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ABSTRACT: The conversion of biomass into biofuels can
reduce the strategic vulnerability of petroleum-based systems
and at the same time have a positive effect on global climate
issues. Lignocellulose is the cheapest and most abundant
source of biomass and consequently has been widely
considered as a source for liquid fuel. However, despite
ongoing efforts, cellulosic biofuels are still far from commercial
realization, one of the major bottlenecks being the hydrolysis
of cellulose into simpler sugars. Inspired by the structural and
functional modularity of cellulases used by many organisms for
the breakdown of cellulose, we propose to mimic the cellulose binding domain (CBD) and the catalytic domain of these proteins
by small molecular entities. Multiple copies of these mimics could subsequently be tethered together to enhance hydrolytic
activity. In this work, we take the first step toward achieving this goal by applying computational approaches to the design of
efficient, cost-effective mimetics of the CBD. The design is based on low molecular weight peptides that are amenable to large-
scale production. We provide an optimized design of four short (i.e., ∼18 residues) peptide mimetics based on the three-
dimensional structure of a known CBD and demonstrate that some of these peptides bind cellulose as well as or better than the
full CBD. The structures of these peptides were studied by circular dichroism and their interactions with cellulose by solid phase
NMR. Finally, we present a computational strategy for predicting CBD/peptide−cellulose binding free energies and demonstrate
its ability to provide values in good agreement with experimental data. Using this computational model, we have also studied the
dissociation pathway of the CBDs/peptides from the surface of cellulose.

1. INTRODUCTION

The conversion of biomass into biofuels can reduce the
strategic vulnerability of petroleum-based transportation
systems and at the same time have a positive effect on the
global climate via the reduction of greenhouse gas release into
the atmosphere.1,2 Consequently, many efforts are devoted to
extensive research in the field of biofuels as a sustainable and
renewable energy source.3 In particular, lignocellulose (or
cellulose) is the cheapest and most abundant source of biomass
and consequently has been widely considered as a source for
liquid fuel for transportation.1,4,5

Lignocellulose can be converted into liquid fuels by three
primary routes, namely, the production of syngas by gas-
ification, the production of bio-oil by pyrolysis, or the
liquefaction and the hydrolysis of biomass to sugar monomer
units followed by fermentation.1 Multiple efforts focus on the
third strategy by utilizing a variety of catalysts both chemical
(e.g., liquid and solid acids2 and nanoparticles6) and biological
(e.g., enzyme cocktails or cellulosomes secreted/produced by
microorganisms; the latter two have recently been shown to
work synergistically5) for the efficient breakdown of cellulose.
Advanced molecular biology approaches are finding their way
into this field to achieve cost-effective production of sugars or
direct conversion of cellulose into biofuels, such as ethanol or
butanol.7,8 However, despite ongoing efforts along all strategies,

cellulosic biofuels are still far from commercial realization.9−11

A main challenge associated with the efficient conversion of
biomass into biofuel common to both chemical and biological
catalysis is the highly ordered crystalline structure of cellulose,
making it resistant to hydrolysis and often requiring expensive
pretreatment methods.12 Other challenges more unique to
biological catalysis involve enzyme inhibition, enzyme costs,
and enzyme recycling.5,13

An appealing alternative to some of the current strategies can
be bioinspired robust and economic catalysts designed using a
combination of computational and experimental tools. These
may match or even improve upon the catalytic efficiency of the
natural cellulose degradation machineries.7,14 One class of
enzymes used by many organisms to break down cellulose are
cellulases.15 These are multidomain proteins consisting of
cellulose binding domains (CBD) to bind the polysaccharide
and catalytic domains to degrade it. Throughout this work we
use the term CBD, although currently, the more common term
is carbohydrate binding module (CBM). This latter term is also
used by the CAZy database.16 Inspired by the structural and
functional modularity of cellulases, we envision a strategy by
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which their CBD and their catalytic domain are mimicked by
preserving their most essential functional features, yet on small
molecular scaffolds. In this design, the role of the CBD mimetic
would be to bind cellulose, whereas the role of the catalytic
domain mimetic would be to hydrolyze the glycosidic bond
between the sugar units. Furthermore, hydrolytic activity could
be enhanced by tethering together multiple copies of each
domain and/or additional synthetic catalytic centers. A
correlation between enhanced cellulose binding and improved
catalytic activity for endoglucanase II from Trichoderma reesei
has been established and lends credit to this design approach.7

Recently, studies of the carbohydrate binding module structure
and dynamics were reported, providing additional insights into
interactions of aromatic residues with sugar rings.17−19

In this work, we take the first step toward the construction of
synthetic cellulose degradation catalysts by applying computa-
tional approaches to the design of efficient, cost-effective
mimics of the cellulose binding domain (CBD). The design is
based on robust, low molecular weight peptides that are
amenable to large scale production. We provide an optimized
design of four short (i.e., ∼18 residues) peptide mimetics of the
CBD based on and inspired by the known three-dimensional
(3D) structure of Trichoderma reesei CBD. We demonstrate
that some of these peptides bind cellulose equally or better than
the full CBD. The structures of these peptides were also studies
by circular dichroism (CD), and the effect of a selected peptide
on the structure of cellulose was studied by solid phase NMR.
The interactions of the peptides with cellulose were confirmed
experimentally using adsorption isotherm measurements.
Finally, we present a computational method for predicting
CBD/peptide−cellulose binding free energies and demonstrate
its ability to provide values in good agreement with
experimental data. This method was also used to study the
dissociation pathway of the CBDs/peptides from the surface of
cellulose, highlighting the interactions responsible for binding.
Our approach could be viewed as an extension to the protein
design paradigm, which has been successfully applied for the
design of new biocatalysts20−22 and as a variant of the designer
cellulosome approach12,23 but differs from the two in being
more “minimalistic” in its end outcome. This “minimalism” has
the potential of cost reduction, which is highly important to
meet the challenge of biomass conversion. To the best of our

knowledge, this work represents the first successful rational
design of a peptide-based carbohydrate binding mimetic. Few
cellulose binding peptides were identified by phase display
technologies.24−26

2. RESULTS AND DISCUSSION

To exploit the full potential of molecular modeling approaches
in the design of new CBD mimics, one needs to be able to (1)
computationally design a series of relevant mimics and (2)
predict their cellulose binding affinity prior to their actual
synthesis. This second task requires in turn the development of
a reliable three-dimensional (3D) cellulose model and the
development of a computational method capable of calculating
peptide-cellulose binding free energies.

2.1. Design of Mimetic Peptides Based on CBD. CBD
mimetics were designed based on the high resolution crystal
structures of CBDs available in the PDB.27 A close inspection
of these structures (e.g., Figure 1, the C-terminal 36-residues
CBD from T. reesei cellobiohydrolase I; PDB ID: 1CBH28)
reveals that cellulose binding is primarily mediated through a
planar strip of aromatic (Y5, Y31, Y32) and nonaromatic (N29,
Q34) residues (throughout this work we use the numbering
system from the CBD of T. reesei) most probably through σ−π
interactions and hydrogen bonds. Designing smaller scaffolds
with a similar architecture should therefore preserve the
cellulose binding capabilities of the CBD in the new constructs.
Following this rationale, we designed 18-mer peptides based on
the 36-residue CBD from T. reesei.
Two design cycles of CBD mimetics were performed with

the second cycle taking advantage of the experimental results
obtained for first cycle constructs. In cycle 1, the original 36-
mer CBD from T. reesei was shortened by removing residues 9/
10−24 and 1−3 and by connecting residue 36 to residue 4
while maintaining the disulfide bond between residues 8 and
25. Our goal was to retain the aromatic strip close to its original
3D conformation albeit on an 18 residue scaffold (Figure 2).
Six constructs, presented in Table 1, were designed that

differed in their mutations pattern: L36P introduces a β-turn
inducing proline into the newly formed β-turn; H4G introduces
a β-turn enhancing glycine into the newly formed β-turn; Q7T
and C35T feature mutations to T, which has a higher

Figure 1. Structure of the CBD domain from T. reesei (PDB ID: 1CBH). The domain is presented as a solid ribbon and color coded according to its
secondary structure elements (β-sheets in cyan, turns in green). Residues comprising the planar strip are shown as sticks.
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propensity for β-strand conformation; Y5W replaces Y to W to
increase the affinity to cellulose;29 and insT35a inserts T to
relieve steric tension in the newly formed β-turn (which is
accompanied by removal of G9).
The six CBD mimetics were subjected to 20 ns molecular

dynamics (MD) simulations. To assess the ability of the
designed constructs to maintain the correct alignment of the
aromatic rings, we used two complementary measures, namely,
the root mean squared deviation (RMSD) and the root mean
squared fluctuation (RMSF) calculated from the MD
trajectories. RMSD measures the degree of deviation from a
reference structure. Assuming that the reference structure has
the aromatic moieties in the “correct” 3D conformation, low
RMSD values indicate that the simulated construct maintains a
similar conformation. RMSF profiles are calculated on a per-
residue (or per-atom) basis and measure the degree of
fluctuation of the residue (or atom) from an average structure
in the course of the MD simulation. Because experimental and
computational studies of protein folding and unfolding have
established a connection between early unfolding events and
atomic fluctuations,30−32 low RMSF values are indicative of a
more stable construct. Thus, low RMSD values coupled with
low RMSF values are the hallmarks of a stable construct with a
correct binding strip conformation.

The resulting RMSD and RMSF profiles are presented in
Figures 3 and 4, respectively. Constructs 4 and 5 (construct 5

hereafter referred to as pepA) demonstrated the smallest
RMSD values and the least fluctuating RMSF profiles and were
therefore selected for synthesis and functional assays. Because
of the high degree of conservation of Q at position 7 in the
CBHI family,33 construct 4 was modified by introducing a T →

Figure 2. (a) Solid ribbon representation of CBD of T. reesei CBHI
(PDB ID: 1CBH). Residues that were removed are colored in orange
on the ribbon representation. Residues 4 and 36 (stick representation)
were linked to form the new peptides. (b) Solid ribbon representation
of the 18 residue CBD.

Table 1. Designed Constructs

construct residues mutations sequence

Cycle 1
1 4−9, 25−36 L36P CQVLNPYYSQCPHYGQCG
2 4−9, 25−36 H4G, L36P CQVLNPYYSQCPGYGQCG
3 4−9, 25−36 H4G, Q7T, C35T, L36P CQVLNPYYSQTPGYGTCG
4 4−9, 25−36 H4G, Y5W, Q7T, C35T, L36P CQVLNPYYSQTPGWGTCG
5, pepA 4−8, 25−36 H4G, Q7T, C35T, insT35a, L36P CQVLNPYYSQTTPGYGTC
6 4−8, 25−36 H4G, Y5W, Q7T, C35T, insT35a, L36P CQVLNPYYSQTTPGWGTC
7, pepB 4−9, 25−36 H4G, Y5W, C35T, L36P CQVLNPYYSQTPGWGQCG

Cycle 2
8, pepC 4−8, 25−36 H4G, Y5W, C35T, insT35a, L36P CQVLNPYYSQTTPGWGQC
9, pepD 4−8, 25−36 H4G, Y5W, Y31W, C35T, insT35a, L36P CQVLNPWYSQTTPGWGQC

Figure 3. Backbone RMSD plots of the designed 18 residue peptides
together with that of the original CBD (PDB ID: 1CBH, 36 residues)
obtained from 20 ns MD simulations. Constructs 4, 5 (pepA), and 7
(pepB) from the first round and constructs 8 (pepC) and 9 (pepD)
from the second round adopt similar backbone conformations to the
original CBD conformation.

Figure 4. RMSF plots of the designed (18 residue) peptides together
with that of the original CBD (PDB ID: 1CBH, 36 residues) calculated
from 20 ns MD simulations. Constructs 4, 5 (pepA), and 7 (pepB)
from the first round and constructs 8 (pepC) and 9 (pepD) from the
second round are stabilized to the same degree as the original CBD.
The noncontinuity of the plots for all peptides results from their
shorter lengths relative to the full CBD.
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Q substitution leading to construct 7 (hereafter referred to as
pepB).
In cycle 2, two new peptide constructs (pepC and pepD; see

Table 1) were designed based on the sequences of pepA
(CQVLNPYYSQTTPGYGTC, Mw = 1995 g/mol) and pepB
CQVLNPYYSQTPGWGQCG, Mw = 2001 g/mol) because
both peptides demonstrated favorable properties in terms of
binding to and coverage of cellulose (see below). PepC
(CQVLNPYYSQTTPGWGQC, Mw = 2045 g/mol) is
composed of residues 25−34 of the parent CBD connected
to residues 5−8 through residues TTPG with residue 5
mutated to Trp and residue 7 not mutated as in pepB. PepD
(CQVLNPWYSQTTPGWGQC, Mw = 2068 g/mol) is similar
to pepC with Y31 mutated to W. As before, the Y to W
replacement is expected to increase affinity to cellulose. RMSD
and RMSF profiles of PepB, pepC, and pepD are presented in
Figures 3 and 4, respectively, and are consistent with stable
constructs with the “correct” binding strip conformation.
2.2. Computational Evaluation of the Binding Affinity

of the Designed Peptides to Cellulose. Predicting the
binding affinities of the designed peptides to cellulose required
the construction of a reliable 3D model of the polysaccharide
and the development of a protocol for binding free energy
calculations. This protocol was first evaluated for a set of CBDs
for which experimental data are available.
Construction of a 3D Model for Cellulose. A prerequisite of

any computational protocol involving cellulose is the ability to
reproduce its known structural features in the crystalline state.
Several molecular dynamics (MD) simulations of cellulose were
reported in the literature using different force fields, simulation
protocols, and model systems.34−36 Recently, Brady et al. have
compared the performances of four different force fields using
the same simulation protocol and concluded that all resulted in
different structures.34 In general, however, it seems that using
the Glycam06 parameters provide the best fit to experimental
data.34

In this work, we built a 3D crystalline model of cellulose Iβ
(see Methods) and simulated it for 100 ns. An analysis of the
resulting trajectory (Figure 5) showed that most of the glucose
hydroxymethyl groups adopted a trans-gauche conformation
except for those located at the surface of the structure, which is
in agreement with the conformations found in cellulose crystal
structures.37 The resulting cellulose model was used for all
subsequent simulations.

Binding Free Energy Calculations. Peptide-cellulose binding
free energies were evaluated through potential of mean force
(PMF) calculations. These involved pulling simulations
followed by umbrella sampling (see Methods). We first used
the method to evaluate the cellulose binding affinity of the
CBD from T. reesei (CBHI; PDB ID: 1CBH) and some of its
mutants known to disrupt cellulose binding (Y32A, Y31A,
Y5A).38 The resulting PMF plots are presented in Figure 6, and

the calculated ΔΔG values (relative to wt-CBD) are presented
in Table 2. Encouragingly, calculated and measured exper-

imental data follow the same trend, but at least for the Y31A
mutant, the calculated number is higher. This discrepancy could
result from multiple factors, both computational and
experimental. Binding of CBD to cellulose is a complex process
mediated by multiple factors (e.g., exact solution composition,
cellulose concentration, cellulose surface size, and cellulose
crystallinity), which may have not been fully accounted for in
the computational protocol. Moreover, the starting point of the
pulling simulations (e.g., the precise positioning of the CBD
with respect to the cellulose) may also affect the results.
Nevertheless, the calculations well-reproduced the strong effect
on cellulose binding exerted by the three tyrosine residues (5,
31, and 32) located on the flat face of CBD as well as the
experimentally observed stronger effect of Y5 and Y32.39

Having validated the computational protocol, we have
applied it to the evaluation of the cellulose binding free

Figure 5. Last snapshot from the 100 ns simulation performed on the
cellulose model. Colors indicate conformation of hydroxymethyl
groups: Yellow-TG, Blue-GT, and Green-GG (T-trans, G-gauche).

Figure 6. Potential of mean force (PMF) plots describing the binding
of wild-type and mutant CBDs to cellulose. The reaction coordinate
was taken as the center of mass (COM) distance between CBDs and
cellulose.

Table 2. Experimental39 and Calculated Free Energy
Differences (ΔGbinding

mutant‑CBD − ΔGbinding
wt‑CBD) between wt-CBD and

its Mutants to Cellulose in which Positive Numbers Indicate
Lower Binding Affinities than wt-CBD

mutation ΔΔGexp (kcal/mol)a ΔGcal (kcal/mol)c ΔΔGcal (kcal/mol)c

Y5A >1.74b −12.4 (±0.2) 5.6 (±0.1)
Y31A 1.74 −14.3 (±0.4) 3.7 (±0.3)
Y32A >1.74b −13.3 (±0.1) 4.7 (±0.1)
WT-CBD −18.0 (±0.03)

aThe free energy of binding was calculated from the equation: ΔΔG =
−RTln(Kmutant‑CBD/Kwt‑CBD), where Kmutant‑CBD and Kwt‑CBD are the
partition coefficients. bIn ref 39, exact free energy values could not be
extrapolated from the adsorption isotherm due to its small slope.
These values (>1.74) were estimated through a comparison with other
mutations for which exact values were derived. cThe error associated
with energy minima was calculated using a bootstrap method.40,41
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energies of the CBD mimetics designed in this work (pepA−
pepD). The resulting PMF plots are presented in Figure 7, and
the comparison with the experimental results is discussed in
section 2.6 below.

2.3. Experimental Binding Measurements of the
Designed Peptides to Cellulose. The affinities of the
CBD mimetics (pepA−pepD) and of CBD to cellulose were
determined using adsorption isotherm measurements. Figure 8
presents the concentration of adsorbed peptide relative to the
concentration of the free peptide for all constructs. Data fitting
based on a Langmuir model provided the binding constants
(Kads) and maximal surface coverage (Nmax) (Table 3).
Comparing the adsorption characteristics of the full CBD to
values reported before for CBD from Clostridium cellulovorans42

indicates a slightly weaker binding affinity (0.94(±0.15) × 106

M−1 in the present work vs (1.1−1.6) × 106 M−1 in previous
reports) but 2.4−2.6 times higher coverage (5.07(±0.05)
μmol/gr vs ∼2 μmol/gr). The first-generation peptides (pepA
and pepB) are either similar to (pepA) or weaker than (pepB)
the full CBD in terms of their ability to bind cellulose.
However, the second-generation peptides, pepC and pepD,
exhibit excellent affinity to cellulose that surpasses that of the
complete domain and more efficient coverage of the cellulose
than the first-generation peptides.
Figure S1 presents the normalized heat release during

isothermal titration calorimetry (ITC) of 1 mM peptide B to
0.23 mM suspension of cellulose in sodium acetate buffer at 30
°C. The titration curve exhibits a very low heat release signal
and quantitative analysis gives high errors on values obtained.
The Kads value derived from the curve was 2.5(±0.9) × 105

M−1, and the ΔHads was −63 (±7) cal/mol. The adsorption
constant value is on the same order of magnitude as the one
obtained from the adsorption isotherm measurements despite
the poor sensitivity of the measurement. Titrations of the other
constructs and of CBD to Avicell cellulose produced even lower
heat release signatures and could not be analyzed quantitatively.
It is clear from the ITC data that weak forces are driving
binding of CBD and the designed peptides to the
polysaccharide (e.g., the above-mentioned σ−π interactions).
These interactions are much weaker than, e.g., electrostatic
interactions, and consequently lead to low enthalpy changes
upon binding. This in turn suggests that entropy may play the
dominant role in the binding process as was previously shown
by Georgelis et al.43

2.4. Circular Dichroism Measurements and Their
Relation to Cellulose Binding Results. To obtain
information regarding the secondary structure of the peptides,
CD measurements were performed (see Figure 9). The
normalized CD spectra of peptides A−D and of the full CBD
showed a similar pattern with a dip at 193 nm corresponding to

Figure 7. Potential of mean force (PMF) plots describing the binding
of wild-type CBD and of the designed peptides to cellulose. The
reaction coordinate was taken as the COM distance between CBD/
peptides and cellulose.

Figure 8. Experimental adsorption isotherm data (squares) of peptides
A−D and full-length CBD to cellulose. Langmuir fits (blue line) to a
single set of peptide adsorption sites on cellulose are shown.

Table 3. Summary of Adsorption Measurements of the Full
CBD and the Design Peptides to Cellulose

construct Kads (M
−1) Nmax (μmol/gr)

CBD 0.94(±0.15) × 106 5.07 (±0.05)
PepA 0.59(±0.15) × 106 1.35 (±0.13)
PepB 0.62(±0.15) × 106 3.50 (±0.10)
PepC 3.25(±0.30) × 106 3.79 (±0.08)
PepD 1.45(±0.30) × 106 6.77 (±0.10)

Figure 9. Circular dichroism data of CBD and peptides A−D in 0.1 M
sodium acetate buffer solution, similar to the one used in adsorption
isotherm measurements.
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a random coil conformation of the peptide backbone and a
secondary dip at 184 nm marking the presence of an
antiparallel beta (ap-β) motif. The absence of a positive signal
at ∼200 nm indicates that the random coil dominates the β
conformation. The spectrum of the CBD based on its crystal
structure was calculated using DichroCalc (data not shown).44

The predicted spectrum is typical of ap-β structure that is very
different from the spectra in Figure 9. This suggests that, under
the experimental conditions employed in this study, higher
populations of disordered conformations of the CBD (and
probably of its mimetic designs) were obtained. On the basis of
the intensity of the 193 nm dip, we suggest that the random coil
population increases in the order pepD → pepC → pepB →
pepA. Interestingly, the two constructs with the higher content
of random coil have the lower affinity to cellulose. However,
cellulose affinity likely depends on additional factors, such as
the identity of the residues comprising the “binding strip”.
2.5. Solid State NMR Measurements and Their

Relation to Cellulose Ordering. Selective 13C magic angle
spinning (MAS) NMR experiments were carried out on pepB,
cellulose, and their complex. The sugar carbons in the Avicell
cellulose were recently assigned and are shown in Figure 10.45

The spectra of the three materials are compared in Figure 10.
The sugar lines of cellulose (green) also dominate the spectra
of the pepB−cellulose complex recorded at spinning rates of 10
and 8 kHz in purple and green, respectively. One prominent
feature of the pepB−cellulose spectra is the appearance of
strong sidebands (marked with asterisks) flanking the cellulose
lines. These sidebands indicate that cellulose, in the presence of
pepB, acquired large chemical shift anisotropy. This is unlike
free cellulose, which exhibits negligible sidebands on its sugar

lines. Line width differences of center sugar peaks are also
observed as shown in Figure S2. The changes observed for
cellulose may be related to a decrease in puckering motion of
backbone sugar rings in the presence of the peptide. However,
further measurements are required to validate that these
changes are not a consequence of measuring the slightly
hydrated complex in acetate buffer. The lines from the peptide
(marked as shaded regions in the purple and green spectra) are
hard to notice under the large cellulose sidebands but confirm
the presence of pepB in this sample.

2.6. A Comparison between Computational and
Experimental Results. Table 4 provides a comparison
between experimentally and computationally derived ΔG and
ΔΔG values (relative to wt-CBD) for the four CBD mimetics
considered in this work. Both the computational and
experimental work suggest that, among the designed peptides,
pepC is the strongest cellulose binder, and pepA is the weakest
binder. PepC features the Y5W mutations, whereas in pepA,
none of the “strip” residues are mutated to Trp. These finding
are consistent with an important role of Trp as an enhancer of
cellulose binding affinity. Predictions also show the correct
trend (albeit with no statistical significance) in the cellulose
binding potency of pepA and pepD, in agreement with
experiments with the two Y to W mutations nearly
compensated for by the T to Q mutation. This emphasizes
the importance of Q7 in binding cellulose. The largest
calculated difference in ΔΔG (between pepA and pepC) is
2.2 kcal/mol, and the largest measured difference is 0.9 kcal/
mol (also between pepA and pepC), illustrating nicely that,
albeit the discrepancy in absolute values obtained by the two
approaches, on a relative scale, they are able to pinpoint
surprisingly well the differences between the constructs. They
differ markedly however with respect to the CBD. While the
computational work suggests it to be the strongest binder to
cellulose, the experimental work suggests that both pepC and
pepD are better binders. In fact, even if one accounts for the
previously measured affinity of CBD, which was reportedly 1.7
times stronger than measured here, it would still be ∼2.5 times
weaker than that of pepC. The factors leading to the
discrepancy between calculated and measured values are likely
found both in experiments and computations. As already
mentioned, the calculations applied in this work probably did
not account for ionic strength or local pH effects. Other sources
of errors could come from the specific details of the PMF
protocol, such as the pulling velocity, the selected reaction
coordinate, and the simulation length in each window. Finally,
in this work, we derived ΔG values from multiple windows
generated from a single COM pulling simulation. Better results
(albeit at the expense of more time-consuming simulations)
could perhaps be obtained with Jarzynski’s method,46 which

Figure 10. 13C CPMAS spectra of pepB (blue), Avicell cellulose (red),
and the pepB−cellulose complex at 8 kHz spinning (green) and at 10
kHz spinning (purple). Peak assignments of sugar carbons are shown.

Table 4. Experimental and Calculated Free Energy Differences (ΔGbinding
peptide − ΔGbinding

wt‑CBD) between wt-CBD and its Mimetics to
Cellulose in which Positive Numbers Indicate Lower Binding Affinity than wt-CBD and Negative Numbers Indicate Higher
Binding Affinity than wt-CBD

designed construct ΔGexp(kcal/mol) ΔΔGexp(kcal/mol) ΔGcal (kcal/mol)a ΔΔGcal (kcal/mol)a

pepA −7.29 (±0.70) 0.25 (±0.08) −12.2 (±0.2) 5.8 (±0.1)
pepB −7.32 (±0.21) 0.22 (±0.07) −13.7 (±0.5) 4.0 (±0.4)
pepC −8.22 (±0.17) −0.68 (±0.16) −14.4 (±0.5) 3.6 (±0.4)
pepD −7.78 (±0.11) −0.24 (±0.06) −12.6 (±0.6) 5.4 (±0.4)
WT-CBD −7.54 (±0.07) −18.0 (±0.03)

aThe error associated with energy minima was calculated using a bootstrap method.40,41
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uses the weighted histogram analysis method (WHAM)
algorithm47 to extract free energies from multiple non-
equilibrium COM pulling simulations. The adsorption isotherm
measurements are prone to errors in accurate concentration
determination as well as sample to sample variability in terms of
both the peptides and polysaccharide. This is also manifested in
the statistical variance of the experimental results.
2.7. The Dissociation Pathway of CBDs and Their

Mimetics. Some insight into the dissociation mechanism of
cellulose binders could be obtained by examining the pulling
trajectories of the CBDs and peptides considered in this work.
Despite pulling the CBD/peptides from a single point located
at their COM, we observed that the aromatic strip composed of
residues 5, 31, and 32 did not detach from the surface of the
cellulose in a parallel manner. To analyze the dissociation
pathway, distances between the Cβ atoms of residues 5, 31, and
32, and cellulose (C3 atom of the glucose unit closest to
residues 5, 31, and 32) were measured using a tcl scripting
interface in VMD.48

Figure 11 presents the distances between the Cβ atoms of
residues 5, 31, and 32 and between cellulose as a function of the

pulling trajectory frame for the four CBDs considered in this
work. As can be seen, residues in position 5 (black squares in
Figure 11) are the first to dissociate from the cellulose surface,
followed by residues in positions 32 and 31. This behavior
could be explained by monitoring the hydrogen bonds during
the pulling simulation. Most hydrogen bonds between the
CBDs and the sugar hydroxyls of cellulose are formed through
the strictly conserved residues Q34 and N29 and to a lesser
extent through the hydroxyl moiety of Y32. In CBD, Q34 is

located on one side of the domain (close to Y5), whereas N29
and Y32 are located on the other side. Because breaking one
hydrogen bond is energetically easier than breaking two bonds,
dissociation begins from the Y5 side. However, a similar
dissociation pathway is also observed for the Y32A mutant that
has the same number of hydrogen bonds on both sides of the
domain. Thus, hydrogen bonding alone is unable to fully
account for the observed dissociation pathway. However, an
analysis of hydrophobic interactions between CBDs and
cellulose at a 4.5 Å cutoff suggests that Y31 is more heavily
engaged in hydrophobic interactions than either Y5 or Y32
(Figure 12). Hydrophobic interactions affect the dissociation

path of CBDs from cellulose to a larger extent than hydrogen
bonds. This is evident from the inset of Figure 11(b) that
shows a much more balanced detachment pathway for the
Y31A mutant in the initial stage of the simulation despite
having imbalanced hydrogen bond interactions.
The location of the hydrogen bonds forming residues in

pepA−pepD is similar to that in wt-CBD with Q34 located on
one side (close to Y38) and N29, Y31, and Y32 located on the
other side of the peptides. This explains the earlier cellulose
dissociation of the “Y38 side” upon pulling. For pepC, Y31 also
participates in hydrogen bonding to cellulose in accordance
with the more pronounced imbalanced dissociation (Figure
13c). In pepB, the Y to W mutation increases the hydrophobic
interactions between the peptide and the cellulose leading to a
more balance dissociation pathway (Figure 13b).

3. CONCLUSIONS
In this work, we present a combined computational/
experimental study aimed at designing new CBD mimetics
capable of binding to cellulose. This is a first step toward the
development of synthetic cellulose degradation machinery. The
designed 18-residue peptides are able to bind cellulose roughly
to the same degree or even stronger than the complete wt-
CBD. Furthermore, the overall good agreement between
computational and experimental results suggests that computa-
tional approaches can be useful in the future design of
additional cellulose binders. Finally, the dissociation pathways
of the CBDs and their mimetics from cellulose suggest that
enhanced cellulose binding can be obtained by increasing the

Figure 11. (Top) Ribbon representation of the CBD highlighting (in
sticks) the residues participating in hydrogen bonds and hydrophobic
interactions with cellulose. (Bottom) Distance from Cβ atoms of
residues 5, 31, and 32 to cellulose as a function of frame number from
the pulling simulations. The insets focus on the initial stage of the
simulations.

Figure 12. Hydrophobic interactions between CBDs and cellulose as a
function of frame number during pulling simulations. Interactions
were calculated by measuring the distances between the hydrophobic
atoms of the hydrophobic side chain residues A, L, V, I, P, F, M, W,
and Y and the hydrophobic atoms of cellulose using the g_mindist
analysis tool in Gromacs.
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hydrogen bond and hydrophobic interactions between the two
binding partners.

4. METHODS
4.1. Computational Methods. MD simulations were

performed using the Gromacs Molecular Dynamics package
(version 4.5.5)49,50 with different force fields and water models
as indicated below. The systems were submerged in a cubic box
with an extra extension along each axis of the system of 10 Å.
When needed, ions were added to make the system electrically
neutral. The simulations were performed at 300 K typically with
a time step of 2 fs using the leapfrog algorithm.51,52 The cutoff
for van der Waals and Coulomb interactions was set to 10 Å.
Long-range electrostatic interactions were computed using
Particle Mesh Ewald Summation.53 Periodic boundary
conditions were applied in all directions.
Mimetics Design. The structure of the 36-residue CBD from

T. reesei cellobiohydrolase I was retrieved from the PDB (PDB
ID: 1CBH) and used for the design of pepA−pepD as indicated
in the text. Prior to MD simulations, all constructs were
prepared using the prepare protein protocol as implemented in
Discovery Studio (DS) version 3.5 to assign the correct
protonation states to titrateable residues.54 Following prepara-
tion, structures were minimized, equilibrated (first under NVT
conditions for 100 ps and then under NPT conditions for an
additional 100 ps), and finally simulated under NPT conditions
for 20 ns. All simulations utilized the OPLS/AA force field55

and TIP4P water.56

Cellulose Model. A 3D crystalline model of cellulose Iβ
composed of 720 repeating glucose units (40 chains each
consisting of 18 glucose units)37 was built based on a glucose
structure obtained from the Cambridge Structural Database

(JINROO01.cif).57 The structure was minimized, equilibrated
(first under NVT conditions for 100 ps and then under NPT
conditions for an additional 100 ps), and finally simulated
under NPT conditions for 100 ns. Simulations utilized the
Amber 99 SB-ILDN forcefield58 and the Glycam06 carbohy-
drate parameter set.59 For this system, a time step of 1 fs was
used.

Binding Free Energy Simulations. Binding free energies
were evaluated from potential of mean force (PMF) graphs.
These were calculated using pulling simulations followed by
umbrella sampling. According to this method, a series of
configurations is generated along a reaction coordinate, ξ,
between two interacting partners. In the present case, the
cellulose served as a reference point, whereas its binding
partner (i.e., CBDs or CBD-like peptides), initially placed on its
surface, was pulled away and placed at increasing center-of-mass
(COM) distances fixed by a biasing potential. These COM
distances represented “sampling windows”, wherein independ-
ent simulations were conducted to generate an ensemble of
structures along the reaction coordinate. For assembling a PMF
curve as a function of the entire reaction coordinate, energy
values in adjacent windows were reassembled into a continuous
function.
For generating the starting conformation for the simulations,

wt-CBD was manually located on an already equilibrated
cellulose model according to the CBD binding mode suggested
by Beckham et al.47,60 The starting conformation was selected
by first running a “scanning simulation” spanning a distance of
50 Å from the manually located conformation along the z-axis
followed by nine simulations initiated from equally spaced
snapshots each spanning 10 Å along the y-axis. The lowest
energy structure identified through this scanning procedure was
selected as the starting point for the pulling procedure. The
Y32A, Y31Y, and Y5A mutations were introduced on the best
conformation found for the native CBD. Following minimiza-
tion and NPT equilibration for 100 ps, CBDs were pulled away
from cellulose along the x-axis over 500 ps using a spring
constant of 1000 kJ mol−1 nm−2 and a pull rate of 0.01 nm/ps.
A final center of mass (COM) distance between CBDs and
cellulose of approximately 50 Å was reached.
From these trajectories, snapshots were taken to generate the

starting configurations for the umbrella sampling windows. An
asymmetric distribution of sampling windows was used and
resulted in 32 windows for each of the CBDs. In each window,
the system was first equilibrated for 100 ps under NPT
conditions and finally simulated for 10 ns under NPT
conditions. Distances to cellulose were restrained within a
defined window using a spring constant of 3000 kJ mol−1 nm−2.
Good overlap between windows was obtained (data not
shown). The final PMF was constructed using the weighted
histogram analysis method (WHAM).47 In this work, we
attribute no significance to the particular shape of the PMF
curve but only the two end points. The energy difference
between these points is the binding free energy. The
uncertainty of the PMF was estimated using Bayesian
bootstrapping analysis of complete WHAM histograms, which
provides a reliable estimated error without the requirement to
carry out new independent simulations.40

COM pulling and umbrella sampling simulations were
performed in explicit solvent. Parameters from the Amber
99SB-ILDN force field58 and the Glycam06 carbohydrate
parameter set59 were applied to all molecules in the simulated

Figure 13. (Top) Ribbon representation of pepA−pepD highlighting
(in sticks) the residues participating in hydrogen bonds and
hydrophobic interactions with the cellulose. (Bottom) Distance from
Cβ atoms of residues in position 38, 31, and 32 to cellulose as a
function of frame number from the pulling simulations. The insets
focus on the initial stage of the simulations.
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system. Short-range nonbonded interactions were cut off at 14
Å.
4.2. Experimental Methods. Cellulose (Avicell PH101)

was purchased from Sigma-Aldrich and used as is. Full CBD
from T. reesei was purchased from Selleck.
Peptide Synthesis. Peptides were synthesized in 100 μmol

quantities using standard solid phase peptide synthesis (SPPS)
techniques based on 9-fluorenylmethoxycarbonyl (FMOC)
chemistry on Rink Amide resin. Products were purified on a
Waters HPLC using a VYDAC C18 reverse phase column for
separation based on the hydrophobic index of the products.
Mass spectrometry analysis of crude and purified product
composition was performed on a matrix-assisted laser
desorption/ionization (MALDI) mass spectrometer equipped
with an Autoflex III smartbeam by Bruker.
Adsorption of Peptides and CBD to Cellulose. All

adsorption isotherm experiments were performed at controlled
temperature. Lyophilized peptides were dissolved in 0.1 M
sodium acetate buffer at pH 5. Suspensions of Avicel cellulose
with a concentration of 2 mg/ml in the presence of different
concentrations of peptides were vortexed and incubated for
20−25 h at 4 °C. The initial concentrations of peptides were
determined by measuring the UV absorbance at 280 nm. All
dilutions of peptides were performed in the same buffer. Then,
suspensions were diluted and centrifuged at 8000 rpm for 20
min, and the final concentrations of peptides were measured
using the micro BCA protein assay at 562 nm. Each
measurement was performed in triplicate.
Isothermal Titration Calorimetry of Peptide B to Cellulose.

Calorimetric measurements of isothermal titration of peptide B
into a cell containing suspended Avicell cellulose were carried
out at 300 K using 5 mL injections of 1 mM peptide solution
into 0.23 mM of cellulose in acetate buffer. Experiments were
carried out on a Microcal, GE Healthcare VP-ITC calorimeter
using high gain mode. Data fitting was performed using a single
set of binding sites in Origin Lab 7.0 employing Microcal fitting
macros.
CD Analysis. Circular dichroism (CD) measurements were

carried out using a Chirascan spectrometer (Applied Photo-
physics, UK). Measurements were performed at room temper-
ature in a 1 mm optical path length cell, and the spectra were
recorded from 260 to 180 nm with a step size of 0.1 nm and a
bandwidth of 0.5 nm. Time per point was 0.5 s and
approximate scan-time was ∼11 min. The concentration of all
samples was 0.1 mg/ml of 0.1 M sodium acetate buffer at pH 5.
Solid State NMR. NMR measurements were performed on a

Bruker 11.7T AvanceIII spectrometer equipped with a 4 mm
VTN CPMAS probe at spinning rates of 8 and 10 kHz. 13C CP
experiments employed a 1H 90° pulse of 2.4 μs, followed by a
2.5 ms CP contact time using ramped field on 1H (40 to 80
kHz) and 51 kHz field on 13C and composite-pulse 1H
decoupling using the SPINAL64 sequence with RF field of 94
kHz during acquisition. 13C CPMAS spectrum was collected
with 20150 scans on pepB−cellulose, 2048 scans on cellulose,
and 4096 scans on pepB with a recycle delay of 3 s.
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