
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 1

0:
07

:4
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Carbohydrate-bi
aInstitute of Materia Medica, Chinese Acad

Medical College, Beijing, 100050, China. E-
bDepartment of Chemistry and Biochemistry

Colorado, Boulder CO 80303, USA
cSchool of Pharmaceutical Sciences, Tsinghu
dBiosciences Center, National Renewable En
eRenewable Resources and Enabling Scien

Laboratory, Golden CO 80401, USA. E-mail
fComputational Science Center, National R

80401, USA. E-mail: hai.long@nrel.gov

† Electronic supplementary information (
glycoform towards different substrates; ca
and calculated correlation coefficients; ad
different substrates. See DOI: 10.1039/d0s

‡ These authors contributed equally

Cite this: Chem. Sci., 2020, 11, 9262

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 29th March 2020
Accepted 16th August 2020

DOI: 10.1039/d0sc01812k

rsc.li/chemical-science

9262 | Chem. Sci., 2020, 11, 9262–92
nding module O-mannosylation
alters binding selectivity to cellulose and lignin†

Yaohao Li, ‡ab Xiaoyang Guan,‡b Patrick K. Chaffey,‡b Yuan Ruan,b Bo Ma,a

Shiying Shang,c Michael E. Himmel,d Gregg T. Beckham, *e Hai Long*f

and Zhongping Tan *a

Improved understanding of the effect of protein glycosylation is expected to provide the foundation for the

design of protein glycoengineering strategies. In this study, we examine the impact of O-glycosylation on

the binding selectivity of a model Family 1 carbohydrate-binding module (CBM), which has been shown to

be one of the primary sub-domains responsible for non-productive lignin binding in multi-modular

cellulases. Specifically, we examine the relationship between glycan structure and the binding specificity

of the CBM to cellulose and lignin substrates. We find that the glycosylation pattern of the CBM exhibits

a strong influence on the binding affinity and the selectivity between both cellulose and lignin. In

addition, the large set of binding data collected allows us to examine the relationship between binding

affinity and the correlation in motion between pairs of glycosylation sites. Our results suggest that

glycoforms displaying highly correlated motion in their glycosylation sites tend to bind cellulose with

high affinity and lignin with low affinity. Taken together, this work helps lay the groundwork for future

exploitation of glycoengineering as a tool to improve the performance of industrial enzymes.
The cell walls of terrestrial plants primarily comprise the poly-
saccharides cellulose, hemicellulose, and pectin, as well as the
heterogeneous aromatic polymer, lignin. In nature, carbohy-
drates derived from plant polysaccharides provide a massive
carbon and energy source for biomass-degrading fungi,
bacteria, and archaea, which together are the primary organ-
isms that recycle plant matter and are a critical component of
the global carbon cycle. Across the various environments in
which these microbes break down lignocellulose, a few known
enzymatic and chemical systems have evolved to deconstruct
polysaccharides to soluble sugars.1–6 These natural systems are,
in several cases, being evaluated for industrial use to produce
sugars for further conversion into renewable biofuels and
chemicals.
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From an industrial perspective, overcoming biomass recal-
citrance to cost-effectively produce soluble intermediates,
including sugars for further upgrading remains the main
challenge in biomass conversion. Lignin, the evolution of which
in planta provided a signicant advantage for terrestrial plants
to mitigate microbial attack, is now widely recognized as
a primary cause of biomass recalcitrance.7 Chemical and/or
biological processing scenarios of lignocellulose have been
evaluated8 and several approaches have been scaled to indus-
trial bioreneries to date. Many biomass conversion technolo-
gies overcome recalcitrance by partially or wholly removing
lignin from biomass using thermochemical pretreatment or
fractionation. This approach enables easier polysaccharide
access for carbohydrate-active enzymes and/or microbes. There
are however, several biomass deconstruction approaches that
employ enzymes or microbes with whole, unpretreated
biomass.9,10 In most realistic biomass conversion scenarios
wherein enzymes or microbes are used to depolymerize poly-
saccharides, native or residual lignin remains.11,12 It is impor-
tant to note that lignin can bind and sequester carbohydrate-
active enzymes, which in turn can affect conversion
performance.13

Therefore, efforts aimed at improving cellulose binding
selectivity relative to lignin have emerged as major thrusts in
cellulase studies.14–25 Multiple reports in the past a few years
have made exciting new contributions to our collective under-
standing of how fungal glycoside hydrolases, which are among
the most well-characterized cellulolytic enzymes given their
This journal is © The Royal Society of Chemistry 2020
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importance to cellulosic biofuels production, bind to lignin
from various pretreatments.15,17 Taken together, these studies
have demonstrated that the Family 1 carbohydrate-binding
modules (CBMs) oen found in fungal cellulases are the most
relevant sub-domains for non-productive binding to
lignin,15,17,20,26 likely due to the hydrophobic face of these CBMs
that is known to be also responsible for cellulose binding
(Fig. 1).27

Furthermore, several studies have been published recently
using protein engineering of Family 1 CBMs to improve CBM
binding selectivity to cellulose with respect to lignin. Of
particular note, Strobel et al. screened a large library of point
mutations in both the Family 1 CBM and the linker connecting
the catalytic domain (CD) and CBM.21,22 These studies demon-
strated that several mutations in the CBM and one in the linker
led to improved cellulose binding selectivity compared to
lignin. The emerging picture is that the CBM-cellulose interac-
tion, which occurs mainly as a result of stacking between the
at, hydrophobic CBM face (which is decorated with aromatic
residues) and the hydrophobic crystal face of cellulose I, is also
likely the main driving force in the CBM-lignin interaction given
the strong potential for aromatic–aromatic and hydrophobic
interactions.

Alongside amino acid changes, modication of O-glycosyla-
tion has recently emerged as a potential tool in engineering
fungal CBMs, which Harrison et al. demonstrated to be O-gly-
cosylated.28–31 In particular, we have revealed that the O-man-
nosylation of a Family 1 CBM of Trichoderma reesei
cellobiohydrolase I (TrCel7A) can lead to signicant enhance-
ments in the binding affinity towards bacterial microcrystalline
cellulose (BMCC).30,32,33 This observation, together with the fact
that glycans have the potential to form both hydrophilic and
hydrophobic interactions with other molecules, led us to
hypothesize that glycosylation may have a unique role in the
binding selectivity of Family 1 CBMs to cellulose relative to
lignin and as such, glycoengineering may be exploited to
improve the industrial performance of these enzymes. To test
this hypothesis, in the present study, we systematically probed
the effects of glycosylation on CBM binding affinity for a variety
of lignocellulose-derived cellulose and lignin substrates and
Fig. 1 Model of glycosylated CBM binding the surface of a cellulose
crystal. Glycans are shown in greenwith oxygen atoms in red, tyrosines
known to be critical to binding shown in purple, and disulfide bonds
Cys8–Cys25 and Cys19–Cys35 in yellow.

This journal is © The Royal Society of Chemistry 2020
investigated routes to computationally predict the binding
properties of different glycosylated CBMs.
Results
Design and chemical synthesis of CBM glycoforms

Our previous studies have shown that, compared to other
common O-glycan motifs, O-mannose glycans contribute the
largest increase in binding affinity of the Family 1 CBM towards
BMCC. As mentioned, such O-mannose glycan structures are
found naturally on the Family 1 CBM from TrCel7A and other
fungal cellulase CBMs.28,30 Since we were interested in identi-
fying CBM glycoforms that preferentially bind cellulose with
high affinity, we focused our study on O-mannosylation.
Accordingly, we selected 19 CBM glycoforms with systematic
variations in their O-mannosylation patterns (Fig. 2, 2–20). The
unglycosylated CBM 1, the glycoforms carrying Gln2 or Tyr5
mutations, and a glycoform with b-linked glucose at Ser3
instead of a-linked mannose (Fig. 2, 21–23) were also included
as controls for the effects of mannosylation and amino acid
sequence. The CBM variants were synthesized using our previ-
ously developed one-pot synthesis and folding procedure.32,33

The folding, identities, and homogeneity of the synthetic gly-
coforms were experimentally veried by circular dichroism
(CD), liquid chromatography-mass spectroscopy (LC-MS), ther-
molysin digestion, and nuclear magnetic resonance (NMR).
Preparation and characterization of substrates for binding
studies

The structure of the cellulose substrate is thought to play a large
role in CBM binding.34–36 Cellulose can exist across a wide range
of organizational states from highly crystalline to mostly
amorphous, and the crystallinity of cellulose is known to
change as a result of certain treatment conditions.34 This degree
of crystallinity is oen expressed in terms of a crystallinity index
(CI) value.37 With this information in mind, we decided to
Fig. 2 Glyco-variants of the TrCel7A CBM. The sequence is shown
with three-letter abbreviation for each amino acid numbered from the
N-terminus. Disulfide bonds indicated with solid black lines con-
necting Cys residues. Glycans indicated as R1, R2 and R3 attached to
the respective amino acids in the sequence. Glycosylation patterns and
amino acid mutations indicated for each of the 23 individual CBM
glycoforms used in this study.

Chem. Sci., 2020, 11, 9262–9271 | 9263
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investigate not only the binding of the synthetic glycoforms to
BMCC,32,33 but also to a series of cellulose substrates with
systematically varied CI, including: Avicel® PH-101, Clean
Fractionation (CF) cellulose, and phosphoric acid-swollen
cellulose (PASC).

The CI of different cellulose substrates was estimated using
a previously developed solid-state 13C-NMR method. Briey, the
signal from the C4 of the glucose residue was used to determine
the relative amounts of crystalline and amorphous structure in
Fig. 3 Whole solid state 13C NMR spectra for the determination of the
CI of (A) BMCC, (B) Avicel PH 101, (C) CF cellulose, and (D) PASC. The
peaks for different carbon atoms of the glucose repeat unit (numbered
in blue) in different cellulose structures (crystalline vs. amorphous)
were assigned according to previously published data.37 Based on the
integration of the crystalline and amorphous C4 peaks, the CI was
determined to be 70% for BMCC, 61% for Avicel PH 101 cellulose, 38%
for CF cellulose and 14% for PASC.

9264 | Chem. Sci., 2020, 11, 9262–9271
each of the cellulose substrates (Fig. 3). The C4 signal in a given
cellulose sample is split into two slightly overlapping peaks that
represent the crystalline and amorphous regions.37 The peak at
89 ppm is characteristic of the crystalline cellulose structure
and the peak at 84 ppm is that of the amorphous cellulose
structure. CI is taken as the ratio of the area under the peak
corresponding to the crystalline C4 signal and the total C4
signal. As expected, the commercially available microcrystalline
cellulose, Avicel, had a high CI, (61%), which is only slightly
lower than BMCC CI (70%). A cellulose substrate which was
generated from corn stover via the Clean Fractionation process
(we refer to this substrate as CF cellulose),38 exhibited a CI of
38%. PASC, which was prepared from Avicel® PH101 by using
88% (wt/vol) phosphoric acid, had the lowest CI of 14% and
hence was the least crystalline or most amorphous of these
samples.37

Similarly, we hypothesized that the structure of the lignin
substrate may also play a role in CBM binding based on
previous work from Rahikainen et al.15 In parallel to studies of
cellulose binding, we chose to investigate two lignin substrates:
a lignin derived from corn stover via the same clean fraction-
ation process mentioned above (we refer to this substrate as CF
lignin) and a commercially available lignin derived from the
Kra process.
Effects of O-mannosylation on CBM binding

Aer preparing and characterizing the substrates, we used our
previously developed, mass spectroscopy-based method to test
the binding affinity of each CBM glycoform towards the three
cellulose substrates and two lignin substrates.32,33 For each of
the 115 possible CBM-substrate pairs, we collected binding
saturation data at 4 �C and used a Langmuir isotherm to t the
resulting curves. These low temperature studies enabled direct
comparison to previous binding data also gathered at this
temperature.39,40 From this analysis, we could derive the value
for Kads, which correlates with the strength of CBM binding for
each of the CBM-substrate pairs studied. These binding exper-
iments were conducted in triplicate. To elucidate the potential
site-specic, size-specic and synergistic effects of CBM glycans
on the binding affinity, the results were divided into six sets,
including the unglycosylated CBM 1, monoglycosylated CBMs
(2–4, 5–7, 8–10), multi-glycosylated CBMs (11–20), and CBM
glycoforms with varied amino acid sequence or glycan structure
(21–23) (ESI, Fig. S1 and S2†).

From the results, it can be seen that many of the CBM gly-
coforms studied show increased cellulose binding affinity when
compared to the unglycosylated CBM, although these increases
are oen only modest (ESI, Fig. S1†). Five notable exceptions to
this observation are CBMs 5, 13, 14, 16, and 19, whose Kads

values are about three to seven times of that of the unglycosy-
lated CBM control. CBMs 5 and 16 showed large binding affinity
increases towards Avicel cellulose, but small or no increases in
affinity towards CF cellulose or PASC. CBM 13was found to bind
much better to CF cellulose and bound only marginally better to
the other two cellulose substrates. Interestingly, this result is
the reverse of the observed binding preference of CBM 19. CBM
This journal is © The Royal Society of Chemistry 2020
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14 displayed relatively large increases in binding affinity
towards all three of the cellulose substrates tested here.

O-Mannosylation is, as hypothesized, able to decrease the
binding to the lignin substrates, particularly for Kra lignin
(ESI, Fig. S2†). Almost half of the glycoforms studied, mainly
those with O-mannose glycans at multiple glycosylation sites,
such as 14, 16, 17, 18, 19, and 20, exhibit lower binding affinity
towards lignin than the unglycosylated CBM. Our results also
show that O-mannosylation at Ser3 leads to a more substantial
decrease in the affinity than O-mannosylation at either Thr1 or
Ser14, which reveals that O-mannosylation can affect the lignin
binding in a site-specic manner.

Because absolute binding affinities are difficult to compare
across substrates, to further explain the differences in binding
caused by glycosylation and identify the substrate specicity of
each glycoform, the percent change in binding affinity, relative
to the unglycosylated CBM control, was also calculated and
plotted as a heat map (Fig. 4 and S3†). From the heat map, it is
evident that glycosylation was observed to move binding affinity
in both positive and negative directions depending on the gly-
coform and substrate being considered. For example, relative to
CBM 1, CBM 5 exhibited a similar increase in binding affinity
towards PASC, CF cellulose and CF lignin, but a large increase
Fig. 4 Changes in binding affinities resulting from glycosylation. Percen
glycoform relative to unglycosylated wild-type CBM 1 expressed as a hea
binding affinity) to white (indicating no change in binding affinity) to blue
glycoform substrate pairs that displayed complete loss of binding. CBM
CBM100 representing the glycoform containing a single mannose at Thr
Thr1, Ser3, and Ser14, CBM010 + Q2A representing the glycoform conta
position 2, and CBMS3Glcb representing the glycoform containing a sing
glycoforms are divided into three groups (I, II and III). They are ordered so
to cellulose and lignin (group II) are in the middle, and CBMs highly sele

This journal is © The Royal Society of Chemistry 2020
in binding towards Avicel cellulose and a large decrease in
binding towards Kra lignin. Other glycoforms, such as CBM 8,
displayed little change in binding affinity towards any of the
substrates as compared to the unglycosylated control (ESI,
Tables S1–S3†).

Based on the analysis of the percent change in binding
affinity, the glycoforms can be roughly divided into three
groups. Those in group I either have greatly decreased binding
affinity to cellulose substrates or have no changes in the binding
to all substrates; those in group II have stronger binding to
cellulose substrates and weaker binding to at least kra lignin;
those in group III have stronger binding to all cellulose
substrates and weaker binding to all lignin substrates. From the
data in Fig. 4, it appears that glycoforms that contain the same
mannose structures distributed across all available sites (13, 19,
and 20), have the most benecial glycosylation pattern for
improving binding selectivity to cellulose over lignin. The
addition of monomannosyl residues to the Ser3 and Ser14
position also provided a substantial increase in binding speci-
city. Interestingly, we have previously proposed that glycans at
these same sites can act as an extended cellulose-binding
surface for the CBM in earlier structural and computational
work.41 The effects of glycosylation on binding affinity observed
t change in binding affinity towards the given substrate for each CBM
t map. The color varies from red (indicating a 100% or more increase in
(indicating almost 100% decrease in binding affinity). Black is for CBM
glycoforms are named according to their glycosylation patterns (i.e.,
1, CBM111 representing the glycoform containing a single mannose at
ining a single mannose a-linked to Ser3 and a Gln-to-Ala mutation at
le glucose b-linked to Ser3). Based on changes in binding affinities, the
that poor cellulose binders (group I) are at the top, unselective binders
ctive for binding to cellulose (group III) are at the bottom.

Chem. Sci., 2020, 11, 9262–9271 | 9265
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here could be an empirical illustration of that hypothesis.
Although a single dimannosyl residue at the Ser3 site could also
be helpful for increasing the preference for cellulose binding,
the binding specicity of CBM 6 is not as high as those of the
multi-mannosylated variants.

We also compared the changes in maximum binding (Bmax)
caused by glycosylation (ESI, Fig. S4 and Table S4†). The heat
map revealed that most glycosylation had negative effects on the
maximum binding of CBM glycoforms to cellulose and lignin.
At the same time, no glycosylation pattern was observed to
selectively increase the Bmax value for cellulose binding.

We further investigated how temperature might affect the
binding selectivity of the CBM. For this work, we chose three
glyco-variants (10, 12, and 14) that represented each of the three
primary groups of binding preference outlined above and the
unglycosylated form CBM 1. Binding to both Avicel cellulose
and Kra lignin was measured at 30 �C. The results revealed
that the binding affinity of each CBM for Avicel cellulose was
slightly increased at the elevated temperature, while the affinity
of most of them for Kra lignin was decreased (ESI, Tables S1,
S2 and S5†). For example, CBM 12, which had a Kads value for
Avicel cellulose of 0.39 � 0.07 mM�1 and for Kra lignin of 0.38
� 0.12 mM�1 at 4 �C, had the value for Avicel cellulose of 0.44 �
0.10 mM�1 and for Kra lignin of 0.25 � 0.08 mM�1 at 30 �C.
Fig. 5 Correlation between coordinated glycan site movement and
binding affinity. For each substrate, the Spearman's ranked correlation
coefficient between the binding affinity and amount of coordination of
glycan site movement is displayed as a bar. Positive values represent
positive correlations, negative values represent anti-correlations. A
value of +1.0 indicates perfect correlation and a value of�1.0 indicates
perfect anti-correlation. Black bars are correlations based on coordi-
nation between glycan sites at Thr1 and Ser3, red bars are those based
on Thr1 and Ser14, and blue bars are those based on Ser3 and Ser14.
Each bar represents data derived from binding affinity and glycan site
dynamics calculations for all 23 CBM variants.
Relationships of collective motions to binding specicities

Given the ndings of this study and previous studies,22,33 it is
possible that further improvements to binding affinity and
selectivity for cellulose over lignin would result from a combi-
nation of amino acid sequence mutations and specic glyco-
sylation patterns. A comprehensive investigation of this topic
would involve the preparation and analysis of a large number of
CBM glycoforms with all possible combinations of variations in
glycosylation and mutation. Because such a process would be
currently impractical, it would instead be advantageous to look
for a simple way to predict, before synthesis, particular glyco-
forms most likely to result in large improvements in binding
properties.

The fact that the attachment of O-mannosyl glycans at
multiple glycosylation sites caused the most detectable changes
in binding specicity prompted us to determine if there are
collective motions between different glycosylation sites, and,
moreover, the correlation between collective motions and
binding to different substrates.42 Inspired by previous work, we
used molecular dynamics (MD) to simulate and follow the
motions of the side chain oxygens that link glycans to the
peptide backbone.42–44 The average correlation between the
motions of different pairs of glycosylation sites was calculated
with the following equation:

Avgcorrða; bÞ ¼
P

i

VaðiÞVbðiÞ
N

;

where Va and Vb are motion vectors calculated for the individual
Ser/Thr side-chain oxygen atoms a and b in each of the N
frames. Average correlation values calculated this way can vary
between +1 and �1. A value of +1 indicates completely
9266 | Chem. Sci., 2020, 11, 9262–9271
correlated motion between a pair of oxygen atoms (the vectors
are in the same direction) and a value of �1 indicates
completely anti-correlated motions (the vectors point in oppo-
site directions). Any values between +1 or �1 imply lesser
amounts of correlation or anti-correlation. 0 implies no corre-
lation, which means that the vectors are in perpendicular or
random directions.

The results of this analysis revealed that all of the correlation
values were positive values, meaning that at least some amount
of correlation was always present between glycan sites and no
anti-correlated movements were found (ESI, Fig. S5 and Table
S6†). Also, as would be expected, the amount of correlation
decreases as the distance between two oxygen atoms
increases.43 For example, correlations between Thr1 and Ser3
side chains, which are the closest pair in this study, are mostly
above 0.3; while for the other pairs (either Thr1 and Ser14 or
Ser3 and Ser14) the values range from about 0.05 to 0.13. These
data also show that glycosylation of the CBM at multiple sites
leads to more signicant increases in the correlations, a trend
that mirrors that of binding affinity towards cellulose.

The calculated Spearman's ranked correlation coefficient
was used to determine the relationship between the amount of
coordination in the motion of the glycan sites and binding
affinity. As shown in Fig. 5 and Table S7,† our results suggest
that the motion correlation is moderately predictive of binding
affinity. The binding affinity to both Avicel cellulose and Kra
lignin were highly correlated with amount of coordination
observed between glycosylation sites. Importantly, these asso-
ciations were opposite in sign, indicating that more coordina-
tion in glycan motions was correlated with binding affinity
towards cellulose, but anti-correlated with binding affinity
towards lignin. While the motions of glycan sites Ser3 and Ser14
were less coordinated with one another than those of Ser3 and
This journal is © The Royal Society of Chemistry 2020
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Thr1, they were slightly more predictive of binding affinity,
particularly in the case of the Kra lignin substrate, which gave
a strong anti-correlation. The other cellulose and lignin
substrates tested here displayed similar trends, although the
magnitude of those trends is less.

Discussion

While lignocellulose is the most abundant carbon source for
renewable production of fuels and chemicals, the biological
conversion of that stored potential energy and carbon to bio-
fuels is currently hindered by serious challenges. Many factors,
including the structural integrity of cellulose and the difficulty
in separating non-cellulose biopolymers, contribute to the slow
and costly enzymatic hydrolysis of cellulose. Previous work
demonstrating that cellulases can target different substrates via
their CBMs shows that engineering CBMs is a feasible approach
to direct cellulase specicity towards the preferred poly-
saccharide substrates and minimize their adsorption to
lignin.45 Most of the work in this area thus far has focused on
the functional signicance of the amino acid sequences. For
example, the substrate-binding sites were systematically
mutated to different residues to determine if the binding
properties of the CBMs would be affected.16,17 Recently, it was
found that glycosylation can also modulate the binding ability
of CBMs.32,33 To develop better industrial cellulases, it is of
interest to determine if glycosylation can differentially regulate
CBM binding selectivity.

Naturally, many fungal cellulases are O-glycosylated and
evidence points to O-mannose type glycans on TrCel7A.29,31,46 To
explore the potential effects of this type of glycosylation on the
binding specicity of TrCel7A CBM, we performed this
comparative study using synthetic homogenous glycoforms.
Our studies complement previous studies by others and clearly
demonstrate the value of this approach for providing denitive
information regarding the biochemical roles of glycosylation.
Our ability to readily synthesize a large collection of homoge-
neous glyco-variants that carry systematic variations in both
glycan structure and amino acid sequence greatly facilitated
this research.

Since the planned commercial use for the fungal cellu-
lases studied here is lignocellulose hydrolysis, our aim is to
engineer CBMs showing both a strong binding affinity to
cellulose and at the same time, low binding affinity to
lignin.11,15 It is clear from our previous studies that many O-
mannosylated CBM variants display enhanced binding
affinity towards the highly crystalline cellulose substrate,
BMCC.32,33 The results obtained here also show that such
benecial effects of binding extend to three less crystalline
types of cellulose. On the other hand, glycoforms that weakly
bound to one type of cellulose tended to bind the other
cellulose substrates poorly as well. This observation indicates
that glycosylation alone may not have an ability to allow
CBMs to discriminate between celluloses of differing crys-
tallinity. This conclusion supports previous work that attri-
butes the well-known increase in hydrolysis rate of
amorphous cellulose to an increase in the reactivity of the
This journal is © The Royal Society of Chemistry 2020
substrate rather than an increased ability for cellulases to
bind the unstructured substrates.37 It is also clear aer
examining our data that there are exceptions to this obser-
vation, most notably in the monoglycosylated CBMs. For
example, CBM 5 was found to bind only to Avicel cellulose
with high affinity and the other two cellulose substrates
poorly. Previously we have found that monomannosylation of
Ser3, as is the case for CBM 5, signicantly increased CBM
binding affinity towards BMCC.32,33 Comparing their CI
values, BMCC and Avicel are far more crystalline than either
of the other two cellulose forms studied here. This, along
with our binding data implies that monomannosylation of
the CBM at Ser3 may selectively increase binding affinity
toward crystalline cellulose substrates, while exhibiting little
effect on disordered cellulose binding. This is an interesting
observation that warrants further study. Interestingly,
although most of the CBM glycoforms we examined were
poor binders to kra lignin, more than half of the glycoforms
showed some increase in CF lignin binding capacity. This
may be due to the residual presence of cellulose in the CF
lignin, which is less puried than the kra lignin sample.13

Collectively, these results suggest that mannose glycans
impart benecial effects for substrate specicities and that
glycosylation of multiple sites may be a useful strategy to
achieve selective binding of cellulose over lignin during the
saccharication process.

Importantly, the availability of the large set of data provides
an ideal opportunity to look for a simple method to screen CBM
variants for better binding selectivity. By systematically exam-
ining the relationship between the determined binding prop-
erties and the calculated degree of coordination that the
glycosylation sites display in their movements using MD
simulations, we found that the level of coordination in such
motions was correlated, and hence predictive, of binding
affinity to both cellulose and lignin substrates. Our results have
clearly shown that the movements of the Ser3 and Ser14 sites
are most closely associated with binding affinity, a nding
which is consistent with their hypothesized involvement in
cellulose binding.41 These two sites span the majority of the
binding interface and run roughly parallel to the line of three
tyrosine side chains that are known to be critical for binding
(Fig. 1). It is possible that this relationship to the binding
interface explains the fact that Ser3 and Ser14 motions were the
most correlated with binding affinity, since any movement of
these two residues is likely to affect the arrangement of the
binding interface residues. By the same logic, modications to
these residues that restrict the motions of these residues will
almost certainly affect the motions of the binding interface.
Since glycans have been shown bymany others to strongly affect
the dynamics of local amino acids, it is possible that in the case
of the CBM studied here, those changes in local dynamics are
one factor leading to the observed effects of glycosylation on
substrate binding.47,48 Taken together, the results from our
computational studies suggest that the combination of
computational prediction and experimental characterization
could be a useful tool for developing CBM glycoforms display-
ing further improved substrate specicity.
Chem. Sci., 2020, 11, 9262–9271 | 9267
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Conclusions

By synthesizing, characterizing, and systematically analyzing
a collection of differently glycosylated CBM variants, we were
able to reveal the benecial effects that glycosylation can have
on CBM binding preferences across multiple biomass-derived
cellulose and lignin substrates. We have shown that most of
the glycoforms studied here bind to ordered and disordered
cellulose equal well, meaning that the glycosylation patterns
examined here do not cause an increased preference for
a specic type of cellulose. More importantly, our results sug-
gested that specic patterns of O-glycosylation can lead to
simultaneous increases in cellulose binding and deceases in
affinity for lignin. Lignin content in biomass is an historical
problem for enzymatic depolymerization of biomass poly-
saccharides, largely due to its ability to bind and sequester
cellulases.11,15 Our ndings thus provide a conceptually new
means to reduce lignin-driven enzyme inhibition, while simul-
taneously increasing cellulase binding affinity towards cellu-
lose. In addition, based on the large set of experimentally
derived CBM binding data, we were able to use MD simulation
to correlate different binding properties to variation in the
collective motion of pairs of glycosylation sites. The ndings
presented here thus will enable future optimization of the
substrate specicity for this CBM, which would be an advance
towards more efficient cellulases via glycoengineering.46
Methods
Materials and methods

All commercial reagents and solvents were used as purchased
without further purication. Unless otherwise indicated, all
reactions and purications were performed under air atmo-
sphere at room temperature. All LC-MS analyses were per-
formed using a Waters Acquity™ Ultra Performance LC system
equipped with Acquity UPLC® BEH 300 C4, 1.7 mm, 2.1 �
100 mm column at ow rates of 0.3 and 0.5 mL min�1. The
mobile phase for LC-MS analysis was a mixture of H2O (0.1%
formic acid, v/v) and acetonitrile (0.1% formic acid, v/v). All
preparative separations were performed using a LabAlliance
HPLC solvent delivery system equipped with a Rainin UV-1
detector and a Varian Microsorb 100-5 C18, 250 � 21.4 mm
column at a ow rate of 16.0 mL min�1. The mobile phase for
HPLC purication was a mixture of H2O (0.05% TFA, v/v) and
acetonitrile (0.04% TFA, v/v). Mass spectrometric analysis done
with a Waters SYNAPT G2-S LC-MS system was used to conrm
the identity and homogeneity of the synthetic CBM glycoforms.
Solid-state 13C-NMR was done on a Varian INOVA 400 MHz
NMR instrument equipped with a 4 mm cross-polarization
magic angle spinning (CP-MAS) probe. MALDI-TOF mass spec-
trometric analysis done using a AB/Sciex Voyager DE-STR
system was used to determine the binding affinity.32
Synthesis of Fmoc-glycoamino acids

The Fmoc-glycoamino acid building blocks Fmoc-Ser(Ac4-
Mana)-OH, Fmoc-Thr(Ac4Mana)-OH, Fmoc-Ser(Ac4Glcb)-OH,
9268 | Chem. Sci., 2020, 11, 9262–9271
Fmoc-Ser(Ac4Mana2Ac3Mana)-OH, Fmoc-Thr(Ac4Mana2Ac3-
Mana)-OH, Fmoc-Ser(Ac4Mana2Ac3Mana2Ac3Mana)-OH and
Fmoc-Thr(Ac4Mana2Ac3Mana2Ac3Mana)-OH were prepared
using procedures adapted from previous work.33,49

Synthesis of CBM variants

The variants were synthesized following our previous work.32

Briey, automated peptide synthesis was conducted on a Pio-
neer® continuous ow peptide synthesizer (Applied Bio-
systems) using low-loading Fmoc-Leu-NovaSyn® TGT resin
(Merck Millipore). Fmoc-amino acids/Fmoc-glycoamino acids
(4.0 equiv.), HATU (4.0 equiv.) and DIEA (8.0 equiv.) were used
for the amino acid coupling reactions. A mixture of DMF/
piperidine/DBU (100/2/2, v/v) was used for Fmoc-deprotection.
Aer synthesis, the peptides/glycopeptides were deprotected
and simultaneously cleaved from the resin support by treating
with TFA/TIS/H2O (95/2.5/2.5, v/v) for 45 min. TFA was blown off
under a stream of N2 and the crude peptides/glycopeptides were
collected by precipitation with cold ether and centrifugation.
The crude peptides/glycopeptides were then dissolved MeCN/
H2O (50/50, v/v) and lyophilized to dryness for the next synthetic
steps without further purication.

For the unglycosylated CBM 1, the lyophilized crude peptide
was dissolved in the folding buffer (0.2 M Tris–acetate, 0.33 mM
oxidized glutathione, 2.6 mM reduced glutathione, pH 8.2) and
stirred under helium for 12 h. The solution was then concen-
trated to a small volume using 3 kDa cut-off centrifugal lter
units (Amicon). Aer HPLC purication, the pure fractions were
combined and lyophilized to give the desired product as a white
solid.

For the glycosylated CBM variants 2–23, the crude glyco-
peptides were dissolved in hydrazine solution (hydrazine/H2O,
5/100, v/v) and stirred for 30 min under helium. The reaction
was quenched with acetic acid solution (AcOH/H2O, 5/100, v/v).
The resulting mixture was diluted at 1/40 (v/v) with the folding
buffer and stirred under helium for 12 h. The solution was then
concentrated and puried by HPLC to afford the desired
product as a white solid.

Preparation of CF cellulose and lignin

Following previous work closely,38 whole corn stover (10 g) in
a single-phase mixture of methyl isobutyl ketone (MIBK)/
acetone/H2O with sulfuric acid (0.025 to 0.1 M) was loaded into
a 316 stainless steel pressure reactor. The reactor was sealed
and heated in an electric heating block at 120 or 140 �C for 56
minutes. Aer the reaction, the reactor was cooled in ice water.
The reaction mixture was separated into a solid fraction and an
aqueous fraction via ltration. The solid fraction was thor-
oughly washed rst with the same solvent (200 mL) followed by
deionized H2O (650 mL). The solid fraction was air-dried to
obtain the CF cellulose.38 Moisture content in the CF cellulose
was measured by the moisture analyzer. The combined black
ltrate (ltrate and wash liquors) was mixed with MIBK (50 mL)
in a separatory funnel, shaken, and allowed to stand for 1 hour
to separate aqueous and organic phases. The aqueous layer was
extracted with MIBK (28 mL) two times. MIBK layers were
This journal is © The Royal Society of Chemistry 2020
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combined and washed with deionized H2O and brine, followed
by evaporation in a Rotavap to remove MIBK. The dried
contents in the ask were further dried in a vacuum oven at
35 �C for 4 d to obtain the CF lignin.38
Solid state NMR

Solid state 13C-CP/MAS-NMR spectra were collected for each
sample using a 400 MHz NMR operating at 100.63 MHz at 23 �C
and equipped with a 4 mm Revolution CP/MAS Probe. Spinning
speed was 10 000 Hz, relaxation delay of 3.0 s. Peak assignments
were based on those of Park.37 The amorphous peak was taken
as 80 to 87 ppm and the crystalline peak was taken as 87 to
93 ppm.
Determination of binding affinity

Binding affinity was measured as described previously in our
work.32 Briey, lyophilized CBM variants were suspended and
serially diluted in 50 mM sodium acetate and 50 mM sodium
chloride buffer (pH 5.0). CBM suspensions were added 1 : 1
with 2.4 mg mL�1 substrate in 50 mM sodium acetate and
50 mM sodium chloride (pH 5.0; total volume ¼ 100 mL) in
microcentrifuge tubes containing magnetic stir bars. The
samples were stirred to equilibrium at 1100 rpm at 4 �C for 2 h
before centrifugation at 14000g for 10 min. Two 10 mL aliquots
were taken from the supernatant and analyzed by quantitative
MALDI-TOF MS to calculate unbound CBM concentration. This
process was repeated for three independent trials. Data were
tted to a single-site Langmuir adsorption model using Ori-
ginPro soware.
Calculation of the average correlation and the Spearman's
ranked correlation coefficient

The CBM variants 1–23 were built and modeled based on the
structure of TrCel7A CBM with O-mannose residues at Thr1,
Ser3, and Ser14 (PDB ID: 2MWK). The His4 residue was kept
protonated since the binding affinity measurement was per-
formed at pH 5.0. The Amber ff14SB force eld and atomic
charges50 were used for protein residues and the GLYCAM06
force eld and atomic charges51 were used for the glycans. Each
variant was rst solvated in a TIP3P water box, maintaining at
least 12 Å between any protein atoms and the box boundaries.
Then molecular dynamics simulations were performed using
the Amber 14.0 package.52 Long-range interactions were treated
with particle mesh Ewald summation using mesh density of �1
point/Å in each cell direction during simulations. The system
was rst equilibrated for 10 ns, then a 20 ns production simu-
lation was performed with NPT ensemble at 4 �C and 1 atm
pressure. During the production simulation, the trajectories
were saved in every 1 ps, which were then used to compute the
average correlation (AvgCorr) between collective motions by the
ptraj module in the Amber package. The results were shown in
Fig. S5 and Table S6.† The Spearman's ranked correlation
coefficients between these AvgCorr values and binding affinity
were then computed using the binding affinity values. Spear-
man's coefficients were grouped into ve categories based on
This journal is © The Royal Society of Chemistry 2020
the strength of the indicated correlation as based on common
statistic practice (Table S7†).53
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