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 38 

Summary 39 

A cellulolytic fiber-degrading bacterium, Ruminococcus champanellensis, was isolated 40 

from human faecal samples, and its genome was recently sequenced. Bioinformatic analysis of 41 

the R. champanellensis genome revealed numerous cohesin and dockerin modules, the basic 42 

elements of the cellulosome, and manual sequencing of partially sequenced genomic segments 43 

revealed two large tandem scaffoldin-coding genes that form part of a gene cluster. 44 

Representative R. champanellensis dockerins were tested against putative cohesins, and the 45 

results revealed three different cohesin-dockerin binding profiles which implied two major 46 

types of cellulosome architectures: (i) an intricate cell-bound system and (ii) a simplistic cell-47 

free system composed of a single cohesin-containing scaffoldin. The cell-bound system can 48 

adopt various enzymatic architectures, ranging from a single enzyme to a large enzymatic 49 

complex comprising up to 11 enzymes. The variety of cellulosomal components together with 50 

adaptor proteins may infer a very tight regulation of its components. The cellulosome system 51 

of the human gut bacterium R. champanellensis closely resembles that of the bovine rumen 52 

bacterium Ruminococcus flavefaciens. The two species contain orthologous gene clusters 53 

comprising fundamental components of cellulosome architecture.  Since R. champanellensis is 54 

the only human colonic bacterium known to degrade crystalline cellulose, it may thus 55 

represent a keystone species in the human gut.  56 

57 
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 58 

Introduction 59 

More than 100 trillion microorganisms colonize the human gut, with very high cell density 60 

(>10
11

 cells/g) (Flint and Bayer, 2008). Their influence on the host is very significant, since they 61 

can affect nutrient absorption and production (Goodman et al., 2009), energy balance (Turnbaugh et 62 

al., 2006) and regulation of the immune system (Lee and Mazmanian, 2010). Moreover, the status 63 

of human gut microorganism is associated with many diseases, e.g., colonic cancer, diabetes, 64 

irritable bowel syndrome and inflammatory bowel disease (Young et al., 2005; Kerckhoffs et al., 65 

2011; Vaarala, 2012). The major phyla that were detected in the human microbiota are the Gram-66 

negative Bacteroidetes and the Gram-positive Firmicutes, while Actinobacteria, Proteobacteria and 67 

Verrucomicrobia have been also identified (Eckburg et al., 2005). In addition to bacteria, archaea 68 

and eukaryotes are in smaller numbers in the healthy human gut (Eckburg et al., 2005; Scanlan and 69 

Marchesi, 2008).  70 

Among the gut microbiota, only a few species, particularly Firmicutes from the Clostridial 71 

cluster IV (Ruminococcaceae), have been recognized as cellulose-degrading bacteria (Chassard et 72 

al., 2010). Polysaccharide substrates in the large intestine are hydrolyzed by gut bacteria into 73 

smaller fragments that are fermented to short-chain fatty acids (mainly acetate, propionate and 74 

butyrate) and gases (H2, CO2) (Mackie et al., 1997; Flint et al., 2012). Herbivorous mammals get 75 

their main energy, up to 70%, from degradation of plant materials by gut microorganisms (Flint and 76 

Bayer, 2008). In humans, however, the energy contribution of gut microorganisms is relatively 77 

small (no more than 10%) (McNeil, 1984).  Nevertheless, as mentioned above, they can have a 78 

great impact on human health. 79 A
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Members of the Bacteroidetes phylum demonstrate a highly diverse ability for degradation 80 

of polysaccharide materials, including starch, xylan, pectin, galactomannan, arabinogalactan, etc 81 

(Bayliss and Houston, 1984; Xu et al., 2003; Martens et al., 2011). Nevertheless, only Bacteroides 82 

cellulosilyticus, is known to degrade certain forms of cellulose (Robert et al., 2007; McNulty et al., 83 

2013). Members of the Firmicutes phylum can utilize starch, cellulose, xylan, galactomannan and 84 

other hemicelluloses and are considered to be more substrate-specific than the Bacteroidetes 85 

(Salyers et al., 1977; Chassard et al., 2007; Chassard et al., 2012; Ze et al., 2012) including species 86 

whose populations respond to specific dietary polysaccharides (Walker et al., 2011). The Firmicutes 87 

have been studied less intensively, and their role in polysaccharide breakdown is only now starting 88 

to be revealed. Despite this, a few species among them have been suggested to represent keystone 89 

species in polysaccharide degradation (Ze et al., 2013).  90 

In many ways, the mechanisms of polysaccharide utilization by gut microorganisms remain 91 

unclear; yet, two main paradigms have been investigated widely, namely the starch utilization 92 

system (Sus) and the cellulosome system (White et al., 2014). The Sus and the Sus-like 93 

Polysaccharide Utilization Loci (PUL) are highly abundant and conserved in the Bacteroidetes 94 

phylum (Thomas et al., 2011). There are many different PUL systems, each of which may degrade 95 

a specific substrate, such as, pectin, xylan and galactomannan (Martens et al., 2011; McNulty et al., 96 

2013). The archetypal Sus cluster of Bacteroides thetaiotaomicron is composed of eight genes, and  97 

four of these, SusDEFG, are localized to the outer membrane. SusD is an -helical starch-binding 98 

protein that is required for glycan uptake via SusC, a TonB-dependent receptor in the 99 

outermembrane (Koropatkin et al., 2008; Cameron et al., 2014).  A hallmark feature of PULs is the 100 

inclusion of homologs of susCD (Martens et al., 2009). The lipoproteins SusE and SusF are 101 

comprised of tandem starch-binding domains, similar to carbohydrate-binding modules, yet lack 102 

enzymatic activity (Cameron et al., 2012). SusG is an -amylase that has two non-catalytic starch-103 

binding sites that enhance catalysis on solid substrates yet are dispensable for growth on soluble 104 A
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starch, unless combined with a genetic knock-out for susEF (Koropatkin and Smith, 2010; Cameron 105 

et al., 2012). The SusCDEFG protein are believed to physically interact and work together to bind, 106 

degrade and import starch (Cho and Salyers, 2001; Karunatilaka et al., 2014). This separation of 107 

binding and catalytic functions among distinct polypeptides that work together as a multiprotein 108 

complex is somewhat analogous to the cellulosome. The other three Sus proteins include a regulator 109 

protein, SusR,  and two periplasmic enzymes, SusA and SusB (D'Elia and Salyers, 1996; Shipman 110 

et al., 2000; Martens et al., 2009).  That the Sus of B. thetaiotaomicron is a paradigm that describes 111 

glycan acquisition in the Bacteroidetes has been supported by recent in-depth studies of other Sus-112 

like systems, encoded within PULs that target xyloglucan (Larsbrink et al., 2014), porphyran 113 

(Hehemann et al., 2010), and -mannan (Cuskin et al., 2015). In contrast, the Gram-positive 114 

mechanisms of human gut bacteria in general have remained poorly explored, and the presence of 115 

cellulosome-producing bacteria has not been reported. 116 

The cellulosome is an extracellular multi-enzyme complex, first discovered in the anaerobic, 117 

cellulolytic bacterium Clostridium thermocellum (Bayer et al., 1983), that is considered a very 118 

efficient cellulase system for plant cell-wall degradation. The "classical" cellulosome is composed 119 

of a non-catalytic “scaffoldin” subunit, and two interacting modules termed "cohesin" and 120 

"dockerin" that dictate cellulosome assembly (Bayer et al., 2008). Cellulosomal enzymes comprise 121 

mostly carbohydrate-active enzymes (CAZymes), i.e., glycoside hydrolases (GHs), carbohydrate 122 

esterases (CEs) and polysaccharide lyases (PLs). In addition to their catalytic modules, these 123 

enzymes contain a dockerin module, which interacts tightly with the cohesin modules found on the 124 

scaffoldin subunit (Bayer et al., 2004). The different scaffoldins contain various numbers of 125 

cohesins. They may also contain a carbohydrate-binding module (CBM), which mediates the 126 

interaction with the substrate, as well as either a dockerin or an anchoring motif involved in 127 

attachment to the bacterial cell surface. Cellulosome organization facilitates stronger synergism 128 

among the catalytic units. Additionally, the proximity between the cell-bound cellulosome and the 129 A
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substrate minimizes the diffusion of the hydrolytic products and enzymes, providing the bacterium 130 

with a competitive advantage over non-cellulosomal organisms (Bayer et al., 1983; Shoham et al., 131 

1999). 132 

The assembly of cellulosome components into the mature complex relies on cohesin-133 

dockerin interactions. These interactions are among the strongest protein-protein interactions found 134 

in nature (Mechaly et al., 2001; Stahl et al., 2012; Schoeler et al., 2014). Cohesin-dockerin 135 

interactions are considered to be species-specific, although divergent intraspecies interactions are 136 

evident in some bacteria and some cross-species interactions have also been observed (Pages et al., 137 

1997b; Haimovitz et al., 2008). Three types of cohesins and dockerins have been defined according 138 

to phylogenetic sequence analysis (Bayer et al., 2004). Dockerins are relatively short protein 139 

modules characterized by two reiterated segments, each of which possesses a Ca
+2

-binding loop and 140 

an α-helix, together termed F-hand motifs (Bayer et al., 2004). The binding of two calcium ions has 141 

been found to be crucial for appropriate dockerin folding (Karpol et al., 2008). In each segment, 142 

positions 1, 3, 5, 9 and 12 of the loop coordinate Ca
+2

 binding and are usually occupied by aspartic 143 

acid or asparagine (Carvalho et al., 2003; Handelsman et al., 2004). In addition, it has been 144 

proposed that positions 10, 11, 17, 18 and 22 recognize and mediate the binding of the cohesin 145 

(Pages et al., 1997b; Mechaly et al., 2001). Owing to the reiterated segments that form a pair of 146 

cohesin-binding surfaces on the dockerin, a dual mode of binding may ensue (Carvalho et al., 147 

2007). 148 

Ruminococcus champanellensis is a recently described (Chassard et al., 2012) anaerobic, 149 

mesophilic, Gram-positive bacterium found in the human colon, whose genome has been 150 

sequenced. It is the only human colonic bacterium so far reported to efficiently degrade pure 151 

cellulose (Avicel and filter paper). In addition, it can utilize xylan and cellobiose but not starch or 152 

glucose (Chassard et al., 2012; Ze et al., 2013). Phylogenetic analysis has revealed that the R. 153 

champanellensis genome is related to those of the cellulolytic rumen bacterium, R. flavefaciens 154 A
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(<95% 16S rRNA gene sequence similarity) (Walker et al., 2008). Moreover, it is the only 155 

bacterium in the human colon reported so far whose genome has been found to encode for a wide 156 

variety of cellulosomal elements, i.e., dockerins and cohesins [this report]. These findings may 157 

reflect the formation of cellulosome system(s) in the human gut and suggest a new mechanism for 158 

carbohydrate utilization in the colon. Therefore, understanding their role in the human gut 159 

ecosystem is extremely interesting and can contribute to the development of strategies for microbial 160 

manipulation and personalized medicine. 161 

In this study we describe the discovery of a cellulosome system in the human colon 162 

bacterium, R. champanellensis. Bioinformatic analysis of the genome of R. champanellensis has 163 

revealed 64 dockerin and 20 cohesin modules. All of the putative cohesins and 24 representative 164 

dockerins were cloned into matching fusion-protein cassettes and overexpressed. Different 165 

proteomic methods were performed in order to evaluate initial cohesin-dockerin interactions, the 166 

results of which served to predict numerous types of cellulosome architectures in R. 167 

champanellensis. 168 

Results 169 

Genomic analysis of R. champanellensis reveals potential cellulosomal genes 170 

The 2.57-Mb draft genome sequence of R. champanellensis 18P13 has recently been 171 

published. Intriguingly, our initial bioinformatic analysis based on this sequence indicated genes 172 

consistent with cellulosomal components. In this early analysis, 11 putative cohesin and 62 putative 173 

dockerin sequences were revealed. In subsequent analyses, manual examination of the gaps of the 174 

draft genome sequence of R. champanellensis revealed two additional incomplete genes containing 175 

both cohesins and dockerins (scaA and scaB). These genes were part of a gene cluster that included 176 

a previously identified scaffoldin (scaC). This type of gene cluster has been found in several other 177 

cellulosome-producing bacteria (Bayer et al., 2008). The missing sequences, which included the 178 A
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complete scaA and scaB genes (GenBank  KP341766), were recovered by genome walking 179 

(Supplemental Figure S1), and a total of nine additional putative cohesins and 2 putative dockerins 180 

were thus detected. The genome of the bovine rumen bacterium R. flavefaciens contains an 181 

orthologous gene cluster with a similar gene arrangement (Rincon et al., 2005; Jindou et al., 2008).  182 

All putative cohesin- and dockerin-containing proteins, except one Rc-Doc3550 (GI 183 

291543550), carry N-terminal signal peptides, suggesting that these proteins are secreted. Analysis 184 

of the Rc-Doc3550 sequence has predicted a transmembrane domain in the middle of the protein, 185 

which would position the dockerin on the exterior of the membrane. The 20 cohesins were found on 186 

eleven different scaffoldin-like proteins, which were termed ScaA to ScaK (Figure 1). ScaA, ScaB 187 

and ScaJ scaffoldins carry more than one putative cohesin, and contain 2, 7 and 3 cohesin modules, 188 

respectively. ScaE has a putative C-terminal sortase signal motif, which is considered to be a cell 189 

wall-anchoring sequence (Rincon et al., 2005). ScaC, ScaD, ScaF, ScaG and ScaH are small 190 

adaptor proteins that contain a single predicted cohesin module together with a dockerin module. In 191 

addition, ScaH carries a domain annotated as a putative lipase or esterase module. ScaK possesses a 192 

GH25 catalytic domain (putative lysozyme activity) in its C-terminal region, while ScaI has a 193 

region of unknown function.   194 

Comparison of the R. champanellensis cohesin sequences to those of C. thermocellum, 195 

Acetivibrio cellulolyticus and R. flavefaciens was performed (Figure 2). It was revealed that most of 196 

the R. champanellensis cohesins cannot be classified into the two classical groups of cohesins, type 197 

I and type II. Instead, they are more similar to R. flavefaciens cohesins, most of which are classified 198 

as type III cohesins.  199 

In terms of sequence similarities, the two cohesins of ScaA exhibit 98% protein sequence 200 

identity with each other, and they likely share the same dockerin specificity. Moreover, the ScaA 201 

architecture (an X-module, 2 cohesins and a dockerin) is similar to ScaA from R. flavefaciens FD1. 202 

The alignments of the cohesin sequences from ScaB form two major groups, based on sequence 203 A
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similarity. The first contains CohB1, CohB2 and CohB3 (i.e., the first three cohesins from 204 

scaffoldin B), the latter two sharing 93% identity with each other and 77% identity relative to 205 

CohB1. The second group of ScaB cohesins comprises the remaining cohesins, where each pair is 206 

highly similar to each other: CohB4 and CohB5 (99% identity), and CohB6 and CohB7 (94% 207 

identity). The identity between the two pairs is 40% (54% similarity), which may indicate an 208 

additional subdivision of this group. The overall modular organization of ScaB (7 cohesins, an X-209 

module and a dockerin module) is analogous to ScaB of R. flavefaciens strain 17 (as opposed to 210 

strain FD-1). The R. champanellensis ScaA and ScaB cohesins are classified together with CohH. 211 

R. champanellensis CohC and CohD, which exhibit 54% identity to each other, are related 212 

to R. flavefaciens CohC, a type I-like cohesin. Consequently, these two cohesins can also be 213 

classified as type I. ScaC and ScaD of R. champanellensis also share the same modular arrangement 214 

(a single cohesin attached to dockerin), similar to that of R. flavefaciens ScaC. ScaF and ScaG 215 

cohesins share 35% identity (and 48% similarity). Concerning ScaJ cohesins, CohJ1 is related to 216 

CohE, sharing 32% identity (and 49% similarity); and the two additional cohesins of ScaJ, CohJ2 217 

and CohJ3, share 35% identity (and 54% similarity) to each other. Thus, the predicted cohesin 218 

sequences show substantial similarity and divergence, which may well translate into corresponding 219 

similarities and differences in dockerin specificities. Curiously, Rc-ScaI has an enigmatic cohesin 220 

sequence comprising two inverted parts separated by a linker. Therefore, it was not included in the 221 

phylogenetic tree (Figure 2) and comparative analysis of the cohesins. 222 

Based on the CAZy website, the R. champanellensis genome contains 107 CAZyme 223 

modules, more than half of which are found on dockerin-containing proteins. Among these 224 

modules, 54 are glycoside hydrolases belonging to 25 GH families, mainly cellulases from families 225 

5 and 9 (Table 1). R. champanellensis also possesses GH8 and GH48 glycoside-hydrolase families, 226 

which are known to play a key role in cellulose hydrolysis and are often distinctive components of 227 

known cellulosomes (Bayer et al., 2013). In addition, three important xylanase families were 228 A
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observed, namely, GH10, GH11 and GH43. These combined data suggest a distinctive role for R. 229 

champanellensis as a cellulose-degrading bacterium. 230 

Many enzymes of R. champanellensis seem to have a complex multi-modular structure 231 

composed of more than one catalytic module, together with a CBM and/or dockerin module. For 232 

example, the protein Rc-GH10B (GI 291544573) contains GH10 and GH43 modules together with 233 

two CBM22 and one CBM6 modules. This complex modular structure is very common among 234 

enzymatic polypeptides from cellulolytic bacterial species (Bayer et al., 1998). By contrast, the 235 

glycoside hydrolases in the non-cellulolytic Bacteroidetes, were mainly found in a single-domain 236 

polypeptide. This may reflect the difference between the types of degraded carbohydrate substrates, 237 

i.e., complex and insoluble in comparison to small and soluble (Flint et al., 2008). 238 

 239 

Selection of representative cohesins and dockerins 240 

The specific interaction between the cohesin and dockerin pair involves many factors, which 241 

cannot be predicted by bioinformatic analysis alone. Therefore, all 20 predicted cohesins and a 242 

broad set of dockerins from R. champanellensis were selected for further investigation. In this 243 

manner, we can expect to receive a general understanding of cellulosome assembly in this 244 

bacterium. This is particularly true in a case like the cellulosome system in R. champanellensis, 245 

where the various dockerin sequences appear to be relatively divergent.  246 

Dockerin modules are characterized by two reiterated segments, each consisting of a Ca
2+

-247 

binding loop followed by an α-helix. However, their internal sequence can vary greatly between 248 

different species and within the same species. Previous studies have shown that dockerins of similar 249 

sequence, especially in the putative cohesin-recognition residues, usually interact with the same 250 

cohesin (Mechaly et al., 2001; Pinheiro et al., 2009). Therefore, the 64 dockerins of R. 251 

champanellensis were aligned, and then clustered into four groups. The two dockerins from ScaA 252 A
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and ScaB revealed unique sequences and were therefore not included in any of the latter groups 253 

(Figure 3 and Figure S2).  254 

The dockerin sequences were clustered according to the conservation pattern of their 255 

internal Ca
+2

-binding repeats and their putative helix regions. Sequence logos of the reiterated 256 

sequences of the different groups are presented in Figure 3b. Different patterns were observed for 257 

the putative cohesin-recognition residues (positions 10, 11, 17, 18 and 22) and for their flanking 258 

positions in the putative helix region. Group 1 dockerins exhibit a conserved Val and Leu residues 259 

at the putative binding positions 10 and 17. In addition, this group has very conserved Ala residues 260 

in positions 13 and 21. In Group 2 dockerins, the end portions of the putative helix, positions 18-22, 261 

are characterized by the conserved sequence RYVAQ in the first segment and RYLAH in the 262 

second. The dockerins in Groups 3 and 4 exhibit relatively high sequence variation, yet Group 3 263 

can generally be recognized by positive amino acids in positions 17 and 18 in the first putative helix 264 

and Gln in position 17 of the second. Group 4 shows similar features but in opposite segment 265 

arrangements. DocA and DocB both have an additional amino acid at position 7 in the second 266 

segment and were thus not classified in either of the groups. However, the putative recognition 267 

residues of DocA are more similar to those of Group 2, while DocB is more similar to the Group 1 268 

dockerins.  269 

Representative dockerins from each group were selected according to several parameters: 270 

(1) Dockerins on cohesin-containing proteins (scaffoldins) were all selected, as these were 271 

presumed to be crucial for cellulosome architecture. (2) Dockerins from proteins having a catalytic 272 

module present (e.g., GH5, GH8, GH9, GH10, GH11, GH13, GH43 and GH48) were selected 273 

preferentially. (3) Dockerins with either high or low sequence conservation within the same group, 274 

especially in the putative recognition residues, were also preferentially selected. In total, 24 275 

dockerins were selected and examined in this work (Table 1 and Figure S2). 276 A
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The selected cohesins and dockerins were expressed in E. coli cells using two different 277 

cassettes for cohesins and dockerins, respectively. The cohesin modules were fused to a CBM3a 278 

from C. thermocellum (CBM-Coh) while the dockerin modules were fused to xylanase T6 from 279 

Geobacillus stearothermophilus (Xyn-Doc) with an added His tag on the N terminus. The use of 280 

fused proteins has been found to enhance the stability and the expression level of the cohesin and 281 

dockerin modules compared to their expression as part of the native protein or in the free state 282 

(Barak et al., 2005). Moreover, it allows a relatively simple way for detection of the different 283 

cohesin-dockerin interactions. Following expression, the cohesins and dockerins were purified on 284 

either cellulose beads or a Ni-NTA affinity column, respectively. 285 

 286 

Cohesin-dockerin microarray 287 

This study is the first to explore cohesin-dockerin interactions of R. champanellensis, and 288 

the number of possible interaction pairs among the 20 cohesins and 24 dockerins selected for this 289 

study was calculated at 480. Therefore, we used the CBM-based microarray method, which allowed 290 

us to examine every dockerin separately against a large number of cohesins in one reaction. The 291 

cellulose slides contained the 11 cohesins (as CBM-Cohs) of R. champanellensis that were detected 292 

in the first bioinformatic analysis using the published sequenced genome. The nine additional 293 

cohesins of ScaA and ScaB that were detected by deep examination of the unsequenced parts of the 294 

genome were analyzed for their dockerin-specific interaction by ELISA assay. In addition, a set of 295 

17 cohesins from the following bacterial species: A. cellulolyticus, Bacteroides cellulosolvens, 296 

Clostridium acetobutylicum, Clostridium cellulolyticum, C. thermocellum, Ruminococcus bromii 297 

and R. flavefaciens, were applied together on the slide to explore the possibility of cross-species 298 

interactions. The addition of cohesins from different species enabled us to examine the specificity 299 

of the cohesin-dockerin interaction, to explore possible cross-species interactions and to verify the 300 A
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accuracy of the method. A protein containing only a CBM module was also expressed in order to be 301 

used as a negative control, whereby the CBM alone without the fused cohesin module, would not 302 

be expected to interact with the Xyn-Docs. In addition, a xylanase-CBM fusion protein was 303 

expressed for use as a positive control, to ensure that the anti-Xyn antibodies interact with the 304 

xylanase. 305 

The cohesin-dockerin interactions were tested by exposing the different dockerins to the 306 

cellulose slides (CBM-Coh microarray), each dockerin to a separate slide. Each dockerin was tested 307 

in at least two separate experiments. The microarray was scanned against two fluorescence dyes, 308 

Cy3 and Cy5. The Cy3 dye was conjugated to rabbit α-xylanase primary antibody, to indicate the 309 

presence of Xyn-Doc proteins (a positive result indicated a positive reaction). In addition, a Cy5 310 

dye was labeled with rabbit α-CBM antibody in order to examine the extent of binding of the test 311 

CBM-fused cohesin to the cellulose slide. In total, 24 dockerins were tested by the microarray 312 

method, taken from three species: 22 from R. champanellensis, one from C. thermocellum and one 313 

from R. flavefaciens. The last two were used as positive controls to ensure the specificity of the 314 

system. Representative slides are shown in Figure 4 (all slides are included in the Supplemental 315 

Figure S3). 316 

These 22 dockerins of R. champanellensis were examined against 28 cohesins from 317 

different species. Table 2 summarizes the newly discovered cohesin-dockerin interactions in R. 318 

champanellensis. Interaction intensity was determined by the number of clearly seen rows among 319 

the five different concentrations, representing a semi-quantitative estimation of the cohesin-320 

dockerin binding. 321 

 322 

Evaluation of cohesin-dockerin binding affinities by ELISA 323 

In order to confirm the microarray results, different ELISA tests were performed. At least 324 

one interaction from each dockerin group was thus examined. Figure 5 presents the results of 325 A
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selected ELISA tests for R. champanellensis. ELISA experiments were performed either with 326 

cohesins or dockerins in the coating step. Cohesin-dockerin interactions are known to be calcium 327 

dependent (Yaron et al., 1995; Karpol et al., 2008). Therefore, in some cases, selected interactions 328 

were examined in the absence of calcium (removed upon addition of EDTA) in order to verify 329 

calcium dependency.  330 

The ELISA method was also used for examination of the cohesin-dockerin binding 331 

interactions of the ScaA and ScaB scaffoldins (Table 2). The two cohesins of ScaA share 98% 332 

sequence identity, and we therefore presumed that they would interact with the same dockerin 333 

partners. Indeed, both CBM-CohA2 and ScaA (containing both A1 and A2 cohesin modules) 334 

interacted positively with several dockerins from Group 2 in a similar manner. The cohesins of 335 

ScaB can be divided in two groups, B1/B2/B3 and B4/B5/B6/B7 according to their sequence 336 

similarities (Figure 2). The first group B1/B2/B3 is closely related to the ScaA cohesins and shared 337 

the same binding profile as CohA2 and the recombinant ScaA. The second group B4/B5/B6/B7 is 338 

also related to ScaA cohesins but with a more distant connection. It appeared that CBM-CohB4 and 339 

CBM-CohB5/B6 interact with the same dockerins from Group 2 but with the addition of the ScaA 340 

dockerin (Table 2). Cohesins B6 and B7 share 94% sequence identity. Both were expressed 341 

separately but failed to interact with any of the dockerin partners, ostensibly due to incorrect 342 

modular folding. Nevertheless, we can assume that the both CohB6 and CohB7 are bona fide 343 

cohesins on the basis of sequence similarities, but their precise specificity is currently unknown.  344 

 In total 480 intra-species and 374 inter-species interactions were tested by microarray and 345 

ELISA techniques, among them 64 interactions were found to be positive (Table 2). 346 

From the microarray data, the cohesin of ScaI appeared to have many interactions with 347 

dockerins from Groups 3 and 4, but the intensity of the signal was low in most cases. We therefore 348 

examined the interaction of CohI with several of the designated dockerins using indirect ELISA 349 

(iELISA), which has proved in the past to be a more sensitive method than the standard ELISA 350 A
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(Slutzki et al., 2012a), and therefore it was used to examine a few selected CohI interactions to 351 

verify its interaction with designated dockerins (Figure 5c and 5d). The ELISA results were found 352 

to be generally consistent with the microarray results. 353 

 354 

Dockerin-binding profile of R. champanellensis  355 

Group 1 dockerins. The selected dockerins from Group 1 (DocJ, DocH, DocF, DocG and 356 

Doc3939) and DocB were found to interact strongly with CohE, which bears a sortase cell surface-357 

attachment motif at its C terminus. However, as opposed to the other members in this group, 358 

dockerins DocJ and Doc3939 failed to interact with cohesin J1. It seems logical that DocJ would 359 

fail to interact with CohJ1, since both modules are located in the same protein. In both DocJ and 360 

Doc3939, the reason for this finding may be the presence of a negatively charged amino acid 361 

residue (Asp or Glu) instead of the uncharged Gln in position 18 of the dockerin’s first duplicated 362 

segment (Supplemental Figure S4). This position was previously demonstrated to play an important 363 

role in cohesin-dockerin interactions (Pages et al., 1997b; Mechaly et al., 2001). In addition, DocG 364 

seems to bind to CohJ1 with higher affinity than DocH and DocF (Figure 5a, Table 2). This 365 

observation may reflect slight differences among the dockerin sequences. In any case, by virtue of 366 

the high degree of symmetry of the putative recognition residues in the duplicated dockerin 367 

segments (Figure 3), all of the interacting Group 1 dockerins would be expected to exhibit a dual-368 

binding mode of action (Carvalho et al., 2007) with CohE and CohJ1. 369 

Based on the above, it seems that the dockerins in Group 1 are critical for cellulosome 370 

assembly, since they mediate between the bacterium and the outer environment through the 371 

interaction with the cell wall-attached cohesin of ScaE. It is interesting to note that the parent 372 

proteins of all dockerins that interact with CohE appeared to be structural proteins and not 373 

enzymatic in nature (Table 1).  374 A
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Group 2 dockerins. The dockerins of Group 2 exhibited specific interactions with cohesins H 375 

and I, the two cohesins of ScaA and the seven cohesins of ScaB, with a lower affinity to the ScaI 376 

cohesin (Table 2). Moreover, in the case of cohesin H, ELISA tests demonstrated the dependency 377 

on calcium ions in its interaction with DocC, since complex formation between them was 378 

significantly reduced by the addition of EDTA (Figure 5b). There is a striking lack of symmetry 379 

between the putative recognition residues in the duplicated dockerin segments (Supplemental 380 

Figure S2), which would strongly suggest a single mode of binding with the target cohesins. 381 

Sequence homology between the 17 dockerin sequences of this group, particularly in the two 382 

duplicated segments is highly conserved. Therefore, it can be assumed that all the proteins in this 383 

group interact with CohH and CohI, with a preference for cohesin H.  384 

ScaA dockerin (DocA) could be related to this group in view of its interactions with CohH 385 

and cohesins B4, B5 and B6 (Table 2). As opposed to other members of this group, DocA failed to 386 

interact with its own cohesins A1 and A2 and cohesins B1, B2 and B3. It seems logical that DocA 387 

would fail to interact with its own cohesins, and since B1, B2 and B3 have strong similarity with 388 

ScaA cohesins, it may follow suit. 389 

Group 3 and 4 dockerins. Dockerins of Groups 3 and 4 were found to share the same binding 390 

profile (Table 2). In total, 12 dockerins were selected from both groups. Six dockerins, from the 391 

GH9B, GH10B, GH43C, 4116, 4559 and 4133 proteins, interacted with the three designated 392 

cohesins, CohC, CohD and CohI. Dockerins GH98 and GH11 reacted only with CohC and CohD, 393 

while dockerin GH43A interacted exclusively with CohD. These results were quite unexpected 394 

since the two dockerin groups appeared to have relatively different sequences. However, between 395 

the two groups, the two sets of duplicated putative recognition residues showed a lack of symmetry 396 

between them. Therefore, as in the case of Group 2, this may indicate a single mode of binding for 397 A
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Groups 3 and 4, which would allow a wider range of combinations among the cohesin-dockerin 398 

pairs.  399 

The dominant glycoside hydrolase family in Groups 3 and 4 is GH43, while families GH8, 400 

GH9, GH10 and GH11 are also present (Table 1). GH43, GH10 and GH11 are families known to 401 

exhibit hemicellulose-degrading activity, where the latter two exhibit xylanase activity. As a result, 402 

the enzymes associated with these groups of dockerins may be more involved in the degradation of 403 

hemicellulosic substrates than cellulose. In addition, many proteins in these groups contain regions 404 

of LRR motifs and unknown function. As mentioned for Group 2, the proteins in these two groups 405 

may be integrated into the cell surface-attached cellulosome complex via the ScaC and ScaD 406 

adaptor proteins, or, alternatively, they may bind to ScaI and act in a cell-free manner. 407 

Based on the above-described findings, cell-bound and cell-free cellulosome architectures 408 

were proposed for R. champanellensis. The two schematic models are presented in Figure 6.  409 

In many cellulosome-producing bacteria, the cohesin-dockerin interaction appears to be largely 410 

species specific. However, a study by Haimovitz et al. (Haimovitz et al., 2008) has also 411 

demonstrated interspecies recognition in selected cases both for type I and type II interactions.  412 

Here we have examined possible cross-interaction between R. champanellensis dockerins to 17 413 

cohesins from different species. Interestingly, three interactions were detected: Rc-DocGH11 414 

interacted with Ct-CohOlpC, Rc-DocGH9B interacted with Rf-CohC and Ct-DocS interacted with 415 

Rc-CohC (Figure S3). It is likely that the cross-reactivity between R. champanellensis and C. 416 

thermocellum is a result of spurious interaction due to coincidental similarity in their sequence 417 

motifs, rather than a true functional interaction, since these two bacteria exist in very different 418 

environments and temperature conditions. In this context, the Lys-Arg motif is prevalent in both C. 419 

thermocellum dockerins as well as in the R. champanellensis dockerins of Group 3 and 4. The 420 

interaction between the R. champanellensis dockerin GH9b to R. flavefaciens CohC is probably 421 

based on its phylogenetic connection to R. champanellensis CohC and CohD. 422 A
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Six groupings were defined previously for the 223 dockerins detected in the R. flavefaciens FD1 423 

genome, based largely on sequence relationships (Rincon et al., 2010), but it is not possible at 424 

present to correlate these with the dockerin groupings that we have defined here in R. 425 

champanellensis based on their binding specificities. Nevertheless we can note that dockerins 426 

associated with common GH families, including GH10, GH11, GH9 and GH43, were distributed 427 

across several dockerin groupings in both species. 428 

 429 

Inactive cohesin and dockerin modules 430 

Some of the modules examined in this work failed to recognize any of the tested cohesins or 431 

dockerins. Among the 20 selected R. champanellensis cohesins, seven appeared to be inactive 432 

(namely, B6, B7, F, G, J2, J3 and K). Although representative dockerins were selected carefully, 433 

dockerins with specific recognition for these cohesins may exist but were not selected for this 434 

study. Moreover, folding anomalies of the cohesins modules should also be taken into account.  435 

All of the predicted cohesins of R. champanellensis, derived from the draft genome sequence, 436 

were tested in this study. Thus, it was surprising to find that four dockerins failed to interact with 437 

any of the cohesins; especially dockerins Rc-GH5B and Rc-GH8 whose sequences are very similar 438 

to those of active dockerins. Three of the inactive dockerins (GH5B, GH8 and GH9G) were 439 

therefore expressed as the intact wild-type protein rather than as Xyn-Doc chimaeras. Thus, 440 

although the Rc-GH9G and Rc-GH5B dockerins failed to interact with any of the cohesin partners 441 

when inserted in the Xyn cassette, they successfully interacted with their respective group-specific 442 

cohesins (Table 2). The same was not true for the GH8 dockerin and the CohJ2 and CohJ3 cohesin 443 

modules, which remained inactive even when expressed as full proteins. Gel filtration experiments 444 

have showed folding irregularities for CohG and DocGH8 (data not shown), which can explain 445 

their failure to interact with appropriate dockerin or cohesin. Dockerin Rc-3550 is markedly 446 A
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different in its putative recognition residues compared to the other dockerins, this dockerin may 447 

thus be able to interact with one of the inactive cohesins. Moreover, the currently available draft 448 

genome sequence of R. champanellensis is incomplete with numerous gaps. Consequently, it is still 449 

possible that not all of the cohesin and dockerin modules have yet been detected.  450 

In any case, as a rule, the dockerin sequences are generally identifiable with a very high 451 

degree of confidence. Positive identification of the cohesin sequences, on the other hand, is often 452 

more obscure. Therefore, unless a predicted cohesin sequence is irrefutably similar to a previously 453 

identified and confirmed cohesin, its definitive classification as such can be verified only upon 454 

conclusive experimental evidence.  455 

 456 

Discussion  457 

R. champanellensis is the first cellulolytic bacterium found in the human gut to have genes 458 

associated with cellulosomal components, i.e., cohesin and dockerin modules. Cellulosomal 459 

subunits interconnect to form an efficient multi-enzyme cellulose-degrading machine through 460 

cohesin-dockerin interactions. In doing so, they represent the fundamental components of the 461 

cellulosome assembly. In this study, initial structures of cellulosome complexes in this bacterium 462 

were predicted based on the 64 newly discovered cohesin-dockerin interactions.  463 

By piecing together the puzzle of cohesin-dockerin interactions and the modular arrangement 464 

of their parent molecules, we can predict that the overall architecture of the cellulosome system in 465 

R. champanellensis is very complex, and somewhat reminiscent of that of R. flavefaciens in the cow 466 

rumen (Dassa et al., 2014). The cell-bound cellulosome of R. champanellensis is anchored to the 467 

cell surface by ScaE via its sortase signal motif (Figure 6). This scaffoldin is the only scaffoldin 468 

identified to bear a recognizable segment consistent with a cell-anchoring function. ScaE can then 469 A
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interact with ScaB to form a major enzymatic complex by incorporating a maximum of three 470 

enzymes or adaptor scaffoldins (ScaC- and ScaD-mediated enzymes) on its first three cohesins and 471 

two ScaA scaffoldins, each bearing two enzymes, on cohesins 4 and 5. The exact involvement of 472 

cohesins 6 and 7 is currently undefined.   473 

The cohesin of ScaE can also interact directly with dockerins of adaptor proteins from Group 474 

1, namely, ScaF, ScaG, ScaH and ScaJ. Three of these proteins, ScaF, ScaG and ScaH, can also 475 

attach to CohJ1. Of these scaffoldins, only ScaH, can, in turn, interact directly with dockerin-476 

containing enzymes (Group 2), either alone or via ScaC and ScaD adaptor proteins, to attach single 477 

enzymes to the cell surface. Alternatively, the ScaA dockerin can also interact with ScaH to form a 478 

two-enzyme cell-bound complex. In addition, the enzyme-related function of the ScaH scaffoldin is 479 

underscored by its resident SGNH-hydrolase module, which has been reported to facilitate 480 

hydrolysis of ester and amide bonds in a wide range of substrates including complex 481 

polysaccharides (Dalrymple et al., 1997; Reina et al., 2007). Finally, ScaC and ScaD would 482 

presumably serve in a regulatory role by selective integration of alternative dockerin-containing 483 

proteins, e.g., mainly hemicellulases, CBM modules and peptidases.  484 

The ScaB dockerin and dockerins of Group 1 may be of particular interest, since they were 485 

found to interact directly with the cell-anchoring scaffoldin, ScaE. ScaB, in particular, with its 486 

multiplicity of cohesins, provides the major basis for cellulosome structure. ScaE can thus mediate 487 

the proximity between the bacterial cell wall and the enzymes. However, the major mechanism for 488 

attachment of the cell to the substrate has yet to be determined.  One possible candidate would be 489 

protein 3939 whose dockerin interacts directly with ScaE. This protein contains multiple FN3 490 

(fibronectin type III) domains and two PKD (polycystic kidney disease) domains, both of which are 491 

relatively common components in bacterial cellulase systems and may be involved in protein-492 

protein or protein-carbohydrate interactions (Lohning et al., 1996). This protein may therefore have 493 

an important role in carbohydrate degradation. Interestingly, an untested member of the Group 1 494 A
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dockerins (protein 3199), contains a cadherin-like domain which may also suggest a carbohydrate-495 

binding function (Fraiberg et al., 2011), thereby mediating a possible connection between the 496 

bacterium and the cellulosic substrate. 497 

Most of the proteins in Group 2 represent glycoside hydrolase enzymes, mainly cellulases or 498 

closely associated enzymes of families 5, 9, 44, 48 and 74; some of which also contain a CBM 499 

module (Table 1). Hence, the proteins that bear Group 2 dockerins would appear to play a major 500 

role in cellulose degradation. In addition, two cohesin-containing proteins, ScaC and ScaD, are also 501 

included in this group. Intriguingly, the two latter monovalent scaffoldins likely play an adaptor 502 

role (Rincon et al., 2004), since they bind to Group 3 and 4 enzymes, many of which appear to be 503 

hemicellulases. The integration of ScaC and ScaD into the cellulosomal system of R. 504 

champanellensis may therefore serve in a regulatory capacity to alter the repertoire of enzymes that 505 

then act on selected hemicellulosic substrates that emerge during plant cell wall hydrolysis. 506 

However, some of the dockerin-containing proteins, mainly from Groups 3 and 4, lack confirmed 507 

carbohydrate-degrading components, thus indicating that some of the cohesin-dockerin interactions 508 

in this bacterium serve in a non-cellulosomal context, as previously suggested for other organisms 509 

(Peer et al., 2009). One possible role for these interactions is to enhance the interaction between the 510 

bacteria and the host epithelium cells.  511 

As opposed to the above-described interactions among the R. champanellensis scaffoldins, 512 

ScaI represents a protein with a single unusual cohesin module and a region of unknown function. 513 

This may suggest the assembly of a cell-free cellulosome-like architecture, albeit in most cases, 514 

only a weak interaction would be expected between ScaI and the various proteins. A ScaI-mediated 515 

cell-free cellulosome-like system may be released into solution to degrade carbohydrates farther 516 

away from the bacterium. The concept of free cellulosome was described before for A. 517 

cellulolyticus and C. cellulolyticum, and was assumed to allow efficient degradation in cases where 518 

the substrate is abundant and remote from the bacterium (Artzi et al., 2014). In A. cellulolyticus and 519 A
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C. cellulolyticum the main cellulosome scaffoldin consists of more than one cohesin and CBM 520 

modules, in contrast to the simple monovalent nature of the ScaI modular architecture. 521 

Alternatively, ScaI may either protect a free dockerin from adverse environmental conditions or 522 

play a role as a transient molecular shuttle, to transfer dockerin-bearing components to a more 523 

permanent position within the cellulosome complex (Pages et al., 1997a; Pinheiro et al., 2009). 524 

Unlike more complex cellulosomes, this bacterium has a relatively simple cellulosome that 525 

could assemble up to 11 enzymes. The intricacy of cellulosome architecture may be related to the 526 

importance of dietary fibers in the diet of the host. While recalcitrant dietary fibers are the main 527 

energy source of herbivorous animals, transit times and conditions in the human large intestine are 528 

less condusive to the extensive fermentation of such material, with the result that humans, in 529 

common with other omnivores, select more accessible forms of fiber in their diets. This can be 530 

expected to have an impact both on the microbial community and on microbial metabolism in the 531 

colon (Flint et al., 2008). Although R. champanellensis was isolated using spinach cell walls and is 532 

able to degrade filter paper cellulose (Chassard et al., 2012), this species may be adapted to 533 

degrading dietary fiber that is less recalcitrant than that available to R. flavefaciens in the rumen. 534 

The relatively compact cellulosome of R. champanellensis may, nevertheless, explain why this 535 

species is, so far, unique among isolated human gut bacteria in its ability to degrade insoluble filter 536 

paper cellulose. It is thus possible that this species plays a key role in releasing energy from certain 537 

types of dietary fiber. Breakdown products from dietary fiber have a great impact on human health, 538 

and the efficiency of this breakdown may depend on the populations of specialist bacteria such as 539 

R. champanellensis. Mechanistic understanding will therefore contribute to the development of 540 

strategies for microbial manipulation, in order to prevent and/or treat health disorders and 541 

consequent metabolic processes. Moreover, the study of these special bacteria will help improve 542 

our understanding of the ecology and metabolism of the gut microbiota.  543 A
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Since Ruminococcus is one of the major genera found in the adult human microbiota 544 

(Eckburg et al., 2005), we could expect that additional human gut bacteria could potentially express 545 

cellulosomal genes. In this context, two additional strains, Ruminococcus sp. CAG:379 and 546 

Ruminococcus sp. CAG:624, were also isolated from the human gut. The former closely resembles 547 

R. champanellensis and the latter seems to be strongly related to R. flavefaciens strain FD1. All four 548 

strains contain a gene cluster containing several scaffoldins with similar gene arrangements (Figure 549 

7). R. champanellensis and Ruminococcus sp. CAG:379 exhibit 96% and 99% sequence similarity 550 

between their scaC and scaE genes, respectively. The third human gut isolate, Ruminococcus sp. 551 

CAG:624, and the bovine rumen R. flavefaciens FD1 contain very similar clusters with the addition 552 

of a ctta gene (Rincon et al., 2007) that is apparently lacking in R. champanellensis and 553 

Ruminococcus sp. CAG:379 genomes. Moreover, the genomes of both R. champanellensis and 554 

Ruminococcus sp. CAG:379 possess a scaE gene, phylogenetically similar to those that appear 555 

immediately downstream of the cttA gene in Ruminococcus sp. CAG:624 and R. flavefaciens, but 556 

apparently located outside of the sca gene cluster. More studies in this direction could provide 557 

further insight into cellulosome involvement in the human gut microbiota and its possible 558 

connection to the R. flavefaciens cellulosome in ruminants. 559 

Anaerobic microbial communities demonstrate extensive metabolic cross-feeding, which 560 

involve fermentation products like hydrogen and lactate, as well as partial substrate degradation 561 

products. Primary degraders, like R. champanellensis, can break down insoluble complex 562 

carbohydrates into soluble polysaccharides which in turn can be utilized by non-cellulolytic 563 

bacteria (Flint et al., 2007). Robert and Bernalier-Donadille (Robert and Bernalier-Donadille, 2003) 564 

have suggested that the presence and development of methanogens in the colon are strongly 565 

dependent on H2-producing genera, like Ruminococcus and Enterococcus. In turn, efficient growth 566 

of H2-producing cellulolytic bacteria is increased, due to the removal of H2 by methanogens, 567 

acetogens and sulphate-reducing species (Latham and Wolin, 1977). Therefore the discovery of a 568 A
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cellulosome system in this bacterium could provide it with a critical advantage over other species in 569 

the human gut ecosystem.  570 

Non-digestible carbohydrates are considered to comprise the main energy source for 571 

microbial growth in the human colon (Duncan et al., 2007). Hence, the human diet has a major 572 

impact on the microbial population and metabolism in the colon (Flint et al., 2008). R. 573 

champanellensis could thus represent a keystone species in the human gut (Ze et al., 2013), since is 574 

the only human colonic bacterium so far reported to degrade crystalline cellulosic substrates and 575 

might therefore be expected to initiate degradation of a wide range of plant material. The presence 576 

of a cellulosome system in this bacterium would support this argument. Such a keystone role has 577 

been proposed previously with respect to starch fermentation for the related species R. bromii, 578 

which is a highly specialized degrader of particulate starch, in view of evidence that human 579 

volunteers lacking this species fail to fully ferment resistant starch present in their diet (Walker et 580 

al., 2011; Ze et al., 2012).  581 

Understanding the molecular basis for novel cohesin-dockerin interactions will extend our 582 

knowledge of cellulosome organization in different species. The cellulosomal elements that form 583 

the relatively simple architecture of the largest R. champanellensis cellulosome (11 enzymes) could 584 

thus be used in designer cellulosomes to integrate select copies of desired enzymes. The different 585 

cohesin and dockerin pairs can thus be included as components of designer cellulosomes, which can 586 

be used as a tool for understanding cellulosome action and for future biotechnological application, 587 

such as production of biofuels and waste management (Bayer et al., 2007).  588 

 589 

Experimental Procedures  590 

Bioinformatic analysis 591 A
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The genome sequence of R. champanellensis (strain 18P13 = JCM 17042) was obtained 592 

from GenBank (FP929052.1). The genome was sequenced by the Pathogen Genomics group at the 593 

Wellcome Trust Sanger Institute (UK) as part of the EU MetaHit project 594 

(http://www.sanger.ac.uk/resources/downloads/bacteria/metahit/).  Prediction of cohesins and 595 

dockerins modular sequences were performed using the BLASTP and TblastN algorithm (Altschul 596 

et al., 1997), employing known cohesin and dockerin sequences as queries. Hits of E-value higher 597 

than 10
-4

 were examined individually. Analysis of Carbohydrate-Active Enzymes (Cazymes) was 598 

performed using the CAZy database (http://www.cazy.org). Sequences were then further analyzed 599 

to identify additional modular structures using the aid of CD-search 600 

(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) (Marchler-Bauer and Bryant, 2004). 601 

Multiple sequence alignments of cohesins and dockerins were generated using ClustalW2 602 

[http://www.ebi.ac.uk/Tools/msa/clustalw2/]. Phylogenic trees were created using the Robust 603 

Phylogenetic Analysis (Dereeper et al., 2008) tool from the Phylogeny.fr website. Analysis was 604 

accomplished using the default bootstrapping “one click” mode and then visually edited using the 605 

TreeGraph2 software (Stöver and Müller, 2010). Signal peptide sequences were predicted using the 606 

SignalP server [http://www.cbs.dtu.dk/services/SignalP/]. Logos of the dockerin sequences were 607 

created with Weblogo v.2.8.2 (http://weblogo.berkeley.edu/).  608 

 609 

Cloning of CBM-fused cohesins and xylanase-fused dockerins 610 

Cohesin and dockerin genes were amplified by PCR from the R. champanellensis 18P13 611 

genomic DNA, which was prepared from cell pellets using the FastDNA spin kit for soil (MP 612 

Biomedicals, France), using specific primers. The list of primers used in this study is provided in 613 

the Supplementary Materials (Table S1). Cohesin genes were designed to have BamHI and XhoI 614 

restriction sites. Dockerin genes were designed to have KpnI and BamHI restriction sites. In cases 615 

where a BamHI sequence was found in the desired gene, the BglII sequence was inserted instead, 616 A
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since their cleavage sites produce compatible cohesive ends. DNA samples were purified using a 617 

PCR purification kit (Real Biotech Corporation, RBC, Taiwan) and double-digested by appropriate 618 

FastDigest restriction enzymes (Thermo scientific, Fermentas UAB, Vilnius, Lithuania). The 619 

different modules were assembled in linearized pET28a-CBM-Coh or pET9d-Xyn-Doc cassettes. 620 

The CBM-Coh gene cassette (Barak et al., 2005) consists of a family 3a CBM from the C. 621 

thermocellum CipA scaffoldin cloned into plasmid pET28a (Novagen Inc., Madison, WI, USA), 622 

into which any cohesin gene can be introduced between BamHI and XhoI restriction sites of the 623 

plasmid. The Xyn-Doc gene cassette (Barak et al., 2005) consists of xylanase T6 from G. 624 

stearothermophilus with an N-terminal His-tag cloned into plasmid pET9d (Novagen Inc., 625 

Madison, WI, USA), into which any dockerin-encoding sequence can be introduced between the 626 

KpnI and BamHI restriction sites of the plasmid. 627 

 628 

Protein expression 629 

 E. coli BL21 (DE3) cells were transformed with the desired plasmid and grown at 37°C in 630 

300-500 ml LB medium, supplemented with 50 μg/ml kanamycin (Sigma-Aldrich Chemical Co, St. 631 

Louis, Missouri), with the inclusion of 2 mM CaCl2 for dockerin-containing proteins, to A600≈0.8-1. 632 

Protein expression was induced by addition of 0.1 mM Isopropyl-1-thio-β-D-galactoside (IPTG) 633 

(Fermentas UAB), and the growth was continued either at 37°C for 3 h or at 16°C for ~16 h 634 

(according to predetermined conditions). Cells were harvested by centrifugation (5000 rpm, 15 635 

min) and resuspended in 30 ml TBS (Tris-buffered saline, 137 mM NaCl, 2.7 mM KCL, 25 mM 636 

Tris-HCl, pH=7.4) or TBS supplemented with 5 mM imidazole for dockerin-containing proteins 637 

(Merck KGaA, Darmstadt, Germany), and stored at -20°C. Immediately before purification, the 638 

thawed cells were sonicated and then centrifuged (14,000 rpm, 30 min, 4°C). The supernatant fluids 639 

were used for further steps for protein purification. 640 

 641 A
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Purification of CBM-containing cohesin  642 

Supernatant fluids containing the cohesin-containing proteins were added to 2 g of 643 

macroporous beaded cellulose preswollen gel (IONTOSORB, Usti nad Labem, Czech Republic), 644 

and incubated for 1 h, with rotation at 4°C. The mixture was then loaded onto a column by gravity, 645 

washed with 100 ml of TBS containing 1 M NaCl and then with 100 ml TBS. Three 5 ml elutions 646 

of 1% triethanolamine (TEA) were then collected. The fractions were subjected to SDS-PAGE in 647 

order to assess protein purity, and then dialyzed against TBS overnight at 4°C. 648 

 649 

Purification of Xyn-containing dockerin  650 

The supernatant fluids containing the dockerin-bearing proteins were mixed with ~4 ml Ni-651 

NTA for 1 h on a 20-ml Econo-pack column, on a rotator at 4°C (batch purification system). The 652 

column was then washed by gravity flow with 50-100 ml wash buffer (TBS, 15 mM imidazole). 653 

Elution was performed first using 10 ml 100 mM imidazole, followed by 10 ml 250 mM imidazole. 654 

Fractions (2 ml) were collected and subjected to SDS-PAGE. The fractions containing relatively 655 

pure proteins were pooled, and CaCl2 (10 mM), as well as protease-inhibitor cocktail, was added. 656 

The proteins were dialyzed overnight at 4°C with TBS supplemented with 5 mM CaCl2. 657 

 658 

Protein concentration 659 

Protein concentrations were estimated by absorbance at 280 nm. Extinction coefficient was 660 

determined based on the known amino acid composition of each protein using VectorNTI version 661 

11 computer program. Some proteins were concentrated using Amicon ultra concentrators 662 

(Millipore, Ireland). Proteins were stored in 50% (v/v) glycerol at -20°C. 663 

 664 

CBM-based microarray 665 A
cc

ep
te

d 
A

rti
cl

e



This article is protected by copyright. All rights reserved. 
 

 

 

28 

A manual spotter MicroCASTer (Schleicher & Schuell) and a Micro Grid 610 (DIGILAB) 666 

were utilized to print proteins onto the cellulose-coated glass slides (Type-GSRC-1 from Advanced 667 

Microdevices pvt. Ltd.). Protein samples were diluted in TBS, pH 7.4, to concentrations of 9, 3, 1, 668 

0.3 and 0.1 µM and applied in quadruplicate to the cellulose slides. The printed microarrays were 669 

kept at 4°C prior to application. 670 

The printed microarrays were quenched by incubating the slides in blocking buffer (1% 671 

BSA in TBS with 10 mM CaCl2 and 0.05% Tween 20) at room temperature for 30 min. The slides 672 

were then incubated at room temperature with the desired Xyn-Doc sample at a concentration of 3 673 

nM in blocking buffer for 30 min. After washing 3 times (5 min each) with washing buffer (TBS 674 

with 10 mM CaCl2 and 0.05% Tween 20), fluorescent staining was accomplished by adding Cy3-675 

labeled anti-Xyn T6 antibody and Cy5-labeled anti-CBM3a antibody (diluted 1:1000) in blocking 676 

buffer, and the slides were incubated for 30 min. The probed slides were washed again 3 times, air-677 

dried and scanned for fluorescence signals using a Typhoon 9400 Variable Mode Imager GE 678 

Healthcare Bio-Sciences AB (Uppsala, Sweden).  679 

The labeling of the fluorescent antibodies was performed using GE Healthcare's N-680 

hydroxysuccinimide-ester-activated Cy-5 dye and Cy-3 kits. The dyes were resuspended in 0.1 M 681 

sodium carbonate buffer, pH 9, and mixed with the antibody (1 mg in 1 ml), according to the 682 

manufacturer’s instructions. Free dye was removed by dialysis against TBS. The fluorescence-683 

labeled antibody was stored in 50% glycerol at –20°C. 684 

 685 

ELISA affinity assay 686 

The standard affinity-based ELISA procedure was performed as described previously 687 

(Barak et al., 2005). The coating step was performed with 10-30 nM of the desired proteins. A 688 

concentration gradient of Xyn-Doc or CBM-Coh (0.01-1000 nM) was then applied to the coated 689 

MaxiSorp 96-well plate (Greiner Bio-One, Belgium). In some cases, 10 mM EDTA was substituted 690 A
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for the CaCl2 in all solutions to determine calcium dependence of the interaction. The dose-691 

response curve was fitted to the data using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, 692 

CA). 693 

 694 

Indirect ELISA (iELISA) 695 

The indirect ELISA-based method, iELISA, is more sensitive than conventional ELISA, 696 

since the procedure is performed under conditions of much lower dockerin concentrations, and the 697 

interaction takes place in the soluble phase. Maxisorp ELISA plates (Greiner Bio-One, Belgium) 698 

were coated overnight at 4°C with 30 nM of desired CBM-Coh protein in 0.1 M Na2CO3 (pH 9), 699 

100 μl/well. The wells were blocked with 100 μl/well of blocking buffer (TBS, 10 mM CaCl2, 700 

0.05% Tween 20, 2% BSA) for 1 h at 37°C, and the blocking solution was then discarded. In 701 

parallel, a pre-equilibration step was preformed; a concentration gradient of CBM-Coh (0.01-1000 702 

nM) was prepared in non-absorbing 96-well plates. To all of the wells, Xyn-Doc was added to a 703 

final concentration of 1-20 nM in a total volume of 150 μl. The pre-equilibration step was allowed 704 

to proceed for 1 h. Afterwards, 100 μl samples from the interaction in previous step were 705 

transferred to the wells of the MaxiSorp plate and incubated for 20 min. The solution was then 706 

discarded, and the plate was washed once with Washing Buffer (TBS, 10 mM CaCl2, 0.05% Tween 707 

20). The antibody interaction steps and the chromogenic substrate reaction were performed as 708 

described for the ELISA (Barak et al., 2005). A detailed description of the method can be found in 709 

Slutzki et al.  (Slutzki et al., 2012a, b).  710 

 711 

Analytical gel filtration chromatography 712 

Prepacked SuperdexTM 200 10/300 GL column was obtained from GE Healthcare Bio-713 

Sciences (Pittsburgh, PA). Samples of 200 μl were injected into the column using an autosampler.  714 A
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Tris-buffered saline (TBS), pH 7.4, containing 10 mM CaCl2 was used as running buffer at a flow 715 

rate of 0.5 ml·min
−1

. Proteins were detected using a UV detector at a wavelength of 280 nm. 716 
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 968 

Figures Legends 969 

 970 
Fig. 1. Schematic representation of the cohesin-bearing scaffoldin proteins in R. champanellensis 971 

based on the respective genome sequences. SGNH, hydrolase-type esterase domain (IPR013830); 972 

GH25, a putative GH25-family domain sharing similarity to lysozyme.  973 

 974 

 975 

Fig. 2. Phylogenetic relationship of R. champanellensis cohesins with previously defined, selected 976 

cohesins from other cellulosome-producing bacteria. Dendrogram of type I, II and III cohesin 977 

modules. The tree was constructed from cohesins selected from four different species, R. 978 

champanellensis (Rc, red), R. flavefaciens (Rf-FD1, blue), C. thermocellum (Ct, green) and A. 979 

cellulolyticus (Ac, pink). Bootstrapping confidence values higher than 0.8 are shown in black. 980 

 981 

 982 

Fig. 3. Dockerin sequences of R. champanellensis. (A) Sequences of the duplicated segments of the 983 

ScaA and ScaB dockerins. (B) Sequence logos of the additional 62 R. champanellensis dockerins, 984 

divided into four groups by sequence homology. In each group, the two duplicated segments (1 and 985 

2) are aligned, where the positions of calcium-binding residues are highlighted in cyan, and putative 986 

recognition residues are highlighted in yellow. The alignment of the complete set of dockerin 987 

sequences organized into the different groups, including the additional two R. champanellensis 988 

dockerins from ScaA and ScaB, is shown in Figure S2. 989 

 990 

 991 

Fig. 4. Representative cohesin-dockerin recognition analyses using protein microarray. (A) 992 

Interaction of the R. champanellensis ScaF dockerin (Rc-XynDocF) with R. champanellensis ScaJ1 993 

and ScaE cohesins (Rc-J1 and Rc-E) as CBM-Coh fusion proteins. (B) Preferential interaction of R. 994 

champanellensis GH10B dockerin (Rc-XynDocGH10B) with R. champanellensis ScaC, ScaD and 995 

(weakly) ScaI cohesins (Rc-C, Rc-D and Rc-I).  Fluorescence scan showing Cy3-conjugated anti-996 

Xyn antibody, indicating cohesin-dockerin binding. (C) Scan showing Cy5-conjugated anti-CBM 997 

antibody, indicating the relative amount of the different CBM-Coh samples applied to the slide. 998 

Selected cohesins from other species A. cellulolyticus (Ac), B. cellulosolvens (Bc), C. 999 

acetobutylicum (Ca), C. cellulolyticum (Cc), C. thermocellum (Ct), R. bromii (Rb) and R. 1000 

flavefaciens (Rf) were included as controls. A Xyn-CBM fusion-protein served as a positive control 1001 

(+) and as a marker, which indicates the relative location of all samples on the cellulose slide. 1002 

 1003 

 1004 
Fig. 5. R. champanellensis cohesin-dockerin binding measured by ELISA and iELISA assays. 1005 

(A,B) ELISA experiments demonstrating different interaction specificities between selected 1006 

cohesins and dockerins. CohJ1 interacted with DocG, weakly with DocF and DocH, and failed to 1007 

interact with its own dockerin (DocJ). In (B), CohH interacts strongly with DocC, DocD and 1008 

DocGH48, but failed to interact with DocGH10B. The interaction with DocC was calcium 1009 

dependent and was abolished upon chelation with EDTA. (C,D) iELISA experiments demonstrated 1010 

that DocGH10B interacted strongly with CohC, CohD and somewhat weaker with CohI. In (D), 1011 

Doc4133 showed moderate, weak and negligible binding to CohC, CohD and CohI, respectively. 1012 

Error bars indicate the standard deviation from the mean of triplicate (ELISA) or duplicate 1013 

(iELISA) samples from one experiment. 1014 A
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 1015 

 1016 

Fig. 6. Proposed cell-bound and cell-free cellulosome complexes in R. champanellensis. Different 1017 

types of cohesin-dockerin interactions are color-coded. The binding specificities of cohesin 1018 

modules of ScaB6/7, ScaJ2/3, ScaF and ScaG (shown in light gray) are yet to be determined. 1019 

SGNH stands for lipase/esterase. Only the GH9B dockerin bound strongly to the ScaI cohesin 1020 

(Table 2); other dockerins displayed comparatively weak binding. 1021 

  1022 

 1023 

 1024 

Fig. 7. Comparison of sca gene clusters in four different ruminococcal strains. Organization of the 1025 

sca gene clusters in (A) R. champanellensis strain 18P13, (B) Ruminococcus sp. CAG:379 1026 

(GenBank PRJNA222131), (C) Ruminococcus sp. CAG:624 (GenBank PRJNA222208) and (D) R. 1027 

flavefaciens strain FD1 (GenBank PRJNA37767). The organization of the cluster in R. flavefaciens 1028 

FD-1 as shown in (D) is indicative of those of all other known R. flavefaciens strains (i.e, 17, C94, 1029 

B34b, C1a, JM1 and 007c). Grey rectangles represent unsequenced regions of the respective 1030 

genome. Percentages of sequence identity of ScaC and ScaE proteins are indicated. 1031 

1032 
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 1033 

Table Legends 1034 
 1035 

Table 1. Dockerin-containing proteins of R. champanellensis.  1036 

 1037 

Table 2. Cohesin-dockerin interactions in R. champanellensis: summary of cellulose microarray 1038 

experiments. Twenty-four dockerins (rows), including the ScaA and ScaB dockerins and 1039 

representatives of the four different groups, were checked against 20 cohesins (columns). Each 1040 

dockerin was examined in a different slide containing all the test cohesins and relevant controls. 1041 

Interaction intensity (number of pluses) was defined as the number of clearly labeled rows among 1042 

the five different concentrations (See Supplemental Figure S3 for raw data). The two ScaA cohesins 1043 

and the seven cohesins of ScaB were tested separately by ELISA tests. Only positive interactions 1044 

appear in the table. See Table 1 for description of dockerin-bearing proteins that contain CAZy 1045 

domains. In others, the numbers refer to the last 4 digits of the respective full GI number (i.e., 1046 

29154XXXX). 1047 
 1048 
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Supporting information Legends 1051 

 1052 

Table S1. Primers list  1053 

 1054 

Fig. S1. Nucleotide sequence of the Ruminococcus champanellensis 18P13 ScaA/B Region of the 1055 

Sca gene cluster coding for the cohesin-containing scaffoldins ScaA and ScaB. GenBank accession 1056 

number KP341766. The coding sequence is shown in lowercase and the short intergenic region in 1057 

highlighted uppercase. 1058 

 1059 

Fig. S2. R. champanellensis dockerin alignment groups. The 64 dockerin sequences of R. 1060 

champanellensis divided into 4 groups, using bioinformatics-based criteria. Each group is marked 1061 

in a different color. Dockerins selected for this study are highlighted in green (see Table 1 for GI 1062 

number of the parent proteins). Positions of calcium binding residues are shown in cyan, and 1063 

putative recognition residues are shown in yellow. 1064 

 1065 

Fig. S3. Cellulose microarray results 1066 

The cellulose slides contained the 11 cohesins (as CBM-Cohs) of R. champanellensis that were 1067 

detected in the first bioinformatic analysis and 17 cohesins from different bacterial species. Every 1068 

dockerin was tested on the cellulose slide. Fluorescence scanning, showing Cy3-conjugated anti-1069 

Xyn antibody, indicates cohesin-dockerin binding. Xyn-CBM proteins served as a positive control 1070 

(+) and as a marker, which indicated the location of the samples on the cellulose slide.  1071 

 1072 

Fig. S4. Sequence alignment of R. champanellensis Group 1 dockerins that bind Rc-CohJ1 and/or 1073 

Rc-CohE. The box indicates the proposed residues in position 18 of the first duplicated segment 1074 

that may be involved in the differential binding profiles between Rc-Doc3939 and Rc-DocJ versus 1075 

Rc-DocH, Rc-DocF and Rc-DocG. Numbering indicates the residue positions in the two duplicated 1076 

segments. See Table 1 for id 1077 

 1078 

 1079 
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Table 1. Dockerin-containing proteins of R. champanellensis.  

 

Modular arrangementb Dockerin 
group 

Protein 
namea GI number 

SIGN X Coh Coh Doc  ScaA  KP341766 

SIGN Coh Coh Coh Coh Coh Coh Coh X Doc  ScaB  KP341766 

SIGN Coh Coh Coh Doc 1 ScaJ 291545285 

SIGN Coh Doc 1 ScaF 291544538 

SIGN SGNH Coh Doc 1 ScaH 291545095 

SIGN Coh Doc 1 ScaG 291545197 

SIGN FN3 PKD FN3 FN3 FN3 FN3 PKD Doc 1 3939 291543939 

SIGN Cadherin-like Doc 1  291543199 

SIGN LRR Doc 1  291544999 

SIGN Coh UNK Doc 2 ScaC 291543801 

SIGN Coh Doc 2 ScaD 291544607 

SIGN UNK GH9 CBM3 UNK Doc 2 GH9C 291543938 

SIGN GH5 Doc 2 GH5B 291543738 

SIGN GH48 UNK Doc 2 GH48 291544207 

SIGN UNK Doc 2  291543186 

SIGN UNK GH9 CBM3 Doc 2 GH9A 291543282 

SIGN GH74 Doc 2 GH74 291543413 

SIGN UNK GH5 UNK Doc 2 GH5A 291543414 

SIGN CBM22 GH10 Doc 2 GH10A 291543470 

SIGN GH44 UNK Doc 2 GH44 291543699 

SIGN PL1 PL9 Doc 2 PL1/PL9 291544214 

SIGN GH9 Doc 2 GH9D 291544445 

SIGN UNK Doc 2  291544446 

SIGN UNK CBM4 UNK GH9 Doc 2 GH9F 291544575 

SIGN CBM35 UNK GH26 Doc 2 GH26B 291545037 

SIGN UNK GH5 Doc UNK 2 GH5C 291545071 

SIGN UNK GH98 CBM35 UNK X157 Doc UNK 3 GH98 291544973 

SIGN GH43 UNK X19 CBM22 Doc CE1 3 GH43C 291544122 

SIGN UNK GH43 CBM61 UNK X157 Doc 3 GH43A 291543994 

SIGN CBM22 GH10 UNK CBM22 Doc UNK GH43 CBM6 3 GH10B 291544573 

TMH Doc 3 3550 291543550 

SIGN Doc CBM35 X128 3  291543665 

SIGN CBM4 X229 GH9 Doc GH16 3 GH9B 291543673 

SIGN SH3 SH3 Doc 3  291543830 

SIGN UNK Doc UNK CBM35 UNK PL11 3 PL11 291544608 

SIGN UNK GH30 CBM22 Doc UNK CE1 3 GH30 291544794 A
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SIGN FN3 CE12 CBM13 Doc CBM35 UNK CE12 3 CE12 291544870 

SIGN GH9 CBM3 UNK Doc 4 GH9G 291545280 

SIGN UNK GH8 Doc 4 GH8 291543899 

SIGN GH11 UNK CBM22 UNK Doc UNK CBM22 CE4 4 GH11 291545196 

SIGN LRR LRR LRR LRR LRR Doc 4 4559 291544559 

SIGN DUF187 Doc 4 4133 291544133 

SIGN FN3 CotH Doc 4 4116 291544116 

SIGN PL11 CBM13 X157 Doc 4 PL11 291543187 

SIGN Doc X259 UNK X259 UNK 4  291543191 

SIGN UNK Doc 4  291543643 

SIGN CBM13 PL1 CBM13 CBM13 Doc 4 PL1 291543758 

SIGN X134 UNK Doc 4  291543946 

SIGN GH43 UNK CBM13 Doc 4 GH43B 291543991 

SIGN UNK Doc 4  291544094 

SIGN LRR LRR LRR LRR Doc 4  291544107 

SIGN LRR LRR LRR Doc 4  291544109 

SIGN UNK LRR Doc 4  291544115 

SIGN UNK LRR Doc 4  291544187 

SIGN Lipase Doc 4 Lipase 291544250 

SIGN Doc PL1 PL9 4 PL1/PL9 291544365 

SIGN UNK GH43 UNK CBM6 Doc 4 GH43D 291544405 

SIGN UNK PL1 UNK X157 Doc 4 PL1 291544406 

SIGN UNK PL1 X149 CBM13 X157 Doc 4 PL1 291544408 

SIGN Peptidase Doc 4 Peptidase 291544414 

SIGN CBM35 UNK GH26 UNK CBM35 Doc 4 GH26A 291544512 

SIGN CBM13 PL1 CBM13 Doc 4 PL1 291544542 

SIGN UNK GH9 CBM3 Doc 4 GH9E 291544574 

SIGN UNK Doc  4  291544817 
a
Chosen names for this study. 

b
Abbreviations: SIGN, signal peptide; Doc, dockerin; Coh, cohesin; GH, glycoside 

hydrolase; CBM, carbohydrate-binding module; PL, polysaccharide lyases; CE, 

carbohydrate esterases; SGNH, lipases or esterases; FN3, fibronectin type III; PKD, 

polycystic kidney disease; DUF187, Glycoside hydrolase-like GH101; CotH, spore coat 

protein H; LRR, leucine-rich repeat; UNK, X, unknown. Selected dockerins for this study 

are highlighted in green. 
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Table 2. Cohesin-dockerin interactions in R. champanellensis: summary of cellulose microarray 

experiments. Twenty-four dockerins (rows), including the ScaA and ScaB dockerins and 

representatives of the four different groups, were checked against 20 cohesins (columns). Each 

dockerin was examined in a different slide containing all the test cohesins and relevant controls. 

Interaction intensity (number of pluses) was defined as the number of clearly labeled rows among 

the five different concentrations (See Supplemental Figure S4 for raw data). The two ScaA cohesins 

and the seven cohesins of ScaB were tested separately by ELISA tests. Only positive interactions 

appear in the table. See Table 1 for description of dockerin-bearing proteins that contain CAZy 

domains. In others, the numbers refer to the last 4 digits of the respective full GI number (i.e., 

29154XXXX). 
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* Tested as an intact wild-type protein (instead of Xyn-Doc chimaera). 
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