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ABSTRACT OF THE DISSERTATION 

 

Expanding Cellulosomics: Investigation of Novel Cellulolytic Species and Transcriptional 

Regulation Mechanisms in Thermophilic Anaerobes 

by 

Allen Turner Takayesu 

Doctor of Philosophy in Biochemistry, Molecular and Structural Biology 

University of California, Los Angeles, 2025 

Professor Robert Thompson Clubb, Chair 

 

Increasing damage from climate change, dwindling petroleum supplies, and the 

inefficiencies of first-generation biofuels have created a need for improved methods to cost-

effectively produce chemicals, biomaterials, and biofuels from carbon-neutral sources. 

Lignocellulosic plant biomass is an abundant, renewable, and naturally occurring material ideal 

for bioconversion to these products that does not compete with food production. However, the 

recalcitrance of lignocellulose to hydrolysis limits its use in a larger-scale industrial setting due 

to high costs and low yields. One microbial solution to this problem has been the development 

of engineered microbes capable of efficiently degrading and converting lignocellulose into key 

bioproducts. At the forefront of this microbial approach are organisms capable of producing 

large extracellular enzyme assemblies called cellulosomes, which confer high cellulolytic activity 

to the bacteria that produce them.  
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In order to improve current efforts towards engineering industrial-use cellulolytic 

anaerobes, the work described in this dissertation seeks to understand how these organisms 

regulate the biogenesis and display of cellulosomes by studying the transmembrane receptor 

RsgI-proteins of Clostridium thermocellum (aka Acetivibrio thermocellus). Additionally, this work 

aims to both expand and characterize the set of known bacterial cellulosome-producers in order 

to reveal the diversity of reported cellulosome assemblies for potential use in ongoing 

engineering efforts. Chapter 2 of this dissertation describes the ectodomain from one of the nine 

RsgI-type transmembrane biosensors of C. thermocellum. The chapter presents the first 

electron density reconstruction of an RsgI ectodomain and investigates both the substrate-

binding specificity and potential enzymatic activity of two of its three subdomains. In Chapter 3, I 

solved the solution state structure of the third subdomain within the RsgI ectodomain: an 

extracellular domain conserved between over 1000+ RsgI homologs. In addition to solving its 

atomic structure, this study employed molecular dynamics and proteomics experiments to 

further characterize the mechanism of autoproteolysis within the conserved domain. In Chapter 

5, I discuss a broad comparative genomic screen that we conducted across 300k+ curated 

genomes to catalogue and identify all recorded and putative cellulosome producing bacteria. 

This genomic screen provided counts and predicted architectures for cellulosomal proteins in 

each investigated organism, identified 10 novel cellulosome producers, and provided insight into 

4 distinct archetypes of cellulosome assemblies. Combined, my thesis research has expanded 

the genetic toolset available by characterizing the mechanism of RsgI activation in more 

complex cellulosome producing organisms and growing the set of known cellulosomal bacteria 

which will provide valuable insight for those attempting to engineer cellulosome producing 

organisms for bioconversion. 
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Chapter 1 

 

Introduction 
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1.1 Overview 

 The effects of climate change and finite petroleum supplies have created a pressing 

need to find alternative solutions to produce chemicals, biofuel, and materials from renewable 

and carbon-neutral sources. A promising microbial approach to this problem has been to utilize 

and engineer cellulolytic bacteria to efficiently degrade and convert abundant biomass to usable 

bioethanol and other similar bioproducts. Of particular interest are anaerobic thermophiles able 

to display megadalton, multi-enzyme extracellular complexes known as cellulosomes. Despite 

their promise as efficient biomass degraders, industrial-scale use of cellulosome producing 

microbes is hampered by challenging genetic manipulation of the organism and an incomplete 

understanding of cellulosomal regulation and biogenesis. More complex cellulosome producing 

microbes, such as Clostridium thermocellum (a.k.a. Acetivibrio thermocellus), contain a suite of 

extracytoplasmic function (ECF) sigma factors (SigI) and cognate transmembrane anti-sigma 

factor receptors (RsgI) responsible for controlling the expression and enzymatic composition of 

these cellulosomes. In this chapter, I summarize the current state of the microbial-based biofuel 

production and review the regulatory machinery, components, and general architecture of the 

cellulosome.  
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1.2 Lignocellulose Degradation and Processing 

The financial and environmental strain from the increasing effects of climate change and 

over-consumption of limited petroleum resources has created a pressing need for the 

development of sustainable biofuel, chemical, and biomaterial production [1]. Though initially 

promising in use, first generation biofuels derived from foods such as corn starch have proven 

to be environmentally detrimental due to direct competition with food production, excessive 

cropland area, and increased fossil-fuel derived nitrogen fertilizer usage [2]. Lignocellulosic 

plant biomass (LCB) is considered one of the best candidate materials to use as a second-

generation biofuel source, due to its high abundance (145 billion tons generated per year 

globally) and ability to be produced sustainably [3, 4]. Although there is a myriad of industrial 

techniques used to process LCB into usable products, current methods are both cost and 

product inefficient, with less than 5% of the LCB effectively utilized [5].  

Lignocellulose is difficult to fully utilize by traditional processing methods due to both its 

chemical structure and composition. LCB is comprised of 3 major components, each 

contributing to LCB’s recalcitrance in different ways: cellulose (30-50% dry weight), 

hemicellulose (20-35%), and lignin (10-25%) (Figure 1.1) [6]. Cellulose, a glucose homopolymer 

constructed with β-(1,4) glycosidic bonds, forms the core crystalline fibers of LCB, tightly held 

together by an extensive network of hydrogen bonding [7]. Surrounding these fibers are webs of 

branched hemicellulose heteropolymers consisting of both 5- and 6-carbon sugars as well as 

glucuronic acid whose abundance and composition varies between plant species [8]. This 

heterogeneity contributes most significantly to processing costs due to the required variety of 

enzymes needed to fully deconstruct the hemicellulose [9]. Lastly, the cellulose and 

hemicellulose are encased in a sturdy barrier of lignin, a non-crystalline branched phenolic 

polymer which helps to protect the fibers from oxidative, microbial, and chemical degradation 

[10].  
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1.2.1 Current Methods of Lignocellulose Biorefinery  

 The traditional approach of refining LCB into biofuels and chemicals employs the three-

stage process of pretreatment, enzymatic saccharification, and fermentation. Pretreatment of 

the raw material is necessary in order to physically break up the three main components of the 

LCB, primarily the lignin and crystalline cellulose [11,12]. This can be accomplished using 

physical (e.g. mechanical crushing, hydrothermolysis, and irradiation), chemical (e.g. acid, 

alkali, oxidative treatment), or biological means (e.g. fungi or enzymatic treatment) [13,14]. The 

pretreated LCB then undergoes enzymatic saccharification wherein a blend of endoglucanases, 

exoglucanases, and β-glucosidases synergistically break down the hydrolysate into 

oligosaccharides and then further into monosaccharides [15]. Finally, the produced 

monosaccharides are converted into the desired fermentation products via an engineered 

Saccharomyces cerevisiae WXY12 strain in a large bioreactor [16].  

 Current LCB biorefinery methods are not yet suitable for large-scale industrial use owing 

to several financial and technological limitations. Most physical LCB pretreatment methods 

require a very high energy input to break up the material which is difficult to implement at 

industrial scale. Byproducts generated from chemical pretreatment such as furfural must be 

removed in an additional detoxification step before saccharification, thus increasing processing 

costs and generated toxic waste [17-19]. As a way to mitigate these effects, biorefineries use a 

cost-effective combination of both physical and biological methods via a steam-explosion 

treatment followed by biological pretreatment, leading  to higher yields and fewer byproducts 

[20]. In addition to incurring the largest costs, the cocktail of purified cellulolytic enzymes during 

saccharification serves as a bottleneck in the biorefinery process from coordinating pH, 

temperature, and longer incubation time requirements [21,22]. The difficulties of efficient co-

fermentation of hexose and pentose sugars and the limited tolerance to metabolic and ethanol 

byproducts pose additional challenges during the fermentation process [23,24].  



 

5 

1.2.2 Consolidated Bioprocessing 

 In order to overcome the problems faced by current LCB biorefineries, several research 

groups have looked towards naturally occurring bacterial and fungal-based biomass 

deconstruction models as a cost-effective and less labor-intensive alternative [25]. Consolidated 

bioprocessing (CBP) is an approach to LCB processing and refinement that combines cellulase 

production, saccharification, and fermentation into a single bioreactor step [26]. An effective 

CBP system would therefore significantly reduce the production cost by removing the need to 

produce and purify separate enzymes for a discrete hydrolysis step. As of now, there are three 

primary CBP models under investigation for industrial use: heterologous expression of 

cellulolytic genes in model organisms, co-cultured microbial consortia systems, and engineering 

naturally lignocellulolytic organisms [27].  

 Model organisms like Escherichia coli, Bacillus subtilis, and S. cerevisiae have a well-

established suite of genetic tools available, making them targets for CBP development. Without 

natural cellulolytic activity, the construction of these CBPs require the heterologous expression 

of cellulases, hemicellulases, and lytic polysaccharide monooxygenases (LPMOs) [28]. While 

robust, these model organisms often still struggle to not only express the lignocellulolytic 

enzymes at a sufficient quantity but also to achieve proper folding and glycosylation of these 

enzymes for activity [29]. Another CBP strategy is the co-culturing of multiple species in a 

microbial consortium for an efficient division of labor in lignocellulose degradation and 

fermentation. Co-culture strategies try to mimic naturally occurring consortia but are usually 

limited to two to three bacterial and/or fungal species [27,30]. Inoculation times, ratios, pH, and 

metabolic byproduct build up must be carefully balanced and monitored. Near industrial titers of 

bioethanol (22 g/L) production have been achieved from the synergistic co-culturing of a 

cellulase producing bacteria (Clostridium phytofermentans) and fermenting yeast [31]. 

Construction of synthetic lignocellulosic consortia poses significant optimization challenges but 



 

6 

also shows significant promise as a viable CBP approach, especially given advancements in 

machine learning tools for mapping complex microbial, substrate, and enzyme interactions 

[32,33]. 

 Several naturally occurring bacteria and fungi contain an array of Carbohydrate-Active 

Enzymes (CAZymes) with specific activities capable of biomass degradation. However, these 

organisms often lack the additional pathways required to produce the desired bioproduct or 

produce too many byproducts which inhibit growth and lower yield. The largest hurdle in 

engineering these microbes comes in the balance of maintaining high lignocellulosic activity with 

equal levels of biochemical and biofuel production. Lignocellulosic fungi such as Trichoderma 

reesei, Aspergillus niger, and Myceliophthora thermophila are promising as many of them 

produce the same cellulases used in industrial applications [34,35]. In addition to having an 

extensive set of genetic manipulation tools and established culturing protocols, fungal CBP 

candidates can achieve 2-5x faster cellulose utilization rates compared to bacteria [36,37]. 

Though many are thermostable at the optimal catalytic temperature for cellulases, fungal CBP 

candidates are obligate aerobes meaning cellulase and glycolysis genes are often inhibited 

under the hypoxic conditions experienced during LCB processing [38].  

Alternatively, bacterial CBP candidates, namely thermophilic anaerobes such as C. 

thermocellum, Clostridium cellulovorans, and Ruminiclostridium cellulolyticum, thrive in 

industrial conditions because they proliferate rapidly in high temperatures, have a high tolerance 

for pretreatment byproducts, and are natural bioethanol producers [39]. Of high interest are 

bacterial CBP organisms that owe their potent cellulolytic ability to the elaborate multi-enzyme 

surface structures they produce called cellulosomes, discussed further in Section 1.5 (Figure 

1.2) [40]. A slow adoption of these bacteria for industrial scale use stems primarily from a lack of 

genetic editing tools for these anaerobes, an incomplete understanding of cellulosome 

biogenesis, and low ethanol titers. By gaining an understanding of the molecular machinery 
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responsible for their efficient lignocellulose degradation and its regulation, CBP development 

becomes more viable as an alternative biofuel refinement strategy.   

 

1.3 Bacterial Sigma Factors 

Bacteria must be able to effectively react and respond to a plethora of extracellular 

stimuli in order to continue to survive and propagate. As such, they contain an extensive 

genetically encoded toolkit of adaptive mechanisms for responding to different environmental 

cues. Control of these adaptive systems happens at all levels of the central dogma – 

transcriptional, translational, and post-translational – with the initiation of alternative transcription 

acting as the vital initial step to this process [41,42]. The primary mediators of transcription 

initiation in bacteria come in the form of sigma (σ) factors. Bacterial σ factors are essential for 

transcription initiation, acting as the specificity subunit for the RNA polymerase (RNAP) 

holoenzyme [43]. In the RNAP complex, the σ factor subunit serves three primary functions: it 

helps to stabilize the other five subunits (α2ββ'ω) within the holoenzyme, makes direct contact 

with the DNA via the -35 bp and -10 bp promoter elements upstream of the transcription start 

site, and contributes to DNA strand separation during promoter escape [43,44]. σ factors 

preferentially recognize unique DNA promoter sequences and can therefore direct the 

transcription of distinct sets of genes and operons, or regulons [45]. In controlling the access 

and availability of these σ factors, bacteria have effective control over a wide variety of 

transcriptional profiles for use in stress and/or environmental responses, pathogenesis, and cell 

growth [46,47].  

1.3.1 σ70-Family σ Factors 

There are two structurally distinct flavors of σ factors in bacteria: σ70 (or SigA in gram-

positive bacteria), comprised of primary and some alternative σ factors, and σ54, which is 



 

8 

responsible for the regulation of several other adaptive cellular responses and virulence factors. 

The σ70 family encompasses nearly 20 times more members than those within the σ54 family 

and can be subdivided into four distinct groups based on sequence conservation, domain 

organization, and to a lesser extent, the types of genes they regulate [48]. These four distinct 

groups within the σ70 family are defined by the presence or absence of four conserved helical 

subdomains (σ1 – σ4), which themselves can be further subdivided into ~2-4 subregions for 

each subdomain (Figure 1.3) [49,50]. These subdomains mediate important interactions with the 

promoter DNA of the genes they help to transcribe, with the C-terminal σ4 subdomain interacting 

with the -35 promoter region and the σ2 and σ3 subdomains forming contacts with the -10 region 

[51].  

Group 1, or “Primary”, σ70 proteins contain all 4 subdomains and are associated with the 

regulation and transcription of housekeeping genes [52]. Group 2 σ factors are non-essential σ 

factors usually involved in regulating genes implicated in stress responses during the stationary 

phase and contain all 4 major subdomains like group 1 but lack a σ1.1 [53,54]. Flagellum 

biosynthesis, heat shock, cell wall stress, and sporulation genes constitute the four broad 

regulomes under the control of Group 3 σ factors which contain only σ2, σ3, and σ4 subdomains 

[55,56]. Lastly, the remainder of this section will focus on Group 4, or Extracytoplasmic Function 

(ECF) σ factors, which are associated with genes activated in response to stimuli sourced from 

outside the cell or from within the cell membrane.  

1.3.2 Extracytoplasmic Function (ECF) σ Factors 

ECFs account for the largest and most sequence diverse of the four σ70 families, consisting 

of over 43 major phylogenetically distinct sub-groups and involved in the regulation of a 

multitude of cellular stress responses as well as virulence pathways [57,58]. These regulons 

include genes involved in responses to oxidative stress, envelope stress, iron transport, nutrient 

limitation, and denatured extracellular proteins [59,60]. ECFs are the smallest of the σ70 factors 
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with an average length of 200 residues, only containing the essential σ2 and σ4 conserved 

subdomains for promoter recognition as well as a non-conserved σ2 / σ4 linker connecting them 

[61]. In vitro structures of the individual σ2 and σ4 subdomains with corresponding -10 and -35 

promoter elements, respectively, suggest an alternative mode of DNA binding during 

transcription [62,63]. Indeed, both crystal and cryo-EM structures of the full transcription 

initiation complex containing an ECF suggest that the non-conserved σ2 / σ4 linker plays a key 

role in transcription initiation akin to the structurally similar σ3.2 subdomain [64-66].  

 In addition to their distinct structure and DNA binding mode compared to the other σ70 

families, ECFs are defined by three unique functional hallmarks as well. Despite the drastically 

smaller size and set of recognition elements compared to Group 1-3 σ factors, each Group 4 σ 

factor recognizes a unique promoter and is much less promiscuous to promoter sequence 

identity as is seen with primary σ factor binding [41,67]. This stringency in promoter recognition 

also suggests why there is little cross talk seen between regulons controlled by ECF σ factors 

[68]. Regulomes involving ECFs take full advantage of this specificity via positive 

autoregulation, as each ECF gene has its corresponding ECF-specific promoter upstream of it 

[60]. Lastly, ECF σ factors are often defined by the presence of a cognate anti-σ factor as a 

negative regulator and binding partner. These anti-σ factors are modular, using a conserved 

domain to hold their cognate σ factor in an inactive state until an extracellular sensory domain 

detects a signal, either directly or through a signal-relay system, thus releasing the σ factor for 

transcription initiation. The ECF/anti-σ factor system will be discussed in more detail in the 

following section with other similar regulatory mechanisms seen in cellulolytic bacteria.  

 

1.4 Regulatory Systems in Cellulolytic Bacteria 
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Microbial LCB degradation presents a cleaner alternative for converting cellulosic 

biopolymers into usable simple sugars or fermentation products and chemicals. However, the 

slower processing times and lower yields currently capable with microbial-based methods 

present significant hurdles to their industrial use [69]. In order to fully harness the potential of 

these CBP organisms, research groups have focused primarily on two different approaches: 

Using model organisms such as S. cerevisiae for the heterologous expression of cellulolytic 

enzymes and genetic engineering of already existing, highly lignocellulolytic species such as 

anaerobic thermophiles and fungi [70]. In both approaches, an understanding of the core 

regulatory machinery and mechanisms in these microbes is crucial to both improving cellulolytic 

activity and biofuel production. This section will summarize the four common regulatory systems 

employed by gram-positive and gram-negative bacteria for the expression of CAZyme genes: 

Hybrid Two-Component Systems (HTCSs), Carbon Catabolite Repression (CCR), Selective 

RNA Processing and Stabilization (SRPS), and ECF/anti-σ factor systems (Figure 1.4).  

1.4.1 Hybrid Two-Component Systems 

HTCSs are ubiquitous and highly conserved signaling mechanisms that utilize a sensor 

histidine kinase (HK) that, when activated, triggers a phosphorylation cascade eventually 

leading to alternative transcription [71]. Extracellular signals or substrates, such as a cellulose 

polymer, are sensed by the sensor domain of the HK leading to signal transfer through the 

membrane to initiate autophosphorylation of the HK at a conserved histidine [72]. After 

phosphorylation of the HK, the phosphoryl group is transferred to a response regulator (RR) 

domain, triggering a conformational change of the RR into an active transcriptional regulator to 

modulate transcription [73,74]. Even though phosphorylation between paralogous, non-cognate 

HTCS domains could enable sizeable cross talk networks to form, stringency between HK/RR 

pairs is maintained due to specific interface residues and tight control of HK/RR stoichiometry 

[76-79]. In cellulolytic microbes, HTCS systems have been noted to regulate the expression of 
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CAZyme and related transporters in both gram-negative (e.g. Cellvibrio japonicus, Bacteroides 

thetaiotaomicron) and gram-positive bacteria (e.g. Ruminiclostridium cellulolyticum, Geobacillus 

stearothermophilus) [80-83].  

1.4.2 Carbon Catabolite Repression 

 CCR encompasses a broad set of different regulatory mechanisms which all allow 

microbes to selectively use preferred carbon substrates – often glucose – in a mixed media by 

modulating the expression of secondary catabolic systems [84]. CCR manifests differently in 

gram-positive and gram-negative microbes. Basal expression of genes for non-preferred carbon 

source metabolism in gram-negative bacteria is normally very low [85]. Low levels of glucose 

cause an accumulation of phosphorylated EIIA, a subunit of a glucose transport complex, which 

in turn phosphorylates and activates adenylate cyclase. The buildup of cAMP from adenylate 

cyclase activity then leads to an activation of cAMP receptor proteins that promote the 

upregulation of alternative carbon metabolism genes [86]. Unlike in gram-negative bacteria, 

gram-positive microbes actively suppress expression of non-glucose metabolism genes by 

employing a negative transcriptional regulator in the form of the carbon catabolite protein A 

(CcpA) and phosphorylated histidine-containing protein (HPr ~ P) [87]. In the absence of 

glucose, and therefore low fructose 1,6-bisphosphate (FBP) levels, HPr cannot be 

phosphorylated and dimerize with CcpA to bind to operator catabolite responsive elements (cre) 

[88]. As a result of binding to the cre box downstream of the transcription start site, transcription 

elongation of non-glucose metabolism genes is blocked [89,90].  

CCR poses a significant obstacle to genetically engineering CBP microbes to 

simultaneously metabolize the pentose and hexose sugars present in LCB, leading to longer 

fermentation times and added costs. As such, there is a significant trade-off within the CBP field 

as engineered model organisms which can co-ferment C5/C6-carbon sources without a CCR 

effect, such as S. cerevisiae and E. coli, are not naturally cellulolytic like an ideal CBP organism 
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[91,92]. In spite of this, engineered yeast continues to be a strong model for CBP development 

as several attempts have shown moderate success at increasing the cellulolytic activity by 

increasing cellulose-adherence or via heterologous expression of extracellular cellulolytic 

machinery [93,94]. Other groups have successfully demonstrated that co-utilization of pentose 

and hexose sugars is possible in engineered organisms with a CCR system like C. 

thermocellum by introducing exogenous xylose-catabolizing enzymes [95].  

1.4.3 Posttranscriptional Regulatory Mechanisms 

 Cellulolytic microbes are also able to regulate relevant lignocellulose degradation genes 

at the posttranscriptional level in several ways. One such regulatory mechanism used in both 

gram-positive and gram-negative microbes is Selective RNA Processing and Stabilization 

(SRPS). As with all bacterial genomes, lignocellulolytic bacteria often organize functionally 

related genes into operons which are often transcribed as a single, polycistronic mRNA 

transcript. Secondary structural elements within the resultant transcripts in the form of stem-

loops can modulate the stability of the mRNA by making it more recalcitrant or susceptible to 

exo- and endonuclease degradation [96]. The longer the stem-loop formed between genes 

within the transcript, the more stable the gene within the transcript. Clostridium and related 

cellulolytic species such as C. thermocellum, Acetivibrio cellulolyticus, and R. cellulolyticum 

employ this strategy in certain operons containing a mixture of CAZymes and scaffolding 

proteins used to arrange them on the cell surface [97-99]. In this way, microbes are not only 

able to control the abundance of select transcripts but also their stoichiometries. Strategic 

introduction of stem loops into operons and between genes also offers another tool for the 

genetic engineering of CBP Clostridia species.  

 The use of RNA regulatory machinery in cellulolytic microbes can also overlap with CCR 

processes. In Ruminiclostridium papyrosolvens, a cellulolytic thermophile and anaerobe, the 5’-

UTR of a polycistronic mRNA containing a cluster of xylanases has been shown to block 
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transcription [100]. In the presence of some alternative carbon sources, the 5’-UTR suppression 

is released, suggesting the presence of a riboswitch-like mechanism that allows for expression 

of cellulolytic genes only when the appropriate carbohydrate substrate is present. Other 

cellulolytic microbes also make use of cis-encoded small regulatory RNAs (sRNA) to control 

transcription levels of genes dedicated for polysaccharide transport and utilization, such as in 

several Bacteroides species [101]. Bacterial antisense cis-encoded sRNA is transcribed from 

the complementary strand of their target gene, which leads to a lack of translation or complete 

degradation of the original transcript due to the strong RNA duplex formed [102].   

1.4.4 ECF/anti-σ factor Systems 

Similar to a two-component system, ECF/anti-σ factor systems use a transmembrane 

protein capable of sensing an external signal which is transmitted through the membrane to 

trigger the activity of a cytoplasmic cognate protein. Within this system, the anti-σ factor is 

typically comprised of a C-terminal, extracellular sensing domain and a conserved cytoplasmic 

N-terminal domain which binds to its cognate ECF-σ factor [60]. The C-terminal sensor domain 

is highly varied between anti-σ factors, each determining the stimuli that activates it, with signals 

ranging from substrates like glycans, metals, and chemical stressors or mechanosensing 

signals such as cell-wall stress [103-106]. Cognate binding between ECF/anti-σ factor pairs is 

specific, but potential cross talk between non-cognate pairs has been reported in rare cases 

such as RpoE in Azospirillum brasilense and FpvR in Pseudomonas aeruginosa [107,108].  

ECF/Anti-σ factor pairs present a wide sequence and structural diversity, with 157 ECF 

groups currently classified amongst both gram-positive and gram-negative bacteria, several of 

which do not involve transmembrane sensor proteins [109]. The σE and σR of Rhodobacter 

sphaeroides and Streptomyces coelicolor, respectively, are held by soluble anti-σ factors which 

undergo a conformational change in response to different forms of redox stress experienced by 

the cell [110-112]. Some soluble ECFs rely on a C-terminal regulatory domain attached to the 
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ECF (e.g. CorE from Myxococcus xanthus, ECF41, and ECF42) to control activity [113-115]. 

Genomic screens of similar soluble ECF families such as ECF52 and ECF53 have also 

predicted the presence of hemicellulolytic glycosyl hydrolase domains [59]. Other forms of ECF 

regulation can be found across other non-cellulolytic species, including ECFs activated via 

membrane-bound Ser/Thr kinase phosphorylation [116] and systems that combine two-

component systems and ECFs using an ECF σ factor mimic as an anti-anti-σ factor [117,118]. 

 Most ECF/anti-σ factor pairs involved in lignocellulose gene regulation are 

transmembrane proteins that are activated via Regulated Intramembrane Proteolysis (RIP). RIP 

is a three-step process wherein the membrane-anchored anti-σ factor is successively degraded 

by a set of three separate proteases/protease complexes. Signal activation via the C-terminal 

domain of the anti-σ domain allows access for a membrane-anchored protease (e.g. DegS, 

PrsW) to proteolytically cleave a conserved site (Site-1) within the extracytoplasmic domain 

[119-121]. With the release of the cleaved extracytoplasmic domain, an additional 

intramembrane protease (e.g. RseP, RasP) is free to make a proteolytic cut at second site within 

the transmembrane helix of the anti-σ factor (Site-2) causing the subsequent release of the N-

terminal anti-σ factor and bound cognate ECF [122,123]. Lastly, the remainder of the anti-σ 

factor is degraded by the work of cytoplasmic ClpXP proteases, allowing the ECF to initiate 

transcription of cellulolytic genes [124].  

 Select cellulosome producing bacteria discussed in this work utilize transmembrane 

anchored ECF/anti-σ factors which have been implicated in cellulosome biogenesis and 

regulation [125,126]. Indeed, a majority of the microbes that produce more complex 

arrangements of cellulosomes contain a suite of anti-σ factors which were first identified due to 

their shared sequence homology to “Regulator of σI” (RsgI) in B. subtilis [128]. Organisms such 

as C. thermocellum and Pseudobacteroides cellulosolvens can encode as many as 9 (Figure 

1.5) and 14 RsgI proteins, respectively [125,127]. Extracellular sensor domains for these RsgI 
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often take the form of carbohydrate binding modules (CBMs), CAZymes (e.g. GH10), or other 

domains predicted to interact with other polysaccharide substrates (e.g. PA14, FN3). Different 

RsgI proteins within the same species can also encode extracellular domains of the same 

predicted carbohydrate binding domain. While several studies have confirmed the substrate 

sensing capability of a few RsgI within these cellulosome producing species, it is unclear why 

this redundancy occurs [129-131]. Prior to the work described in this thesis, the precise 

mechanism of signal activation at a site-1/2 for these RsgI-type proteins was also poorly 

understood.  

 

1.5 The Cellulosome 

As described in previous sections, cellulosome producing bacteria are high-interest targets 

for CBP development given their naturally high lignocellulolytic activity. Cellulosomes, first 

identified in 1983 as large extracellular protrusions, are extracellular megadalton structures 

comprised of multiple cellulolytic enzymes assembled onto a series of protein platforms (Figure 

1.2) [132,133]. At the core of all cellulosomes are two fundamental protein domain building 

blocks which mediate the interactions holding the assembly together: cohesins and dockerins 

[40,134,135]. Multiple cohesin (Coh) domains on a single polypeptide, called “scaffoldin”, serve 

as protein loading sites for their non-covalent binding partners, dockerins (Doc), which are 

themselves covalently linked to cellulolytic enzymes or other scaffoldin molecules. Cohesin-

dockerin (Coh:Doc) binding pairs represent very high-affinity protein-protein interactions (Kd~ < 

10-9 – 10-11 M) [136]. Dockerins and cohesins of the same type are able to change binding 

partners in a modular fashion, allowing for new and/or different Doc-enzymes to populate the 

scaffoldin to change cellulosome activity [137].  
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The structure of the cellulosome confers higher degrees of lignocellulosic activity compared 

to bacteria who freely secrete CAZymes for three key reasons. (1) Enzyme co-localization within 

the cellulosome promotes enzyme-enzyme synergies and enzyme-proximity effects [138,139]. 

The incorporation of enzymes of multiple substrate-specificities and complementary activities 

onto the same protein-loading platform allows for fast and efficient digestion of complex 

polysaccharides. Enzyme-enzyme synergy also manifests by limiting product inhibition effects 

[140]. (2) Carbohydrate-binding domains present on both the dockerin-fused glycoside 

hydrolases (DocGH) and the scaffoldins themselves facilitate cellulose-enzyme-microbe 

contact, enabling the host microbes to have easy access to the resultant hydrolyzed products 

[141]. (3) Due to its modular nature, cellulosomes can and do change their enzyme composition 

in response to the presence of different substrates, ensuring that the correct CAZymes are 

displayed to degrade different carbohydrate polymers [142]. Additionally, scaffoldins containing 

dockerins not only attach to the cell surface but can also enable different scaffoldin-scaffoldin 

arrangements, thus creating poly-cellulosomal structures, with some cellulosomes capable of 

incorporating up to 160 enzymes [134,143]. 

In the remainder of this section, I will describe the individual components that comprise 

cellulosomes (cohesins & dockerins), how their known structures contribute to activity, and the 

diversity of cellulosome architectures seen in nature.  

1.5.1 Cohesins & Dockerins 

 Cohesins-dockerin pairs (Coh:Doc) can be divided into different families or types based 

on sequence homology, which also roughly translates to the distinct roles they play in 

cellulosome assembly [135]. Generally, type I is associated with enzyme loading between 

scaffoldin cohesins and DocGHs whereas type II includes Coh:Doc pairs that join together two 

scaffoldins noncovalently. There are two additional Coh:Doc types that uniquely appear in select 

genera or species; including type III which exclusively appears in Ruminococcus cellulosome 
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producers and type R which has only been recorded in Pseudobacteroides cellulosolvens [144-

146]. Cohesin-dockerin binding is both type-specific and species-specific, barring a few 

exceptions where cross-species type II Coh:Doc binding was observed [137,147]. Coh:Doc 

conventions are also broken in P. cellulosolvens where the functional roles of type I and type II 

cohesins and dockerins are reversed [146].  

 Although they can be divided into distinct sequence homology-based families, overall 

cohesin and dockerin topologies are conserved between types. A canonical cohesin domain 

contains ~150 residues arranged in a two-sheeted, nine β-stranded jelly roll-type fold, with 

strands 4,7,2,1,9 in one sheet and strands 5,6,3,8 on the other [148]. The flat second sheet 

(β5,6,3,8) acts as the hydrophobic interaction surface for Coh:Doc binding. Dockerin domains 

are much smaller, consisting of only ~70 residues arranged into three α-helices (α1-3) with two 

additional EF-hand Ca2+-binding loop-helix structures at the N-terminal ends of α1 and α3 

[149,150]. Conserved aspartate and/or asparagine residues are present in both EF-hand motifs 

for coordinating the Ca2+ which is essential for proper dockerin folding and therefore Coh:Doc 

binding. The intervening α2 helix stabilizes both the EF-hands and the two ~22 residue α1 and 

α3 helices, which are nearly symmetrical in sequence [151].  

 As its symmetry about two of its α-helices suggests, some dockerins are capable of 

adopting a dual-binding mode, wherein the two possible binding conformations for a Coh:Doc 

pair are related by a 180° rotation [152,153]. Though initially believed to occur only in type I 

Coh:Doc pairs for sterically optimizing Doc-enzyme incorporation into the cellulosome, the dual-

binding mode has also been observed in Type II -III Coh:Docs [154]. Conversely, lack of 2-fold 

symmetry between the two helices, occurring either naturally or from genetic engineering, 

abolishes dual-binding capability while still maintaining a high-affinity Coh:Doc interaction. 

Select dockerins have an additional intramolecular clasp formed via stacking interactions 

between a key proline and an aromatic residue located on the N- and C-terminus of helix α1 
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and α3, respectively [155]. Not only does this contribute to the stability of the dockerin but also 

may play a role as an allosteric regulator in determining the favored binding mode of the 

dockerin [156]. Some cellulosome producers have pushed the utility of Coh:Doc binding modes 

even further. For example, A. cellulolyticus contains asymmetrical dockerins that have a dual-

cohesin specificity, suggesting a potential partner switching role in cellulosome assembly [157]. 

In R. flavefaciens, a truncated group of dockerins (i.e. only containing 2 α-helices and one EF-

hand motif) exhibited a tripartite binding mode in vitro, capable of binding two separate cohesin 

domains simultaneously [158].  

 While scaffoldins serve as the assembly platform, dockerin-fused enzymes constitute the 

workhorses of the cellulosome. Expectedly, cellulosomal enzymes are primarily made of 

glycoside hydrolases (GHs), polysaccharide lyases (PLs), carbohydrate esterases (CE), and 

other CAZymes [159]. Doc-enzymes like DocGHs are modular, typically comprised of one 

dockerin domain, a short linker, and often an additional CBM to improve enzyme substrate 

proximity [160,161]. Doc-enzyme linkers are low complexity and tightly packed, which 

contributes to the rigid, extended structures that the proteins adopt [162,163]. Dockerin-fused 

genes are not restricted to just CAZymes. Other dockerin-fused genes have predicted 

functionalities such as serpins, proteases, and several domains of unknown function [164-166].  

1.5.2 Cellulosome Types and Architectural Diversity 

Categorization of different cellulosomal systems is chiefly determined by the types of 

scaffoldins that make up them. Broadly, scaffoldins are cohesin-containing proteins that facilitate 

the assembly of additional enzymes and/or other scaffoldin proteins. Genomically, scaffoldin 

genes are clustered together in a cip-cel operon often along with additional DocGH enzymes all 

under the control of a SigI/RsgI promoter [99]. Like Doc-enzymes, scaffoldins are modular. 

Threonine-rich linkers between the multiple cohesin domains confer a high degree of flexibility, 

allowing the full scaffoldin to switch between extended and compact states for optimal enzyme 
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positioning [167]. To account for this flexibility and to combat the strong mechanical forces 

present near the cell-surface, cohesins found at the connection points between the cell and the 

substrate are more robust than those found outside of these anchoring points [168]. Besides 

cohesins, scaffoldins can also contain several other types of modules such as a commonly 

present CBM for cellulose adhesion or structural X2 domains which are thought to improve 

adjacent dockerin stability and even participate in type II Coh:Doc recognition [169,170].  

Scaffoldin proteins can be categorized into four general types based on their function [159]. 

Primary scaffoldins are the main docking platform for DocGHs and other cellulosomal enzymes. 

In turn, primary scaffoldins are attached to the cell-surface either directly in the case of simpler 

cellulosome systems seen in R. papyrosolvens and R. cellulolyticum or via a Coh:Doc 

interaction to an anchoring scaffoldin for more elaborate cellulosomes such as C. thermocellum 

and P. cellulosolvens [146,171,172]. Anchoring scaffoldins are cohesin-containing proteins that 

contain an additional domain responsible for cell-surface attachment, either covalently (e.g. 

sortase-mediated attachment) or non-covalently (e.g. Surface Layer Homology (SLH) domains) 

[145,173,174]. The remaining two types, cell-free and adaptor scaffoldins, are exclusively seen 

in complex cellulosome producers just as anchoring scaffoldins are. These scaffoldins improve 

the reach and size of cellulosomes by acting as non-dockerin fused enzyme-loading platforms 

(cell-free scaffoldin) or as means to attach additional scaffoldins or enzyme types to the 

cellulosome (adaptor scaffoldins). Further details on the categorization of cellulosome types, 

namely simple and complex, as well as the scaffoldin types that comprise them will be 

discussed in chapter 4.  

1.6 Scope of Dissertation 

 Research described in this thesis focuses on elucidation of RsgI signal activation in 

cellulosome producing anaerobic thermophiles as well as the characterization of cellulosomal 

genes and predicted assemblies across all genera. In particular, this work helped to define the 
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precise mechanism through which RsgI proteins become primed for signal activation via 

autoproteolysis. Additionally, this research provides a comprehensive set and categorization of 

cellulosome types, components, and observed patterns which were previously disorganized 

within the cellulosomics field. With this work, I hope to expand the genetic toolset available by 

identifying essential cellulosome regulatory machinery which will provide valuable insight for 

those attempting to engineer cellulosome producing organisms for bioconversion of LCB into 

bio-based materials, chemicals, and biofuels. 

 CHAPTER 2 describes the structure of the biomass-sensing ectodomain from RsgI9, an 

RsgI anti-σ from C. thermocellum that lacks both a predicted cognate σI-factor and substrate 

[175]. In this work, we presented the first electron density reconstruction of an RsgI ectodomain 

as well as obtained an atomic-resolution structure for the NTF2-like/S1Peptidase bidomain 

present within RsgI9. The shape and rigidity of all subdomains within the ectodomain were 

analyzed using a combination of SAXS and crystallography data. Additional biochemical 

characterization of the ectodomain’s binding capability and possible proteolytic activity were 

examined as well.  

 In CHAPTER 3, I determined the solution state structure of a key conserved regulatory 

domain in RsgI9 which is conserved among 1000+ homologous RsgI-type transmembrane anti-

σ factors [176]. The structure, supported by proteomics and molecular dynamics experiments, 

provided valuable insight into mechanism responsible for triggering autoproteolysis within the 

conserved domain. Further studies of this system, particularly into the processes involved in the 

physical detachment of the autoproteolyzed ectodomain upon signal activation, may lead to an 

improved regulatory toolbox for CBP engineering in cellulosome producers.  

 CHAPTER 4 describes a comparative genomic analysis of cellulosome producing 

organisms across all phyla [177]. This work provides a comprehensive analysis of cellulosomal 

counts and assemblies across all cellulosome producing organisms, which was previously 
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poorly annotated despite several detailed reviews and publications. The genomic-centric 

approach of 300k+ curated genomes led to the categorization of all known and potential 

cellulosome producers, including the identification of 10 novel putative cellulosome producing 

organisms. Enzyme specificities, enzyme counts, and predicted cellulosome architectures 

between genera are also compared. This analysis provides both a catalogued inventory of 

known cellulosomal species but also a strong framework through which additional species for 

future CBP development may be identified.  

 The work in CHAPTER 5 builds upon that of the previous chapter by implementing a 

structural homology based screen in Ruminococcus type species in order to identify cryptic 

cohesins previously not detected based on sequence homology search methods. From this 

screen, we have identified 170 previously unidentified putative cohesin domains across 26 

Ruminococcus species. We report R. callidus as a novel cellulosome producing microbe 

containing at least two new potential cohesin types, for which I have determined a 

representative crystal structure of. This work lays the foundation for using similar structural-

homology based methods in identifying sequence-divergent families of proteins, which can be 

further used to identify additional cellulosomal microbes.  

 Lastly, I attempted to find the cognate σ factor for RsgI9 and to demonstrate potential 

crosstalk interactions between non-cognate SigI/RsgI pairs which I outline in the APPENDIX. In 

order to search for a “SigI9”, I utilized a pull-down affinity assay using an immobilized RsgI N-

terminal anti-σ factor domain as bait for a C. thermocellum lysate prey. Co-eluted proteins were 

visualized by SDS-PGE and subsequently excised for identification via LC-MS/MS. I also 

employed 2D-NMR chemical shift perturbation (CSP) studies on purified 15N-labeled N-terminal 

RsgI and unlabeled C-terminal SigI fragments to determine if RsgI/SigI crosstalk was feasible in 

C. thermocellum.   



 

22 

1.7 Figures 

 

Figure 1.1 Structure of lignocellulosic biomass (LCB) in plants 

Cellulose fibers made from rigid long chains of β-(1,4)-linked d-glucose monomers stabilized by 

hydrogen bonding makes the core of LCB. Hemicellulose is a branched heteropolysaccharide 

that is comprised of both hexoses (e.g. glucose, galactose, mannose) and/or pentoses (e.g. 

arabinose, xylose) with additional uronic and acetic acid groups which decorate the main chain. 

The hemicellulose forms a webbed matrix which encases the cellulose fibers which is further 

surrounded by a layer of lignin, a rigid and recalcitrant heteropolymer made of phenolic 

monomers (e.g. p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol) [178].  
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Figure 1.2 General structure of naturally occurring cellulosomes 

Cohesin and dockerin domains form the core non-covalent interactors responsible for 

construction of cellulosomal assemblies. Multi-cohesin proteins called “scaffoldins” act as 

protein-loading platforms for dockerin-fused proteins which take the form of dockerin-fused 

enzymes (e.g. Glycohydrolases, DocGHs) or other scaffoldins with a C-terminal dockerin. 

Multiple DocGHs of varying activities can be loaded onto a single primary scaffoldin, thus 

increasing cellulolytic efficiency by holding the enzymes, substrate, and cell in close proximity. 

The primary scaffoldin in turn is non-covalently attached to the cell surface, often through a 

cohesin-dockerin interaction to a different surface-attached scaffoldin. Scaffoldins can also 

include several additional accessory domains, such as a carbohydrate-binding module (CBM) or 

an X-domain (X) which can aid in substrate adhesion and structural stability, respectively.  
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Figure 1.3 Domain organization for the four σ70-family σ factors and subdomain-promoter 

recognition regions. 

A combination of the four subdomains present in the primary σ70 are conserved between the 

four σ70-family σ factors in bacteria. Group 1 σ factors have all 4 major subdomains present 

whereas ECFs only contain the σ2 (yellow) and σ4 (green) which are necessary for making key 

contacts with the -10 and -35 elements (light grey), respectively, of the promoter region for the 

genes they help transcribe. The presence of an additional σ3 subdomain (blue) in Group 1-3 σ 

factors allows for interaction with the two nucleotide extended -10 elements. The σ1.2 subdomain 

(red) unique to Group 1 and 2 σ factors and makes contacts a “discriminator” element 

immediately downstream of the -10 sequence [51]. 
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Figure 1.4 Transcription regulatory systems in cellulolytic bacteria 

Cartoon schematic of the four major types of transcriptional control of genes related to cellulose 

deconstruction and metabolism in bacteria. (A) Hybrid Two-Component systems. After signal 

activation, a histidine kinase (HK) phosphorylates a corresponding response regulator (RR) to 

recruit the RNA-polymerase (RNAPol) to CAZyme-containing operons. (B) Carbon Catabolite 

Repression (CCR). In gram-positive bacteria, while glycolysis is active, there is an accumulation 

of fructose-1,6-bisphosphate which leads to the phosphorylation of Histidine Protein (HPr). After 

phosphorylation, HPr dimerizes with Carbon-Catabolite Control Protein A (CcpA) to block 

transcription of genes responsible for metabolizing non-preferred carbon sources (C) ECF/anti-σ 

factor systems. Signal activation leads to the degradation of the anti-σ and release of the 

cognate σ factor to bind with RNAPol (D) Selective RNA Processing and Stabilization (SRPS). 

The presence of larger end-stem loops formed at the 3’- (or 5’-) end of CAZyme-encoding (e.g. 
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Glycoside hydrolases, GH) transcripts protects the transcript against endonuclease activity, 

thereby controlling transcript abundance.  
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Figure 1.5 Set of nine biomass-sensing transmembrane RsgI proteins in C. thermocellum 

RsgI proteins all contain both a conserved cytoplasmic N-terminal region responsible for binding 

its cognate σI-factor and extracellular domain that lies above the cell membrane. RsgI contain 

additional extracellular domains which are responsible for substrate sensing and are often 

associated with carbohydrate-binding such as CBM3 (cellulose), PA14 (pectin), and CBM42 

(arabinoxylan). After signal activation and transduction through the RsgI, the σ factor is released 

so that it may guide the RNAPol holoenzyme to transcribe cellulolytic genes. Neither the 

cognate σI nor substrate-binding specificity of RsgI9 is known.  
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The Structure of the Clostridium thermocellum RsgI9 Ectodomain Provides Insight into 

the Mechanism of Biomass Sensing 
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2.1 Overview 

Clostridium thermocellum is actively being developed as a microbial platform to produce 

biofuels and chemicals from renewable plant biomass. An attractive feature of this bacterium is 

its ability to efficiently degrade lignocellulose using surface-displayed cellulosomes, large multi-

protein complexes that house different types of cellulase enzymes. Clostridium thermocellum 

tailors the enzyme composition of its cellulosome using nine membrane-embedded anti-σ 

factors (RsgI1-9), which are thought to sense different types of extracellular carbohydrates and 

then elicit distinct gene expression programs via cytoplasmic σ factors. Here we show that the 

RsgI9 anti-σ factor interacts with cellulose via a C-terminal bi-domain unit. A 2.0 Å crystal 

structure reveals that the unit is constructed from S1C peptidase and NTF2-like protein domains 

that contain a potential binding site for cellulose. Small-angle X-ray scattering experiments of 

the intact ectodomain indicate that it adopts a bi-lobed, elongated conformation. In the structure, 

a conserved RsgI extracellular (CRE) domain is connected to the bi-domain via a proline-rich 

linker, which is expected to project the carbohydrate-binding unit ~160 Å from the cell surface. 

The CRE and proline-rich elements are conserved in several other C. thermocellum anti-σ 

factors, suggesting that they will also form extended structures that sense carbohydrates. 
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2.2 Introduction 

Concerns about climate change and declining petroleum supplies have created a 

pressing need for renewable transportation fuels [1]. Bioethanol produced from lignocellulosic 

plant biomass (called cellulosic ethanol) is potentially an attractive solution to this problem, as 

plant biomass is highly abundant and renewable. Typically, cellulosic ethanol is produced by first 

degrading lignocellulose into its component sugars using purified cellulase enzymes, followed 

by fermentation of the sugars into ethanol [2]. However, the high costs of the cellulase cocktails 

used in this process are prohibitive, such that relatively little cellulosic ethanol is produced 

industrially [3,4]. To increase the cost-efficiency of bioethanol production, much attention has 

been devoted to developing a consolidated bioprocessing (CBP) platform that does not require 

the use of purified cellulases. In CBP, a single organism would both produce the cellulases that 

hydrolyze the cellulose and hemicellulose polymers in plant biomass as well as ferment the 

resultant sugars into ethanol, or other biofuels or materials [5,6]. Clostridium thermocellum (also 

renamed as Ruminiclostridium thermocellum, Hungateiclostridium thermocellum, and Acetivibrio 

thermocellus) is actively being developed as a CBP platform due to its high native cellulolytic 

activity, ethanologenic potential, and preference to grow under thermophilic conditions [7]. The 

ability of C. thermocellum to degrade lignocellulose is particularly notable, as it is one of the 

most cellulolytic organisms thus far discovered [8,9]. Current research is focused toward 

uncovering fundamental genome-encoded properties that confer potent, tunable cellulolytic 

activity in C. thermocellum, and are an important step toward developing cost-effective microbial 

approaches to produce biofuels and chemicals from plant biomass.  

 C. thermocellum and other anaerobic bacteria within the bacterial orders Clostridiales 

and Bacteroidales degrade lignocellulose using cellulosomes, multi-enzyme complexes that 

house an array of enzymes with different substrate specificities (cellulases, hemicellulases, 

pectinases, esterases etc.) [10]. Cellulosome-displaying bacteria degrade lignocellulose more 
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efficiently than microbes that simply secrete cellulases, because enzyme colocalization within 

the cellulosome promotes enzyme-enzyme synergy, enzyme-proximity enhancement, and 

cellulose-enzyme-microbe interactions [11,12]. Cellulosomes adopt elaborate structures that are 

built using a series of surface-displayed scaffoldin proteins that coordinate the binding of the 

enzyme machinery via dockerin-cohesin domain interactions. They are assembled in modular 

fashion to create massive polycellulosomal structures that are readily visible by electron 

microscopy and can harbor >140 distinct dockerin-borne enzymes in some bacterial species 

[10,13]. The primary scaffoldin in the C. thermocellum cellulosome, CipA, contains nine type I 

cohesin modules that bind to cellulases harboring type I dockerin modules [7]. The scaffoldin 

also contains a carbohydrate-binding module (CBM) that tethers the cellulosome complex to its 

cellulose substrate, as well as a C-terminal type II dockerin module that anchors the complex to 

the cell by interacting with surface displayed proteins that contain type II cohesin domains 

[14,15].  

To degrade various types forms of plant biomass, C. thermocellum tailors the enzyme 

composition of its cellulosome using membrane embedded anti-σ factors [16,17]. Work by the 

Lamed and Bayer groups has shown that ten membrane-associated anti-σ factors may control 

the composition of the cellulosome, nine of which share homology to the B. subtilis RsgI anti-σ 

factor (named RsgI1 to RsgI9) [18]. Based on studies of SigI1 and RsgI1, each anti-σ factor is 

thought to bind to a different type of biomass-derived carbohydrate on the extracellular surface, 

and then trigger distinct gene expression programs by releasing a cognate extracytoplasmic 

function (ECF) σ factor (SigI1 to SigI8) that confers promoter specificity for the RNA polymerase 

[17-19]. With the notable exception of the RsgI9, genes expressing each anti-σ factor are 

located on the same operon as a gene encoding an ECF σ factor, suggesting that their protein 

products are functionally linked; for example, the rsgI1 and sigI1 genes are expressed from the 

same operon suggesting Rsg1 and SigI1 proteins form a functional anti-σ/σ pair. However, our 



 

59 

understanding of how these regulatory systems sense carbohydrates and alter gene expression 

remains limited. In vitro binding studies have experimentally identified carbohydrates that 

interact with the RsgI1, RsgI2, RsgI3, RsgI4, and RsgI6 anti-σ factors, but the specific genes 

whose expression is ultimately regulated by these binding events is generally not known [18,20-

22]. This is because at present only partial regulons have only been identified for SigI1, SigI3, 

and SigI6 using bioinformatics analyses and verified experimentally [17]. Finally, the molecular 

mechanism through which extracellular carbohydrate binding to each anti-σ factor triggers gene 

expression by releasing its cognate ECF σ factor remains to be determined. 

The function of the RsgI9 anti-σ factor is poorly understood because it is an ‘orphan’; the 

gene encoding RsgI9 is not located within an operon that also contains a gene that encodes for 

an ECF σ factor. Moreover, it is not known if RsgI9 is capable of sensing biomass as its primary 

sequence does not encode for a known carbohydrate-binding module (CBM) or carbohydrate-

active enzyme. Herein, we report the first characterization of RsgI9’s ectodomain to gain insight 

into its function. Using X-ray crystallography, we show that RsgI9 contains a unique C-terminal 

bi-domain unit that is formed from S1C peptidase and NTF2-like domains. Biochemical 

experiments indicate that the NTF2-like domain interacts with cellulose, while the S1C 

peptidase domain is not enzymatically active. In the ectodomain of RsgI9, the C-terminal bi-

domain module is connected to a Conserved RsgI Extracellular (CRE) domain via a proline-rich 

linker. Using Small Angle X-ray Scattering (SAXS), we show that RsgI9’s intact ectodomain 

primarily adopts an extended conformation that can be expected to project the bi-domain 

module up to 160 Å from the cell surface. Inspection of other RsgI proteins reveals that they 

also contain CRE domains and proline-rich linkers, indicating they will also adopt extended 

structures to sense different types of biomass.  

 

  



 

60 

2.3 Materials and Methods 

2.3.1 Cloning and expression of RsgI9.  

The nucleotide sequence encoding the C-terminal region of the C. thermocellum (DSM 

1313) RsgI9 ectodomain (residues 387-702, RsgI9S1C-CTD) was purchased from Twist Bioscience 

(San Francisco, CA). The pET-29b expression plasmid includes an N-terminal hexahistidine 

(6xHis) tag followed by a TEV protease recognition site. The plasmid was transformed into E. 

coli BL21 (DE3) cells (New England Biolabs) and grown at 37°C in LB media in the presence of 

50 µg/mL kanamycin until OD600 of 0.6-0.8 was reached, followed by induction with 1 mM IPTG 

and overnight (12-18 hours) protein expression at 17°C. Expression pellets were resuspended 

in lysis buffer containing 50 mM sodium phosphate, 300 mM NaCl, 2 mM DTT, pH 8.0, and 

lysed via sonication in the presence of 1 mg/mL egg white lysozyme, 400 µL of protease 

inhibitor cocktail (Calbiochem), 2 mM phenylmethanesulfonyl fluoride (PMSF, Sigma), and 0.5 

mg S. marcescens nuclease [23]. Lysates were clarified by centrifugation at 15,000 rpm for 45 

minutes. The supernatant was applied to HisPur cobalt resin (Thermo Fisher Scientific) 

equilibrated in lysis buffer, and unbound proteins were washed by several column volumes of 

lysis buffer followed by a wash buffer (lysis buffer + 10 mM imidazole). The bound protein was 

eluted using an elution buffer composed of the lysis buffer with 200 mM imidazole. TEV 

protease (purified in-house) was added to the eluted sample followed by dialysis against 

imidazole-free lysis buffer. The sample was then loaded back onto cobalt resin and the cleaved 

protein was collected by rinsing with lysis buffer. The resulting protein was further purified by 

gel-filtration chromatography with a Superdex S75 size-exclusion column on an Akta FPLC 

system (GE Healthcare Life Sciences). Protein was concentrated via Amicon Ultra centrifugal 

filters (EMD Millipore), with purity confirmed to be >98% via SDS-PAGE. 

The nucleotide sequence encoding the full extracellular region of RsgI9 (residues 167-

707, RsgI9ecto) was cloned out of C. thermocellum (ATCC 27405) genomic DNA and inserted 
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into a pET-28b-based vector containing N-terminal 6xHis and small ubiquitin-like modifier 

(SUMO) fusion tags using Gibson assembly. Growth and expression in E. coli BL21 (DE3) cells 

proceeded as described above. Purification was also carried out identically, but with ULP1 

protease (purified in-house) used to cleave the 6xHis-SUMO tag from RsgI9. Expression 

plasmids producing the isolated Conserved RsgI Extracellular (CRE) portion of the ectodomain 

(residues 167-343, RsgI9CRE) and the S1C domain (residues 387-592, RsgI9S1C) were also 

prepared by cloning the relevant portions of the gene, with expression and purification carried 

out as above. Site-directed mutagenesis was used to create a T535S variant of the protease 

domain, RsgI9S1C,T535S. 

2.3.2 Crystallization, data collection, and crystal structure determination.  

RsgI9S1C-CTD was concentrated to 10 mg/mL, and spontaneously formed small protein 

crystals in a solution of 20 mM HEPES, 2 mM DTT, pH 8.0. However, these crystals were too 

small to be suitable for diffraction. The small crystals were dissolved in the same buffer at a 

concentration of 8 mg/mL and used to screen in 24-well hanging drop format with increasing 

concentrations of glycerol and PEG chain additives, and larger crystals were grown after a week 

in 20 mM HEPES, 2 mM DTT, pH 7.5, and 10% PEG-3350. For data collection, the crystals 

were cryoprotected with reservoir solution containing 30% glycerol. Diffraction datasets were 

collected at the Advanced Photon Source (Argonne National Laboratory) on beamline 24-ID-C 

equipped with a Dectris EIGER2 X 16M detector at 100K. Data was collected at a wavelength of 

0.97903 Å, detector distance of 280 mm, and 0.25° oscillations. The crystals diffracted X-rays to 

2.0 Å resolution. XDS/XSCALE was used to index, integrate, and scale data in the P21 space 

group [24]. The asymmetric unit of the crystal contained two molecules, resulting in a Matthews 

coefficient of 2.68 Å3/Da and 54.15% solvent content in the unit cell[25-27]. The MRage 

automated suite in Phenix was used to perform molecular replacement with templates of S1C 

domain homologs using its built-in NCBI BLAST search [28-30]. The top 5 hits each resulted in 
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excellent solutions (LLG > 130), with the top solution (PDB 5B6L, LLG of 162.5) used to 

continue building a complete structure using the AutoBuild function [31,32]. The structure was 

iteratively improved by manual rebuilding in Coot and automatic refinement in BUSTER, with 

NCS restraints enabled and TLS groups defined for the separate domains [33-36]. Complete 

refinement and structure statistics are reported in Table 1. Coordinates and structure factors 

have been deposited in the Protein Data Bank under the accession code 7SJY. Figure images 

were generated using PyMOL 2.4.1 (Schrödinger, LLC). 

2.3.3 Nuclear magnetic resonance and small-angle X-ray scattering (SAXS) experiments.  

A 15N-labeled sample of RsgI9S1C-CTD was produced by following the expression and 

purification methods above, but with expression induced after exchanging the cultures into 

minimal media supplemented with 15NH4Cl (Cambridge Isotope Laboratories, Tewksbury, MA) 

[37]. Spectra were acquired using a 0.4 mM sample in NMR buffer (50 mM sodium phosphate, 

200 mM NaCl, 0.03% sodium azide, pH 7.8) at 298 K on a Bruker Avance III HD 600 MHz (14.1 

T) spectrometer equipped with a triple resonance cryogenic probe. A 2-D 15N-1H TROSY-HSQC 

spectrum showed a well-folded protein. The rotational correlation time (τc) of RsgI9S1C-CTD was 

estimated from a series of 1-D 15N-TRACT experiments, with 2,048 complex points, 32 

transients, 100 experiments for each spin state, and the relevant delay incremented by 4 ms 

[38]. The decrease in integrated backbone amide intensity was fitted to an exponential decay 

function, resulting in a measured transverse cross-correlated relaxation rate (ηxy) of 22.9 Hz, 

which corresponds to a τc value of ~ 22.1 ns, calculated via algebraic solutions [39].  

 Size-exclusion chromatography small-angle X-ray scattering (SEC-SAXS) was 

performed at the SIBYLS beamline (Advanced Light Source beamline 12.3.1, Lawrence 

Berkeley National Laboratory) [40]. Samples were injected at 5 mg/mL on an Agilent 1290 HPLC 

with a Shodex KW-803 column equilibrated in size exclusion buffer (50 mM sodium phosphate, 

300 mM NaCl, pH 7.0) at a flow rate of 0.65 mL/min. X-ray scattering of eluent was continuously 
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collected on a Dectris PILATUS3 X 2M detector in two-second frames, with X-ray wavelength at 

1.216 Å and a sample-to-detector distance of 2.0 m. Multi-angle light scattering (MALS), quasi-

elastic light scattering (QELS), and refractometry data were also collected on this eluent and 

processed using the ASTRA software package (Wyatt) to estimate molecular weight. SAXS 

frames from before and after the protein elution peak were used to subtract the scattering 

contribution of the buffer alone, and frames corresponding to protein were merged using ScÅtter 

IV (www.bioisis.net). SAXS analysis (Guinier analysis and distance distribution calculations) to 

determine Rg and p(r) function was performed using BioXTAS RAW and the ATSAS Suite 

[41,42]. Molecular weights were estimated using the Bayesian inference approach [43]. The 

experimental SAXS data of RsgI9S1C-CTD was compared to the theoretical scattering curve from 

the crystal structure (with missing N-terminal residues added using MODELLER) using the 

FoXS server [44-46]. For RsgI9CRE, RsgI9S1C-CTD, and RsgI9ecto, ab initio bead modelling was 

performed on the output of GNOM using DAMMIF to generate 15 models in slow mode, 

following by averaging and refinement with DAMMIN [47,48]. DENSS was used to reconstruct 

electron density of the same constructs in slow mode to generate 20 density maps, followed by 

averaging and refinement [49]. Models were fit into maps using UCSF ChimeraX, which was 

also used to generate images [50]. 

2.3.4 Cellulose-binding and peptidase activity assays.  

Binding to the microcrystalline cellulose substrate (Avicel, Sigma-Aldrich) was 

qualitatively assayed via SDS-PAGE pull-down assays modified from previous protocols [20,22]. 

Recombinant protein and control samples were prepared using 50 μg of protein in 200 μL of 

lysis buffer (50 mM Tris-HCl, 300 mM NaCl, pH 8.0) and mixed with 15 μg of microcrystalline 

cellulose (Avicel). Each sample was thoroughly vortexed and then incubated at room 

temperature with gentle rotation for 60 min. After incubation, samples were separated by 

centrifugation at 12,000 x g for 10 min. 10 μL of the supernatant containing unbound protein 
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was taken for SDS-PAGE analysis. The remaining sedimented polysaccharide was washed five 

times with 200 μL aliquots of lysis buffer with 0.1% Triton-200 detergent to mitigate nonspecific 

protein binding. After the final centrifugation, the sedimented polysaccharide and bound protein 

was resuspended in 200 μL SDS loading buffer and boiled for 5 min before loading for SDS-

PAGE. Each assay was repeated at least three times.  

The proteolytic activity of the separate RsgI9 domains was quantitatively measured with 

UV spectroscopy in triplicate by monitoring the hydrolysis of the modified nonspecific protease 

substrate azocasein (Sigma-Aldrich). 200 μM protein samples were dissolved in lysis buffer and 

combined in equal volume with 1% azocasein dissolved in glycine-NaOH buffer (100 mM, pH 

10.0 or pH 8.0) for a final reaction volume of 500 μL. A sample containing no enzyme was used 

as a blank and additional control. Samples were incubated at either 37oC or 50oC with gentle 

rotation for 30 min. Each reaction was terminated via the addition of 750 μL of 10% 

trifluoroacetic acid (TFA) and subsequently chilled on ice for 30 min. Samples were centrifuged 

at 10,000 g for 10 min to separate precipitated enzyme after TFA addition. 125 μL samples were 

plated into a 96-well plate and the absorbance at 440 nm (A440) was measured using a 

SpectraMax iD3 Multi-Mode Microplate spectrophotometer (Molecular Devices). 
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2.4 Results and Discussion 

2.4.1 The ectodomain in the RsgI9 anti-σ factor contains a C-terminal bi-domain module 

We inspected the primary sequence of the RsgI9 anti-σ factor to gain insight into its 

function. An alignment of the amino acid sequences of the nine RsgI anti-σ factors in C. 

thermocellum (RsgI1-9) reveals that they possess the same basic architecture (Fig. 1A). Each 

contains a cytoplasmic N-terminal region that is followed by a transmembrane helix and a larger 

C-terminal ectodomain that in some of the anti-σ factors has been shown to bind to 

carbohydrates [17]. Several regions are highly conserved amongst the proteins (Fig. 1A, 

shaded orange). They include a ~40 amino acid N-terminal segment annotated RsgI_N (Pfam: 

PF12791) that binds to cognate σ factors in the cytoplasm, and a ~170 residue segment that 

immediately follows the transmembrane helix and is presumably located on the extracellular 

surface, hereafter called the Conserved RsgI Extracellular (CRE) domain [51]. NMR studies 

indicate the CRE domain is autonomously folded, but its structure has not been determined [52]. 

In RsgI9 and several other RsgI proteins a proline-rich segment connects the CRE region to a 

C-terminal region that is varied amongst the anti-σ factors. In RsgI9, the C-terminal region 

contains amino acids that share homology with trypsin-like S1C domains (residues I396-H578). 

Residues following this segment do not display sequence homology to any protein of known 

structure. However, they are classified by the program DISOPRED3 as being structurally 

ordered and are hereafter referred to as the C-terminal domain (CTD) [53]. The DISOPRED3 

prediction suggests that the S1C and CTD are closely linked, raising the possibility that they 

form an ordered bi-domain unit. The module may be involved in biomass sensing, as a search 

of microbial genomes reveals that it is only present in a few bacterial species within the genus 

Acetivibrio, several of which exhibit cellulolytic activity similar to C. thermocellum (Fig. S1) [54]. 

2.4.2 The bi-domain module forms a structurally ordered unit that contains peptidase- 

and NTF2-like domains. 
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To shed light onto the structure and function of the bi-domain module we determined the 

2.0 Å crystal structure of a polypeptide containing the predicted S1C and CTD domains 

(RsgI9S1C-CTD, residues A387-K702). RsgI9S1C-CTD crystallized in the P21 space group and its 

structure was determined by molecular replacement using the coordinates of the S1C peptidase 

domain within the HhoA protein as a search model (PDB: 5B6L, 34% sequence identity), 

followed by iterative model building of the CTD coordinates (Fig. 2A) [31]. Continuous electron 

density allowed modeling of the entirety of the protein, except for amino acid G502 in the β7-β8 

loop. Two RsgI9S1C-CTD molecules are present in the asymmetric unit and are arranged in head-

to-tail manner. The proteins are related by two-fold non-crystallographic symmetry and adopt 

similar atomic structures (backbone RMSD < 0.5 Å). Dimerization buries 907 Å2 of protein 

surface area, but based on a PDBePISA analysis this interface is not biologically relevant [55]. 

This is consistent with size-exclusion chromatography with multi-angle light scattering detection 

(SEC-MALS) analyses that show that RsgI9S1C-CTD is monomeric; the SEC-MALS derived 

molecular weight is 35.3 ± 0.4 kDa, as compared to a predicted value of 34.5 kDa. Complete 

data collection and structure refinement statistics are shown in Table 1. 

The bi-domain unit adopts a rigid structure that houses potential ligand binding sites 

within S1C peptidase and NTF2-like domains (Fig. 2A, B). The N-terminal S1C domain is 

composed of residues P389-H578 and shares structural homology with the Deg/HtrA family of 

serine proteases. Its structure is formed by two α-helices (αA, αB) that flank a pair of β-barrels 

(β1-β6 and β7-β12). In Deg/HtrA proteases these β-barrels surround a pocket housing a His-

Asp-Ser active site triad that mediates catalysis [56]. However, in RsgI9 the serine residue in the 

triad is replaced with threonine (H434-D465-T535, RsgI9 numbering). The CTD is formed by 

residues F596-K702 and contains three helices (αC, αD, and αE) that are placed over a four-

stranded β-sheet (β14-β17). Based on DALI and PDBeFold analyses it adopts a NTF2-like fold 

[28,57], which was originally identified in the Nuclear Transport Factor 2 (NTF2) protein [58]. 
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However, the CTD shares less than 20% sequence identity with NTF2 or its structural 

homologs. NTF2-like folds are broadly distributed in biology and typically form cone-like 

structures that harbor a recessed hydrophobic cavity that mediates ligand binding [59]. In the 

CTD, residues that would enclose this pocket are replaced by a short loop between the αD and 

αE helices, generating a more open cleft that might serve as a ligand binding site (Fig. 2D, S2). 

A network of hydrogen-bonding and salt-bridging interactions between the S1C and NTF2 

domains buries ~680 Å2 of solvent exposed surface area (Fig. 2C). The short tether that links 

the primary sequences of the domains is at the heart of the interface (residues S579-D595). It 

forms strand β13 that connects the β-sheets of each module by hydrogen bonding; strand β13 

pairs with strands β5 and β14 in the S1C and CTD folds, respectively. Additionally, the β1/β2 

loop in the S1C domain, known as loop LA in serine protease nomenclature, packs over the αC 

helix of the CTD [60]. These inter-domain interactions appear to be important for the stability of 

the CTD, as attempts to express a polypeptide containing only this domain were unsuccessful. 

NMR and SAXS analyses reveal that packing of the S1C and CTD domains causes them to 

adopt a rigid structure in solution. In particular, the experimental molecular correlation time (τc) 

of RsgI9S1C-CTD was determined by NMR to be 22.1 ns, which agrees with the theoretical value 

for a 34.5 kDa globular protein (~20.9 ns) [61,62] (Fig. S3). SAXS experiments described below 

also indicate that the domains are immobilized with respect to one another. Thus, we conclude 

that the phylogenetically conserved bi-domain within RsgI9 forms a structurally ordered unit that 

houses potential ligand binding sites within its S1C and CTD domains. 

2.4.3 The bi-domain unit interacts with cellulose. 

The RsgI1, RsgI2, RsgI3, RsgI4, and RsgI6 anti-σ factors in C. thermocellum bind to 

carbohydrates and are thought to serve as biomass sensors [20-22]. We therefore probed 

whether RsgI9 could interact with cellulose using an established pull-down assay [20,22]. In 

these experiments polypeptides containing either the entire ectodomain (RsgI9ecto), the bi-
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domain unit (RsgI9S1C-CTD), the S1C domain (RsgI9S1C), or the CRE domain (RsgI9CRE) were 

tested. Only peptides containing the bi-domain unit domains interact with microcrystalline 

cellulose (Avicel, Fig. 3A), as the CRE domain did not interact with any of the carbohydrates 

that were tested. Control experiments confirm specificity, as a known cellulase Cel48S binds to 

cellulose in these experiments, whereas no binding was detected for bovine serum albumin 

(BSA). Interestingly, significantly more RsgI9S1C-CTD protein binds to Avicel as compared to 

RsgI9S1C, suggesting that the majority of affinity for cellulose originates from the CTD. Although 

the molecular basis of cellulose binding remains to be determined, it is possible that it is 

mediated by interactions with CTD’s cleft. This is because the walls of this groove contain a 

series of surface exposed aromatic and non-polar amino acid side chains (Fig. 3B, C), which in 

other carbohydrate-binding proteins form π-stacking interactions with bound sugars [63]. 

Notably, the C. thermocellum RsgI1, RsgI2, and RsgI4 anti-σ factors each contain CBM3 

carbohydrate binding domains that employ a linear strip of aromatic amino acids to interact with 

the pyranoside rings within cellulose [22,64]. Although the CTD and CBM3 adopt distinct folds, 

the CTD cleft also contains a linear strip of aromatic residues in strands β14-β16 (Y641, Y645, 

Y664, Y666, F676, Y679) suggesting that it may form similar interactions. A more deeply 

recessed anionic patch is located immediately adjacent to the cleft and occupied by a glycerol 

molecule in the structure of RsgI9S1C-CTD. Although its function remains unknown, similar anionic 

pockets are present in carbohydrate-binding proteins and often interact with metal cations (e.g. 

Ca2+) [65-67]. 

 Despite exhibiting structural homology with members of the Deg/HtrA protease family, 

the S1C domain in RsgI9 is enzymatically inactive in vitro. In marked contrast to the trypsin 

control, neither the intact ectodomain nor the bi-domain unit exhibits proteolytic activity when 

assayed using azocasein as a substrate (Fig. 4A). The structure of RsgI9’s S1C domain is 

similar to the E. coli DegS protease, which mediates the heat shock response by degrading the 
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RseA anti-σ factor [68]. Superimposing the coordinates of their S1C domains reveals striking 

similarities in the positioning of residues that form the active site in DegS. The side chains that 

construct the His-Asp-Ser catalytic triad in DegS overlay well with residues in the RsgI9 S1C 

domain, except that the serine within the triad is replaced with a threonine in RsgI9 (Fig. 4B). 

Interestingly, a T535S variant of RsgI9 is also enzymatically inactive even though it contains a 

full complement of triad residues. This suggests that the pocket housing the triad in RsgI9 lacks 

other essential features that are needed for catalysis [69]. Indeed, a detailed comparison with 

the structure of DegS reveals that the oxyanion hole used to stabilize reaction intermediates 

may not be properly formed in RsgI9 (Fig. S4) [70]. Interestingly, DegS and the bi-domain unit 

also have similar domain architectures. In DegS the S1C domain packs against a smaller C-

terminal PDZ domain that regulates proteolytic activity in response to binding to unfolded 

peptides, while in RsgI9 the S1C domain is packed against a NTF2-like module that may bind to 

carbohydrates. As the S1C domain in RsgI9 is inactive, it may simply function as a spacer that 

properly positions the CTD and/or its pocket containing the His-Asp-Thr triad may be used to 

bind to a ligand whose identity remains to be determined.  

2.4.4 The full-length ectodomain adopts a rod-like conformation that may extend from the 

cell surface. 

To gain insight into the solution conformation of the ectodomain, size-exclusion 

chromatography coupled with small-angle X-ray scattering (SEC-SAXS) data was collected for 

polypeptides containing the isolated bi-domain unit and the intact ectodomain. The SEC-SAXS 

data for RsgI9S1C-CTD indicates that the bi-domain unit adopts a rigid structure, consistent with its 

crystal structure and NMR measurements of its molecular correlation time. This is evident from 

the dimensionless Kratky plot, which shows the presence of a peak near q*Rg = √3 and 

normalized intensity = 1.1 for RsgI9S1C-CTD (Fig. 5A, red) [71]. Furthermore, the scattering data 

also fits very well to the FoXS predicted scattering curve for the RsgI9S1C-CTD crystal structure (χ2 
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= 1.23) (Fig. S5A) [44], and the calculated P(r) function for RsgI9S1C-CTD is also consistent with 

the crystal structure (Dmax of 82 Å versus 80 Å in the crystal structure) (Fig. 5B, red). Finally, ab 

initio bead model and electron density reconstructions using DAMMIN/F and DENSS, 

respectively, fit well to a single polypeptide from the crystal structure (Fig. S5B) [47,48].   

 The SAXS analysis indicates that the intact ectodomain adopts a bi-lobed, rod-shaped 

structure in solution. RsgI9ecto eluted from the size exclusion chromatography step as a 

monomer; the theoretical molecular weight of monomeric RsgI9ecto is 59.7 kDa, compatible with 

estimates from MALS and SAXS of 62.7 ± 0.2 kDa and 58.1 kDa, respectively. Notably, the 

scattering profile of RsgI9ecto is indicative of an extended protein as evidenced by the up- and 

right-ward shift of its peak in the dimensionless Kratky plot (Fig. 5A, black). Furthermore, the 

P(r) distance distribution function of RsgI9ecto shows a Dmax at 160 Å with a Rg value of 45 Å, 

much larger than expected for a compact spherical protein of the same molecular weight (Fig. 

5B, black) [71]. The peak centered at ~25 Å in the p(r) function of RsgI9S1C-CTD is also present in 

the corresponding plot of RsgI9ecto, but the broad and nearly linear decrease toward its large 

Dmax is indicative of a rod-like extension [72]. Ab initio electron density reconstruction using 

DENSS reveals that the ectodomain adopts an elongated, bi-lobed structure (Fig. 5C) [49]. The 

coordinates of the crystal structure of the bi-domain unit fit well into the major lobe of the 

density, while the small lobe presumably houses the CRE domain that adopts a globular 

structure. Density in between the lobes corresponds to the proline-rich linker that connects the 

CRE and S1C domains, but is less well-defined. In totality, the SAXS data strongly support the 

notion that the ectodomain predominantly adopts an extended configuration in which the bi-

domain and CRE units do not interact with one another. Residues in the intervening proline-rich 

linker (residues 344-386) presumably cause RsgI9 to be elongated. Interestingly, the proline-

rich linker is also present in six other C. thermocellum anti-σ factors (RsgI1 to RsgI6) and varies 

in length from 75 to 262 residues (Fig. S6). Thus, it appears that like RsgI9, these anti-σ factors 
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will also adopt elongated structures that project carbohydrate-binding modules away from the 

cell surface. 

 

2.5 Conclusions 

The results of our studies provide new insight into how RsgI9 and other anti-σ factors 

enable C. thermocellum to sense different types of biomass. RsgI9’s ectodomain adopts an 

elongated structure in which two folded domains are connected by a proline-rich linker. A highly 

conserved CRE domain is presumably located near the cell membrane and is joined by the 

extended linker to an unusual bi-domain unit that interacts with cellulose. This basic architecture 

is likely conserved in other C. thermocellum anti-σ factors, as the primary sequences of RsgI1 to 

RsgI6 encode for CRE domains that are connected by proline-rich linkers to carbohydrate 

binding modules (Fig. S5). In order to promote new transcriptional programs, the RsgI-type anti-

σ factors presumably transduce carbohydrate binding signals received on the extracellular 

surface to the cytoplasm, a process that releases the cognate ECF σ factor needed for RNA 

polymerase targeting to specific promoters. Recent structural studies have provided insight into 

how the intracellular RsgI_N domain engages its cognate sigma factor [19], but how these 

interactions are disrupted in response to carbohydrate binding on the cell surface remains 

unknown. The common architecture adopted by the ectodomains in C. thermocellum and the 

fact that each contains a highly conserved (CRE) domain near the membrane surface suggests 

that they may employ a similar mechanism to promote signaling. 
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2.6 Figures 

Table 2.1 Crystal data collection and structure refinement statistics 

 
RsgI9S1C-CTD  

Data collection  
 

Space group P 1 21 1 

Cell dimensions 
 

  a, b, c (Å) 63.63, 78.06, 81.21 

  α, β, γ (°) 90.00, 112.98, 90.00 

Resolution (Å) 74.77-2.00 (2.05-2.00) 

Wavelength (Å) 0.97903 

Total observations 246720 (17477) 

Unique reflections 48797 (3594) 

Rmerge (%) 4.9 (61.8) 

I / σI  16.51 (2.60) 

CC1/2  99.9 (83.9) 

Completeness (%) 98.4 (98.2) 

Multiplicity 5.1 (4.9) 

Wilson B-factor (Å2) 40.84 

Refinement  
 

Resolution (Å) 74.77-2.00 

No. of reflections 48797 

Rwork / Rfree (%) 19.7/21.9 

No. atoms 5058 

  Protein 4788 
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RsgI9S1C-CTD  

  Ligand/ion 78 

  Water 192 

B-factors (Å2) (all atoms) 51.5 

  Protein 51.4 

  Ligand/ion 64.1 

  Water 48.1 

R.m.s. deviations 
 

  Bond lengths (Å) 0.012 

  Bond angles (°) 1.49 

Ramachandran favored (%) 99.03 

Ramachandran allowed (%) 0.97 

Ramachandran outliers (%) 0.00 

PDB ID 7SJY 

Values in parentheses are for the highest-resolution shell.  
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Figure 2.1 RsgI9 contains both unique and RsgI-conserved domains.  

(A) RsgI9 contains conserved domains that are found in other RsgI-family proteins (orange). 

These include an intracellular anti-σ factor domain (RsgI_N, residues 1-55), a transmembrane 

helix (TM, dark gray) and an extracellular domain of unknown function (CRE or RsgI_CRE, 

residues 167-343). RsgI9 and many other RsgI proteins also contain a Pro-rich linker segment 

(light gray) that connects the RsgI_CRE to a variable C-terminal region that differs in each type 

of anti-σ factor. In RsgI9, the C-terminal region contains a domain that is homologous to S1C 

peptidase domains (mint, residues 396-578) and a C-terminal domain (CTD) of unknown 

structure (purple, residues 579-707). RsgI9 also contains a unique insertion immediately 

following RsgI_N (I9_ins, yellow) that is located in the cytoplasm. (B) Depiction of the RsgI9 

polypeptide constructs used in this study. In RsgI9S1C,T535S an asterisk and red line indicates the 

location of the mutation. 
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Figure 2.2 Structure of RsgI9’s bi-domain unit, RsgI9S1C-CTD.  

(A) Cartoon representation of the crystal structure of RsgI9S1C-CTD showing the two proteins in 

the asymmetric unit (N- and C-termini are labeled). (B) Ribbon drawing of a single molecule of 

RsgI9S1C-CTD with its secondary structural elements labeled. The S1C and CTD domains are 

colored mint and pink, respectively, while the tether is colored blue-gray. (C) Close-up view of 

the interface between the S1C and CTD domains, coloring as in the previous panel. Hydrogen-

bonding and salt bridge interactions are indicated by yellow dashed lines. (D). Surface 
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representation of RsgI9S1C-CTD showing the locations of the recessed cleft in the CTD and a 

pocket within the S1C domain that in homologous proteins forms a peptidase active site.  
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Figure 2.3 The RsgI9 ectodomain binds to crystalline cellulose.  

(A) Pull-down assay that tests protein binding to microcrystalline cellulose (Avicel). In each 

experiment purified protein samples were incubated with Avicel, and then centrifuged to assess 

binding to this insoluble substrate. Lanes are labeled: LC, loading control; U, unbound protein; 

B, bound protein. (B) Potential carbohydrate recognition groove in the CTD exposes aromatic 

(magenta) and non-polar residues (light green). The aromatic sidechains form a continuous strip 

on one side from Y641 to Y664. (C) Solvent-excluded surface of this domain colored by surface 

electrostatics (from red to blue, -7.5 to +7.5 e) indicates a negatively charged patch at the base 

of the groove.  
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Figure 2.4 Functional studies of the protease-like domain in RsgI9 and its structural 

homology with DegS.  

(A) Protease activity assay results. RsgI9 constructs were all inactive against a promiscuous 

proteolytic substrate, azocasein. (B) The catalytic triad residues as they appear in RsgI9’s S1C 

domain (mint), including a threonine in place of the conserved serine (T535*), aligned with 

active form of structural homolog DegS (magenta, PDB: 4RQZ). Residues are numbered as 

they appear in the RsgI9 primary sequence. 
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Figure 2.5 SAXS analyses show the RsgI9 ectodomain forms an extended structure.  

(A) Dimensionless Kratky plots of both the RsgI9S1C-CTD bi-domain unit (red) and intact 

ectodomain, RsgI9ecto (black). The two dashed lines indicate the theoretical peak position for a 

typical globular protein. The bi-domain unit behaves as a compact globular protein, while the 

intact ectodomain forms an extended rod-like structure. (B) Distance distribution function P(r) for 

both RsgI9S1C-CTD (red, Dmax 82 Å) and RsgI9ecto (black, Dmax 160 Å). (C) SAXS derived electron 

density reconstruction of the ectodomain obtained using the program DENSS [49]. The volume 

of electron density is colored with a gradient from blue to red to indicate regions of highest 

density (left). Coordinates of the crystal structure of RsgI9S1C-CTD fitted into the electron density 

(right). A low-resolution model of the CRE domain that was obtained using the program DENSS 

and RsgI9CRE SAXS data is also fitted into the density. 
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2.7 Supplementary Materials 

 

Figure S2.1 Protein sequence alignment of RsgI9 sequences in Clostridia. 



 

81 

Alignment of the amino acid sequences of RsgI9 in Clostridium thermocellum (Acetivibrio 

thermocellus) and related species using Clustal Omega [73]. The domains are boxed and 

labeled in the same colors, and the catalytic triad residues in the S1C peptidase domain are 

indicated by the asterisks. 
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Figure S2.2 Comparison of RsgI9’s CTD with a structurally similar NTF2-like protein.  

(A) Surface representation of RsgI9 C-terminal domain (CTD) (pink), and (B) a NTF2-like 

structural homolog shown in the same orientation (cyan) (PDB accession code 3ROB). The 

structures are similar and have a DALI Z-score = 13.7 and PDBeFold Z-score = 7.8. (C) Cartoon 

figure showing the extended β-sheet found in other NTF2-like proteins (red) that is missing in 

RsgI9 (pink). RsgI9 secondary structural elements are labeled. The positioning of the structures 

is the same in each panel.   



 

83 

 

Figure S2.3 2-D NMR spectrum of RsgI9S1C-CTD.  

A 2-D TROSY-HSQC NMR spectrum of 15N-labeled RsgI9S1C-CTD was acquired prior to 15N-

TRACT correlation time determination. The spectrum indicates a well-folded protein with 

backbone amide signals well-dispersed.  
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Figure S2.4 RsgI9’s catalytic triad resembles inactive form of homolog DegS.  

(A) Alignment of the catalytic triad residues found in RsgI9 with those in the active (magenta, 

PDB: 4RQZ) and inactive (yellow, PDB: 4RQY) forms of the E. coli DegS protease. RsgI9’s 

configuration more closely resembles the inactive form, as the distance between the His Nε2 

and the Ser/Thr hydroxyl group is too far to make a productive hydrogen bond. (B) Alignment of 

the oxyanion hole residues adjacent to the nucleophilic Ser/Thr, with the same structures and 

coloring as in panel A. Both RsgI9 and the inactive form of DegS presumably fail to stabilize the 

tetrahedral intermediate during proteolysis due to a deformation relative to the active 

conformation. Notably, the amide Ni-2 is flipped out while the carbonyl Ci-3 points inward.  
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Figure S2.5 Fit of SAXS data and ab initio reconstructions.  

(A) Fit of experimental scattering curve to that predicted for the RsgI9S1C-CTD crystal structure by 

the FoXS server (χ2 value of 1.23). (B) Ab initio bead model and electron density 

reconstructions of RsgI9S1C-CTD, using DAMMIF/N and DENSS, respectively. The maximum 

dimension of the model (84 Å) is consistent with the Dmax observed from the data (82 Å). (C) Ab 

initio models for intact RsgI9ecto. The length of the model is in agreement with the value of Dmax 

derived from the SAXS data (160 Å).  
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Figure S2.6 C. thermocellum RsgI architecture vs. DISOPRED3 disorder predictions.  
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The primary sequences of the nine RsgI proteins from Clostridium thermocellum were analyzed 

using DISOPRED353. Values above 0.5 are predicted to be disordered, while those below are 

likely structured. The domain architecture of each RsgI is shown below each plot based on 

previous structures, UniProtKB annotation, and this work [20-22,74]. A good agreement is seen 

between annotated domains and predicted structured regions.  
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Chapter 3 

 

Insight into the autoproteolysis mechanism of the RsgI9 anti-σ factor from Clostridium 

thermocellum 
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3.1 Overview 

Clostridium thermocellum is a potential microbial platform to convert abundant plant biomass to 

biofuels and other renewable chemicals. It efficiently degrades lignocellulosic biomass using a 

surface displayed cellulosome, a megadalton sized multienzyme containing complex. The 

enzymatic composition and architecture of the cellulosome is controlled by several 

transmembrane biomass-sensing RsgI-type anti-σ factors. Recent studies suggest that these 

factors transduce signals from the cell surface via a Conserved RsgI Extracellular (CRE) 

domain (also called a periplasmic domain) that undergoes autoproteolysis through an 

incompletely understood mechanism. Here we report the structure of the autoproteolyzed CRE 

domain from the C. thermocellum RsgI9 anti-σ factor, revealing that the cleaved fragments 

forming this domain associate to form a stable α/β/α sandwich fold. Based on AlphaFold2 

modeling, molecular dynamics simulations and tandem mass spectrometry, we propose that a 

conserved Asn-Pro bond in RsgI9 autoproteolyzes via a succinimide intermediate whose 

formation is promoted by a conserved hydrogen bond network holding the scissile peptide bond 

in a strained conformation. As other RsgI anti-σ factors share sequence homology to RsgI9, 

they likely autoproteolyze through a similar mechanism. 
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3.2 Introduction 

The effects of climate change and finite petroleum supplies have created a pressing 

need to cost-effectively produce biofuels, chemicals, and materials from renewable and carbon-

neutral sources [1]. Lignocellulosic plant biomass (LCB) is a promising feedstock to generate 

these biomaterials as it is the largest source of carbon in the biosphere (~450 gigatons) and can 

be produced sustainably [2]. Currently, the use of LCB as a feedstock is limited by its 

recalcitrance to degradation [3]. One approach to overcome this problem is to employ 

Clostridium thermocellum (also known as Acetivibrio thermocellus or Hungateiclostridium 

thermocellum) to break down biomass as this thermophilic obligate anaerobe possesses 

extremely potent cellulolytic activity [4, 5]. C. thermocellum has evolved the capacity to degrade 

LCB by displaying cellulosomes - massive multienzyme complexes that efficiently hydrolyze 

cellulose into its component sugars [6-10]. The high cellulolytic activity of the cellulosome 

originates from its modular architecture, which is capable of colocalizing a large a number of 

glycoside hydrolases (GHs) that work together to degrade cellulose and hemicellulose fibers 

within LCB [11]. In addition to C. thermocellum, a number of mesophilic and thermophilic 

microbial species have been shown to produce cellulosomes that confer potent cellulolytic 

activity [12, 13]. 

To degrade different types of biomass, C. thermocellum regulates the transcription of 

~50 genes encoding GH enzymes that are incorporated into the cellulosome [14, 15]. Their 

expression is regulated by extracytoplasmic function (ECF) σ factors, which together with their 

cognate anti-σ factors are responsible for altering GH gene expression in response to the 

presence of different types of extracellular polysaccharides [16]. A total of nine ECF σ factors 

may regulate gene expression in response to different types of polysaccharides. These include 

eight SigI-type σ factors (σ1 to σ8) whose activities are modulated by at least eight RsgI-type 

anti-σ factors (RsgI1-8) that are co-transcribed from the same operon, and σ24 which is 
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regulated by the Rsi24c anti-σ factor [16-19]. In the signaling process for the SigI-type σ factors, 

each of the membrane-bound anti-σ factors are believed to bind to different types of 

extracellular polysaccharides [17, 20-22]. They then transduce this signal across the membrane, 

triggering the release of their cognate SigI-type σ factor from the cytoplasmic membrane [23]. 

The SigI-type σ factor then binds to the RNA polymerase complex enabling it to transcribe 

specific GH encoding genes, as well as genes that encode scaffoldin proteins used to construct 

the cellulosome [24]. Each of the RsgI anti-σ factors contains a conserved cytoplasmic N-

terminal domain (NTD) that is located in the cytoplasm, where it binds to its cognate σ factor. 

This is followed by a single membrane embedded helix and an extracellularly located 

Conserved RsgI Extracellular domain (CRE domain). The CRE domain has also been referred 

to as either the periplasmic juxtaposition domain or SEAL domain [25, 26]. Following this 

segment is a non-conserved C-terminal region that frequently mediates polysaccharide binding. 

Biochemical studies have deduced the binding activities of several of the RsgI anti-σ factors. 

For example, RsgI1, RsgI2 and RsgI4 contain family 3 type carbohydrate binding modules 

(CBM3) known to interact with cellulose [17], RsgI3 recognizes pectin via protective antigen 14 

domains, RsgI5 contains a family-10 CBM that binds to arabinose, and RsgI6 contains a family-

10 GH module that degrades cellulose and xylan [17, 20, 21]. Recent studies of the RsgI-like 

factors from Bacillus subtilis and C. thermocellum suggest that signaling occurs via a regulated 

intramembrane proteolysis (RIP) mechanism in which the anti-σ factor undergoes proteolytic 

cleavage at two sites, called site-1 and site-2 [25-27]. Site-1 cleavage occurs within their CRE 

domains as a result of autoproteolysis, predisposing the anti-σ factor for signal-induced 

structural changes that expose site-2 for degradation by the RasP protease in B. subtilis or 

RseP in C. thermocellum. The second cleavage event releases the cognate σ factor from the 

RsgI’s cytoplasmic NTD enabling it to selectively transcribe specific genes by targeting the RNA 

polymerase complex to their promoters.  
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Recently we reported the structure of the cellulose-binding ectodomain from the C. 

thermocellum RsgI9. It is an ‘orphan’ anti-σ factor [22] because unlike other RsgI factors, the 

gene encoding RsgI9 is not located in an operon that also contains a gene encoding a σ factor. 

The ectodomain in RsgI9 adopts an elongated conformation in which a C-terminal bi-domain 

unit is likely projected from the cell surface to engage cellulose, while its conserved CRE 

domain resides near the membrane to presumably affect signal transduction. Using a 

combination of NMR spectroscopy, AlphaFold2, molecular dynamics (MD) simulations, and 

mass spectrometry we show that RsgI9 exists in a pre-cleaved state on the extracellular 

membrane that may enable it to transduce signals caused by carbohydrate binding into gene 

expression changes that alter the composition of the cellulosome, and we provide evidence that 

is compatible with CRE domain autoproteolyzing via a conserved mechanism involving a 

succinimide intermediate. 
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3.3 Results and Discussion 

3.3.1 RsgI9’s CRE domain undergoes autoproteolysis.  

CRE domains are conserved in a range of membrane embedded anti-σ factors and have 

recently been implicated in RIP-mediated signal transduction [23]. To gain insight into its 

function, we recombinantly produced a polypeptide encoding RsgI9’s CRE domain (CRE, 

residues G167-K343 of RsgI9) (Fig. 1A). The final step of the CRE purification process involved 

the application of size exclusion chromatography (SEC). Interestingly, we noticed that even 

though the purified protein eluted from the column at a position consistent with its predicted 

molecular weight (~20 kDa, 177 amino acids) (Fig. 1B), based on SDS-PAGE analysis the 

material within this peak contains two polypeptide chains with masses of ~2.4 and ~17.6 kDa as 

confirmed by MALDI-TOF (Fig. 1C). To confirm the identity of the components, the two 

fragments were separated, digested with trypsin, subjected to reversed-phase HPLC and then 

analyzed via electrospray ionization tandem mass spectrometry (ESI-MS/MS) (Fig. 1D). This 

procedure revealed that the fragments corresponded to polypeptides containing residues G167-

N188 and P189-K343 in CRE, which was consistent with the full CRE protein undergoing 

proteolysis at its N188-P189 peptide bond. Close analysis of SDS-PAGE separated proteins in 

E. coli cells overexpressing CRE did not reveal the presence of the intact polypeptide, 

suggesting that autoproteolysis occurs rapidly after the protein is translated. 

3.3.2 NMR structure of the autoproteolyzed CRE domain.  

Co-elution of the 2.4 and 17.6 kDa CRE cleavage fragments in SEC experiments 

suggests that they associate with one another. To investigate the nature of this interaction, a 

13C- and 15N-labeled sample of CRE was produced and its chemical shifts were assigned using 

triple resonance NMR methods (Fig. 2A) [28]. CRE adopts a folded structure as evidenced by 

its well dispersed 1H-15N heteronuclear single quantum coherence (HSQC) spectrum. Notably, 
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both fragments within the cleaved CRE domain are structurally ordered. This is evident from the 

heteronuclear 15N{1H} nuclear Overhauser (hetNOE) data, since residues spanning both 

fragments within the protein exhibit values >0.6 (Fig. 2B). It is further substantiated by a plot of 

the random coil index (RCI) values predicted by TALOS-N, which reveals that residues in both 

the short and long fragments are structured based on their backbone chemical shifts (residues 

G177-I341) (Fig. 2C) [29]. 

The solution structure of the autoproteolyzed CRE domain was determined using 

multidimensional heteronuclear NMR data and simulated annealing approaches [30, 31]. The 

structure is represented by an ensemble of 20 conformers that are compatible with 2,044 

structural restraints (1,668 NOE distances, 301 dihedral angles, 74 hydrogen bonds) (Table 1).  

Consistent with the hetNOE data (Fig. 2B), residues Y180-I337 are structurally ordered 

in the ensemble; their backbone atoms can be superimposed to the mean structure with a root 

mean square deviation (RMSD) of 0.57 Å (Fig. 3A). CRE adopts an α/β/α sandwich that is 

constructed from three subdomains: helices α1-3, strands β1-5 that form a central sheet, and 

helices α4-7 (Fig. 3C). The β-strands are arranged in an anti-parallel manner, with the exception 

of strands β4 and β5 that are parallel to one another and located at the edge of the sheet. The 

shorter CRE fragment (residues G167-N188) comprises strand β1 that pairs in an anti-parallel 

manner with strands β2 and β4 located in the longer fragment. The cleavage site residues lie 

within the cleaved hairpin loop between the β1 and β2 strands and are partially excluded from 

the solvent by the side chains of residues located within α1 (D210) and α6 (K336), as well as 

the side chain of Y241 located in the loop region connecting α1 and β4 (Fig. 3B, yellow). 

The structure is similar to recently reported structures of CRE domains from the B. 

subtilis RsgI anti-σ factor, as well as the RsgI1, RsgI2 and RsgI6 proteins from C. thermocellum 

(Fig. 4A) [27]. These proteins share 32-41% sequence identity with RsgI9 and also undergo 

autoproteolysis of an Asn-Pro peptide bond (Fig. 4B). The structure of RsgI9 is most similar to 
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RsgI2, as their backbone atoms can be superimposed with an RMSD of 1.95 Å. A comparison of 

RsgI9 to the different CRE domain structures reveals the presence of many conserved residues 

that are positioned near the cleaved peptide bond (Fig. 4B) [26, 27]. These include amino acids 

within the conserved D[I/V]NPS sequence that harbor the cleaved Asn-Pro peptide bond and 

several residues from the longer fragment that interact with these amino acids. For example, 

semi-conserved polar contacts originating from the side chains N208 and D210 to the cleaved 

proline residue are observed, as well as contacts from L250, S310, and G312 to residues that 

surround the broken peptide bond (Fig. 3D, 4B). This conservation suggests that all CRE 

domains may autoproteolyze, consistent with experimental studies of RsgI from B. subtilis 

(BsubRsgI) and select RsgI proteins from C. thermocellum (CtheRsgI1-4, 6). A notable exception is 

the RsgI8 CRE domain, which replaces the Asn-Pro sequence with Asp-Ala and may not 

undergo autoproteolysis [26, 27]. 

3.3.3 A conserved hydrogen-bond network may impart strain onto the Asn-Pro peptide 

bond to promote its cleavage.  

To gain insight into the mechanism of cleavage, we used AlphaFold2 to model the 

structure of an intact CRE domain that exists prior to autoproteolysis (Fig. 5A) [34]. The top 5 

models describing the structure were accurately predicted based on their pLDDT scores of 91.8 

– 93.4. The intact (AlphaFold2) and cleaved (NMR) structures are closely related, as their 

backbone atoms can be superimposed with an RMSD of 1.94 Å. In general, the structural 

differences originate from alterations in the conformations of protein loops and the presence of 

an extra helical turn located at the end of the α7 helix in the intact protein. However, several 

features in the intact protein suggest that the region containing the Asn-Pro peptide bond adopts 

a stressed conformation that may promote its cleavage. For an example, an analysis using the 

program MolProbity reveals that N188-P189 ω dihedral angle describing the geometry of the 

scissile peptide bond is 83.2°, instead of the canonical value of ±180° for an unstrained, trans-
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peptide bond [35]. The φ and ψ torsion angles for P189 in this region also reside in the 

disfavored region of the Ramachandran plot (-107.3, 174.1). Finally, a CaBLAM analysis reveals 

several geometric outliers involving Cα atoms for residues V187-P189 suggesting that they 

adopt an energetically unfavorable conformation (Fig. 5B) [36]. In marked contrast, the NMR 

structure of the cleaved polypeptide does not exhibit this conformational stress; presumably 

because of the additional conformational freedom that is afforded by rupture of the N188 and 

P189 bond. 

Molecular dynamics (MD) simulations were performed to investigate the origin of 

conformational strain in the CRE domain. Motions in the solvated model of the intact protein 

were simulated for 200 ns using the CHARMM36 all-atom force field [37]. The coordinates in the 

simulation stabilized after ~50 ns and thereafter exhibited only small root mean square 

fluctuations (RMSFs). Prominently, residues within and surrounding the β1-β2 hairpin containing 

the Asn-Pro peptide bond exhibited only relatively small conformational fluctuations (~0.75 Å 

RMSF values) and remained strained through the entirety of the simulation. In particular, the ω 

dihedral angle for the Asn-Pro peptide exhibited a non-ideal average value of 148.1° ± 8.4° 

(instead of ~±180°) with even larger transient excursions that move it as far as 55° away from 

planarity. In contrast, for all other residues in the protein their ω dihedral angles retain values 

around ±176° and thus their peptide bonds remain in a lower energy, planar configuration. 

Residues surrounding the scissile bond also remained in their original, unfavorable 

conformations. An inspection of the trajectory suggests that an extensive hydrogen bond 

network may hold the Asn-Pro peptide bond in a strained conformation (Fig. 6B). As part of this 

network, we also observed a long-lived water molecule that for the majority of the trajectory 

maintained hydrogen bonding interactions between residues D186, N188, and S190. Within the 

run time of the simulation, the water formed at least one hydrogen bond contact with the 

aforementioned residues for 94% of the simulation. In particular, the water molecule appears to 
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form hydrogen bonds with both the main chain amide and carbonyl of N188, which had a site 

occupancy of 45% during the remaining 150 ns runtime after the system had stabilized 

Additionally, N208 and R313 form hydrogen bond contacts with both the amide side chain and 

main chain carbonyl of N188. Although longer time-scale simulations are needed to fully assess 

the stability of this region, this network may hold the Asn-Pro peptide bond in its strained 

conformation. This would raise the energy of the uncleaved substrate, effectively reducing the 

activation energy barrier required for proteolysis. The functional importance of the network is 

consistent with studies of the CtheRsgI2 CRE domain since mutation of the equivalent residues in 

this protein impair its autoproteolysis, specifically D186, S190, N208, and R313 [27]. 

3.3.4 Spontaneous cleavage may occur via a succinimide intermediate.  

In principle, cleavage of the twisted scissile bond of CRE could occur via at least three 

distinct mechanisms: (i) direct hydrolysis of the strained peptide bond, (ii) an N→O / N→S acyl 

rearrangement mechanism that is caused by a nucleophilic action of a proximal residue such as 

a hydroxyl bearing serine residue [38, 39], or (iii) via a succinimide intermediate mechanism 

whereby the Asn side chain (N188) with the Asn-Pro scissile peptide bond undergoes cyclization 

and cleavage via the formation of a succinimide intermediate (Scheme I) [40].  

Proteolysis via direct hydrolysis (i) or an acyl rearrangement (ii) seems unlikely. Direct 

hydrolysis seems unlikely for several reasons. First, in proteins that hydrolyze peptide bonds the 

water molecule is typically activated for nucleophilic attack on the scissile bond by a nearby 

metal or general base [41]. In the structure of RsgI9 and other CRE proteins, no metal is 

present near the labile peptide bond. There are numerous conserved residues near the labile 

bond that could potentially function to activate a water molecule for hydrolysis (e.g. S190, N208, 

and R313 in RsgI9). However, results obtained by the Feng and Rudner groups have shown 

that variants which alter these residues exhibit only mildly reduced autoproteolytic activity, 

suggesting that they are unlikely to function as a general base [25-27]. Second, the MD 
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simulation of the uncleaved AlphaFold2 CRE model revealed the presence of a long-lived water 

molecule that stabilizes the hydrogen-bond network and could mediate hydrolysis, but is 

positioned too far away from scissile peptide bond making it a poor candidate for a nucleophile 

[42]. However, we cannot exclude the possibility that the 200 ns simulation may have been of 

insufficient duration to capture the presence of a long-lived water molecule that could mediate 

hydrolysis. Third, the cleavage product containing C-terminal Asn residue exhibits an isoform 

that is consistent with a mechanism involving a succinimide intermediate (see below). The N→O 

/ N→S acyl rearrangement mechanism (ii) also seems unlikely to be the cause of CRE domain 

autoproteolysis. This is the most commonly observed mechanism of protein autoproteolysis and 

involves an acyl rearrangement mediated by a nearby side chain (e.g. Thr, Ser, Cys, Asn) that 

acts as a nucleophile that attacks the carbonyl group within the scissile peptide bond [43]. 

Proteins that utilize this mechanism include self-cleaving proteins such as the FoxR anti-σ factor 

[44], GPCR autoproteolysis inducing (GAIN) domains [45], and several viral polyproteins 

including those from SARS-CoV-2 [46]. This acyl rearrangement is unlikely for CRE as 

mutagenesis of highly conserved residues near the peptide bond that could serve as potential 

nucleophiles in the CtheRsgI2 protein (N208, D210, and R313) does not significantly ablate its 

autoproteolysis [27]. Indeed, prior work on CtheRsgI2 demonstrated that double mutants in which 

more than one potential nucleophile is altered do not completely disrupt autoproteolysis, making 

this mechanism unlikely. Similarly, mutations of residues proximal to the autocleavage (Y182, 

D186, E192, V201, N208) site in the CRE of BsubRsgI made by the Rudner group did not 

completely prevent autocleavage but did lead to a similar phenotype as the ΔrsgI mutant [25]. 

According to the solution structure and MD simulation, these residues are either involved within 

the hydrogen bond network surrounding the autocleavage site or within the core of the domain. 

Thus, mutations to these core residues would likely destabilize the domain such that the RsgI 

protein would be more susceptible to site-2 processing and activation. 
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We posit that the non-enzymatic cleavage of the Asn-Pro bonds in CRE domains occurs 

via a succinimide mechanism shown in Scheme 1. This autoproteolysis mechanism has been 

observed in the structurally unrelated αA-crystallin [40], aquaporin 0, FlhB and SpaS proteins 

[47-50]. Bond cleavage starts with the cyclization of the Asn side chain when its δ-nitrogen atom 

attacks its backbone carbonyl group to form a gem-hydroxylamine transition state that 

subsequently collapses into a C-terminal succinimide intermediate when the Asn-Pro bond 

breaks [51]. The C-terminal succinimide containing the Asn is then hydrolyzed to create a 

racemic mixture of cleavage product that contains either a C-terminal Asn or Asp-amide/isoAsn 

residue (Scheme 1). This reaction is typically rare in proteins as it competes with much faster 

Asn deamidation reaction that involves Asn cyclization [52]. However, Asn-Pro peptide bonds 

are prone to autoproteolysis since this competing deamidation reaction is disfavored because 

the proline backbone imine is a poor nucleophile [53]. If cleavage in RsgI9 occurs via a 

succinimide intermediate, the short peptide cleavage fragment should contain both Asn and 

isoAsn at its C-terminus (Scheme 1). LC-MS/MS was performed on a sample of purified CRE 

domain that had been digested with trypsin. This procedure identified 14 unique peptides 

corresponding to the larger fragment and 1 peptide corresponding to the shorter fragment 

(85.2% and 90.9% sequence coverage, respectively). Interestingly, the extracted ion 

chromatogram (XIC) revealed that all the tryptic peptides eluted with a standard unimodal 

elution profile with the notable exception of a shorter fragment containing the C-terminal Asn (or 

isoAsn) residue which exhibited a bimodal profile (Fig. 7A). The identity of the bimodal peptide 

was confirmed by LC-MS/MS as spanning residues G169-N188 (Fig. 7B). Notably, MS analysis 

of eluate from the bimodal chromatographic peak revealed that both lobes corresponded to 

peptides of m/z 1081.49. This behavior is consistent with the elution of a C-terminal Asn/isoAsn 

peptide pair. To further investigate this issue, we performed parallel reaction monitoring (PRM) 

on these tryptic digest products. Consistent with assignment as the autoproteolytic isoAsn and 

Asn products, both lobes of the LC peak exhibited nearly identical MS/MS spectra. This 
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behavior is expected given that their backbone amides are similarly susceptible to collisional 

fragmentation (Fig. 7C). It is also notable that the single long-lived water molecule, observed to 

stabilize the hydrogen bond network in MD simulations, is positioned to facilitate cleaving the 

succinimide intermediate. Poised to hydrogen bond to the main chain carbonyl of N188 (heavy 

atom separation 3.0 Å), the water molecule can donate a proton as the peptide bond is broken. 

3.4 Conclusion 

In this work, we demonstrate that the RsgI9 CRE domain undergoes autoproteolysis at a 

conserved Asn-Pro sequence to form a stably folded structure in which the proteolytic fragments 

remain associated. Coupled with prior findings that show RsgI9’s C-terminal ectodomain binds 

cellulose, these results are consistent with it regulating the composition of the cellulosome via a 

RIP signal transduction mechanism [22]. In this process, polysaccharide binding to the RsgI9 

domain would cause the pre-cleaved CRE domain to separate, thereby exposing it to 

degradation by the RasP intramembrane metalloprotease to release a yet to be identified σ 

factor that controls gene transcription. This work builds upon previous studies of the CRE 

domain by providing insight into the potential mechanism for autoproteolysis. Additionally, we 

have confirmed that the CRE of the orphan RsgI9 undergoes autoproteolysis, implicating its 

involvement in extracellular sensing and transcription regulation despite its unknown cognate σ 

factor. Future studies will be focused on identifying this σ factor and testing whether 

polysaccharide binding triggers CRE domain dissociation. Our NMR, MD and MS/MS analyses 

in combination with recently reported mutagenesis data provide insight into how a conserved 

Asn-Pro peptide bond in CRE domains is rapidly autoproteolyzed. We propose that a conserved 

hydrogen bond network and bound water molecule promote cleavage by maintaining the 

scissile peptide bond in a strained conformation that reduces the energy between the pre-

cleaved substrate and transition state associated with bond breakage. This is similar to the 

hydrogen bond-maintained conformational strain seen in SEA domains, which have recently 
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been proposed Brogan et al. to function similarly to CRE [26]. There are over 1000+ CRE 

homologs that contain the conserved D[I/V]NPS cleavage sequence across many species of 

gram-positive bacteria, suggesting that this mechanism is widely employed by RsgI-type anti-σ 

factors to mediate signal transduction. 
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3.5 Materials and Methods 

3.5.1 Cloning and expression of CRE  

The nucleotide sequence for C. thermocellum DSM 1313 CRE (residues G167-K343) 

was cloned into a pET-29b expression plasmid which contains an N-terminal 6xHis affinity tag 

and followed by a Tobacco Etch Virus (TEV) protease cleavage site. The plasmid was 

transformed into E. coli BL21 (DE3) cells and cultured at 37 °C in LB media containing 50 μg/mL 

kanamycin until an OD600 of 0.6 – 0.8 was reached. Cells were then induced with 1mM isopropyl 

β-D-thiogalactoside (IPTG) and incubated with agitation at 17 °C for 12–17 hrs. Cell cultures 

were pelleted at 7k rpm at 4 °C for 25 minutes and were resuspended in lysis buffer containing 

50 mM Tris-HCl and 300 mM NaCl at pH 8.0. Cells were lysed via sonication in the presence of 

1 mg of lysozyme isolated from egg white and 2mM phenylmethanesulfonyl fluoride (PMSF) per 

liter of culture. Lysates were clarified by centrifugation at 15k rpm at 4 °C for 50 minutes. 

Clarified lysate was loaded onto HisPurTM Co2+-NTA resin previously equilibrated in lysis buffer 

and incubated with agitation at 4 °C. The protein was washed with 10 CV of lysis buffer followed 

by a wash with lysis buffer containing 10mM imidazole and finally eluted using elution buffer 

(lysis buffer + 500 mM imidazole). Elutions were concentrated to 5 mL using an AmiconTM 10k 

MWCO Ultra centrifugal filter and then dialyzed in lysis buffer without imidazole in the presence 

of TEV protease overnight at 4 °C. The dialyzed and post-cleaved protein was then loaded back 

onto the HisPurTM Co2+-NTA affinity resin and eluted with several washes of lysis buffer. Elutions 

were further purified using a Superdex 75 preparative grade column on an AKTA-FPLC system 

and concentrated again prior to storage and use. Samples from pre- and post-TEV digestion of 

RsgI9 CRE were separated by SDS-PAGE. 

3.5.2 NMR spectroscopy and structure calculations 
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CRE was uniformly isotopically 13C- and 15N-labeled using the same expression and 

protein purification protocol as described above, but with expression induced after transferring 

to minimal M9 media supplemented with 15NH4Cl and [13C6] glucose. Protein samples for NMR 

were exchanged into NMR buffer (50mM sodium phosphate, 200 mM NaCl, 0.03% sodium 

azide, pH 6.0). NMR experiments were performed at 298 K on Bruker Avance III HD 600 MHz 

and Bruker Avance NEO 800 MHz spectrometers equipped with triple resonance cryogenic 

probes. Backbone and side chain atom assignments of CRE were determined via the following 

experiments: 15N-HSQC, 13C-HSQC, 15N-TOCSY, HNCO, HN(CA)CO, HNCA, HN(CO)CA, 

HNCACB, HCCH-COSY, HCCH-TOCSY, HNHA, and HN(CO)CACB [28]. Data were processed 

using NMRPipe[54] and analyzed using XIPP NMR software [55]. Initial assignment of cross-

peaks within the NOESY spectra were assigned automatically using UNIO [56] which were 

verified and added to manually in XIPP. 15N{1H} heteronuclear NOE data was collected in 

duplicate and analyzed in NMRFAM-Sparky [57]. Predicted secondary structure, RCI-S2 values 

and dihedral angle restraints for structure calculations were generated using TALOS-N [58]. 15N- 

and 13C-edited NOESY spectra were acquired using a 120 ms mixing time and used to define 

NOE distance restraints for structural calculations made using XPLOR-NIH v3.6 [59, 60]. The 

final round of structural calculations included 200 structures generated, 40 of which had zero 

NOE violations greater than 0.5 Å or dihedral angle violations greater than 5°. A final ensemble 

of 20 structures based on lowest overall energy were validated via PROCHECK-NMR and 

selected to represent the structure of CRE, which were then deposited into the PDB (accession: 

8U9O) [32]. Cartoon and ensemble representations of CRE and the AlphaFold2 model of 

RsgI9177-350 were generated using MOLMOL and PyMOL [61, 62]. All backbone alignment 

comparisons (atoms N, Cα, C’, and O) with RsgI9 CRE were done using the ‘align’ function in 

PyMOL with no pruning [62]. 

3.5.3 AlphaFold2 Modeling and MD Simulations 



 

113 

A full-length, uncleaved model of RsgI9 CRE177-350 was generated using AlphaFold2 [34] 

(locally installed). 5 models were generated in structure determination. The highest ranked 

structure based on pLDDT score was used for further MD simulations.  

GROMACS version 2021 was used for explicit-solvent molecular dynamics simulations 

of the uncleaved AlphaFold2 model of RsgI9 CRE (G177-L350) using the CHARMM36 all-atom 

force field [37]. Structures were solvated in a cubic box and embedded with an appropriate 

amount of Na+ and Cl- counterions for an electroneutral system. Energy minimization and 

equilibration of the structures were completed using a steepest descent method and subsequent 

NVT and NPT equilibration phases lasting 100 ps each. 200 ns simulations were performed on 

the equilibrated and energy minimized structures at constant temperature and pressure (300.0 

K and 1.0 atm) with a time step of 2.0 fs. Global backbone RMSF over the course of the 

simulation reached convergence after 30 ns. The trajectory file was analyzed using VMD to 

visualize long-lived water molecules and changes in cleavage site side chain rotamers [63]. 

Fluctuations in dihedral angles over the course of the simulation were extracted from the 

trajectory file and visualized in XMGRACE software [64]. Hydrogen bond site occupancies were 

calculated using the HBonds plugin, v1.2 in VMD with a distance and angle cutoffs of 3.4 Å and 

35° respectively.  

3.5.4 Tandem mass spectrometry and MALDI-TOF 

Full length CRE was SEC purified and buffer-exchanged into 100 mM ammonium 

bicarbonate, pH 8.0. A tryptic digest was performed at a ratio of 50:1 RsgI9:trypsin, overnight, 

using sequencing grade trypsin (Promega) before desalting using C18 resin (Empore) in the 

format of StageTips [65]. The resulting peptides were injected onto an Exploris Orbitrap 480 

(Thermo Fisher) running the following mobile phase gradient: 3% B from 0 to 7 minutes, 3% to 

35% B from 7 to 40 minutes, 35% to 80% B from 40 to 45 minutes, 80% B to 50 minutes, and 

80% to 3% B from 50 to 52 minutes. Data-dependent acquisition was implemented, and the 
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resulting data was analyzed using Max Quant with the Andromeda search engine, default 

parameters. MS1 chromatograms were extracted using FreeStyle 1.8 (Thermo Fisher) and 

plotted and centered at their apices. Purified protein samples were analyzed by MALDI-TOF by 

first mixing with matrix solution (70% Acetonitrile, 30% ddH2O, 0.1% TFA, saturated α-cyano-4-

hydroxycinnamic acid) and analyzed with an Applied Biosystems Voyager-DE STR MALDI-TOF 

in linear mode. 
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3.6 Figures 

 

Figure 3.1 The RsgI9 anti-σ factor is proteolyzed at the Asn188-Pro189 peptide bond.  

(A) Schematic of the intact RsgI9 protein. It contains conserved domains that are found in other 

RsgI-family proteins (red). These include an intracellular anti-σ factor domain (NTD, residues 1–

55, red), a transmembrane helix (TM, dark gray) and an extracellular domain of unknown 

function (CRE, residues 167–343, red, striped). RsgI9 and many other RsgI proteins also 

contain a Pro-rich linker segment (light gray) that connects the RsgI9 CRE to S1C peptidase 

(mint, residues 396–578) and NTF2-like type domains (blue, residues 579–707). RsgI9 also 

contains a unique insertion (orange) immediately following the NTD that is in the cytoplasm. (B) 

SEC chromatogram of purified CRE protein, demonstrating that it elutes as a single peak. The 

elution volume for CRE is consistent with the expected molecular weight of the uncleaved form. 

(C) SDS-PAGE of His-tagged RsgI9 CRE (167-343) digested with TEV protease. A band 

corresponding to a fully intact, undigested 6xHis-RsgI9 (residues 167-343) is absent in the pre-
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digestion sample. (D) Reversed-phase HPLC chromatogram of purified CRE obtained from 

SEC. The data show that CRE consists of two polypeptides, short (residues G167 to N188, 

RsgI9) and long (residues 189-343, RsgI9) fragments. The identity of the polypeptides was 

confirmed by ESI-MS/MS. 
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Figure 3.2 NMR data showing the cleaved CRE domain forms a stable structure.  

(A) The 1H-15N HSQC spectrum of the uniformly 15N-labeled RsgI9 CRE domain. Residue 

numbering corresponds to the full-length RsgI9 protein. (B) Plot of the steady state 

heteronuclear 15N{1H} NOE (hetNOE) values for the backbone amides in the domain plotted as 

a function of residue number. Error values are the maximal deviation from the average obtained 

from two separate measurements. A schematic of the secondary structural elements identified 

by NMR is depicted above. Out of a total of 176 residues containing backbone amide groups in 

CRE, resolved hetNOE data could be obtained for 165 residues. (C) Predicted Random Coil 

Index (RCI) values per residue as calculated using the program TALOS-N and chemical shift 

data. In panels (B) and (C) the light-gray shaded area represents the first 10 residues of the 

CRE protein construct and are structurally disordered. 
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Table 3.1 Structural statistics of the solution structure of CRE 

 
⟨SA⟩a 

Root mean square deviation  

NOE Interproton distance restraints (Å)  

(1668)b 0.028 ± 0.002 

Dihedral angles restraints (°) (301)c 0.550 ± 0.059 

Hydrogen bond distance restraints (Å) (74)  0.027 ± 0.005 

Deviation from idealized covalent geometry  

bonds (Å) 0.002 ± 0.0001 

angles (°) 0.425 ± 0.011 

impropers (°) 0.301 ± 0.017 

PROCHECK results (%)  

most favorable region 94.8 ± 1.1 

additionally allowed region 4.4 ± 1.1 

generously allowed region 0.7 ± 0.4 

disallowed region 0.0 ± 0.0 

Coordinate Precision (Å)d  

Protein backbone 0.57 ± 0.07 

Protein heavy atoms 1.16 ± 0.07 
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a⟨SA⟩ represents an ensemble of the 20 best structures calculated by simulated annealing. The 

number of terms for each restraint is given in parentheses. None of the structures exhibited 

distance violations greater than 0.5 Å, or dihedral angle violations greater than 5°. Residues 

selected for statistics and PROCHECK-NMR analysis were Y180-I337. [32] 

bDistance restraints: 463 sequential, 261 medium (2 ≤ residue separation ≤ 4), 506 long range 

(>4 residues apart) and 438 intramolecular. 

cThe experimental dihedral angle restraints were as follows: 151 φ and 151 ψ angular restraints. 

dThe coordinate precision is defined as the average atomic root mean square deviation (RMSD) 

of the 20 individual SA structures and their mean coordinates. These values are for residues 

Y180-I337 of CRE. Backbone atoms refer to the N, Cα, and C’ atoms. 
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Figure 3.3 Solution structure of the RsgI9 CRE domain.  

(A) Superposition of the 20 lowest energy structures of the RsgI9 CRE domain. Residues 

corresponding to the 2.4 and 17.6 kDa fragments are colored light and dark blue, respectively. 

Residues G167-K343 are shown with their N- and C-termini labeled. (B) Surface representation 

of the CRE domain structure. Cleavage site residues (yellow) and residues that partially occlude 

the cleavage site (orange) are colored. (C) Ribbon representation of the lowest energy structure 

of the CRE domain with its secondary structural elements labeled (α1-7, β1-5) (PDB accession: 

8U9O) (D) Expanded view of the structure showing the cleaved peptide bond between the 

Asn188 and Pro189 residues. Carbon atoms are colored by fragment (G167-N188, blue and P189-

K343, green). The side chains of nearby conserved residues are shown in stick format. 
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Figure 3.4 Structure and sequence comparisons with the RsgI9 CRE domain.  

(A) Overlay of the lowest energy structure of the RsgI9 CRE domain (cyan, residues 167-343) 

with the structure of the CRE domain from the C. thermocellum RsgI2 protein (magenta, 

residues 89-248) (PDB: 8heq)[27]. The structures align with a backbone RMSD of 1.95 Å. (B) 

Sequence alignment of the CRE domain (top) with the other RsgI proteins in C. thermocellum 

(RsgI 1-8) and the RsgI anti-σ factor from B. subtilis (Bsub_RsgI). Residue numbers and 

secondary structures are shown above the sequences and correspond to the RsgI9 protein. 

Shaded residues are conserved (dark purple most conserved). Multiple sequence alignments 

for the RsgI proteins were generated using Clustal Omega [33]. 
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Figure 3.5 AlphaFold2 Comparison to solution-state structure of CRE.  

(A) Overlay and zoom of the lowest overall energy structure calculated for RsgI9 CRE (167-343) 

and the AlphaFold2-predicted model of CRE (177-350). The solution-state NMR structure of 

CRE contains the cleavage site breakage between N188 and P189 whereas the predicted 

AlphaFold2 structure is continuous through that region. The two structures align with a 

backbone RMSD of 1.94 Å. The conserved cleavage site residues (N188/P189) are compared 

in the zoom-in window. The ω* denotes a strained, non-planar peptide angle (83.2°) for P189 in 

the uncleaved AlphaFold2 model. (B) MolProbity kinemage analysis of the CRE cleavage site 

residues for the uncleaved AlphaFold2 model and solution state structure of CRE. Backbone 

carbons are outlined in white or pale yellow. Outlier values for Ramachandran (thick cyan line), 

bond-length (thick red line), twisted/non-planar peptide bonds (yellow trapezoid), and C-Alpha 

geometry (magenta discs) are shown. 
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Figure 3.6 MD simulations of the AlphaFold2 model of CRE.  

(A) Plot of the root mean square fluctuation (RMSF) differences of CRE backbone amide 

coordinates during the course of the 200 ns MD simulation. (B) Zoom in view of a representative 

frame from an uncleaved precursor RsgI9CRE during the course of the MD simulation. The 

peptide bond dihedral angle for P189 (ω*, magenta) remains predominantly in a non-planar 

(153.2°) configuration as stabilized by the surrounding hydrogen bond network. Backbone 

amide and side chain hydrogens (white) are shown to illustrate peptide bond geometries. Heavy 

atoms are colored blue and red to indicate nitrogen and oxygen, respectively. Hydrogen bonds 

are denoted with dashed yellow lines. 



 

125 

 

Scheme 3.1 Mechanism of Succinimide formation from Asn-Pro Residues 
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Figure 3.7 LC-MS/MS Chromatogram reveals bimodal peak for N-terminal CRE cleavage 

fragment. 

(A) LC-MS extracted ion chromatograms of RsgI9 peptides. Numbers above each peak indicate 

the residue numbers of full-length RsgI9 CRE represented in each fragment. Those on the x-

axis are to-scale and those above the x-axis are zoomed in to highlight their elution. Note 

peptide 169-188 is the only peptide with a bimodal elution. (B) Annotated MS2 spectra from 

peptide 169-188 confirm its identity. An asterisk (*) is used to denote either Asn/isoAsn (C) 

Parallel reaction monitoring (PRM) of the 169-188 product ions with an optimized elution 

gradient. The intensities of ions containing N22 residue (y2, y3, and dissociated products) as well 

as b13 are plotted, which shows the entire bimodal elution profile corresponds to elution peak 

CRE (169-188). 
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4.1 Overview 

Several species of cellulolytic bacteria display cellulosomes, massive multi-cellulase containing 

complexes that degrade lignocellulosic plant biomass (LCB). A greater understanding of 

cellulosome structure and enzyme content could facilitate the development of new microbial-

based methods to produce renewable chemicals and materials. To identify novel cellulosome 

displaying microbes we searched 305,693 sequenced bacterial genomes for genes encoding 

cellulosome proteins; dockerin-fused glycohydrolases (DocGHs) and cohesin domain containing 

scaffoldins. This analysis identified 33 bacterial species with the genomic capacity to produce 

cellulosomes, including 10 species not previously reported to produce these complexes, such 

as Acetivibrio mesophilus. Cellulosome producing bacteria primarily originate from the 

Acetivibrio, Ruminococcus, Ruminiclostridium, and Clostridium genera. A rigorous analysis of 

their enzyme, scaffoldin, dockerin, and cohesin content reveals phylogenetically conserved 

features. Based on the presence of a high number of genes encoding both scaffoldins and 

dockerin-fused GHs, the cellulosomes in Acetivibrio and Ruminococcus bacteria possess 

complex architectures that are populated with a large number of distinct LCB degrading GH 

enzymes. Their complex cellulosomes are distinguishable by their mechanism of attachment to 

the cell wall, the structures of their primary scaffoldins, and by how they are transcriptionally 

regulated. In contrast, bacteria in the Ruminiclostridium and Clostridium genera produce ‘simple’ 

cellulosomes that are constructed from only few types of scaffoldins that based on their distinct 

complement of GH enzymes are predicted to exhibit high and low cellulolytic activity, 

respectively. Collectively, the results of this study reveal conserved and divergent architectural 

features in bacterial cellulosomes that could be useful in guiding ongoing efforts to harness their 

cellulolytic activities for bio-based chemical and materials production.  
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4.2 Introduction 

Lignocellulosic plant biomass (LCB) is the largest source of carbon in the biosphere and 

a promising feedstock for the production of renewable materials, biofuels, and chemicals [1]. 

LCB’s utility is limited by its recalcitrance to hydrolysis which makes it costly to degrade at an 

industrial scale [2,3]. LCB consists of crystalline cellulose (32-47% dry weight) and 

hemicellulose (19-27%) encased within an aromatic polymer web of lignin (5-24%) [4]. Several 

species of highly cellulolytic anaerobic bacteria have garnered significant interest as potential 

tools to efficiently deconstruct LCB into its components sugars for use in bio-commodity 

production [5]. These microbes display massive multi-cellulase containing complexes called 

cellulosomes that degrade LCB’s cellulose and hemicellulose components [6-11]. A deeper 

understanding of the structural diversity of these complexes in bacteria could facilitate their 

usage in industrial applications.  

Cellulosomes were first discovered in Acetobivrio thermocellus (formerly known as 

Clostridium thermocellum and Hungateiclostridium thermocellum) as a “cellulose-binding factor”, 

and subsequently have been found in a range of anaerobic eubacteria [7,12]. These multi-

cellulase complexes are constructed from scaffolding proteins (called scaffoldins) that 

coordinate the binding of an array of glycoside hydrolases (GHs) [6-10]. Each scaffoldin 

contains one or more cohesin domains that bind noncovalently to dockerin domains that are 

genetically fused to the GHs (called DocGH enzymes). In addition, scaffoldins can harbor 

carbohydrate binding module (CBM) domains, cell wall (e.g. S-layer homology (SLH) domains) 

binding modules, and dockerin domains that interact with other scaffoldins on the cell surface. 

For example, the ScaA scaffoldin in A. thermocellus contains multiple cohesin domains that bind 

DocGH enzymes, an internal CBM type-3 domain (CBM3) that binds cellulose, and a C-terminal 

dockerin domain that enables it to associate with a series of cell wall associated scaffoldins 

(ScaB, ScaC, ScaD, and ScaF) [13]. Three major types of GHs function synergistically to 
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degrade cellulose: endoglucanases, exoglucanases, and β-glucosidases [14,15]. 

Endoglucanases hydrolyze internal β-(1,4)-glycosidic bonds in cellulose (e.g. GH7, GH12), 

creating reducing and non-reducing ends that are further hydrolyzed by exoglucanases (e.g. 

GH5, GH9). The resulting cellodextrin carbohydrate oligomers are then degraded into glucose 

by β-glucosidases. The carbohydrate substrate specificities of cellulosomal DocGH enzymes 

vary, but members of the GH5, GH10, GH11, GH43, and GH48 families are frequently present 

in cellulosome producing bacteria [7]. Other types of carbohydrate active enzymes (CAZymes) 

are also fused to dockerin domains enabling their incorporation into cellulosomes, including 

polysaccharide lyases (PLs) and carbohydrate esterases (CEs). Collectively, the diversity of 

DocGH enzymes, CAZymes, and CBM modules within the cellulosome enable bacteria to 

degrade LCB more efficiently than microbes that simply secrete GHs, because enzyme 

colocalization by the cellulosome promotes enzyme-enzyme synergy, enzyme-proximity 

enhancement, and cellulose-enzyme-microbe interactions [16-18]. 

Several species of mesophilic and thermophilic anaerobic bacteria display cellulosomes 

that vary in their complexity and composition. These include complex, simple, and cell-free 

cellulosomes that differ in both the number and types of cohesin containing scaffoldins they 

possess [6,7,19,20]. Three types of cohesins (Coh1, Coh2, and Coh3) and dockerin (Doc1, 

Doc2, and Doc3) domains have been identified based on their primary sequences [9]. 

Biochemical experiments have shown that these domains typically interact with one another in a 

species- and type-specific manner (e.g. Doc1 binds to Coh1 domains, but not with Coh2 or 

Coh3 domains within the same species) [21,22], however, there are several exceptions [23-25]. 

It has also been noted that there are two distinct conformations Doc1 modules can bind to Coh1 

modules, further expanding the possible cellulosome architectures [26,27]. Complex 

cellulosomes, typified by the one present in Acetivibrio cellulolyticus, contain a primary 

scaffoldin that harbors several Coh1 modules for DocGH binding and a C-terminal Doc2 that 
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enables it to interact with Coh2 modules presented in cell wall associated anchoring scaffoldins 

(Fig. 1, right) [28]. In many cases, microbes containing this type of primary scaffoldin also 

possess adaptor scaffoldins that harbor both cohesin and dockerin domains that are believed to 

expand both the number and types of DocGH proteins that are incorporated into the 

cellulosome (e.g. Acetivibrio clariflavus [25], Pseudobacteroides cellulosolvens [29], A. 

cellulolyticus [30], and Acetivibrio alkalicellulosi [24]). Other bacterial species typified by 

Clostridium acetobutylicum produce simple cellulosomes that contain a singular multi-cohesin 

primary scaffoldin that houses an N-terminal CBM3 and interspersed X2 domains (e.g. 

Clostridium cellulovorans, Ruminiclostridium cellulolyticum, Clostridium josui) (Fig. 1, left) [6]. 

The mechanism of cell surface attachment by simple cellulosomes is poorly understood but is 

likely mediated by the N-terminal CBM3 present on their primary scaffoldins as seen for R. 

cellulolyticum [31]. Lastly, many microbes possess cell-free cellulosomes composed of multi-

cohesin scaffoldins bound with DocGH enzymes which are  secreted into the environment to 

degrade LCB (e.g. A. clariflavus) [25,32]. 

To gain a comprehensive understanding of cellulosome displaying bacteria that could 

have applications in LCB degradation, we analyzed >305K complete and draft microbial 

genomes for genes encoding cellulosomal proteins. This analysis revealed a total of 33 bacterial 

species have the capacity to produce cellulosomes, including 10 species previously not reported 

in the literature. These microbes produce simple or complex cellulosomes that are populated 

with either small or large numbers of DocGH enzymes that are known to degrade LCB. The 

majority of cellulosome producing bacteria are members of the Acetivibrio, Clostridium, 

Ruminiclostridium and Ruminococcus genera and exhibit phylogenetically conserved properties 

when their scaffoldins, enzymes, and mechanisms of cellulosomal gene regulation are 

compared.  
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4.3 Results 

4.3.1 Identification of cellulosome displaying bacteria 

To identify bacteria that display cellulosomes we searched a total of 305,693 prokaryotic 

genome assemblies within the NCBI Reference Sequence Database (RefSeq), which contains 

both complete and draft genomes (Fig. 2) [34]. The genome of Acetivibrio alkalicellulosi is not 

deposited in the RefSeq database, because it has been suppressed due to contamination 

(Table S2). However, it was also included in our analysis because it has been reported to 

produce a cellulosome [24]. Initially, the program HMMER [35] was used to search the RefSeq-

annotated protein-encoding genes for dockerin, cohesin, and GH domains using hidden Markov 

models (HMMs) obtained from the Conserved Domains Database (CDD) [36], Protein family 

database (Pfam) [37], and PROSITE database (see methods for the profile identifiers) [38]. A 

total of 255 genomes were carried forward for further analysis as they harbored at least one 

gene encoding a multi-cohesin containing scaffoldin (≥ 2 cohesin domains) and one gene 

encoding a DocGH protein. For cases where multiple genome sequences were available for the 

same bacterial species, only the representative genome within the ProGenomes database that 

contained the fewest number of contigs was analyzed [39]. An exception was made for the three 

sequenced genomes from A. thermocellus (ATCC 27405, DSM 1313, and AD2), as it is a 

prototypical cellulosome producing organism. After eliminating redundancies, a total of 139 

distinct microbial genomes were retained for a more extensive and computationally demanding 

analysis using the program InterProScan (v. 5.59-91.0) [40]. This program defines the domain 

complement in each translated protein encoding gene by accessing several databases, 

including: Phobius (v 1.01) [41], SUPERFAMILY (v. 1.75) [42], ProSiteProfiles (v. 2022_01) [43], 

CDD (v. 3.18) [44], and Pfam (v. 35.0) [45]. Protein sequences were also analyzed using 

SignalP (v. 6.0) [46], Deep TMHMM (v. 1.0.19) [47], and PSORTb (v.3.0) [48]. The analysis by 

InterProScan revealed a total of 37 bacterial species containing genes encoding putative 
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cellulosomes (their genomes have at least one multi-cohesin and one DocGH encoding gene). 

Of these, 33 species likely produce conventional cellulosomes that are related to those in C. 

acetobutylicum and A. cellulolyticus (Fig. 1), whereas 4 species may produce non-conventional 

cellulosomes (described below).  

4.3.2 Classification of bacteria based on their scaffoldin and DocGH enzyme content 

To gain insight into the structure and composition of each bacterium’s cellulosome, we 

systematically classified their scaffoldins into eight categories based on their domain content 

(Fig. 3). The eight scaffoldin types and their functions in cellulosome assembly are 

demonstrated for C. acetobutylicum and A. cellulolyticus, which produce simple and complex 

cellulosomes, respectively (Fig. 1) [30,50]. These types include: (1) “simple primary” scaffoldins 

that are produced by C. acetobutylicum and other mesophiles which contain an N-terminal 

CBM3 and multiple cohesin domains (either Coh1 or Coh2) that are often interspersed with X2 

domains [7], (2) “single-cohesin” containing proteins of unknown function, (3) “complex primary” 

scaffoldins found in A. cellulolyticus and related species that harbor multiple Coh1 modules, an 

internal CBM3, and a single C-terminal Doc2 domain that enables it to bind to cell wall 

anchoring scaffoldins [30], (4) “SLH-anchoring” scaffoldins that contain at least one cohesin 

module paired with a SLH-domain, (5) “nonSLH-anchoring” scaffoldins that contain at least one 

cohesin module and a known cell wall interacting domain/motif (e.g. LPxTG sorting signal, Lysin 

motif, C-terminal TM-helix, or Cu-Amine Oxidase-like domains), (6) “Monovalent adaptor” 

scaffoldins that contain a dockerin and a single cohesin module which have been proposed to 

facilitate type-switching between different types of cohesins and dockerin-fused enzymes [7], (7) 

“Polyvalent adaptor” scaffoldins that contain a dockerin and several cohesins that suggest that 

more elaborate cellulosome architectures can be constructed by increasing the number of 

binding sites for DocGH enzyme proteins and/or scaffoldins [7], and (8) “cell-free” scaffoldins 
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that are presumably secreted to degrade LCB as they contain several cohesin domains that are 

capable of binding to DocGH enzymes [32]. 

Next, we closely examined the enzyme composition of each bacterial species. The 

Carbohydrate-Active Enzyme database (CAZy) is a well-curated resource that classifies 

glycoside hydrolases (GHs), polysaccharide lyases (PLs), carbohydrate esterases (CEs), and 

glycosyl transferases (GTs) into families based on experimentally published data and publicly 

available sequences.51 GHs, PLs, and CEs are of particular interest in cellulosome producing 

bacteria since their activities are directly linked to polymer breakdown. These enzymes are 

listed in Table S1 and collectively referred to as CAZymes. Many of these CAZymes are often 

fused to a dockerin domain to facilitate their incorporation cellulosomes, while enzymes not 

fused to dockerins are presumably secreted by the bacterium. Using the criteria outlined in 

Table S1 we identified dockerin proteins fused GHs with activity against cellulose (DocGH-Cell), 

hemicellulose (DocGH-Hemi), and oligosaccharides (DocGH-Oligo), as well their corresponding 

non-dockerin fused GHs (referred to as FreeGH-Cell, FreeGH-Hemi, and FreeGH-Oligo, 

respectively) (Table S4). DocGH-Cell and DocGH-Hemi enzymes are of particular interest as 

they contribute significantly to cellulolytic activity against LCB and are distinguished as DocGH-

LCB enzymes (DocGH-Cell plus DocGH-Hemi). A similar category was defined for non-dockerin 

fused GHs with LCB activity (FreeGH-LCB). Based on their DocGH-LCB count there are two 

broad types of organisms that display cellulosomes, “high DocGH-LCB” microbes that contain 

genes encoding a large number of these enzymes (22 to 70) and “low DocGH-LCB” microbes 

that have fewer DocGH-LCBs (1 to 10) (Fig. 4). 

4.3.3 Cellulosomes in Ruminococcus species.  

Our genomic screen detected all multi-cohesin cellulosome bacteria previously 

documented to produce cellulosomes, as well as several new species. However, we detected 

fewer cohesin domains containing proteins than previously reported in the literature for three 
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genomes from two bacterial species, R. champanellensis (18P13) and R. flavefaciens (strains 

17, 007c) [52,53]. The genome for R. flavefaciens strain FD-1 previously described in the 

literature as containing a cellulosome was not analyzed by us because its sequenced genome is 

suppressed in the RefSeq database and because this species is already represented by several 

sequenced genomes [53]. For the remaining three genomes, there are two main reasons why 

their cohesin modules were undercounted. First, each genome contains a large number of 

contigs that lead to sequencing truncations in their cohesin-containing scaffoldin genes (Table 

S2 lists the sequencing statistics for the genomes analyzed in this study). These truncations led 

to nine abbreviated cohesin-containing genes in R. flavefaciens strain 17, two in R. flavefaciens 

strain 007c, and four in R. champanellensis lowering the number of detectable cohesins. For 

example, sequencing truncations in R. flavefaciens strain 17 occur in several of its scaffoldin 

genes (ScaB, ScaE, ScaG, ScaI, and orf02408), that previously were identified by sequencing a 

single contig from this microbe [54-56].  

A second reason for the cohesin undercount is that the primary sequences of these 

modules in Ruminococcus species are highly divergent and thus not detectable using the HMM 

profiles employed by InterProScan (Coh1: cd08548, Coh2: cd08547, Coh3: cd08759, Coh: 

PF00963). For example, the protein encoded by the scaA gene in R. flavefaciens strain 007c 

has been reported to contain four cohesins and a C-terminal dockerin domain when its primary 

sequence was searched using BLAST and an unknown query sequence [53]. Instead, three of 

the modules are annotated as members of the CBM2/3 superfamily (SSF49384) and the fourth 

is not assigned to a protein family (Table S3). Furthermore, in other Ruminococcus scaffoldins 

previously reported cohesins are identified by InterProScan as G3DSA:2.60.40.680 superfamily 

members (CATH-3D) and not cohesins [57]. To investigate this issue, we used AlphaFold2 to 

predict the atomic structures of scaffoldins within the R. champanellensis and R. flavefaciens 

genomes that contained cohesins that could not be identified by InterProScan. The predicted 
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structures of these ‘undetected’ domains were compared to experimentally determined cohesin 

structures (Coh1 (PDB:1OHZ), Coh2 (PDB:2BM3) and Coh3 (PDB:2ZF9) cohesins) and their 

similarity determined by calculating a template-modeling (TM) score [58]. In all organisms, 

AlphaFold2-based predictions identified additional cohesin domains within scaffoldins that could 

not be detected by InterProScan (Table S3). Given that we under-counted the cohesin domains 

in the three Ruminococcus species above, we extended the structural analysis to three 

additional R. flavefaciens strains (AE3010, SAb67, YL228) that were identified through our 

analysis. There is no literature reported cohesin domains for these strains. In R. flavefaciens 

strain AE3010, only three cohesin containing proteins (7 cohesin domains) were detected using 

InterProScan but based on AlphaFold2 a total of 18 domains (across 11 proteins) with cohesin 

folds are detected (summarized in Table S3, Figure S2). Collectively, these results suggest that 

more complete genomic sequencing of Ruminococcus genomes is needed to fully define their 

scaffoldin complement and it highlights the utility of employing structure-based approaches to 

identify their cohesins.  
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4.4 Discussion 

Harnessing the potent cellulolytic activity of cellulosome producing microbes could lead 

to improved methods to convert abundant LCB into renewable chemicals and materials. To gain 

insight into their structures and distribution in nature, we searched 305,693 prokaryotic 

genomes for genes that encode cellulosome components – at least one multi-cohesin 

containing protein and one DocGH enzyme. This analysis identified 33 bacterial species that 

likely produce conventional cellulosomes that resemble those present in C. acetobutylicum and 

A. cellulolyticus, as well as 4 species that produce scaffoldin-containing structures that could 

bind DocGH enzymes and other dockerin-fusion proteins. The cellulosomes within the 33 

species can be classified as having either complex or simple structures following the convention 

established by Bayer and colleagues (Fig. 1, Tables 1,2) [7]. With only two exceptions, these 

microbes originate from four genera of gram-positive bacteria: Acetivibrio, Ruminococcus, 

Ruminiclostridium, and Clostridium (Fig. 5). Based on their predicted complement of scaffoldin 

proteins, ten species produce complex cellulosomes that are related to the one in A. 

cellulolyticus, while the remaining 23 species may produce less complex (simple) structures that 

resemble C. acetobutylicum’s cellulosome (Fig. 1). We expect the cellulosomes in these 

bacteria to exhibit varying levels of cellulolytic activity based on their DocGH-LCB profiles (Fig. 

4, Table S4). As documented in Table 1, all bacteria with the genetic capacity to produce 

complex cellulosomes also contain a large number of genes that encode DocGH-LCB proteins 

(called “high DocGH-LCB” microbes) and cellulose binding CBM modules suggesting that they 

are cellulolytic. In contrast, the genomes of bacteria that display simple cellulosomes can either 

have high or low numbers of DocGH-LCB encoding genes, implying differences in their 

cellulolytic activities (Table 2). To the best of our knowledge, over a quarter of the cellulosome 

producing species discovered in this search (10 total) have not been previously described in the 

literature. Notably, although R. cellobioparum (subsp. termitidis) [6] and R. bromii [59] have 
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previously been reported to produce cellulosomes, the sequenced genomes for these microbes 

lack genes for a multi-cohesin containing protein and therefore were not classified by us as 

containing a bona fide cellulosome. Below we summarize these findings. 

4.4.1 Complex cellulosome producing bacteria.  

A number of bacterial species have been shown to display multi-scaffoldin containing 

complexes that have been referred to as “complex”/ “highly-structured” cellulosomes [6,7]. Here 

we broadly define a complex cellulosome as containing at least two scaffoldins, a cell wall 

associated anchoring scaffoldin that contains a cohesin domain that could potentially bind to a 

dockerin domain located within a second multi-cohesin containing scaffoldin (Fig. 1). Using this 

definition complex cellulosomes contain either a complex primary scaffoldin (multi-cohesin, 

dockerin domain, and internal CBM3 domain containing) or a polyvalent adaptor (multi-cohesin 

and dockerin domain containing) that has the potential to bind via cohesin-dockerin interactions 

to the cell-surface by interacting with an anchoring scaffoldin (either a SLH- or nonSLH-

anchoring scaffoldin) (Fig. 1). Based on this definition several Acetivibrio and Ruminococcus 

bacterial species produce complex cellulosomes (Table 1). Acetivibrio bacteria produce 

“classical” complex cellulosomes related the prototypical cellulosome from A. thermocellus in 

which DocGH enzymes bind to a complex primary scaffoldin that is tethered to the cell-surface 

via dockerin-cohesin interactions with a SLH-anchoring scaffoldin (Fig. 1), whereas in 

Ruminococcus bacteria the enzymes bind to a polyvalent adaptor scaffoldin that form dockerin-

cohesin interactions with a nonSLH-anchoring protein. In all instances, the microbes also 

produce a high number of DocGH-LCB enzymes (>20) suggesting that the primary function of 

their complex cellulosomes is to degrade LCB (Fig. 4).  

4.4.2 “Classical” complex cellulosomes in Acetivibrio species and P. cellulosolvens  



 

148 

Related complex cellulosomes are produced by 7 species of Acetivibrio bacteria (A. 

alkalicellulosi [24], A. cellulolyticus [23], A. clariflavus [61], A. mesophilus [62], A. saccincola 

[63], A. straminisolvens [64], A. thermocellus [12]) and P. cellulosolvens [29]. In the Acetivibrio 

bacteria, their complex primary scaffoldins contain multiple Coh1 domains that bind to DocGH 

enzymes through Doc1-Coh1 interactions and to the cell-surface through Doc2-Coh2 

interactions with an SLH anchoring scaffoldin [65]. P. cellulosolvens is the single exception, as it 

originates from the Pseudobacteroides genus and the roles of the dockerin-cohesin interactions 

are reversed (i.e. it uses Doc2/Coh2 and Doc1/Coh1 interactions to mediate DocGH and 

scaffoldin-scaffoldin binding, respectively) [66]. In all of these bacteria the primary complex 

scaffoldin follow a similar domain arrangement, it contains multiple cohesins, a C-terminal 

dockerin module, and an internal CBM3 module that presumably enables each microbe to 

adhere to cellulose. These bacteria also possess Coh2-containing SLH-anchoring scaffoldins 

that bind to the bacterium's peptidoglycan to coordinate the binding of the complex primary 

scaffoldin via its Doc2 domain. The lone exception is A. straminisolvens, which lacks a primary 

complex scaffoldin, but nevertheless contains a large number of other types of scaffoldins, 

including two SLH-anchoring scaffoldins. All of these bacteria are “high DocGH-LCB” producers 

and are characterized by the presence of a large number of accessory scaffoldins that increase 

the number of enzymes that can be incorporated into the cellulosome (Table 1). These 

accessory scaffoldins include monovalent adaptors, polyvalent adaptors, SLH anchoring, 

nonSLH anchoring, and cell-free scaffolding (Fig. 1). Both types of adaptor scaffoldins act to 

increase the size and complexity of the cellulosomes by extending the existing structure and 

allowing for type-switching within type specific cohesin-dockerin interactions [7]. Aside from 

traditional SLH anchoring proteins, these bacteria have cohesin-containing nonSLH-anchoring 

scaffoldins that contain Cu-Amine Oxidase-like domains associated with secondary cell wall 

polymers [30]. The nonSLH-anchoring scaffoldins contain either Coh1 or Coh2 modules, 

suggesting they respectively facilitate either individual DocGH enzyme or complex primary 
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scaffoldin binding to the cell surface. While not scaffoldins per se, Acetivibrio complex 

cellulosome producers also contain a large number of genes encoding CBM3-SLH fusion 

proteins that may function to tether the microbe to cellulose [60]. The genomes of these 

microbes also contain a large number of genes encoding LCB active GHs that are fused to 

cellulose-binding CBM modules (Table 1, CBM(cell)-GH-LCB) as compared to other types of 

cellulosome producers. The cellulosomes in Acetivibrio bacteria are also unique because unlike 

other microbes, they uniformly produce multi-cohesin-containing cell-free scaffoldins that 

presumably form higher-order structures containing DocGH-LCB enzymes that are secreted into 

the environment to degrade LCB [25,67].  

P. cellulosolvens produces a complex cellulosome that is most closely related to those 

found in Acetivibrio species, as it contains SLH-anchoring scaffoldins that coordinate the binding 

of a complex primary scaffoldin bearing a C-terminal Doc1. Moreover, as compared to 

Acetivibrio and Ruminococcus bacteria, it is phylogenetically more closely related to Acetivibrio 

bacteria based on its 16S rRNA sequence (Fig. 5). It stands out as producing the most complex 

cellulosome, since its genome encodes genes for an astounding 79 cohesin domains that are 

distributed between 33 scaffoldins: three primary, ten monovalent adaptor, three polyvalent 

adaptor, eight SLH-anchoring, three nonSLH-anchoring, three cell-free scaffoldins, and three 

single cohesin domain containing proteins. P. cellulosolvens is also unique because it has 

genes encoding both a complex primary scaffoldin, as well as two primary scaffoldins that are 

typically found in simple cellulosomes within Ruminiclostridium and Clostridium bacteria 

(previously referred ScaM1 and ScaM2 in P. cellulosolvens) [29]. As noted previously, the usage 

of the cohesin and dockerin domains in P. cellulosolvens is reversed as compared to other 

bacteria in the Acetivibrio category. 

Another conserved feature in Acetivibrio bacteria and P. cellulosolvens is the manner in 

which they control the expression of the DocGH enzymes and scaffoldin proteins to construct 
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their cellulosome. Microbes have been shown to alter the complement of their DocGH enzymes 

when different types of LCB substrates are encountered [61,68] by regulating gene expression 

using either two-component systems [69,70], selective RNA transcript stabilization [71,72], or 

transmembrane biomass-sensing RsgI-type anti-σ factors that regulate σI-factors [73-75]. Our 

analysis suggests that in P. cellulosolvens and all Acetivibrio complex cellulosome producing 

bacteria, RsgI-type anti-σ factors are used to dictate cellulosomal gene expression, as each 

species contains genes encoding 7 to 14 of these factors (Table 1).  

4.4.3 Complex cellulosomes in Ruminococcus species 

Previous studies have shown that Ruminococcus flavefaciens and Ruminococcus 

champanellensis produce cellulosomes, which like their Acetivibrio counterparts contain an 

array of primary, cell wall anchoring, and adaptor scaffoldins [7]. Prior studies highlighted 

several unique features in Ruminococcus cellulosomes. First, cell surface attachment in 

Ruminococcus cellulosomes is often mediated by an anchoring scaffoldin that is covalently 

linked to the cell wall by a sortase enzyme instead of by a SLH-anchoring scaffoldin as 

observed in Acetivibrio species [53,76]. Second, the primary scaffoldins in Ruminococcus 

species lacks a characteristic internal CBM3 that can mediate direct attachment to cellulosic 

substrates. Third, unlike Acetivibrio bacteria, these species contain a unique monovalent 

adaptor scaffoldin called ScaC which is often used as the genomic signature to identify 

Ruminococcus cellulosomes [56,77]. Lastly, it has been noted in the literature that the 

scaffoldins in the Ruminococcus cellulosomes contain dockerin and cohesin modules with 

divergent primary sequences (frequently Doc3- and Coh3-types) [54,78].  

The scaffoldin proteins were identified in  R. champanellensis (18P13) and R. 

flavefaciens (strains 17 and 007c) before their genomes were sequenced [53]. Surprisingly, we 

identified fewer cohesin domains and scaffoldin proteins encoded in these genomes than 

previously reported. In many cases this occurred because their sequenced genomes contain a 



 

151 

large number of sequence contigs that caused scaffoldin gene truncations (Table S2). In other 

instances, even if an intact, non-truncated scaffoldin encoding gene was present, it was not 

possible to detect the full complement of cohesins within the translated protein product using the 

sequence profiles employed by InterProScan (Coh1 (cd08548), Coh2 (cd08547), Coh3 

(cd08759), and PFAM-identified cohesin (PF00963)). Indeed, only when AlphaFold2 was used 

to predict the atomic structures of these proteins was the full complement of previously reported 

cohesin modules identified. For example, an InterProScan analysis of translated genes in R. 

flavefaciens (strain 007c) identified a single scaffoldin, whereas 10 scaffoldins have been 

reported in the literature [53]. However, when AlphaFold2 was employed, 9 of these 10 

scaffoldins were detected. Similar results were obtained when AlphaFold2 was applied to other 

ruminococcal genomes documented to contain genes for cellulosomes (summarized in Table 

S3). Interestingly, even though Coh3 domains are a signature feature of ruminococcal 

cellulosomes, InterProScan did not identify these domains in R. champanellensis (18P13) or R. 

flavefaciens (using the cd14255 profile for a Coh3 domain). We conclude that the sequence 

signatures employed by InterProScan are not sufficiently robust to identify Coh3 cohesins, 

consistent with the findings reported by Flint and colleagues who have subdivided R. 

flavefaciens’ cohesins into 6 different groups based on sequence homology [54]. Our results 

also demonstrate the utility of using AlphaFold2 structure predictions to identify cohesins with 

divergent primary sequences. 

4.4.4 Acetivibrio mesophilus may produce a “classical” complex cellulosome 

Our analysis identified a previously unrecognized bacterium as a “classical” complex 

cellulosome producer, Acetivibrio mesophilus (N2K1) (formerly known as Hungateiclostridium 

mesophilum) [79]. This gram-positive anaerobic bacterium was first isolated from a mesophile 

consortium in a biogas fermenter fed with maize silage [62]. It has an optimal growth 

temperature of 45°C and expresses two hemicellulases that have been biochemically 
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characterized, but the presence of a cellulosome has not been reported to the best of our 

knowledge [80]. Its cellulosome is likely cellulolytic because its genome contains 40 genes 

encoding DocGH-LCBs. Based on our analysis, A. mesophilus’ cellulosome is strikingly similar 

to the archetypal cellulosome produced by A. thermocellus (Fig. 6). Specifically, both species 

produce a “classical” complex primary scaffoldin (ScaA-like: WP_128706406.1) that contains 

nine Coh1 modules, an internal CBM3, and a C-terminal Doc2 module for cell surface 

attachment via interactions with a SLH-anchoring scaffoldin (ScaF-like: WP_128705811.1). A. 

mesophilus has an additional three genes for SLH-anchoring scaffoldins (ScaB-like: 

WP_235832675.1, ScaC-like: PROKKA_02165, and ScaD-like: WP_069196093.1) that are 

related to A. thermocellus’ ScaB, ScaC, and ScaD scaffoldins, as well as one nonSLH-

anchoring scaffoldin (ScaG-like: WP_235832552.1) that is similar to ScaG. A. mesophilus also 

produces an additional scaffoldin that closely resembles scaffoldins found in C. alkalicellulosi 

(ScaO2) [24] and A. cellulolyticus (ScaO) [30]. This scaffoldin (WP_128706311.1) contains a C-

terminal Coh1-Doc1 bi-domain unit, three Fibronectin-type III (FN3) repeats, as well as S8-

peptidase-like and galactose oxidase-like domains of unknown function. Given the presence of 

a C-terminal Doc1 domain in this scaffoldin, it is tempting to speculate that it binds to the 

primary scaffoldin and/or the ScaD-like and ScaG-like scaffoldins that contain complementary 

Coh1 modules. 

4.4.5 Bacteria that produce simple cellulosomes 

We identified 23 species of anaerobic mesophilic bacteria that display less complex 

cellulosomes and fewer types of scaffoldins. The cellulosomes in these microbes always contain 

a simple primary scaffoldin that houses several Coh1 domains and an N-terminal CBM3 module 

(Fig. 1). In all cases the gene encoding the primary scaffoldin protein (cipA) is located within a 

cipA operon that also contains genes for DocGH enzymes. The vast majority of DocGHs in 

these microbes contain complementary Doc1 modules for direct interaction with the simple 
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primary scaffoldin. The lone exception is Clostridium sp. HBUAS56017, whose simple primary 

scaffoldin lacks a CBM.  

Simple cellulosome producing bacteria originate from the Ruminiclostridium and 

Clostridium genera (Figs. 5). The Ruminiclostridium bacteria produce simple cellulosomes that 

likely have high cellulolytic activity as their genomes contain a large number of DocGH-LCB 

genes (R. hungatei [81], R. papyrosolvens [82], R. josui [83], R. herbifermentans [84], R. 

cellulolyticum [85], and R. sufflavum [86]) (Fig. 4). In contrast, nearly all of the clostridial species 

are low DocGH-LCB producers suggesting their simple cellulosomes have limited cellulolytic 

activity (C. felsineum (previously known as C. roseum) [87], C. acetobutylicum [50,88,89], C. 

bornimense [90], C. cibarium [91], C. puniceum [6], C. saccharoperbutylacetonicum [92], and 

several additional Clostridium sp. (CT7, HBUAS56017, DSM 8431, NJ4, TW13, YIM B02555)). 

This notion is consistent with experimental data, as the simple cellulosomes produced by high 

number DocGH-LCB bacteria, R. cellulolyticum, R. papyrosolvens, and R. herbifermentans, are 

shown to have potent cellulolytic activity [82,84,93,94], whereas the simple cellulosomes in  C. 

acetobutylicum and C. saccharoperbutylacetonicum that have a low number DocGH-LCB genes 

are less cellulolytic [50,88,89,92]. The only two exceptions to the idea that simple cellulosomes 

in clostridial bacteria are less cellulolytic are from C. cellulovorans [95] and Clostridium sp. 

BNL1100 [96]. These species are presumably cellulolytic as their genomes contain a high 

number of DocGH-LCB encoding genes. However, it is noteworthy that based on its 16S rRNA 

sequence, Clostridium sp. BNL1100 can be classified as a member of the Ruminiclostridium 

genus (Fig. 5). Finally, there are two “non-clostridial” species with genomes encoding simple 

cellulosomes and a low number of DocGH-LCB enzymes, Herbinix luporum [97] and 

Inconstantimicrobium porci [98]. Based on their 16S rRNA sequence both species are most 

closely related to clostridial bacteria. 



 

154 

The mechanism(s) through which simple cellulosomes are attached to the cell surface 

remains incompletely understood. This is because their primary simple scaffoldins lack obvious 

cell wall binding modules or dockerin domains that could mediate their attachment to anchoring 

scaffoldins (either SLH-anchoring or nonSLH-anchoring scaffoldins) (Fig. 1). Cell wall 

attachment by simple primary scaffoldin may be mediated by their N-terminal CBM3 domain as 

supported by recent Western blot data demonstrating cell surface binding by a CBM3a module 

[31]. In addition, all of the simple primary scaffoldins contain X2 domains that have been 

implicated in both cell wall attachment [99] and cellular interactions with cellulose [31,100]. 

Notably, two bacterial species contain genes for more than one primary simple scaffoldin, R. 

herbifermentans and C. cellulovorans (Table 2). R. herbifermentans’ genome has genes 

encoding four simple primary scaffoldins that are located in a single cipA operon [84], with each 

scaffoldin possessing 5 to 14 Coh1 modules. In the case of C. cellulovorans, genes for 3 

primary scaffoldin proteins are present (WP_010073402.1, WP_010073403.1, and 

WP_013291799.1). Of these, only one scaffoldin (WP_013291799.1, CbpA) is encoded by a 

gene located within a cipA gene cluster [6].  

Some species of simple cellulosome producing bacteria harbor genes encoding unique 

accessory scaffoldins with large numbers of FN3 domains that have been proposed to disrupt 

crystalline polysaccharide structures or solubilize large protein complexes [101,102]. Simple 

cellulosome displaying bacteria containing FN3 scaffoldins include: R. cellulolyticum, R. 

herbifermentans, R. hungatei, C. josui, R. sufflavum, C. felsineum, C. pasteurianum, and 

Clostridium sp. CT7. C. pasteurianum and Clostridium sp. CT7 are notable as they each contain 

a scaffoldin with 30 FN3 repeats that is capped by a C-terminal Coh2-Doc2 module whose 

binding partners are unknown, as no other proteins in these microbes contain Doc2 or Coh2 

modules. A limited number of complex cellulosome displaying bacteria also contain scaffoldins 

with FN3 domains, but typically only 1-3 copies of this module are present. Finally, three simple 
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cellulosome producing bacteria produce cell-free scaffoldins that may be secreted as they lack 

dockerin domains and cell wall binding modules (R. sufflavum, Clostridium sp. HBUAS56017, 

and C. bornimense).  

4.4.6 Novel and previously uncharacterized simple cellulosome displaying bacteria 

We identified 9 new bacterial species that based on their genome sequences produce 

simple cellulosomes: Clostridium cibarium, Clostridium pasteurianum, Clostridium sp. CT7, 

Clostridium sp. DSM 8431, Clostridium sp. HBUAS56017, Clostridium sp. NJ4, Clostridium sp. 

TW13, Clostridium sp. YIM B02555, and I. porci. Figure S1 shows their predicted scaffoldins, 

while Table S4 enumerates their dockerin, cohesin, and enzyme content. They are all low 

DocGH producers that phylogenetically cluster with clostridial bacteria (Fig. 5). Each contains at 

least one simple primary scaffoldin that is a hallmark of simple cellulosome producers – defined 

as a scaffoldin that contains two or more cohesin domains and an N-terminal CMB3 (a lone 

exception is Clostridium sp. CT7 that lacks an N-terminal CBM3). As with other simple 

cellulosome producers, their primary scaffoldins contain X2 and Coh1 modules and each 

microbe almost exclusively produces DocGH enzymes containing Doc1 dockerins. Several of 

these microorganisms also produce a single scaffoldin that encodes 1-2 cohesins which are 

either Coh1- or Coh2-type (Clostridium sp. NJ4, Clostridium sp. YIM B02555, Clostridium sp. 

HBUAS56017, Clostridium sp. DSM 8431, Clostridium sp. CT7, Clostridium cibarium).  

Our analysis predicts for the first time the scaffoldin and enzyme composition in 4 

microbes previously noted to produce cellulosomes: R. hungatei, C. bornimense, C. felsineum, 

and H. luporum (Table S4). All have the genomic capacity to produce simple primary scaffoldins 

that are the core of a simple cellulosome (Fig. 1). R. hungatei (DSM 14427) is of particular 

interest as it is the only one in this group whose genome contains a high number of DocGH-LCB 

encoding genes, as well as genes encoding 3 accessory scaffoldins that contain 7-9 FN3 

modules and a C-terminal cohesin domain. Based on their primary sequences, 2 of these 
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scaffoldins contain Coh2 domains whose binding partners are not known because R. hungatei’s 

genome lacks genes that encode for Doc2 containing proteins. Finally, the genomes of H. 

luporum and C. cibarium encode for proteins that may function as nonSLH-anchoring 

scaffoldins, as they contain a single Coh2 domain and a C-terminal transmembrane helix that 

may be embedded in the bilayer. However, the binding partners for these scaffoldins also 

remain unclear, since only in C. cibarium are genes encoding complementary Doc2 containing 

proteins identifiable. 

4.4.7 “Scaffoldin-containing” microbes 

We used broad search criteria to identify cellulosome producing bacteria – any genome 

that contained a gene for at least one multi-cohesin and one DocGH protein. Four microbial 

genomes barely satisfied these criteria and are unlikely to produce conventional cellulosomes 

because their largest scaffoldin contains only two cohesin modules. These include three species 

from the gram-positive Bacillota phylum whose members are known to display cellulosomes, 

Iocasia fonsfrigidae [103], Lachnoclostridium sp. MSJ-17, and Paenibacillus guangzhouensis 

[104], as well as Limihaloglobus sulfuriphilus [105] which is a member of the rare 

Planctomycetes–Verrucomicrobia–Chlamydiae (PVC) superphylum. Lachnoclostridium sp. MSJ-

17 encodes four cohesin-containing scaffoldins, three proteins that contain a single cohesin, 

and one larger scaffoldin that contains two cohesins and an N-terminal Doc1 domains. Two of 

the single cohesin-containing scaffoldins may be cell-associated as they contain C-terminal 

transmembrane helices (WP_216523161.1 and WP_216522914.1). Collectively, these 

scaffoldins could bind as many as 39 distinct dockerin-containing proteins, but the microbe is 

presumably non-cellulolytic as its genome encodes only a single DocGH-LCB. I. fonsfrigidae 

was isolated from deep sea sediment and has the potential to produce two large scaffoldins. 

One of them contains two cohesins, an FN3 module, and a CBM3 domain that could mediate 

cellulose binding. The second scaffoldin is also sizable (662 amino acids) but is predicted to 
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contain only a single C-terminal cohesin domain. Interestingly, this microbe’s genome contains 

only a single gene encoding one DocGH-LCB enzyme. The gram-positive soil bacterium P. 

guangzhouensis is the most impressive of the scaffoldin-containing microbes as its genome 

encodes 35 cohesin-containing proteins. A total of 28 of these proteins are monovalent adaptors 

that contain a single dockerin-cohesin domain pair and in many instances, they possess an 

additional N-terminal GH enzyme that could degrade hemicellulose or oligosaccharide polymers 

(GH2, GH20, GH29, GH31, and GH43). There are also five SLH-anchoring scaffoldins to which 

these proteins could dock onto, potentially creating an enzyme rich surface that would be 

architecturally distinct from conventional cellulosomes [24]. Fascinatingly, in this microbe, nearly 

all of its dockerin domains are located within its cohesin-containing scaffoldins (only one 

dockerin is located in a non-scaffoldin protein). This raises the possibility that the full-

complement of its dockerin proteins were not detected by InterProScan and/or its scaffoldins act 

to opportunistically scavenge dockerin-fusion proteins that are produced by other microbes. 

Notably, P. guangzhouensis’ genome also contains a large number of genes that encode for 

CAZymes, but most of these are not of the family-type that is known to degrade LCB. The 

genome in the PVC bacterium L. sulfuriphilus contains genes encoding a single Coh2-Doc1-

Coh1 scaffoldin-like protein and 13 dockerin-fusion proteins. It is presumably non-cellulolytic as 

it contains only a single DocGH-LCB and a limited number of CAZymes. Notably, the dockerin 

proteins in L. sulfuriphilus are fused to domains not commonly found in cellulosome producing 

bacteria, including FAD/NAD-binding, aspartic peptidase-like domains, and HdrA-like domains. 

4.4.8 Phylogenetic variation in dockerins and CAZymes 

An examination of their dockerin-fusion proteins provides insight into both the numbers 

and types of proteins that are incorporated into cellulosomes (Fig. 7). In general, the genomes 

of Acetivibrio and Ruminococcus bacteria produce complex cellulosomes containing a high 

number of DocGH-LCB genes suggesting that these structures are cellulolytic (Fig. 5). In 
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contrast, Ruminiclostridium and Clostridium bacteria that have the genomic capacity to produce 

simple cellulosomes contain either high or low numbers of DocGH-LCB genes, respectively. 

Interestingly, only bacteria whose genomes contain a large and diverse set of DocGH-LCBs 

(Ruminiclostridium, Acetivibrio and Ruminococcus) also possess a high number of genes that 

encode for other types of dockerin-fusion proteins (Fig. 7). For example, on average high 

DocGH-LCB producers contain ~40 genes encoding DocGH-LCBs and an impressive ~80 

genes that encode other types of dockerin-fusion proteins. This number is much smaller in the 

low DocGH-LCB producers (Clostridium), as they only contain on average ~2 and ~3 genes that 

encode DocGH-LCBs and other types of dockerin-fusions, respectively. There is significant 

variability amongst the high DocGH-LCB producing microbes, as P. cellulosolvens (classified by 

us as an Acetivibrio-type) contains a total of 206 dockerin-fusion genes (of which 70 are 

DocGH-LCB genes), whereas R. hungatei (Ruminiclostridium-type) contains only 40 (20 

DocGH-LCB genes). Interestingly, our analysis reveals that bacteria frequently supplement their 

DocGH-LCBs with a similar set of dockerin-fused accessory proteins that may facilitate LCB 

degradation. These include dockerin-fusion proteins containing: CBMs that bind carbohydrates 

(Doc-CBM, orange), carbohydrate active hydrolases such as pectin lyases and carbohydrate 

esterases (Doc-CAZymes, red), cohesin domains that are part of scaffoldins that construct the 

cellulosome (Doc-scaffoldin, yellow), and proteins with other functions (Doc-other, gray) (Fig. 7). 

This enrichment supports the idea that the primary function of the cellulosomes in Acetivibrio, 

Ruminococcus, and Ruminiclostridium bacteria is to degrade LCB or related carbohydrate 

polymers. Interestingly, perhaps to compensate for their deficiency in DocGH-LCBs and 

complementary proteins, the genomes of some clostridial bacteria contain larger numbers of 

genes encoding carbohydrate active hydrolases that are freely secreted (Fig. 7). 

4.5 Conclusion  
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This comparative genomic analysis identified 33 bacterial species with the capacity to 

produce cellulosomes, of which 10 species have not been previously reported. With only a few 

exceptions their cellulosomes can be classified into four phylogenetically conserved families: 

Acetivibrio-, Ruminococcus-, Ruminiclostridium- and Clostridium-type cellulosomes. Acetivibrio-

type cellulosomes, including the one found in P. cellulosolvens, are complex and can be 

populated with a high number distinct LCB active enzymes. They are characterized by the 

presence of a conserved dockerin-containing primary scaffoldin, SLH-anchoring scaffoldins that 

tether the cellulosome to the cell surface, cell-free scaffoldins that are presumably secreted to 

form multi-enzyme complexes, and CBM3-SLH proteins that may enable microbial tethering to 

LCB. Dockerin-fused enzymes bind to the scaffoldins via Doc1-Coh1 interactions, whereas 

Doc2-Coh2 interactions mediate scaffoldin-scaffoldin interactions (the exception is P. 

cellulosolvens in which these interactions are reversed). Only microbes that harbor Acetivibrio-

type cellulosomes use a dedicated suite of polysaccharide-sensing RsgI transmembrane 

receptors to regulate its composition. Ruminococcus bacteria (R. champanellensis or R. 

flavefaciens) can also produce complex cellulosomes that contain a high number of distinct 

DocGH-LCB enzymes. However, they are unique because their anchoring scaffoldins are 

attached to the cell wall via sortase enzymes instead of SLH domains, and many of their 

dockerin-fusion proteins contain Doc3 modules. It was challenging to define the components of 

these structures from genomic sequence data as their cohesins frequently have divergent 

primary sequences that could not be detected using InterProScan. Indeed, we detected no 

Coh3-type modules based on their primary sequence, and only when AlphaFold2 was employed 

to predict their structures were several cohesins identified. Ruminiclostridium and Clostridium 

bacteria produce ‘simple’ cellulosomes that contain only a limited number of scaffoldins. They 

are further distinguished by the presence of a primary scaffoldin that contains an N-terminal 

CBM3, X2, and multiple cohesin domains. Their genomes encode only a limited number of 

scaffoldins and their primary scaffoldins adhere to the microbial surface through a poorly 
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understand mechanism as they lack obvious domains that are capable of binding to the cell 

wall. These simple cellulosomes can be subdivided further by the number of distinct DocGH-

LCB enzymes they house, with Ruminiclostridium and Clostridium genomes typically encoding 

for high and low numbers of DocGH-LCB enzymes, respectively. Finally, several species of 

simple cellulosome displaying bacteria are unique as they contain scaffoldins harboring up to 30 

FN3 repeats that have been proposed to disrupt crystalline polysaccharide structures and/or 

solubilize large protein complexes. Collectively, the results of this study provide broad insight 

into the structural diversity of bacterial cellulosomes, and they reveal conserved architectural 

features that may be useful in guiding ongoing engineering efforts to produce bio-based 

chemicals and materials from plant biomass. 
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4.6 Materials and Methods 

4.6.1 Genome-based search to identify cellulosome displaying bacteria.  

The retrieval of cellulosome-displaying bacteria consists of two components: i) a prescan 

phase to select for genomes that potentially contain cellulosomes, and ii) an in-depth scan of 

each of these filtered genomes. For the prescan phase, the RefSeq database [106] (July 10, 

2023 release) was used, which contained 138,491 organisms with 371,291,248 records. From 

these, we retrieved only prokaryotic genomes (305,693) and performed a Hidden Markov model 

(HMM) search (hmmer.org) using dockerin (cd14256, cd14254, cd14255), cohesin (cd08548, 

cd08547, cd08759), and GHs (PF00150, PF03537, PF01670, PF12891, PF02015, PF02011, 

PF01270, PF00759) domain profiles obtained from the CDD and PFAM database [44,45]. 

Genomes were targeted for the next in-depth phase only if they met the following criteria: i) they 

must have at least one dockerin-fused GH protein, and ii) they must have at least one protein 

with two or more cohesins. 

In the in-depth scanning phase, the 139 genomes from the prescan phase were re-

annotated using Prokka (v. 1.14.6) [49], and all the locus tags from NCBI’s annotations were 

mapped using BLAST (v. 2.13.0+) [107] to maintain consistency with the existing gene naming 

convention. After re-annotation, InterProScan (v. 5.59-91.0) [108] was performed, which 

includes the following member databases: Phobius (v. 1.01) [41], SUPERFAMILY (v. 1.75) [109], 

ProSiteProfiles (v. 2022_01) [43], SMART (v. 7.1) [110], CDD (v. 3.18) [44], PRINTS (v. 42.0) 

[111], and Pfam (v. 35.0) [45]. Additionally, three databases were added to capture signal 

peptide regions (SignalP v. 6.0) [46], transmembrane regions (DeepTMHMM v. 1.0.19) [47], and 

subcellular localization information (Psortb v. 3.0) [48]. 

After the in-depth genome analysis, we applied the same criteria as before (i) ≥1 DocGH 

fusion protein and ii) at least one protein with ≥2 cohesin domains) and identified 37 genomes 
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that met our criteria. 132 genomes did not pass our criteria using the InterProScan data 

because the initial HMMER search was not conducted with stringent threshold values, which 

inflated the initial number of domains each genome had. However, this genome-based analysis 

procedure did not identify several bacteria which have previously been shown to display 

cellulosomes (e.g. Ruminococcus flavefaciens-007c, -FD-1, -007c, and Ruminococcus 

champanellensis-18P13), presumably because RefSeq uses stringent criteria for inclusion of 

genomes in their database and these genomes were of insufficient quality. These species 

genomes were manually added into our analysis for completeness’ sake. A custom python (v. 

3.11.5) script was used to analyze the domain composition in the scaffoldins and dockerin-fused 

proteins in the 37 bacterial species that produce cellulosomes. The domain identifiers are listed 

used for this analysis are listed in Table S5.  

4.6.2 AlphaFold2 analysis to identify cohesin-containing proteins 

We observed that 34 protein sequences (from 3 organisms: R. flavefaciens 17, R. 

flavefaciens 007c, and R. champanellensis) are reported in the literature to possess sequence 

homology to cohesin domains but we could not identify them as such using the HMM profiles 

provided by InterProScan [53]. Similarly, our analysis showed significantly lower numbers of 

scaffoldin proteins for additional R. flavefaciens strains (AE3010, SAb67, YL228) that we 

suspected also encode cohesin domains that are too divergent to be identified by the HMM 

profiles. Recognizing that structure is better conserved than sequence, we used AlphaFold2 

[112] to build atomic models for any protein across these six organisms that contained at least 

one of the following domains: Coh1 (cd08548), Coh2 (cd08547), Coh3 (cd08759), general Coh 

(PF00963), CBM2/3 Superfamily (IPR008965), CATH3D entry (G3DSA:2.60.40.680). This 

resulted in the predictions of 90 putative cohesin-containing proteins. We requested three 

models to be built for each sequence and used only the model with highest pLDDT score for 

further structural analysis. For multi-domain proteins, we divided the model into individual 
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domains using the program UniDoc [113], producing 311 domains. The structure of each domain 

was compared to four reference models: Coh1 (PDB ID: 1OHZ), Coh2 (PDB ID: 1TYJ), Coh3 

(PDB ID: 2FZ9), and CBM3 (PDB ID: 6UFW). Structural comparisons were performed with the 

program TMalign [58]. TM-scores for all comparisons were normalized to 140 residues to 

simplify comparison. Query domains with TM-scores greater than 0.50 were considered as 

matches to the reference model. If a domain scored higher than 0.50 for multiple reference 

models, then we attribute the domain identity to match the highest scoring reference model. 
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4.7 Figures 

 

Figure 4.1 Representative scaffoldin compositions in simple and complex cellulosomes 

Cartoon showing the different types of scaffoldins that are found in either simple (e.g. C. 

acetobutylicum) [33] or complex (e.g. A. cellulolyticus) [23,30] cellulosomes. Simple 

cellulosomes typically contain a simple primary scaffoldin and a small number of accessory 

scaffoldins. Complex cellulosomes contain a multi-cohesin complex primary scaffoldin with an 

associated anchoring scaffoldin, either a SLH or nonSLH-anchoring scaffoldin. Many complex 

cellulosomes also contain adaptor scaffoldins (polyvalent or monovalent) and cell-free 

scaffoldins that are presumably secreted. 
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Figure 4.2 Strategy used to identify cellulosome producing microbes 

More than 305k sequenced bacterial genomes within the NCBI Reference Sequence database 

(RefSeq). Translated protein-encoding genes were then initially searched using HMM profiles to 

identify genomes that contained cohesin and DocGH enzymes. A subset of those genomes 

were then submitted for de novo annotation via Prokka (v. 1.14.16) [49] followed by a more 

stringent analysis of these protein sequences using InterProScan (v. 5.59-9.10) [40] which 

identified 33 species that likely produce conventional cellulosomes based on the types of 

cohesin-containing proteins they possess. A total of 4 species contains multi-cohesin scaffoldins 

that are unlikely to assemble into conventional cellulosomes (Scaffoldin Containing Organisms). 
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Figure 4.3 Scaffoldin categorization 

Decision tree showing how each cohesin-containing protein was classified. Each cohesin-

containing protein was classified into one of eight categories based on its type and abundance 

(Coh1, Coh2, Coh3), as well as the presence of additional domains such as dockerin, CBM3, 

and cell wall binding domains.  
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Table 4.1 Complex cellulosome producing bacteria 
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Tabulation of cellulosomal components for the complex cellulosome producing organisms 

identified in this study. The counts for the number of each scaffoldin type are reported (as 

defined in Fig. 3). Also reported are the number per organism for the following: individual 

cohesin domains (Total Cohesin), scaffoldin proteins (Total Scaffoldin), all dockerin-containing 

proteins (Total Dockerin), LCB-active dockerin-fused GH enzymes (DocGH-LCB), non-dockerin-

fused LCB-active GH enzymes (FreeGH-LCB), non-dockerin-fused GH, CL and PE enzymes 

(including LCB active) (Free CAZyme) [60], LCB-active GH enzymes that are fused to a 

cellulose-binding CBM modules  (CBM(cell)-GH-LCB), SLH-domains fused to a cellulose-

binding CBM module (CBM(cell)-SLH), and transmembrane RsgI-like proteins (RsgI). A list of 

LCB active enzymes is provided in Table S1. For the Ruminococcus species, three numbers 

are reported for each scaffoldin type. They are the values obtained when InterProScan (left) or 

AlphaFold2 (middle) was used to identify their cohesin modules and the scaffoldin number 

reported previously in the literature (right). Bolded organisms indicate those which have not 

been previously reported as capable of producing a cellulosome. 
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Table 4.2 Simple cellulosome producing bacteria 

 

Tabulation of the components within the simple cellulosome producing bacteria that respectively 

contain either high (shaded green) or low numbers of genes encoding DocGH-LCB (shaded 

orange) enzymes. The table also shows data for four species that contain scaffoldins but are 

unlikely to produce conventional cellulosomes (shaded red). The counts for the number of each 

scaffoldin type are reported (as defined in Fig. 1). The category definitions are identical to those 

presented in Table 1. 
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Figure 4.4 Dockerin-protein and DocGH-LCB distribution 

Correlation between total dockerin protein count and DocGH-LCB protein count (R2= 0.81, p< 

0.05). Reported here are the number of genes  encoding dockerin-fusion and DocGH-LCB 

proteins for all microbes listed in Tables 1 and 2. Classes of microbes that are shown are 

indicated in the key and correspond to: Complex Acetivibrio and Ruminococcus cellulosomes 

(blue), Simple Ruminiclostridium cellulosomes (green), Simple Clostridium cellulosomes 

(orange), and bacteria containing scaffoldin encoding genes that are unlikely to produce 

conventional cellulosomes (red). 
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Figure 4.5 Taxonomic diversity of cellulosome producing bacteria 

Phylogenetic tree of the bacteria listed in Tables 1-2 (excluding the “scaffolding-containing” 

organisms). Bacteria are colored according to their predicted cellulosome type and number of 

genes encoding DocGH-LCB enzymes: Complex cellulosomes with high numbers of DocGH-

LCB genes (blue); Simple cellulosome producing bacteria with high DocGH-LCB gene counts 

(green); Simple cellulosome producing bacteria with a low number of DocGH-LCB genes 

(orange). 16S rRNA sequences were aligned with ClustalW and the tree was constructed using 

MEGA11.  
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Figure 4.6 Scaffoldin proteins in A. mesophilus (N2K1) 

Cartoon representation of all of the cohesin-containing proteins in A. mesophilus (N2K1). The 

domains they possess are defined in the key and also include: Fibronectin Type-III like (FN3), 

CBM type-3 domain (CBM3), Copper Amine Oxidase-Like (CuAm), S8-subtilase/peptidase 

(S8pep), and Galactose Oxidase-like (Gal-Ox) domains. Proteins were named based on their 

sequence homology to scaffoldins present in A. thermocellus. 
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Figure 4.7 Domain and enzyme composition in dockerin-fused proteins 

Plots show the types of domains that are fused to dockerin proteins in microbes that produce 

Acetivirbio-type complex cellulosomes, Ruminococcus-type complex cellulosomes, 

Ruminiclostridium-type simple cellulosomes, Clostridium-type simple cellulosomes, and other 

bacteria with scaffoldin-containing proteins that are unlikely to form conventional cellulosomes 

(see Tables 1-2 for a complete list). (Left) Stacked bar plot representation of the number of 

dockerin-fusion proteins based on the types of domains they contain. Co-occurring domain type 

is color coded according to the following: Yellow: Cohesin, Dark Blue: Glycoside Hydrolase with 

LCB activity, Orange: Carbohydrate Binding Module, Red: Carbohydrate Active Enzymes, Grey: 

other. (Right) Stacked bar plot representation of cellulosomal enzyme composition for each 

cellulosome producing microbe, including; Dark Blue: DocGH-LCB, Light Blue: Free GH-LCB, 

Red: Dockerin fused CAZyme, and Light Red: Free CAZyme. 
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4.8 Supplementary Material 

 

Figure S4.1 Schematic representation of unreported scaffoldins from known cellulosome 

producers 
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Cartoon representation showing the cohesin-containing proteins present within simple 

cellulosome producing organisms whose scaffoldin compositions have not been reported 

previously. Novel organisms identified in this study include: Clostridium cibarium (Sa3CVN1), 

Clostridium pasteurianum (GL11) ,Clostridium sp. CT7, Clostridium sp. DSM 8431, Clostridium 

sp. HBUAS56017, Clostridium sp. NJ4, Clostridium sp. TW13, Clostridium sp. YIM B02555, 

Inconstantimicrobium porci (DSM 17466). Domains are colored according to the upper right key 

with additional domains including: FN3 (beige)- Fibronectin type III (SM00060), CBM3 (beige)- 

Carbohydrate binding module family 3 (PF00942), M26pep (beige) - M26 Metallo-

endopeptidase (PF05342), TMH (navy) - Transmembrane Helix, Invasin (beige)- Invasin/intimin 

cell-adhesion fragment (SSF49373), and Cadherin (beige) - Cadherin-like (PF12733). 
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Figure S4.2 Superposition of AlphaFold2 identified cohesin domains within 

Ruminococcus flavefaciens (AE3010) 

Eighteen cohesin domains were identified by AlphaFold2 in Ruminococcus flavefaciens 

(AE3010). The blue chain represents the predicted AlphaFold2 model, and the gray chain 

shows either an experimentally determined Coh1 (PDB: 1OHZ) or Coh3 (PDB: 2FZ9). Fourteen 

Coh1 domains and four Coh3 domains were captured with a TM-score above 0.5 to either 
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representative structures of Coh1 (PDB: 1OHZ) or Coh3 (PDB: 2FZ9), respectively. The last 

panel is a superposition of all 18 hits. Six domains had been identified using any of the following 

cohesin-type identifiers (coh1 (cd08548), coh2 (cd08547), coh3 (cd08759), coh (PF00963)). A 

total of 18 domains were identified by AlphaFold2 to be cohesin modules. 
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Chapter 5 

 

AlphaFold Structural Proteomics Reveals Complex Cellulosome Machinery for 

Carbohydrate Degradation in Human Gut Bacterium Ruminococcus callidus and Related 

Species  
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5.1 Overview 

One health benefit attributed to the human gut microbiome arises from its capacity to 

break down indigestible plant fibers. Among these, cellulose is the most abundant carbohydrate 

polymer in nature, remains difficult to break down by natural human enzymes and primarily 

relies on specialized gut bacteria. These gut bacteria have dedicated supramolecular surface-

anchored multi-protein complexes that facilitate the efficient breakdown of complex 

polysaccharides from our diets. To date, only three species from the Ruminococcus genus have 

been identified, Ruminococcus champanellensis, Ruminococcus hominiciens, and 

Ruminococcus primaciens, within the human gut microbiome to contain cellulosome machinery. 

These cellulosome producing species were identified using sequence-based homology 

searches targeting cohesin- and dockerin- containing proteins, which are key structural 

components of the cellulosome. With the goal of expanding the depth of cellulosome producing 

species, here we survey a dataset of published non-redundant microbial genomes from the 

human gut and take a structure-based homology approach to identify a divergent set of cohesin 

containing proteins. To establish a robust novel cohesin profile, our search for divergent cohesin 

domains was expanded to over 300k genomes from the NCBI Reference Sequence Database 

(RefSeq). AlphaFold was used to predict the structures of 26 species’ proteomes to reveal 

previously 170 previously undetectable cohesin domains. We establish that Ruminococcus 

callidus, a prominent gut microbe in healthy individuals, has a previously unidentified 

cellulosome and potential cellulolytic activity.  
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5.2 Introduction 

The human gut microbiota plays a crucial role in the digestion of complex carbohydrates, 

including plant-derived polysaccharides such as hemicellulose, pectin, resistant starch, and, to a 

limited extent, cellulose [1]. Cellulose is the most abundant carbohydrate polymer in nature, but 

its crystalline, insoluble structure makes it resistant to degradation by human enzymes [2]. 

Instead, gut bacteria ferment cellulose into short-chain fatty acids that support host energy 

metabolism, immune function, and overall gut health  [3,4]. While the exact diversity of the 

human gut microbiome relies heavily on an individual’s diet and geographical location, in 

general the human microbiome is dominated by four main bacterial phyla; Bacteroidota 

(formerly Bacteroidetes) (17%), Bacillota (formerly Firmicutes) (70.6%), Pseudomonadota 

(formerly Proteobacteria) (5%), and Actinomycetota (formerly Actinobacteria) (3.6%) [5]. In 

addition, roughly 1.2% of the rumen microbiome is composed of methanogenic archaea [6]. 

Interestingly, many environmental and herbivore-associated bacterial species can efficiently 

degrade cellulose using large, surface-anchored, multi-enzyme complexes known as 

cellulosomes that concentrate cellulolytic activity on the microbial surface [7,8]. However, 

despite the presence of over 5,000 microbial species in the human-gut, only three species have 

the genetic capacity to produce cellulosomes [9]. We hypothesized that reliance on sequence-

based homology searches has hindered cellulosome detection, as the primary sequences of 

many cellulosome components may be too divergent to identify structural homologs. Here, we 

demonstrate the power of proteome-scale, structure-based analysis using AlphaFold to uncover 

novel, previously undetectable cellulosome architectures. Using this approach, we reveal for the 

first time that the human commensal bacterium Ruminococcus callidus, which is part of the core 

microbiome found in healthy individuals, encodes a previously undetectable cellulosome, 

consisting of divergent cohesin modules.  
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Cellulosomes are present in a range of anaerobic environmental bacteria, and were first 

discovered in Acetivibrio thermocellus (formerly known as Clostridium thermocellum and 

Hungateiclostridium thermocellum) [10,11]. These extracellular multi-enzyme assemblies consist 

of scaffoldin proteins that organize numerous glycoside hydrolases (GHs) through high-affinity, 

non-covalent interactions between cohesin domains on the scaffoldins and dockerin domains 

fused to the GHs (referred to as DocGH enzymes). Scaffoldins often include additional 

functional domains, such as carbohydrate-binding modules (CBMs), cell wall-anchoring motifs 

like S-layer homology (SLH) domains, and dockerins that enable interaction with secondary 

scaffoldins anchored at the cell surface. In A. thermocellus, for example, the primary scaffoldin 

ScaA includes several cohesin domains for GH recruitment, a CBM3 domain for cellulose 

binding, and a C-terminal dockerin that attaches to other cell wall–associated scaffoldins 

including ScaB, ScaC, ScaD, and ScaF [12]. Cellulose degradation by the cellulosome relies on 

the concerted activity of three enzyme types: endoglucanases that cleave internal β-1,4 linkages 

(e.g., GH7, GH12), exoglucanases that act on chain ends (e.g., GH5, GH9), and β-glucosidases 

that convert oligosaccharides into glucose [13,14]. Though the substrate specificities vary, GH 

families such as GH5, GH10, GH11, GH43, and GH48 are commonly represented [7]. 

Additionally, other types of carbohydrate-active enzymes (CAZymes), including polysaccharide 

lyases and carbohydrate esterases, are also incorporated via dockerin fusions. The spatial 

organization and proximity of enzymes within the cellulosome enhance lignocellulose 

degradation by facilitating enzyme synergy, improving substrate targeting, and promoting close 

interactions between the microbial cell surface and the polysaccharide substrate. 

Our recent comparative genome analysis identified 33 cellulosome-producing bacterial 

species, primarily from the Acetivibrio, Clostridium, Ruminiclostridium, and Ruminococcus 

genera [15]. Further classification based on the number of scaffoldin and DocGHs encoding 

genes distinguished them into ‘complex’ (Acetivibrio and Ruminococcus) and ‘simple’ 
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(Clostridium and Ruminiclostridium) cellulosome producing bacteria. Complex cellulosomes 

typically have distinct mechanisms of attachment to the cell wall and unique primary scaffoldin 

proteins, while simple cellulosomes characteristically have fewer scaffoldin proteins and DocGH 

enzymes, suggesting they exhibit lower cellulolytic activity. Based on their primary sequences, 

three types of cohesins and dockerins have been identified, referred to here as Coh1 to Coh3 

and Doc1 to Doc3, respectively. In general, cohesin-dockerin interactions are both species- and 

type-specific (e.g., only Coh1 and Doc1 proteins produced by the same species interact with 

each other) [16,17]. In non-Ruminococcus species, GH enzymes are typically fused to Doc1 

domains, enabling them to bind Coh1 domains within the scaffoldin. Meanwhile, Coh2-Doc2 

interactions mediate scaffoldin-scaffoldin assembly within the cellulosome. In contrast, Coh3 

and Doc3 domains predominate in Ruminococcus species, which in some instances employ 

sortase transpeptidase enzymes to covalently attach their cellulosomes to the cell wall.  

In the human gut, members of the genus Ruminococcus contribute significantly to the 

breakdown of dietary polysaccharides and their altered abundance is associated with metabolic 

disorders, inflammatory bowel disease, and other gut-related conditions. In herbivores, 

Ruminococcus bacteria producing cellulosomes are present in the rumen where they efficiently 

breakdown plant cell wall polysaccharides (R. flavefaciens and R. albus) [18]. However, of the 

ten Ruminococcus species that inhabit the human gut (R. bromii, R. gnavus, R. torques, R. 

champanellensis, R. lactaris, R. callidus, R. hansenii, R. obeum (now known as Blautia 

obeum)), only R. champanellensis has an identifiable cellulosome based on its genome 

sequence [19]. Identifiable cellulosomes within metagenomic assembled genomes of human gut 

bacteria are also rare, with the notable exception of the newly discovered R. primaciens and R. 

hominiciens [9]. Indeed, an inspection of sequenced Ruminococcus genomes reveal that many 

species encode a large number of DocGH enzymes that are presumably capable of cellulosome 

binding, but only a limited number of identifiable scaffoldin genes (Figure 5.1). Thus, these 
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Ruminococcus microbes either possess divergent carbohydrate degrading systems and/or 

cellulosomes with unconventional architectures that can not be detected using traditional 

sequence-homology based methods.  

It has long been known that proteins with highly divergent primary sequences (<20% 

sequence identity) can nevertheless adopt related tertiary structures that have similar biological 

functions. Thus, primary sequence alone is not always sufficient to infer protein function. To 

overcome this limitation, we performed a high throughput application of AlphaFold to identify 

cohesin domains within 24 Ruminococcus genomes. This analysis revealed a significant 

number of novel cohesin domain encoding genes that were otherwise undetectable based on 

their primary sequence using existing Hidden Markov Model profiles within the InterPro 

database. Experimental atomic structures of several of these domains confirm predictions, and 

provide evidence of newly discovered cohesin families in a range of Ruminococcus species. 

Notably, we identify for the first time that Ruminococcus callidus, a human gut symbiont, 

encodes a structurally complex cellulosome, underscoring its likely importance in human dietary 

fiber degradation and microbial community structure.   
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5.3 Results 

5.3.1 AlphaFold structural proteomics identifies novel cohesin containing scaffoldins.  

We used AlphaFold structure prediction methods to identify cellulosome components in 

Ruminococcus species and other bacteria that are known to inhabit the human gut (Figure 5.2). 

The following genomes were analyzed: (1) 305,693 prokaryotic genomes from the NCBI 

Reference Sequence Database (RefSeq) (July 10, 2023 release) and (2) metagenome-

assembled genomes (MAGs) from recently identified gut bacteria (R. primaciens, R. 

hominiciens, and R. ruminiciens) [9, 20]. Initially,  a HMMR search was performed on each of 

the RefSeq annotated genomes to identify DocGH and cohesin domain encoding genes as 

previously described. A total of 23 Ruminococcus genomes were found to contain genes 

suggesting that the microbe might produce a cellulosome; at least five genes encoding DocGH 

proteins and one gene encoding a multi-cohesin containing protein that might function as a 

scaffoldin. Of the 23 that were identified, eight genomes are complete and 15 are metagenome-

assembled genomes (MAGs). Because the proteome scale application of AlphaFold is 

computationally intensive, only the full proteomes of the eight complete Ruminococcus 

genomes from RefSeq and the three established human gut MAGs were structurally predicted. 

For the remaining 15 MAGs, only those proteins annotated to have a signal peptide by SignalP 

(SignalP v. 6.0) were structurally predicted, this greatly reduced the computational time given 

that on average only 16% of the genome had identified signal peptides.  

The atomic structures of all proteins were predicted using a locally implemented version 

of the AlphaFold2 program (29,657 atomic  structures were predicted corresponding to ~2,800 

structures per complete proteome and 470 structures per MAG).  Each protein structure was 

then partitioned into its component domains using the program Unidoc and their similarity to 

experimentally determined cohesin structures determined using the TM-align algorithm. Figure 

5.3 shows representative plots of the template matching (TM) score between predicted domain 
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structures and the structure of an experimentally determined Coh1 domain (PDB:1OHZ) domain 

for R. flavefaciens, and R. champanellensis, and R. callidus. Only a few domains in each 

microbe exhibit TM score ≥ 0.7 when compared to Coh1 indicating that they are structurally 

related, consistent  with the small magnitude Root Mean Square Deviation (RMSD) differences 

between the domains and Coh1.  

We identified predicted domains that were structurally similar to Coh1 (PDB:1OHZ), 

Coh2 (PDB:1TYJ) and Coh3 (PDB:2ZF9) using a TM score threshold of ≥0.7. As a negative 

control, their similarity to the structure of a carbohydrate binding module family 3 (CBM3) protein 

(PDB:6UFW) was also calculated, as CMB3 and cohesins have distinct functions but are known 

to adopt related anti-parallel β-sandwich folds [21]. This AlphaFold-based screen identified a 

significant number of scaffoldins in the Ruminococcus proteomes that were otherwise 

undetectable using primary sequence homology-based methods (Fig. 4A). In particular, a total 

of 404 cohesin domains were detected across the surveyed Ruminococcus genomes based on 

their AlphaFold predicted structures, whereas only 155 cohesins could be identified based on a 

primary sequence analysis using InterProScan. AlphaFold also identified more cohesins as 

compared to sequence analyses of the proteomes using BLAST and representative sequence 

profiles for the different types of cohesins. Importantly, with only 2 exceptions, all cohesin 

domains that can be detected based on their primary sequence using BLAST or InterProScan 

were identified using AlphaFold, while 170 domains were only detectable after their structures 

were predicted by AlphaFold.  

5.3.2 Discovery of cellulosomes in R. callidus and other Ruminococcus spp.  

The AlphaFold structural proteomics reveals the presence of an array of new scaffoldins 

in 21 of the 26 Ruminococcus species that were investigated. The largest number of novel 

scaffoldins were detected in the proteome of the human gut bacterium R. callidus, which based 

on primary sequence analysis encodes 26 DocGH enzymes across 76 dockerin-fused proteins 
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but only two single-cohesin scaffoldins. Based on the AlphaFold predictions this microbe 

contains an additional 6 scaffoldins which collectively harbor 14 putative cohesin domains. 

These newly identified scaffoldins demonstrate hallmarks of a Ruminococcus complex 

cellulosome as it contains both sortase-attached cell-wall anchoring and adapter scaffoldins. 

AlphaFold-identified scaffoldins in R. callidus also include two large multi-cohesin proteins with 

C-terminally fused dockerin domains that resemble ScaA- and ScaB-like scaffoldins typically 

seen in other established cellulosome producing Ruminococcus [18]. Novel 

AlphaFold  discovered cohesins are  also present in previously characterized Ruminococcus 

species that inhabit either the rumen (R. flavefaciens and R. albus) or human gut (R. 

champanellensis, and R. bromii) revealing the produce cellulosomes of greater complexity than 

previously appreciated. Notably, an AlphaFold analysis of environmental bacteria from other 

genera known to produce cellulosomes (A. thermocellus and Ruminiclostridium cellulolyticum) 

did not uncover new cohesin modules, suggesting that unlike Ruminococcus Spp, cohesin 

sequence profiles are generally adequate to detect cohesins in bacteria  from these  genera 

(Figure 5.4B).    

5.3.3 Structure of two novel Ruminococcus cohesin groups 

Having identified new cohesins within the R. callidus genome, we sought to determine 

their atomic structures using X-ray crystallography in order to both verify our AlphaFold 

predictions and potentially identify novel features not present in the in silico model (Figure 

5.5A). For this, we selected one representative cohesin domain each from two distinct groups 

which appeared to cluster with other cohesin domains unique to R. callidus-type cellulosomes 

based on sequence identity. The selected cohesin domains were Rcal_0153 

(WP_370809552.1), domain 5 (Rcal_0153_5) and  Rcal_2942 (WP_370809561.1), domain 4 

(Rcal_2942_4). Crystallization screens yielded high-quality crystals for data collection, allowing 

for structural determination of both cohesin domains via a molecular replacement strategy 
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utilizing the generated AlphaFold models for each respective domain. Rcal_0153_5 crystals 

diffracted to a maximum resolution of 1.8Å and belonged to the orthorhombic space group 

C2221 with unit cell dimensions of a=42.5Å, b=84.6Å, and c=118.4Å. Crystals for Rcal_02942_4 

diffracted to a maximum resolution of 1.2Å and belonged to space group P212121, with unit cell 

dimensions of a=34.0Å, b=37.2Å, and c=110.4Å. The final data refinement and structure-quality 

statistics are listed in Table 5.1.  

The overall structure of Rcal_2942_4 presents a classical two-sheeted β-sandwich 

jellyroll topology consisting of 9 antiparallel β-strands as is typical for a cohesin. The solved 

atomic structure and predicted AlphaFold model of Rcal_2942_4 are closely related, with a 

backbone atom RMSD of 0.380 Å. Despite not sharing significant sequence homology to any 

previously reported cohesins, Rcal_2942_4 displays several other features commonly seen in 

cohesin structures. Similar to the 310-helix observed in the R. flavefaciens’ ScaB Coh5, 

Rcal_2942_4 contains a more well defined α-helix spanning from His521 to Lys525 [22]. 

Further, Rcal_2942_4 also contains an elongated β-flap interrupting the β8 strand of the 

cohesin, lying at the Coh:Doc binding interface. This β-flap feature can also be observed in the 

R. flavefaciens ScaC cohesin (PDB 5LXV) as well as other non-Ruminococcus type cohesins 

such as those from ScaC, Coh3 of Acetivibrio cellulolyticus (PDB: 4UYP) and ScaB of 

Pseudobacteroides cellulosolvens (PDB: 1TYJ) [23-25]. Unique to the Rcal_2942_4 cohesin is 

the presence of an additional accessory α-helix not predicted in the original AlphaFold model 

formed by residues Phe574 to Ser579 between β-strands 5 and 6.  

Although Rcal_0153_5 contains the same core 9 β-stranded sandwich topology of 

classical cohesins, there are several exceptions where the cohesin deviates structurally (Fig 

5.5B). Most notable of these deviations is the elongated two-β-stranded hairpin that forms 

between residues Thr1080 and Asp1098. Similar to the β-flap seen interrupting the β8 strand in 

Rcal_2942_4 and previously reported cohesins, the flap of Rcal_0153_5 forms a break between 
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strands β7 and β10 and appears to form a structured β8/9-strand hairpin. Additionally, this β-

hairpin also lies adjacent to the cohesin:dockerin interface, suggesting it may play a role in 

forming important contacts for specific dockerin binding. The AlphaFold model for the domain 

also predicts this β-hairpin, with the full-length structures exhibiting a strong structural similarity 

(backbone RMSD = 0.748Å). 500 ns molecular dynamics (MD) simulations performed with the 

crystal structure of Rcal_0153_5 using a CHARMM36 all-atom force field in water reveal that 

the extended β-hairpin arm does show a high degree of flexibility, demonstrating relatively large 

conformational fluctuations (up to 7.5Å RMSF). In addition to the extended β-hairpin, there are 

several additional small α-helices formed in the linker regions between the β-strands that make 

up the cohesin core. Two of these α-helices formed between residues Glu962 to Leu967 and 

Val979 to Tyr986 appear in an uncharacteristically long linker region between β3 and β4. Lastly, 

there are two additional helices formed between residues Leu1004 to Lys1009 and Glu1048 to 

Tyr1058 which lie β4/5  and β6/7 strands respectively.   
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5.7 Figures 

 

Figure 5.1 High DocGH Ruminococcus species show a disparity in cohesin domain 

counts.  

(A) Plot showing the relationship between identifiable dockerin and cohesin domains within 

known cellulosome producing bacteria. The domains were identified based on their primary 

sequences using InterProScan and correspond to select bacteria within the Acetivibrio (blue) 
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and Ruminococcus (red) genera, both thought to have complex cellulosomes. Enclosed within 

the dashed box are the Ruminococcus bacteria, which are atypical because based on their 

primary sequences they produce a large number of dockerin containing proteins, but 

nevertheless are predicted to produce only a few cohesin domains. (B) Table indicating select 

cellulosome producing microbes and their cohesin and dockerin domain counts. The pie charts 

represent the number of cohesin (orange) and dockerin (blue) domains present in each species. 
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Figure 5.2 AlphaFold-based strategy to identify novel cohesin domains within the 

proteomes of Ruminococcus bacteria.  

Strategy used to identify cohesin domains in Ruminococcus genomes using AlphaFold. Over 

300,000 complete genomes from the NCBI Reference Sequence database (RefSeq) were 

searched using Hidden Markov Model (HMM) profiles to identify genomes that contained 

cohesin proteins and DocGH enzymes, hallmarks of cellulosome producing bacteria. A subset of 

those genomes was then submitted for de novo annotation via Prokka (v. 1.14.16) followed by a 

more stringent analysis for domain identification by InterProScan (v. 5.59-9.10) where 23 

Ruminococcus genomes had more than one cohesin containing protein and at least five 
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dockerin proteins. An additional three Ruminococcus genomes (R. hominiciens, R. primaciens, 

and R. ruminiciens) were considered in the analysis as they were recently identified as 

cellulosome containing Ruminococcus species [9]. Protein structures from the 26 genomes 

were then predicted by AlphaFold, and these structures were parsed into domains by UniDoc. 

Each domain was structurally compared to representative Coh1, 2, and 3 structures and the 

similarity evaluated by Tm score. 
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Figure 5.3 Implementation of a structural similarity threshold score to discriminate 

whether an AlphaFold model qualifies as a putative cohesin domain.  

(A) Illustrates the degree to which the predicted structures of the 6164 domains in the 

Ruminococcus callidus proteome resemble the structure of Coh1 (PDB ID 1ohz). The 

resemblance is plotted as a histogram of TM-scores (structural similarity) scores. The threshold 

TM-score (dashed red line) was chosen by estimating the dividing line between the low-scoring 

population (left) and the high-scoring population (right).  (B) and (C) illustrate analogous 

histograms for Ruminococcus flavefaciens 007c, and Ruminococcus champanellensis 

proteomes, respectively. The threshold TM-score was between 0.65 and  0.70 for all the 

organisms examined. (D), (E), and (F) illustrate the use of a different metric to evaluate the 

resemblance of predicted domain structures to Coh1: a scatter plot of RMSD versus number of 

aligned alpha-carbon atoms (Nalign). We observed that the sets of putative cohesin domains 
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identified by TM-score threshold in panels (A)-(C) (points inside red rectangle), were identical to 

those identified in plots of RMSD versus number of aligned alpha-carbon atoms (Nalign) (points 

inside red triangles). This correlation between panels (A)-(C) and (D)-(F) illustrate the 

robustness of our TM-score threshold as a discriminator. 
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Figure 5.4 AlphaFold identifies a large number of novel cohesin domains.  

(A) Venn diagram of the total number of cohesin domains identified by AlphaFold (pink), 

InterProScan (cyan), and BLAST (yellow) in analyzed Ruminococcus species. Two cohesin 

domains exclusively detected by BLAST were detected in genomes for R. hominiciens and 

Ruminococcus sp. RGIG7544 but were excluded as the annotated sequences were severely 

truncated compared to a full-length cohesin (B) Bar graph showing total number of cohesin 



 

210 

domains identified per Ruminococcus genome. The cohesin domain counts for 

Ruminiclostridium cellulolyticum and Acetivibrio thermocellus are shown as representative non-

Ruminococcus species that produce simple and complex cellulosomes, respectively. Total bar 

height represents the total number of cohesin domains identified across all annotation methods 

used (AlphaFold, InterProScan, BLAST). The total subset of domains that were exclusively 

identified as cohesins by AlphaFold (purple) are indicated.  
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Figure 5.5. Two novel cohesin families found in R. callidus   

(A) Representative crystal structures of Type IV and Type V cohesins from R. callidus. Rotated 

cartoon ribbon representation of the type IV cohesin, Rcal_2942_4 (blue), and of the type V 

cohesin, Rcal_0153_5 (orange). Strand numbers are indicated on each β-sheet face. (B) 

Topology diagram of novel cohesin families. The flattened 2D-projection of the novel Type-IV 

and Type V cohesins identified in R. callidus are shown in comparison to previously established 

Type I-III cohesins. All five cohesin families exhibit a core nine-stranded β-sandwich jelly-roll 

topology with strands 5, 6, 3, and 8 (orange) forming the dockerin-cohesin interface and strands 

9, 1, 2, 7, and 4 forming the other sheet face. The presence and length of various accessory 

helices (blue) highlight the unique structures of each cohesin type. Additional features that 

deviate from a Type-I cohesin are shown in red for each cohesin type.   
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Table 5.1 X-ray diffraction data collection and refinement statistics for R. callidus 

cohesins 

Crystal Rcal0153_5 Rcal02942_4 

Data Collection 

 

 

Beamline APS 24-ID-E APS-24-ID-E 

Space group C2221 P212121 

Resolution (Å) 1.80 (1.85-1.80)* 1.20 (1.27-1.20) 

Unit cell dimensions: a,b,c (Å) 42.5, 84.6, 118.4 34.0, 37.2, 110.4 

Unit cell angles: α,β,γ (°) 90, 90, 90 90, 90, 90 

Measured reflections 157327(5854) 564095 (85641) 

Unique reflections 19021(976) 84166 (13514) 

Overall completeness (%) 94.1 (65.5) 99.4 (98.5) 

Overall redundancy 8.3 (6.0) 6.7 (6.3) 

Overall Rmerge 0.128 (0.591) 0.095 (1.03) 

CC1/2 99.1 (76.8) 99.8 (55.3) 

Overall I/δ 11.6 (2.6) 10.3 (1.6) 

Structure Refinement 
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Rwork / Rfree 0.188/ 0.234 0.148 / 0.174 

RMSD bond length (Å) 0.006 0.005 

RMSD angle (°) 1.2 0.8 

Number of protein atoms 1754 2577 

Number of water atoms 184 145 

Number of other solvent atoms 4 0 

Average B-factor of protein (Å2) 18.6 17.1 

Average B-factor of water (Å2) 23.6 25.1 

Average B-factor other solvent (Å2) 33.8 N/A 

PDB ID code Not yet submitted Not yet submitted 
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The work described in the Appendix features on-going, incomplete, and/or otherwise 

unpublished work that I have carried out during the time of my graduate studies. Additional 

details, experimental procedures and data analysis for material covered in the appendix can be 

accessed from my digital scientific notebook:  

 

https://ucla-site.signalsresearch2.revvitycloud.com/elements/entity/journal:42df48ee-bcc4-468a-

a6b6-c700b7c44ab3?focus=experiment%3A2b46fb6a-abb4-4d60-9022-c78f99a09353 
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https://ucla-site.signalsresearch2.revvitycloud.com/elements/entity/journal:42df48ee-bcc4-468a-a6b6-c700b7c44ab3?focus=experiment%3A2b46fb6a-abb4-4d60-9022-c78f99a09353


 

220 

A.1 Search for RsgI9’s cognate SigI partner 

A.1.2 Overview 

 RsgI9 is unique from the other eight RsgI present in C. thermocellum in several ways: 

(1) RsgI9 is an “orphan” anti-σ factor, having no known SigI encoded within the same operon or 

gene neighborhood. (2) The cytoplasmic N-terminal portion of RsgI9 contains an additional 95 

residue, low-complexity insert sequence between the N-terminal anti-σ factor domain and the 

transmembrane helix. (3) The ectodomain of RsgI9 does not contain any domains predicted to 

bind to or have activity against polysaccharides like six of the remaining RsgI [1]. In order to find 

a potential “SigI9”, I expressed and purified a 6xHis-tagged N-terminal RsgI9 anti-σ factor 

domain (RsgI91-54) as bait for a set of pull-down experiments using cell lysate collected from C. 

thermocellum grown in cellobiose. From these experiments, I was unable to find a 

corresponding SigI9 protein, with the most abundant proteins seen from the LC-MS/MS 

corresponding to a chaperonin and an enolase. 
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A.1.2 Results 

 To identify potential binding partners to the N-terminal anti-σ factor domain of RsgI9, I 

constructed a C-terminal 6xHis-tagged RsgI91-54 protein to serve as a bait for affinity pull-down 

assays. After the bait RsgI91-54 was loaded onto a Co-NTA affinity column, lysate harvested from 

C. thermocellum during mid-log phase (OD ~ 0.750) was flowed over the resin, washed, and 

subsequently eluted for visualization by SDS-PAGE (Figure 7.1). In all replicates, RsgI91-54 co-

eluted with two other species at molecular weights of approximately 50 kDa and 60 kDa, 

respectively. These gel-bands were excised and submitted for LC-MS/MS identification. In the 

60 kDa protein band, the highest abundance proteins seen corresponded to a 60 kDa 

chaperonin (groL) protein and an Arginine-tRNA ligase (argS). The presence of the chaperonin 

protein would suggest that the RsgI91-54 construct is not properly folded, despite the removal of 

the large cytoplasmic insert. In the 50 kDa band sample, the most abundant protein observed 

was an enolase (eno). Further studies by either CD-spectroscopy or NMR of the RsgI91-54 

construct are needed to confirm if it is unfolded before these affinity experiments can be 

repeated. qPCR experiments carried out in C. thermocellum suggest that SigI levels remain 

relatively low when the activating signal substrate for the RsgI is not present. As such, additional 

experiments where lysates are grown in different polysaccharide-containing growth media are 

required as any potential SigI binding partners to RsgI9 may be in too low abundance to be 

seen in cellobiose growth conditions.  
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A.2 Investigation of RsgI/SigI crosstalk in C. thermocellum 

A.2.1. Overview 

The regulomes controlled by ECF/anti-σ factors are tightly regulated, with very few 

cases of non-cognate crosstalk between them [2]. However, previous work from Chrstine Minor 

of the Clubb lab (unpublished) has suggested that the RsgI/SigI binding pairs within C. 

thermocellum may be more promiscuous than previously thought. She utilized a split tripartite-

GFP reporter using N-terminal RsgI anti-σ factor (RsgIN) and C-terminal SigI (SigIC) domains 

taken from C. thermocellum fused to the split GFP fragments. Using Fluorescence-Activated 

Cell Sorting (FACS) as a readout, she was able to assess in vitro RsgI:SigI binding partners in a 

high-throughput manner for many of the possible 72 RsgI/SigI pairs. Interestingly, her data 

suggested that some noncognate pairs could interact, particularly RsgI5 and SigI2. In C. 

thermocellum, RsgI5 is predicted to bind to and control genes responsible for the degradation of 

arabinoxylan, due to the presence of a CBM42 in RsgI5’s ectodomain [1]. Conversely, RsgI2 

has a predicted CBM3 module as its ectodomain, suggesting it is responsible for regulating 

cellulose-degrading DocGHs [3]. The presence of crosstalk in the RsgI/SigI system of C. 

thermocellum, could suggest a more complex, orchestrated regulatory response to determine 

the simultaneous expression of varied cellulosomal genes. To test this crosstalk, I used 2D-

NMR to investigate and validate the positive interaction seen between a 15N-labeled RsgI5N and 

SigI2C. The results of these experiments showed a low affinity between the tested pair but 

difficulties in SigI2 expression and purification may suggest the protein was misfolded during 

titration experiments.  
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A.2.2 Results & Conclusions 

 In order to orthogonally confirm the results of the FACS-based assay, I used 2D-NMR 

chemical shift perturbation (CSP) experiments utilizing purified 15N-labeled RsgIN and SigIC 

proteins to demonstrate in vitro binding, specifically of RsgI5 and SigI2 (Figure 7.2). The apo 

15N-RsgI5N sample was stably expressed and showed a well-dispersed 2D-TROSY-HSQC 

spectra, suggesting the N-terminal anti-σ factor fragment is folded. Further, the number of amide 

resonances observed within the spectra (~50 peaks) corresponds well with the number of 

residues within the RsgI5N fragment, indicating that the sample is also of sufficient purity with 

minimal degradation products present. Upon titration of unlabeled SigI2C in a 1:2 RsgI:SigI ratio, 

there were a minimal number of CSPs and broadened peaks observed, indicating relatively 

weak and/or non-specific binding. While the results of these experiments contradict the previous 

FACS-assay data, the instability and purity of the SigI2C sample may have led to the negative 

results seen in the 2D-TROSY-HSQC. Previous work with truncated SigI constructs from C. 

thermocellum have noted issues in stability [4]. Indeed, the SigI2C construct showed signs of 

sample degradation on SDS-PAGE and visible aggregate within 12 hours. Further, purification 

of the SigI2C protein proved challenging due to the presence of an additional ~20 kDa co-

contaminant that could not be removed via size exclusion chromatography or stringent affinity-

column washes. An unfolded purification method using 8 M urea was required in order to 

remove the contaminant from the unlabeled SigI2C sample, which significantly reduced yield and 

potentially led to improper re-folding of the SigI. Future experiments with this system would 

require further validation that the purified SigI2C protein is folded using NMR or CD-

spectroscopy. Improved yields and purity could also be possible using reverse-phase HPLC 

purification of the SigI2C sample but it would require more intensive refolding procedures. Lastly, 

the remaining RsgI/SigI pairs that were identified as potential cross-talk partners need to be 

validated using NMR or other biophysical approaches such as ITC or SPR.  
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A.3 Figures 

 

Figure A.1 Affinity Pull-Down Search for “SigI9”  

SDS-PAGE gel for affinity pull-down experiments done with an immobilized RsgI91-54 construct 

and lysate harvested from C. thermocellum at mid-log phase (OD: 0.750). The flow-through 

samples for the bait (B), prey (P), washes (W), and final elution (E) are shown for pull-down 

experiments with no bait (-RsgI91-54) and increasing concentrations of bait. The co-elution bands 

observed at 50 kDa and 60 kDa molecular weights are indicated with red arrows.  
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Figure A.2 Chemical Shift Perturbation Studies with RsgI5N and SigI2C 

Two overlayed 2-D TROSY-HSQC NMR spectra of 15N-labeled RsgI5N titrated with (black) and 

without purified SigI2C in a 1:2 ratio (red).   
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