand
a well-deﬁned cross-orientation of the CBM-green ﬂourescent
proteins (GFPs) relative to the ﬁber axisssuggesting a preferred
orientation of the CBMs with respect to the cellulose crystal
basis and contributing toward building a mechanistic model of
the function of the CBMs and their associated cellulase enzymes.
We chose three families (e.g., 1, 2, and 3) of surface-binding
CBMs for this study, representative of three very different types
of cellulase systems. These CBMs are of interest due to their
high binding afﬁnity to crystalline cellulose and are commonly
found in a wide variety of cellulase systems involved in breaking
down plant cell walls. The family 1 CBM is found in fungi
cellulases and are believed to play a critical role in accommodating the processive action of exoglucosidases, such as the
cellobiohydrolases-I (CBH I), the key enzyme required for
hydrolysis of crystalline cellulose.21 The family 2 CBM has been
found in bacterial free cellulase systems and could move
directionally while bound to cellulose.19 The family 3 CBM used
in this study is derived from the scaffoldin protein that facilitates
the assembly of multiple enzyme complexes to bind to the
cellulolytic substrates (they may also be found in noncellulosomal cellulases), and the cellulosomes represent another
important cellulolytic system found primarily in anaerobic
bacteria.22
2. Materials and Methods
2.1. CBM-GFP Cloning, Expression, Puriﬁcation, and
Binding to Cellulose. Three CBMs were used in this study,
and their sequences are illustrated in Figure 1. The detailed
protocol for CBM cloning, expression, and puriﬁcation was
described in previous reports.23,24 Brieﬂy, TrCBM1 is a family
1 CBM from the Cellobiohydrolase (CBH) I gene of Trichoderma reesei. It was synthesized (GenScript Company, Piscataway, NJ) with genetic code optimization for expression in
Escherichia coli. The gene also includes sequence encoding an
N-terminal 6xHis tag. The synthesized DNA fragment was
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ampliﬁed using a polymerase chain reaction (PCR) with primers,
5′-GATATAGCATGCCCATCATC-3′ and 5′-AGTTCTACCGGTACCAGGCACTGGC-3′, and cloned into pGFPuv (Clontech, Mountain View, CA) using restriction enzymes SphI and
AgeI to generate expression plasmid pTrCBM1-GFP. AcCBM2
is a family 2 CBM from Acidothermus cellulolyticus, and
CtCBM3 is a family 3 CBM from Clostridium thermocellum.
Genomic DNAs of A. cellulolyticus and C. thermocellum
(ATCC, Manassas, VA) were used as PCR templates to amplify
the DNA fragments of AcCBM2 and CtCBM3, respectively.
The primers used for PCR are 5′-GATATACATATGGGTGTGGCGTGCCGGGCGA-3′ and 5′-AGAGAGCTCGAGGCTGGCTGTGCAGCTGAGCGT-3′ for AcCBM2 and 5′GATATACATATGGGCAATTTGAAGGTTGAAT-3′ and 5′AGAGAGCTCGAGACCGGGTTCTTTACCCCA-3′ for CtCBM3.
DNA fragments of AcCBM2 and CtCBM3 were cloned in a
pET28b(+) vector (Novagen, Madison, WI, USA) using restriction enzymes NdeI and XhoI to generate the expression plasmids
pET-AcCBM2 and pET-CtCBM3 that produce a fusion protein
with a dual hexahistidine tag at its N- and C-termini. Primers
5′-ATGGGCTGCAGCCATCATCAT-3′ and 5′-TGGTGGGGTACCAGGCTGGCTGT-3′ for pET-AcCBM2 and 5′-ATGGGCTGCAGCCATCATCAT-3′ and 5′-TGGTGGGGTACCAGACCGGGTTCT-3′ for pET-CtCBM3 were used to amplify
fragments including the CBM gene and an N-terminal His-tag
from pET-AcCBM2 and pET-CtCBM3 plasmid. These PCR
fragments were cloned into pGFPuv (Clontech, Mountain View,
CA) using the restriction enzymes PstI and KpnI to generate
expression plasmids pAcCBM2-GFP and pCtCBM3-GFP, respectively. pTrCBM1-GFP, pAcCBM2-GFP, and pCtCBM3GFP were then overexpressed in the E. coli strain of BL21
(DE3) (Stratagene, La Jolla, CA). Fusion proteins were puriﬁed
using the QIAexpress Ni-NTA protein puriﬁcation system
(Qiagen, Valencia, CA). The CBM concentration was measured
by NanoDrop 1000 (Thermo Scientiﬁc, Wilmington, DE, USA)
and subsequently diluted with Tris buffer (50 mM Tris, pH 8.0)
to optimize the resolution for single molecule detection. The
puriﬁed protein was stored at 4 °C at a ﬁnal concentration of 1
mg/mL in 20 mM Tris buffer (pH 8.0) containing 0.01% (w/v)
NaN3.
2.2. Assembling CBM-GFP and Cellulose Crystals. The
cellulose crystals used for this study were isolated from the green
algae, Valonia Ventricosa.23 Valonia crystalline cellulose microﬁbrils were exposed to dilute solutions of the CBM-GFP
in aqueous buffer, with a concentration empirically determined
to produce CBM-GFP binding frequency along the microﬁbril
amenable to single molecule localization. About 1 μg of
CBM-GFP protein in solution was incubated with 25 μg of
Valonia cellulose crystals in 200 μL of Tris buffer (50 mM
Tris, pH 8.0) by gentle mixing for 10 min, followed by
centrifugation (10 000g for 5 min). These pellets were washed
three times to remove unbound CBM-GFP in the solution. The
resulting CBM-GFP-bound cellulose complexes (Figure 2)
were suspended in 50 μL of Tris buffer for single molecule
detection. An artists’ conception of the CBM-GFP bound to
the hydrophobic face of a cellulose microﬁbril is shown in
Figure 2. Freshly prepared samples (2 μL volume) were placed
between two glass coverslips. After the sample spreads out by
the capillary effect, the coverslips were pressed together hard
to minimize the optical depth of the sample and to obtain a
thin and even distribution of cellulose substrate ﬁbers, maintained in an aqueous environment.
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Figure 2. Schematic model of CBM-GFP bound to the crystalline
cellulose microﬁbril. The recombinant CBM protein (red, turquoise,
and gray) binds speciﬁcally to the (110) surfaces (narrow facets) of
the cellulose IR crystal. The GFPs (green) in turn are tagged to the
CBM via a short linker polypeptide. Valonia cellulose crystals are ∼20
nm in diameter, while their planar faces are between 3 and 4 nm wide.4
CBM-GFP dimensions are approximately to scale based on their
published NMR structure of TrCBM1 (PDB ID: 1CBH) and X-ray
structure of GFP (PDB ID: 1Z1P).

3. Results and Discussion
The CBMs used in this study are type A surface-binding
CBMs derived from three major cellulolytic systems. The
TrCBM1 is a family 1 CBM from the exoglucanse cellobiohydrolase-I (CBH I) of the fungus Trichoderma reesei. It
contains 36 residues, and its NMR structure (PDB access #
1CBH) has been determined previously.23 The AcCBM2 is a
family 2 CBM from the endoglucanase E1 of the bacterium
Acidothermus cellulolyticus.24 The CtCBM3 is a family 3 CBM
from the cellulosome scaffoldin CipA of the bacterium Clostridium thermocellum. Its X-ray structure (PDB access # 1NBC)
has also been determined previously.6 These three CBMs were
genetically engineered to tag with a C-terminal green ﬂuorescence protein (GFP) domain and a short linker peptide (Figure
1). The N-terminal peptide containing 6x histidines was used
to purify these recombinant CBM-GFPs expressed in E. coli
using a Ni-NTA protein puriﬁcation system, and we previously
demonstrated that the 6xHis tag did not affect the CBM binding
to cellulose.4 Details of the CBM-GFP cloning and sample
preparation may be found in the Materials and Methods section.
The cellulose crystals used for this study were isolated from
the green algae, Valonia Ventricosa.25 Valonia crystalline
cellulose microﬁbrils were exposed to dilute solutions of the
CBM-GFP in aqueous buffer, with a concentration empirically
determined to produce CBM-GFP binding frequency along the
microﬁbril amenable to single molecule localization. A schematic representation of the CBM-GFP bound to a crystalline
cellulose microﬁbril is shown in Figure 2 (for further details of
the sample preparation, see Materials and Methods).
GFP has been shown to have a well-deﬁned transition dipole,
registered to the protein,26 with its ﬂuorescence emission dipole
oriented along the ﬁxed axis of the incorporated chromophore
(see Figure 2). It is this inherent polarization that makes the
orientational imaging reported here possible. The CBM-GFPbound cellulose samples were excited by circularly polarized
488 nm laser light under TIRF illumination. The subsequent
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Figure 4. (Top) Computed image, based on extracted dipole orientations. (Lower) Example of computed DOPI images for varying polar
and azimuthal angle.

Figure 3. (Top) White light image of Valonia microﬁbrils; scale bar
is 10 μm. (Center) TIRF image of GFP-labeled CtCBM3 bound to
microﬁbril. (Bottom) Defocused image, with structured patterns indicative of molecular orientation (see text).

ﬂuorescence images (and white light bright ﬁeld images) were
obtained using an inverted frame ﬂuorescence microscope
(Olympus IX71) and an EMCCD camera (Andor iXon512). The
system was equipped with a closed-loop piezoelectric stage
(Mad City Laboratories LP200) which facilitated defocusing
the ﬂuorescence images with nanometer precision.
Figure 3 shows a white light image of a cluster of several
Valonia cellulose microﬁbrils and in-focus and defocused
ﬂuorescence images of CtCBM3-GFP bound to the same
microﬁbrils. The defocused image was obtained by moving the
piezo stage vertically by +0.6 μm. The white light and in-focus
TIRF images show typical arrangements of microﬁbrils and the
punctuated linear array of CBM-GFPs previously observed in
these samples.4 By defocusing the image slightly, the corresponding DOPI image shown in the lower part of Figure 3 was
obtained. The structured patterns observed were stationary in
time (as observed through time series of DOPI images, which
showed little variation) and, as can be seen in the image and
subsequent analysis, registered to the ﬁbril axis. These structured
patterns, and the analysis which follows, give the ﬁrst experimental evidence of a preferred orientation of the CBMs relative
to the cellulose crystal basis. A control experiment was done
using GFP only (Clontech, Mountain View, CA), with the same
protocol as was used for the CBM-GFP binding to cellulose,
which resulted in no speciﬁc binding of GFP to cellulose, similar
to previous reports.19
Single-molecule locations were extracted from the in-focus
ﬂuorescence images using standard techniques developed for
particle tracking (http://www.physics.emory.edu/∼weeks/idl/).
At each centroid location, the corresponding defocused subimage
was correlated with theoretical patterns generated from code
provided by Enderlein (http://www.joerg-enderlein.de/?292).
Figure 4 shows a summary of the results obtained through this

Figure 5. Three-dimensional model of Valonia microﬁbrils (gray tubes)
showing orientation of GFP transition dipoles (green arrows).

analysis, based on a correlation analysis of the experimental
data shown in Figure 3 and an array of theoretically predicted
defocused images generated under conditions matched to the
experiment (e.g., refractive indices and substrate thickness). The
data obtained are represented in a 3D reconstruction of the dipole
orientations (green arrows) superimposed on a model of the
cellulose microﬁbril (gray tubes) shown in Figure 5. Inspecting
the ﬁgure, it becomes clear that the dipole orientation of the
GFP is not random and is registered to the microﬁbril.
To obtain a clearer understanding of the implications of the
observed dipole orientations as they relate to the CBM-cellulose
interactions, we performed a coordinate transformation wherein
the dipole orientations inferred from the above analysis are
referenced to the microﬁbrils to which they are associated
through the CBM-cellulose interaction. To this end, the
spherical polar (or elevation) angle θ and the azimuthal angle
φ in the lab frame are related to the frame of the cellulose
microﬁbril (θf, Ψ) by the following transformation: we ﬁrst
rotate the lab coordinate system about the z-axis (normal to the
image plane) to align the x-axis along the long axis of the
microﬁbril the subject CBM-GFP molecule is bound to. Next,
we rotate (90° - θf) about the x-axis to bring the normal of the
plane parallel to the ﬁber axis and containing the transition
dipole to the vertical or z-direction, where this angle is
determined by requiring that the z-component of the dipole be
zero in the new coordinate system. This angle then deﬁnes the
plane in which the molecular transition dipole lies. In other
words, we have rotated the microﬁbril about its axis of symmetry

Imaging of Single CBMs on Cellulose Microﬁbrils

Figure 6. Relationship of lab frame angles (θ, φ) to the orientation
angles (θf, ψ) referenced to the cellulose microﬁbril. Green arrow
represents the GFP transition dipole, and red and blue arrows deﬁne
principal axes registered to the microﬁbril and the hydrophobic (110)
faces.

until the CBM-GFP transition dipole lies in the image plane.
The angle Ψ is then the relative azimuthal angle Δφ between
the ﬁber axis and the GFP transition dipole. The relationship
between the two coordinate systems is illustrated in Figure 6,
and the coordinate transformation can be written as

tan θf ) sin Δφ tan θ
cos ψ ) sin θ cos Δφ
This coordinate representation was chosen to reveal the
orientation of the plane parallel to the microﬁbril axis which
contains the GFP transition dipole moment. While the structure
of the CBM-GFP complex is yet to be determined, the
observation that the GFP transition dipole is nonrandom and
registered to the cellulose crystal basis tells us that the linkage
between GFP and the CBMs is rigid or at least highly
constrained, consistent with the short linker peptide sequence
between CBM and GFP (only ﬁve amino acid residues, see
Figure 1). Thus, these planes must, within some additive
constant, identify the orientation of the binding face(s) of the
cellulose microﬁbril. Similarly, the angle ψ must reveal details
of the azimuthal orientation of the CBMs in that plane, relative
to the cellulose crystal basis, again within an additive constant.
As will be discussed in the following paragraphs, the data show
that there are two equivalent planes to which the CBMs bind
preferentially on the cellulose microﬁbril, consistent with
previous studies, wherein type A CBMs bind speciﬁcally to the
planar (110) faces of crystalline cellulose.7,17 The azimuthal
angle has not been observed before and gives the ﬁrst
experimental observation which indicates that the CBMs bind
with a well-deﬁned orientation on those planes, thus supporting
a binding mechanism driven by chemical and structural recognition of the cellulose surface.
Several sets of defocused images were analyzed for each of
the three CBM families, and the results are compiled in the
histograms of Figure 7. The general trends for TrCBM1,
AcCBM2, and CtCBM3 on Valonia were similar: the polar face
angle (θf) is distributed about 0° by approximately (30°, and
the azimuthal angle ψ peaks in the range (60-80°. As
discussed above, we interpret the polar angle as the orientation
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of the binding surfaces or facets of the microﬁbril, within an
additive constant. In our analysis, GFP-CBMs bound to
opposite sides of the microﬁbril are treated equivalently, as these
are parallel planes, and transition dipoles rotated by 180° have
equivalent radiation patterns. This can be seen clearly in the
illustration of Figure 8, which shows the observed transition
dipole orientation angles referenced to the microﬁbril. Were we
to distinguish between these two equivalent cases, the face angle
distributions would split into a bimodal distribution separated
by 180°, similar to what is observed in the azimuthal angle
distributions. The width of these distributions is to be expected
from several factors, including structural disorder within the
microﬁbril, bundling of multiple elementary microﬁbrils, causing
apparent twisting of the microbril, and the random rotation of
the individual ﬁbers as they sit on the glass substrate. The width
of these distributions may also be affected by possible motion
of the CBM during the measurements. Similar distributions were
reported for dried Valonia samples7,17 and associated with the
two distinct hydrophobic, “planar” (110) faces shown in Figure
8. However, these measurements are made in an aqueous
environment while the protein is functional, thus removing
ambiguity which may arise from the drying process associated
with those measurements.
The apparent preference for a large relative azimuthal angle
ψ in all the CBM-GFPs has not been observed before. As can
be seen in the lower histograms of Figure 7, and in the graphical
representations of Figures 5 and 8, all CBM-GFPs exhibit a
preferred “cross” orientation near ∼(70°. The sign ambiguity
is a consequence of the coordinate transformation, i.e., the sense
of the rotation about the ﬁber axis, and the bimodal distribution
observed further supports our interpretation that the CBMs bind
to opposite faces of the microﬁbril. Subtle differences in the
distribution of azimuthal angles shown in Figure 7 can be
observed: for instance, the distributions for CBM2 and CBM3
appear somewhat narrower than for CBM1. This observation
may indicate that the CBM1 is more “active”; namely, the
CBM2 and CBM3 binding is tighter than that for CBM1. It
has also been noted that samples of CBM1-bound cellulose are
less stable. The unbound CBM1-GFP could be observed in
solution after two days storage in 4 °C, whereas the CBM2 and
CBM3 samples are stable for at least a week without detectable
detachment. We believe that the fungal and bacterial CBM
families may have different binding characteristics, and the
subtle differences observed here may be a consequence of this.
With a more detailed model of the structure of the CBM-GFP
binding to cellulose, we may be able to discern these differences
within the present data and future experiments. It is clear from
the present analysis that the CBMs must recognize the cellulose
surface in a way that is speciﬁc to the chemical structure of the
CBM and the cellulose crystal and appears to be nonrandom.
Such an observation is nontrivial and gives in situ experimental
evidence for the biophysical mechanisms of how these proteins
interact with cellulose. Such inputs are invaluable to theoretical
and computational models of these complex biomolecules, as
they provide realistic constraints that can be incorporated into
simulations aimed at thermodynamic and kinetic descriptions
of the CBMs21 and the function of cellulases.
4. Conclusions
We applied the single molecule DOPI technique to extract
3D spatial information about GFP-tagged, surface-binding
CBMs bound to Valonia crystalline cellulose microﬁbrils. The
three families of surface binding CBMs studied represent
components derived from fungal free cellulase, bacterial free
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Figure 7. Histograms of the GFP-CBM polar face angle (θf) and relative azimuthal angle (ψ) for (a) TrCBM1, (b) AcCBM2, and (c) CtCBM3
bound to Valonia microﬁbrils. These data represent the sum of several independent measurements from different samples.

dynamics at the single molecule level.28 Such observations could
provide valuable insights toward building a molecular level
understanding of the biophysical mechanisms which drive
cellulase action and enzymatic biomass degradation processes.

Figure 8. Dipole orientation referenced to the cellulose crystal. (Left)
Azimuthal angle ψ describes the angle at which the dipole crosses the
ﬁber axis (x-axis). (Right) Polar angle denotes the tilt of the dipole
relative to the z-axis of the lab frame.

cellulase, and bacterial cellulosome, respectively. We observed
systematic orientations consistent with the CBM-GFP binding
to the two “hydrophobic” planar (110) faces of the cellulose
microﬁbrils, with a well-deﬁned crossed relative angle ((60-80°)
between the GFP transition dipole and the cellulose microﬁbril
long axis. The ﬁrst observation conﬁrms previous experiments
that showed these proteins bind to the two hydrophobic faces
of cellulose and gives the ﬁrst in situ observation of this in an
environment where the proteins are still functional (i.e., in an
aqueous buffer), thus removing any ambiguity which may be
introduced in dry sample preparation.27 The second observation
suggests that the binding of the CBMs is registered to the
crystalline structure of the cellulose microﬁbril in three dimensions and supports a binding mechanism which is constrained
within the plane of the hydrophobic surfaces, with surface
recognition sensitive to chemical and structural properties of
the CBMs and the cellulose substrate.21 Further studies aimed
at determining the structure of the CBM-GFP molecules used
in this work and variations of different recombinant structures
(i.e., using different linker peptides between CBM and GFP to
mimic the natural variation of the linkers between CBM and
catalytic modules) would allow a more detailed molecular-level
description of the CBM-cellulose binding mechanisms. This
work, combined with other single molecule methods, has the
potential to observe CBM-cellulose interactions and their
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