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SUMMARY

Cellulosomes, synthesized by anaerobic microorganisms such as Clostridium
thermocellum, are remarkably complex nanomachines that efficiently degrade plant
cell wall polysaccharides. Cellulosome assembly results from the interaction of type I
dockerin domains, present on the catalytic subunits, and the cohesin domains of a
large non-catalytic integrating protein that acts as a molecular scaffold. In general,
type I dockerins contain two distinct cohesin binding interfaces that appear to display
identical ligand specificities. Inspection of the Clostridium thermocellum genome
reveals 72 dockerin-containing proteins. In four of these proteins, Cthe 0258,
Cthe_0435, Cthe_0624 and Cthe_0918, there are significant differences in the
residues that comprise the two cohesin-binding sites of the type I dockerin domains.
In addition, a protein of unknown function (Cthe_0452), containing a C-terminal
cohesin highly similar to the equivalent domains present in ‘C. thermocellum
integrating protein (CipA), was also identified. Here, the ligand specificities of the
newly identified cohesin and dockerin domains are described. The results revealed
that Cthe_0452 is located at the C. thermocellum cell surface and thus the protein was
renamed as OIpC. The dockerins of Cthe_0258 and Cthe 0435 recognize,
preferentially, the OIlpC cohesin and thus these enzymes are believed to be
predominantly located at the surface of the bacterium. By contrast, the dockerin
domains of Cthe_0624 and Cthe_(0918 are primarily cellulosomal since they bind
preferentially to the cohesins of CipA. OlpC, which is relatively abundant protein,
may also adopt a “warehouse” function by transiently retaining cellulosomal enzymes
at the cell surface before they are assembled onto the multi-enzyme complex.
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INTRODUCTION

The plant cell wall represents the most abundant source of terrestrial organic carbon.
The degradation of this composite structure by microbial enzymes is central to the
carbon cycle. There is currently considerable interest in the application of these
biocatalysts in the conversion of lignocellulosic biomass into biofuels such as ethanol
and butanol. The complex chemical and physical structure of plant cell walls restricts
enzyme access to the interlocking polysaccharides, primarily cellulose and
hemicellulose, thus limiting carbon turnover. A common feature of anaerobic plant
cell wall degrading microorganisms is that extracellular cellulases and hemicellulases
are organized into high molecular weight multi-enzyme complexes, which are referred
to as cellulosomes [1-3]. Cellulosomes enhance the hydrolytic activity of the
assembled enzymes by i) potentiating the synergistic interactions. between the
biocatalysts and, ii) the presence of a central cellulose-specific carbohydrate binding
module, which brings the catalytic subunits into intimate contact with their target
substrates, thereby reducing the enzyme accessibility problem [4, 5].

Clostridium thermocellum displays one of the fastest known growth rates on cellulose
and its cellulosome is the paradigm for plant cell wall degrading enzyme complexes.
The protein that mediates the assembly of the C. thermocellum cellulosome is the
scaffoldin subunit termed CipA — a 1853 amino acid non-catalytic polypeptide that
contains nine highly conserved modules, known as type I cohesins, a family 3
carbohydrate-binding module (CBM) that attaches the cellulosome onto crystalline
cellulose, and a type II dockerin [6]. Type | dockerins, located in cellulosomal
enzymes, primarily glycoside hydrolases, but also carbohydrate esterases and
polysaccharide lyases, bind extremely tightly to CipA cohesins thus anchoring the
enzymes onto the macromolecular scaffold [1, 2]. The C-terminal type II dockerin of
CipA, which recognizes, specifically, type II cohesins located in proteins bound to the
bacterial peptidoglycan layer, maintains the cellulosome on the bacterial cell surface
[7]. There is no cross specificity between type I and type II cohesin-dockerin partners.
Significantly, a type I cohesin domain was also identified in a cell bound protein,
OlpA, suggesting that cellulosomal enzymes can also adhere directly, and
individually, onto the bacterial surface [8].

Crystal structures of type I cohesin-dockerin complexes have provided important
insights into the mechanism of cellulosome assembly. Dockerins contain a tandem
duplication of a 22-residue sequence that are organized into two F-hand calcium
binding motifs-and an «-helix that also display remarkable structural conservation —
the N and C-terminal o-helices overlay with minor structural deviations [9-11].
Internal two-fold symmetry of the dockerin molecule has a profound influence on the
mechanism of cohesin recognition. Structural and mutagenesis data revealed that type
I dockerins contain two, essentially identical, cohesin-binding interfaces. Residues
participating in cohesin recognition at the two binding interfaces, particularly a Ser-
Thr motif at positions 11 and 12 and a Lys-Arg motif at positions 18 and 19, are
highly conserved in the two segments of the majority of C. thermocellum dockerins
(see below), suggesting that, in general, both binding interfaces display similar protein
specificities [10, 12]. The dockerin dual binding mode may reduce the steric
constraints that are likely to be imposed by assembling a large number of different
catalytic modules into a single cellulosome. In addition, the switching of the binding
mode between two conformations may also introduce quaternary flexibility into
multi-enzyme complexes thus enhancing substrate targeting and the synergistic
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interactions between some enzymes, particularly exo- and endo-acting cellulases [10,
11]. Similar structural observations were made for C. cellulolyticum dockerins, within
cohesin-dockerin complexes, suggesting an evolutionary pressure for the retention of
a dual binding mode in, at least, Clostridial dockerins [13]. Despite the structural
similarity between the C. thermocellum and C. cellulolyticum cohesins and dockerins,
there is no cross specificity between the protein partners of the two organisms [14].
Residues at dockerin positions 11 and 12 were shown to play a critical role in
organism-specific recognition [15, 16], with C. thermocellum dockerins presenting,
typically, a pair of hydroxy residues, while the corresponding amino acids in C.
cellulolyticum dockerins are alanine and a second, larger, hydrophobic amino acid.

The genome of C. thermocellum ATCC 27405 encodes 72 polypeptides containing
type I dockerin sequences. Inspection of dockerin sequences at the two ligand binding
sites revealed a strong conservation of the amino acids that mediate cohesin
recognition. There are, however, at least four dockerins that are components of the
proteins Cthe_0435, Cthe_0918, Cthe_0258 and Cel9D-Cel44A (accession number
Cthe_0624), which deviate from the canonical C. thermocellum motifs in one of the
ligand binding interfaces. In these dockerins the usually conserved Ser-Thr pair,
which dominates the hydrogen bond network with the cohesin; is replaced in one of
the duplicated segments by non-hydroxy residues. The implications of these amino
acid substitutions for cohesin recognition remain to be investigated. Here we have
established the ligand specificity of C. thermocellum dockerins which display
divergent cohesin binding interfaces.

EXPERIMENTAL

Cloning, expression and purification

Genes encoding dockerin domains were amplified from C. thermocellum genomic
DNA using the thermostable DNA polymerase NZYPremium (NZYTech Ltd).
Amplified DNA was directly cloned into pNZY28 (NZYTech Ltd) and sequenced to
ensure that no mutations were accumulated during the amplification. Genes encoding
the dockerin domains of Cthe 0435, termed Doc-435 (residues 32-112), Cthe_0918,
termed Doc-918 (residues 1146-1209) and Cthe_0258, termed Doc-258 (residues 33-
105), were subcloned into pET32a (Novagen) restricted with EcoR1 and Xhol (see
Table 1). Recombinant Doc-435, Doc-918 and Doc-258 were expressed in fusion with
thioredoxin, to improve dockerin solubility and stability. Similarly, to improve protein
stability, the dockerin domain of Xyn10B was produced in fusion with the N-terminal
CBM22 xylan-binding domain and the Cel9D-Cel44A dockerin was expressed with
the GH44 catalytic domain at the N-terminus and the polycystic kidney-disease like
module (PKD) followed by the family 44 carbohydrate-binding module (CBM44) at
the C-terminus: The genes encoding the XynlOB derivative, termed Doc-Xyn10B
(residues 558-799, Cthe_0912) and Cel9D-Cel44A derivative, termed Doc-Cel44A
(residues 774-1601, Cthe_0624), were subcloned into pET2la using primer pairs
containing Nhel and Xhol restriction sites, respectively. The recombinant plasmid
encoding Doc-Cel44A was termed pD44-21a. Genes encoding the second cohesin of
CipA, termed Coh-CipA2 (residues 182-328, Cthe_3077), the type I cohesin of OlpA,
termed Coh-OlpA (residues 30-175, Cthe_3080), and type I cohesin of OlpC, termed
Coh-OlpC (residues 100-258, Cthe_0452) were amplified as described above, cloned
into pNZY28 (NZYTech Ltd.) and sequenced. Coh-OlpA and Coh-OlpC genes were
subcloned into Bglll/EcoRl and BamHI/EcoRI digested pRSETa, respectively
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(Invitrogen). The gene encoding Coh-CipA2 was sub-cloned into pET21a (Novagen).
The DNA sequences encoding the N-terminal domain of Cthe_0452 (residues 25-
112), termed CtUnk1, and the type II dockerin of CipA fused with the endogenous N-
terminal X module (residues 1691-1853, Cthe_3077) were amplified using the
procedures described above and the primers presented in Table 1. Both genes were
subsequently subcloned into pET32a (Novagen). Clostridium cellulolyticum type 1
cohesin was produced using plasmid pHF1, as described by Pinheiro et al. [13]. All
recombinant proteins contained an internal or a C-terminal Hise-tag.

E. coli Origami, BL21 and Tuner cells, transformed with pET32a, pET21a and
pRSETa derivatives, respectively, were grown at 37°C to mid-exponential phase
(ODgpo=0.6). Recombinant protein expression was induced by adding 0.2 (Tuner) or 1
mM (all other E. coli strains) isopropyl-B-D-thiogalactopyranoside and incubation for
a further 16 h at 19°C. Soluble recombinant proteins were purified by immobilized
metal ion affinity chromatography as described previously [17, 18]. Fractions
containing the purified proteins were buffer exchanged, in PD-10 Sephadex G-25M
gel filtration columns (GE Healthcare), into 50 mM Hepes, pH 7.5, containing 100
mM NaCl and 5 mM CaCl,. For isothermal calorimetry, a further purification step by
gel exclusion chromatography was performed and the proteins were maintained in the
same buffer excluding the NaCl. SDS/PAGE showed that all the recombinant proteins
were more than 99 % pure.

Mutagenesis

Site-directed mutagenesis was carried out using the PCR-based NZYMutagenesis site-
directed mutagenesis kit (NZYTech Ltd) according to the manufacturer’s instructions,
using plasmid pD44-21a as template. The sequences of the primers used to generate
these mutants are displayed in Table 1. The mutated DNA sequences were sequenced
to ensure that only the appropriate mutations had been incorporated into the nucleic
acid.

Interaction of CtUnk1 with bacterial cell wall preparations

Native peptidoglycan-containing sacculi (NPCS) and hydrofluoric acid-extracted cell-
wall polymer (HF-EPCS) were prepared from E. coli and C. thermocellum cells as
described previously [19]. Recombinant CfUnkl (10 pg) was separately incubated
with NPCS and HE-EPCS (80 pg), in 50 pl of 20 mM sodium phosphate buffer (pH
7.4), at 4°C for 1 h with occasional shaking. Following incubation, the insoluble
fractions were pelleted by centrifugation and the supernatant and pellet fractions were
analyzed by SDS-PAGE.

Complex Formation in Solution

As an initial approach to test cohesin-dockerin affinity, the two proteins were
combined in 50 Hepes buffer (pH 7.5), containing 100 mM NaCl and 5 mM CacCl, for
1 hour at room temperature and the presence of complexes was evaluated by non-
denaturing polyacrylamide gel electrophoresis. For lower affinity interactions,
complexes were detected by increasing concentrations of a dockerin against a fixed
concentration of cohesin. New bands appearing in the native gel were used as an
indication of complex formation. The differences in the affinities of the complexes
were assessed by combining, in the same solution, equimolar concentrations of two
dockerins and one cohesin (or two cohesins and one dockerin) and analyzing the gel
for complex formation. To determine the stability of cohesin-dockerin complexes, a
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cohesin-dockerin pair was assembled for an hour. After this incubation period a
second cohesin or dockerin was added to the mixture and incubated for another hour.
Complex stability was evaluated in non-denaturing gels, as explained above.

Isothermal Calorimetry of Coh-Doc Binding

Isothermal titration calorimetry was carried out essentially as described previously
[10, 13], except that measurements were made at 55°C, and proteins were dialyzed
into 50 mM NaHepes, pH 7.5, containing 2 mM CaCl,. During titration, the dockerin
(15 uM) was stirred at 300 rpm in the reaction cell, which was injected with 29 or 58
successive 5-Ul aliquots of ligand comprising cohesin (180 uM) at 200-s intervals.
Integrated heat effects, after correction for heats of dilution, were analyzed by
nonlinear regression by using a single site-binding model (Microcal ORIGIN, Ver.
5.0, Microcal Software, Northampton, MA). The fitted data yield the -association
constant (K4) and the enthalpy of binding (AH). Other thermodynamic parameters
were calculated by using the standard thermodynamic equation: ARTInK, = -AG =
AH-TAS.

RESULTS AND DISCUSSION

Novel type I cohesin and dockerin domains in C. thermocellum proteins

The C. thermocellum proteome was searched using XynlOB [20] and Cel9D-Cel44A
[21-23] dockerin sequences through BLAST (http://blast.ncbi.nlm.nih.gov) to identify
the complete repertoire of cellulosomal proteins. The data revealed that 72 C.
thermocellum proteins contain type I dockerins. Alignment of all the identified
dockerins revealed that at least four of these domains display a lack of conservation in
the residues that interact with the type I cohesin partners present in CipA (data not
shown). These domains belong to proteins Cthe_0258, Cthe_0435, Cthe_0624 and
Cthe_0918. Cthe_0624 is the bifunctional cellulase Cel9D-Cel44A (initially referred
to as Cell [21]) where the dockerin is located internally between the two catalytic
modules (GH9 and GH44) and a C-terminal CBM44 [23]. The other three proteins do
not have an assigned function and the dockerin is positioned either at the N-
(Cthe_0258 and Cthe_0435) or C-terminus (Cthe_0918) (Figure 1). Modules of
unknown function in Cthe_0258; Cthe_0435 and Cthe_(0918 have, respectively, 365,
218 and 1136 residues and may comprise catalytic domains, or possibly CBMs, which
contribute to the deconstruction of the plant cell wall. Indeed, the 218 residue module
in Cthe_0435 was recently shown to display cellulase activity against both crystalline
and amorphous forms of the polysaccharide (H.J. Gilbert and C.M.G.A Fontes,
unpublished data). Alignment of the four divergent dockerins with the dockerin
domain of Xynl0B (Doc-Xyn10B) revealed striking variations in positions 11 and 12
of one of the duplicated segments (Figure 2). The hydroxyl residues at positions 11
and 12 play an important role in the hydrogen bond network established with the
cohesin [11]. Doc-Celd44A, Doc-258 and Doc-918, derived from Cel9D-Celd44A,
Cthe_0258 and Cthe_0918, respectively, lack the serine-threonine pair in the first
duplicated segment; these residues are substituted by an alanine and a hydrophobic
residue (Doc-Cel44A and Doc-258) or by two acidic amino acids (aspartate and
glutamate; Doc-918). At the second duplicated segment, only Doc-258 and Doc-435
do not present the conserved hydroxy-residues at position 11 and 12; Doc-258
contains a serine-isoleucine pair and Doc-435 an aspartate-isoleucine pair at these
positions. However, in all dockerins, a high degree of conservation is evident in the
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other residues that directly participate in cohesin recognition at both putative binding
interfaces.

A similar bioinformatic strategy was employed to identify the complete array of type I
cohesin domains encoded by the C. thermocellum genome. Three proteins were
shown to contain type I cohesins: the scaffolding protein CipA (Cthe_3077), which
contains nine cohesin modules, OlpA, with one cohesin module (Cthe_3080) and a
previously unknown protein, Cthe_0452, which also contains a single type I cohesin
domain (Figure 1). OlpA is a cell surface bi-modular protein presenting an N-terminal
type I cohesin domain fused to three SLH (from S-layer homology) repeats [8]. The
SLH repeats were previously shown to interact with the bacterial surface [8, 19, 24]
and, therefore, cellulosomal enzymes may also be directed to the bacterial surface
through the binding to the exposed type I cohesin domain of OIlpA. In contrast,
Cthe_0452 contains a C-terminal type I cohesin domain and an N-terminal module of
unknown function. Alignment of the eleven C. thermocellum type I cohesin domains
(Figure 1s, Supplementary Material) reveals that the dockerin-interacting residues of
all nine CipA cohesins are highly conserved, suggesting that CipA cohesins cannot
discriminate between dockerin modules, as indicated previously [10, 11]. In contrast,
both the OIpA and Cthe_0452 cohesins reveal several substitutions in key residues
involved in dockerin recognition. For example, Asn37, which is an important residue
in the hydrogen bond network established with dockerins, is replaced by a serine in
both proteins (this substitution also occurs in the ninth cohesin of CipA). In addition,
the other two residues that make polar interactions with the dockerin, Asp39 and
Glul31, are also replaced by an Asn and a Pro, respectively, in Cthe_0452 cohesin.
The significance of these amino acid substitutions in cohesin-ligand specificity is
explored below.

C. thermocellum Cthe_0452 is a cell-surface protein

Cthe_0452 was shown to contain, in addition to a C-terminal type I cohesin, an 88
residue N-terminal domain of unknown function, designated CfUnkl. To determine
the role of CtUnkl, in carbohydrate metabolism or cellulosomal function, the module
was purified to electrophoretic homogeneity and its biochemical properties evaluated.
Initially we explored the hypothesis that CrfUnkl constituted a CBM. However,
affinity gel electrophoresis analysis revealed that CtUnkl displays no significant
affinity for xyloglucan, the P1,4-f1,3-mixed glucans barley B-glucan and lichenan,
the B1,4-glucan hydroxyethylcellulose (HEC), konjac glucomannan, oat spelt xylan,
the P1,3-glucans laminarin and curdlan, carob galactomannan, potato galactan,
pullulan or pustulan (data not shown). In addition, the domain was unable to
depolymerase these polysaccharides indicating that Cthe_0452 is not a plant cell wall
degrading enzyme (data not shown).

Similar to OlpA, it is possible that Cthe_0452 constitutes a cell surface protein based
on the assumption that CfUnk1 binds to the bacterial cell envelope. To explore this
hypothesis the capacity of CfUnkl to interact with C. thermocellum cell-wall fractions
was investigated. Proteins located at the outermost cell envelop of Gram-positive
bacteria, known as the bacterial S-layer, bind secondary cell wall polymers (SCWP)
rather than the peptidoglycan cell wall matrix. The data from pull-down experiments,
displayed in Figure 3, revealed that CtfUnkl bound to the insoluble C. thermocellum
peptidoglycan-containing sacculi (NPCS); only a small amount of the protein was
detected in the unbound soluble fraction. In contrast, CfUnk1, was unable to interact
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with C. thermocellum hydrofluoric acid-extracted cell wall polymer (HF-EPCS).
Hydrofluoric extraction removes SCWP from NPCS [19, 24] and, therefore, HF-
EPCS consists mainly of peptidoglycan. Therefore, the data suggest that CrfUnkl
displays affinity for C. thermocellum SCWP. To further confirm that CfUnkl was
unable to interact with the peptidoglycan fraction of the cell wall, an HF-EPCS
fraction was prepared from Escherichia coli, which is free of Gram-positive SCWP.
The data (Figure 3) revealed that CfUnk1 was unable to interact with the E. coli HF-
EPCS preparation, strongly suggesting that CfUnk1 specifically interacts with- SCWP
present in C. thermocellum, or at least in Gram-positive bacterial cell walls. Since it
appears that CrfUnkl directs Cthe_0452 onto the bacterial envelop we propose
defining Cthe_0452 as OIpC (Outer Layer Protein analogous to OlpA). Interestingly,
CtUnk1 displays a specificity that is similar to the OlpA SLH domain, and other SLH
domains, in recognizing SCWP [19, 24]. In contrast, the SLH domains of SdbA, OlpB
and Orf2, unusually for such modules, bind to the peptidoglycan layer [19, 24].
Therefore, the data suggest that proteins that are responsible for binding cellulosomes,
such as SdbA, OlpB and Orf2, are bound to the peptidoglycan layer while OlpA and
OlpC, which bind individual cellulosomal components, interact'with SCWP. The
biological significance of these identified differences in‘cell wall specificity remain,
however, unclear. In addition, these data demonstrate that cellulosomal enzymes can
either be bound to cellulosomes (through the binding of CipA cohesins) or interact
indirectly with the cell surface of the bacterium, by binding to OIpA or OlpC.
However, it is presently unknown if differences in cohesin-dockerin affinity can
modulate the distribution of C. thermocellum enzymes over the cell surface or onto
the cellulosomes.

Ligand specificity of novel C. thermocellum cohesin and dockerins

As described above, a set of cohesins and dockerins, whose sequences diverge from
the consensus cellulosomal enzymes, were identified in C. thermocellum. The impact
of these primary sequence differences on cohesin-dockerin specificity was analyzed
by ITC. Titration experiments, exemplified in Figure 4, were performed at 55 °C. The
data, presented in Table 2, revealed a range of affinities with K,s varying from 10° to
>10° M (Figure 4). In general, binding was enthalpically driven with the change in
entropy slightly decreasing affinity, which is consistent with the thermodynamic
interactions reported for most type I cohesin-dockerin complexes [10, 11, 13]. Thus,
the data suggest that all the atypical C. thermocellum dockerins, Doc-435, Doc-918
and Doc-258, bound to the C. thermocellum cohesins. This was further confirmed, for
most of the cohesin-dockerin pairs, by native gel electrophoresis as exemplified in
Figure 5a; cohesin and dockerins were mixed together and complex formation was
revealed by the appearance of an extra band in the gel.

The interaction between Doc-Cel44A and the C. thermocellum cohesins in CipA
(Coh-CipA2) and OIpA is very tight, with an affinity constant probably higher than
10° M!, which is the limit for quantifying molecular interactions by ITC. In contrast
DocCel44A displays lower affinity for Coh-OlpC. A similar pattern is observed for
Doc-918 which binds to the CipA cohesin ~60-fold more tightly than Coh-OlpC,
although the K, for Coh-OlpA is also significantly lower (~20-fold) than for Coh-
CipA2. By contrast the cellulosomal dockerin Doc-Xynl10OB does not appear to
distinguish between the three C. thermocellum cohesins. Dockerin primary sequences
suggest that Doc-Cel44A and Doc-918 will recognize cohesins preferentially through
the C-terminal binding site since there is significant deviation from the canonical Ser-
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Thr or Ser-Ser motifs at positions 11 and 12 at the N-terminal ligand interface. Indeed
the preference of these two dockerins for the CipA cohesin is consistent with the
presence of two hydroxy residues at the critical 11 and 12 positions of the putative C-
terminal ligand binding site

When compared with the cellulosomal dockerin Doc-Xynl10B, Doc-258 displays
lower affinities for the three type I C. thermocellum cohesins. While Doc-435 aiso
displayed lower affinity than the xylanase dockerin for Coh-CipA2 and Coh-OlIpA, its
affinity for Coh-OlpC was comparable to Doc-Xynl0B. The primary:sequence of
Doc-258 suggests that the module will recognize cohesins preferentially through the
C-terminal binding. In contrast, Doc-435 is likely to interact with type I cohesins
through the N-terminal protein binding site. Interestingly, contrasting with Doc-
Cel44A and Doc-918 (which present two hydroxy residues at the critical 11 and 12
positions of the putative C-terminal binding site; see above) and Doc-Xynl0B,
dockerins Doc-258 and Doc-435 contain an isoleucine and a hydroxyl residue in these
positions of their predicted binding sites. Thus, the presence of a hydrophobic residue
at positions 11 or 12 may account for the lower affinities that Doc-258 and Doc-435
dockerins exhibit for Coh-CipA2. Dockerin-cohesin ‘selectivity will be further
explored below.

The binding interfaces of Doc-258 and Doc-Cel44A that lack a hydroxyl residue and
are thus predicted not to bind type I CipA cohesins, resembles the ligand binding
interfaces of C. cellulolyticum type 1 dockerin (Figure 2). Work by Bayer, Fierobe,
Lamed and colleagues revealed that a single Thr to Leu substitution at position 12 of a
C. thermocellum dockerin allows the protein to bind C. cellulolyticum cohesins [15].
Therefore, the C. thermocellum dockerins were also probed against a type I cohesin
from C. cellulolyticum, termed Coh-Ccel. The data (Table 2), revealed that Doc-
Cel44A presented a high affinity for the C. cellulolyticum cohesin Coh-Ccel (K, 10°®
M'l), while all other C. thermocellum dockerins bound much more weakly (100-1000
lower affinities) to the non-cognate cohesin. Overall the data suggest that apart from
Doc-Cel44A, C. thermocellum dockerins displayed species restricted ligand
specificity. However, there are no obvious amino acid substitutions in the Doc-258
primary sequence, when compared with Doc-Cel44 A (Figure 2), which can explain its
inability to recognize the C. cellulolyticum cohesin.

Complex stability and cohesin-dockerin selectivity

In order to gain further insights into the mechanism of cohesin-dockerin recognition,
the capacity of individual cohesins or dockerins to destabilize previously assembled
complexes was evaluated. Thus, individual cohesin or dockerin domains were added
to an assembled complex and the stability of the original assembly, or the formation
of a new complex, was evaluated by native gel electrophoresis (examples in Figure 5b
and 5c). If a previously formed complex was reconfigured, a new band would appear
on the gel. Since detection of several complexes was not straightforward through gel
electrophoresis, due to low cohesin-dockerin affinity, some protein domains were
excluded from the analysis. The data, displayed in Table 3, revealed that cohesin
exchange occurred readily, although a dockerin bound to its cohesin partner was more
rarely displaced by the addition of an unliganded dockerin. For example, addition of
Coh-OlIpA to a Coh-CipA2/Doc-Xynl0B complex led to the formation of a Coh-
OlpA/Doc-Xyn10B complex, while no dockerin was able to destabilize the Coh-
CipA2/Doc-Xyn10B or the Coh-CipA2/Doc-Cel44A complexes. The existence of two
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cohesin binding interfaces in dockerins may explain this observation as they may
allow these domains to switch more easily from one cohesin to another and yet
maintain a high affinity protein:protein interaction. Significantly, dockerin switching
seems to occur only towards higher affinity cohesins. Since cohesins contain only one
binding interface, their switching from one dockerin to another is more difficult
considering the high affinity interaction established in cohesin-dockerin complexes.
Therefore, taken together the data suggest that free dockerins cannot easily displace
already bound dockerins. However, bound dockerins can easily bind to an unliganded
cohesin if this is energetically favored. Thus, dockerin cohesin switching may reflect
the existence of two cohesin-binding interfaces in dockerins. Significantly, complexes
containing Doc-258 were dissociated in the presence of Doc-Xynl10B or Doc-918,
which likely reflects their substantially higher affinity for cohesins, compared to Doc-
258.

In addition, dockerin and cohesin preference for protein partners was analyzed by
mixing one dockerin with two cohesins (or one cohesin with two dockerins when
cohesin selectivity was evaluated) and assessing complex formation by native gel
electrophoresis (see Figure 5d for an example). Each cohesin and dockerin was mixed
with the combination of all possible protein partners. The resulting data were
integrated and allowed, for each cohesin or dockerin domain, ordering their protein
partners by binding preference. The data, presented in Table 4, revealed that subtle
differences in the affinity of the various cohesin-dockerin pairs, as evaluated by ITC,
can have a significant effect in cohesin-dockerin preference. For example, dockerins
Doc_Xyn10B and Doc_Cel44A, which were shown to bind cohesins Coh-CipA2 and
Coh-OlIpA with similar thermodynamic parameters and affinities, bind preferentially
Coh-OlpA rather than Coh-CipA2. In addition, the two dockerins displayed a lower
preference for Coh-OlpC as a protein partner. When compared with Doc_Xyn10B and
Doc_Cel44A, Dockerin Doc-918 displayed a similar cohesin selectivity, although it
did not display a preference for either Coh-CipA2 or Coh-OlpA. In contrast to the
cohesin preferences expressed by dockerins Doc-918, Doc_XynlOB and
Doc_Cel44A, dockerins Doc-435 and Doc-258 bound, preferentially, Coh-OlpC. In
addition, these dockerins revealed the lowest affinities for cohesin Coh-OlpA. Thus,
the data suggest that substitution of one of the hydroxyl residues of the conserved Ser-
Thr pair of the putative cohesin binding interface with an isoleucine (Figure 2) leads
to a switch in cohesin preference in dockerins Doc-435 and Doc-258 from cohesins
Coh-CipA2 or Coh-OlpA to cohesin Coh-OlpC [14]. In the cohesin side, Coh-CipA2
and Coh-OlpA displayed identical dockerin preferences and bound, with similar
affinities, dockerins Doc-Cel44A, Doc-Xynl0B and Doc-918. These two cohesins
display a lower selectivity for Doc-258 and particularly for Doc-435. Thus, amino
acid substitutions in Coh-OlpA, and most probably in the ninth cohesin of CipA (see
above), do not seem to affect the capacity of OIpA cohesin to interact with
cellulosomal dockerin partners such as Doc_Xyn10B. In contrast, cohesin Coh-OlpC
interacts, preferentially, with dockerin Doc-435, suggesting that Coh-OlpC amino
acid substitutions at the dockerin binding platform (such as D39N and E131P) are
particularly suited for the recognition of dockerin Doc-435. Surprisingly, Coh-OlpC
still recognizes dockerins Doc-Cel44A and Doc-Xyn10B with considerable affinity.

Taken together the data suggest that most cellulosomal enzymes, which contain

dockerins similar to Doc_Xyn10B, will bind preferentially to the type I cohesin of the
cell surface protein OlpA rather than to CipA cohesins. However, Coh-OIpA is
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relatively scarce on the C. thermocellum cell surface [25] and, therefore, cellulosomal
enzymes are preferentially located in cellulosomes. In addition, dockerin
Doc_Xynl0OB will bind less tightly to Coh-OlpC. In contrast to OlpA, OlpC is
relatively abundant on the bacterium’s surface [25]. Thus, this protein may transiently
maintain cellulosomal enzymes, which contain Doc_Xyn10B like dockerins, at the
bacterial surface before these components are recruited for cellulosome assembly. A
clearly different binding preference is expressed by dockerins Doc-258 and Doc-435,
which seem to favor the binding to the type I cohesin of OlpC. Thus, it is suggested
that these dockerins target their appended modules to the bacterium cell surface rather
than to cellulosomes.

Doc-Cel44A contains two cohesin-binding interfaces presenting different ligand
specificities

The dockerin Doc-Cel44A was shown to bind both C. thermocellum and C.
cellulolyticum type 1 cohesins (Table 2). The Doc-Cel44A primary sequence (Figure
2) suggests that the dockerin N-terminal binding interface will recognize C.
cellulolyticum type I cohesins. In contrast, the Doc-Cel44A C-terminal ligand binding
site is typical of C. thermocellum type 1 dockerins, and thus is unlikely to interact with
C. cellulolyticum cohesins. To investigate the ligand specificity of the two Doc-
Cel44A binding interfaces, residues at positions 11 and 12 of the two binding sites
(Ala-Val and Ser-Ser, respectively) were mutated to two glutamines, separately or
together, in order to inactivate the binding site [13]. The affinities of the variants
generated for the C. cellulolyticum and C. thermocellum cohesins were determined by
ITC. The data, presented in Table 5, suggest that mutation of the Ala-Val motif at the
N-terminal binding site of Doc-Cel44A, decreases affinity for the C. cellulolyticum
cohesin. A slightly larger reduction in affinity for the C. cellulolyticum cohesin was
observed when residues at both binding interfaces were altered. In contrast,
modification of only the C-terminal ligand binding site of the dockerin did not affect
recognition of the C. cellulolyticum cohesin. By contrast, mutation of the N-terminal
Ala-Val motif had little influence on affinity for the C. thermocellum cohesin, while
replacing the C-terminal Ser-Ser sequence with GIn-Gln resulted in a 30-fold
reduction in the K, Therefore, taken together, the data suggest that Doc-Cel44A
displays affinity for C. cellulolyticum cohesins predominantly through its N-terminal
binding interface, while the C-terminal ligand binding site primarily recognizes C.
thermocellum cohesins.

Data described above suggest that the dual specificity revealed by Doc-Cel44A may
allow the formation of a tri-modular complex through the simultaneous binding of the
dockerin to both a C. cellulolyticum cohesin, at the N-terminal, and a C. thermocellum
cohesin, at the C-terminal binding faces. To probe this possibility, the three domains
were mixed in solution and the formation of a tri-modular complex was investigated
through non-denaturing electrophoresis. The data, presented in Figure 6, suggests that
Doc-Cel44A can only bind to a single cohesin, and displays a preference for the C.
thermocellum protein partner, consistent with the ITC data. This observation is also in
agreement with studies by Carvalho and colleagues demonstrating that steric clashes
prevents the binding of one dockerin to two cohesins [10]. The biological rational for
the recognition of C. cellulolyticum cohesins by a C. thermocellum dockerin remains
unknown. This observation may reflect a fortuitous interaction of an yet unknown
function.
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Conclusions

The genome sequence of C. thermocellum allowed the identification of the complete
set of cohesins and dockerins produced by this bacterium. Data presented here
revealed that type I cohesins are located in the scaffoldin protein CipA and in the cell-
surface proteins OlpA and OlpC. Therefore, enzymes containing type I dockerins may
be targeted to cellulosomes or directly to the C. thermocellum cell envelop. However,
Xynl0B like dockerins, which are the most common in C. thermocellum, seem to
display a much higher affinity for CipA cohesins than to OlpC, the dominant type I
cohesin-containing cell surface protein [25]. These data suggest that. cellulosomal
enzymes may transiently interact with the bacterium’s surface, through the binding to
OlpC, before they are assembled into the multi-enzyme complexes. Similar to the
Xynl0B dockerin, the majority of C. thermocellum dockerins present two highly
conserved cohesin binding sites, which are likely to display identical ligand affinities
[10]. The dockerin dual binding mode may facilitate dockerin switching, through the
recognition of unbound cohesins, thus leading to a continuous reorganization of the
cellulosome. The potential switching of dockerins between various protein partners
within the cellulosome may introduce the required conformational flexibility in the
quaternary structure of the multi-enzyme complex. Nevertheless, C. thermocellum
expresses a set of dockerins that have not retained this molecular conservation at the
two binding sites. Significantly, two of these dockerins, Doc-258 and Doc-435, appear
to bind preferentially to the type I cohesin of OlpC rather than to CipA cohesins.
Thus, the data suggest that a particular set of enzymes might preferentially bind
directly to the bacterium cell surface rather than the cellulosome. One of these
enzymes, Cthe_0435, was recently shown to display cellulase activity. The biological
significance of C. thermocellum targeting a set of enzymes to the cell envelop instead
of the cellulosome remains unknown. However, it should be noted that the
cellulosome, when appended to the surface of C. thermocellum, is a more efficient
cellulose degrading nanomachine than when the complex is released into the culture
media [26]. It is possible that the increased activity reflects synergistic interactions
between catalytic components of the cellulosome and enzymes directly appended to
the surface of the bacterium.
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FIGURE LEGENDS

Figure 1 Simplified representation of Clostridium thermocellum cellulosome

The cell bound anchoring scaffoldins OlpB, Orf2 and Cthe_0736 were excluded from
the figure for simplicity. The bacterium expresses two cell anchored proteins, OlpA
and OlpC (described in this work), which contain type I cohesins. In addition, CipA
functions as the cellulosome primary scaffoldin and contains nine type I cohesin
domains. The molecular architecture of enzymes whose dockerins were studied in this
work is displayed.

Figure 2 Structural alignment of C. thermocellum and C. cellulolyticum
representative type I dockerins

Alignment of C. thermocellum dockerin domains of Xynl0B (Doc-Xynl10B), Cel9-
GH44 (Doc-Cel44A), Cthe_0258 (Doc-258), Cthe_0435 (Doc-435) and Cthe_0918
(Doc-918) with the C. cellulolyticum dockerin of Cel5SA (Doc- cellulolyticum). The
secondary structure elements of Doc-Xynl10B are shown above the alignment. The
alignment on the top represents the cohesin interacting residues at the N-terminal
binding interface. The alignment below represents the cohesin interacting residues at
the C-terminal binding interface. Boxes indicate the residues participating in direct
hydrogen bonds with cohesin residues. The triangles at the top indicate the amino
acids residues involved in water mediated hydrogen bonds with cohesins. Residues in
grey participate in cohesin hydrophobic interactions.

Figure 3 OIpC is a cell surface protein

Adsorption of CfUnkl, the N-terminal domain of OlpC, to C. thermocellum and E.
coli cellular preparations. CfUnkl was incubated with (lanes 1 and 2) or without
(lanes 3 and 4) the cell wall extracts in 20 mM sodium phosphate buffer (pH 7.5) on
ice for 30 min with occasional shaking. Protein mixtures were centrifuged at 40,000 x
g for 30 min and then the supernatant (lanes 1 and 3) and precipitated (lanes 2 and 4)
fractions were subjected to SDS-PAGE.

Figure 4 Examples of the isothermal titration calorimetry (ITC) experiments
with selected cohesin and dockerin domains expressing different affinities

The upper parts of each panel show the raw heats of binding, whereas the lower parts
are the integrated heats after correction for heat dilution. The curve represents the best
fit to a single-site binding model. (A) Coh-Olpa plus Doc-258. (B) Coh-Ccel plus
Doc-Cel44A. (C) Coh-CipA2 plus Doc-Xyn10B. (D) Coh-OlpA plus Doc-Cel44A.

Figure 5 The cohesin-dockerin interaction as evaluated by non-denaturing gel
electrophoresis

(A) Detection of cohesin-dockerin complexes. Equimolar amounts of Coh-CipA?2 and
Doc-Xyn10B were mixed for 1 hour and the resulting protein complex (Doc-Xyn10B/
Coh-CipA2) was separated by electrophoresis. (B) The stability of Doc-Cel44A/Coh-
CipA2 and Doc-Cel44A/Coh-OlpC complexes in the presence, respectively, of Coh-
OlpC and Coh-CipA2. Note that the addition of Coh-CipA2 to the previously
assembled Doc-Cel44A/Coh-OlpC complex led to dockerin switching and formation
of a novel Doc-Cel44ACoh-CipA2 complex. Under the same circumstances, the Doc-
Cel44A/Coh-CipA2 complex remains stable in the presence of Coh-OlpC. (C) The
stability of Doc-Cel44A/Coh-CipA2 and Doc-Xyn10B/Coh-CipA2 complexes in the
presence, respectively, of Doc-Xyn10B and Doc-Cel44A. Note that the addition of the
dockerins to the previously assembled complexes had no effect on complex stability.
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(D) The preference for cohesin partners by dockerin Doc-Cel44A. The dockerin was
incubated with Coh-CipA2 or Coh-OlpC, individually or in combination with the two
cohesins, and complex formation monitored as described above. When the three
proteins are mixed together only the complex Doc-Cel44A/Coh-CipA2 is formed
demonstrating that Doc-Cel44A has a preference for Coh-CipAZ2.

Figure 6 Doc-Celd44A cannot bind C. thermocellum and C. cellulolyticum cohesins
simultaneously

Doc-Cel44A was mixed with Coh-CipA2 or Coh-Ccel and the electrophoretic
mobility of the assembled complexes was monitored. When the dockerin was mixed,
simultaneously, with the two cohesins there is only evidence for the formation of the
Doc-Cel44A/Coh-CipA2 complex, suggesting that the dockerin is unable to bind the
two cohesins at the same time and has a preference for Coh-CipA2.

Supplementary figure

Figure 1s Structural alignment of C. thermocellum and C. cellulolyticum
representative type I cohesins

Alignment of C. thermocellum type I cohesin domains of CipA, OlpA and OlpC with
a representative cohesin domain from C. cellulolyticum (Coh-cellulolyticum). The
secondary structure elements of the second cohesin of CipA (Coh-CipA2) are shown
above the alignment. Boxes indicate the residues participating in direct hydrogen
bonds. The triangles at the top indicate the amino acids residues involved in water
mediated hydrogen bonds. Residues in grey participate in cohesin hydrophobic
interactions.
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Table 1 Primers used to obtain the genes encoding the cohesin and dockerin
derivatives used in this work and for the mutagenesis of Doc-Cel44A
Engineered restriction sites and mutation points are depicted in bold.

Clone Sequence (5’—3’) Direction

CTC GAA TTC TGG AAT AAG GCA GTT ATT FOR
Doc-435 CAC CTC GAG TTA TGC CGA ATT GTA AGA G REV
CTC GAA TTC GTT GTG CTT AAT GGT GAC FOR
Doc-918 CAC CTC GAG CTA TAT AGT TAT AAG TCC REV
CTC GAA TTC GCG GAC GGT AAA AAT GTG FOR
Doc-258 CAC CTC GAG TTA TCC GGG AAA TTT CTC REV
g CTC GCT AGC AAA CCG GAA GAG CCG GAT G FOR
% Doc-Xyn10B CAC CTC GAG GAT TAC TCT TAA AAG GTA G REV
% CTC GCT AGC GCA AAA GTG GTT GAC ATC FOR
§ Doc-Celd4A CAC CTC GAG CCA GTC AAT AGC ATC TAC REV
i CTC GCT AGC GAC GGT GTG GTA GAT GGC FOR
g Coh-CipA2 CAC CTC GAG CTT GGT CGG TGT TGC ATT G REV
2 CTC GGA TCC CAA ACA AAC ACC ATT GAA FOR
§ Coh-OlpA CAC GAA TTC TGC CTC CGG AGC GGA TGC REV
& CTC AGA TCT GTT GTG GCA ATT CAT GAA FOR
<L25 Coh-OlpC CAC GAA TTC TTA TTT TTC AAT TTC CAC REV
% CTC GAA TTC GCT GAG GCA AAC CAG TGG ACG FOR
g CtUnkl CAC CTC GAG TTA TAT ATA GTC CGC AGT TTC REV
.%_:J CTC GAA TTC AAT AAA CCT GTA ATA GAA FOR
'C;> DocCipAll CAC CTC GAG TTA CTG TGC GTC GTA ATC REV
%)) C TCT AAA GTA AAC CAA CAA GAC ATT ATG FOR
= Doc-Cel44,1stQQ é};(; CAT AAT GTC TTG TTG GTT TAC TTT AGA REV
gGT GTT GTA AAT CAA CAA GAC TAT AAT ATA FOR
Doc-Celd4,25dQQ é/];(T} TAT ATT ATA GTC TTG TTG ATT TAC AAC REV

ACC
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Table 2 Recognition of C. thermocellum and C. cellulolyticum cohesins by C. thermocellum dockerins as evaluated by I'TC.

o

g Thermodynamic parameters were determined at 55°C

o

§ Cohesin

3 . Coh-CipA2 Coh-OlpA

S Dockerin

S K, AG® AH° TAS® K, AG° AH® TAS®

g M kcal mol”! kcal mol” kcal mol”! M! keal mol”! keal mol” keal mol”!

\—|

s X];I?ICOB (2.1£0.6)x 10°  -12.51+0.22 -26.06 +0.22 -13.55 (22£03)x 10° -12.53+0.19  -26.47+ 0.19 -13.94

o

7] CEIZZA (1.6+3.0)x 10° - 13.82+0.08 -12.66 +0.08 1.16 (59+04)x10°  -14.68 £0.08 -21.60 £0.08 -6.92

@ Doc-435  (9.7+1.1)x10° -10.49£0.19 -19.90+0.19 -9.41 (9.5+2.2)x 10°  -10.49 +0.35 -25.32+0.35 -14.83

8 Doc-918  (1.9+0.4)x 10° -12.42+0.20 -32.59£0.20 -20.17 (9.7 £2.7)% 10°  -10.57 £ 62.3 -45.01 £0.12 -34.44

ISIgJ Doc-258 (42+1.4)x10° -9.95+0.11 -21.92 £0.11 -11.97 (4.841.7)x 10°  -10.04+0.20 -17.45 +0.50 -7.41

(Ls Cohesin

& . Coh-OlpC Coh-Ccel

= Dockerin

@ K, AG® AH° TAS® K, AG° AH° TAS®

E Mm! keal mol™ keal mol™ keal mol™ M! keal mol™ keal mol™ keal mol™

L

|3_: X];;)lCOB (14+0.1)x10°  -1223+0.15 -34.01 £0.15 -21.78 (9.8+1.6)x 10" -7.48+131 -12.50 £1.31 -5.02

|_

CZ) C];ZZA (22+04)x10°  -12.63+0.21 -22.90+0.21 -10.27 (92+£09)x 10" -11.96+0.06 -12.69 £ 0.06 -0.73

g Doc-435  (1.1+0.1)x10° -12.15+0.27 48.84 £0.27 -36.69 (3.3£0.2)x 10° -8.31 £0.63 -19.79 £0.63 -11.41

|3__: Doc-918  (3.5+0.3)x 10°  -9.84+0.56 -33.36 £ 0.56 -23.52 (3.1£0.5)x 10° -8.24 £ 0.80 -9.66 £ 0.80 -1.42
Doc-258  (9.2+1.4)x10°  -10.46 £0.37 -31.48 £0.37 -21.02 (4.6 £0.3) x 10° -8.50£0.22 -13.39£0.22 -4.89
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Table 3 Stability of previously assembled cohesin-dockerin complexes to the
presence of newly introduced cohesins or dockerins
Cohesin-dockerin complexes were assembled and mixed with unbound cohesin or
dockerins. R indicates that the complex was reverted and that a second complex was
formed. NR indicates that the complex was not reverted with the addition of the

cohesin/dockerin. Nd means that the stability of the complex was not determined.

Complex Dissociating Cohesin
Dockerin Cohesin Coh-CipA2 Coh-OlpA Coh-OlpC
Coh-CipA2 - R NR
Doc-Xyn10B Coh-OlpA NR - NR
Coh-OlpC R R -
Coh-CipA2 - nd NR
Doc-Cel44A Coh-OlpA nd - NR
Coh-OlpC R R -
Coh-CipA2 - nd R
Doc-435 Coh-OlpA nd - nd
Coh-OlpC NR nd -
Coh-CipA2 - NR NR
Doc-918 Coh-OlpA NR - NR
Coh-OlpC R nd -
Coh-CipA2 - nd R
Doc-258 Coh-OlpA nd - R
Coh-OlpC NR NR -
Dissociating Dockerin
Cohesin Dockerin Doc-Xynl0B Doc-Cel44A  Doc-435 Doc-918 Doc-258
Doc-Xyn10B - NR nd NR nd
Doc-Cel44A NR - nd NR nd
Coh-CipA2 Doc-435 nd nd - nd nd
Doc-918 NR NR nd - nd
Doc-258 nd nd nd nd -
Doc-Xyn10B - NR nd nd nd
Doc-Cel44A NR - nd NR NR
Coh-OlpA Doc-435 nd nd - nd nd
Doc-918 nd NR nd - NR
Doc-258 nd PR nd R -
Doc-Xyn10B - NR nd nd NR
Doc-Cel44A NR - nd nd nd
Coh-OlpC Doc-435 nd nd - nd NR
Doc-918 nd nd nd - nd
Doc-258 R nd NR nd -
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Table 4 Identification of preferred cohesin and dockerin partners as evaluated by
native gel electrophoresis

One dockerin and two cohesins or vice versa (one cohesin and two dockerins) were
mixed and the resulting cohesin-dockerin complexes formed were analysed by native gel
electrophoresis. Using this strategy it was possible to test complex formation derived
from the mixture of one dockerin with all possible combination of cohesins and vice
versa for cohesins. Thus, using this strategy it was possible to analyze the preference for
protein partners of both cohesins and dockerins.

Dockerin Dockerin binding preference
Doc-Xynl10B Coh-OlpA>Coh-CipA2>Coh-OlpC
o
3
§ Doc-Cel44A Coh-OlpA>Coh-CipA2>Coh-OlpC>Coh-Ccel
3
(o]
§ Doc-435 Coh-OlpC>Coh-CipA2>Coh-OlpA
o
‘.‘!
©
g Doc-918 Coh-CipA2=Coh-OlpA>Coh-OlpC
(]
o
x Doc-258 Coh-OlpC>Coh-CipA2>Coh-OlpA
0
x
o) Cohesin Cohesin binding preference
z
o
@ Coh-CipA2 Xyn10B=Cel44A=Doc-918>Doc-258>Doc-435
=
T
:: Coh-OlpA Xyn10B=Cel44A=Doc-918>Doc-258>Doc-435
S
)
0 Coh-OlpC Doc-435>Xyn10B=Cel44A>Doc-258>Doc-918
T
|_
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Table 5 Thermodynamics of the binding between wild type dockerin Doc-Cel44A and its mutant derivatives and C. cellulolyticum

§ (Coh-Ccel) and C. thermocellum (Coh-CipA2) cohesins

§ Thermodynamic parameters were determined at 55°C. Nd means that the values were to low to be determined.

o

2

g Doc-Cel44A

S Cohesins Constants : - -

S Wild type 17QQ 2QQ QQ QQ

S K. M (1.6 +3.0) x 10’ (5.6+1.2)x 10° 4.8+ 0.8)x 10’ (372 1.1)x 10’
[}

] AG° keal mol™ - 13.82 £0.08 -13.08 £2.80 -11.49 £ 0.97 -11.32 £0.31
A Coh-CipA2 |

% AH° kcal mol - 12,66 £ 0.08 -26.10 £ 2.80 -16.25 £ 0.97 -14.30 £ 0.31
]

Q TAS° kcal mol™ 1.16 -13.02 -4.76 -2.98

x

n K,M! (5.3+0.7)x10’ (1.4 +0.3)x10° (6.1 +1.0)x10’ <10

& AG° keal mol™ -11.61 £0.13 -7.76 £ 8.34 -11.70 £ 0.24 Nd

%) Coh-Ccel X

o AH? kcal mol’ -16.04 £0.13 -19.96 £ 8.34 -21.80 £0.24 Nd

>

W TAS° keal mol™! -4.43 -12.20 -10.10 Nd

|_

|_

@]

Z

%)

)

T

|_
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Doc-Cel44A

< Gty . 1
3 aw 1 CtCel9D-CelddA

Cell

OIpA

9

i

Doc-435—> =)

Coh-(iipAz
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SdbA

Type | cohesin - dockerin
Type Il cohesin g - | dockerin
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al
Doc-Xyn10B GDVNGDGTI S|T|D L|TIM L SVL
Doc-Cel44A GDLNNDSKV|NAJVID | MM L YIL
Doc-cellulolyticum GDYNNDGN V|DJA|LID FIA|JG L YIM.
Doc-258 GDVNGDSK I|NJAJI|D V|LIL M YIL
Doc-435 GDVNADGVV|NIISID Y|VIL M YIL
Doc-918 GDLNRNG | VINIDIE|ID Y I]L L YLL

v Vv
Doc-Xyn10B GDVNGDGTINSTDLTMLKRSV]L
Doc-Cel44A GDLNNDSKVNAVDIMMLKRY !|L
Doc-cellulolyticum GDYNNDGNVDALDFAGLKKY Iim
Doc-258 GDVNGDSKINAIDVLLMKKY I|L
Doc-435 GDVNADGVVNISDYVLMKRY I{L
Doc-918 GDLNRNGIVNDEDY I LLKNYL|IL

o2 o3

AV, —
AITLTDD. . AKARADVDKNGSINSTDVLLLSRY[LLIR]v
l IDNIN. .LTAADIYFDGVVNSSDYN I MKR Y|LL|K]|A
AADHAY ... .VKNLDVNLDNEVNAFDLA I LKKY|L|Llgm
VINDLPSDG.VKAADVNADGQINS IDFTWLKK YML|k|A
|l |ADFPADDDMWVGDVNGDNV INDIDCNYLKR Y|L|L|H|m
GNKLVID..LNV.ADVNKDGKVNSTDCLFLKKY|lLlclL

v
AILTLTDD. . AKARADVDKNGS IN[S[TIDVLLLS[RlYyLLRYV
I IDNIN....LTAADIYFDGVVN|S|SPYNIMK|Rl[YLLKA
AADHAY ... .VKNLDVNLDNEVN|AIFDLA I LK|K|]YLLGM
VINDLPSDG.VKAADVNADGQIN|S|[IDFTWLK|Kl[YyMLKA
|l lADFPADDDMWVGDVNGDNV IN|D|lI[DCNYLK|RlYLLHM
GNKLVID..LNV.ADVNKDGKVN|s|TIpcLFLK|Kly1LGL
* a . . % * . n k% o %
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C. thermocellum C. thermocellum E. coli
NPCS HF-EPCS HF-EPCS

pr—— P_' r yo

1 2 3 4 1 2 3 4 1 2 3 4
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