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ABSTRACT 

The bacterium Fervidibacter sacchari is an aerobic hyperthermophile that catabolizes 

various polysaccharides and is the only cultivated member of the class Fervidibacteria within the 

phylum Armatimonadota. Among its glycoside hydrolase (GH) cache is an enzyme from GH family 

50 (GH50), an understudied family with only 25 characterized representatives and two known 

activities from 1,518 predicted members in the Carbohydrate-Active EnZyme (CAZy) Database. 

Here, we expressed, purified, and functionally characterized an extracellular GH50 from F. sacchari 

called Fsa1572. Using colorimetric assays, we show it has novel β-1,4-glucanase activity and only 

weak agarose activity that is typical for GH50 enzymes. The purified enzyme has a wide temperature 

range of 60-95 °C (optimal 80 °C), making it the first characterized hyperthermophilic representative 

of GH50. The enzyme also has a broad pH range of at least 5.5-11 (optimal 6.5-10). Fsa1572 

possesses KM and kcat parameters of 12.6 mM and 4.62 s-1, respectively. Finally, a phylogenetic 

analysis of Fsa1572 and other GH50 enzymes revealed a unique phylogenetic position for Fsa1572 

that is distant from other characterized enzymes and related to yet-uncharacterized GH50s from 

genomes of thermophilic archaea. Fsa1572 is the first characterized GH enzyme of F. sacchari and 

is both functionally and phylogenetically novel. 
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CHAPTER 1: INTRODUCTION 

1.1 Polysaccharides 

Polysaccharides are carbohydrates comprising hundreds to thousands of monosaccharide 

units. These monosaccharide units are bound by glycosidic linkages and are sometimes branched. 

Polysaccharides are ubiquitous, as they are produced and used by all forms of life. Many organisms 

use polysaccharides for energy storage, such as glycogen in animals, fungi, protozoa, and bacteria, 

and starch in plants (Vidal and Vanegas-Calerón, 2019; Wertz and Goffin, 2021). Another source 

is agar, a gelatinous substance found in the cells walls of some species of Rhodophyta, commonly 

known as red algae, that comprises two polysaccharides: agarose and agaropectin (Zhang et al., 

2019a). Polysaccharides excreted from the cells of archaea and bacteria, or exopolysaccharides, 

are used to protect communities of microbes that make up microbial mats and biofilms from 

stresses such as desiccation and grazing (Rossi and De Philippis, 2015; Heredia-Ponce et al., 

2021). However, the biggest natural source of polysaccharides comes in the form of the building 

block of all plant fiber: lignocellulose. 

Lignocellulose is the form of plant biomass that makes up the most common plants, such 

as grasses, trees, and the wastes leftover from the agricultural harvest of crops like corn, rice, and 

sugarcane (Cabrera et al., 2014; Guerriero et al., 2016). Lignocellulose contains two types of 

polysaccharides: cellulose and hemicellulose. Because of the prominence of lignocellulose in plant 

cell walls and the plethora of lignocellulosic plant life, lignocellulose is the most abundant form 

of biomass on Earth (Jha et al., 2020). Cellulose alone comprises up to 50% of material in the plant 

cell wall and is far and away the most abundant polysaccharide, and indeed the most prominent 

natural organic substance, on Earth (Aspinall, 1970; Zeng et al., 2017). The value of cellulosic 

material both to humanity for paper and textiles and plant life as a building block is partly because 
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of its extreme durability, with a half-life of 5-8 million years at 25 °C (Wolfenden & Snider, 2001). 

However, we know that cellulosic material degrades far faster, and that is thanks to cellulolytic 

organisms. 

1.2 Cellulolytic Microbes 

Cellulose degradation is widespread throughout all forms of life to depolymerize the 

polysaccharide into its base monomer, glucose. In animals, this process typically relies on a 

symbiotic relationship between the host and its microbiome. Cellulolytic gut microbiota handle 

the digestion of lignocellulose in omnivores like humans (Robert et al., 2007). However, cellulose 

is more vital to the diet of herbivorous ruminants such as cows, who consume up to 2% of their 

bodyweight (or 14 kg on average) in grass per day. Ruminants sustain this massive volume of 

grazing thanks to 200 species of cellulolytic bacteria in their foregut alone, amounting to 1010-1011 

cells/mL (Matthews et al., 2019). Cellulolytic microbes are also prominent in the guts of termites, 

further establishing the ubiquity of this type of mutualism (Peristiwati et al., 2018). However, guts 

are far from the only source of cellulolytic microbes. 

Beyond the microbiome, cellulolytic microbes are also commonly found as free-living 

organisms. One example is the soil-dwelling fungal genus Trichoderma, which has been shown to 

possess competitive saccharolytic ability compared to another cellulolytic fungus, Aspergillus 

niger (Tiwari et al., 2013; Do Vale et al., 2014). Cellulolytic bacteria are found in various 

environments. For example, Thermobifida cellulolytica, which thrives in heated manure heaps, 

and Geobacillus thermoleovorans, which was isolated from sugar refinery wastewater (Kukolya 

et al., 2002; Tai et al., 2004). Cellulolytic bacteria belonging to the genera Brevibacillus, 

Paenibacillus, Bacillus, and Geobacillus have even been grown using soil samples collected from 

the deep sub-surface of a U.S. gold mine (Rastogi et al., 2009). Despite the recalcitrance of 
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cellulose, cellulolytic microbes dramatically accelerate the process of its degradation by catalyzing 

its hydrolysis through the use of enzymes called cellulases, a type of glycoside hydrolase.  

1.3 Glycoside Hydrolases 

Enzymes that specialize in depolymerizing polysaccharides are known as glycoside 

hydrolases (GHs) (Henrissat, 1991). GHs are a type of carbohydrate-active enzyme (CAZyme), 

which is a broader category that encompasses enzymes involved in the synthesis and degradation 

of carbohydrates and glycoconjugates (Bhattacharya et al., 2015). There are four other types of 

CAZymes (or CAZyme domains): glycosyltransferases, polysaccharide lyases, carbohydrate 

esterases, and carbohydrate-binding modules. However, none drive the breakdown of cellulose 

and other polysaccharides as much as GHs (Kumar et al., 2019a). GHs function by catalyzing 

hydrolysis of the glycosidic linkages in polysaccharide chains, thus degrading them down into 

their base saccharides. GHs are currently phylogenetically classified into 180 GH families, which 

often share similar activities (Henrissat, 1991). Because of the large size of polysaccharides, they 

are typically degraded in the extracellular space. To exit the cell, some GHs possess an N-terminus 

signal peptide that mediates their secretion into the extracellular space (Zhang et al., 2021). Other 

GHs may belong to cell-surface enzyme complexes called cellulosomes, which facilitate 

attachment to insoluble substrates like lignocellulose (Payne et al., 2013). Finally, saccharolytic 

fungi may attach individual GHs to the plasma membrane through post-translational 

glycosylphosphatidylinositol anchoring (Nakajima et al., 2012). Overall, GHs are equipped for 

efficient depolymerization of polysaccharides like lignocellulose. This quality has made them the 

subject of industrial interest for their potential in developing renewable energy technologies. 

One modern interest for GH has surrounded their application in producing biofuels using 

agricultural waste. Here, applicable GHs are used to degrade lignocellulosic biomass leftover from 
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common crops, such as corn stover (stalks, leaves, and cobs) and sugarcane bagasse, into simple 

sugars (Zakir et al., 2016). The monosaccharides are fermented by organisms like Saccharomyces 

cerevisiae, producing bioethanol as a byproduct (Cunha et al., 2020). The engineering of known 

cellulolytic microbes to degrade lignocellulose more efficiently is one frontier in biofuel research, 

but another focuses on the characterization of novel microbes and GHs to uncover new, potentially 

better candidates for lignocellulose conversion. In 2011, Hess et al. (2011) had this goal in mind 

when they set out to expand the known repertoire of cellulolytic microbes, recovering 27,755 

putative CAZyme genes from 268 gigabases of microbial DNA from largely unculturable cow 

rumen microbes attached to plant fiber. They expressed 90 of these proteins, confirmed enzymatic 

activity in 57% of them, and assembled 15 metagenome-assembled genomes from uncultured 

microorganisms for enzymologists to pull CAZymes from. Overall, this study represented a major 

leap for large-scale characterization of mesophilic CAZymes for biofuel production. Thermophilic 

GHs, however, have advantages over their mesophilic counterparts that have garnered the interest 

of the biofuels research community.  

1.4 Thermophilic Polysaccharide Catalysis 

When compared to mesophilic GHs, the higher reaction temperatures of thermophilic GHs 

allow for greater reaction velocity, minimized risk of contamination, reduced substrate viscosity, 

auto-distillation of bioethanol, longer shelf lives, and heat-purification (Peng et al., 2016). There 

are a few examples of well-studied microbes degrading lignocellulose at high temperatures, 

ranging from moderate thermophiles to hyperthermophiles. One is the aerobic, moderately 

thermophilic organism Thermobifida fusca (optimal growth temperature = 55 °C), a soil bacterium 

prominent in compost heaps, rotting hay, and manure piles (Lykidis et al., 2007). Some cases of 

strictly fermenting cellulolytic bacteria thrive at higher temperatures. These bacteria include 
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Clostridium thermocellum (60 °C), which ferments microcrystalline cellulose, pretreated 

switchgrass, and pretreated corn stover; Caldicellulosiruptor bescii (75 °C), which ferments 

crystalline cellulose, xylan, and plant biomass; and Thermotoga maritima (80 °C), which ferments 

starch and glycogen (Yoav et al., 2017; Huber at al., 1986; Yang et al., 2010). Aerobic 

polysaccharide use under hyperthermophilic conditions is far less common, with only one known 

exception. 

The first traces of a lineage originally referred to as OctSpA1-106 came as DNA extracted 

and amplified from sediment collected from Octopus Spring at Yellowstone National Park, USA 

(Blank et al., 2002). OctSpA1-106 was originally thought to belong to a yet-unstudied group that 

represented the oldest lineage in the bacterial line of descent. A 2013 study of “microbial dark 

matter” recovered single-amplified genomes representing the same lineage from Great Boiling 

Spring (GBS) sediments at Gerlach, NV (Rinke et al., 2013). They proposed a candidate phylum, 

Fervidibacteria (later proposed to be a novel class nested within the phylum Armatimonadota 

[Nou, 2022]), and a novel bacterial species, Fervidibacter sacchari, named for its thermophily, 

rod morphology, and large cache of genes encoding GH domains. 

Nancy O. Nou of the Hedlund Lab isolated F. sacchari by enriching it in culture to near 

purity and then cultivating a clonal population derived from a single cell that was isolated manually 

using optical tweezers (Nou, 2022), resulting in the first axenic culture from class Fervidibacteria. 

Nou successfully predicted possible polysaccharide substrates based on genome annotations and 

experimentally confirmed the use of 16 polysaccharides by F. sacchari as sole carbon and energy 

sources (Nou, 2022). Consistent with its polysaccharide use, the genome of the isolated strain, 

PD1, encodes 115 genes with GH domains from 46 GH families. Differential transcriptomics and 

proteomics experiments revealed that 99 of the GHs were expressed, and half were differentially 
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expressed when grown in media containing five different growth substrates: β-glucan, gellan gum, 

locust bean gum, starch, and xyloglucan. With these findings, Nou’s work paved the way for a 

deeper study of the GHs from F. sacchari. 

The Hedlund Lab has since set out to characterize F. sacchari GHs and has experimentally 

confirmed activities of four enzymes: a GH family 3 xylanase, a GH5 xylanase, a GH10 glucanase, 

and a GH50 called Fsa1572, which is the focus of the research summarized in this thesis. The gene 

encoding Fsa1572 was codon-optimized for expression in Escherichia coli, ligated into a pET21b-

GB1 vector, and transformed into E. coli T7 Express cells. Fsa1572 was heterologously expressed 

and purified by heat and subjected to a series of experiments to determine its substrate specificity, 

bond activity, condition optima, thermostability, kinetic parameters, and phylogenetic placement 

among family GH50. Fsa1572 was anomalous within GH50, possessing the first known β-1,4-

glucanase activity in the family and by far the highest optimal temperature (80 °C). Phylogenetic 

analysis of Fsa1572 revealed a distant placement relative to other characterized GH50s. With these 

data as evidence, we propose Fsa1572 represents the first newly described GH50 subfamily, 

GH_2. 
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CHAPTER 2: BIOCHEMICAL CHARACTERIZATION OF FSA1572 FROM 

FERVIDIBACTER SACCHARI, THE FIRST HYPERTHERMOPHILIC GH50 WITH β-1,4-

GLUCANASE ACTIVITY 

Jonathan K. Covington1, Nicole Torosian1, Allison M. Cook1, Scott G. Bryan1, Nancy O. Nou1, 

Marike Palmer1, Jan-Fang Cheng2, Miranda Harmon-Smith2, Ritesh Mewalal2, Brian P. 

Hedlund1,3* 

1School of Life Sciences, University of Nevada, Las Vegas, Las Vegas, NV, USA 

2Department of Energy Joint Genome Institute, Walnut Creek, CA, USA 

3Nevada Institute of Personalized Medicine, University of Nevada, Las Vegas, Las Vegas, NV, 

USA 

2.1 Abstract 

The bacterium Fervidibacter sacchari is an aerobic hyperthermophile that catabolizes 

various polysaccharides and is the only cultivated member of the class Fervidibacteria within the 

phylum Armatimonadota. Among its glycoside hydrolase (GH) cache is an enzyme from GH 

family 50 (GH50), an understudied family with only 25 characterized representatives and two 

known activities from 1,518 predicted members in the Carbohydrate-Active EnZyme (CAZy) 

Database. Here, we expressed, purified, and functionally characterized an extracellular GH50 from 

F. sacchari called Fsa1572. Using colorimetric assays, we show it has novel β-1,4-glucanase 

activity and only weak agarose activity that is typical for GH50 enzymes. The purified enzyme has 

a wide temperature range of 60-95 °C (optimal 80 °C), making it the first characterized 

hyperthermophilic representative of GH50. The enzyme also has a broad pH range of at least 5.5-

11 (optimal 6.5-10). Fsa1572 possesses KM and kcat parameters of 12.6 mM and 4.62 s-1, 

respectively. Finally, a phylogenetic analysis of Fsa1572 and other GH50 enzymes revealed a 
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unique phylogenetic position for Fsa1572 that is distant from other characterized enzymes and 

related to yet-uncharacterized GH50s from genomes of thermophilic archaea. Fsa1572 is the first 

characterized GH enzyme of F. sacchari and is both functionally and phylogenetically novel. 

2.2 Introduction 

Thermoactive enzymes are an essential component of hyperthermophiles, which thrive in 

geothermal environments at temperatures between 80 °C and 106 °C (Kelly et al., 2001). These 

environments, which include marine hydrothermal vents, geysers, and hot springs, host bacteria 

and archaea that use recalcitrant substrates, including polysaccharides, as carbon and energy 

substrates (Blumer-Schuette et al., 2008; Kelly et al., 2001; Strazzulli et al., 2017). A variety of 

hyperthermophilic bacteria such as Thermotoga maritima and Caldicellulosiruptor bescii have 

been shown to ferment a wide variety of polysaccharides, including lignocellulose, hemicellulose, 

and glucans, such as β-glucan (Bhalla et al., 2013; Chen et al., 2013; Crosby et al., 2022; Meng et 

al., 2016).  

β-glucans are a type of polysaccharide found in the cell walls of cereal grains and certain 

bacteria and yeast, and are composed of glucose residues connected by glycosidic linkages (Wang 

and Fisher, 2015). The structure and water solubility of β-glucan depends on its origin; for 

example, β-glucans from plants are branched, relatively soluble, and have alternating β-1,3/1,4 

linkages, while those from bacteria are unbranched, insoluble, and have β-1,3 linkages (Mudgil, 

2017; Paudel et al., 2021). Although the specific sources of β-glucans in hot springs have not been 

investigated, we can better understand how certain hyperthermophilic organisms use β-glucans by 

studying the enzymes responsible for breaking them down. 

Glycoside hydrolases (GHs) are a class of enzymes that hydrolyze the glycosidic linkages 

between sugar residues in carbohydrates, breaking them down into oligosaccharides, or even their 
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base monomers (Kelly et al., 2001). GHs that degrade β-glucans do so by hydrolyzing their β-1,3- 

or β-1,4 glycosidic bonds, depending on which are present in the given β-glucan. These linkages 

can be cleaved linearly by either exo- or endo-acting enzymes (Santos et al., 2020). The activity 

of a GH can be predicted to some degree from its amino acid sequence through conserved active 

sites and catalytic residues, or by phylogenetic analyses of GH sequences, which enable the 

categorization of GHs into GH families (Summers et al., 2016). GH families are groups of 

phylogenetically related GHs that typically share one or more identifying features, such as a 

conserved catalytic residue or mechanism (Henrissat and Bairoch, 1993). GHs can be classified 

even more broadly into GH clans, comprising GH families that share structural characteristics, and 

more finely into subfamilies, where their representatives are clustered within the broader family 

phylogeny (Henrissat and Bairoch, 1996; Viborg et al., 2019). GH families and subfamilies often 

share the same catalytic functions and degrade the same substrates. 

One example of a catalytically homogenous GH family is GH family 50 (GH50), of which 

nearly all members to date have been classified as β-agarases that hydrolyze the β-1,4-glycosidic 

linkages found in agarose to release its degradation products: neoagarohexaose, neoagarotetraose, 

and neoagarobiose. There are two exceptions to this trend: a β-galactosidase from Victivallus 

vadensis, and a β-1,3-glucanase from Pseudomonas aeruginosa (Temuujin et al., 2012a; Yi et al., 

2018). The earliest studied GH50 was AgaA from Vibrio sp. JT0107, which was described as the 

first endo-β-agarase capable of hydrolyzing both agarose and neoagarotetraose (Sugano et al., 

1993). To date, four structures are known from GH50, one of which is characterized as monomers, 

two as homodimers, and one as a homotetramer (Giles et al., 2017; Pluvinage et al., 2013; 

Pluvinage et al., 2020; Zhang et al., 2019b). These structures have C-termini with (β/α)8-barrel 

folds at their C-terminal ends, which are characteristic of the family’s clan, GH clan A (GH-A). 
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Although the catalytic residues of GH50 have not been proven, its designation as belonging to 

GH-A infers the use of two conserved glutamic acid residues as the acid/base catalyst and 

nucleophile (Kumar et al., 2019b). Current research surrounding GH50s has focused on their 

potential in the production of neoagarobiose, which is used as a skin moisturizer and melanoma 

whitener (Lee at al., 2006). However, GH50 is an under-studied family: of the 1,518 GH50s 

available from the Carbohydrate-Active EnZyme (CAZy) Database (www.cazy.org), only 25 have 

been functionally characterized (Drula et al., 2022). The β-galactosidase (VadG925) and β-1,3-

glucanase (PaBglu50A) set a precedent that GH50 may be more catalytically diverse than its 

currently known repertoire suggests. The study of GH50s from novel or understudied microbes 

can broaden our understanding of the true diversity of the family. 

We recently isolated Fervidibacter sacchari, an aerobic hyperthermophile (Topt 80 °C) 

belonging to the phylum Armatimonadota. F. sacchari uses at least 16 diverse polysaccharides as 

sole carbon sources and electron donors, including glucans, hemicelluloses, and plant biomass 

(Nou, 2022). The genome of F. sacchari has 115 genes encoding GH domains across 46 GH 

families, including two that were annotated as members of GH50, designated Fsa1572 and 

Fsa2534. Since the optimal growth temperature of F. sacchari exceeds the optimal temperature of 

the most thermophilic GH50 enzyme characterized to date, AgrA from Agarivorans sp. AG17 (Topt 

65 °C) (Nikapitiya et al., 2010), we characterized Fsa1572 to determine whether it is an unusually 

thermophilic member of GH50 and compare its properties to other GH50 enzymes. To do this, we 

codon-optimized the gene encoding Fsa1572, ligated it into pET21b-GB1, and expressed it in 

Escherichia coli. The enzyme was then purified and used to determine its substrates, optimal 

conditions, kinetic parameters, and biochemical characteristics. Finally, we examined the 

evolutionary context of Fsa1572 within the GH50 family by conducting a comprehensive 
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phylogenetic analysis of GH50 enzymes. We show that Fsa1572 is indeed hyperthermophilic (Topt 

80 °C) and the first GH50 with β-1,4-glucanase activity. Because of this unique activity, and its 

unique phylogenetic position distant from previously characterized GH50s, Fsa1572 potentially 

represents a novel GH50 subfamily. 

2.3 Materials and Methods 

2.3.1 Gene Synthesis, Heterologous Expression, Enzyme Purification, and Structural 

Prediction 

The amino acid sequence of Fsa1572 was initially submitted to the dbCAN2 meta server 

and dbCAN HMMdb v11.0 to determine the GH family of Fsa1572 (Zhang et al., 2018). The 

amino acid sequence was submitted for annotation by SignalP (Teufel et al., 2022) to determine 

the presence of a signal sequence. A MAFFT-DASH (Katoh et al., 2019) multiple sequence 

alignment of seven GH50 amino acid sequences (Fsa1572, Fsa2534, Aga50D, AgaA, AgrA, 

PaBglu50A, and VadG925) was generated and visualized in Jalview v2.11.2.6 (Waterhouse et al., 

2009) to confirm the presence of two conserved glutamic acid residues. The gene encoding 

Fsa1572 was codon optimized with a balanced approach, ligated into the pET21b vector (Novagen, 

Madison, WI) encoding a polyhistidine-tag, a GB1 solubility tag, and a TEV protease cleavage 

site at the protein N-terminus, and transformed into E. coli T7 Express cells (New England Biolabs, 

Ipswich, MA).  

E. coli cells containing the Fsa1572 gene were grown on Luria-Bertani (LB) agar plates 

(10 g tryptone, 5 g yeast extract, 5 g NaCl per L) containing 100 µg/mL ampicillin. For expression, 

LB broth with 100 µg/mL ampicillin was incubated at 37 °C with shaking at 225 rpm until reaching 

an OD600 of 0.6-0.8. Isopropylthio-β-galactoside (IPTG) was added to a concentration of 0.5 mM 

and incubated overnight at 37 °C with shaking at 150 rpm. The cells were centrifuged at 16,100 x 

g, resuspended in lysis buffer (50 mM Tris-HCl, 100 mM NaCl, pH 7.0), and lysed by sonication 
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for 40 seconds with 40% cycle and level 4 output. The crude lysate was clarified by centrifugation 

at 16,100 x g to isolate the soluble fraction. 

Fsa1572 was purified by heating the soluble fraction to 80 °C in a heat block for 30 minutes, 

followed by centrifugation at 16,100 x g to remove denatured host proteins in the pellet. Fsa1572 

expression and purity were assessed using 7.5% sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE). The molecular weight was estimated using a BriteRuler Pre-stained 

Protein Ladder (Abcam, Cambridge, UK). The ability of Fsa1572 to oligomerize was assessed 

using native PAGE alongside a PageRuler Plus Pre-stained Protein Ladder (Thermo Scientific, 

Vilnius, Lithuania). Protein concentration was assessed by a Pierce™ BCA Protein Assay Kit 

(Thermo Scientific, Rockford, IL, USA). 

The structure of Fsa1572 was predicted using AlphaFold 2 via the ColabFold platform 

integrated with ChimeraX v 1.5 using default settings (Pettersen et al., 2021; Mirdita et al., 2022). 

Four Fsa1572 structure predictions were generated: native, mature Fsa1572 (signal sequence 

removed); non-native Fsa1572 containing an N-terminal 6x-His tag, GB1 solubility tag, and a TEV 

protease site; homodimeric, native, mature Fsa1572, and homotrimeric, native, mature Fsa1572. 

The resultant structures were visualized and edited in ChimeraX v 1.5, and the predicted aligned 

error (PAE) plots of the multimeric predictions were analyzed to gain insight into the potential of 

Fsa1572 to homooligomerize. 

2.3.2 Enzyme Activity Assays 

To determine the enzyme activity of Fsa1572, the following potential substrates were tested 

initially: chondroitin sulfate (Alfa Aesar), colloidal chitin as prepared according to Hsu and 

Lockwood (1975) (Beantown Chemicals), brown algae fucoidan (BestVite), lupin galactan 

(Megazyme), gellan gum (Serva), karaya gum (Sigma), locust bean gum (Spectrum), xanthan gum 
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(Sigma), birch wood xylan (Sigma), tamarind xyloglucan (CarboMer), oat β-glucan (Megazyme), 

oyster glycogen (TCI), potato starch (J.T. Baker), and ammonia fiber expansion (AFEX)-

pretreated corn stover, Miscanthus, and sugarcane bagasse (DuPont). These 16 substrates were 

chosen based on their use by F. sacchari as sole carbon sources and electron donors. Agarose was 

included in the screen to test for β-agarase activity that would be consistent with GH50. The 

substrates (0.5% w/v) and enzyme (67.2 µg/mL) or empty vector control were mixed 1:1 in 

microplate wells (final volume 40 µL) then sealed and incubated overnight at 80 °C with a beaker 

of water to prevent evaporation. To measure the quantity (µmol) of reducing sugars released by 

the reactions, 3,5-dinitrosalicylic acid (DNS) solution (0.25 g DNS, 75 g sodium potassium 

tartrate, 50 mL 2 M sodium hydroxide solution, brought to 250 mL using ultrapure water) was 

added 4:1 to each reaction mixture (final volume 200 µL), and the plate was wrapped in foil and 

incubated at 100 °C for 20 minutes (Kim et al., 2014). Absorbance was measured using a 

SpectraMax Plus Platereader at 570 nm. A second screen with robust quantitation was conducted 

with Fsa1572 (67.2 µg/mL) in triplicate and compared to the empty vector control using an 

unpaired t-test. A DNS standard curve was generated using glucose at 0, 5, 10, 15, 20, and 25 mM. 

To determine how much of the β-glucan substrate was depolymerized by Fsa1572, an acid-

hydrolyzed β-glucan control was prepared by heating a 1% solution of β-glucan in 0.5 M H2SO4 

sulfuric acid to 121 °C for 30 minutes followed by neutralization with 1 M NaOH. The acid-

hydrolyzed control was incubated with water in place of the enzyme alongside Fsa1572 mixed 

with non-hydrolyzed β-glucan as before. The amount of reducing sugars released from exhaustive 

overnight degradation by Fsa1572 was compared to the reducing sugar content of the acid-

hydrolyzed control. 
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Specific bond cleavage by Fsa1572 was assessed using the para-nitrophenyl- (pNP) linked 

substrate pNP-β-D-glucopyranoside (pNPG) (Megazyme). pNPG (20 µg/mL) was mixed with 

Fsa1572 (67.2 µg/mL), incubated for 30 minutes at 80 °C, and the reaction was terminated with 

2% w/v disodium phosphate solution (pH 12.0). Bond cleavage was assessed as an increase in 

absorbance at 400 nm, indicating substrate hydrolysis. A standard curve was generated using a 

range of para-nitrophenol concentrations (0, 6, 12, 18, 24, and 30 µg/mL). 

2.3.3 Biochemical Characterization and Kinetic Parameters 

To determine the temperature range and optimum of Fsa1572, the enzyme was incubated 

with 0.5% w/v β-glucan at a range of temperatures (4, 20, 30, 50, 60, 70, 80, 90, and 95 °C). The 

resulting solution was analyzed as described before using DNS solution. To determine the 

thermostability of the enzyme, Fsa1572 was incubated for one hour at either 70, 80, 90, or 100 °C, 

then incubated at 80 °C with β-glucan and tested using the DNS assay. To determine the pH range 

and optimum of Fsa1572, the enzyme was expressed and purified in 50 mM buffers at different 

pHs: 2-morpholin-4-ylethanesulfonic acid (MES) (5.5-6.5), 2-amino-2-(hydroxymethyl)propane-

1,3-diol (Tris) (7.0-9.0), 2-(cyclohexylamino)ethane-1-sulfonic acid (CHES) (9.5-10.0), and 3-

(cyclohexylamino)propane-1-sulfonic acid (CAPS) (10.5-11.0), all with 100 mM NaCl. β-glucan 

was dissolved in the same buffers to capture the whole pH range. Assays were conducted with 

0.5% w/v β-glucan in triplicate, then analyzed as previously described using DNS method. The 

temperature and pH ranges and optima and thermostability were determined using one-way 

Analysis of Variance (ANOVA) with post-hoc Tukey’s Honestly Significant Difference (HSD) 

tests (P ≤ 0.05).  

To determine the Michaelis-Menten kinetic parameters and kcat
 of Fsa1572, pNPG was 

mixed with purified Fsa1572 (67.2 µg/mL) at a range of concentrations (0.625, 1.25, 2.5, 5, 10, 
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and 20 µg/mL) and incubated for 30 minutes. The reactions were terminated as before and the 

absorbance at 400 nm was measured using a plate reader. A Lineweaver-Burk plot was generated 

from these data to calculate Vmax, KM, and kcat (Ochs, 2022). 

2.3.4 Phylogenetic Analysis of GH50 Within Family GH50 

To perform a phylogenetic analysis of all GH50s, all sequences belonging to GH50 in the 

CAZy Database (Drula et al., 2022) were extracted from the National Center for Biotechnology 

Information (NCBI; https://www.ncbi.nlm.nih.gov/) using the Batch Entrez site 

(https://www.ncbi.nlm.nih.gov/sites/batchentrez). BioEdit v. 7.2.5 (Hall, 1999) was used for 

visualizing and editing all data matrices. After the removal of all duplicate sequences, protein 

sequences of less than 50 amino acids were also removed and Fsa1572 along with all other GH50 

homologs from Fervidibacteria (133 in total) were added to the dataset, resulting in 1,638 protein 

sequences. A multiple sequence alignment was generated using the MAFFT online server v. 7 

(Katoh et al., 2019) with the MAFFT FFT-NS-2 progressive alignment algorithm (Rozewicki et 

al., 2019). A smaller alignment was similarly generated to more easily visualize the relationship 

between Fsa1572 and its closest relatives. For this smaller phylogeny, the MAFFT-DASH 

structural alignment algorithm (Katoh et al., 2019) was used instead to bring structural information 

into account. The larger alignment was then subjected to an approximate Maximum-Likelihood 

analysis with FastTree v. 2.1.11 (Price et al., 2010), using Shimodaira-Hasegawa approximate 

Likelihood Ratio Test (SH-aLRT) branch support values (Guindon et al., 2010) from 1,000 

replicates, while the smaller dataset was also subjected to a true Maximum-Likelihood analysis 

with IQTree v. 2.2.0 (Minh et al., 2020) using SH-aLRT branch support values from 1,000 

replicates and Ultrafast bootstrapping (UFBoot) branch support from 1,000 replicates. The 
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obtained phylogenies were visualized using the Interactive Tree of Life v. 6.7 website 

(https://itol.embl.de) and edited in Inkscape v. 0.92.4 (https://www.inkscape.org).  

2.4 Results 

2.4.1 Structural Prediction, Heterologous Expression, and Substrate Screening  

Following annotation by HMMER (E value = 3.90 x 10-102; cutoff = 1 x 10-15) and dbCAN-

sub (E value = 5.00 x 10-134; cutoff = 1 x 10-15), Fsa1572 was determined to belong to GH50 with 

no carbohydrate-binding modules or other annotated domains. Fsa1572 had an N-terminal signal 

sequence (MSWTRREFVKLVGFATTFAGASCRSEG) that was predicted by SignalP to belong 

to the twin-arginine translocation (TAT) pathway, which suggests that Fsa1572 is secreted to the 

extracellular space as a folded protein (Ren et al., 2016). A multiple sequence alignment of seven 

GH50 amino acid sequences (Fsa1572, Fsa2534, Aga50D, AgaA, AgrA, PaBglu50A, and 

VadG925) revealed that Fsa1572 has two conserved GH-A residues at Glu192 and Glu354, and 

Fsa2534 has the conserved residues at Glu409 and Glu575 (Figure S1). After expression and 

purification by heat alone, the purity of Fsa1572 was estimated by SDS-PAGE to be >90% and 

the molecular weight was estimated at 60 kDa (Figure 1). The size of the recombinant protein was 

affected by the removal of the TAT signal sequence (3 kDa), and the addition of a GB1 solubility 

tag (6 kDa), a polyhistidine tag (1 kDa), and a TEV protease site (1 kDa) (Figure S2). However, 

the recombinant Fsa1572 was still slightly larger than the predicted native size of 52 kDa. The 

resolved native PAGE gel revealed three bands at greater than 130 kDa, suggesting the formation 

of multimeric structures. 
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Figure 1: SDS-PAGE of purified Fsa1572. Proteins were resolved on a 7.5% polyacrylamide 

SDS-PAGE gel and subsequently stained using Coomassie Brilliant Blue. Lane 1: BriteRuler Pre-

stained Protein Ladder (Abcam, Cambridge, UK); 2: lysate from empty vector control following 

heat-purification procedure; 3: heat-purified non-native Fsa1572 containing N-terminal 6x-His 

tag, GB1 solubility tag, and TEV protease site. 

 

 

Structural prediction of native, mature Fsa1572 produced a structure with low PAE scores 

(0-5) indicative of high confidence in the accuracy of the prediction (Figure S3A, S3B). Two 

conserved glutamic acid residues that are proposed as catalytic residues of GH-A enzymes are 

found in a tunnel through the structure’s center, marking this as the candidate active site (Figure 

S3C) (Kumar et al., 2019b). Furthermore, the residues surrounding the active site tunnel had 

relatively higher PAE scores (2.5-5) suggesting lesser rigidity, supporting this tunnel as the active 

site. The predicted structure of non-native Fsa1572 containing an N-terminal 6x-His tag, GB1 

solubility tag, and a TEV protease site (Figure S3D) had low PAE scores (0-5) in the catalytic 

domain, indicative of normal predicted folding, and was the form of Fsa1572 used for biochemical 

characterization. Predictions of the homodimeric and homotrimeric forms of Fsa1572 revealed 
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asymmetric multimers (Figure S3E). However, the PAE plot of the homodimer shows low PAE 

scores within each monomer (0-5), and low-to-moderate PAE scores between monomers (5-15), 

while the PAE plot of the homotrimer shows high PAE scores between monomers (25-30), 

suggesting low confidence in a homotrimer structure and moderate confidence in a homodimer 

structure of Fsa1572 (Figure S3F). The predicted structure of Fsa1572 was a close match to three 

uncharacterized enzymes in the AlphaFold Protein Structure Database (Jumper et al., 2021; Varadi 

et al., 2022): two predicted β-agarases from the bacterial phylum Armatimonadota  (A0A7C3N829 

[UniProt accession number], E-value = 0, percent identity = 92.68% via the National Center for 

Biotechnology Information Basic Local Alignment Search Tool [NCBI BLAST]; and 

A0A7C2VJI7, E-value = 0, percent identity = 78.17%) (Zhou et al., 2020), and a predicted β-

agarase from bacterium HR17 (A0A2H5XB18, E-value = 0, percent identity = 77.90%) (Kato et 

al., 2018). All three enzymes possess very high homology with at least one uncharacterized GH50 

from Fervidibacteria (E-values = 0, percent identities >95%). The experimentally validated GH50 

structures that were most similar to Fsa1572 were Aga50D, a homotetrameric β-agarase from 

Saccharophagus degradans 2-40 (E value = 6 x 10-54, percent identity = 33.42%) (Kim et al., 2010; 

Pluvinage et al., 2013), and AgWH50C, a homodimeric β-agarase from Agarivorans gilvus 

WH0801 (E value = 3 x 10-53, percent identity = 33.24%) (Liu et al., 2014b; Zhang et al., 2019b). 

Aga50D homotetramers possess similar tunnel-shaped active sites on each molecule that contain 

conserved GH-A catalytic residues Glu695 and Glu534, which align with Glu354 and Glu192 from 

Fsa1572, respectively. Additionally, Fsa1572 possesses other GH50 active site residues present in 

both Aga50D and AgWH50C: Glu417, Arg413, Asn191, and Phe403 in Fsa1572; Glu757, 

Arg752, Asn533, and Phe742 in Aga50D; Glu705, Arg700, Asn483, and Phe690 in AgWH50C. 

However, Fsa1572 does not have an active site tryptophan residue aligning with Trp199 and 
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Trip150 in the CBM domains of Aga50D and AgWH50C, respectively, which is consistent with 

the absence of a CBM domain in Fsa1572. Overall, these shared active site residues provide 

additional support for the active site tunnel of Fsa1572. Although structural prediction supported 

Fsa1572 asymmetric homodimerization, its greater similarity to the asymmetric homotetramer 

Aga50D compared to the asymmetric homodimer AgWH50C and a cyclically symmetric GH50 

homodimer called PfGH50B (E-value = 3 x 10-51, percent identity = 28.94%) (Giles et al., 2017) 

suggests Fsa1572 may be more likely to tetramerize. The catalytic mechanisms of Aga50D and 

AgWH50C were described as retaining and putatively retaining, respectively, based upon the role 

of the conserved Aga50D active site glutamic acid residues as a nucleophile (Glu695) and proton 

donor (Glu534), which is consistent with the retaining mechanism of GH-A enzymes (Kumar et 

al., 2019b). Thus, we putatively identify the catalytic mechanism of Fsa1572 to be retaining, 

wherein Glu354 acts as a nucleophile and Glu192 serves as a proton donor.  

After screening with 17 potential substrates using the DNS method, Fsa1572 was active on 

agarose and β-glucan. These activities were confirmed by repeating the experiment in triplicate, 

which revealed much stronger activity on β-glucan (Figure 2). Complete acid hydrolysis of the 

same amount of β-glucan yielded 1.303 µmol of reducing sugars compared to 0.767 µmol 

produced by Fsa1572. Consequently, Fsa1572 hydrolyzed 58.9% of the β-glucan polysaccharide 

overnight at 80 °C. Fsa1572 released 0.3680 µmol of pNP from pNPG after 30 minutes, confirming 

that it had β-1,4-glucanase activity (Figure S4). Fsa1572 was not active on chondroitin sulfate, 

colloidal chitin, brown algae fucoidan, lupin galactan, gellan gum, karaya gum, locust bean gum, 

xanthan gum, birch wood xylan, tamarind xyloglucan, oyster glycogen, potato starch, or the 

AFEX-pretreated substrates corn stover, Miscanthus, or sugarcane bagasse.  
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Figure 2: Substrate specificity. Fsa1572 is active on agarose and β-glucan compared to an empty 

vector control (* P ≤ 0.00005 and ** P ≤ 0.000005 via an unpaired t-test.) Error bars are based on 

standard error. 

 

 

2.4.2 Biochemical Characterization and Kinetic Parameters 

When tested with β-glucan at a range of temperature and pH values, Fsa1572 was a 

hyperthermophilic enzyme with a broad pH range. The temperature range of Fsa1572 activity was 

50-95 °C with an optimum of ~80 °C (Figure 3). Fsa1572 was thermostable up to 90 °C, with 

similar amounts of reducing sugars released following a one-hour treatment at 70 °C (1.015 µmol), 

80 °C (0.978 µmol), and 90 °C (0.922 µmol), while pre-incubation at 100 °C resulted in the 

complete loss of activity (Figure 4). Fsa1572 was active across the entire tested pH range of 5.5-

11.0, and optimally active between 6.5-10.0 (Figure 5). Using a Lineweaver-Burk plot (R2 = 

0.9907) and assuming 100% enzyme activity, Vmax, KM, and kcat were calculated as 357.1 µM/min, 
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12.6 mM, and 4.62 s-1, respectively, when Fsa1572 was used at a concentration of 67.2 µg/mL 

(Figure S5). 

 

 

 

Figure 3: Temperature range and optimum of Fsa1572. Fsa1572 was most active on β-glucan 

between 60-95 °C, and optimally active at 80 °C. Temperatures with a shared letter are not 

significantly different (P ≤ 0.05 via a one-way ANOVA with post-hoc Tukey’s HSD.) Error bars 

are based on standard error. 
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Figure 4: Thermostability of Fsa1572. Fsa1572 was stable up to 90 °C for one hour, while 

incubation at 100 °C for one hour resulted in the complete loss of activity on β-glucan. 

Temperatures with a shared letter are not significantly different (P ≤ 0.05 via a one-way ANOVA 

with post-hoc Tukey’s HSD) and Fsa1572 treated at 100 °C for one hour was not significantly 

different from an empty vector control (P > 0.05 via an unpaired t-test). Error bars are based on 

standard error. 
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Figure 5: pH range and optimum of Fsa1572. Fsa1572 was active on β-glucan at all tested pH 

values, and optimally active between pH 6.5 and 10.0. pH values with a shared letter are not 

significantly different (P ≤ 0.05 via a one-way ANOVA with post-hoc Tukey’s HSD.) The buffers 

used were MES (■, 5.5-6.5), Tris (♦, 7.0-9.0), CHES (▲, 9.5-10.0), and CAPS (●, 10.5-11.0). 

Error bars are based on standard error. 

 

 

2.4.3 Phylogenetic Analysis of Fsa1572 Within Family GH50 

Based on approximate maximum-likelihood phylogenetic analyses of Fsa1572, other 

GH50 enzymes from class Fervidibacteria, and all members of family GH50 within the CAZy 

database, Fsa1572 was found to have a unique phylogenetic placement compared to other 

characterized GH50s (Figure 6A). Fervidibacteria GH50s were placed into five monophyletic 

clades throughout the phylogeny, containing 18, 19, 22, 30, and 45 sequences, with Fsa1572 

belonging to the largest clade. The 25 previously characterized GH50s included in this analysis 

belonged to Proteobacteria (22 from Agarivorans gilvus WH0801, Agarivorans sp. AG17, 

Agarivorans sp. HZ105, Agarivorans sp. JA-1, Agarivorans sp. JAMB-A11, Agarivorans sp. 
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QM38, Alteromonas sp. E-1, Paraglaciecola hydrolytica S66, Pseudoalteromonas sp. NJ21, P. 

aeruginosa, Saccharophagus degradans 2-40, Thalassotalea agarivorans BCRC 17492, Vibrio 

sp. CN41, Vibrio sp. PO-303); Verrucomicrobiota (one from V. vadensis ATCC BAA-548); 

Firmicutes (one from Paenibacillus agarexedens BCRC 16000); and Actinobacteriota (one from 

Streptomyces coelicolor A3(2)). Most Proteobacteria sequences clustered into two groups of 

enzymes according to their lowest common taxonomic rank: β-agarases from Enterobacterales 

(from the genera Agarivorans and Vibrio) and β-agarases from a broader group of 

Gammaproteobacteria (from the orders Enterobacterales and Pseudomonadales; and genera 

Alteromonas, Paraglaciecola, Pseudoalteromonas, Pseudomonas, Saccharophagus, and 

Thalassotalea.) Consistent with their distinct activities from the other characterized enzymes, 

VadG925 (homolog 1 in Figure 6A and Table S1) and PaBglu50A (homolog 25 in Figure 6A and 

Table S1) were distant from the major characterized GH50 groups. The maximum-likelihood 

analysis of Fsa1572 and its closest relatives showed that the Fervidibacteria group that Fsa1572 

belongs to was most closely related to six archaeal GH50s from two unrelated archaea, 

Thermosphaera aggregans in the Crenarchaeota/Thermoproteota and several species of 

Thermococcus in the Euryarchaeota/Methanobacteriota_B (Figure 6B) (phylum taxonomies are 

listed as in NCBI/GTDB.) Along with sequences from Fervidibacteria, these were the only GH50s 

in this analysis from thermophiles. The monophyly of Fervidibacteria homologs in this lineage 

suggests vertical evolution of the enzymes related to Fsa1572 in the class Fervidibacteria, with 

horizontal transfers to different thermophilic archaea, either independently, or horizontal transfer 

to Thermosphaera aggregans, and then from Thermosphaera aggregans to Thermococcus. The 

second F. sacchari GH50 enzyme, Fsa2534, belonged to a second major Fervidibacteria clade 

that was closely related to that containing Fsa1572, implying that the two paralogous GH50s of F. 
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sacchari represent distinct enzymes with potentially differing activities or regulation. Organisms 

encoding GH50s that were related to Fsa1572 included members of the Proteobacteria (75), 

Cyanobacteria (5), Firmicutes (4), and Verrucomicrobiota (3). 

2.5 Discussion 

Prior to this study, characterized GH50s have been almost exclusively classified as β-

agarases, with the notable exceptions being a β-galactosidase and a β-1,3-glucanase (Temuujin et 

al., 2012a; Yi et al., 2018). Our work, however, reveals a GH50 with novel β-1,4-glucanase 

activity. Although Fsa1572 could degrade agarose, its hydrolysis of β-glucan released 

considerably more reducing sugars. Given that galactose and glucose have similar structures—

both monosaccharides with six-membered rings that differ only in the orientation of the 4th carbon 

hydroxyl group—and the β-1,4 linkages present in both agarose and β-glucan, these two functions 

within a single GH family is feasible. So Fsa1572 is the first known GH50 with β-1,4-glucanase 

activity and the first known to degrade substrates with both galactose and glucose units. Fsa1572 

furthermore deviates from other GH50s through its high temperature optimum of 80 °C, a marked 

increase over the second-highest temperature optimum in GH50: 65 °C of AgrA from Agarivorans 

sp. AG17 (Nikapitiya et al., 2010). Overall, Fsa1572 is a functionally distinct GH50 as the first 

known GH50 with β-1,4-glucanase activity and the first known hyperthermophilic enzyme within 

family GH50. 

The kinetics of Fsa1572 fall short of other GH50s and thermophilic β-1,4-glucanases, with 

its relatively low kcat of 4.62 s-1. For example, GH50 β-agarase kcat values range from 0.27 s-1 to 

2200 s-1 (median = 298 s-1) (Fu et al., 2008; Chen et al., 2018; Temuujin et al., 2012b) and 

thermophilic β-1,4-glucanase kcat values have been reported between 104 s-1 and 1326.7 s-1 (median 

= 174.7 s-1) (Akram and Haq, 2020; McCarthy et al., 2003). The low kcat of Fsa1572 may be 
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explained in two ways. First, because F. sacchari occupies an unusual niche as an aerobic and 

hyperthermophilic polysaccharide degrader, it may have less competition for polysaccharides in 

oxic, high-temperature environments and thus relaxed selection for high velocity enzymes. High 

temperatures also contribute to substrate denaturation and degradation, further lessening the need 

for high velocity enzymes. Alternatively, the low velocity may be explained by pNPG being a poor 

substrate for Fsa1572. In this study, we tested Fsa1572 with 17 substrates that F. sacchari can use 

for growth and pNPG, an artificial substrate that contains a β-1,4-glycosidic linkage. Hydrolysis 

of pNPG by Fsa1572 released a lower quantity of para-nitrophenol (0.3680 µmol) than the 

quantity of reducing sugars (0.9689 µmol) produced by Fsa1572 following the same 30-minute 

incubation with β-glucan. At a concentration of 20 mM pNPG with 67.2 µg/mL Fsa1572, the 

enzyme was adequately saturated with 1.79 x 104 moles of pNPG for every mole of Fsa1572, 

indicating that the lower reaction rate with pNPG was not due to substrate limitation. Additionally, 

Fsa1572 does not completely hydrolyze oat β-glucan, evidenced by the release of only 58.9% of 

reducing sugars after overnight incubation compared to complete acid hydrolysis of β-glucan. As 

oat β-glucan possesses alternating β-1,3 and β-1,4 glycosidic linkages, each bond accounts for 

approximately half of one polymer. Therefore, incomplete hydrolysis of oat β-glucan following an 

exhaustive reaction suggests that only one type of glycosidic linkage within oat β-glucan is the 

substrate for Fsa1572.  Overall, these patterns suggest Fsa1572 may also possess β-1,3-glucanase 

activity, and that hydrolysis of the β-1,3-glycosidic linkage in β-glucan may be more kinetically 

favored than hydrolysis of the β-1,4-glycosidic linkage. Alternatively, we speculate that unknown 

but related polysaccharides that are more relevant to the geothermal spring environment of F. 

sacchari may be better substrates for Fsa1572. Microbial mats are one source of 

exopolysaccharides, and extracts from photosynthetic mats from the fringes of Great Boiling 
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Spring were originally used to enrich for F. sacchari (Nou 2022). Further experiments are needed 

to determine if other substrates, such as microbially derived polysaccharides, are the preferred 

substrate of Fsa1572.  

Fsa1572 has a unique phylogenetic position relative to other characterized GH50s. Aside 

from other GH50s from Fervidibacteria, Fsa1572 is most closely related to a subset of six GH50s 

encoded by several Thermococcus species and Thermosphaera aggregans. Given the presence of 

homologs of Fsa1572 in most available Fervidibacteria genomes, and the distant relationship 

between Fervidibacteria, Thermococcus, and Thermosphaera we infer that this enzyme passed 

through horizontal gene transfer from Fervidibacteria to these archaea, which are common co-

inhabitants in geothermal environments. The lower activity of Fsa1572 on agarose coincides with 

substrate availability, as all agarolytic GH50s are from marine environments, where agarose is a 

major constituent of red seaweeds (Yun et al., 2021). The presence of weak agarase activity in 

Fsa1572 suggests that β-agarase and β-1,4-glucanase activities may have been ancestral in GH50, 

but divergence brought on by adaptation to polysaccharides in different environments selected for 

divergent activities. Further characterization of GH50s more closely related to Fsa1572 would 

offer insight into the validity of this hypothesis. 

GH family annotation from amino acid sequences is limited by the breadth of known GH 

families. However, new GH families are often discovered, as recently as the discovery of GH174 

by Liu et al (2023). Because of this, the functional and phylogenetic novelty of Fsa1572 prompted 

consideration that it could have been incorrectly annotated as a GH50 when it truly belonged to an 

as-yet discovered GH family. However, the presence of two conserved GH-A glutamic acid 

residues in Fsa1572 leads us to believe that Fsa1572 correctly falls within GH50 but should be 

distinguished from other characterized GH50s. Viborg et al. (2019) previously proposed a 
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roadmap for identifying GH subfamilies based on combinations of phylogenetic closeness and 

functional similarity. Because of its unprecedented β-1,4-glucanase activity, 80 °C optimum, and 

distant relationship to other characterized GH50s, we propose Fsa1572 belongs to the first distinct 

subfamily of GH50, for which we propose the name GH50_2. Likewise, we propose the GH50 

clade containing the characterized Enterobacterales and Gammaproteobacteria β-agarases be 

designated as GH50_1. 

2.6 Funding 

This material is based upon work supported by the National Aeronautics and Space 

Administration under Grants No. 80 NSSC20M0043, 80NSSC17K0548, 80NSSC21M0157, and 

the Office of Science of the U.S. Department of Energy under Contract No. DE-AC02-

05CH11231. 

2.7 Acknowledgments 

We thank Duane P. Moser, Kurt Regner, Helen J. Wing, and Ernesto Abel-Santos for their 

contributions as the graduate student advisory committee evaluating this work. We also thank 

Matthias M. Hess, Matthew A. Escobar, and Phillip J. Brumm for their advice on heterologous 

expression and GH activity screening. 

 



29  

2.8 Supplemental Figures and Tables 

 

Figure S2: Native and non-native Fsa1572 schematic. (A) The native Fsa1572 protein 

containing an N-terminal signal peptide (light blue) and a glycoside hydrolase domain (blue) with 

conserved residues Glu192 and Glu354 (red). (B) The non-native Fsa1572 protein containing an 

N-terminal 6x-His tag (green), a GB1 solubility tag (yellow), a TEV protease site (purple), and 

short linkers between motifs (black), as well as a GH50 domain (blue) with conserved residues 

Glu245 and Glu407 (red). 

 

 

 

Figure S4: pNPG activity assay. Fsa1572 is active on pNPG compared to an empty vector 

control (* P ≤ 0.000005 via an unpaired t-test.) Errors bars are based on standard error. 
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Figure S5: Lineweaver-Burk plot. Incubation of Fsa1572 with varying concentrations of pNPG 

for 30 minutes resulted in a highly linear Lineweaver-Burk plot (R2 = 0.9907). The x- and y-

intercepts were used to calculate the KM and Vmax values of 12.6 mM and 357.1 µM/min, 

respectively. The x- and y-intercept region is magnified within a dashed box. 
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Table S1: Characterized GH50 enzymes. 

# Enzyme 

name 

GenBank 

accession 

number 

Organism Activity Reference 

1 VadG925 EFB02686.1 Victivallis vadensis 

ATCC BAA-548 

β-galactosidase Temuujin et al., 

2012a 

2 Ph1636 QEP52093.1 Paraglaciecola 

hydrolytica S66 

β-agarase Schultz-

Johansen et al., 

2018 

3 AgaB-4 AVV48109.1 Paenibacillus 

agarexedens BCRC 

16000 

β-agarase Chen et al., 

2018 

4 Hz1 ADY17918.1 Agarivorans sp. 

HZ105 

β-agarase Hu et al., 2009 

5 agarase-B BAG71427.1 Vibrio sp. PO-303 β-agarase Araki et al., 

1998 

6 N/A ABK97391.1 Agarivorans sp. JA-1 β-agarase Lee et al., 2008 

7 AgaA BAA03541.1 Vibrio sp. JT0107 β-agarase Sugano et al., 

1993 

8 AgrA ACU52709.1 Agarivorans sp. 

AG17 

β-agarase Nikapitiya et 

al., 2010 

9 AgaA11 BAD99519.1 Agarivorans sp. 

JAMB-A11 

β-agarase Ohta et al., 

2005 

10 Aga41A ADM25828.1 Vibrio sp. CN41 β-agarase Lao et al., 2011 

11 AgWH50A AFP32918.1 Agarivorans gilvus 

WH0801 

β-agarase Liu et al., 

2014a 

12 Wh50B AQT38174.1 Agarivorans gilvus 

WH0801 

β-agarase Liang et al., 

2017 

13 Hz2 ADY17919.1 Agarivorans sp. 

HZ105 

β-agarase Lin et al., 2012 

14 AgaD02 ABM90422.1 Agarivorans sp. 

QM38 

β-agarase Du et al., 2011 

15 AgaB BAA04744.1 Vibrio sp. JT0107 β-agarase Sugano et al., 

1993 

16 DagB CAB61811.1 Streptomyces 

coelicolor A32 

β-agarase Temuujin et al., 

2012b 

17 AgWH50C AHM94172.1 Agarivorans gilvus 

WH0801 

β-agarase Liu et al., 

2014b 

18 N/A BAE97587.1 Alteromonas sp. E-1 β-agarase Kirimura et al., 

1999 

19 Aga50D ABD81904.1 Saccharophagus 

degradans 2-40 

β-agarase Kim et al., 2010 
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20 Ph1609 QEP52089.1 Paraglaciecola 

hydrolytica S66 

β-agarase Schultz-

Johansen et al., 

2018 

21 AgaB1 AGT98631.1 Thalassotalea 

agarivorans BCRC 

17492 

β-agarase Liang et al., 

2014 

22 Aga21 AHC72907.1 Pseudoalteromonas 

sp. NJ21 

β-agarase Li et al., 2015 

23 AgaA ABD80438.1 Saccharophagus 

degradans 2-40 

β-agarase Ko et al., 2012 

24 Ph1624 QEP52091.1 Paraglaciecola 

hydrolytica S66 

β-agarase Schultz-

Johansen et al., 

2018 

25 PaBglu50A AST24418.1 Pseudomonas 

aeruginosa CAU 

342A 

β-1,3-glucanase Yi et al., 2018 
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CHAPTER 3: SUMMARY AND FUTURE DIRECTIONS 

3.1 Summary 

After purification, rigorous biochemical experimentation, and phylogenetic analysis, 

Fsa1572 was shown to possess several characteristics that set it apart from other enzymes from 

glycoside hydrolase family 50 (GH50). First, testing the active and optimal temperature range of 

Fsa1572 on β-glucan revealed high activity between 60 °C and 95 °C, with an optimum of 80 °C. 

Prior to this study, the highest optimal active temperature from GH50 was AgrA (65 °C) from 

Agarivorans sp. AG17 (Nikapitiya et al., 2010), making Fsa1572 by far the most thermophilic 

GH50. Second, an activity assay using the artificial β-1,4-glycosidically-linked substrate para-

nitrophenyl-β-d-glucopyranoside (pNPG) confirmed that Fsa1572 had β-1,4-glucanase activity. 24 

of the previously characterized GH50 enzymes are β-agarases, with only two exceptions: VadG925 

(β-galactosidase) from Victivallus vadensis (Temuujin et al., 2012a) and PaBglu50A (β-1,3-

glucanase) from Pseudomonas aeruginosa (Yi et al., 2018); thus, Fsa1572 is the first known GH50 

enzyme with β-1,4-glucanase activity. Finally, an approximate maximum-likelihood phylogenetic 

analysis of all known GH50 family enzymes placed Fsa1572 outside of the two well-characterized 

GH50 clades, and distantly related to the two outliers, VadG925 and PaBglu50A. The 

characterization of Fsa1572 pushes the boundaries of characterized GH50s into a new phylum. 

Thus, Fsa1572 is distinct from other characterized GH50 enzymes. 

GHs are categorized in the Carbohydrate-Active Enzyme (CAZy) Database 

(www.cazy.org) into families according to sequence similarity and phylogenetic relationships, and 

subfamilies according to phylogenetic relationships and functional conservation (Drula et al., 

2022). However, both categories become less informative for GH groups that are poorly 

characterized. GH50 is an understudied family with only 25 characterized members out of 1,518 
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sequences in the CAZy database. Across the characterized enzymes, almost all are β-agarases, 

with few phylogenetic outliers. Because of this, GH50 enzymes have not been assigned to 

subfamilies. Viborg et al. (2019) delineated a well-characterized GH family, GH16, into 23 

subfamilies based on functional and phylogenetic differences, and established a road map for other 

researchers to do the same. Because Fsa1572 is functionally unique as a hyperthermophilic GH50 

with β-1,4-glucanase activity and phylogenetically distinct given its distance from other 

characterized GH50s, we proposed Fsa1572 represents the first characterized member of a novel 

GH50 subfamily, designated GH50_2, and proposed that the Enterobacterales and 

Gammaproteobacteria β-agarase clade should be designated GH50_1. 

3.2 Future Directions 

The characterization and phylogenetic analysis of Fsa1572 leaves three clear avenues to 

explore in future studies, and the first begins where this thesis has left off: with the description of 

GH50 subfamilies. Although this study has focused on Fsa1572 and its relationship to other 

GH50s, the results of our phylogenetic analysis, combined with functional data on other GH50s, 

have clearly illustrated a GH family that could be further delineated beyond the subfamilies GH_1 

and GH_2 proposed by this work. Between the previously characterized GH50s, there are two 

functionally and phylogenetically distinct groups. First is the β-agarase group for which we have 

already proposed the name GH50_1. The second is the group containing Pseudomonas GH50s. 

These constitute 870 out of 1,518 GH50 sequences in the CAZy database (57%), from which the 

only characterized enzyme to date (PaBglu50A) possesses another unique activity for the family, 

β-1,3-glucanase (Yi et al., 2013). Furthermore, our phylogenetic analysis revealed several large 

clades from which no GH50s have been characterized to date. Further efforts to characterize 
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GH50s from understudied clades would expand our understanding of the family and help answer 

questions about the divergence of their activities. 

To support the delineation of GH50 subfamilies, characterization of GHs in lesser-studied 

clades like those from Fervidibacteria, Pseudomonas, and those with no characterized members, 

should be conducted. The ability to culture a microorganism has been a necessary step and a barrier 

to the study of novel enzymes in decades past. However, metagenomics and single-cell genomics 

provide novel gene sequences from uncultured organisms, while recombinant DNA technology 

and DNA synthesis have allowed us to express and study their proteins. We only focused on one 

GH50 enzyme from Fervidibacter sacchari in this work, but another, Fsa2534, has yet to be 

studied. Characterization of Fsa2534 and its confirmation as either having β-1,4-glucanase activity 

or active on another bond altogether, as suggested by it belonging to a major Fervidibacteria clade 

closely related to the clade with Fsa1572, would provide valuable insight into the evolution of 

GH50. Similar characterization efforts for enzymes related to VadG925 and PaBglu50A would be 

valuable to bridge the evolutionary and ecological gap between GH50 β-agarases and those with 

other activities. An experiment examining the differential expression of F. sacchari GHs when 

grown with five different substrates (β-glucan, gellan gum, locust bean gum, starch, and 

xyloglucan) showed that Fsa1572 had greater expression when the organism was grown with 

xyloglucan compared to β-glucan (Nou, 2022). This pattern hints at complex and potentially 

consortial polysaccharide depolymerization and prompts further study of other GHs from F. 

sacchari. 

Although our work revealed one highly unique enzyme, there is a whole cache of F. 

sacchari GHs that remains to be explored in depth. To date, the Hedlund Lab has attempted to 

determine the activities for 50 of 115 GHs from F. sacchari, of which four have been confirmed 
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as active. This low return raised the question of whether the wrong substrates were being tested, 

despite their variety. This speculation was supported by the greater degradation of oat β-glucan 

(alternating β-1,3/1,4-glycosidic linkages) than a saturating concentration of pNPG (β-1,4-

glycosidic linkage), the incomplete hydrolysis of oat β-glucan following an exhaustive reaction 

compared to an acid-hydrolyzed control, as well as the low velocity of Fsa1572 on pNPG 

compared to other GH50s and thermophilic β-1,4-glucanases. When looking at the environment 

that F. sacchari was isolated from, Great Boiling Spring (GBS), there are several polysaccharide 

sources, including photosynthetic microbial mats (a rich source of exopolysaccharides) and 

Distichlis spicata, a grass surrounding the geothermal spring. A fourfold road map for 

characterizing Fsa1572 and other F. sacchari GHs is proposed. 

First, the kcat of Fsa1572 should be assessed and compared across pure glucans containing 

only β-1,3 or β-1,4 linkages. To ensure that the reactions are limited only by the rate of hydrolysis, 

rather than substrate availability, only water-soluble glucans will be tested. Carboxymethyl curdlan 

(CM-curdlan) is a water-soluble curdlan (β-1,3-glucan) that will be used to determine the β-1,3-

glucanase rate of Fsa1572. Similarly, carboxymethyl cellulose (CMC) is a water-soluble cellulose 

with β-1,4-glycosidic linkages and thus will be used to assess the β-1,4-glucanase rate of Fsa1572. 

The kinetic parameters of these reactions will be determined by incubating 67.2 µg/mL of Fsa1572 

(67.2 micrograms/mL) with various concentrations of CM-curdlan or CMC for 30 minutes and 

quantification of reducing sugars by the 3,5-dinitrosalicylic acid assay, followed by use of a 

Lineweaver-Burk plot to calculate Vmax, KM, and kcat. To assess reaction completeness, the 

reducing sugars released by each reaction will be compared to the total reducing sugar content of 

CM-curdlan and CMC, as determined by acid hydrolysis. Faster and more complete degradation 

of either β-1,3-glucan or β-1,4-glucan would support the favored hydrolysis of that bond by 
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Fsa1572. We hypothesize that Fsa1572 cleaves the β-1,3-glycosidic linkage of β-glucans more 

effectively than their β-1,4-glycosidic linkages. Thus, we expect that this experiment will show 

that Fsa1572 has a high kcat with CM-curdlan and a low kcat with CMC. Furthermore, no substrate 

tested in this study contained β-1,6 bonds, which are found in the branches of fungal β-glucans. 

An additional test using an enzymatic yeast β-glucan assay kit (Megazyme) containing β-1,3 and 

β-1,6 linkages should be conducted and compared to activity from CM-curdlan to determine if 

Fsa1572 can hydrolyze β-1,6 linkages. In addition to determining the preferred substrate of 

Fsa1572, a more thorough multimeric analysis should be conducted. For this work, a tetrameric 

Fsa1572 structure prediction was attempted but failed due to limiting GPU from the free ColabFold 

platform (Mirdita et al., 2022). Due to the moderately confident homodimer prediction and the 

structural similarity of Fsa1572 to Aga50D, a tetramer comprising two identical dimers (Pluvinage 

et al., 2013), we hypothesize that Fsa1572 also tetramerizes. Thus, an AlphaFold 2 structural 

prediction for the tetramerization of Fsa1572 should be conducted using a purchased GPU. Second, 

microbial mat homogenate and D. spicata biomass should be tested as growth substrates for F. 

sacchari and for F. sacchari GH activity screens. Third, the remaining 65 GHs should be expressed 

and investigated for activity. Finally, the other three active F. sacchari GHs: a GH3 xylanase, a 

GH5 xylanase, and a GH10 glucanase should be fully characterized. F. sacchari occupies a 

fascinating niche as an aerobic and hyperthermophilic polysaccharide-degrader and developing a 

solid understanding of its GH cache would supply valuable knowledge about the life of such a 

unique microbe and others like it that have yet to be discovered. 
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APPENDIX 
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Figure 6: Phylogenetic analysis of GH50. (A) An approximate maximum-likelihood analysis of 

GH50 using SH-aLRT branch support. Sequences from Fervidibacteria are denoted by red 

branches. Fsa1572 and Fsa2534 are indicated by red stars, while other characterized GH50s are 

indicated by black branches, black stars, and an identifying number that corresponds to their 

protein names or GenBank accession numbers if no name was listed. Clusters from the same genera 

are marked with colored highlights, and characterized GH50s are clustered by their lowest 

common taxonomic rank. The sequences included in panel B are circled by a dashed gray line. 

Well-supported branches (SH-aLRT ≥ 0.9) are indicated by a black dot. The scale bar shows the 

number of amino acid changes per site. (B) A maximum-likelihood analysis of the Fsa1572 lineage 

and its closest relatives (circled in dashed grey outline) using SH-aLRT and UFBoot branch 

support. Sequences are clustered into five Fervidibacteria clades (red; the number of sequences is 

numbered at the tips), the archaeal GH50s (blue), and related GH50s by taxonomic rank. Well-

supported branches (SH-aLRT ≥ 0.9 and UFBoot ≥ 95%) are indicated by a black dot. The scale 

bar shows the number of amino acid changes per site. 
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Figure S1: Multiple sequence alignment of GH50 enzymes. MAFFT-DASH was used to 

generate a multiple sequence alignment of seven GH50s: Fsa1572, Fsa2534, Aga50D, AgaA, 

AgrA, PaBglu50A, and VadG925. The alignment was visualized in Jalview v2.11.2.6. Two 

conserved glutamic acid residues of GH-A are highlighted in red, and the percent identity is 

indicated by purple. 
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Figure S3: AlphaFold 2 structure predictions of Fsa1572. ColabFold integrated with ChimeraX 

v 1.5 was used to generate four Fsa1572 structure predictions using AlphaFold 2. (A) Predicted 

structure of native, mature Fsa1572 (blue) with conserved residues Glu165 and Glu327 (red). (B) 

PAE plot of the native mature Fsa1572 predicted structure showing the distance error for each 

residue pair. (C) Predicted structure surface representation of native, mature Fsa1572 (blue) with 

conserved residues Glu165 and Glu327 (red). (D) Predicted structure of non-native Fsa1572 

containing an N-terminal 6x-His tag (green), GB1 solubility tag (yellow), and TEV protease site 

(purple), with conserved residues Glu245 and Glu407 (red). (E) Predicted homodimer structure of 

native, mature Fsa1572 with predicted local distance difference test (pLDDT) coloring where 

residue confidence ranges from low (red) to high (blue). (F) PAE plot of the native, mature 

Fsa1572 homodimer predicted structure revealing moderate confidence in the homodimer 

structure. 
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