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Abstract 

Cellulosomes are huge extracellular multi-enzyme complexes tailored for the highly efficient 

degradation of recalcitrant substrates. The high affinity cohesin-dockerin interaction recruits diverse 

dockerin-borne enzymes into a multimodular protein scaffold bearing a series of cohesin modules. This 

interaction is essential for the self-assembly of the complex and its three-dimensional layout, and 

interestingly two alternative binding modes have been proposed. Here, using single-molecule 

Fluorescence Resonance Energy Transfer, molecular dynamics simulations and NMR measurements, 

we report direct detection of these alternative binding conformations and discover an un-even 

distribution of binding modes that follows a built-in cohesin-dockerin code. Beyond that, the 

isomerization state of a single proline residue regulates the distribution and kinetics of binding modes, 

and most interestingly, its effects can be modulated externally by a prolyl isomerase. Overall, our 

results show the importance of the dual binding mode on the fine structure and regulation of 

cellulosomes, and provide a mechanism for remodeling and regulating a mega-Dalton enzymatic 

complex through control of proline isomerization.     

Introduction 

The plant cell wall, featuring cellulose and hemicellulose, is the most abundant source of energy and 

carbon of the biosphere1. Due to its structural complexity and chemical heterogeneity, this network of 

polysaccharides is highly resistant to enzymatic degradation. Some anaerobic bacteria, have developed 

the aptly named cellulosome, a huge multi-enzyme extracellular complex able to degrade it with high 

efficiency1,2. Present in diverse ecosystems  like compost piles, vertebrates and invertebrates 

microbiota, hot spring pools, forest and pasture soil, cellulosome-producing organisms play a major 

role in the carbon turnover3,4. 

The first-ever described cellulosome, that of Clostridium thermocellum5,6, recapitulates well the main 

features of these enzymatic complexes. The primary scaffoldin CipA, a multimodular non-catalytic 

subunit, tethers the whole complex to the substrate and to the cell surface, while it serves as the 

binding platform for secreted cellulolytic enzymes. A series of type-I cohesin modules, separated by 

flexible linker regions, act as the anchor points to enzyme-borne dockerin type I modules. While the 

high affinity type-I cohesin-dockerin interaction dictates the supramolecular assembly of the 
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cellulosome, the C-terminal type-II dockerin attaches the complex to the cell surface, and the 

carbohydrate-binding module (CBM) binds to the cellulosic substrate1,7-9 (Fig 1a). Interestingly, the 

dockerin type-I modules from different enzymes display similar affinity to the different cohesins of the 

scaffoldin, potentially binding to any position with equivalent probability10,11. Substrate targeting, and 

the spatiotemporal coordination of different enzymatic activities create a synergistic effect resulting 

in the highly efficient degradation of cellulosic material12-14.  

The immense size of cellulosomes, the presence of flexible intermodular linkers, and potential 

unspecific binding of enzymes to any position on the scaffoldin subunit make the task of unveiling its 

structure and regulation challenging. Although the structure of whole cellulosomes remains unknown, 

several cellulosomal fragments have been solved7-9,15-26, and useful insights has been provided by 

small-angle X-ray scattering27-29, cryo-electron microscopy30, molecular dynamics simulations31,32 and 

single molecule experiments33. It is crucial to get a detailed picture of their structural organization to 

understand the synergistic effects encountered in cellulosomes, and, as a key element in cellulosome 

self-assembly, the role of cohesin-dockerin interaction in its fine structure and regulation. Besides, 

cellulosomes are inherently dynamics structures, as they need to adapt to changing 

microenvironments to ensure access of the catalytic units to the substrate33, but little is known about 

their dynamics30,33 or the role that cohesin-dockerin interaction may play. 

Gene regulation mechanisms linking the detection of extracellular polysaccharide and the expression 

of cellulosomal components have been described34, and it is also known that the composition of 

cellulosomes is affected by the substrate type and the presence of extracellular polysaccharides34-36. 

Furthermore, temporal changes in cellulosome composition have been described, associated in 

stationary phase with increased expression levels of enzymes than can efficiently degrade plant 

polysaccharides other than cellulose, and also chemotaxis and motility-related genes that can 

potentially orient cells toward nutrient sources35. Although de novo synthesis of whole cellulosome 

components for adaptation is possible, it is clear that cellulosome-remodeling is the less metabolic-

demanding solution to adapt the cellulosome composition and structure to the changing 

environmental conditions. However, so far, biophysical mechanisms to achieve cellulosome 

remodeling have not been reported. 

On top of this, another level of structural complexity in cellulosomes has been proposed. Two repeated 

segments displaying high sequence and structural similarity, Helix 1 and Helix 3, make type-I dockerin 

a very symmetrical module24 (see Fig 1b). Mutational studies, and the module symmetry, led to the 

idea of cohesin-dockerin complexes binding in two alternative conformations26,37,38. Structures of 

mutant dockerins bound to cohesin in two binding modes have been obtained23,25,26. In one of the 

binding modes, from now on referred as binding mode 1 (B1), the dockerin´s helix 3 supports most of 

the contacts with the cohesin module, while in the alternative binding mode, from now on binding 

mode 2 (B2), a similar set of contacts was sustained by helix 1. Although the dual binding mode has 

been supported by an extensive body of evidence23,25,26,37-39, direct detection of these alternative 

binding modes on wild type complexes is still lacking. 

Here, we studied the dual binding mode phenomenon using single-molecule Förster resonance energy 

transfer (smFRET), molecular dynamics simulations and NMR measurements. We report direct 

identification of two binding conformations in type-I cohesin-dockerin complexes, quantitative 

determination of the populations using photon distribution analysis (PDA) and describe an allosteric 

control mechanism of the dual binding mode. We demonstrate a cohesin-dockerin code for the size of 

the binding mode populations, and more interestingly the control of the dual binding mode by the 

isomerization state of single proline, which can be externally modified by a prolyl isomerase. Our 

results have a direct impact on our understanding of the structural organization and regulation of 
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cellulosomes, and we unveiled a mechanism that could exploited for cellulosome remodeling and 

dynamic regulation. 

 

Figure 1. Dual binding mode of cohesin-dockerin complexes. a) Cartoon representation of the cellulosome of C. 

thermocellum. CBM domain on scaffoldin CipA mediates cellulose binding while the whole cellulosome is 

attached to the cell surface via a type-II cohesin-dockerin interaction. Type-I cohesin-dockerin interaction is 

essential to cellulosome self-assembly, and allows the incorporation of diverse dockerin-borne enzymes in any 

of the nine cohesin domains of Cip A scaffoldin protein. The cohesins studied, c2A (cyan), c1A (violet) and c7A 

(dark blue) are highlighted, and the color code used in the sketch followed in the rest of the figures.  b) Helices 

symmetry in type I-dockerins. Structure of dockerin module from cellulase S (PDB 2MTE) with the helix H1 

represented in orange and in the helix H3 in blue. The symmetry is evident, a 180° rotation around an axis 

perpendicular to the figure plane will produce essentially the same structure but with helices position exchanged. 

The red sphere represents the attachment point of the Alexa Fluor 647 dye. c) Dual binding modes of cohesin-

dockerin complexes. On the left, model structure of a cohesin-dockerin complex in B1 mode, on the right in B2. 

The C-termini distances are different among the two binding modes, 5 nm between the red/green highlighted 

residues in the B1 mode and 3.7 nm in B2 mode. The red sphere represents the attachment point of the Alexa 

Fluor 647 dye (R63C), and the green sphere the Cy3B dye position (G144C). 

Results 

smFRET enables direct dual binding mode detection  

The starting point of our work are the PDB structures 1OHZ25 and 2CCL26 from C. thermocellum. In 

these structures, two different mutants of dockerin Xyn10B are interacting with their cognate CipA 

cohesin 2 module (c2A) in the two alternative binding modes (B1 and B2 respectively). After visual 

inspection, we realized that the distance between the C-termini of cohesin and dockerin modules were 

different between both binding modes. As a few C-terminal residues from the dockerin are missing in 
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both structures, and in order to better estimate distance differences, we aligned the wild type full 

length dockerin CelS (PDB:2MTE24) with the dockerin in 1OHZ and 2CCL. Fig. 1c shows the dockerin 

CelS bound to c2A in the B1 (left) or the B2 mode (right). Using these structures, we estimated the 

distance between α-carbons of cohesin’s G144 and dockerin’s D63 (see methods for a discussion on 

the selection of residues) to be about 5 nm and 3.7 nm in the B1 and B2 mode, respectively. smFRET 

is ideal for studying biomolecules when the distance between acceptor and donor fluorophores are 

within this range, and due to the distance dependency of the energy transfer efficiency (E)40-42, 5 and 

3.7 nm dye-separation should report lower and higher E values respectively. Thus, we exchanged these 

residues to cysteine and attached our donor (Cy3B in G144C) and acceptor dye (Alexa Fluor 647 in 

D63C) using maleimide chemistry (see Methods). 

 

Figure 2. Direct detection of dual binding modes by smFRET. a) FRET efficiency histogram of the c2A-celS complex 

from C. thermocellum. smFRET data of free diffusing molecules shows two different population of molecules, 

one with higher E value that the other. We expect lower FRET values for the B1 mode than for the B2 due to the 

larger estimated C-termini distance. We double-check this assignment with single binding mode mutants (SB). 

SB1 in blue and SB2 in orange represent single binding mode mutants, only able to bind in B1 or B2 respectively. 

They effectively show a single population, which maxima coincides with the B1 and B2 peak of the wild type 

complex. b) E histogram of free diffusing c1C-CcCel5A complexes from C. cellulolyticum. The histogram shows 

the two different B1 and B2 modes as well, as confirmed by SB mutants (SB1 mutant in blue, and SB2 mutant in 

orange). All histograms were area-normalized to 1, for SB mutants, each mutant was normalized to 0.5 for 

comparison purposes. c) and d) In order to highlight the different distribution of B1 and B2 subpopulations in C. 

thermocellum and C. cellulolyticum complexes, we compared them with a population of equally-distributed 

binding modes. c) Plot showing the subtraction of a representative histogram of c2A-celS complex (B1 fraction 

of 0.43) and an artificial population of equally-represented single binding mode mutants (B1 fraction ≈ 0.50, see 

supplementary results for a detailed explanation on these artificial data sets). Similarly, d) shows the analog plot 
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for c1C-Ccel5A C. cellulolyticum complex (B1 fraction of 0.26). All histograms were area-normalized before 

subtraction. 

Firstly, we studied the complex between c2A and dockerin CelS (c2A-celS) by smFRET on freely diffusing 

molecules. The FRET histogram of the complex shows a bimodal distribution, with a subpopulation of 

low FRET efficiency separated from a second high-FRET subpopulation (see Fig. 2a, striped histogram), 

as expected for the B1 and the B2 modes. In order to confirm this assignment, we used single binding 

mode mutants (SB), which are only able to bind in the B1 (celS_SB1) or the B2 mode (celS_SB2). The 

FRET histogram of c2A-celS_SB1 mutant shows one discrete population with a FRET value that rightly 

matches that of the B1 subpopulation of the wild type protein (blue line, Fig. 2a). Similarly, the c2A-

celS_SB2 complex presents a single population as well, and its maximum concurs with the wild type’s 

B2 subpopulation (orange line, Fig. 2a). The same type of bimodal distribution was also observed in 

surface-immobilized c2A-celS complexes (Figs. S1a and S2a).  

Type-I cohesin-dockerin complexes from Clostridium cellulolyticum have also been proposed to display 

also a dual binding mode. Crystallographic structures of SB mutants are also available for this complex, 

and we took advantage of the high structural similarity between C. thermocellum and C. cellulolyticum 

complexes23 and applied the same experimental approach (Fig. S3). Specifically, we studied the 

interaction between the cohesin 1 from scaffoldin CipC, and the dockerin from the cellulase 5A (c1C-

CcCel5A complex). Similarly, the solution smFRET histogram of c1C-CcCel5A displays a double peak 

shape, featuring a high and low FRET population, which we confirmed as the B1 and B2 modes with 

the help of SB mutants (Fig. 2b). Finally, we also detected both binding modes in surface-immobilized 

molecules (Fig. S1b and S2b) 

Uncovering a Dual Binding Mode code 

Visual inspection of the c1C-CcCel5A histogram shows that both binding modes are not equally 

populated, prevailing the B2 mode over B1 (Fig. 2b and 2d). This trend is also observed, although more 

subtly, in the c2A-celS complex. In the latter case, it is more difficult to notice from inspection of the 

FRET histograms (Fig. 2a), but it becomes obvious when compared with an histogram of SB1 and SB2 

mutants with equal populations (Fig. 2b and 2d).  

From the FRET histograms, it is clear that the binding modes are not only unevenly populated but that 

the size of the B1 and B2 populations is different among complexes. To get further insights into this 

phenomenon, we used PDA of smFRET data33,40,43,44 to quantify the distribution of binding modes of 

our cohesin-dockerin complexes. Firstly, we tested the ability of PDA to retrieve accurate values for 

the fraction of binding mode populations in our bimodal smFRET histograms. To this end, we used SB 

mutants data to create artificial data sets with controlled subpopulation ratios, and then used PDA as 

implemented in the free software PAM45 to retrieve the fraction of binding modes. This shows that 

that PDA can recover the fraction of subpopulations with a deviation of only 0.007 from the expected 

value (fraction values are normalized to 1) (see Supp. Results for full details). When analyzed by PDA, 

the asymmetric distribution of binding modes in c2A-celS was confirmed, with a fraction of 0.43 ± 0.02 

of the complexes bound in the B1 state (since B1 and B2 fractions add up to 1, only B1 fraction is 

mentioned). These results are somewhat surprising because the canonical dual binding mode implicitly 

assumes a symmetrical binding based on both, the sequence conservation among dockerin H1 and H3 

helices, and its structural symmetry (Fig 1b and Fig. S4). 

In structures of single binding mode mutants of C. thermocellum complexes, the residues at positions 

19, 20 and 21 in helix H1 establish a set of important hydrophobic contacts with cohesin in the B1 

mode, and the homologous positions 51, 52 and 53 are responsible for these contacts in the B2 mode26. 

In the case of dockerin celS, sequence conservation between these residues in helix H1 and H3 is poor 

(Fig. S4) and could explain the asymmetric distributions. To explore this scenario, we decided to study 
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the dockerin from cellulase A (CelA) which displays a higher degree of similarity in this area (Fig. S4). 

Surprisingly, asymmetric binding still occurs and it is even more pronounced (0.37 ± 0.04 of B1 fraction, 

Fig. 3a).  It is noteworthy that these fractions, 0.43 for c2A-celS and 0.37 for c2A-celA are significantly 

different from the value 0.5 (p < 0.05), but also among themselves (p < 0.05).  

 

Figure 3. A cohesin-dockerin code. a) FRET histogram of the c2A-celA complex from C. thermocellum. The 

subpopulation of binding modes are not equally distributed, with a predominance of the B2 population. PDA 

analysis further confirmed this conclusion (fraction B1 population of 0.37 ± 0.04). This contrasts with the 

subpopulation distribution of another C. thermocellum complex, c7A-celS, shown in b). Unlike the c2A-celA 

complex, the B1 mode is more abundant in the c7A-celS complex with a B1 fraction of 0.58 ± 0.03. c)  Plot 

summarizing the binding mode distribution of all C. thermocellum complexes studied. With the exception of c1A-

celA and c7A-celA all complexes display different distribution of binding modes (at p < 0.05). d) Comparison of 

c1C-Ccel5A and c7C-Ccel5A complexes from C. cellulolyticum. The difference of binding modes distribution 

between both complexes is obvious from the E histograms (B1 fraction of c1C-Ccel5A 0.26 ± 0.02 vs 0.45 ± 0.02 

of c7C-Ccel5A). 

Although crystallographic studies have shown that the network hydrogen-bonds in both binding 

modes are be very similar, a few extra hydrogen bonds between the dockerin and cohesin are present 

in the PDB structure of the B2 mode mutant26. These hydrogen bonds could explain the equilibrium 

shift toward B2 binding. Specific elimination of these hydrogen bonds without any side effects is 

virtually impossible, for this reason, we decided to probe this scenario indirectly, by studying the 

equilibrium population in the highly homologous cohesin 7 module from the same scaffoldin CipA (Fig. 

S5). Cohesin 7 (c7A) displays a high degree of similarity with c2A (73% identity and 94% similarity) and, 

more importantly, shows a total conservation of the residues involved in the cohesin-dockerin 

interaction25,26 (Fig. S5). We reasoned that the same set of hydrogen bonds would be very likely present 
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in c7A and the trend toward B2 binding should remain if these extra hydrogen bonds account for the 

difference. Unexpectedly, our results suggest that these contacts are not the primary cause of the 

binding asymmetry, because the histograms of the c7A-celS complex showed an inversion of the 

subpopulations (Fig. 3b and Fig. S6a), with a prominence of B1 state at equilibrium. PDA analysis of 

c7A-celS and C7A-celA further confirm this conclusion with a B1 subpopulation fraction of 0.58 ± 0.03 

and 0.48 ± 0.03 respectively (Fig. 3c). These changes among cohesin-dockerin complexes point to a 

scenario where, despite being very similar, different cohesin-dockerin complexes can show distinct 

distribution of binding modes, a sort of cohesin-dockerin code. This view was further confirmed when 

we included in our analysis the cohesin 1 module from the same scaffolding unit (c1A-celS and c1A-

celA, Fig. 3c, S7 and S8). Furthermore, when comparing different cohesin-dockerin combinations, all 

the complexes display different subpopulation ratios (p < 0.05), with the only exception of the pair 

c1A-celA and c7A-celA (Fig. 3c). The binding modes were assigned in all cases using SB mutants (Fig. S7 

and S8).  

We found a very similar situation in C. cellulyticum when we studied the cohesin-dockerin complex 

between the cohesin module 7 of scaffoldin CipC and the dockerin CcCel5A (c7C-CcCel5A). c1C and c7C 

cohesins are almost identical (81% identity and 96 % similarity, Fig. S9), but the binding mode 

population distributions are radically different among c7C-CcCel5A and c1C-CcCel5A complexes (Fig. 

3d and Fig.S6b), substantiating our finding of a cohesin-dockerin code that is not simply reflected in 

the immediate binding interface.   

It is unlikely that small sequence differences between helices are the main source of asymmetry, as 

our results with dockerin celS and celA indicate. Besides, the remarkable structural resemblance 

between cohesins (Fig. S10) and its high sequence identity (especially in the residues involved in the 

interaction, Fig. S4, S5 and S9) make them unlikely candidates as well. In order to rule out these 

possibilities in a single experiment, we designed a swapped version of dockerin celS (celS_Swap), in 

which the helix H1 and H3 was exchanged. If the asymmetry were a direct result of these two factors, 

one would expect an inversion of the subpopulation fractions. We did not observe such an inversion 

in any of the three cohesin-celS_Swap complexes studied (Fig. 4). The largest deviation from the 

expected value was observed for c2A-celS_Swap, where the B1 state takes over most of the population 

(B1 0.89 ± 0.04 vs the 0.57 expected, Fig. 4a). A predominance of the B2 state was expected for c1A-

celS_Swap and c7A-celS_Swap, but instead we observed a higher abundance of the B1 population (B1 

fraction of 0.59 ± 0.03 and 0.69 ± 0.03 respectively, see Fig. 4b and 4c).  

 

Figure 4. FRET histograms of cohesin-celS_Swap complexes. a), b), and c) FRET histograms of c2A-celS_Swap, 

c1A-celS_Swap and c7A-celS_Swap complexes, respectively. In any of the three cases, the distribution of binding 

modes matches an inversion of subpopulation fractions relative to wild type complexes. For the c1A-celS_Swap 

and c7A-celS_Swap complexes a subpopulation inversion would predict a prominence of the B2 mode 

subpopulation (B1 fraction of 0.48 and 0.42 was expected, respectively), however as it can be seen in b) and c) 

the B1 mode prevails (B1 fraction of 0.59 ± 0.03 and 0.69 ± 0.03, respectively). In the case of c2A-celS_Swap 
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complex, although a prevalence of B1 over B2 was expected, the deviation from the anticipated value was large 

(B1 fraction of 0.89 ± 0.04 vs the 0.57 expected). 

Overall, our results suggest that the selection of binding mode is globally determined, probably by very 

small deviations throughout the cohesin-dockerin complex that impact the binding energies and the 

final populations of the binding modes.  

The dockerin clasp as a global regulator 

The so-called dockerin clasp is a structure of unknown function found in several dockerins, and closes 

the dockerin structure by connecting its N and C termini24,46. Formed, in the case of dockerin celS, by 

the stacking of Tyr5 and Pro66, it is structurally distant from the cohesin-dockerin interaction surface 

(Fig. 5a) but mutational studies have revealed that it plays a role in the stability of the cohesin-dockerin 

complex46. In the context of our results, this makes the clasp a potential regulator of the dual binding 

modes.   

In order to study the role of the clasp, we designed a clasp knockout dockerin mutant CelS_mClasp 

(Y5A, P66A) and we studied the complexes formed with c2A, c1A and c7A cohesins by smFRET. The 

mutation has a severe effect in all the complexes, especially in the complexes c1A-celS_mClasp and 

c7A-celS_mClasp where the B2 state was virtually eliminated (Fig. 5b and Fig. S11a). The effect is milder 

in c2A-celS_mClasp (Fig. 5c), but the shift towards the B1 state is consistent throughout the three 

complexes. The same shift toward B1 state was observed when we replicated the mutation in dockerin 

celA (Fig. 5d and S11). These changes indeed make the clasp an important player in the dual binding 

mode, but since it is not involved in any of the direct contacts between cohesin and dockerin its 

working mechanism remains obscure. 
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Figure 5. The clasp structure. a) A stacking interaction between dockerin residues Tyr5 and Pro66 creates an 

intramolecular clasp. As can be seen in the representation of celS-c2A complex, the clasp is located far away from 

the surface of interaction between cohesin and dockerin. b), c) and d) comparison of c1A-celS, c2A-celS, and c2A-

celA wild type complexes with clasp mutant complexes (celS_mClasp in represented in red, wild type complexes 

in striped-colored histograms). Clasp mutants display a different distribution binding modes subpopulations, with 

a displacement of the equilibrium towards the B1 state. 

Molecular dynamics simulations suggest that subtle structural differences alter binding mode 

populations. 

From a thermodynamic perspective, the shift toward the B1 state displayed by the clasp mutants 

points to two alternative effects of the clasp in the wild type complex, either a stabilization of the B2 

state or a destabilization of B1. In order to get insight into the scenario that is taking place, we utilized 

two different molecular dynamics simulations approaches. The first involves a Monte Carlo (MC) 

sampling based on a coarse-grained model47, in which the proteins interact as rigid bodies through the 

residues at the inter-molecular interface. The second method uses a previously described FoldX-based 

approach48, but in a significantly improved manner that also involves a MC sampling (see Methods). 

Specifically, we applied them to study the c2A-celS complex. 

The coarse-grained simulations predict the dual binding mode behavior in the wild type complex, with 

the probability of each mode close to 0.5 (Fig. S12 and S13). Remarkably, they predict quite well the 

large change in B1 and B2 states in the case of SB mode mutants (Fig. S12 and S13). However, the 

method fails to predict the shift toward the B1 state observed experimentally in the clasp mutants. Fig 

6a shows that the structures obtained during the MC sampling, assigned either to the B1 (blue dots) 

or the B2 mode (red dots), are distributed quite homogeneously between both modes, particularly 

where the density of structures is higher (see values of DRMS between 2-4 Å). In other words, both 

binding modes are equally probable (Fig. S13).  In this method, the proteins are considered as rigid 

bodies and the fine details are missed in the simulation. This seems to explain the discrepancy between 

the simulations and the experiment in the case of the clasp mutants, and also why it fails to reproduce 

the slight deviation toward the B1 state in the wild type.  

 

Figure 6. Molecular dynamics simulations. a) Coarse-grained simulation of c2A-celS_mClasp complex. The 

distance between the α-C atoms of CYS142 in cohesin and CYS69 in dockerin CelS versus DRMS to B1 mode 

(DRMS(S, SI), blue data points) or B2 mode (DRMS(S, SII), orange data points) is shown. Each of the data points 

corresponds to a cohesin-dockerin structure obtained from the CG simulations. Unfortunately, the method fails 

to reproduce the shift toward the B1 mode, as can be notice from the similar distribution of structures in both 

binding modes (see Fig S13). b) Effect in the dual binding mode of removing the last 6 C-terminal dockerin 

residues. smFRET histograms display the same shift toward the B1 state on both mutants, c2A-celS_mClasp 

mutant and c2A-celS_C-Depleted, indicating that the effect observed in the last is mainly due to the suppression 

of the clasp structure. c) Plot of the binding energies obtained with our Fold-X based approach. Energy of binding 

in B1 mode (blue line) and B2 mode (orange line) quickly saturated as soon as the Ec value is large enough. The 

simulation shows the results obtained for the complex c2A-celS_C-Depleted, which is unable to form the clasp 

structure. The results shows that the energy for binding in the B1 mode is lower by -3.7 kcal/mol for this 

complex.  

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted December 19, 2019. ; https://doi.org/10.1101/2019.12.19.882373doi: bioRxiv preprint 

https://doi.org/10.1101/2019.12.19.882373


 

On the other hand, the FoldX-based method is an all atom approach where the side chains of the 

residues are considered explicitly. In the case of the wild type complex, this method predicts an energy 

difference between B1 and B2 of about -1.4 kcal/mol (supplementary results, Fig. SR6), which indicates 

a slight preference for B1, but within the range of our error (±2 kcal/mol). For the clasp mutant, this 

energy difference is larger (-1.8 kcal/mol) but still within the error range (Fig. SR6). Our observations 

indicate that the method is able to catch the trend observed experimentally, although the energy 

difference is too small to be considered conclusive. In order to perturb the system toward a situation 

where our simulation can predict significantly the energy differences, we removed the last six residues 

from the dokerin’s C-terminus. The selection is not accidental, in the first solved structure of a cohesin-

dockerin complex25, those residues including Pro66 of the clasp were removed. We hypothesized that 

the authors were actually able to obtain a crystal because, by removing the proline, clasp formation 

was prevented and therefore the equilibrium was shifted toward the B1 mode. Indeed, the FRET 

histogram of this c-depleted mutant recapitulates the shift toward the B1 state observed in the c2A-

celS_mClasp mutant (see Fig. 6b), and therefore indicates that the effect originates from the removal 

of the clasp. The energy difference calculated between the B1 and B2 state for this c-depleted mutant 

is -3.7 kcal/mol (Fig. 6c), above our error and demonstrating a destabilization of the B2 mode in the 

mutant. Overall, these results suggest that the changes observed experimentally for the clasp mutant 

are due to a clasp-mediated stabilization of the B2 state in the wild type complex. 

The clasp as a dual binding mode allosteric regulator 

Due to its role in the equilibrium of binding states, it is tempting to speculate about a role of the clasp 

in the regulation of the dual binding mode. Single amino acid mutants of this structure (either Y5A or 

P66A mutants) show that Pro66 is key for the response observed in the clasp mutant (Fig. S14). In the 

PDB 2MTE, Leu65-Pro66 peptide bond has the particularity of being in the unusual cis conformation24. 

Although the NMR solution structure of the dockerin CelS (2MTE) was solved in the absence of cohesin, 

our own NMR data show that this bond stays in the cis conformation upon cohesin binding (see 

Supplementary results). It is clear from the NMR structure that a change toward the trans 

isomerization will severely affect the net of contact of the Pro66 and the well-ordered residues around 

it24. 

In contrast to C. thermocellum complexes, c1C-CcCel5A wild type complex the samples were not at 

equilibrium at the beginning of the measurement (Fig S16). Instead, we observed slow subpopulation 

dynamics. Starting from a roughly equally distributed population of binding modes, the system evolved 

to a situation where the B2 state was the predominant species (Fig. 7a, black symbols and Fig S16). 

Our data strongly suggest that this process is not due to a direct interconversion between binding 

modes, but rather a re-equilibration process between binding modes that occurs in the diluted 

conditions of the measurement (see discussion in Fig S17 and S18). 

Although the clasp mutant of C. cellulolyticum c1C-CcCel5A complex shows only mild enrichment in 

the B1 state when compared to wild type complexes (Fig.S15), the dynamic process driving towards a 

B2-dominated population is still present, and remarkably the kinetics of this process is greatly 

accelerated (Fig. 7a, red symbols). Furthermore, if the clasp´s proline in CcCel5A dockerin shares the 

same isomerization bias as in CelS, we hypothesized that a change in the isomerization state of the 

clasp´s proline should have a similar effect on the kinetics, as most of the contacts established by the 

proline in the clasp will be affected. With this idea in mind, we treated the c1C-CcCel5A sample with 

cyclophilin A, a prolyl isomerase from E.coli49 and observed faster kinetics toward the final equilibrium 

conditions, almost comparable to that found in the c1C-CcCel5A_mClasp complex (Fig. 8a, blue 

symbols). Furthermore, this effect was not observed when we used a cyclophilin A mutant with 
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hampered isomerase activity that still binds substrate with high affinity50 (Fig. S20a). It is worth 

highlighting that, besides the accelerated kinetics during the binding modes equilibration, a general 

destabilization of the complex occurred upon proline isomerization. This is suggested from the 

accelerated decay over time in the total number of cohesin-dockerin complexes observed in 

cyclophilin-treated samples which is not observed in the wild type (Fig. S18 and S19). 

 

Figure 7. Regulation of dual binding modes by the intramolecular clasp. a) Proline cis/trans isomerization 

regulates the kinetics towards the steady state. The C. cellulolyticum c1C-cCCel5A complex (black symbols) shows 

a slow kinetics in the distribution of binding modes, from a similarly distributed B1 and B2 states at t0, the system 

evolves to a B2-dominated scenario.  c1C-CcCel5A-mClasp mutant (red symbols) shows accelerated kinetics 

towards the steady state, indicating a regulatory role of the clasp in the process.  Actually, alteration of the 

isomerization state of the clasp´s proline by a prolyl isomerase (cyclophilin A) accelerates the kinetics in a similar 

way as in the clasp mutant (blue symbol). t1 stands or decay times of the kinetic process. b) Prolyl isomerase 

activity is able to change the distribution of binding modes in C. thermocellum complexes. In blue, the histogram 

of a cyclophilin-treated c2A-celS_Y5A complex shows the change in the distribution of binding modes when 

compared to an un-treated sample (striped histogram). An increase in the B2 mode population is observed for 

the treated sample. 

In the case of C. thermocellum complexes, the effect observed for the clasp mutant complexes led us 

to expect an effect on the subpopulation fraction upon P66 isomerization. Even though a small 

enrichment in B2 state was observed for cyclophilin-treated c2A-celS samples, the effect was too mild 

to be conclusive (Fig S21). In order to obtain a larger response, we used the single residue clasp´s 

mutant Y5A (c2A-celS_Y5A), which displays the same subpopulation ratios as the wild type complex 

(Fig 2a and S14a). We predicted that the suppression of contacts between the Pro66 and the Tyr5 

would weaken the network of contacts that keep the former in the cis conformation and therefore 

would make it more accessible to enzymatic isomerization. The response to enzymatic isomerization 

was drastically greater for the c2A-celS_Y5A complex (Fig. 7b), with a significant shift (p < 0.01) of the 

population toward the B2 mode (B1 fraction of 0.420 ± 0.016 for the untreated samples vs 0.20 ± 0.01 

for the cyclophilin-treated). Again, cyclophilin A mutant did not produce such a shift (Fig. S20b). We 

noticed that this shift toward the B2 state is also observed for cyclophilin-treated c1C-CcCel5A 

complexes (see Fig. 7a, black vs blue symbols). 

Discussion  

In the present work, we have clearly answered the question whether type-I cohesin-dockerin 

complexes bind in two alternative binding modes. Our smFRET approach makes the identification of 

the two binding modes trivial, mere visual inspection of the FRET efficiency histograms already suffices 

to identify both binding modes. We have detected dual binding behavior in eight different cohesin-
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dockerin complexes, from two different species of bacteria, and we rigorously confirm the 

identification of the binding modes using SB mutants. Previous studies using single-molecule force 

spectroscopy claimed the detection of dual binding modes in one cohesin-dockerin complex39, but 

their interpretation of the force-extension curves has been questioned by coarse-grained simulations 

and their findings remain controversial51 

Interestingly, most cohesin-dockerin complexes show unequal population of the two binding modes. 

This contrasts with the classical idea of a dual binding mode for cohesin-dockerin complexes, since the 

internal symmetry of the dockerin and the high degree of sequence similarity between helix 1 and 3 

suggest identical binding modes. Furthermore, we used PDA to quantify the distribution of binding 

modes of several complexes, and showed that the actual distribution of modes depends on both the 

cohesin and the dockerin. This cohesin-dockerin code greatly impacts our understanding on how 

cellulosomes are structurally arranged, and challenges the vision of a cellulosome with randomly 

arranged enzymes. The code predicts that particular cellulosome conformations are more likely to 

occur for every specific combination of enzymes and cohesins, as has been described in mini-

cellulosomes model systems52. But, on the other hand, the existence of dual binding modes provides 

the system with enough structural flexibility to accommodate enzymes in the alternative binding mode 

in a sterically-constrained environment.  Importantly, our approach opens the door to directly study 

cellulosome assembly and dynamics at an unprecedented detail. 

The cohesin-dockerin code, and our results with helices-swapped mutants, suggest that although the 

dual binding mode phenomenon is grounded on the dockerin’s helical symmetry, the actual 

distribution of binding modes is determined globally, with small structural differences throughout the 

cohesin-dockerin complex contributing to the final binding energies. This view is supported by our 

molecular dynamics simulations. Although coarse-grained simulations are able to recapitulate the dual 

binding mode behavior and the effect in SB mutants, they fail to reproduce the distribution of binding 

modes in the wild type complex, or the effect of mutations that are not located directly in key residues 

of helix 1 or 3. Overall, this suggests that the fine details, lost in the coarse-grained simulations, are 

responsible for these features. Furthermore, even though our FoldX-based approach optimizes the 

conformations of the sidechains, the backbone geometry remains fixed. In our simulations, we tried 

to overcome this limitation by using all the 20 NMR configurations available of the dockerin (2MTE), 

plus two c2A structures from different PDB entries (1OHZ and 2CLL). However, even with our 

exhaustive exploration of the conformational space, small regions of it could remain only partially 

explored. This may explain why the difference of energy calculated for the binding modes are 

sometimes small, although they follow the trend observed experimentally.  

Remarkably, we have found that the dockerin intramolecular clasp, a structure without a known 

function to date, plays an active role on the regulation of the dual binding mode. Using mutational 

studies, molecular dynamics simulations, and single-molecule kinetic measurements we demonstrate 

the role of the clasp on the selective stabilization of one binding mode, and also in the kinetics toward 

the final distribution of binding modes in equilibrium.  

Most importantly, we have shown that the effect of the clasp can be externally regulated by changing 

the isomerization state of its constitutive proline, which affects both the kinetics of interconversion 

and the equilibrium population of the binding modes. This has great implications on the structural 

organization of cellulosomes and the regulation of their activity. On one hand, the structure of 

cellulosomes needs to adapt in terms of enzyme composition and quaternary structure to assure 

enzymatic access to the crystalline cellulose inside the matrix of hemicellulose, pectin and lignin. The 

regulated-kinetics toward the steady state can be exploited to reach a particular cellulosome 

configuration more quickly, leveraging efficiency in a particular substrate micro-environment. On the 

other hand, since expression of cellulosomic components, and cellulosome composition is known to 
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change with substrate type and over time34-36,53, the general complex destabilization upon proline 

isomerization provides a simple mechanism to achieve cellulosome remodeling (by faster exchange of 

cellulosomal enzymes).  Although we used a prolyl isomerase from E. coli to change the cis/trans 

equilibrium of Pro66, a Blast search (https://blast.ncbi.nlm.nih.gov/Blast.cgi) in C. thermocellum and 

C. cellulolyticum genomes retrieves a match with a predicted prolyl isomerase in both cases. 

Interestingly, the sequences display an N-terminus Sec/SPII signal peptide for extracytoplasmic export 

(GenBank: ABN51309.1 and ACL77371.1). Future studies should address the identification and 

characterization of prolyl isomerases from cellulosome-producing species, as well as their activity in 

cohesin-dockerin complexes. 

Besides, our findings are not only relevant to cohesin-dockerin type-I complexes of Clostridium species. 

Clasp structures have been found also in type-II complexes, and in several other species as well, 

including Acetivibrio cellulolyticus, Bacteroides cellulosolvens and Ruminococcus flavevaciens24,46. 

Furthermore, the chemical nature of the clasp is completely different in some cases, featuring 

electrostatic interaction between charged residues46. It is tempting to speculate that this salt bridge-

based clasp could confer a simple mechanism for cellulosomes remodeling upon pH changes, since 

acidification takes place during the fermentation carried out by these organisms54-56.     

Finally, our results open the gate to the incorporation of dynamics features for the design of improved  

designer cellulosomes, which are a promising and affordable  alternative for bioethanol production 

from lignocellulosic waste13. 
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