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ABSTRACT 

 

Scientists are slowly gaining a better understanding of the composition of the gut 

microbiota and the role it plays in maintaining metabolic homeostasis in the host. Metagenomic 

sequencing of various gut microbial species have revealed the correlation between the 

composition of the gut microbial population and a number of diseases. Although it is 

acknowledged that the gut microbiome encodes a number of enzymes that aid in the digestion of 

various dietary components, much is unknown about the underlying biochemical processes. The 

functional annotation of unknown proteins has not kept pace with the speed at which bacterial 

genomes from the gut are being sequenced. Sometimes the difficulty in determining functions of 

these uncharacterized proteins is compounded due to the misannotation of homologues present in 

various public databases. In this dissertation, efforts to elucidate the functions of enzymes in the 

ycj gene cluster in Escherichia coli K-12 are described. This gene cluster, which encodes for 

enzymes responsible for carbohydrate-utilization, is well conserved among a number of Gram-

negative bacteria in the gut which implies that it plays an important role in degrading sugars. 

The substrate profiles for six uncharacterized enzymes (YcjM, YcjQ, YcjR, YcjS, YcjT, 

and YcjU) of unknown function in Escherichia coli K-12 have been determined. YcjT was 

determined to be kojibiose phosphorylase which catalyzes the phosphorolysis of kojibiose into 

D-glucose and β-D-glucose-1-phosphate. This is the first such enzyme to be reported in E. coli. 

Kojibiose is a component of cell wall lipoteichoic acids in Gram-positive bacteria and is of 

interest as a potential low-calorie sweetener and prebiotic. YcjU was determined to be a β-

phosphoglucomutase with activities against β-D-galactose-1-phosphate, β- D-mannose-1-

phosphate, and β-D-allose-1-phosphate. These activities have not been reported previously in the 
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other known homologues of this enzyme. YcjM catalyzes the phosphorolysis of α-(1,2)-D-

glucose-D-glycerate. YcjS was determined to be a NAD-dependent D-glucose dehydrogenase, 

while YcjQ was found to oxidize D-gulose, making it the first reported dehydrogenase that 

utilizes this rare hexose.  The products of the dehydrogenases are proposed to be substrates for 

YcjR, a putative epimerase. The structure of selenomethionine-derivatized YcjR was solved and 

binding of a potential substrate was studied after docking it into the active site.  
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CHAPTER I  

INTRODUCTION 

 

The human gut is colonized by a complex community of microorganisms or microbiota 

(bacteria, archaea, fungi, viruses, and eukaryotic colonizers or parasites) that play an essential 

role in host nutrition and physiology.
1
 The human body contains more microorganisms than 

human eukaryotic cells (~3.8 x 10
13

 to ~3 x 10
13

).
2
 Of the three kingdoms, bacteria make up the 

majority of the human gut microbiome. Within bacteria, seven different bacterial phyla 

predominate: Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Verrucomicrobia, 

Tenericutes, and Fusobacteria, of which species from Firmicutes and Bacteroidetes are the most 

prevelant.
3
 Research has shown that some species in the microbiota are transferred from parent 

to offspring (vertical gene transmission).
4
 In fact, the gut of fetuses, once thought to be sterile, is 

now believed to be colonized by microbes from the mother.
5
 Microbial transmission across 

generations has been used as a marker to study population migration and human ancestry, 

utilizing bacteria such as Helicobacter pylori, among others.
6
 An individual’s microbiota is not a 

static community, it becomes more diverse over the course of a lifetime in response to 

environmental exposure and other factors such as diet, social interactions, illnesses, and 

antibiotic usage.
7
 Disruption in the composition of the microbiota has been associated with a 

number of metabolic conditions that include obesity, diabetes, food-related allergies, 

inflammatory bowel disorder, colorectal cancer, and hepatic diseases.
8-13

 

Diet plays an important role in the composition of the gut microbiota. Neurodegenerative 

diseases, for instance Alzheimer’s, Parkinson’s, Huntington’s, or amyotrophic lateral sclerosis 

are often associated with chronic inflammation in the central nervous system (CNS). During 
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inflammation, human microglial cells and astrocytes initiate immune responses to repair 

damaged tissue. Recent studies have shown that the inflammatory responses by the CNS are 

regulated by aryl hydrocarbon receptor, AHR. AHR influences microglia and astrocytes by 

binding to metabolic-derivatives of glucobrassicin, a compound formed from glucose and 

tryptophan and is found in cruciferous vegetables such as broccoli and cabbage.
14

 These 

metabolic derivatives of glucobrassicin are produced by the microbes in the gut.
15

 This has 

opened up the discussion of how symptoms of diseases such as multiple sclerosis and other 

neurodegenerative diseases can be ameliorated by modifying diets so as to facilitate preferential 

growth of certain beneficial gut bacteria.
16

 

The collective genome of the microbes in the gut and that of the host is referred to as the 

hologenome.
17

 Over the course of millennia, Homo sapiens evolved to eat meat and vegetables 

when they were hunter-gatherers, as such the human genome encodes for relatively few enzymes 

that can break down complex carbohydrates from cereal crops which were only introduced into 

our diet relatively recently in our evolution. The microbiome, on the other hand, codes for 

metabolic traits that are missing in the host genome, especially that of carbohydrate and lipid 

metabolism. Apart from this, bacterial symbionts contribute a number of other functions that 

benefit the host: development of immune and digestive systems, angiogenesis, protection against 

pathogenic bacteria, synthesis of vitamin K, bioavailability of amino acids by anaerobic 

fermentation of peptides and proteins, biotransformation of drugs, as well as influencing 

behavioral traits by aiding in the development of brain.
18-22

  

As antibiotic resistance among bacteria grows, a probiotics-based therapy to treating 

pathogenic infections is gaining traction among clinicians and scientists. This approach includes 

administering a bacterial species that produces antimicrobials which specifically target the 
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antibiotic-resistant pathogen, helping to reduce the severity of the infection.
23

 Treatment for 

Clostridium difficile infections (CDIs) consists of administering last-line antibiotics such as 

vancomycin, metronidazole and fidaxomicin or in severe cases, a fecal microbiota transplant. 

Infections by antibiotic-resistant C. difficile are rising, with 35% of patients who undergo 

antibiotic treatment for a CDI, having recurrent CDIs.  A recent study identified the gut bacteria 

Lactobacillus reuteri, as a potential antibiotic, due to the ability to convert glycerol to reuterin, a 

potent broad-spectrum antimicrobial compound that has been shown to inhibit C. difficile 

growth. L. reuteri was also found to be resistant to the antibiotics that are usually used to treat 

CDIs, making it a good candidate for a probiotics-based therapy against C. difficile. Glycerol 

supplementation in combination with L. reuteri was shown to be effective in inhibiting C. 

difficile growth both in vitro and ex vivo.
24

  

Carbohydrate Metabolism by the Gut Microbiome 

One of the major beneficial roles of the gut microbiota is aiding in the digestion of 

complex carbohydrates, which are usually derived from plants. These sugars include cellulose, 

hemi-cellulose, β-glucan, xylan, mannan, and pectin among others.
25

 There are also a number of 

host-derived glucans like mucins, chondroitin sulfate, and hyaluronate which are further digested 

in the large intestine by the gut microbiota.
26

 Microbial fermentation of these indigestible 

carbohydrates in the anaerobic large intestine releases short chain fatty acids (SCFA, such as 

acetate, butyrate, and propionate), organic acids (lactate, pyruvate, and succinate), and gases (H2, 

H2S, CO2, and CH4). The intestinal epithelial cells gain most of their energy from the further 

metabolism of these short chain fatty acids.
27

  

Greater than 10
12

 hexasaccharides can be derived from various combinations of just D-

hexoses, therefore the degradation of complex and diverse carbohydrates requires an equally vast 
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and varied set of enzymes.
28

 The major polysaccharide-degrading bacteria in the gut belong to 

the Gram-negative genus Bacteroides. The enzymes required to degrade these complex sugars 

are arranged in discrete gene clusters called Polysaccharide Utilization Loci (PUL). PULs are 

distributed all across microbial communities in the ecosystem around us (Figure 1.1).  

Complex polysaccharides are usually cleaved into oligosaccharides either on the outer 

cell surface by extracellular endoglycanases or transported into the periplasm where they are 

depolymerized by glycoside hydrolases. A typical PUL also, has outer membrane proteins 

responsible for the import of sugars into the periplasm. These transporters responsible for the 

uptake of the oligosaccharides into the cell are outer-membrane sugar-binding proteins, a TonB-

dependent receptor/transporter, and sometimes a TonB-dependent transporter system.
29

 The 

component monosaccharides are then transported into the cytoplasm where other enzymes 

metabolize them to generate energy through the breakdown of SCFA.  

Transcriptional regulation within a specific PUL usually falls within three categories – 

starch utilization system (sus) sensor/regulator, extracytoplasmic function sigma (ECF-σ) factor 

anti-σ-factor pairs, or by hybrid two component systems (HTCS). Sometimes the expression of 

PULs can also be controlled by a LacI-type or OmpR-type system among others.
30

 Not much is 

known about how the PUL gene expression is regulated by carbohydrates. Schwalm et. al, 

studied how the breakdown of a polysaccharide and the corresponding monosaccharide can 

influence regulation of a PUL in different Bacteroides spp. in the gut.
31

 They found that 

arabinan, a polymer of arabinose, was a transcriptional activator of a PUL that degraded 

arabinoglycan, while arabinose played the role of a transcriptional repressor. Another study in 

2016, by Cao and co-authors, identified a family of antisense small RNA (sRNA) that 

downregulates the expression of 15 different PULs from B. fragilis when enough of a preferred 
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carbon source, for instance glucose, is present in the environment. However, most of these PULs, 

under sRNA regulation, seem to be involved in metabolism of glycans that are host-derived 

rather than from plants.
32

  

 

        

 

Figure 1.1: Distribution of polysaccharide utilization loci consisting of different glycoside 

hydrolase families found in nature. (Figure reproduced with permission from Grondin et. al, 

2017, J. Bacteriology 199:e00860-16). 
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The Carbohydrate Active enZyme (CAZy) database (http://www.cazy.org/) contains a 

wide distribution of enzymes that are involved in carbohydrate degradation and synthesis.
33

 The 

classification is based on amino acid sequence similarity of various enzymes that are typically 

involved in carbohydrate metabolism. Within a certain family, the structural folds, active site 

residues, and catalytic mechanism are highly conserved with few exceptions. There are 153 

glycoside hydrolase (GH) families responsible for the hydrolytic cleavage of glycosidic bonds; 

28 polysaccharide lyase families (PL) responsible for the non-hydrolytic cleavage of glycosidic 

bonds; 105 glucosyltransferase families that are involved in the formation of glycosidic bonds; 

16 carbohydrate esterase (CE) families responsible for the hydrolytic cleavage of carbohydrate 

esters; and 15 families classified as having auxiliary activities (AA) that are mostly responsible 

for degrading lignin.  

In 2014, Larsbrinsk et. al discovered a PUL in Bacteroides ovatus responsible for the 

degradation of xyloglucans, which are abundant in the cell walls of plants.
34

 The structure of 

these glycans typically consist of a backbone of β-1,4 linked glucose units which are further 

linked with xylosyl moieties via β-1,6 linkages. These side chains can also have additional 

monosaccharides at their ends, typically galactose, fucose and/or arabinose. In 2011, the same 

authors identified the potential pathway responsible for xyloglucan degradation by observing the 

upregulation of certain genes when B. ovatus was grown in the presence of galactoxyloglucan.
35

 

The PUL consisted of sugar transport components as well as eight glycoside hydrolases (GH) 

from six different families. Utilizing reducing-sugar assays, mass spectrometry, and gene 

knockouts they were able to characterize the functions of the xyloglucan degrading enzymes 

when cloned into Escherichia coli. The identified enzymes belonged to GH5A and GH9A endo-

xyloglucanases which cleave the main chain of the xyloglucans to form xyloglucan 

http://www.cazy.org/
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oligosaccharides (units of four glucose molecules). The other enzymes were identified as 

belonging to GH2A, a β-galactosidase, GH3A and GH3B, β-glucosidases, GH31A, an α-xyloside, 

and GH43A and GH43B, α-L-arabinofuranosidases. The complete degradation of the 

galactoxyloglucan and arabinogalactoxyloglucan are shown in Figure 1.2. Interesting, not all 

members of the Bacteroides genus have this xyloglucan degrading PUL.
34

 Other studies have 

shown how some of the simple oligosaccharides formed by B. ovatus in this process diffuse into 

the extracellular environment where they are taken up by other Bacteroides spp. which do not 

have this PUL, for instance B. adolescentis.
36

 

Due to the large genetic capacity in the hologenome, many novel enzyme families and 

catalytic activities are being discovered in gut microbes that are not found in their host or other 

organisms studied thus far. A study published by Ndeh et. al, elucidates how 

rhamnogalacturonate II (RG-II), a glycan found in red wine, is broken down by Bacteroides 

thetaiotaomicron, a well-studied gut microbe.
37

  This polysaccharide is the most complex glycan 

known, with a structure made up of a combination of 13 different sugars connected by 21 

different glycosidic bonds (Figure 1.3). 
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Figure 1.2: Galactoxyloglucan and arabinogalactoxyloglucan from Bacteroides ovatus.  

(a) galactoxyloglucan (b) arabinogalactoxyloglucan. Enzymes are represented in colored circles 

–rainbow BoGH5A (endo-xyloglucanase); tan BoGH9A (endo-xyloglucanase); orange 

BoGH31A α-xylosidase; turquoise BoGH43A and BoGH43B (α-L-arabinofuranosides); yellow 

BoGH2 (β-galactosidase), dark blue BoGH3A and BoGH3B (β-glucosidases). (Adapted with 

permission from Larsbrink et. al, 2014, Nature 506: 498-502). 

 

 

 

B. thetaiotaomicron was identified by screening a number of Bacteroides spp. for growth 

on RG-II. A transcriptome analysis of B. thetaiotaomicron showed upregulation of a number of 

genes, arranged in three different polysaccharide utilization loci. These genes were cloned into 

and overexpressed in E. coli.  The purified enzymes were able to completely degrade all the 

glyosidic bonds in the RG-II structure into its 13 component sugars with the exception of a single 

α1-3 bond between 2-O-methyl-D-xylose and L-fucose.   

 The RG-II “degradome” (degrading system) includes seven enzymes that belonged to 

new glycoside hydrolase (GH) families: BT1012, endo-apiosidase (GH140); BT0984, α-2-O-

methyl-L-fucosidase (GH139); BT1002, α-L-fucosidase (GH141); BT0997, BT0997, α-

galacturonidase (GH138); BT1020 (N-terminus), DHA-hydrolase (GH143); BT1020 (C-



  

9 

 

terminus) and BT0996, two β-L-arbinofuranosidases (GH137 and GH142). BT1017 was found to 

belong to a new pectin methyl esterase family. Some of these enzymes were also found to 

hydrolyze two different glycosidic bonds in the glycan structure. BT1013 could hydrolyze an α1-

5 bond between L-rhamnose and keto-deoxyoctulosonate (KDO) as well as an α2-3 bond 

between KDO and D-galacturonic acid. Similarly, BT1020 could hydrolyze a β1-5 glycosidic 

bond between L-arabinofuranose and 3-deoxy-D-lyxo-heptulosaric acid (DHA) and β2-3 bond 

between DHA and D-galacturonic acid. BT0996 was observed to hydrolyze a β2-1 bond between 

L-rhamnose and L-arabinofuranose as well as a β1-4 bond between L-fucose and D-glucuronic 

acid. The study also uncovered substrate specificities not previously reported in existing 

glycoside hydrolase families.
37

 

 

 

Figure 1.3: The “degradome” complex from B. thetaiotaomicron that breaks down 

rhamnogalacturonate II. (Figure reproduced with permission from Ndeh et. al, 2017, Nature 544: 

65-70). 
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Munoz-Munoz et. al, found another novel enzyme, a polysaccharide lyase from B. 

thetaiotaomicron, that cleaves β1-4 bonds between L-rhamnose (Rha) and D-glucuronic acid 

(GlcA).
38

 This particular disaccharide (Rha-α1,4-GlcA) is found in arabinogalactan proteins 

(AGPs), which are complex glycoproteins consisting of protein and carbohydrate components 

and are found in the plant cell walls.  They play important roles in the growth and development 

of plants. AGPs mostly consist of a hydroxyproline-rich protein core with repeating arabinose 

and galactose monosaccharides that form discrete polysaccharide units attached to the core 

protein at multiple sites.  L-rhamnose, D-mannose, D-xylose or L-fucose can be found on the side 

chains of the carbohydrate backbone. 

Some gut microbes utilize the complex carbohydrate part of these glycoproteins as a 

carbon source. B. thetaiotaomicron and B. ovatus have previously been shown to grow on the 

AGPs.
35

 Munoz-Munoz et. al identified genes that were upregulated in the presence of AGPs in 

B. thetaiotaomicron and found that the enzyme BT0263 had a role in depolymerizing the plant 

glycan. The sugar units that cap the ends of side chains in AGPs are sometimes L-rhamnose and 

there are very few reported glycoside hydrolases (α-L-rhamnosidases) that can cleave a α1-4 

bond.
39

 BT0263 is however able to non-hydrolytically cleave the glycosidic bond by acting on 

the D-glucuronic acid to release L-rhamnose from AGPs. The proposed mechanism of this 

enzyme is shown in Figure 1.4. BT0263 showed no sequence similarity with members of any 

known polysaccharide lyase families and was thus considered a founding member of a new PL 

family.  
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Figure 1.4: Proposed reaction mechanism of BT0263 from B. thetaiotaomicron. (Figure 

reproduced with permission from Munoz-Munoz et. al, 2017, J. Biol. Chem. 292: 13271-13283). 

 

 

 

 

In the past forty years there has been an increase in the consumption of artificial or non-

nutritive sweeteners.
40

 The first artificial sweetener discovered was saccharin (Sweet ‘n’ Low
®

) 

in 1879 and was approved for use by the Food and Drug Administration (FDA) in 1970. Since 

then a number of other artificial sweeteners have also been approved by the FDA, for instance, 

acesulfame K, aspartame (Equal
®

), neotame, and sucralose (Splenda
®

) (Scheme 1.1).
41

 There are 

some sugars that are also gaining popularity as sweeteners: D-psicose, D-tagatose, sugar alcohols 

like sorbitol, mannitol, xylitol (monosaccharide polyols) and isomalt, maltitol, lactitol 

(disaccharide polyols).
42

 Their structures are also shown in Scheme 1.1. Due to low availability 

of these sugars in nature, they are known as ‘rare’ sugars. There have been a number of studies 

on the processes of manufacturing these ‘rare’ sugars either chemically or enzymatically.
43, 44

 As 

these sweeteners are 30 – 13,000 times sweeter than natural sugar (sucrose), only a small amount 

of the sugar substitute (relative to natural sugar) is usually required to give food sweetness. This 

allows manufacturers to label such food products as ‘reduced-calorie’ or ‘sugar-free’.
45

 The 
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sweeteners are considered non-caloric as they are not broken down by our digestive enzymes and 

also because they are added in such small quantities to the food. However, once ingested they 

still encounter the microbial population in the gut and not much is known about how these 

sweeteners are metabolized by gut bacteria at the molecular level.  

 

 

 

 

Scheme 1.1: Artificial sweeteners and ‘rare’ sugars. The six compounds on the left are artificial 

sweeteners while the six on the right are sweeteners that are also rare sugars. 

 

 

Studies done on animal models, from as early as 1980, suggested that sweeteners such as 

saccharin altered the composition of microbial flora and impaired protein digestion.
46

  Others 

studies have linked artificial sweeteners to various metabolic disorders, for instance glucose 

intolerance, which is a pre-diabetic condition, obesity, as well as cardiovascular diseases and 

cancer.
47-50
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In the gut, aspartame (L-aspartyl-L-phenylalanine methyl ester) is metabolized in a mode 

of digestion similar to that of proteins or protein hydrolysates. Aspartame is first broken down by 

the host’s esterases and peptidases into aspartate, phenylalanine, and methanol.
51

 Neotame, 

whose structure resembles aspartame, is digested by esterases to yield de-esterified neotame and 

methanol.
52

 High doses of acesulfame K has been suggested to bind to DNA and cause damage, 

while a by-product of acesulfame K degradation is acetoacetamide, which can also be toxic at 

high doses.
52, 53

 Cyclamate is metabolized by the gut bacteria to form cyclohexamine which was 

found to be carcinogenic.
54, 55

 This led to cyclamate being banned as an artificial sweetener in the 

U.K. and the U.S. Disaccharide polyols are hydrolyzed in the small intestine by α-amylases (or 

β-galactosidases in case of lactitol) to from glucose / galactose and sorbitol. Monosaccharide 

polyols are then partially absorbed by the small intestine. The unabsorbed portion gets fermented 

by microbial enzymes to produce volatile fatty acids (VFA) in the large intestine. Part of this 

VFA is used by the gut microbiota for energy and the rest goes to the liver where they are 

metabolized further to form fat.
56

  

The plant derived reduced-calorie sweetener, Stevia
®
 or Stevioside, was shown to be 

completely degraded to steviol, its aglycone form, by the human gut microflora in ~10 hours. 

This degradation occurs through the formation of the intermediate steviolbioside (structures are 

shown in Figure 1.5). The steviol formed appeared to be resistant to further degradation by the 

gut bacteria.
57

 However, nothing else is known about the enzymes involved in this degradative 

pathway. 
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Figure 1.5: Structures of stevioside, stevobioside, and steviol. (Adapted with permission from 

Gardana et. al, 2003, J. Agric. Food Chem. 51: 6618 – 6622). 

 

 

 

 

‘Rare’ sugars can also be defined as polysaccharides that are restricted to certain parts of 

the world. The ability to digest agarose was once only found among the marine bacteria. In 2010, 

Hehemann et. al were searching for enzymes that broke down porphyran, a constituent of algal 

polysaccharide, instead they found that the human gut bacteria B. pleibus carried an agarase 

enzyme.
58

 Interestingly, the gene encoding this enzyme was only found in a particular gut 

bacterial species present in people from Japan. Consumption of seaweed has been a staple for 

centuries among the people living in coastal countries, such as Japan. They also found that there 

were two genes in the genome of B. pleibus that came from a marine bacterium, most likely 

Zobellia galactanivorans. It was concluded that a horizontal gene transfer event occurred after 

marine bacteria were ingested allowing B. pleibus to be able to adapt to a new carbon source.
58
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 Recently, Pluvinage et. al reported that the ancestral genome of the previously non-

agarolytic gut bacteria, B. uniformis (Bu) NP1 was found to contain an insertion of a 45 kbp 

genetic segment flanked by mobile elements.
59

 The segment has 33 genes which appear to code 

for a number of glycoside hydrolases, capable of breaking down algal polysaccharides, outer 

membrane proteins, responsible for the import of glycans, as well as transcriptional regulators. 

The authors cloned some of these genes from the Bu NP1 genome and expressed them in E. coli. 

With the purified enzymes, they were able to demonstrate the depolymerization of agarose to 

form 3-O-β-D-galactose and 4-O-α-3,6-anhydro-L-galactose. Metagenomic analysis of 

individuals from four separate geographical areas and cultures, North America, Europe, Japan, 

and China, showed that the agarolytic enzymes were more prevalent in individuals from Japan 

and less common among Europeans and Chinese. Interestingly, it also present in high numbers 

among people from North America. The authors speculate that the reason for that is based on 

immigration and cultural aspects.  

β-glucans are naturally occurring β-D-glucose polysaccharides found in plants such as 

oats and barley as well as in the cell walls of certain fungi, yeast and certain Gram-negative 

bacteria. β1-3 and β1-6 glycosidic linkages are more prevalent in the backbone of these 

structures, but β-1,2 glucans are quite rare. Shimizu et. al, report the discovery of a 2-β-D-

glucooligosaccharide sophorohydrolase (BDI_3064) from Parabacteroides distasonsis, a gut 

bacteria.
60

 This enzyme was shown to act on linear β-1,2 glucans to release sophorose (β-(1,2)-D-

glucose-D-glucose) from longer chains with kinetic parameters of kcat = 0.5 s
-1

, Km = 1 mM, and 

kcat/ Km 4.7 x 10
2
 M

-1
s

-1
.  
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Unknown Function Discovery among Enzymes in Gut Bacteria 

It is difficult to study the human gut microflora by ex vivo methods owing to a number of 

limitations: the selectivity of culture media, the need for stringent anaerobic growth conditions in 

some cases, and the difficulty in stimulating reciprocal interactions between different microbes 

or between the microbes and the host. Therefore, culture-independent methods based on 

ribosomal 16S sequencing, fluorescent in situ hybridization (FISH), competitive and quantative 

PCR, restriction fragment length polymorphism (RFLP), shotgun sequencing, and metagenome 

analyses are used.
61-64

 

With the rapid advent in DNA sequencing technologies, the number of sequences 

deposited in Uniprot/TrEMBL as well as Uniprot/Swissprot have exploded. As of April 25
th

 

2018, there were 557,275 sequences in the Uniprot/Swissprot database, which is manually 

curated based on literature, as well as computational analysis that has been reviewed by a 

curator, and over 114 million sequences in Uniprot/TrEMBL database (Figure 1.6) where 

functions are computationally annotated (http://www.uniprot.org/).  Less than 1% of the total 

deposited protein sequences have their functions annotated based on direct biochemical 

evidence. In Uniprot/TrEMBL, annotation predictions are made computationally and are based 

on how close the amino acid sequence of an unknown protein is to the closest homolog whose 

function has been verified experimentally. However, these annotations are not evaluated by a 

curator and thus, can be misleading, which is why researchers need to devise ways to parse out 

the relevant information. 

 



  

17 

 

 

 

Figure 1.6: Increase in the number of sequences deposited in the Uniprot/TrEMBL database as a 

function of time. The steep drop in 2015 is due to the purging of redundant proteomes from the 

database using the Proteome Redundancy Detector which was released that year. (Figure taken 

from the UniProt/TrEMBL website: https://www.uniprot.org/statistics/TrEMBL). 

 

 

 

 

The misannotation of enzymatic functions is a major issue in public databases. A study 

published by Schnoes et. al, attempted to compare the annotations of 37 different protein 

families from public, computationally annotated databases such as UniProtKB/TrEMBL and 

GenBank NR to those from the manually curated database UniProtKB/SwissProt.
65

 They found 

variable levels (5% - 80%) of misannotations across the 37 families from the computationally 

annotated databases, while the misannotations were close to zero in the manually curated 

UniProtKB/SwissProt. There was no correlation between annotation errors and protein 

superfamilies with diverse functionalities. With misannotation also comes error propagation. The 

authors provided a visualization of how over a time period from 1995-2003, single proteins, 

which were incorrectly annotated, became connected via ‘edges’ (which denotes a pairwise 

relationship based on sequence similarity) or lines with other proteins which were also annotated 

https://www.uniprot.org/statistics/TrEMBL
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to the same function based on the first wrongly annotated protein from that family. This error 

propagation was found in the pathways from KEGG (Kyoto Encyclopedia of Genes and 

Genomes) which tends to pool functions from databases such as Pfam or InterPro, where 

annotations based on protein domains only can be misleading.
65

 

β-D-Glucuronidases are prevalent in the human gut and are involved in the hydrolysis of 

β-glucuronides often found in the diet or in compounds produced in the liver after initial 

metabolism of xenobiotics.
66

 Crohn’s disease has been associated with a reduced β-D-

glucuronidase activity while an increase in the activity of this enzyme is linked to colon 

cancer.
67, 68

 β-D-glucuronidases are often misannotated as β-galactosidases due to their high 

sequence identity and similar 3D structural fold.  

Pollet and co-authors, conducted a thorough bioinformatics search analysis to identify β-

D-glucuronidases from the gut microbiome.
69

 The Human Microbiome Project (HMP) led to the 

establishment of Human Microbiome Gene Indices (HMGI) and Human Microbiome Clustered 

Gene indices (HMGC) databases, which had more than 30 million translated protein sequences 

between them.
70

 Both of these databases were initially screened to identify proteins that had ≥ 

25% sequence identity and an E-value of <0.05 in pairwise alignments with any of the known β-

glucuronidases from E. coli, Clostridium perfringens, Streptococcus agalactiae, and Bacteroides 

fragilis. A total of 1,646,315 and 267,594 proteins were identified from the HMGI and HMGC 

databases, respectively. β-D-Glucuronidases have a α/β hydrolase fold found in β-galactosidases, 

but there are a number of differences in the active site residues.  Conserved residues in the active 

site of β-glucuronidases include two catalytic glutamates, an asparagine, and a glycine-

asparagine-lysine (G-N-K) motif that interacts with the carboxylic acid moiety of the 

glucuronate. Multiple sequence alignments with confirmed β-glucuronidases showed that these 
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residues were highly conserved. The 1,646,315 and 267,594 proteins pooled from the two 

databases were further screened for these conserved residues. This second step identified 3,013 

sequences from the HMGI database and 279 protein sequences from the HMGC database. 

Multiple sequence alignments within the two data sets gave further information on how the 

enzymes could be further categorized based on conservation found among residues that made up 

loop regions in the known structures. 
69

 

Often genes that encode for enzymes that work sequentially to either synthesize large or 

complicated biomolecules or degrade complex carbohydrates are clustered together such as 

polysaccharide utilization loci of the gut bacteria mentioned earlier or the biosynthetic gene 

clusters (BGC) involved in natural products biosynthesis. Automatic prediction methods can be 

used to identify these clusters from genomic data based on characteristic features of the gene 

clusters. A study published by Terrapon et. al, in 2015, looked at predicting PULs from 67 

different Bacteroides genome sequences.
71

 The authors designed their prediction software to 

look for certain class of proteins involved in sugar transport (SusCD-like) or for the presence of 

gene expression regulators which are present usually either at the beginning or the end of PULs. 

Using this methodology they were able to identify 3,745 PULs from the different Bacteroides 

genomes. Their designed algorithm now has a web interface, Polysaccharide Utilization Loci 

Database or PULDB (http://www.cazy.org/PULDB/). The annotations provided on this website 

are pooled from predictions in the CAZy database.
71

  

There are a number of websites that can predict the presence of BGCs in a genome. 

These include antiSMASH (Antibiotics and Secondary Metabolite Analysis sHell), RODEO 

(Rapid ORF Description and Evaluation Online), and PRISM (Prediction Informatics for 

Secondary Metabolome).
72-74

 The predictions on all of these databases are dependent on the 
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classification of proteins under certain protein families based on sequence similarity and 

therefore this methodology also suffers from problems that arise from misannotations.   

Sequence similarity networks (SSN) and genome neighborhood networks (GNN) are 

powerful tools that an enzymologist can use to predict functions of uncharacterized proteins. 

SSN and GNN can be built on the Enzyme Function Initiative-Enzyme Similarity Tool (EFI-

EST) website (https://efi.igb.illinois.edu/efi-est/index.php) found under the EFI-EST and EFI-

GNT tabs respectively. The custom built networks can then be visualized using the Cytoscape 

program (http://www.cytoscape.org/).
75

  

SSN displays a sequence-function relationship within a protein family on a global scale. 

These networks are based on pairwise relationships between proteins in all-by-all sequence 

comparisons.  The display consists of ‘nodes’ which are individual protein sequences that are 

connected to each other by ‘edges’. Each edge denotes a pairwise sequence identity between two 

proteins that share a sequence similarity greater than the E-value that has been set by the user. 

The primary idea behind building the network is to cluster isofunctional proteins together. These 

networks therefore, provide a broad overview of protein superfamilies that do similar chemistry 

but utilize different substrates.
76

 In Figure 1.7, different substrate specificities within the same 

protein family are marked with different colors and separated into isofunctional clusters as the 

stringency is increased. If an experimentally verified function is found in the cluster that harbors 

an uncharacterized protein, it provides a good starting point to assemble a substrate library to 

screen the protein of interest with. However, if the cluster with the unknown protein does not 

have an ortholog with a verified function, lowering the stringency helps as it collapses two or 

more clusters together until a homolog with a verified function joins the cluster. The user can 

https://efi.igb.illinois.edu/efi-est/index.php
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then analyze the consensus protein sequences and substrate specificities of the other clusters to 

predict potential substrates for the uncharacterized protein.  

 

   

Figure 1.7: As stringency is increased orthologs cluster to form isofunctional groups or cluster 

of orthologous groups (COGs). Orthologs are colored the same color. (Figure taken from 

Enzyme Function Initiative-Enzyme Similarity Tool (EFI-EST) website 

(https://efi.igb.illinois.edu/efi-est/index.php). 

 

 

 

 

Genome Neighborhood Networks (GNN) allows the user to visualize the genomic 

context of an unknown protein. Through the EFI-EST Genome Neighborhood Tool (GNT), one 

can submit an entire cluster containing orthologous proteins for analysis. Since arrangements of 

operons or gene clusters are not conserved across phylogenetic species, a GNN of all the 

orthologs allows the user to identify enzymes that might be missing from the pathway of interest 

based on co-occurrence frequencies. A single protein sequence can also be used as an input to 

generate GNN for the gene. Integrating SNNs and GNNs provides a useful tool in discovering 

the function of an enzyme based on homologues as well as through a functional context by 

identifying roles of neighboring genes.  

https://efi.igb.illinois.edu/efi-est/index.php
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Vetting et. al, outlined an approach to identify potential metabolic pathways using solute 

binding proteins (SBPs).
77

 These proteins are involved in the transport of a metabolite across cell 

membranes, which is the first step in a catabolic pathway. The SBPs can be broadly classified 

into three categories: ATP-binding cassette (ABC) transporters; TRipartite ATP-independent 

Periplasmic transporters (TRAPs); and Tripartite Tricarboxylate Transporters (TTTs). These 

proteins tend to cluster together with the rest of the genes that make up a metabolic pathway and 

are also regulated in the same fashion. The 8,240 protein sequences from the InterPro family 

(IPR018389) of TRAP SBPs were used to construct SSNs. From the SSN 304 protein sequences, 

which did not cluster with any known experimentally verified homologue, were cloned and 

expressed in E. coli. Out of this, 171 purified, soluble proteins were then screened against a 

library of 189 compounds of known SBP ligands using differential scanning fluorimetry (DSF). 

An increase in the melting temperature (Tm) of 5ᵒC or more was found with 82 proteins binding 

to at least one substrate from the library.
77

 Using the same methodology but with ABC 

transporters from Mycobacterium smegmatis, Huang et. al, identified three SBPs that bind to D-

threitol, L-theritol, and erythritol.
78

 Constructing a SSN for a dehydrogenase located next to the 

SBP for D-threitol followed by building a GNN allowed the authors to slowly piece together the 

entire catabolic pathway for the sugar.
78

 This combinatorial approach is however, limited by the 

intergenic distances between different genes that make up a pathway and will most likely not 

work for catabolic pathways where the components are widely dispersed in the genome.
78

 

An SSN constructed for an unknown protein from a large superfamily, which consists of 

a number of different functions, usually shows clusters with identified functions, as well as a 

number of other clusters with no functional annotations. Metagenomic data can be used to 

choose targets from these clusters of unknown functions. Levin et. al, published a study where 
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they outlined a “chemically guided” approach to function discovery.
79

 They combined SSN 

analysis of the large glycyl radical enzyme superfamily with quantitative metagenomics data 

(Figure 1.8). From clusters with no functional annotations, segments of protein sequences that 

do not overlap with the consensus sequence of the cluster were denoted as “marker’ sequences. 

These “marker” sequences were then compared to the translated short reads generated from 

metagenome sequencing of the human gut microbiota. The clusters with the highest “abundance” 

of metagenome reads were considered to have biological relevance and hence, good targets to 

study. They named their metagenomic data analysis tool ShortBRED (Short, Better 

Representative Extract Dataset).
79

 

Transcriptomics can also be used to identify genes that are part of the same pathway but 

are not clustered together. Ghasempur et. al, studied a novel L-lyxonate degradation pathway in 

Pseudomonas aeruginosa PAO1.
80

 The authors showed that the microbe could grow using L-

lyxonate as a carbon source and through qRT-PCR they were able to identify five genes that 

were upregulated in the process. In-depth biochemical analysis revealed that three out of the five 

genes encoded for the following enzymes: L-lyxonate dehydratase (LyxD), 2-keto-3-deoxy-L- 

arabinonate dehydratase (L-KdlD), and semialdehyde dehydrogenase (KGSDH). These enzymes 

sequentially converted L-lyxonate to ketoglutarate, an intermediate in the citric acid cycle 

(Figure 1.9). However, the other two upregulated genes encoded for proteins that are in the 

amidohydrolase superfamily and the 4-hydroxy-threonine-4-phosphate dehydrogenase family 

and were not part of the L-lyxonate degradation pathway. Attempts to identify the substrates of 

these two proteins were unsuccessful. 
80 

There are therefore, limitations to this method as well 

but it provides the idea of what a potential pathway could resemble.  
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Figure 1.8: Chemically guided approach to find target proteins based on biological relevance in 

the gut microbiome. (Figure reproduced with permission from Levin et. al 2017, Science 355: 

eaai8386). 
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Figure 1.9: L-lyxonate catabolic pathway. (Figure reproduced with permission from Ghasempur 

et. al 2015, Biochemistry 53: 3357 – 3366). 

 

 

 

 

Another way to discover potential functions of proteins in a pathway is to dock substrates 

into either solved x-ray structures of proteins with unknown functions or into homology models 

based on their homologues.
81, 82

 Calhoun et. al, published a study where they found the functions 

of L-gulonate metabolic pathway from Haemophilus influenza Rd KW20 using an integrative 

pathway mapping method where enzyme structure-function relationship played a big role.
83

 They 

identified a solute binding protein (SBP) which was found to bind to L-gulonate or D-mannonate 

by carrying out differential scanning fluorimetry (DSF) with 189 potential ligands. A GNN 

constructed for this protein found a dehydratase, two dehydrogenases, a kinase and an aldolase in 

the genomic neighborhood of the SBP.  They then built homology models of these proteins based 

on the closest structural templates found in the Protein Data Bank where they docked 14,212 

metabolites found in the KEGG database. The ligands utilized by the enzymes in a pathway 

resemble each other. Using this logic they assembled the highest scoring docked ligands from the 

homology models and a constraint was placed so as to end the pathway with a molecule that 

enters central metabolism. The closest annotated function to the putative dehydratase was found 

to be D-mannonate dehydratase.  
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Figure 1.10: Catabolic pathway for L-gulonate in H. influenza Rd KW20. (Figure adapted from 

Calhoun et. al, 2018, eLife 7: e31097). 

 

 

 

 

With this information they used their integrative pathway mapping algorithm to generate 

154 predicted pathways for L-gulonate metabolism. The pathway with the highest score was the 

one that starting with L-gulonate as the ligand for the SBP and ended with glyceraldehyde-3-

phosphate and pyruvate that entered the Entner-Dourdoroff pathway. These enzymes were then 

cloned, expressed, purified and their functions were experimentally verified (Figure 1.10)
83

.  

Even with the advent of better technologies to screen libraries of substrates, as well as 

advancements in computational methods used to assign functions to orphan enzymes, there is a 

vast gap in our function annotation capabilities. The goal of an enzymologist working in the field 

of function discovery of uncharacterized enzymes is to bridge this gap. In this dissertation, the 

chapters elucidate the work that has been carried out to characterize the enzymes encoded by the 
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ycj gene cluster in Escherichia coli K12 MG1655. This gene cluster, as well as another one from 

Bacteroides thetaiotaomicron (BT3581 to BT3586), were identified by searching for common 

sugar dehydrogenase COGs (0673 and 1063) in the genomes of E. coli K-12 and B. 

thetaiotaomicron.  Both the gene clusters looked like they encoded for pathways that were novel.  

The gene cluster from B. thetaiotaomicron was cloned and expressed in E. coli. However, due to 

insolubility issues with most of the enzymes in the pathway, attention was directed towards the 

ycj gene cluster from E. coli. At the beginning of the project, the ycj cluster showed the 

following annotated functions: two sugar dehydrogenases (YcjS, YcjQ), putative sugar transport 

elements (YcjN, YcjO, YcjP, YcjV, and OmpG), predicted sugar isomerase/ epimerase (YcjR), 

putative sugar hydrolases/ phosphorylases (YcjM and YcjT), a predicted LacI-type 

transcriptional repressor (YcjW) and a potential phosphoglucomutase (YcjU). The first chapter 

in this dissertation addresses the functional characterization of YcjM, YcjT, and YcjU. YcjM 

was found to be an α-D-glucosyl-2-glycerate phosphorylase while YcjT and YcjU were 

characterized as kojibiose phosphorylase and a β-phosphoglucomutase respectively. In the 

second chapter, attempts to determine the substrate specificities and functional characterization 

of YcjQ, YcjR, and YcjS are discussed. 
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CHAPTER II 

DISCOVERY OF A KOJIBIOSE PHOSPHORYLASE IN ESCHERICHIA COLI K-12* 

 

In a typical adult there are more microbial prokaryotic cells (~3.8 x 10
13

) than there are 

human eukaryotic cells (~3.0 x 10
13

).
2
  These bacteria reside predominantly in the 

gastrointestinal tract and are strongly influenced by factors such as diet, disease, and antibiotic 

usage.
84-86

  The impact of these bacterial communities on human health has been investigated 

and a wide range of diseases such as obesity, diabetes, autoimmune disorders, inflammatory 

bowel disease, colon cancer, and transmission of retroviruses has been linked to dysbiotic 

microbiota.
10, 19, 87-94

 Since the first bacterial genome was sequenced,
 
there have been rapid 

technological advancements in the rate of bacterial genome sequencing.
95, 96

  Metagenomic 

sequencing projects have led to the creation of a ‘gene catalogue’ of the most common microbial 

genes.
64

  The ‘microbiome’ encode for a significant number of enzymes that are lacking in the 

host glycobiome.  These microbial enzymes often confer metabolic capabilities to the host, such 

as the breakdown of indigestible polysaccharides.
97

  However, the functional annotation of the 

microbial enzymes found in these organisms has not kept pace with the speed of various DNA 

sequencing projects.  

A cluster of 12 genes (ycjM-W and ompG) has been identified in Escherichia coli K-12 

MG1655, which may code for the expression of enzymes used for the metabolism of 

carbohydrates of unknown structure (Figure 2.1).   

 

* Reprinted with permission from “Discovery of a Kojibiose Phosporylase in Escherichia coli” by Keya Mukherjee, 

Tamari Narindoshvili, and Frank Raushel, Biochemistry, 2018, 57, 2857-2867, Copyright 2018 American Chemical 

Society. (https://pubs.acs.org/doi/10.1021/acs.biochem.8b00392).  

https://pubs.acs.org/doi/10.1021/acs.biochem.8b00392


  

29 

 

Most of the enzymes in this putative biochemical pathway bear little similarity to proteins of 

known metabolic functions.  This gene cluster is also conserved in a number of other gut-

dwelling, Gram-negative bacterial species, including Salmonella enterica, Shigella dysenteriae, 

Erwinia tasmaniensis, and Citrobacter rodentium, among others (www.microbesonline.org).  

This gene cluster consists of five predicted sugar transporters (YcjN, YcjO, YcjP, YcjV, and 

OmpG), two sugar dehydrogenases (YcjS and YcjQ), two putative polysaccharide 

hydrolases/phosphorylases (YcjM and YcjT), an epimerase/isomerase (YcjR), an enzyme that is 

a presumptive β-D-phosphoglucomutase (YcjU), and a predicted LacI-type repressor (YcjW).  

 

 

 

Figure 2.1:  Organization of the ycj gene cluster in E. coli.  These genes encode proteins that are 

predicted to include five sugar transporters (YcjN, YcjO, YcjP, YcjV, and OmpG), two NAD
+
-

dependent dehydrogenases (YcjS and YcjQ), two polysaccharide hydrolases/phosphorylases 

(YcjM and YcjT), an epimerase/isomerase (YcjR), a β-phosphoglucomutase (YcjU), and a LacI-

type repressor (YcjW). 

 

 

Here we describe our attempts to functionally characterize the substrate profiles for the 

two putative polysaccharide hydrolase/phosphorylase enzymes (YcjT and YcjM) and YcjU, the 

presumptive β-D-phosphoglucomutase.  The sequence similarity network (SSN) for YcjM 

(cog0366) at an E-value cutoff of 1 x 10
-50

 (Figure 2.2) shows that the closest functionally 

characterized homologs include α-(1,2)-D-glucose-D-glycerate phosphorylase (GGP) from 

Meiothermus silvanus, sucrose phosphorylase from Bifidobacterium adolescentis, and 

amylosucrase from Neisseria polysaccharea.
76, 98-100

  For YcjT (cog1554) the SSN at an E-value 

ycjM ycjN ycjO ycjP ycjQ ycjR ycjS ycjT ycjU ycjV ompG ycjW 
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cutoff of 10
-150

 (Figure 2.3) indicates that the closest functional homologues of this enzyme 

include maltose phosphorylase from Lactobacillus brevis, trehalose phosphorylase from Bacillus 

stearothermophilus, nigerose phosphorylase from Lachnoclostridium phytofermentans, α-(1,2)-

D-glucose-glycerol phosphorylase from Bacillus selenitireducens, and kojibiose phosphorylase 

(KBP) from Thermoanaerobacter brockii and Caldicellulosiruptor saccharolyticus.
101-106

  There 

are two experimentally verified enzymes in the SSN for YcjU (Figure 2.4):  β-D-

phosphoglucomutase (PgmB) from Lactococcus lactis and β-D-phosphoglucomutase (YvdM) 

from Bacillus subtilis (PDB id: 3NAS).
107

  It appears likely that YcjU is a β-D-

phosphoglucomutase (β-PGM).  However, to the best of our knowledge, there are no currently 

known enzymes in E. coli K-12 that have been shown to catalyze the formation of β-D-glucose-

1-P. 
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Figure 2.2: Sequence similarity network of cog0366 at an E-value cut-off of 1 x 10
-50

.  The 

network was created using Cytoscape (www.cytoscape.org).  Each node represents a non-

redundant protein sequence and each edge (or connecting line) represents a BLAST E-value 

between two sequences that is better than the arbitrary value of 1 x 10
-50

.  The lengths of the 

edges are not significant; in tight clusters the sequences are more closely related as compared to 

the clusters that contain fewer connections.  YcjM is shown as a yellow triangle.  Within the 

same cluster α-(1,2)-glucose-D-glycerate phosphorylase from Meiothermus silvanus is indicated 

with a diamond (dark blue).  Diamonds in Groups 1, 2, 3, and 4 contain enzymes that have been 

experimentally verified. Group 1: sucrose phosphorylase from Bifidobacterium adolescentis 

(green); Group 2: amylosucrase from Neisseria polysaccharea (cyan); Group 3: oligo-1,6-

glucosidase from Bacillus subtilis (blue); and Group 4: neopullulanase from Geobacillus 

stearothermophilus (pink).   

  

YcjM 
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Figure 2.3: Sequence similarity network of cog1554 at an E-value cut-off of 1 x 10
-150

. The 

network was generated using Cytoscape (www.cytoscape.org).  Groups 1, 2, 3, 4, 5, 6, and 7 

contain enzymes whose functions are experimentally verified (yellow arrowheads or red 

triangles). Group 1: α,α- trehalose phosphorylase (Bacillus stearothermophilus); Group 2: 

maltose phosphorylase (Lactobacillus brevis); Group 3: trehalose-6-phosphate phosphorylase 

(Lactococcus lactis); Group 4: nigerose phosphorylase (Lachnoclostridium phytofermentans); 

Group 5: α-(1,2)-D-glucose-glycerol phosphorylase (Bacillus selenitireducens); Group 6: 

kojibiose phosphorylase from Thermoanaerobacter brockii and Caldicellulosiruptor 

saccharolyticus; Group 7: kojibiose phosphorylase from Pyrococcus spp.  
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Figure 2.4: Sequence similarity network of InterPro family IPR010972 at an E-value cut-off of 1 

x 10
-85

.  The network was created using Cytoscape (www.cytoscape.org). Diamonds (orange and 

yellow) represent two experimentally verified β-D-phosphoglucomutase enzymes: PgmB from 

Lactococcus lactis and YvdM from Bacillus subtilis.  The blue triangle represents YcjU from 

Escherichia coli K-12 MG1655.  
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Materials and Methods 

Materials.  The restriction endonucleases, pfu turbo polymerase and T4 DNA ligase used 

in cloning of the genes ycjM, ycjT, and ycjU from E. coli were purchased from New England 

BioLabs.  The PCR cleanup and gel extraction kits were obtained from Qiagen.  Isopropyl-β-D-

thiogalactopyranoside (IPTG) was acquired from Research Products International Corporation.  

The buffers, phenylmethylsulfonyl fluoride (PMSF), and the Phosphate Colorimetric Detection 

Kit were purchased from Sigma Aldrich.  The 5-mL HisTrap columns, PD-10 desalting columns, 

and Vivaspin protein concentrators (molecular weight cut-off of 30 kDa) were bought from GE 

Healthcare.  The M9 minimal media salts and thiamine were obtained from Sigma Aldrich.  The 

carbohydrates used as potential substrates for YcjM, YcjT, and YcjU were obtained from 

Carbosynth, except for α-D-glucose-1,6-bisphosphate, D-glycerate, and α-D-glucose-1-P, which 

were obtained from Sigma Aldrich.  α-(1,2)-D-Glucose-D-glycerate was synthesized by a 

modification of a previously published procedure.
108

  The following bacterial strains were 

purchased from the Keio collection: parent strain for the knockouts BW25113 (CGSC 7636), 

ΔycjM (CGSC 9167), ΔycjR (CGSC 11236) and ΔycjT (CGSC 9173) 

(https://cgsc2.biology.yale.edu/KeioList.php). 

Synthesis of Alternate Substrates for YcjU.  2,3,4,5-Tetra-O-acetyl-β-mannose was 

synthesized from D-mannose as previously described.
109

  Similarly, 2,3,4,5-tetra-O-acetyl-β-D-

allose was synthesized from D-allose.
110

  2,3,4,5-Tetra-O-acetyl-β-galactose was synthesized 

from β-D-galactose pentaacetate by modification of a previously published procedure.
111

  The 

phosphorylation of the acetylated sugars and subsequent isolation of β-D-mannose-1-P, β-D-

allose-1-P and β-D-galactose-1-P was conducted according to Zhu et. al.
112

 

https://cgsc2.biology.yale.edu/KeioList.php
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Construction of Sequence Similarity Networks.  Sequence similarity networks were 

created using Cytoscape (https://cytoscape.org).  For YcjT, all members of cog1554 were 

downloaded from NCBI as a FASTA file.  Protein sequences within this file that shared ≥ 90% 

identity with one another were consolidated.  After this redundancy check was performed using 

the CD-HIT website, the custom FASTA file was uploaded to the Enzyme Function Initiative 

(EFI) enzyme similarity tool website (http://efi.igb.illinois.edu/efi-est/stepa.php).
113, 114

  The tool-

generated data set was analyzed under an organic layout using the Cytoscape software.
75

  With 

YcjM, members of cog0366 were downloaded from the NCBI database to make the Cytoscape 

network after a redundancy cut-off of 85%.  For YcjU (cog0637), members of the InterPro 

family IPR010972 were used to generate the network for this protein after a redundancy cut-off 

of 90%.  

Cloning of ycjM from E. coli K-12 MG1655.  The following set of primers was used to 

amplify the DNA corresponding to ycjM (gi|90111247; UniProt P76041) from E. coli K-12 

MG1655 genomic DNA: 

5′- AATACTGGATCCATGAAACAGAAAATT -3′ 

5′- ATAGTACTCGAGTTATTTAATCCACAT -3′ 

The amplified gene and the pET30a (+) vector were digested with BamHI and XhoI restriction 

enzymes and ligated together to create the recombinant plasmid.  After verification of the gene 

sequence, E. coli BL-21 (DE3) cells were transformed with the plasmid and plated on LB agar.  

Expression and Purification of YcjM.  A single colony was used to inoculate a 10-mL 

culture of LB, which was grown overnight at 37 °C.  The overnight culture was used to initiate 

two 1-L cultures of LB supplemented with 50 µg/mL kanamycin in 2.8-L Fernbach flasks.  The 

cultures were allowed to grow at 37 
o
C until the OD600 reached ~0.6, the temperature was 

http://www.cytoscape.org/
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reduced to 25 °C, and the cultures allowed to grow overnight without the addition of IPTG.  The 

cells were harvested by centrifugation at 11,000 g for 12 min and the cell pellet was stored at -80 

°C until needed. 

The frozen cell pellet was thawed and suspended in 20 mM HEPES/K
+
, 0.5 M KCl, pH 

8.0 at 4 °C.  Prior to sonication, 0.1 mg/mL PMSF and 0.4 mg/mL DNase I were added to the 

cell suspension and stirred for 15 min.  The cells were lysed with a Branson Sonifier 450 for six 

5-minute intervals at 50% output.  After sonication, the cell suspension was clarified by 

centrifugation at 12,000 g for 20 min.  The supernatant fluid was passed through a 0.45 µm 

syringe filter, and loaded onto a 5-mL HisTrap column at room temperature, which had 

previously been equilibrated with binding buffer.  The protein of interest was eluted from the 

column by applying a gradient of the elution buffer (20 mM HEPES/K
+
, 0.25 M KCl, 0.5 M 

imidazole, pH 8.0).  The isolated protein was >95% pure based on SDS-PAGE.  The fractions 

were collected and concentrated using Vivaspin protein concentrators.  The concentrated protein 

was then passed through a PD-10 desalting column to remove imidazole.  Protein concentration 

was determined spectrophotometrically at 280 nm using an extinction coefficient of 94,700 M
-1

 

cm
-1

 and a molecular weight of 69.6 kDa that includes the 5-kDa linker between the His-tag and 

the protein (https://web.expasy.org/protparam/).  The protein was flash-frozen and stored at -80 

°C until needed.  Approximately 5 mg of the purified enzyme was obtained from 1.0 L of 

bacterial cell culture.  

Determination of Phosphorylase and Hydrolase Activities of YcjM.  A small library of α-

D-glucose derivatives was tested as potential substrates with YcjM (Scheme 2.S1).   The assays 

for the D-glucose-glucose disaccharides contained the following: 1.0 mM disaccharide, 10 mM 

inorganic phosphate, 5.0 mM NADP
+
, 2.0 mM ATP, 5.0 mM MgCl2, 1 U hexokinase, 3 U 
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glucose-6-phosphate dehydrogenase (G6PDH), and 2.0 µM YcjM in 50 mM HEPES/K
+
, pH 8.0.  

The D-glucose-fructose, D-glucose-galactose, and D-glucose-glycerate disaccharides were 

assayed in the presence of 1.0 U α-PGM, 3 U G6PDH, 1.0 mM disaccharide, 10 mM inorganic 

phosphate, 4.0 mM NADP
+
, 100 µM α-D-glucose-1,6-bisphosphate, and 2.0 µM YcjM in 50 mM 

HEPES/K
+
, pH 8.0.  The assays were repeated with 2.0 µM YcjU (β-PGM) instead of α-PGM.   

The assays used to screen the reverse phosphorylase activity of YcjM were conducted at 

30 °C using either 50 mM HEPES/K
+
, pH 8.0, or 50 mM cacodylate, pH 6.5.   The reactions 

contained 1.0 mM monosaccharide (Schemes 2.S2, 2.S3, and 2.S4), 1.0 mM α-D-glucose-1-P, 

and 1.0 μM YcjM.  Aliquots were removed every hour and the formation of inorganic phosphate 

was determined using the phosphate detection kit. 

The kinetic constants for the phosphorolysis of α-(1,2)-D-glucose-D-glycerate catalyzed 

by YcjM were measured with varying concentrations (0-350 μM) of α-(1,2)-D-glucose-D-

glycerate, 10 mM inorganic phosphate, 0.25 μM YcjM, 4 U α-PGM (activated with 0.25 mM α-

D-glucose-1,6-bisphosphate), 8 U G6PDH, 5 mM MgCl2, and 5 mM NADP
+
 in 50 mM 

cacodylate/K
+
, pH 6.5.  Reactions with varying concentrations of inorganic phosphate (0-15 

mM) were conducted by keeping the concentration of α-(1,2)-D-glucose-D-glycerate constant at 

150 μM.  The assays used for measuring the kinetic constants of the reverse reaction contained 

α-D-glucose-1-phosphate (0-20 mM), 4.0 mM D-glycerate, and 2.5 nM YcjM in 50 

cacodylate/K
+
, pH 6.5.  The reactions were incubated at 30 ᵒC and aliquots were removed every 

10 min over a period of 60 min.  The concentration of inorganic phosphate was determined using 

the phosphate detection kit.  
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Cloning of ycjT from E. coli K-12 MG1655.  The gene for ycjT (gi|16129277; UniProt 

P77154) was amplified from the genomic DNA of E. coli K-12 MG1655 using the following set 

of primers:  

5′-AATGCGGATCCATGACCAGGCCAGTAACG- 3′ 

5′-ATAGTCTCGAGTCATTCATCCTCCTGATGTTTGG -3′ 

The restriction enzymes BamHI and XhoI were used to digest the amplified gene, followed by 

ligation into a pET30a(+) vector, which was also digested with the same restriction enzymes and 

purified using the gel extraction kit.  After verification of the amplified gene sequence, E. coli 

BL-21 (DE3) cells were transformed with the recombinant plasmid by electroporation. 

Expression and Purification of YcjT.  A single colony was grown overnight in 20 mL of 

LB containing 50 μg/mL kanamycin at 37 °C.  The overnight culture was divided to inoculate 

four 1 L of LB media supplemented with 50 μg/mL kanamycin in four 2.8-L Fernbach flasks.  

The cell cultures were grown at 37 °C until an OD600 of ~0.6 was reached.  Expression was 

induced with 0.5 mM IPTG and the cell cultures were allowed to grow overnight at a reduced 

temperature of 25 °C.  The cells were harvested by centrifugation at 11,000 g for 12 min and the 

cell pellet was stored at -80 °C until needed.  

The frozen cell pellet was re-suspended in 50 mM HEPES/K
+
, 100 mM KCl, 10 mM 

imidazole, at pH 7.5.  Prior to sonication, 0.1 mg/mL PMSF and 0.4 mg/mL of DNase I were 

added to the re-suspended cells, and the cell suspension was stirred for 20 min at 4 °C.  The cells 

were lysed by sonication with a Branson Sonifier 450 using three 4-minute intervals at 50% 

output.  After sonication, the cell debris was separated from the soluble proteins in the 

supernatant solution by centrifugation at 12,000 g for 20 min.  The supernatant solution was 

loaded onto a 5-mL HisTrap column, which had previously been equilibrated with binding 
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buffer.  YcjT was eluted from the column by applying a gradient of 50 mM HEPES/K
+
, 100 mM 

KCl, and 500 mM imidazole at pH 7.5.  The fractions were analyzed for purity using SDS-

PAGE, and the fractions that were judged to be greater than ~90% pure were pooled and 

dialyzed against a solution of 50 mM HEPES/K
+
, pH 7.5, and 100 mM KCl, to remove the 

imidazole.  Protein concentration was determined spectrophotometrically at 280 nm using an 

extinction coefficient of 145,000 M
-1

 cm
-1

 and molecular weight of 90 kDa, including the 5-kDa 

linker between the His-tag and the protein (https://web.expasy.org/protparam/).  Aliquots of 

YcjT were flash-frozen and stored at -80 °C until needed.  Approximately 25 mg of YcjT was 

obtained from 1.0 L of bacterial cell culture. 

Determination of Phosphorylase and Hydrolase Activity of YcjT.  All kinetic assays were 

carried out at 30 °C in 50 mM HEPES/K
+
, 100 mM KCl, at pH 7.5.  For potential substrates 

consisting of a D-glucose-glucose disaccharide (Scheme 2.S1), 1.0 mM of the disaccharide, 10 

mM inorganic phosphate, 5.0 mM MgCl2, 2.0 mM ATP, 5.0 mM NADP
+
, and 0.5 μM YcjT was 

mixed with 1 U hexokinase and 3 U G6PDH in a total volume of 250 μL.  The increase in 

absorbance was monitored at 340 nm (∆Ɛ = 6220 M
-1

 cm
-1

).  To determine the potential catalytic 

activity with D-glucose-galactose  or D-glucose-fructose disaccharides (Scheme 2.S1), the 

reaction mixtures contained 1.0 mM disaccharide, 10 mM inorganic phosphate, 5.0 mM MgCl2, 

2.0 mM ATP, 5.0 mM NADP
+
, 1.0 μM YcjU, 3 U of G6PDH, and 0.5 μM YcjT in a total 

volume of 250 μL.  The formation of NADPH was measured at 340 nm.   

Assays designed to identify potential substrates for the reverse phosphorolysis reaction 

catalyzed by YcjT contained 1.0 mM monosaccharide (Schemes 2.S2, 2.S3, and 2.S4), 250 μM 

β-D-glucose-1-phosphate, 50 mM HEPES/K
+
, 100 mM KCl, pH 7.5, and 0.5 μM YcjT.  The 

reactions were incubated at room temperature, and aliquots were removed every 30 min for a 
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total of 4 h and the release of inorganic phosphate was measured using the phosphate detection 

kit.   

The kinetic constants for the phosphorolysis of D-kojibiose by YcjT were conducted in 

50 mM HEPES/K
+
 and 100 mM KCl at pH 7.5 using an assay containing (0 - 15) mM kojibiose, 

15 mM inorganic phosphate, 5.0 mM MgCl2, 5.0 mM NADP
+
, 1.0 μM YcjU, 3 U G6PDH, and 

0.5 μM YcjT in a total volume of 250 μL.  To determine the kinetic constants for phosphate, the 

assays were conducted with 5.0 mM kojibiose, 0.5 μM YcjT, and various concentrations (0 - 25 

mM) of inorganic phosphate in the presence of 5.0 mM MgCl2, 5.0 mM ATP, 5.0 mM NADP
+
, 2 

U hexokinase, 3 U G6PDH in 50 mM HEPES/K
+
, 100 mM KCl, pH 7.5 at 30 ᵒC.  The initial 

velocity was calculated by monitoring the formation of NADPH at 340 nm. 

To determine if YcjT hydrolyzed β-D-mannose-1-P, β-D-allose-1-P, and β-D-galactose-1-

P, the reactions were conducted in the presence of 1.0 mM sugar phosphate and 1.0 μM YcjT in 

50 mM HEPES/K+, pH 7.5, at 30 ᵒC.  The reactions were assayed for the liberation of phosphate 

every 30 min for 3 h with the phosphate detection kit.   

Cloning of ycjU from E. coli K-12 MG1655.  The gene ycjU (gi|16129278; UniProt 

P77366) was amplified from the genomic DNA of E. coli K-12 MG1655 using the following set 

of primers:  

5′-AATGCGGATCCATGAAACTGCAAGGGGTAATTTTCGATCTGG-3′ 

5′-ATAGTCTCGAGCTATACGTTTTGCCAGAAGGCCGATAACC-3′ 

The amplified gene was purified using the PCR cleanup kit and digested with the restriction 

enzymes BamHI and XhoI.  The digested gene was ligated into a pET30a(+) vector, which was 

previously digested with the same two restriction enzymes and purified using the gel extraction 
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kit.  After verification of the gene sequence, E. coli BL-21 (DE3) cells were transformed with the 

plasmid and plated on LB agar.  

Expression and Purification of YcjU.  A single colony was used to initiate a 10-mL 

culture of LB, which was grown overnight at 37 °C.  The overnight culture was used to inoculate 

two 1.0-L cultures of LB supplemented with 50 μg/mL kanamycin and 1.0 mM MgCl2 in 2.8-L 

Fernbach flasks and then allowed to grow at 30 °C until the OD600 reached ~0.6.  Protein 

overexpression was induced with 0.5 mM IPTG and the cell cultures were grown overnight at a 

temperature of 25 °C.  The cells were harvested by centrifugation at 11,000 g for 12 min and the 

cell pellet was stored at -80 °C until needed for the purification of YcjU. 

The frozen cell pellet was re-suspended in a binding buffer containing 20 mM 

HEPES/K
+
, 0.25 M KCl, and 15 mM imidazole at pH 7.9 at 4 °C.  Prior to sonication, 0.1 

mg/mL PMSF and 0.4 mg/mL of DNase I were added to the re-suspended cells and then stirred 

for 15 min.  The cells were lysed with a Branson Sonifier 450 for three 4-min intervals at 50% 

output.  After sonication, the cell debris was separated from the soluble proteins in the 

supernatant solution by centrifugation at 12,000 g for 20 min.  The supernatant solution was 

passed through a 0.2 µm syringe filter, and loaded onto a 5-mL HisTrap column at room 

temperature, which had previously been equilibrated with binding buffer.  YcjU was eluted from 

the column by applying a gradient of 20 mM HEPES/K
+
, 0.25 M KCl, and 500 mM imidazole, 

pH 7.9.  The column fractions were analyzed for purity using SDS-PAGE, and fractions with 

more than 90% purity were pooled and dialyzed against a solution of 20 mM HEPES/K
+
 and 100 

mM KCl at pH 8.0 to remove the imidazole.  Protein concentration was determined 

spectrophotometrically at 280 nm using an extinction coefficient of 19,500 M
-1

 cm
-1

 and 

molecular weight of 28.5 kDa that includes the 5-kDa linker between the His-tag and the protein 
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(https://web.expasy.org/protparam/).  The protein was flash-frozen and stored at -80 °C until 

needed.  Approximately 35 mg of purified enzyme was obtained from 1.0 L of bacterial cell 

culture.  

Determination of YcjU Activity.  The kinetic assays were conducted at 30 
°
C in 50 mM 

HEPES/K
+
, pH 8.0.  The formation of D-glucose-6-phosphate from β-D-glucose-1-phosphate was 

determined by measuring the increase in absorbance at 340 nm from the G6PDH catalyzed 

reduction of NADP
+
.  The assays were carried out in the presence of varying amounts (0 - 10 

mM) of β-D-glucose-1-P using 100 μM of α-D-glucose-1,6-bisphosphate as the activator, 0.1 μM 

YcjU, 2.0 units of G6PDH, 2.0 mM NADP
+
, and 2.0 mM MgCl2.   

To determine the equilibrium constant of the YcjU catalyzed reaction, 
31

P NMR (161 

MHz, relaxation delay of 1.0 sec) was used to measure the relative concentration of D-glucose-6-

P and β-D-glucose-1-P.  The forward reaction contained 2.0 mM β-D-glucose-1-P, 125 μM α-D-

glucose-1,6-bisphosphate, 1.0 mM MgCl2, and 0.1 μM YcjU in 50 mM HEPES/K
+
, 100 mM 

KCl, pH 8.0 with 10% D2O.  After incubation with the enzyme for 1.0 h, 2.0 mM EDTA was 

added to quench the reaction.  The reverse reaction was conducted in a similar manner with the 

exception of adding 2.0 mM D-glucose-6-P instead of β-D-glucose-1-P to initiate the reaction.  

31
P-NMR experiments were used to determine the activity of YcjU with β-D-mannose-1-

P, β-D-allose-1-P, and β-D-galactose-1-P.  The reaction mixtures contained containing 3.0 mM 

sugar phosphate, 100 µM α-D-glucose-1,6-bisphosphate as an activator, and 2.0 mM MgCl2 in 

50 mM HEPES/K
+
, 100 mM KCl, pH 8.0.  Concentration of YcjU used to initiate the reaction 

with β-D-mannose-1-P, β-D-galactose-1-P, and β-D-allose-1-P was 2.5 μM, 0.1 µM, and 0.05 μM 

respectively.  
31

P NMR spectra were recorded before and after addition of YcjU.  Scans were 

taken every 30 min after addition of YcjU for a total period of 2 h.  Integration of the NMR 
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resonances for the substrate and product was used to monitor the change in substrate and product 

concentrations as a function of time.   The equilibrium constants were determined using an initial 

concentration of either 2.0 mM of the sugar-1-P substrate or 2.0 mM of the corresponding sugar-

6-P product.  The reactions contained 100 µM α-D-glucose-1,6-bisphosphate, 1.0 mM MgCl2, 

and 1.0 μM YcjU in 50 mM HEPES/K
+
, 100 mM KCl, pH 8.0 and were allowed to proceed for 

3-6 h to reach equilibrium.  The reactions were quenched by the addition of 3.0 mM EDTA.   

Determination of YcjU Activation by Mg
2+

.  To determine the effect of added Mg
2+

 on the 

catalytic activity of YcjU, assays were initiated with 100 μM β-D-glucose-1-P, 2.0 mM NADP
+
, 

50 μM α-D-glucose-1,6-bisphosphate, 0.2 μM YcjU, 3 U G6PDH, and varying amounts (0 - 10 

mM) of Mg
2+

 in 50 mM HEPES/K
+
, 100 mM KCl, pH 8.0 at 30 °C.  The initial velocity 

associated with D-glucose-6-phosphate formation was determined by monitoring the increase in 

absorbance at 340 nm. 

Determination of Kinetic Constants.  The values of kcat and kcat/Km were determined from 

the initial velocity data using Eqn. 1 where v is the velocity, Et is the enzyme concentration, A is 

the substrate concentration, kcat is the turnover number, and Km is the Michaelis constant. 

v/Et = kcat A/ (Km + A)                                                         (1) 

Growth of E. coli on Various Carbon Sources.  M9 minimal media was prepared from 

commercially available M9 minimal media salts (Na2HPO4, KH2PO4, NH4Cl, and NaCl).  

Minimal media plates were prepared from minimal media, 1.5% (w/v) of agar with 100 μM 

thiamine, and 0.25% w/v carbon source (D-glucose or D-kojibiose) added to the autoclaved 

media before plating.  Single colonies of BW25113, ∆ycjT, and ∆ycjM were grown in 5 mL of 

LB media overnight at 37 ᵒC.  BL-21 (DE3) cells, transformed with the ycjT overexpression 
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plasmid, were grown in 5 mL of LB at 37 °C until an OD600 reached ~0.6.  The culture was 

induced with 0.5 mM IPTG and allowed to grow overnight at 25°C.  From each of the 5-mL 

cultures, 1 mL was removed, centrifuged at 16,000 g for 2 min, and the cell pellets re-suspended 

in minimal media.  The cell suspensions were centrifuged at 16,000 g for 2 min followed by re-

suspension in minimal media.  This ‘washing’ was repeated five times to ensure that no LB 

media was carried over with the cells onto the minimal media plates.  In order to determine the 

number of colonies associated with different dilution factors for the different bacterial strains, the 

cell suspensions were serially diluted (up to 10
-6

) and each serial dilution was plated on minimal 

media plates with either 0.25% w/v glucose or kojibiose.  Plates with no added carbon source 

were used as negative control plates.  The plates with BL-21 (DE3) also had 0.25 mM IPTG 

added to maintain overexpression levels of YcjT.  SDS-PAGE was conducted with the BL-21 

(DE3) cell culture to confirm overexpression of YcjT before plating.  Growth on the plates was 

monitored for a total of 4 days.  To determine growth of different strains of bacteria on various 

α-D-glucose-glucose disaccharides, BW25113 and BL-21 (DE3) were plated on minimal media 

plates supplemented with 0.5% (w/v) of α,α-trehalose, kojibiose, sophorose, laminaribiose, 

nigerose, maltose, cellobiose, isomaltose, and gentiobiose as potential carbon sources.  Minimal 

media plates with various concentrations (0.1% w/v, 0.25% w/v, and 0.5% w/v) of kojibiose, 

glucose, and sucrose were also made to test potential carbon sources for BW25113 strain.  

Results 

Catalytic Activity of YcjM.  YcjM was purified to homogeneity and subsequently tested as 

a catalyst for the hydrolysis or phosphorolysis of the library of disaccharides presented in 

Scheme 2.S1.  Based on the Cytoscape network constructed for YcjM (Figure 2.2), α-(1,2)-D-

glucose-D-glycerate phosphorylase and sucrose phosphorylase are the two closest experimentally 
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verified enzymatic functions for enzymes in cog0366.  Of the compounds tested, YcjM exhibited 

catalytic activity only with α-(1,2)-D-glucose-D-glycerate (1) in the presence of phosphate.  The 

two products were determined to be α-D-glucose-1-P (2) and D-glycerate (3), and the overall 

reaction is summarized in Scheme 2.1a.  YcjM was unable to catalyze the hydrolysis of any of 

the other compounds listed in Scheme 2.S1.  The kinetic constants for the phosphorolysis of α-

(1,2)-D-glucose-D-glycerate are as follows: kcat = 2.1 s
-1

, Km = 69 μM, and kcat/Km = 3.1 x 10
4  

M
-1 

s
-1

 at a fixed concentration of 20 mM phosphate at pH 6.5.  The Km for phosphate was 

determined to be 2.2 mM in the presence of 1.0 mM α-(1,2)-D-glucose-D-glycerate and varying 

(0 – 20 mM) concentrations of inorganic phosphate.  

 

 

Scheme 2.1: Reactions catalyzed by YcjT, YcjU, and YcjM. 
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YcjM catalyzed the hydrolysis of α-D-glucose-1-P with a kcat = 2.4 s
-1

, Km = 15.2 mM, 

and kcat/Km = 1.6 x 10
2 
M

-1 
s

-1
.  Less than 1% of this activity was detected in the presence of α-D-

galactose-1-P, α-D-mannose-1-P or β-D-glucose-1-P.  A small library of monosaccharides 

(Schemes 2.S2, 2 S3, and 2.S4) was tested as potential acceptor substrates with α-D-glucose-1-P 

in the back reaction.  Of the compounds tested, catalytic activity was observed with D-glycerate 

(3) and D-erythronate.  At a fixed concentration of 4.0 mM D-glycerate, the apparent kinetic 

parameters for α-D-glucose-1-P (2) during the formation of α-(1,2)-D-glucose-D-glycerate are kcat 

= 350 s
-1

, Km = 9.4 mM, and kcat/Km = 3.7 x 10
4 
M

-1 
s

-1
.  In the presence of 10 mM α-D-glucose-1-

P, the Km for D-glycerate was determined to be 4.4 mM.  At a fixed concentration of 10 mM α-D-

glucose-1-P and varying concentrations (0-20 mM) of D-erythronate, the kinetic parameters of 

the enzymatic reactions were kcat = 68 s
-1

, Km = 8 mM, and kcat/Km = 8.5 x 10
3 

M
-1 

s
-1

.  Less than 

5% of this activity was observed with either L-glycerate, D-ribonate, D-allonate or glycerol.  The 

kinetic constants for the reactions catalyzed by YcjM are summarized in Table 2.1. 

Catalytic Activity of YcjU.  Based on the available information from the sequence 

similarity network diagram (Figure 2.3) the proposed catalytic properties of YcjU as a β-

phosphoglucomutase were tested with β-D-glucose-1-P (4) (Scheme 2.1b).  To fully activate 

YcjU by phosphorylation, the enzyme was incubated with 100 µM α-D-glucose-1,6-bisphosphate 

for 15 min prior to the kinetic assays.  In the β-phosphoglucomutase from Lactococcus lactis, the 

addition of α-D-glucose-1,6-bisphosphate to the enzyme facilitates the transfer of the phosphoryl 

group at C6 to Asp-8 in the active site.  The phosphoryl group is subsequently transferred to the 

substrate β-D-glucose-1-P to form the β-D-glucose-1,6-bisphosphate intermediate.
115, 116)

 We 

assume that the activation of YcjU by α-D-glucose-1,6-bisphosphate operates in a similar 

fashion.  The kinetic parameters for the interconversion of β-D-glucose-1-P to D-glucose-6-P are 
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as follows: kcat = 21 s
-1

, Km = 18.5 μM, and kcat/Km = 1.1 x 10
6
 M

-1 
s

-1
.  Substrate inhibition was 

observed at concentrations of β-D-glucose-1-P greater than ~0.2 mM.  When the activity of YcjU 

was tested in the presence of varying concentrations of Mg
2+

 (0 – 10 mM) with 0.1 mM β-D-

glucose-1-P, the activation constant (Kact) for Mg
2+

 was determined to be 135 ± 2 μM.  In the 

absence of added Mg
2+

 the observed catalytic activity was less than 2% of the turnover observed 

in the presence of 2.0 mM Mg
2+

.  YcjU exhibited <1% of the catalytic activity (relative to β-D-

glucose-1-P) with α-D-glucose-1-P.  When YcjU was not phosphorylated with α-D-glucose-1,6-

bisphosphate, less than 5% of the enzyme activity was observed.  In the reverse direction, the 

kinetic parameters for the formation of β-D-glucose-1-P from D-glucose-6-P are as follows: kcat = 

0.5 s
-1

, Km = 1.19 mM, and kcat/Km = 4.2 x 10
2
 M

-1 
s

-1
.  The kinetic constants for the reactions 

catalyzed by YcjU are summarized in Table 2.1.  The equilibrium constant for the YcjU-

catalyzed reaction was calculated to be 47 ± 2 from an integration of the 
31

P NMR resonances for 

β-D-glucose-1-P and D-glucose-6-P when YcjU was added to either substrate and allowed to 

reach equilibrium.  

        The YcjU catalyzed reactions with β-D-allose-1-P, β-D-galactose-1-P, and β-D-mannose-1-P 

are shown in Scheme 2.S5.  In the presence of saturating concentrations of β-D-allose-1-P, β-D-

galactose-1-P, and β-D-mannose-1-P, apparent kcat was calculated to be 10.5 ± 0.2 s
-1

, 0.47 ± 0.09 

s
-1

 and 0.09 ± 0.01 s
-1

 respectively.  The equilibrium constants for the YcjU catalyzed reactions 

with β-D-allose-1-P, β-D-galactose-1-P and β-D-mannose-1-P were 24 ± 3, 29 ± 2 and 30 ± 3 

respectively.   

Catalytic Activity of YcjT.  Based on the reported substrates for the closest functional 

homologs of YcjT from the sequence similarity network presented in Figure 2.4, a broad list of 

potential disaccharides was tested for catalytic activity.  Among all of the disaccharides that were 
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tested for catalytic activity (Scheme 2.S1), YcjT showed phosphorylase activity only with D-

kojibiose (Scheme 2.1c).  The remaining disaccharides were less than 1% as active as D-

kojibiose (6) at a concentration of 1.0 mM.   At a fixed concentration of 5.0 mM phosphate, the 

apparent kinetic parameters for the phosphorolysis of D-kojibiose (0 -15 mM) are as follows: kcat 

= 1.1 s
-1

, Km = 1.05 mM, and kcat/Km = 1.1 x 10
3
 M

-1 
s

-1
.  In the presence of varying 

concentrations of phosphate (0-25 mM) at a fixed concentration of 5.0 mM kojibiose, the Km for 

phosphate was determined to be 3.0 mM. 

To determine the identity of the phosphorylated product from the phosphorolysis of D-

kojibiose, the catalytic activity of YcjT was coupled to either α-phosphoglucomutase or YcjU (β-

PGM) and G6PDH.  Activity was observed only when the product of the reaction was coupled 

with YcjU, indicating that the other product (in addition to D-glucose) is β-D-glucose-1-P.   

The catalytic properties of the reverse reaction were determined by incubating YcjT with 

β-D-glucose-1-P and various monosaccharides (Schemes 2.S2, 2.S3, and 2.S4).   Catalytic 

activity (measured by the formation of phosphate) was observed only with D-glucose, L-sorbose, 

D-sorbitol, L-iditol or 1,5-anhydro-D-glucitol, and the proposed structures of the corresponding 

disaccharides (compounds 6, 9-12) formed in these reactions are shown in Scheme 2.2.  The rate 

constants for the hydrolysis of β-D-glucose-1-P in the absence of an acceptor substrate were 

determined to be kcat = 0.014 s
-1

, Km = 2.01 mM and kcat/Km = 7.0 M
-1

 s
-1

.  At a fixed 

concentration of 8.0 mM β-D-glucose-1-phosphate, the apparent kinetic parameters for the 

formation of D-kojibiose (kcat = 0.8 s
-1

, Km = 1.7 mM, and kcat/Km = 2.6 x 10
2
 M

-1 
s

-1
), α-(1,2)-D-

glucose-anhydro-D-glucitol (12; kcat = 1.05 s
-1

, Km = 6.1 mM, and kcat/Km = 1.7 x 10
2
 M

-1 
s

-1
), α-

(1,5)-D-glucose-L-sorbose (9; kcat = 1.2 s
-1

, Km = 7.9 mM, and kcat/Km = 1.5 x 10
2
 M

-1 
s

-1
), α-(1,2)-

glucose-D-sorbitol (10; kcat = 1.2 s
-1

, Km = 12 mM, and kcat/Km = 1.0 x 10
2
 M

-1
 s

-1
), and α-(1,2)-D-
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glucose-L-iditol (11; kcat = 1.3 s
-1

, Km = 14 mM, and kcat/Km = 92 M
-1 

s
-1

) were determined.  In an 

attempt to determine if YcjT can synthesize higher order oligosaccharides with β-D-glucose-1-P, 

various D-glucose-glucose disaccharides (Scheme 2.S1) were tested.  None of the disaccharides 

showed any significant activity (< 1%) with YcjT when compared to the rate with D-glucose.  

YcjT did not show any phosphate release when β-D-mannose-1-P, β-D-galactose-1-P, and β-D-

allose-1-P were incubated with the enzyme in the presence of D-glucose.  The kinetic constants 

for the reactions catalyzed by YcjT are summarized in Table 2.1. 

 

 

 

Scheme 2.2: Disaccharides formed by the reverse reaction with YcjT and β-D-glucose-1-P. 

 

 

 

 

Growth on Kojibiose.  To determine the ability of kojibiose to function as the sole carbon 

source for E. coli, overnight cultures of various cell lines (BW25113, BW25113 ∆ycjT, 

BW25113 ∆ycjM, and BL21 (DE3) with pET30a (+) containing ycjT) were washed, serial 

diluted, and then plated on minimal media with either D-kojibiose or D-glucose.  Colony forming 

units were observed for all strains on glucose plates with 100 µL of the 10
-6 

dilution culture.  No 
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colonies were observed on any of the plates in the absence of a carbon source (negative 

control).  None of the bacterial strains grew on the plates supplemented with kojibiose.  Of the 

various disaccharides tested as potential carbon sources for BW25113 and BL-21 (DE3), only 

α,α-trehalose and maltose supported growth.  No growth was observed on plates with kojibiose, 

sophorose, laminaribiose, nigerose, cellobiose, isomaltose, gentiobiose or sucrose as the sole 

carbon source.  

Discussion 

There are numerous enzymes that are responsible for the construction and disassembly of 

complex carbohydrate structures. Given the vast diversity in carbohydrate structures and the 

specificity of enzymes for their respective substrates, characterization of these enzymes has been 

challenging.
33

  Glycoside phosphorylases have garnered interest from the biotechnology industry 

because of their potential in synthesizing unusual glycosides that have commercial applications 

in the cosmetic industry, and as food additives.
117-120

  Genomic analysis of bacteria that inhabit 

the human gut show that numerous enzymes are annotated as carbohydrate-active enzymes but a 

large fraction of these proteins have not been experimentally interrogated.
121

  Here we describe 

our efforts to characterize three enzymes (YcjM, YcjT, and YcjU) from a putative carbohydrate 

metabolic pathway that is present in a variety of Gram-negative bacteria in the human gut, 

including various strains of E. coli.   
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Table 2.1:  Apparent kinetic constants for YcjM, YcjT, and YcjU at 30 
o
C. 

enzyme varied substrate fixed substrate kcat (s
-1

) Km (mM) kcat/Km (M
-1 

s
-1

) 

YcjM 
α-(1,2)-D-glucose-

D-glycerate 

phosphate 

(20 mM) 
2.1 ± 0.2 

0.069 ±  

0.002 
(3.1 ± 0.1) x 10

4
 

YcjM phosphate 

α-(1,2)-D-

glucose-D-

glycerate 

(1 mM) 

2.4 ± 0.4 2.2 ± 0.5 (1.1 ± 0.2) x 10
3
 

YcjM α-D-glucose-1-P D-glycerate 

(4 mM) 

350 ± 2 9.4 ± 1.4 (3.7 ± 0.3) x 10
4
 

YcjM D-glycerate α-D-glucose-1-P 

(10 mM) 

295 ± 4 4.4 ± 0.5 (6.7 ± 0.5) x 10
4
 

YcjM α-D-glucose-1-P H2O 2.4 ± 0.3 15.2 ± 0.1 (1.6 ± 0.1) x 10
2
 

YcjM D-erythronate 
α-D-glucose-1-P 

(10 mM) 
68 ± 1 8 ± 2 (8.5 ± 0.5) x 10

3
 

YcjT kojibiose 
phosphate 

(5 mM) 
1.1 ± 0.1 1.05 ± 0.03 (1.1 ± 0.1) x 10

3
 

YcjT phosphate kojibiose 

(5 mM) 

0.8 ± 0.1 3.0 ± 0.2 (2.7 ± 0.3) x 10
2
 

YcjT β-D-glucose-1-P H2O 
0.014 ±  

0.001 
2.01 ± 0.31 7.0 ± 0.1 

YcjT D-glucose 
β-D-glucose-1-P 

(8 mM) 
0.8 ± 0.1 1.7 ± 0.2 (2.6 ± 0.1) x 10

2
 

YcjT L-sorbose 
β-D-glucose-1-P 

(8 mM) 
1.2 ± 0.5 7.9 ± 1.0 (1.5 ± 0.7) x 10

2
 

YcjT L-iditol 
β-D-glucose-1-P 

(8 mM) 
1.3 ± 0.4 14.0 ± 1.0 92 ± 1 

YcjT D-sorbitol 
β-D-glucose-1-P 

(8 mM) 
1.2 ± 0.3 12.0 ± 1.0 (1.0 ± 0.1) x 10

2
 

YcjT 
1,5-anhydro-D-

glucitol 

β-D-glucose-1-P 

(8 mM) 
1.05 ± 0.03 6.1 ± 0.4 (1.7 ± 0.5) x 10

2
 

YcjU β-D-glucose-1-P --- 21 ± 1 
0.018 ±  

0.001 
(1.1 ± 0.1) x 10

6
 

YcjU D-glucose-6-P --- 0.5 ± 0.1 1.19 ± 0.04 (4.2 ± 0.1) x 10
2
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Functional Characterization of YcjM, a D-Glucose-D-Glycerate Phosphorylase.   YcjM 

belongs to cog0366 and shares 46% identity with glucose-glycerate phosphorylase from 

Meiothermus silvanus, and 27% identity with sucrose phosphorylase from Bifidobacterium 

adolescentis (PDB: 1R7A) and amylosucrase from Neisseria polysaccharea (PDB: 1JGI).
98-100

  

All four enzymes belong to the retaining glycoside hydrolase family 13 (GH13), also known as 

the α-amylase family, according to the CAZy database.
122

  Members of this enzyme family 

catalyze reactions through a double displacement mechanism that proceeds though a covalent 

glucose-enzyme intermediate and involves a nucleophilic aspartate residue and a glutamate 

residue which acts as a proton donor.
123

 

A homology model of YcjM was built using Phyre2 

(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) with sucrose phosphorylase (PDB 

id: 2GDU) as the template.  A structural comparison between sucrose phosphorylase (PDB id: 

2GDU), amylosucrase (PDB id: 1JGI) and the YcjM model was assessed using Pymol.  

Homology modeling of D-glucose-D-glycerate phosphorylase from M. silvanus, also built with 

sucrose phosphorylase as the structural template, followed by docking of α-(1,2)-D-glucose-D-

glycerate into the active site showed that Asn275 and Glu383 appeared to be positioned to 

interact productively with D-glycerate.
98) 

Both of the homologous residues in YcjM (Asn273 and 

Glu382) are conserved (Figure 2.S1).  In the YcjM model, the docked α-(1,2)-D-glucose-D-

glycerate superimposes well with the bound sucrose when overlaid with the sucrose 

phosphorylase structure (PDB id: 2GDU) from B. adolescentis.  The catalytic residues, Asp229 

and Glu271, are 4.4 Å and 4.3 Å from the anomeric carbon, respectively.  Based on this model, 

Arg443 can potentially interact with the carboxylate group of α-(1,2)-D-glucose-D-glycerate.  
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There are two other arginine residues in the vicinity (Arg171 and Arg378) that can potentially 

move in closer to the bound substrate to provide additional electrostatic interactions.  

α-(1,2)-D-Glucose-D-glycerate, once considered a rare osmoprotectant, is now known to 

accumulate under conditions of salt stress and nitrogen scarcity in enterobacteria, marine 

cyanobacteria, and halophilic methanogens.
124-127

  Two species of Streptococcus have been 

reported to accumulate D-glucose-D-glycerate, along with trehalose.
128, 129

  Streptomyces 

caelestis is also known to excrete D-glucose-D-glycerate into the medium.
128

  Glucose-D-

glycerate was first identified in the 1960s as part of the reducing ends of the methylglucose 

lipopolysaccharide (MGLP) in Mycobacterium phlei.
130

 

There are two common pathways for the biosynthesis of D-glucose-D-glycerate.  The first 

one involves a two-step biosynthetic route using glucose-3-phosphoglycerate synthase and 

glucose-3-phosphoglycerate phosphatase.
131

  The physiological role of MGLP in the formation 

of mycolic acids has been suggested and since the deletion of glucose-3-phosphoglycerate 

synthase was shown to affect the biosynthesis of MGLP, it is considered as a potential anti-

tuberculosis drug target.
132, 133

   The second route is catalyzed by glucose-glycerate synthase 

which converts D-glycerate and ADP-glucose to D-glucose-D-glycerate and ADP.
134

 

Functional Characterization of YcjT, a Kojibiose Phosphorylase.  Kojibiose 

phosphorylase belongs to the inverting glycoside hydrolase family 65 (GH65), which also 

includes trehalose phosphorylase and maltose phosphorylase.
135

  The product of this reaction is 

β-D-glucose-1-P, which is the apparent substrate for the next enzyme in the pathway, YcjU.  

YcjT, which belongs to cog1554, shares 30% sequence identity with orthologs from 

Thermoanaerobacter brockii, Caldicellulosiruptor saccharolyticus, and an archaea, Pyrococcus 

sp.
105, 106, 136

  Kojibiose phosphorylases have previously been shown to transfer β-glucose-1-P to 
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alternative acceptor substrates, apart from glucose.  Our studies showed that among the 

monosaccharides tested in presence of β-D-glucose-1-P, only 1,5-anhydro-D-glucitol, L-sorbose, 

D-sorbitol or L-iditol can function as alternative substrates in the back reaction.  The formation of 

a disaccharide with L-sorbose, D-sorbitol, glycerol, and myo-inositol has been reported 

previously with kojibiose phosphorylase from T. brockii.
105, 137

  As the stereochemistry of the 

hydroxyl groups at C5, C4, and C3 of L-sorbose correspond to the hydroxyl groups at C2, C3, 

and C4 of D-glucose, the glycoside bond of the D-glucose-L-sorbose disaccharide is 1,5 rather 

than 1,2.  YcjT did not exhibit significant catalytic activity for the formation of larger 

oligosaccharides when incubated with β-D-glucose-1-P and kojibiose.  On the contrary, the 

kojibiose phosphorylase from C. saccharolyticus prefers kojitriose as an acceptor relative to 

kojibiose.
106

 

Based on the multiple sequence alignment (Figure 2.S2) between YcjT, and kojibiose 

phosphorylases from C. saccharolyticus (PDB id: 3WIQ), T. brockii, and P. horikoshii, the 

residues involved in the binding of kojibiose (Tyr327, Asp334, Trp333, Trp381, Glu382, 

Lys573, Gln574, Ser608, and Ser609) are conserved with the exception of the presence of serine 

(Ser409) in YcjT as compared to threonine in kojibiose phosphorylases from the other three 

organisms.
138

  The proposed general acid residue, Glu473 is also conserved in YcjT.  

Attempts to grow BW25113, and deletions strains of ΔycjT and ΔycjM on kojibiose were 

unsuccessful.  BL-21 (DE3) with a YcjT overexpression plasmid also failed to grow on kojibiose 

in the presence of 0.5 mM IPTG.  This result suggests that kojibiose is probably not transported 

inside the cells.  It appears that the ycj pathway, in addition to the putative ABC-type transporter 

complex (YcjNOP), has OmpG, which is a large, monomeric porin protein (PDB id: 2IWW) and 

is believed to be involved in the unspecific uptake of oligosaccharides.
139

  All attempts to express 
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this protein under laboratory conditions have been unsuccessful.
140 

Our experiments indicate that 

kojibiose is most likely not the inducer for the ycj pathway.  

Functional Characterization of YcjU, a β-Phosphoglucomutase.  An InterPro search with 

the protein sequence shows that YcjU belongs to the HAD hydrolase superfamily, subfamily IA 

and cog0637.   In E. coli, the source of α-glucose-1-phosphate is primarily from the breakdown 

of glycogen by glycogen phosphorylase.
141 

The catalytic activity of kojibiose phosphorylase 

releases β-glucose-1-P in E .coli, which is a substrate for YcjU.  The catalytic efficiencies of β-

phosphoglucomutase (β-PGM) from Lactococcus lactis and YcjU are comparable.
142 

The two 

enzymes share 44% identity and a comparison of their structures L. lactis β-PGM (PDB id: 

1LVH) and E. coli YcjU (PDB id: 4G9B) show that the active site residues are mostly 

conserved.  YcjU exhibits catalytic activity with β-D-mannose-1-P, β-D-allose-1-P and β-D-

galactose-1-P to form the corresponding sugar-6-P product.  This activity has not previously 

been reported before, but these β-sugar-1-P products are not substrates for the back reaction 

catalyzed by YcjT as a replacement for β-D-glucose-1-P.  A derivative of E. coli K-12 with a 

mutation in ycjU has been reported to be UV-radiation sensitive showing that this enzyme may 

have other physiological roles in facilitating survival of E. coli cells against agents that damage 

DNA.
143

 

 The gene cluster responsible for the metabolism of kojibiose in C. saccharolyticus, T. 

brockii, and Pyrococcus sp. consists of genes encoding for sugar transport proteins, a 

transcription regulator, kojibiose phosphorylase, β-phosphoglucomutase and an additional 

phosphorylase, which also belongs to cog1554.  The ycj gene cluster in E. coli, and in other 

organisms where this pathway is conserved, has a few additional genes that encode for proteins 

with the following putative functions: YcjQ and YcjS are NAD
+
-dependent sugar 
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dehydrogenases, YcjR, an epimerase/isomerase, and OmpG, a porin.
144 

This observation 

indicates that the fate of the breakdown products of kojibiose in these organisms might be 

different from that of C. saccharolyticus, T. brockii, and Pyrococcus spp.  

Kojibiose is a rare sugar, which is present in low levels in sake and koji extracts, honey, 

and beer.
145-147 

In the human gut, kojibiose is also found as part of the ‘intracellular’ teichoic 

acids in Gram-positive bacteria such as Streptococci.
148 

Studies have uncovered that these 

teichoic acids may have a role to play in conferring resistance to β-lactams in Methicillin-

resistant Staphylococcus aureus (MRSA) and the biogenesis now serves as a target for drug 

design.
149 

Kojibiose has recently gained commercial interest as a potential low calorie sweetener 

because α-(1,2)-glycosidic bonds are apparently resistant to breakdown by enzymes in the 

digestive tract.
150-153 

Moreover, kojibiose has a prebiotic effect on beneficial colonic bacterial 

species such as Bifidobacterium and Lactobacillus in the gut with a high prebiotic index of 22 

making it an ideal candidate for an alternate sugar substitute.
150, 153, 154 

Additionally, kojibiose has 

shown inhibitory effects on α-glucosidase I in rat liver microsomes, yeast microsomal extracts, 

and bovine mammary glands.
155-157 

This observation has unveiled the potential for using this 

disaccharide as part of the pseudo disaccharide class of drugs that targets human 

immunodeficiency virus (HIV) as well as inhibiting intestinal α-glucosidases as a potential 

treatment for diabetes mellitus.
150, 158
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Supplementary Information 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.S1: Structures of disaccharides tested as substrates for YcjM and YcjT. 
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Scheme 2.S2: Structure of aldohexoses, aldopentoses, and ketohexoses tested as substrates for 

YcjM and YcjT. 
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Scheme 2.S3: Structures of 6-deoxyaldoses, ketopentoses, sugar carboxylates and sugar alcohols 

tested as substrates for YcjM and YcjT. 
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Scheme 2.S4: Structures of deoxy-D-glucose variants and inositols tested as substrates for YcjT. 
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Scheme 2.S5: Reactions catalyzed by YcjU. 
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Figure 2.S1: Homology model of YcjM built using Phyre2. The α-(1,2)-D-glucose-D-glycerate 

was docked in the active using AutoDock Vina.  The YcjM model is superimposed with sucrose 

phosphorylase structure from B. adolescentis (2GDU). The bound sucrose is shown in red. In the 

YcjM model, α-(1,2)-D-glucose-D-glycerate is shown in grey and the residues are shown in 

green.  
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Figure 2.S2: Multiple sequence alignment of YcjT, and kojibiose phosphorylases from Pyrococcus 

horikoshii (PsKP), Caldicellulosiruptor saccharolyticus (CsKP), and Thermoanaerobacter brockii 

(TbKP) created using Clustal omega.  The residues interacting with kojibiose, as observed in the CsKP 

structure (2IWW), are conserved in YcjT. These residues are indicated in pink. YcjT has Ser 409 in place 

of conserved Thr residues as indicated in blue. The catalytic glutamate residue is shown in green.  
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CHAPTER III  

FUNCTIONAL CHARACTERIZATION OF YCJ QRS FROM A POTENTIAL 

CATABOLIC PATHWAY OF AN UNKNOWN SUGAR IN THE GUT 

 

We are colonized by billions of microorganisms since birth.
97

  Apart from the protective 

effect the gut microbes exert by preventing colonization by pathogens, microbiota serve many 

important functions in nutrient and drug metabolism, as well as modulation of the gut immune 

system.
9, 22, 159

  Imbalances in the bacterial composition (or dysbiosis) in the gut can be linked to 

a number of diseases such as obesity, diabetes, and cancer.
10, 93, 160

  Recent studies have also 

linked Alzheimer’s disease, Parkinson’s disorder, and psychiatric illnesses to microbial 

dysbiosis.
161-163

  With improved understanding of the human microbiome and the substantial 

reduction in the cost of whole genome sequencing, analysis of individual microbiomes may 

eventually be introduced as a routine diagnostic tool to test for wellness.  This may lead to 

adopting a more personalized approach when dealing with chronic diseases as well as 

advancements in precision medicine.
164-166

  

There has been a marked increase in the interest the gut microbiota due, in part, to the 

technological advancements in DNA sequencing and in gnotobiotics.
96, 167, 168

  A study by Qin et. 

al, found that there are an estimated 3.3 million genes present in our gut metagenome, compared 

to the 23,000 protein-coding genes in humans. Broadly classified, the genes in the metagenome 

serve either bacterial housekeeping functions or have roles specific to the survival of the bacteria 

in the gut.
64

 One of the most obvious functions required for their survival is aiding in the 

absorption and metabolism of macromolecules.   The microbial ‘glycobiome’ contains a large 

number of genes that facilitate in the degradation of complex carbohydrates, which are derived 
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either from the host diet or from the lining of the intestine.
26, 169, 170

  However, functional 

annotation of these genes has not kept pace with the genome sequencing efforts.  

A cluster of 12 genes (ycjM-W and ompG) that is likely responsible for the catabolism of 

unknown carbohydrates was identified in Escherichia coli K-12 and is shown in Figure 3.1.  Our 

previous investigation of this gene cluster indicated that YcjT is a kojibiose phosphorylase, 

which catalyzes the phosphorolysis of kojibiose, (α-(1,2)-D-glucose-D-glucose), to D-glucose and 

β-D-glucose-1-phosphate.
171

  It was also shown that in the back reaction, YcjT will accept other 

substrates in place of D-glucose, to form disaccharides containing L-sorbose, D-sorbitol, L-iditol, 

or 1,5-anhydro-D-glucitol coupled with D-glucose.  YcjU is a β-phosphoglucomutase, which 

converts β-D-glucose-1-phosphate to D-glucose-6-phosphate.  The enzyme was also shown to 

form the corresponding sugar-6-P products in the presence of β-D-allose-1-P, β-D-galactose-1-P, 

and β-D-mannose-1-P.
171

  YcjM was determined to be a α-D-glucosyl-2-glycerate phosphorylase 

that catalyzes the formation of D-glycerate and α-D-glucose-1-phosphate from α-(1,2)-D-glucose-

D-glycerate and phosphate.
171

   

The ycj operon also encodes putative sugar transport components (YcjN, YcjO, YcjP, 

YcjV, and OmpG), two NAD-dependent sugar dehydrogenases (YcjS and YcjQ), a predicted 

sugar isomerase/epimerase, YcjR, and YcjW, annotated as a LacI type repressor.  This putative 

carbohydrate metabolic pathway is also conserved in a number of other Gram-negative bacteria 

that are found in the human gut including, Salmonella enterica, Shigella dysenteriae, Erwinia 

tasmaniensis, and Citrobacter rodentium, among others (www.microbesonline.org).  In this 

paper we describe our attempts to functionally characterize the two NAD-dependent sugar 

dehydrogenases (YcjS and YcjQ), and the putative isomerase/epimerase, YcjR. 
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Figure 3.1: The ycj gene cluster in Escherichia coli.  The proteins encoded by this cluster 

include two polysaccharide hydrolases/phosphorylases (YcjM and YcjT), five sugar transporters 

(YcjN, YcjO, YcjP, YcjV, and OmpG, a porin), two NAD-dependent dehydrogenases (YcjQ and 

YcjS), a putative isomerase/epimerase (YcjR), a β- phosphoglucomutase (YcjU, and a LacI-type 

repressor (YcjW).  

 

 

Materials and Methods 

Materials. The restriction endonucleases, pfu turbo polymerase, and T4 DNA ligase used 

in the cloning of ycjQ, ycjR, and ycjS were purchased from New England Biolabs.  The PCR 

cleanup and gel extraction kits were bought from Qiagen.  The plasmid miniprep kit, buffers, 

phenylmethylsulfonyl fluoride (PMSF), DNase I, and Chelex
®
 resin were obtained from Sigma-

Aldrich. Isopropyl-β-D-thiogalactopyranoside (IPTG), nicotinamide adenine dinucleotide 

(NAD), nicotinamide adenine dinucleotide reduced (NADH), nicotinamide adenine dinucleotide 

phosphate (NADP), and nicotinamide adenine dinucleotide phosphate reduced (NADPH) were 

purchased from Research Products International Corporation. Selenomethione was obtained from 

TCI America.  All isotopically-labeled derivatives of D-glucose and D-gulose were purchased 

from Omicron Biochemicals.  The carbohydrates used as potential substrates for YcjS and YcjQ 

were obtained from Carbosynth, with the exception of methyl-α-D-glucopyranoside and methyl-

β-D-glucopyranoside, which were purchased from Sigma Aldrich.  

ycjM ycjN ycjO ycjP ycjQ ycjR ycjS ycjT ycjU ycjV ompG ycjW 
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Synthesis of Substrates for YcjS and YcjQ.  Methyl-D-[3-
13

C] glucopyranoside and 

methyl-β-D-gulopyranoside were synthesized from D-[3-
13

C] glucose and D-gulose, respectively, 

by modification of a previously published procedure.
172

  α-(1,2)-D-glucose-D-glycerate and 3-

keto-D-glucose were synthesized as described previously.
108, 173, 174

 

Construction of Sequence Similarity Networks.  Cytoscape (www.cytoscape.org) was 

used to generate the sequence similarity networks.  Sequences listed under cog0673 (YcjS), 

cog1063 (YcjQ), or cog1082 (YcjR) were downloaded as FASTA files from the NCBI database.  

These files were then uploaded to the Enzyme Function Initiative (EFI) enzyme similarity tool 

website (https://efi.igb.illinois.edu/efi-est/).  The data sets generated were analyzed under an 

organic layout on Cytoscape.
74

  

Cloning of ycjS from E. coli K-12.  The DNA corresponding to ycjS (gi|16129276; 

Uniprot P77503) was amplified from Escherichia coli K-12 MG1655 genomic DNA using the 

following pair of primers: 

5′-ACCGTGAATTCATGAAAATCGGCACACAGAATCAGGCG-3′ 

5′-AATCCAAGCTTTTAGCAGGTACGCAACCAGGC-3′ 

The gene was cloned into pET30a (+) by digestion with EcoRI and HindIII restriction enzymes 

followed by ligation with T4 DNA ligase to create the recombinant plasmid, which was verified 

by sequencing.  Cloning was carried out to facilitate a His6-tag at the amino-terminus of the 

recombinant protein.  BL-21 (DE3) cells were transformed with plasmid containing ycjS and 

plated on LB agar supplemented with 50 μg/mL kanamycin. 

Expression and Purification of YcjS.  A 15-mL culture from a single colony of BL-21 

(DE3) was used to inoculate three 1 L cultures of LB with 50 μg/mL kanamycin in 2.8-L 

Fernbach flasks.  The flasks were incubated at 37 
o
C with shaking at 150 rpm until the OD600 

https://efi.igb.illinois.edu/efi-est/
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reached ~0.6.  IPTG was added to a final concentration of 0.5 mM to induce protein 

overexpression.  The cell cultures were allowed to grow overnight at 25 
o
C.  The cells were 

harvested by centrifugation at 11,000 g for 15 min, and the pellet was stored at -80 
o
C until 

needed.  

The frozen cell pellet was suspended in 50 mM HEPES/K
+
, 100 mM KCl, 10 mM 

imidazole, pH 8.0.  Prior to sonication, 0.4 mg/mL of DNase I and 0.1 mg/mL of PMSF were 

added to the cell lysate.  Following sonication, the cell debris was removed by centrifugation at 

12,000 g for 15 min and the supernatant fluid containing the crude protein was passed through a 

0.45 μm filter before being loaded onto a 5-mL HisTrap column.  The protein was eluted from 

the column by applying a linear gradient of (0 – 0.5 M) imidazole in 50 mM HEPES/K
+
, 100 

mM KCl, pH 8.0.  Individual fractions were analyzed by SDS-PAGE, combined, and dialyzed 

against 50 mM HEPES/K
+
, 100 mM KCl, pH 8.0.  Aliquots were flash-frozen and stored at -80 

o
C.  Protein concentration was determined spectrophotometrically at 280 nm using an extinction 

coefficient of 38,900 M
-1

 cm
-1

 and molecular weight of 43 kDa that includes the 5-kDa linker 

between the His-tag and the protein (https://web.expasy.org/protparam/).  Typical yield of 

purified YcjS was ~10 mg of protein from 1.0 L of cell culture.  

Cloning of ycjQ from E. coli K12.  The following set of primers was used to amplify ycjQ 

(gi| 16129274; UniProt: P76043) from the E. coli K-12 genomic DNA:  

5′-ACCGTGAATTCATGAAAAAGTTAGTAGCCACAGCACCGC-3′ 

5′-AATCCAAGCTTTTAAAACGTAACGCCCATTTTGATGCTCTGTTCCG-3′ 

 

The gene was cloned with a His6-tag at the N-terminal end. The amplified gene and pET30 a(+) 

vector were digested with EcoRI and HindIII and ligated with T4 DNA ligase to create the 
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recombinant plasmid.  The DNA sequence of the inserted gene in was verified by sequencing.  E. 

coli BL-21 (DE3) cells were transformed with the plasmid by electroporation and plated on LB 

agar that contained 50 μg/mL kanamycin.   

Expression and Purification of YcjQ.  A 10-mL culture of LB, started from a single BL-

21 (DE3) colony, was grown overnight at 37 °C.  This sample used to inoculate two 1 L cultures 

of LB media supplemented with 50 μg/mL kanamycin and 1.0 mM ZnCl2 in 2.8-L Fernbach 

flasks.  The cultures were allowed to grow at 37 °C until the OD600 reached ~0.6.  The 

expression of protein was induced with 0.5 mM IPTG and the cell cultures were allowed to grow 

overnight at 25 °C.  The following day the cells were harvested by centrifugation at 11,000 g for 

12 min.  The cell pellet was stored at -80 °C until needed.  

The frozen cell paste was thawed and suspended in 50 mM HEPES/K
+
, 200 mM KCl, 15 

mM imidazole, pH 8.0 (binding buffer).  DNase (0.4 mg/mL) and PMSF (0.1 mg/mL) were 

added to the mixture and left to stir for 15 min at 4 °C.  The cells were lysed using a Branson 

Sonifier 450 for three 4-min intervals at 50% output.  After sonication, the cell debris was 

separated from the supernatant fluid by centrifugation at 12,000 g for 20 min.  The supernatant 

solution was passed through a 0.45 µm filter and loaded onto a HisTrap column, which had been 

equilibrated with binding buffer.  The bound protein was then eluted from the column by 

applying a linear gradient of elution buffer (50 mM HEPES/K
+
, 200 mM KCl, 0.5 M imidazole, 

pH 8.0).  The fractions were analyzed by SDS-PAGE, pooled, and the imidazole was removed 

by dialyzing against 50 mM HEPES/K
+
, 100 mM KCl, pH 8.0.  Following dialysis, the protein 

was concentrated using Vivaspin protein concentrators, aliquoted into smaller volumes, flash 

frozen, and stored at -80 °C.  The protein concentration was determined spectrophotometrically 
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at 280 nm using an extinction coefficient of 40,400 M
-1 

cm
-1

 and molecular weight of 38.2 kDa, 

which includes the 5-kDa linker between the His-tag and the protein. 

Characterization of Dehydrogenase Activities of YcjS and YcjQ.  All kinetic assays were 

conducted at 30 °C.  A library of sugars (Schemes 3.S1 and 3.S2) was tested as potential 

substrates for YcjS and YcjQ.  The assays contained 2.0 mM substrate, 1.0 mM NAD, 0.5 µM 

YcjS or YcjQ in 50 mM CHES/K
+
, 100 mM KCl, pH 9.5.  The increase in absorbance was 

monitored at 340 nm (Δε = 6,220 M
-1 

cm
-1

).  The kinetic constants for the oxidation of D-glucose 

by YcjS were measured with varying concentrations (0 - 30 mM) of the substrate, 2.0 mM NAD, 

and 0.1 µM YcjS in 50 mM CHES/K
+
, 100 mM KCl, pH 9.5.  Steady state kinetics with α-

methyl-D-glucopyranoside (0 – 20 mM) and β-methyl-D-glucopyranoside (0 – 30 mM) were 

carried with 2.0 mM NAD+ and 0.5 µM YcjS. Kinetic constants with two other substrates 1,5-

anhydro-D-glucitol (0 – 20 mM) and α-(1,2)-D-glucose-D-glycerate (0 – 5 mM) were 

determined in reactions containing 2.0 mM NAD+ and 2.0 µM and 0.5 µM respectively.  Kinetic 

parameters for the reduction of 3-keto-D-glucose were conducted in 50 mM cacodylate/K
+
, pH 

6.5, in assays containing varying concentration (0-10 mM) of 3-keto-D-glucose, 250 µM NADH, 

and 0.1 µM YcjS.  Kinetic constants for the oxidation of YcjQ were measured by varying (0 – 25 

mM) D-gulose, 2.0 mM NAD+, and 0.05 µM YcjQ in 50 mM CHES/K
+
, 100 mM KCl, pH 9.5.  

The reactions to determine kinetic parameters with β-methyl-D-gulopyranoside contained 

varying substrate (0 – 40 mM), 4.0 mM NAD+, 2.0 µM YcjQ in 50 mM CHES/K
+
, 100 mM 

KCl, pH 9.5. 

Assays for Formate.  The NAD-dependent formate dehydrogenase (FDH) catalyzes the 

oxidation of formate to carbon dioxide.  The combined assays with FDH and YcjS initially 

contained 130 μM D-glucose, 4 mM NAD, and 2.0 μM YcjS in 50 mM CHES/K
+
, pH 9.5, at 30 
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ᵒC.  The formation of NADH was monitored at 340 nm (∆Ɛ = 6220 M 
-1

 cm 
-1

).  The enzymatic 

reaction was allowed to proceed until there was no further increase in the absorbance at 340 nm.  

A total of 2 U of FDH was added and the reaction was monitored at 340 nm for 90 min.  In a 

complementary assay 250 μM glucose, 4 mM NAD, 1 μM YcjS and 3 U FDH was incubated 

with 50 mM CHES/K+, pH 9.5, in a volume of 1.0 mL and the change in absorbance was 

monitored at 340 nm.  Formate dehydrogenase was also used to quantify the amount of formate 

released from the YcjQ-catalyzed reaction with D-gulose. The reactions contained 150 µM D-

gulose, 4 mM NAD, and 2.0 μM YcjQ in 50 mM CHES/K
+
, pH 9.5, at 30 ᵒC.  The formation of 

NADH was monitored at 340 nm.  The enzymatic reaction was allowed to proceed until there 

was no further increase in the absorbance at 340 nm.  A total of 3 U of FDH was added and the 

reaction was monitored at 340 nm for 90 min. 

NMR and Mass Spectrometry.  LC-MS experiments, carried out to determine the specific 

carbon that is oxidized by YcjS contained the following: 250 µM of the deuterium labeled (at C-

1, C-2, C-3, C-4 or C-6) D-glucose, 2.0 mM NAD, 1.7 µM YcjS in 50 mM CHES/K
+
, pH 9.5.  

The reactions were incubated for 6 h at 30 °C, and the enzyme was removed using the Vivaspin 

protein filters.  The NADH was isolated using reverse phase chromatography and electrospray 

ionization in the positive mode combined with tandem mass spectrometry was used to identify 

the mass of the NADH produced during the oxidation of D-glucose.  LC-MS was performed 

using an Agilent 1260 HPLC system connected to a MicroToF-QII mass spectrometer (Bruker 

Daltonics).  Separation was carried out on a C-18 column (3.0 cm x 100 mm, 2.7 µm particles).  

Buffers A (5 mM ammonium acetate, pH 6.6) and B (75% methanol and 25% H2O) were used 

for liquid chromatography. 
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13
C-NMR experiments were utilized to determine the product of the YcjS-catalyzed 

oxidation of D-glucose.  The reaction contained 1.0 mM D-[UL-
13

C6] glucose, 3.0 mM NAD, 5.0 

μM YcjS in 50 mM pyrophosphate buffer, pH 9.5.  Similar reactions were also carried out with 

D-glucose containing a 
13

C-label at positions C-1, C-2, C-3, C-4, C-5 or C-6.  The formation of 

the oxidized product from 
13

C-labeled D-glucose were also carried out in reactions that contained 

1.0 mM D-[1-
13

C] glucose, 1.0 mM D-[3-
13

C] glucose, 300 µM NAD, 20 mM sodium pyruvate, 

40 U lactate dehydrogenase, and 10 µM YcjS in 50 mM cacodylate/K
+
, pH 6.5.  

13
C-NMR 

experiments with enzymatic reactions containing methyl-D-[3-
13

C] glucopyranoside as the 

substrate contained 2.0 mM methyl-D-[3-
13

C] glucopyranoside, 300 µM NAD, 5.0 µM YcjS, 20 

mM sodium pyruvate, and 40 U lactate dehydrogenase in 50 mM ammonium bicarbonate/K
+
, pH 

8.0  

13
C-NMR experiments with YcjQ and D-[UL-

13
C6] gulose contained 1.0 mM labeled 

substrate, 3.0 mM NAD, 5.0 μM YcjQ in 50 mM pyrophosphate buffer, pH 9.5.  In an attempt to 

determine the product of the YcjQ reaction, 
13

C-NMR experiments were conducted with methyl-

β-D-gulopyranoside.  These reactions contained 10 mM methyl-β-D-gulopyranoside, 300 μM 

NAD, 20 μM YcjQ, 20 mM sodium pyruvate, and 40 U lactate dehydrogenase in 50 mM 

ammonium bicarbonate/K
+
, pH 8.0.  

Determination of Absorbance at 310 nm. An absorbance at 310 nm has been reported to 

be indicative of a 3-keto-D-glucose product.
175

  To determine if YcjS catalyzed reaction with D-

glucose showed absorbance at 310 nm an assay was carried out with the following: 1.0 mM D-

glucose, 0.5 µM YcjS, 0.5 mM NAD
+
, 10 mM sodium pyruvate, 20 U LDH in 50 mM 

CHES/K+, 100 mM KCl, pH 9.5.  The reaction was monitored at 340 nm as well as 310 nm for 

3.0 h.  The same reaction was also carried out at pH 8.5 (50 mM HEPES/K
+
, 100 mM KCl).   
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The YcjQ reaction with D-gulose was also carried out under similar conditions to look for the 

absorbance at 310 nm.  

Determination of Kinetic Constants.  SigmaPlot 11.0 was used to fit the initial velocity 

data to Eq. 1 to determine the kinetic constants where v is the velocity, Et is the enzyme 

concentration, kcat is the turnover number, A is the substrate concentration, and Km is the 

Michaelis constant. 

v /Et = kcat A/ (Km + A)                                                            (1) 

Cloning of ycjR from E. coli K12.  The gene corresponding to ycjR (gi|90111248; UniProt 

P76044) was amplified from E. coli K-12 genomic DNA with the following primer pair: 

5′-ACCGTGAATTCATGAAAATCGGCACACAGAATCAGGCG-3′ 

5′-AATCCAAGCTTTTAGCAGGTACGCAACCAGGC-3′ 

The vector pET30a(+) and the amplified gene were digested with EcoRI and HindIII restriction 

enzymes and ligated together with T4 DNA ligase to create the recombinant plasmid.  The ycjR 

gene was cloned with an N-terminal His6 tag.  Following verification by DNA sequencing, BL-

21 (DE3) cells were transformed with the plasmid and plated on LB agar with 50 μg/mL 

kanamycin.   

Expression and Purification of YcjR.  A single colony was used to start a 10- mL culture 

of LB supplemented with 50 μg/mL kanamycin and allowed to grow overnight at 37 ᵒC.  The 10-

mL LB culture was used to inoculate two 1 L cultures of LB in 2.8-L Fernbach flasks.  To each 1 

L LB culture, 50 μg/mL kanamycin and 1.0 mM MnCl2 was added.  The cultures were allowed 

to grow at 37 ᵒC until the OD600 reached ~0.6, 1.0 mM IPTG was added to induce protein 
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expression, and then growth was resumed at 25 ᵒC overnight.  The cells were harvested by 

centrifugation at 11,000 g for 12 min.  The cell paste was stored at -80 ᵒC until needed.  

The frozen cell pellet was thawed and re-suspended in binding buffer that contained 20 

mM HEPES/K
+
, 200 mM KCl, 20 mM imidazole, pH 8.0.  Before sonication 0.1 mg/mL PMSF 

and 0.4 mg/mL DNase I were added to the cell suspension and stirred for 10 min at 4 ᵒC.  The 

cells were lysed using a Branson Sonifier 450 for four 5-minute intervals at 50% output.  The 

cell suspension was clarified by centrifugation at 12,000 g for 20 min.  The supernatant was 

passed through a 0.45 μm filter and loaded on a 5-mL HisTrap column, which was previously 

equilibrated with binding buffer.  The protein of interest was eluted from the column using a 

linear gradient of the elution buffer, which contained 20 mM HEPES/K
+
, 200 mM KCl, 0.5 M 

imidazole, pH 8.0.  Based on SDS PAGE, the isolated protein was >95% pure.  The appropriate 

fractions were pooled and concentrated.  To remove imidazole, the concentrated protein was 

passed through a PD-10 column, which had been previously equilibrated with 20 mM 

HEPES/K
+
, pH 8.0.  Protein concentration was determined spectrophotometrically at 280 nm 

using an extinction coefficient of 33,000 M
-1 

cm
-1

 and a molecular weight of 29.8 kDa, which 

includes the 5-kDa linker region between the protein and the His-tag 

(https://web.expasy.org/protparam/).  The collected fractions were pooled, flash frozen, and 

stored at -80 ᵒC.  Typical yield for this protein was ~60 mg of protein per liter of cell culture.  

Metal Content Analysis. The metal content of YcjQ and YcjR was determined using a 

Perkin-Elmer DRCII inductively coupled plasma mass spectrometer (ICP-MS).  Samples for 

ICP-MS were digested with ≥69% (v/v) nitric acid, to prevent precipitation of proteins during 

measurement, and refluxed for 30 min.  The samples were then diluted with deionized water to 

ensure a final concentration of ~1.0 µM protein and 1% (v/v) nitric acid.   
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Expression and Purification of YcjR Enriched with Selenomethionine. The pET30a (+) 

plasmid containing ycjR was transformed into the methionine auxotroph, B834 (DE3) pLysS 

cells, and applied to LB plates supplemented with 50 μg/mL kanamycin.  A single colony was 

picked from the plate and used to inoculate 30 mL of LB media.  This starter culture was grown 

overnight at 37 ᵒC and was used to start three 1-L LB cultures in 2.8-L Fernbach flasks.  These 

cultures were allowed to grow for 24 h at 30 ᵒC.  Minimal media stock solutions were made by 

dissolving 37.5 g K2HPO4, 9.0 g KH2PO4, 7.5 g NaCl, and 7.5 g NH4Cl in 300 mL distilled 

water, adjusting the pH to 7.5 using 5 M KOH, followed by autoclaving.  The trace-metals 

solution was prepared by combining 250 mg FeSO4 (6H2O), 3.0 mg ZnCl2, 3.0 mg CoCl2, 3.0 

mg MnCl2, 0.6 g MgSO4, 3.0 mg CaCl2 in 30 mL distilled water and filter sterilized using a 0.22 

μm filter. The 20% (w/v) glucose solution was made by dissolving 60 g of D-glucose into 300 

mL distilled water and autoclaved.  The following chemicals were filter sterilized separately: 50 

μg/mL kanamycin, 0.5 M IPTG, 1.0 mM MnCl2, 50 mg/mL thiamine, 50 mg/mL 

selenomethionine.  Separately, 780 mL of water was autoclaved in three 2.8-L Fernbach flasks.  

After 24 h the cells growing in LB media from each flask were harvested separately by 

centrifugation at 9,000 g for 15 min and resuspended in three 1-L 1X minimal media in 2.8-L 

Fernbach flasks.  The 1x minimal media was made by combining 100 mL of 10X minimal media 

stock with 100 mL 20% glucose solution, 10 mL trace metals solution (freshly made), 50 μg/mL 

kanamycin, and 50 mg/mL thiamine solutions.  The cultures were allowed to grow at 30 ᵒC for 9 

h to starve the cells of methionine. 1.0 mL of filter-sterilized selenomethionine (50 mg/mL) was 

added to each flask and the cultures were left to grow for 45 min.  Following this, 1.0 mM MnCl2 

was added to the cultures and after 30 min protein expression was induced with 0.5 mM IPTG.  

After induction, the cells were allowed to grow overnight at 25 ᵒC and harvested the following 
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day by centrifugation at 8,700 g for 12 min.  Purification of the selenomethionine supplemented 

YcjR was carried out exactly as described earlier with the exception of adding 2.0 mM TCEP to 

all the buffers in order to keep the selenomethionine reduced.  The total yield of YcjR from 3 L 

of cell culture was 184 mg.  The protein was concentrated using Vivaspin concentrators.  When 

the final protein concentration was 54 mg/mL, the protein was flash-frozen and stored at -80 °C. 

Crystallization and Data Collection.  Suitable conditions for crystallization were 

determined by setting up a sparse matrix screen (approx. 1000 conditions) using reagents 

commercially bought from Hampton research.  Intelliplates (93-3 LVR) were used to set up the 

crystallization drops, which contained 10 mg/mL of YcjR (preincubated with 100 µM of MnCl2) 

and the reservoir solution in a 1:1 ratio.  The plates were then incubated at 18 ˚C.  Within a week 

crystals were observed for the following conditions, 0.1 M sodium malonate pH 5.0, 12% w/v 

PED 3350 (PEG/Ion Screen) and 0.5 M ammonium sulfate, 0.1 M sodium citrate tribasic 

dehydrate, pH 5.6, 1 M LiSO4 (Crystal Screen).  Diffraction quality crystals were produced 

under the first set of conditions using the hanging drop method by mixing in a 1:1 ratio, 8 

mg/mL of selenomethionine-labeled YcjR, which was preincubated with 1.3 mM MnCl2 for 1 h 

and 0.1 M sodium malonate pH 5.0, 12% w/v PED 3350.  

Structure Determination and Refinement.  The initial structure of YcjR was determined 

using single wavelength anomalous diffraction.  Prior to X-ray data collection, the 

selenomethionine YcjR crystals were soaked in a stabilization solution containing 20% ethylene 

glycol (cryoprotectant) in the original reservoir solution.  The crystals were then flash frozen in 

liquid nitrogen and sent to the Stanford Synchrotron Radiation Lightsource (SSRL).  A 

fluorescence scan of the YcjR crystal identified the selenium peak (12661.38 eV), inflection 
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(12659.51 eV), and remote (13000.00 eV) wavelengths.  Three separate data sets were collected 

at the peak, inflection and remote wavelengths.  

HKL2000 was used to index, scale and integrate the diffraction data.
176

 The selenium 

peak data set were used to determine the YcjR structure in PHENIX autosol.
177

  The electron 

density was determined using PHENIX Autobuild and COOT was used to further construct the 

structure.
177, 178

  The structure refinements were carried out using PHENIX by optimizing x-ray 

coordinates, TLS parameters, occupancies, and individual B-factors.  The refined structure has 

excellent geometry, with more than 98% of residues in favored Ramachandran regions (Table 

3.1).  

 

Table 3.1: Crystallographic data collection and refinement statistics for YcjR.  

Data collection 

Wavelength (Å) 0.979231 

Resolution (Å) 50.00-1.86 (1.89-1.86) 

Space group P 41 21 2 

a, b, c (Å) 116.6, 116.6, 247.7 

, ,  () 90.0, 90.0, 90.0 

Z (molecules/ASU) 4 

Total/unique reflections 2,113,171/142,992 

Multiplicity 14.8 (14.9) 

Completeness (%) 100.0 (100.0) 

Mean I/I 36.7 (3.7) 
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Table 3.1 Continued. 

 

Rsym/Rmeas/Rpim 0.101/0.104/0.027 

Refinement 

Rwork/Rfree 0.1682/0.1937 

RMSD bonds (Å) 0.009 

RMSD Angles (°) 1.13 

Ramachandran favored (%) 98.85 

Ramachandran allowed (%) 1.05 

Ramachandran outliers (%) 0.10 

Average B (Å
2
) 25.01 

PDB  to be deposited 

 
a
Statistics for the highest-resolution bin are given in parenthesis.  

b
 Rwork = hkl||Fobs| - |Fcalc||/hkl|Fobs|, calculated over 95% of the data in the working set. Rfree is equivalent to Rwork 

except that it is calculated over the remaining 5% of the data. 

 

 

 

Determination of Catalytic Activity of YcjR.  YcjR was tested for catalytic activity with 

D-psicose, D-fructose, D-tagatose, D-sorbose, L-xylulose, and L-ribulose using 
1
H NMR 

spectroscopy.  The reactions contained 5.0 mM substrate, 0.5 mM MnCl2, and 5.0 µM YcjR in 

50 mM ammonium bicarbonate/K
+
, pH 8.0.  After incubation with the enzyme for 2.0 h at 30 °C, 

the enzyme was removed using a Vivaspin protein filter (molecular weight cut-off of 10 kDa) 

and the reactions were passed over Chelex resin, equilibrated with 50 mM ammonium 



  

79 

 

bicarbonate/K
+
, pH 8.0 to chelate any excess manganese.  The substrate solutions and buffer 

contained >90% D2O.   

Owing to the instability of 3-keto-D-glucose, attempts were made to determine epimerase 

activity of YcjR with α-methyl-3-keto-D-glucopyranoside.  The reactions contained 2.0 mM 

unlabeled α-methyl-D-glucopyranoside, 2.0 mM NAD
+
, and 5.0 μM YcjS in ammonium 

bicarbonate/K
+
, pH 8.0, and were incubated for 3 h at 30 ᵒC.  To this assay, 5.0 μM YcjR and 0.5 

mM MnCl2 were added and the reaction was allowed to proceed for 2 h at 30 ᵒC.  The enzymes 

were removed using the Vivaspin protein filters (molecular cut-off of 10 kDa) and the reactions 

were passed over Chelex resin, equilibrated with 50 mM ammonium bicarbonate/K
+
, pH 8.0 to 

remove the excess manganese. The reactions were then subjected to 
1
H-NMR.  All the buffers, 

substrate and co-enzyme solutions were made in >90% D2O.   

Results 

Determination of Substrate Profile for YcjS. YcjS belongs to cog0673 and a sequence similarity 

network (SSN) was constructed at a BLAST E-value of 1 x 10
-45

 (Figure 3.2).  In this figure 

each node represents a unique protein sequence in cog0637 and within every cluster, nodes are 

connected by edges (or lines) that indicate that two protein sequences are related to each other by 

E- value of 10-
45

 or less.  Based on this SSN, the closest functionally verified homologues to 

YcjS are UDP N-acetyl-D-glucosamine-3-dehydrogenase from Methanococcus maripaludis and 

UDP-N-acetyl-D-glucosaminuronic acid dehydrogenase from Pseudomonas aeruginosa and 

Thermus thermophiles.
179, 180

  These homologues are NAD-dependent enzymes that oxidize the 

hydroxyl group at C-3 of their respective substrates.  

YcjS was purified to homogeneity and initially tested for catalytic activity against a small 

and focused library of D- and L-hexoses (Scheme 3.S1) using NAD as the oxidant at pH 9.5.  
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YcjS catalyzed the oxidation of D-glucose (1) with a kcat = 7.8 s
-1

, Km = 1.5 mM, and kcat/Km = 

5.4 x 10
3
 M

-1 
s

-1
.  YcjS was subsequently screened against a larger library of mono- and di-

saccharides (Schemes 3.S1 and 3.S2).  No appreciable activity (<2% relative to D-glucose) was 

observed with UDP-glucose, UDP-N-acetyl-D-glucosamine, D-glucosamine, N-acetyl-D-

glucosamine or UDP-galactose.  None of the other substrates in the library showed any activity 

except for the following compounds (Scheme 3.1): α-methyl-D-glucopyranoside (2), β-methyl-

D-glucopyranoside (3), 1,5-anhydro-D-glucitol (4), and α-(1,2)-D-glucose-D-glycerate (5).  The 

kinetic parameters for the oxidation of these substrates by YcjS are summarized in Table 3.2.  
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Figure 3.2: Sequence similarity network of cog0673 at an E-value cut-off of 1 x 10
-45

.  This 

network was generated using Cytoscape (www.cytoscape.org).  Each node represents a non-

redundant protein sequence and every edge (or connecting line) represents a BLAST value E-

value, between a pair of sequences that are better than 1 x 10
-45

.  The lengths of the edges are not 

significant; sequences in tight clusters are considered more closely related than clusters with 

fewer edges.  YcjS is depicted as a diamond (cyan) in Group 1.  Groups 2 - 10 have 

experimentally verified functions and are shown as triangles.  Group 2: UDP-N-

acetylglucosamine-3-dehydrogenase from Methanococcus maripaludis (yellow); Group 3: UDP-

N-acetyl-D-glucosaminuronic acid dehydrogenase, from Pseudomonas aeruginosa (pink) and 

from Thermus thermophiles (green); Group 4: glucose-fructose oxidoreductase from Zymomonas 

mobilis (pink); Group 5: xylose dehydrogenase from Haloarcula marismortui (blue);  Group 6: 

D-chiro-inositol-2-dehydrogenase from Bacillus subtilis sp. 168 (red);  Group 7: scyllo-inositol-

2-dehydrogenase from Bacillus subtilis sp. 168 (green); Group 8: sugar dehydrogenase from a 

putative trehalose-utilization pathway, in Agrobacterium tumefaciens (ThuB); Group 9: D-

glucose-6-phosphate dehydrogenase (NtdC) from Bacillus subtilis (orange); Group 10: 

ketoreductase (KijD10) from Actinomadura kijaniata (blue). 
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Scheme 3.1:  Substrates for YcjS and YcjQ. 

 

 

 

To determine the product of the YcjS-catalyzed reaction with D-glucose, the reaction 

using [UL-
13

C6]-D-glucose as the substrate at pH 9.5 was analyzed by 
13

C-NMR spectroscopy.  

The NMR spectrum of the reaction products showed a prominent resonance at 171.03 ppm and 

numerous other resonances in the range of 60-100 ppm (Figure 3.3).  A similar reaction, using 

[1-
13

C]-D-glucose demonstrated that essentially all of the 
13

C-label from this substrate was found 

in the product peak with a chemical shift of 171.03 ppm (Figure 3.S1A) and subsequently 

identified as formate.  Formate dehydrogenase (FDH) was used to quantify the amount of 

formate produced in the YcjS-catalyzed reaction.  Addition of FDH to a reaction mixture 

containing YcjS and 130 µM D-glucose and an excess of NAD ultimately produced 257 µM 

NADH, as determined from the change in absorbance at 340 nm.  This result is consistent with 

the nearly quantitative conversion of C1 from D-glucose to formate after oxidation by YcjS at pH 

9.5. 
13

C NMR experiments with reactions catalyzed by YcjS with NAD and D-glucose 

containing separate 
13

C-labels at C-2, C-3, C-4, C-5 or C-6 positions also showed multiple 

resonances for each carbon in these NMR spectra (Figures 3.S1B to 3.S1F).  
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Figure 3.3:  
13

C-NMR spectra showing [UL-
13

C6]-D-glucose and NAD
+
 with and without 

addition of YcjS
 
. (A) without the addition of YcjS; (B) after incubation with the enzyme.  The 

resonance for formate can be observed at 171.03 ppm.  The chemical shifts for uniformly labeled 

glucose are as follows: δ (C1) 96.21, 92.53; (C2) 74.27, 71.62; (C3) 75.94, 72.92; (C4) 69.73, 

69.70; (C5) 76.01, 71.49; and (C6) 60.84, 60.68. The resonances for the ribose groups on the 

coenzyme are indicated.  The full 
13

C-NMR spectrum is shown in Figure 3.S7.  
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To determine which one of the hydroxyl groups contained within D-glucose is oxidized 

by YcjS, the enzyme-catalyzed reaction was conducted using D-glucose that was mono-

deuterated at C-1, C-2, C-3, or C-4.  The reduced nucleotide was isolated by ion exchange 

chromatography and the molecular weight determined by mass spectrometry.  Only in the 

presence of [3-
2
H]-D-glucose was deuterium transferred from mono-deuterated D-glucose to 

NAD with the formation of NAD(
2
H)

 
and an observed m/z of 667.144 (Figure 3.4).  This result 

clearly demonstrates that the hydroxyl group at C3 of D-glucose is oxidized in the presence of 

the YcjS and the initial product of the enzymatic reaction is 3-keto-D-glucose (6).   

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: LC-MS results showing enzymatic reactions with NAD
+ 

and D-[3-H
2
]-glucose (A) or 

D-[1-H
2
]-glucose (B).  
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In an attempt to circumvent the apparent instability of the 3-keto-D-glucose product at 

elevated values of pH, a 
13

C-NMR experiment was conducted using an equimolar mixture of [1-

13
C]- and [3-

13
C]-D-glucose in the presence of YcjS.  The formation of NADH was coupled to 

the reduction of pyruvate at pH 6.5 using lactate dehydrogenase to overcome the unfavorable 

equilibrium constant for the oxidation of D-glucose at this pH.  The NMR spectrum shows the 

emergence of four new resonances for the oxidized product.  The resonances at 94.89 ppm and 

97.56 ppm correspond to the resonances for C-1 of the β-pyranose and α-furanose anomers of 3-

keto-D-glucose, respectively.
174

   The resonances at 207.86 ppm, 206.77 ppm correspond to C3 

of the α-D-furanose and β-D-pyranose anomer of 3-keto-D-glucose.
174

  Due to the inherent 

instability of 3-keto glucose, a resonance for formate is also observed at 171.03 ppm (Figure 

3.5).  The 
13

C-NMR spectrum of chemical synthesized 3-keto-D-glucose is presented in Figure 

3.S2.  The proposed mechanism for the formation of 3-keto-D- glucose is shown in Scheme 3.2.  

 

                   

Scheme 3.2: Proposed mechanism for the formation of 3-keto-D-glucose. 
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Figure 3.5: 
13

C-NMR spectra showing the enzymatic reaction with equivalent concentrations of 

[1-
13

C]-D-glucose and [3-
13

C]-D-glucose at pH 6.5 in the presence of pyruvate and lactate 

dehydrogenase coupling system. The full spectrum is shown in Figure 3.S8.  

 

 

To further work around the stability issues associated with 3-keto-D-glucose, 
13

C-NMR 

experiments were conducted with α/β-methyl-[3-
13

C]-D-glucoside.  The NMR spectrum of the 

product formed from the oxidation of α/β-methyl-[3-
13

C]-D-glucoside, exhibits two new 

resonances at 207.25 ppm, which corresponds to the expected chemical shift of the 3-keto 

product, and at 94.6 ppm, which is most likely the hydrated form of the 3-keto compound 

(Figure 3.6).  
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Figure 3.6: 
13

C-NMR spectra showing the YcjS catalyzed reaction with α/β-methyl-D-[3-
13

C] 

glucoside. The full spectrum is shown in Figure 3.S9.  

 

 

Catalytic Activity of YcjQ:  The sequence similarity network (Figure 3.7) for YcjQ has 

several proteins whose catalytic properties have been determined previously: scyllo-inosose-3-

dehydrogenase from Thermotoga maritima, L-galactonate dehydrogenase from Bacteroides 

vulgatus, galactitol-1-phosphate-5-dehydrogenase from E. coli K-12 MG1655, and sorbitol 

dehydrogenase from Bacillus subtilis.
181-184

  However, there were no experimentally verified 

homologues close to the cluster containing YcjQ.  The purified enzyme was found to have a 

metal content of 0.7 equivalents of zinc/ enzyme.  YcjQ was screened for catalytic activity 

against the library of hexoses (Scheme 3.S1) and activity was observed with D-gulose and NAD.  

The kinetic parameters for the reaction are as follows: kcat = 4.6 s
-1

, Km = 4.0 mM, and kcat/Km = 

1.3 x 10
3
 M

-1 
s

-1
.  Among the other compounds tested as potential substrates (Scheme 3.S2), 

YcjQ showed activity with β-methyl-D-gulopyranoside (8).  The kinetic parameters are presented 

(buffer) 

100 150 200 0 
[ppm] 



  

88 

 

in Table 3.2.  A 
13

C-NMR experiment with [UL-
13

C6]-D-gulose and NAD with YcjQ at pH 9.5 

showed the formation of formate, along with multiple peaks which were most likely degradation 

products formed because of the instability of the enzymatic product (Figure 3.S3).  In the 

presence of formate dehydrogenase, YcjQ, 150 µM D-gulose and an excess of NAD+, 

approximately 304 µM NADH was formed as observed from an increase in absorbance at 340 

nm on the spectrophotometer.  This result is consistent with the formate peak observed on the 

13
C-NMR spectra.  

Lability of 3-keto products. An absorbance at 310 nm was observed when YcjS was 

incubated with D-glucose and 0.5 mM NAD+ in presence of pyruvate and LDH at pH 9.5 

(Figure 3.S4) and 8.5.  As the reactions progressed, absorbance increased with time for ~30 min 

following which it plateaued.  Similar observations were made with the YcjQ reactions with D-

gulose.   The peak maxima at 310 nm increased in absorbance units as the pH was changed from 

8.5 to 9.5.  This led us to conclude that the absorbance around 300 nm is most likely because of 

the enolate degradation products formed following release of formate under alkaline conditions.   

Functional characterization of YcjR.  The SSN for YcjR (cog1082), at an E-value of 1 x 

10
-25

 (Figure 3.8) indicates that the closest functionally verified homologues are D-tagatose-3-

epimerase from Rhodobacter sphaeroides, D-psicose-3-epimerase from Agrobacterium 

tumefaciens, and L-ribulose-3-epimerase from Rhizobium loti.
185-187

   The metal content of YcjR 

was found to be 0.8 equivalents of manganese/ enzyme.  
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Figure 3.7:  Sequence similarity network of cog1063 at an E-value cut-off of 1 x 10
-60

.  YcjQ is 

indicated as a diamond (red) in Group 1.  Groups 2-7 contain functions, indicated by triangles, 

that have been experimentally verified.  Group 2: scyllo-inosose-3-dehydrogenase from 

Thermotoga maritima (yellow);  Group 3: D-glucose-1-dehydrogenase from Thermoplasma 

acidophilum (gray);  Group 4: L-threonine-3-dehydrogenase from Pyrococcus horikoshii (cyan);  

Group 5: alcohol dehydrogenase from Cuprivadus necator (green);  Group 6: L-galactonate 

dehydrogenase from Bacteroides vulgatus (blue);  Group 7: galactitol-1-phosphate-5-

dehydrogenase from Escherichia coli K-12 MG1655 (green);  Group 8: L-arabinitol-4-

dehydrogenase from Trichoderma reesei (pink) and sorbitol dehydrogenase from Bacillus 

subtilis str. 168 (purple).   
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Table 3.2: Kinetic constants with YcjS and YcjQ and their respective substrates.  All the 

reactions were carried out at pH 9.5, except for the steady state kinetics with 3-keto-D-glucose 

which was carried out at pH 6.5. All enzymatic incubations were carried out at 30˚C. 

 

enzyme varied substrate kcat  ( s
-1

) Km  (mM) kcat/Km  (M
-1 

s
-1

) 

YcjS D-glucose 7.8 ± 0.7 1.5 ± 0.3 (5.4 ± 0.5) x 10
3
 

 
α-methyl-D-

glucopyranoside 
1.1 ± 0.2 4.8 ± 0.8 (2.3 ± 0.4) x 10

2
 

 
β-methyl-D-

glucopyranoside 
0.33 ± 0.01 8.2 ± 1 36.6 ± 1.1 

 1,5-anhydro-D-glucitol 0.4 ± 0.1 4.8 ± 0.4 79.2 ± 1.3 

 
α-(1,2)-D-glucose-D-

glycerate 
0.18 ± 0.02 0.53 ± 0.05 (1.9 ± 0.4) x 10

2
 

 3-keto-D-glucose 4.7 ± 0.3 0.5 ± 0.1 (8.5 ± 0.2) x 10
3
 

YcjQ D-gulose 4.6 ± 0.2 3.6 ± 0.8 (1.3 ± 0.3) x 10
3
 

 
β-methyl-D-

gulopyranoside 
1.5 ± 0.3 21.5 ± 4.5 71.6 ± 2.2 

 

 

In an attempt to characterize the putative epimerase activity with YcjR, the enzyme was 

incubated with the substrates of the closest homologues.  No new resonances were observed on 

the 
1
H-NMR spectra when YcjR was incubated with D-psicose, D-fructose, D-tagatose, D-

sorbose, L-xylulose, or L-ribulose.  The assignment of the multiplets observed on 
1
H-NMR 

spectrum with α-methyl-D-glucoside (Figure 3.S5) was made based on an article by Ceborska et. 

al, 2017.  The 
1
H-NMR spectra when α-methyl-D-glucoside was incubated with YcjS had new 

resonances near H4 as well as what appeared to be an exchange of the acidic H2 with the 
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solvent.  This was reflected at H1 which was observed mostly as a singlet having lost its 

coupling to H2.  A number of new resonances were also observed near 3.64 ppm.  The 
1
H-NMR 

spectra after addition of YcjR, showed that the H4 has been exchanged with deuterium.  New 

resonances were observed in the region between 3.7 ppm and 3.8 ppm. Based on our results, 

YcjR appears to show activity as an epimerase potentially at H4 of α-methyl-D-glucoside.  More 

thorough experiments need to be conducted to verify this. 

 

Figure 3.8: Sequence similarity network of cog1082 at an E-value cut-off of 1 x 10
-25

. YcjR is 

shown as a diamond (yellow) in group 1. Groups 2, 3, 4, and 5 have experimentally verified 

functions shown as triangles. Group 2 has the three closest homologues; D-tagatose-3-epimerase 

from Rhodobacter sphaeroides (green), D-psicose-3-epimerase from Agrobacterium tumefaciens 

(cyan), and L-ribulose-3-epimerase from Rhizobium loti (blue). Functions in Groups 3, 4, and 5 

are inosose isomerase from Bacillus subtilis (red), inosose dehydratase from Bacillus subtilis 

(pink), and xylose isomerase from Plantomyces limnophilus (purple) respectively. 
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Crystallization and Structure determination of YcjR.  YcjR was crystallized in 0.1 M 

sodium malonate, pH 5.0, and 12% w/v PED 3350.  The crystals diffracted to 2.2 Å at the local 

x-ray source.  Due to the lack of a suitable homologous structural model, the selenomethionine 

derivative of YcjR was constructed, purified and subsequently crystallized under the same 

conditions.  The YcjR crystals belonged to space group P41212 with four molecules per 

asymmetric unit.  It diffracted to a resolution of 1.86 Å and refined to a Rwork/Rfree of 

0.1682/0.1937.  The unit cell had the following dimensions: a = 115. 85 Å, b = 115.85 Å, c = 

247. 3 Å, alpha = 90.00, and beta = 90.00. The single data set from peak wavelength contained 

sufficient anomalous information to solve the phases and the entire amino acid sequence of YcjR 

was built into the resulting electron density.  

Overall structure of YcjR.  The structure of YcjR was determined using single 

wavelength anomalous diffraction and was refined to 1.86 Å.  Gel filtration results indicated that 

YcjR elutes as a tetramer at pH 8, under low salt (50 mM KCl) and high salt (0.5 M KCl) 

conditions.  This observation agrees with the crystal structure of YcjR (Figure 3.9A) which 

shows a dimer of dimers.  The dimeric interface between chains A and B or C and D has a buried 

surface area of 1071 Å
2
.  Each monomer adopts a modified (α/β)8 barrel fold. There are six β-

strands surrounded by ten α-helices (Figure 3.9B). The solvent accessible monomeric surface 

area is 11,994 Å
2
 and the solvation free energy of folding (∆G) is -243.7 kcal/ mol.  The values 

were calculated using the PDBePISA program (http://www.ebi.ac.uk/msd-srv/prot_int/cgi-

bin/piserver).  Subunits A and B form a dimer with a two-fold symmetry.  The two monomers 

come together with the active sites facing each other.   The distance between the two active sites, 

as calculated from the spacing between the two metal ions, is 25 Å.  The dimeric interface 

between chains A and B consists of 28 residues that are mostly present in the loop regions.  The 
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other dimeric interface between chains A and C or B and D has a buried surface area of 386 Å
2
.  

Each monomer contributes the following residues to the dimeric interface: Phe-69, Ile-70, Glu-

71, Glu-72, Arg-73, Pro-115, and Ser-117.  These residues are present at the ends of α4 and α5.  

Active site.  Multiple sequence alignment with the three homologues, D-tagatose-3-

epimerase, D-psicose-3-epimerase, and L-ribulose-3-epimerase helped to identify the potential 

residues responsible for interacting with the metal ion and substrate as well as the catalytic 

residues.  The bound Zn
2+ 

in the active site (Figure 3.10) of YcjR is coordinated to the side-

chains of Glu-146, His-205, Glu-240, and Asp-179.  The interatomic distance between these four 

residues and the bound metal is 2.0 Å.  

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Overall structures of YcjR.  (A) Tetrameric structure of YcjR showing the four 

monomers, (B) Ribbon representation of the YcjR monomer which adopts a modified TIM-

barrel fold. There are six β-strands (purple) surrounded by ten α-helices (yellow). The bound 

Zn
2+

 is shown in cyan. The figure was prepared with Pymol.    
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These residues are highly conserved among the close homologues of YcjR.  Attempts to 

co-crystallize YcjR with D-fructose or 3-keto-D-glucose were unsuccessful.  Autodock Vina was 

used to dock 3-keto D-glucose into the active site (Figure 3.S5A).
188

  The O3 of 3-keto-D-

glucose is 3.8 Å from the bound metal while the hydrogen at C4 of the docked substrate is 3.1 Å 

away from Glu-146 and Glu-240, which are most likely the catalytic residues based on the 

multiple sequence alignment as well as their distance from the metal ion and the docked 3-keto 

D-glucose.  The other substrate-binding residues in the active site that are conserved among D-

psicose-3-epimerase, D-tagatose-3-epimerase, L-ribulose-3-epimerase and YcjR include His-182 

(2.9 Å away from O3), and Arg-211 (2.6 Å from O3).  YcjR has a glutamine (Gln-152) instead 

of a conserved glutamate, which is present in the other homologues.  This Gln-152 is 3.6 Å from 

O4 and interacts with Trp-102 (4.0 Å), another conserved residue (Figure 3.S5B).   

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Coordination of Zn
2+

 with the active site residues and water molecules. The bound 

Zn
2+

 is shown as a blue sphere and the water molecules are shown as red spheres. 
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Discussion 

Functional Characterization of YcjS, a D-Glucose-3-Dehydrogenase. YcjS was shown to 

oxidize D-glucose with a kcat = 7.8 s
-1

, Km = 1.5 mM, and kcat/Km = 5.4 x 10
3
 M

-1 
s

-1 
and reduce 3-

keto-D-glucose with a kcat = 4.7 s
-1

, Km = 0.5 mM, and kcat/Km = 8.5 x 10
3
 M

-1 
s

-1
.  Formation of 

NAD(
2
H) from D-[3-H

2
]-glucose indicated that it is the hydroxyl group at C3 that gets oxidized 

to form 3-keto-D-glucose.  This was further supported by 
13

C-NMR experiments with α/β-

methyl-D-[3-
13

C] glucoside which shows a resonance at 207.25 ppm, corresponding to the 3-keto 

product.  In the presence of equivalent concentrations of [1-
13

C]-D-glucose and [3-
13

C]-D-

glucose at pH 6.5, four new resonances were identified on the 
13

C-NMR spectra.  These 

resonances corresponded to C-1 and C-3 of the α-furanose and β-pyranose anomers of the 

chemically synthesized 3-keto-D-glucose.  At high pH values, 3-keto-D-glucose was found to be 

unstable.  This was verified by the formation of formate from [UL-
13

C6]-D-glucose as well as D-

glucose containing 
13

C-label at C-1, C-2, C-3, C-4, C-5, and C-6 positions.  The proposed 

mechanism for the formation of formate from D-glucose is shown in Scheme 3.3.  

                             

Scheme 3.3: Proposed mechanism for the formation of formate from 3-keto-D-glucose. 
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YcjS belongs to cog0673 and shares 28% identity (over 68% sequence coverage) with 

UDP N-acetyl-D-glucosamine-3-dehydrogenase and 30% identity (over 35% sequence coverage) 

with UDP-N-acetyl-D-glucosaminuronic acid dehydrogenase (PDB id: 3OA2).
180, 189

  These 

dehydrogenases belong to the glucose-fructose oxidoreductase (GFOR) family.
190

   An InterPro 

search of the YcjS sequence shows a predicted Rossman fold domain, in the N-terminal (5 – 158 

amino acids) part of the protein, which is responsible for binding to NAD.  A sequence 

alignment of UDP-N-acetyl-D-glucosaminuronic acid dehydrogenase from P. aeruginosa (PDB 

id: 3OA2) with YcjS showed that amino acid residues, in the enzyme from P. aeruginosa, that 

bind to UDP (Tyr-12, Lys-169, Arg-160, Thr-243, and Arg-245), the N-acetyl group (Tyr-156 

and Arg-245), or the C-6’ carboxylate group of the hexose (Arg-160, Tyr-164, Lys-169, and 

Asn-181) are not conserved in YcjS.
180

  The hydroxyl group at C3’ that gets oxidized, in UDP-N-

acetyl-D-glucosaminuronic acid dehydrogenase,  is 3.0 Å away from C4 of the nicotinamide ring 

of NAD and hydrogen bonds with Lys-101 and His-185.
180

   Both of these residues are 

conserved in YcjS (Lys-103 and His-189).  The lysine residue is part of the characteristic 

consensus sequence (Glu-Lys-Pro) found in all members of the GFOR family, including YcjS.  

This motif interacts with the nicotinamide ring of NAD.
191

  A second predicted consensus 

sequence is found in some GFOR family members: Gly-Gly-X3-Asp-X3-(Tyr/His), which is 

present in the active site and has been proposed to bind and orient the substrate for catalysis.
192

  

In the KijD10 structure (PDB id: 3RC1), Asp-182 from the conserved motif sequence, interacts 

with the C2 hydroxyl of the nicotinamide ribose and was suggested to have a role in binding with 

C4” of the bound hexose substrate based on modeling of dTDP-3-keto-6-deoxy-D-galactose in 

the active site.
193

  YcjS has this consensus sequence as well (Gly 180-Gly-Pro-Leu-Ile-Asp-Ile-

Gly-Ile-His 189).  
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The NAD-dependent YcjS was shown to oxidize the hydroxyl group at C3 of D-glucose.  

In UDP N-acetyl-D-glucosamine dehydrogenase, the authors were unable to isolate the 

enzymatic product (3-keto-UDP-GlcNAc) using HPLC.  Instead they detected UDP which was 

proposed to form because of the inherent instability of the 3-keto product.
189

  This observation 

agrees with our results where the labile 3-keto product leads to the formation of formate under 

alkaline conditions, followed by further degradation to smaller products.  In the study reporting 

the role of NtdC in the biosynthesis of kanosamine, the authors acknowledge the instability of 

the enzymatic product, 3-keto-D-glucose-6-phosphate.   They reported that 3-keto-D-glucose-6-

phosphate exhibits an absorbance at ~300 nm owing to the formation of an enolate and/or enone 

form of the product.  The authors successfully synthesized 3-keto-D-glucose, which at pH 8.0 

showed an absorbance at 310 nm.
175

  According to our studies, enzymatic reactions with YcjS 

and D-glucose showed absorbance peaks at 310 nm.  Higher the pH value of the enzymatic 

reaction, more was the change (increase) in absorbance at 310 nm. 

Functional Characterization of YcjQ, a D-Gulose-3-Dehydrogenase.  YcjQ belongs to 

cog1063 and the SSN constructed for this cog did not show any functionally verified homologs 

close to YcjQ.  Testing YcjQ against a library of different sugars showed catalytic activity only 

with D-gulose.  Based on our current knowledge, this is the first reported enzyme that oxidizes D-

gulose, a very rare hexose.  From the degradation pattern of the enzymatic product and the 

formation of formate, as observed in the 
13

C-NMR spectra, it is proposed that the product of the 

YcjQ and D-gulose reaction is 3-keto-D-gulose.  Attempts to synthesize the 3-keto product were 

unsuccessful but reactions with YcjQ and D-gulose at high pH values showed an absorbance at 

310 nm, suggesting that the enzymatic product is unstable, much like 3-keto-D-glucose.   
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Attempts at Functional Characterization of YcjR.   The SSN for cog1082 reveals that the 

three closest homologues to YcjR are annotated as D-tagatose-3-epimerase, D-psicose-3-

epimerase, or L-ribulose-3-epimerase.  YcjR shares a sequence identity of ≤30% with the three 

enzymes.  A comparison of the three dimensional structure of YcjR with these homologues 

(PDB ids: 2HK1, 2QUM, and 3VYL) reveals that while all the three homologues have 8 β-

strands, YcjR only has 6.
187, 194, 195

  The dimeric interface between two chains has a buried 

surface area of 1071 Å
2
. This area is smaller as compared to the buried surface area between the 

dimers of the closest homologues: D-psicose-3-epimerase (1,353 Å
2
) from Agrobacterium 

tumefaciens (PDB: 2HK1) and D-tagatose-3-epimerase (1,479 Å
2
) from Pseudomonas cichorii 

(PDB: 2QUM) as calculated on the PDBePISA website.  

All three homologues epimerize the stereochemistry of the hydroxyl group attached to C3 

of their respective substrates, which contain a keto-group at the C2 position.  Like these 

homologues, YcjR is a manganese-dependent enzyme as evident by our metal-content studies; 

however the selenomethionine-derivatized YcjR crystallized with zinc bound in the active site.  

This can be attributed to the addition of MnCl2 right before induction with IPTG instead of 

during the inoculation of the cultures. The conserved active site residues, Glu-146, Asp-179, His-

205, and Glu-240 are 2.0 Å away from the bound Zn
2+

.  The two glutamate residues are critical 

for catalysis.  In D-psicose-3-epimerase, proton abstraction from C3 of D-fructose by Glu-244 is 

followed by formation of an ene-diolate intermediate.  The negative charge is stabilized by the 

bound metal ion as well as by the side chain of the conserved Arg-215.  Reprotonation is carried 

out by Glu-150 from the opposite side of the ene-diolate intermediate to form D-psicose.  In the 

active site of YcjR, O3 of the docked 3-keto D-glucose is 3.8 Å away from the metal ion.  The 

other conserved residues that stabilize the substrate during catalysis, in the three homologues, are 
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also found in YcjR (Trp-102, Arg-211, and His-182), with the exception of having a glutamine 

(Gln-152) instead of the conserved glutamate in that position.   

From our experiments, it can be concluded that YcjS and YcjQ catalyze the 

oxidation/reduction at the C3 of D-glucose and D-gulose respectively.  A number of previous 

studies as well as our experiments indicate that the 3-keto glycosides are inherently unstable.
175, 

179, 189, 196
  But the formation of keto sugars is not entirely uncommon.

197-200
  Coupling enzymes 

that catalyze the formation of 3-keto glycosides with the next enzyme in the pathway is an 

efficient way to transfer the unstable ketone intermediate without allowing it to accumulate.
175, 

179
 

Based on our analysis of YcjR and the mode of action of its closest relatives, it can be 

suggested that YcjR most likely epimerizes at the C4 position of 3-keto-D-glucose to form 3-

keto-D-gulose and vice versa.  This provides a potential pathway for the conversion of D-glucose 

to D-gulose or the other way around (Scheme 3.4).  Very little is found in literature about the 

occurrence of D-gulose in nature.  6-deoxy-D-gulose is found in the lipopolysaccharide O-antigen 

of Yersinia enterocolitica while D-gulose has been reported to be part of the extracellular 

polysaccharide of Caulobacter crescentus, in the extracellular matrix of Volvox carteri, an algae, 

and is also present in the exoglycolipid of an antigen derived from Chlamydia trachomatis.
201-204

 

 

   

 

Scheme 3.4: Proposed pathway for the transformation between D-glucose and D-gulose. 
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Other dehydrogenases responsible for the formation of 3-keto-D-glucosides.  3-keto 

glucosides have important applications as food additives, antioxidants, and aminoglycoside 

antibiotics.
205, 206

  An FAD-dependent glucoside-3-dehydrogenase that oxidizes the C3 hydroxyl 

group of hexoses and its derivatives was first reported in Agrobacterium tumefaciens and has 

since been identified in Halomonas (Deleya) sp. α-15, Agaricus bisporus, Flavobacterium 

saccharophilum, Cytophaga marinoflava, Stenotrophomonas maltophilia, and Sphingobacterium 

faecium.
207-213

 Studies conducted on Agrobacterium tumefaciens showed that the FAD-dependent 

glucoside-3-dehydrogenase, most likely present in the periplasmic space of the bacterium, 

converts disaccharides, such as sucrose to 3-keto sucrose, which is then transported inside the 

cell
214-217

.  The cytoplasmic enzyme, 3-ketoglucosidase, catalyzes the hydrolysis of 3-keto 

sucrose to form fructose and 3-keto-D-glucose, which in turn gets reduced to glucose by the 

NADP-dependent 3-ketoglucose reductase.
218, 219

  Ampomah et. al, reported that the 

thuEFGKAB operon found in A. tumefaciens was responsible for the transport of various 

disaccharides in their 3-keto forms.
220

  Disruption of thuAB genes affected the bacterium’s ability 

to utilize trehalose as a carbon source, but the mutant was able to grow on other disaccharides 

such as maltose, sucrose, cellobiose, and lactose, indicating that the bacteria has multiple 

pathways dedicated to the transport and utilization of disaccharides.  However, the function of 

ThuAB, from the putative trehalose-utilization pathway, has not been experimentally verified.
220

  

While ThuB belongs to cog0673, the other FAD-dependent enzymes from Halomonas sp. α-15 

and Agaricus bisporus belong to cog2303.  

There are a number of NAD-dependent glucoside-3-dehydrogenase enzymes that 

catalyze the conversion of hexoses to their 3-keto derivative.  Some of the enzymes that convert 

sugar-nucleotides to 3-hexulose sugar nucleotides include UDP N-acetyl-D-glucosamine 
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dehydrogenase, and UDP-N-acetyl-D-glucosaminuronic acid dehydrogenases, from 

Pseudomonas aeruginosa PAO1 and Thermus thermophiles.
180, 189

  UDP-N-acetyl-D-

glucosaminuronic acid dehydrogenases were purified with NAD bound to the enzymes.
180, 189

  

Levoglucosan (1,6-anhydro-β-D-glucopyranose) dehydrogenase from Arthrobacter sp. I-552 that 

can oxidize levoglucosan, a product of burnt biomass, to 3-keto levoglucosan.
221

  In the 

kanosamine biosynthetic pathway, NtdC, a sugar dehydrogenase, from Bacillus subtilis catalyzes 

the oxidation of the hydroxyl group at C-3 of D-glucose-6-phosphate.
175

 KijD10, a C-3” 

ketoreductase from Actinomadura kijaniata is a NADPH dependent enzyme catalyzes the 

reduction of dTDP-3,4-diketo-2,6-dideoxy-D-glucose to dTDP-4-keto-2,6-dideoxy-D-glucose.
193

  

Along with ThuB, UDP-N-acetyl-D-glucosaminuronic acid dehydrogenase, NtdC, KijD10, and 

UDP N-acetyl-D-glucosamine dehydrogenase belong to cog0673 and are shown in Figure 3.2.    

So far the ycj gene cluster seems to be responsible for the degradation of kojibiose, a 

rare sugar, to form D-glucose-6-phosphate, that most likely enters glycolysis, and D-glucose 

which gets converted to D-gulose, another rare sugar.
171

  We have not found any evidence of 

occurrence of D-gulose in Escherichia coli K-12 MG1655 and therefore, the purpose of the 

formation of this hexose via the activity of these enzymes remains unknown.  How the function 

of YcjM, α-D-glucosyl-2-glycerate phosphorylase, is related to the functions of the other Ycj 

enzymes remains to be determined.  Our earlier efforts to grow E. coli on kojibiose were 

unsuccessful and we suggested that it was because kojibiose was most likely not the inducer for 

the ycj gene cluster.
171

  In the future, it may be worthwhile to explore if either the substrate (α-

(1,2)-D-glucose-D-glycerate) or the products (D-glycerate and α-D-glucose-1-phosphate) of YcjM 

have any roles in the induction of the gene cluster.   
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Supplementary Information 

 

   

 

 

 

Scheme 3.S1: Structures of hexoses, pentoses, tetroses, sugar carboxylates, and sugar alcohols 

tested as substrates for YcjS and YcjQ. 
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Scheme 3.S2: Structures of glucose and gulose derivatives, inositols, and disaccharides tested 

with YcjS and YcjQ. 
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  Figure 3.S1: 
13

C-NMR spectra showing multiple resonances from enzymatic reactions with D-

glucose containing 
13

C-label at positions C1 (A), C2 (B), C3 (C), C4 (D), C5 (E) or C6 (F).  

   * - represents imidazole peaks from protein purification. 
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Figure 3.S2: 
13

C-NMR of the chemically synthesized 3-keto-D-glucose. 
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Figure 3.S3: 
13

C-NMR spectra showing multiple resonances from enzymatic reaction with [UL-
13

C6]-D-gulose. (A) without the addition of YcjQ; (B) after incubation with YcjQ. The resonance 

for formate was observed at 171.03 ppm. A triplet is observed around 213 ppm region with 

J(CC) of 42 Hz.  
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Figure 3.S4: YcjS catalyzed reaction with D-glucose in presence of pyruvate and lactate 

dehydrogenase at pH 9.5. The reaction had 0.5 mM NAD
+ 

and was monitored at a wavelength of 

310 nm.  
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Figure 3.S5: 
1
H-NMR spectra showing the enzymatic reactions with YcjS and YcjR in the 

presence of α-methyl-D-glucoside. 
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Figure 3.S6:  Active site of YcjR showing the docked 3-keto D-glucose molecule.  (A) The key 

active site residues are shown in cyan, the metal ion is shown in red.  (B) Conserved substrate 

binding residues are indicated in pink.  The interatomic distances (Å) between residues and the 

docked molecule are indicated by dashed lines. 
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Figure 3.S7: 
13

C-NMR spectra showing [UL-
13

C6]-D-glucose and NAD
+
 with and without the 

addition of YcjS. * refers to the imidazole carried over from protein purification.  
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Figure 3.S8: 
13

C-NMR spectra showing the enzymatic reaction with equivalent concentrations 

of [1-
13

C]-D-glucose and [3-
13

C]-D-glucose at pH 6.5 in the presence of pyruvate and lactate 

dehydrogenase coupling system. 
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Figure 3.S9: 
13

C-NMR spectra showing the YcjS catalyzed reaction with α/β methyl-D-[3-
13

C] 

glucose. 
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CHAPTER IV 

SUMMARY AND CONCLUSIONS 

 

The gut microbiota plays an important role in the host nutrient metabolism and the 

introduction of this dissertation mentioned this role with an emphasis on the degradation of 

carbohydrates, primarily from plant sources. A number of novel enzymes, from different gut 

bacterial species, are responsible for the breakdown of these complex sugars, and more are 

frequently being discovered. However, enzyme function discovery has not kept pace with the 

amount of metagenomics data available today. Bridging this gap is crucial for understanding the 

complex array of functions available in the human gut. A number of public databases contain 

protein annotations that are computationally predicted and tend to suffer from misannotations. 

Misannotations can arise from predicting functions of proteins based on other misannotated 

proteins or by only considering sequence similarity or domains. Therefore, proper biochemical 

analyses of the functions of uncharacterized proteins are vital. This is especially true for large 

superfamilies of proteins that do not have many experimentally verified functions. Wrong 

annotations can often lead to error propagation as other websites, such as KEGG, pool predicted 

functions from various sources to give the reader information about a particular pathway. 

Finding relevant enzyme targets for function discovery can be equally challenging. The 

introduction chapter also, mentions ways to look for novel enzymatic pathways and some tools 

that an enzymologist can utilize to assemble substrates for screening against an uncharacterized 

enzyme.  

Chapter II describes the discovery of three enzymes (YcjM, YcjT, and YcjU) from the ycj 

gene cluster in E. coli K-12.  Based on the sequence similarity network (SSN) for YcjT 
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(cog1554), it was deduced that the substrate for the enzyme was a glucose-glucose disaccharide. 

By assembling a library of glucose-glucose, glucose-galactose, and glucose-fructose 

disaccharides and screening YcjT against it, the enzyme was identified as a kojibiose 

phosphorylase, the first to be discovered in E. coli. It was shown that YcjT could also use other 

substrates (D-sorbitol, 1,5-anhydro-D-glucitol, L-iditol, and L-sorbose) in the presence of β-D-

glucose-1-phosphate to form the corresponding disaccharides. YcjU was determined to be a β-

phosphoglucomutase and based on our knowledge, the only β-phosphoglucomutase reported in 

E. coli. YcjU also showed activity with β-D-galactose-1-phosphate, β- D-mannose-1-phosphate, 

and β-D-allose-1-phosphate. This activity has been not reported in the previously studied 

homologues of YcjU. The function of YcjM was determined to be α-D-glucosyl-2-glycerate 

phosphorylase based on bioinformatics analyses and steady state kinetics.   

Chapter III summarizes our attempts to characterize YcjQ, YcjR, and YcjS from the ycj 

gene cluster. YcjS was determined to be a NAD-dependent glucose dehydrogenase. Our 

experiments showed that the product of the enzymatic oxidation is 3-keto-D-glucose, which was 

found to be extremely labile under alkaline conditions and prone to degradation. 3-keto-D-

glucose was chemically synthesized and was shown to be a substrate for YcjS. YcjQ was 

determined to be a NAD-dependent gulose dehydrogenase, the first ever such reported enzyme 

based on our knowledge. The primary degradation product (formate) of the YcjQ catalyzed 

reaction was reminiscent of what was observed on 
13

C-NMR spectra with YcjS and D-glucose at 

pH 9.5. The product of the YcjQ catalyzed oxidation of D-gulose was suggested to be 3-keto-D-

gulose. Based on our experiments with YcjR and the reactions catalyzed by the closest homolog 

of YcjR, we propose that the enzyme is a C4-epimerase that requires a substrate with a keto 

group at the C3 position. Therefore, the proposed function of YcjR is to convert 3-keto-D-
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glucose to 3-keto-D-gulose and vice versa. The structure of selenomethionine-derivatized YcjR 

was solved to 1.86 Å resolution. Since attempts at co-crystallization with potential substrates 

failed, 3-keto-D-glucose was docked into the active site of the YcjR structure. 
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