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ABSTRACT: Binding and thermodynamic properties of a carbohydrate binding module (CBM) and a glycoside hydrolase
family 44 xyloglucanase/endoglucanase catalytic domain (CD) from Ruminococcus f lavefaciens, both when separate and when
linked to each other, have been quantiﬁed when binding various β-1,4-linked glucans and xylans. The three constructs bind
cellotetraose, cellopentaose, and cellohexaose with association constants that increase with chain length. The CBM does not bind
xylotetraose, xylopentaose, or xylohexaose. The CD appears to bind carboxymethylcellulose (CMC) and xylan only weakly, while
the CBM and the CD/CBM bind them much more strongly than they bind the cellooligosaccharides. CMC is bound to a much
greater degree than is xylan. Association constants for the cellooligosaccharides are in the order CBM ≪ CD < CD/CBM, while
those on CMC and xylan are CD ≪ CBM ≪ CD/CBM. A synergistic eﬀect was observed for the association constants of
cellopentaose and cellohexaose with the CD/CBM when compared to the CD and CBM alone. Binding of all ligands by all three
constructs is energetically favorable, enthalpy-driven, and subject to enthalpy−entropy compensation.

■

INTRODUCTION
Carbohydrate binding modules (CBMs) are noncatalytic
proteins that bind oligo- and polysaccharides. They are attached
to or associated with carbohydrate-active catalytic domains
(CDs), and they are classiﬁed based upon their binding
properties as either type A (surface binding), type B (glycan
chain binding), or type C (small sugar binding). CBMs have
three primary roles: to increase local carbohydrate concentrations by the proximity eﬀect, to target speciﬁc carbohydrates
in complex structures such as plant cell walls, or to disrupt or
modify carbohydrate structures.1,2
CBMs are classiﬁed based upon amino acid sequence
similarity into families. In addition, it is assumed that all
members of a family have roughly the same tertiary structure.
At present the Carbohydrate-Active enZymes database (CAZy)
lists over 60 CBM families along with over 100 unclassiﬁed
CBM sequences.3 Of those families having known tertiary
structures, the majority have β-sandwich folds, while some
families have β-trefoil, hevein, OB, β-barrel, and lectin-like
folds.1,3
Ruminococcus f lavefaciens is a species of ruminant bacteria
highly active against plant cell walls. Two of its strains, R.
f lavefaciens 17 and R. f lavefaciens FD-1, have been extensively
studied.4−7 Both strains produce cellulosomes, extracellular
multiprotein complexes anchored to their cell membranes that
break down cellulose and hemicelluloses. Two common
features of the cellulosomes produced by each strain are the
large number of diﬀerent proteins, among them hydrolases,
cohesins, dockerins, and scaﬀoldins, incorporated into them
and the lack of CBMs attached to their scaﬀoldin domains,8
unlike the structures of many cellulosomes. The latter factor
makes the attachment of CBMs to CDs functionally necessary
to digest insoluble polysaccharides.9−14
© XXXX American Chemical Society

R. f lavefaciens 17 endoglucanase B (EndB) has a 150-residue
CBM attached to the C-terminal end of its CD. This CBM
binds Avicel but is otherwise relatively unstudied.15 It is
GenBank accession CAC83072.1 and UniProt accession
Q934F9, but it is unclassiﬁed in the CAZy database. R.
f lavefaciens FD-1 produces a xyloglucanase/endoglucanase
(XG/EG) (CelB) highly similar to R. f lavefaciens 17 EndB.
The CD sequence of strain FD-1 was published many years
ago;7 its CBM sequence was published recently and does not
appear separately in the CAZy database.8 The CDs of both
strains are part of glycoside hydrolase family 44 (GH44).3,15
No tertiary structure of the FD-1 CBM has been published;
however, a preliminary NMR study suggests that it is a βsandwich like many other CBMs.16 Four tertiary structures of
GH44 CDs, from Clostridium thermocellum F1 (PDB 2E4T),17
an uncultured bacterium (PDB 3FW6),18 Clostridium acetobutylicum ATCC 824 (PDB 3IK2),19 and Paenibacillus polymyxa
GS01 (PDB 2YIH),20 are available. All have (β,α)8 barrel and
Greek key domains. A multiple sequence alignment of the
amino acid sequences of the FD-1 CD and the four GH44
members with crystal structures is shown in Supporting
Information Figure 1.
Both R. f lavefaciens FD-1 XG/EG and a GH44 EG from C.
acetobutylicum ATCC 824 are active on cellotetraose,
cellopentaose, cellohexaose, carboxymethylcellulose (CMC),
birchwood and larchwood xylan, lichenan, and Avicel, but not
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Table 1. Thermodynamic Parameters for CBM−Ligand Binding
Ka, M−1
a

cellotetraose
cellopentaosea
cellohexaosea
CMCa
xylana
a

635
972
1620
63,600
16,800

±
±
±
±
±

175
97
80
9200
2000

ΔH, kJ/mol
−0.899
−4.81
−13.6
−40.0
−45.6

±
±
±
±
±

0.088
0.50
1.1
3.0
3.8

ΔS, J/mol-K

ΔG, kJ/mol

n

50.6
41.1
16.0
−42.2
−71.9

−16.0
−17.1
−18.3
−27.4
−24.1

3.53
4.23
1.40
0.871
1.89

Single-site model.

on cellobiose, cellotriose, mannan, or pullulan.19,21 Addition of
the R. f lavefaciens FD-1 XG/EG CBM to its CD increases
catalytic eﬃciencies on both CMC and birchwood xylan. Both
family members show evidence of asymmetric hydrolysis and
disproportionation of reaction products upon incubation with
cellopentaose and cellohexaose.19,21,22 Cellotetraose is digested
to cellotriose and glucose, with no cellobiose observed.
Digestion of cellopentaose produces cellotetraose, cellotriose,
cellobiose, and glucose. The distribution of cellotriose,
cellobiose, and glucose varies depending on the family member
and/or presence of the CBM. In each case cellotetraose was
present in larger amounts than glucose, its coupled hydrolysis
reaction product. Cellohexaose digestion yields much more
cellotetraose than cellobiose and some glucose and cellotriose,
along with a low and transient amount of cellopentaose.
A reaction model consisting of hydrolysis and transglycosylation reactions was developed and optimized to
account for asymmetric hydrolysis and disproportionation of
reaction products.22 The model ﬁt the cellotetraose, cellopentaose, and cellohexaose digest data sets of C. acetobutylicum
ATCC 824 GH44 EG (with linked CD and CBM) and R.
f lavefaciens FD-1 XG/EG CD and CD/CBM. Presence of
transglycosylation products longer than cellopentaose and
cellohexaose at levels below their detection limits was predicted
with the model, and this was consistent with their absence in
capillary electrophoresis chromatographs.
This article presents the ligand speciﬁcities, binding
constants, and thermodynamic properties of the CBM, CD,
and CD/CBM produced by R. f lavefaciens FD-1 XG/EG, the
ﬁrst such investigation of these domains.

GATCCTTGAATTACTCAGTCTTCTCGGTTACC-3′).
The mutated plasmids were transformed into E. coli XL-Blue
and sequenced to conﬁrm the mutated DNA sequence. The
plasmid was then transformed into E. coli BL-21 (DE3) using
electroporation. This resulted in three clones, each of which
was used to produce a speciﬁc construct: CelB E210Q (the
CelB CD with mutated catalytic acid and CBM); CelB E210Q/
E551− (the CelB CD with mutated catalytic acid but no
CBM); and the isolated CBM.
Protein Production and Puriﬁcation. Production and
puriﬁcation of the CD and CD/CBM were described by
Warner et al.21 The isolated CBM was produced and puriﬁed
similarly.
Isothermal Calorimetry. Isothermal calorimetry (ITC)
was performed using a MicroCal (GE Healthcare, Northampton, MA) VP-ITC calorimeter. Cello- and xylooligosaccharides were purchased from Associates of Cape Cod (East
Falmouth, MA), while low-viscosity CMC [(cellulose derivatized mainly with 2-O- and 6-O-linked carboxyl groups, but also
with 3-O- and terminal 1-O- and 4-O-linked carboxyl groups,
averaging 0.6 to 0.95 groups per glucopyranosyl residue)
(product C-5678, lot 065K0111] and larchwood xylan [β-Dxylopyranosyl-(1→4)]n-β-D-xylose, n = high, with signiﬁcant
branching initiated and terminated by other sugar residues)
(product X-3875, lot 125C-00582) were purchased from Sigma
(St. Louis, MO). Proteins and carbohydrate ligands were
prepared in 50 mM HEPES, pH 6.8, collected from the
ultraﬁltration ﬁltrate during concentration to minimize heat of
dilution eﬀects, and degassed before use. The His-tags were not
removed prior to data collection, as previous ITC experiments
with these constructs showed the tags had no signiﬁcant impact
on the model ﬁts (data not shown). The ITC sample cell,
1.4288 mL, was loaded with the CD (0.05 mM), CBM (0.03−
0.161 mM), or CD/CBM (0.07 mM), and stirred at 310 rpm
and 25 °C. A 300-μL syringe was loaded with ligands (2.5−10
mM cellooligosaccharides, 2−5 mM xylooligosaccharides, 0.333
mM CMC, or 0.45 mM xylan) and a series of 31 injections, 1
μL for the ﬁrst injection and 10 μL for the rest, was made at
200-s intervals. Controls were run using the sample
experimental parameters as above but with the ligands injected
into a sample cell containing 50 mM HEPES, pH 6.8, of
ultraﬁltration ﬁltrate. Their results were then used to subtract
heat of dilution eﬀects from the experimental data. Origin
software (7.0 OriginLab Corp., Northampton, MA) was used to
ﬁt the data to either a one-site binding model or a two-site
sequential model, depending on the protein−ligand pair. The
models were converged using 100 Simplex iterations. The
molecular weight of larchwood xylan, 17.5 kDa, was calculated
based upon its typical degree of polymerization of 133,23 and
the molecular weight of low-viscosity CMC, 90 kDa, was
provided by the manufacturer.

■

EXPERIMENTAL SECTION
Gene Construction. Construction of genes encoding the
CD and CD/CBM was described by Warner et al.21 The
pBAW101 plasmid, donated by Professor Bryan White of the
University of Illinois at Urbana−Champaign, was used to
amplify the gene fragment encoding the CBM using the
polymerase chain reaction (PCR) with Taq polymerase
(forward primer 5′-AATACATATGGCAGGAGGTTTTGATATG-3′, reverse primer 5′-TCGACATATGCTACTCAGTCTTCTCGGTTAC-3′). The PCR products were
cloned into pGEM-T Easy vectors (Promega, Madison, WI)
and sequenced at the Iowa State University DNA Facility. The
gene fragments were then ligated into the NdeI site of pET-14b
(Novagen, San Diego, CA) and transformed into E. coli BL-21
(DE3). Strategene’s (San Diego, CA) QuikChange II sitedirected mutagenesis kit was used to mutate the catalytic acid of
CelB (forward primer 5′-CAGCCTTGATAACCAGCCTGTTCTCTGGAACG-3′, reverse primer 5′CGTTCCAGAGAACAGGCTGGTTATCAAGGCTG-3′)
and/or to insert a stop codon to remove the CBM from the CD
(forward primer 5′-GGTAACCGAGAAGACTGAGTAATTCAAGGATCCTTCTTC-3′, reverse primer 5′-GAAGAAGB
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Figure 1. ITC binding plot for the addition at 25 °C of (A) 10 mM cellotetraose to 0.3 mM CBM, (B) 10 mM cellopentaose to 0.15 mM CBM, (C)
5 mM cellohexaose to 0.161 mM CBM, (D) 0.33 mM CMC to 0.1 mM CBM, and (E) 0.45 mM xylan to 0.1 mM CBM. The upper plots show the
raw heats of binding and the lower plots show the integrated heats of binding excluding dilution eﬀects.

■

RESULTS AND DISCUSSION

a one-site binding model (Table 1). No signiﬁcant binding of
xylotetraose, xylopentaose, or xylohexaose occurs. Binding of
CMC and xylan (Ka = 63 600 ± 9200 M−1 and Ka = 16 800 ±
2000 M−1, respectively) is much stronger than that of the
cellooligosaccharides. Stronger binding of longer ligands is
likely due to multiple CBMs binding the same molecule of the
longer ligands, or to their being bound by more subsites, each
holding one monosaccharide residue, of a single CBM. Figure 1
shows the raw and integrated heats of binding excluding
dilution eﬀects for the CBM with the ﬁve bound ligands.
For each of these titrations ΔG, the Gibbs free energy, is
negative, showing that binding is energetically favorable. The
entropy of binding, ΔS, is strongly positive for cellotetraose and

Gene Sequencing and Amino Acid Alignment. Gene
celB codes for an 800-residue protein that is 74% identical to R.
f lavefaciens 17 EndB.8,15 The CelB protein has a domain
structure similar to that of R. f lavefaciens 17 EndB, as it contains
regions that align well with the latter’s CD, CBM, and dockerin
domains. Thus R. f lavefaciens FD-1 CelB contains the second
known occurrence of this CBM.
Ligand Binding by the CBM. The CBM binds
cellotetraose (Ka = 635 ± 175 M−1, the second value being
the standard error), cellopentaose (Ka = 972 ± 97 M−1) and
cellohexaose (Ka = 1620 ± 80 M−1), the values calculated using
C
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Table 2. Thermodynamic Parameters for CD−Ligand Binding
a

cellotetraose
cellopentaosea
cellohexaosea
a

Ka, M−1

ΔH, kJ/mol

ΔS, J/mol-K

ΔG, kJ/mol

n

6960 ± 810
8240 ± 2880
12,800 ± 2100

−6.15 ± 1.30
−12.8 ± 8.2
−47.3 ± 29.3

53.1
32.2
−79.5

−22.0
−22.3
−23.5

1.86
1.05
0.408

Single-site model.

Figure 2. ITC binding plot for the addition at 25 °C of (A) 10 mM cellotetraose to 0.049 mM CD, (B) 10 mM cellopentaose to 0.049 mM CD, and
(C) 2.5 mM cellohexaose to 0.05 mM CD. The upper plots show the raw heats of binding and the lower plots show the integrated heats of binding
excluding dilution eﬀects.

cellotetraose, cellopentaose, and cellohexaose to determine if a
synergistic eﬀect occurs when the CD and CBM are linked. The
catalytic acid was mutated to a glutamine residue to prevent any
ligand hydrolysis, which would result in a heat of reaction
obscuring the binding data as well as a change in the character
of the ligand.
The CD binds cellotetraose (Ka = 6960 ± 810 M−1),
cellopentaose (Ka = 8240 ± 2880 M−1), and cellohexaose (Ka =
12 800 ± 2100 M−1) using a one-site binding model (Table 2).
Figure 2 shows the raw and integrated heats of binding
excluding dilution eﬀects for the CD with the three
cellooligosaccharides tested. Based upon the binding stoichiometry, it appears that the CD binding pocket can
accommodate two molecules of cellotetraose per molecule of
enzyme, but only one molecule of cellopentaose or
cellohexaose. This suggests that the glycon and aglycon binding
sites are each at least four subsites long. This is consistent with
the subsite structure found in the crystal structures of three
GH44 family members, all of which have more than eight
subsites.17−19
Titrations of the CD with CMC and xylan were inconclusive
because the data showed little curvature up to molar ratios of
two molecules of substrate to one molecule of CD, where the
solubility of the substrates reached saturation. This led to
binding constants nearly equivalent to their standard deviations,
suggesting that binding was weak. Although the calorimetric
data proved inconclusive, kcat/KM data for both substrates with
the CD alone were positive, showing that they could be
hydrolyzed in the absence of the CBM.21

cellopentaose, but less so for cellohexaose. The enthalpy of
binding, ΔH, is negative for each cellooligosaccharide and
becomes more negative with increasing chain length. These two
observations suggest ligand binding is enthalpy-driven and
undergoes enthalpy−entropy compensation. Binding of larger
ligands is mainly enthalpy-driven, as ΔS is negative for CMC
and xylan, while their ΔH values are strongly negative. The
stoichiometry of the binding reactions, n, is close to 1 mol
ligand:1 mol CBM for cellohexaose and CMC, as expected. The
binding of xylan by the CBM occurs at almost a 2:1 ratio, and
the binding of cellotetraose and cellopentaose by the CBM
occurs at a nearly a 4:1 ratio. Interestingly, n-values were close
to or above unity for binding of the polysaccharides CMC and
xylan to the CBM. The CBM likely binds internally to the
polysaccharide chain, which would result in n-values less than
unity, as the CBM would have multiple binding sites per
polysaccharide molecule. This may suggest that nonspeciﬁc
binding occurs in the case of xylan, or that the CBM binding
pocket has many subsites in the case of cellotetraose and
cellopentaose.
Although the CBM binds cellooligosaccharides, its binding
constants are low when compared to those of other CBMs that
bind cellooligosaccharides.1,24 Binding constants of the order of
5 × 104 M−1 were measured in those works rather than the
constants of ∼103 M−1 found here. Constants of the same order
of magnitude as the CBM were measured by Boraston et al. for
the individual CBMs of a tandem of three CBMs.25
Ligand Binding by Inactive Mutants of the CD.
Titrations of the CD and CD/CBM were performed with
D
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Table 3. Thermodynamic Parameters for CD/CBM−Ligand Binding
Ka, M−1
cellotetraose

a

cellopentaosea
cellohexaosea
CMCb
xylanb
a

7140
173
14,600
638
22,900
2320
452,000
184,000

±
±
±
±
±
±
±
±

220
55
900
76
3800
290
15,000
36,000

ΔH, kJ/mol
−28.1
−24.8
−35.4
−43.9
−41.6
−38.4
−657
−221

±
±
±
±
±
±
±
±

0.5
5.1
1.0
1.7
2.8
2.7
13
21

ΔS, J/mol-K

ΔG, kJ/mol

n

−20.6
−40.6
−39.0
−93.7
−56.0
−64.4
−2100
−640

−22.0
−12.8
−23.8
−16.0
−24.9
−19.2
−32.3
−30.2

n/a
n/a
n/a
n/a
n/a
n/a
0.125
0.255

Two-site sequential model. First and second rows are ﬁrst and second sites, respectively. bSingle-site model.

Figure 3. ITC binding plot for the addition at 25 °C of (A) 10 mM cellotetraose to 0.07 mM CD/CBM, (B) 10 mM cellopentaose to 0.07 mM CD/
CBM, (C) 5 mM cellohexaose to 0.07 mM CD/CBM, (D) 0.33 mM CMC to 0.05 mM CD/CBM, and (E) 0.45 mM xylan to 0.05 mM CD/CBM.
The upper plots show the raw heats of binding and the lower plots show the integrated heats of binding excluding dilution eﬀects.

cellohexaose of 22 900 ± 3800 M−1 and 2320 ± 290 M−1 for
the ﬁrst and second sites, respectively (Table 3). The ﬁrst
binding constants are consistent with, although larger than, the
binding constants for the same cellooligosaccharides bound by
the CD (ﬁrst binding site), while the much smaller second
binding constants are roughly consistent with those of the
CBM binding the same ligands (second binding site).

Ligand Binding by Inactive Mutants of the CD/CBM.
Binding curves from titrations of the CD/CBM with
cellotetraose, cellopentaose, and cellohexaose were ﬁtted better
with a two-site sequential binding model than with either a onesite or two-site binding model, giving binding constants for
cellotetraose of 7140 ± 220 M−1 and 173 ± 55 M−1, for
cellopentaose of 14 600 ± 900 M−1 and 638 ± 76 M−1, and for
E
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greater by more than an order of magnitude than those for
cellohexaose. Although the CBM binds xylan, no binding of
xylotetraose, xylopentaose, or xylohexaose occurs. The presence
of the CBM on the C-terminus of the CD yields a synergistic
eﬀect on the association constants of cellopentaose and
cellohexaose. Binding of all ligands with the three constructs
results in energetically favorable negative values of ΔG, caused
by a mixture of enthalpic and entropic eﬀects.
The mechanistic cause of the observed synergism is
unknown. It may arise from an increase in the local
concentration of substrate near both binding sites due to the
presence of a second binding site (CBM) in near proximity to
the ﬁrst (CD). There could be an orientation eﬀect resulting
from slippage of a cellohexaose molecule from the nearby CBM
into the active site in a more preferable orientation or
conﬁrmation for binding. It is also possible the synergistic
mechanism results from allosteric eﬀects of substrate binding to
the CBM, impacting active site structure.
The synergistic eﬀects, preference for cellooligosaccharides,
and increase of the association constants with increased degree
of polymerization provide clues to the role of this
xyloglucanase/endoglucanase within the larger Ruminococcus
f lavefaciens FD-1 cellulosome complex. The unusual lack of
CBMs in the scaﬀoldin architecture makes the presence of the
member of a novel CBM family attached to the CD relatively
important. The ability of the CD/CBM construct to bind and
digest diﬀerent types of polysaccharides allows the cellulosomes
to digest polysaccharides better than shorter oligosaccharides,
providing a variety of shorter substrates for the other
cellulosome components to digest. Yet the ability of the CD/
CBM to digest cellotetraose through cellohexaose likely gives it
a more deﬁned role within the cellulosome complex as the
longer diverse set of polysaccharides dwindles in favor of
shorter substrates. The synergistic nature of the CD/CBM
complex is likely to cause an increase in kcat against
cellooligosaccharides and presumably against longer polysaccharides.

The CD/CBM was also titrated with CMC and xylan.
Binding isotherms were best ﬁtted with a one-site binding
model, suggesting that these polysaccharides span both the CD
and CBM binding sites. Binding constants for CMC and xylan
are 452 000 ± 15 000 M−1 and 109 000 ± 24 000 M−1,
respectively (Table 3). The binding stoichiometry indicates that
each CD/CBM molecule binds much less than one molecule of
CMC or xylan. This is of particular note in light of the n-value
ﬁt from the binding data of xylan to the CBM, which was less
than unity. Figure 3 shows the raw and integrated heats of
binding excluding dilution eﬀects for the CD/CBM with the
ﬁve ligands tested.
Interestingly, the CD/CBM shows two diﬀerent binding
motifs depending on the length of the substrate. The
implication of the two-site sequential binding mechanism for
the CD/CBM binding cellooligosaccharides is that the distance
between the binding site on the CBM and the active site on the
CD is larger than the length of a cellohexaose molecule,
whereas a single molecule with a high degree of polymerization,
CMC or xylan, is so long that it binds to both the CBM and the
CD active site as a single binding site. The stoichiometry of the
binding models for CMC and xylan binding to the CD/CBM is
less than unity. This indicates that it is improbable for a single
molecule of CMC or xylan to bind the CBM and the CD active
site as if they were two distinct binding sites because the
substrates are so long that multiple CD/CBM molecules bind a
molecule of CMC or xylan.
Analysis of the Ka values of the three constructs for
cellooligosaccharide binding shows a synergistic eﬀect of
binding on cellopentaose and cellohexaose when the CD and
CBM are both present, in that the sums of Ka values for binding
by separate CBM and CD domains are much less than those for
the combined CD/CBM. This is the ﬁrst demonstration of a
synergistic eﬀect on Ka when a CBM is bound to a GH. No
synergism was observed when the CD and CBM bound
cellotetraose. The synergistic eﬀect of combining of CD and
CBM on binding of CMC and xylan is left to speculation, as
their CD binding data were inconclusive. The increases in
catalytic activity (kcat/KM) on CMC and xylan for the CD/
CBM compared to the CD (but lower catalytic activity on
xyloglucan and lower rates on cellopentaose and cellohexaose)21 may result from a synergistic eﬀect of binding, as CBMs
can have such an eﬀect on activity of GHs.26,27 Furthermore,
synergistic eﬀects on Ka have been observed when CBMs are
present in tandem.25,28,29
As with binding by the CBM, ΔG values for binding of all
ligands by the CD and CD/CBM are strongly negative. Binding
of cellooligosaccharides by the CD gives progressively more
negative ΔH values with increasing chain length, with positive
ΔS values for cellotetraose and cellopentaose and negative
values for cellohexaose. All ΔH and ΔS values for ligand
binding by the CD/CBM are negative, becoming much more
so with CMC and xylan. This again leads to the conclusion that
all binding with all constructs is enthalpy-driven with enthalpy−
entropy compensation.
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The binding and thermodynamic properties of CBM, CD, and
CD/CBM constructs have been quantiﬁed for a variety of
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and cellohexaose with increasing aﬃnity as chain length
increases. The CBM and CD/CBM have higher association
constants for CMC than for xylan, with those for CMC being
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