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Supervisor:  Hung-wen Liu 

 

The diverse reactions that enzymes catalyze have fascinated enzymologists for 

decades. Continuing investigations in the biosynthesis of both primary and secondary 

metabolites have led to the discovery of enzymes that employ unusual ways to mediate 

bio-transformations. Exploration of such atypical biological catalysts is not only 

important for a comprehensive understanding of the natural products biosynthesis, but 

also providing new insights that are potentially valuable for developing novel compounds 

with enhanced biological activities. This dissertation describes the characterization of 

four enzymes that demonstrate unusual catalytic properties in different biosynthesis 

pathways. 

UDP-galactopyranose mutase (UGM) is required for cell wall biosynthesis in 

many microorganisms. It uses the common cofactor flavin adenine dinucleotide (FAD) in 

an unusual manner. Positional isotope exchange and kinetic linear free energy 

relationship studies provide a direct experimental evaluation of the nucleophilic 

participation by reduced FAD during UGM catalysis. MoeZ from Amycolatopsis 

orientalis is a unique sulfur carrier protein (SCP) activating enzyme that participates in 

the metabolism of sulfur. Unlike reported pathway specific homologues, MoeZ can 
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activate multiple SCPs from different biosynthesis pathways found in A. orientalis. 

Herein, the enzyme is characterized biochemically, and a disulfide intermediate is 

suggested as part of its catalytic cycle for sulfur transfer from thiosulfate to SCPs. The 

last two enzymes, Fom3 and OxsB, belong to the cobalamin-dependent radical SAM 

class of enzymes. While these enzymes are believed to operate with unprecedented 

chemistry, they remain poorly understood and understudied. Fom3 is proposed to 

methylate an unactivated carbon center in the biosynthesis of fosfomycin, which is a 

clinically relevant antibiotic. OxsB is responsible for the biosynthesis of oxetanocin A, an 

oxetane ring containing nucleoside that exhibits antiviral activity. Efforts have been made 

to isolate active Fom3 and reconstitute the in vitro activity of OxsB. Reductive cleavage 

of SAM by the latter enzyme has been demonstrated for the first time and is described in 

this dissertation. 
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Chapter 1:  Nucleophilic Participation of Reduced Flavin Coenzyme in 

the Mechanism of UDP-Galactopyranose Mutase 

 

1.1. INTRODUCTION 

1.1.1. Occurrence and significance 

Sugars are found ubiquitously in all living organisms where they play pivotal 

roles in structural integrity, energy storage, fertilization and development, cell 

proliferation and organization, host-pathogen interactions, inflammation, as well as 

immune responses.
1 

In eukaryotes, a relatively small collection of monosaccharides 

dominate the carbohydrate chemistry of primary metabolism (see Fig. 1-1, 1-1 to 1-12). 

In contrast, the development of extensive secondary metabolic pathways in prokaryotes 

has led to a much more diverse array of sugar structures. Thus, more than a hundred 

monosaccharide units have been reported in these organisms, including dexoy-, amino-, 

nitro-, and sulfur containing sugars.
2-3

 

Within the great diversity of structures among glycoconjugates, hexoses are 

typically found in the pyranosyl form (e.g., 1-4). However, during the last two decades, 

the furanosyl form (e.g., 1-12) of the hexose unit has also attracted interest, because they 

are important structural components in a variety of microorganisms including a number 

of pathogenic ones. Furthermore, hexofuranose has not been found in mammals. This 

distribution of glycofuranosyl conjugates and their derivatives suggests unique 

opportunities for new drug development.
4
   

Hexofuranosyl conjugates found in nature 

Hexofuranosyl conjugates are important metabolic and structural constituents of 

many bacteria, protozoa, fungi, plants, and archaea. D-Galactofuranose (Fig. 1-2, Galf 1-
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13) and D-fructofuranose (Fruf 1-14) are the more frequently observed structures, 

whereas D-glucofuranose (Gluf 1-15), D-fucofuranose (Fucf 1-17), 2-acetamido-2-deoxy-

D-galactofuranose (GalfNAc 1-16), and D-streptose (1-18) are much less common.
4-5 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1:  Examples of some sugars commonly used in primary metabolism. 
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An important example of a Galf containing polysaccharides is arabinogalactan 

from the cell wall of Mycobacterium tuberculosis (Fig. 1-3 A). It contains a galactan 

chain of approximately 35 Galf residues that is essential for the viability and virulence of 

M. tuberculosis.
6
 Given the global prevalence of tuberculosis (World Health Organization 

Media Center)
 
and the increasing incidence of multidrug resistant strains,

7
 blocking the 

biosynthesis of Galf appears to be an attractive alternative mechanism for new 

therapeutics.
8-9

 The Galf moiety is also present in some eukaryotic pathogens in the form 

of glycoconjugates such as lipophosphoglycan (LPG), glycoinositol phospholipids 

(GIPLs), and mucin-like proteins. These pathogens include Trypanosoma cruzi, the 

causative agent of Chagas diseas, and Leishmania major, the parasites that infects more 

than 10 million people worldwide through sand-fly mediated transmission.
10

 Although 

less abundant, Galf unit has also been observed in some species of fungus, such as 

Aspergillus fumigates, which is an important pathogen for immunodeficient patients. In 

fact, Galf containing polysaccharides have been studied as markers for early diagnosis of 

clinical fungal infections.
11 

  

 

  

 

 

 

 

 

 

 

 

 

 

Figure 1-2:  Structures of hexofuranoses observed in naturally occurring glycans. 
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In addition to the pathogenic microorganisms described above, hexofuranose 

containing glycans are also widely distributed among a number of other species including 

bacteria (both Gram-positive and Gram-negative), plants, algae, marine sponges, starfish, 

and archaebacteria. A selection of some of the interesting structures involving 

hexofuranoses is provided in Fig. 1-3. Here, the biological functions and activities of 

these glycans are briefly described and the furanose moieties are colored in red.
12

 

Biosynthesis of hexofuranosyl conjugates 

The biological construction of glycosidic linkages is typically catalyzed by 

glycosyltransferases (GTs), which couple activated sugars to the target acceptor 

molecules. Activated sugars are usually represented by nucleotide monophosphate 

(NMP) or nucleotide diphosphate (NDP) derivatives. For hexofuranosyl NDPs, they are 

most often biosynthesized from pyranosyl NDPs precursors in reactions catalyzed by 

specific mutases (except for D-Araf conjugates whose biosynthesis also relies on 

polyisoprenyl donors in Actinomycetales).
12

 

A well studied example is UDP-Galf, the biological activated donor for the Galf 

residue. The mutase responsible for the key ring contraction step converting UDP-Galp to 

UDP-Galf is UDP-galactopyranose mutase (UGM). UGM is a flavoenzyme that uses a 

reduced flavin cofactor to catalyze this redox-neutral isomerization (Fig. 1-4 A),
13

 and it 

is the mechanism of this reaction in particular that represents the focus of this chapter. 
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Figure 1-3:  Selected hexofuranosyl containing glycans and natural products. 
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A number of other important mutases similar to UGM have also been described. 

For example, UDP-N-acetyl-galactopyranose mutase (UNGM) has been recently 

described as a UGM homolog from Campylobacter jejuni 11168.
14

 UNGM can 

accommodate both UDP-Gal and UDP-GalNAc. Interestingly, UDP-Gal is a better 

substrate for UNGM although only GalfNAc residues have been found in the capsular 

polysaccharide glycoconjugates of C. jejuni.
15

 The mechanism of UNGM is thought to be 

similar to that of UGM and the N-acetyl group is stabilized by the active site arginine 

residue (Fig. 1-4 B).
14

 Likewise, TDP-fucopyranose mutase (Fcf2) from E. coli O52 has 

also been reported and shown to possess 60% identity to the Klebsiella pneumonia UGM. 

(Fig. 1-4 C).
16

 Another identified mutase is UDP-arabinopyranose mutase (UAM), which 

catalyzes the interconversion of UDP-Arap and UDP-Araf (Fig. 1-4 D).
17

 

Arabinofuranose (Araf) is another major component of glycoconjugates found in 

microorganisms and plant cell walls. Unlike UGM and UNGM, UAM does not require a 

cofactor for its activity. Recent studies suggest that in functional UAMs an arginyl 

residue is reversibly glycosylated with a single glycosyl residue, and that this residue is 

required for mutase activity.
18

 While additional furanosyl units beyond those noted above 

have also described in biological systems, their biosyntheses are even less well 

understood. 

With regard to the GTs that transfer the furanosyl moiety to the target acceptor, 

only the ones that are involved in the mycobacterial cell wall biosynthesis have been 

characterized. They are GlfT1 and GlfT2 and use UDP-Galf as the donor in M. 

tuberculosis.
12

 GlfT1 catalyzes attachment of the first two Galf residues to the 

peptidoglycan anchor and GlfT2 catalyzes the subsequent polymerization of the galactan 

in a processive manner.
19 
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Figure 1-4:  Reversible ring contraction/expansion reactions catalyzed by NDP- 

glycopyranose mutases.  

1.1.2. Mechanistic hypotheses for UGM  

UGM from E. coli was initially characterized in 1996.
20 

Soon after, UGMs were 

also discovered in other prokaryotes such as Klebsiella pneumonia and Mycobacterium 

tuberculosis.
21-22 

Recently, eukaryotic UGMs especially from human pathogens have 

begun to receive more attention. (e.g., Trypanosoma cruzi and Aspergillus spp.)
23-24 

One 

key reason for the renewed interest in UGM is the recognition that the enzyme is required 

by the pathogens (for the biosynthesis of activated cell wall precursors) but not for 

mammals. Understanding the reaction mechanism of UGM is extremely important for 
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inhibitors design. Moreover, the reversible reaction catalyzed by UGM is also interesting 

from a purely biochemical point of view. As mentioned above, UGM requires the 

reduced flavin coenzyme (FADred, 1-24) to catalyze a redox-neutral isomerization. This 

has raised questions about the catalytic function of the coenzyme during turnover. 

The versatility of flavoenzymes 

Flavoenzymes utilize flavin mononucleotide (FMN, 1-20) and/or flavin adenine 

dinucleotide (FAD, 1-21) as prosthetic groups to catalyze a wide range of chemical 

transformations. FMN and FAD are the biologically active forms of riboflavin (1-22), 

which is more commonly known as vitamin B2 and is an essential dietary component for 

humans. In fact, the human genome contains 90 genes that encode flavoenzymes, and 

about 60% of them are associated with human disorders caused by mutations in the 

pertinent gene.
25 

 

Flavoenzymes are known to mediate a variety of oxidation/reduction reactions 

critical to different aspects of metabolism such as photosynthesis, aerobic respiration, 

denitrification, and sulfur respiration.
26

 Compared to other essential cofactors involved in 

redox transformations such as nicotinamide coenzymes (NAD(P)/NAD(P)H) (hydride 

transfer only) and both heme- and non-heme iron-dependent enzymes (obligate to only 

one-electron transfer), the tricyclic isoalloxazine structure of the flavin cofactor allows it 

to access both two- and one-electron transfer reactions.
27

 Therefore, the isoalloxazine 

ring of FAD (or FMN) can exist in three different oxidation states (Fig. 1-5): an oxidized 

form (FAD 1-21), a one-electron-reduced neutral semiquinone (FADH
●
 1-23), and a two-

electron-reduced hydroquinone (FADred or FADH2 1-24). 
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Figure 1-5:  Structures of different forms of flavins and the three oxidation states of 

FAD. 

Common types of redox reactions catalyzed by flavoenzymes are shown in Fig. 1-

6. In the reductive half reactions, the bound flavin is reduced and the substrate is 

oxidized. Examples include desaturation reactions; amine, alcohol, and thiol oxidations; 

disulfide formations; as well as oxidizing NADPH to NADP. In the reoxidative half 

reactions, the reduced flavin generated from the reductive half reactions will be oxidized. 

Many flavoenzymes are also capable of reacting directly with molecular oxygen leading 

to the formation of a flavin-4a-OOH adduct. This adduct can then be used to carry out 

oxygenation reactions such as Baeyer-Villiger ring expansions, olefin epoxidations, 

halogenations via HOCl generation, and oxidative Favorskii rearrangements.
27
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Figure 1-6:  Common redox reactions catalyzed by flavoenzymes. 

Noncanonical roles of flavin cofactor 

Other than playing a redox role, recent findings have also suggested novel 

functions for flavin cofactor, especially in the case of net redox neutral reactions. For 

example, a class of FAD-containing TPP-dependent enzymes, such as CDP-4-aceto-3,6-

dideoxygalactose synthase (CADS or YerE), utilize the flavin for structural purposes in 

order to maintain the integrity of the enzyme active site.
28

 Similar cases where the flavin 

appears to be used in a purely structural manner have been reported for acetohydroxyacid 

synthase and glyoxylate carbo-ligase.
29
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Another non-redox role for the flavin cofactor is acid/base catalysis as in the case 

of type II isopentenyl diphosphate isomerase
30-31

 and chorismate synthase, although in the 

latter case this has yet to be fully established.
32

 Another instance where reduced FAD has 

been suggested to operate as an acid/base catalyst is in the reaction catalyzed by NikD, 

which catalyzes an aromatization reaction in the biosynthesis of nikkomycin and the 

proposed mechanism of NikD is shown in Fig. 1-7.
33

 Recently, another flavin dependent 

enzyme named CrtY was reported and catalyzes the cyclization of lycopene in 

carotenoids formation in Pantoea ananatis. This enzyme can take either reduced FAD or 

FMN to catalyze the reaction, though higher rates of catalysis are reported with FADred.
34

 

An active site Glu residue is proposed to function as the general acid/base catalyst in the 

CrtY reaction, whereas the anionic form of FADred is hypothesized to stabilize a cationic 

intermediate (see Fig. 1-8).
35

 

 

 

 

 

 

 

 

Figure 1-7:  Proposed mechanism for NikD reaction. 



 12 

Me

H

Me

R

MeMe
H

N
H

N

NH

N

O

H3C

H3C

R

FADred

CrtY
Me

H

Me

R

MeMe H

O

H

Me

R

MeMe Me

and/or

Me

R

Me
HMe Me

H+

H

Me

H

Me

R

MeMe H
H

- H+

- H+

 

 

 

 

 

Figure 1-8:  Propose mechanism for the CrtY catalyzed reaction. Whether the reaction 

mechanism is via a stepwise or concerted pathway was not clear. 

Recent studies have also demonstrated that the N5 nitrogen of the flavin cofactor 

can form a covalent iminium adduct during enzyme turnover. One example is alkyl-

dihydroxyacetonephosphate synthase (ADPS), a key enzyme in ether phospholipid 

biosynthesis.
35

 This flavoenzyme catalyzes the net replacement of an ester linkage with 

an ether linkage using a tightly bound FAD cofactor (see Fig. 1-9). Here, the N5 nitrogen 

of FAD undergoes nucleophilic attack by a conjugate base of the acyl DHAP substrate. 

Participation of the N5 lone pair expels the acyl moiety to form an iminium intermediate. 

Addition of the long-chain alcohol followed by release of the FAD cofactor then gives 

the alkyl DHAP product.
36

 The reaction mechanism of ADPS is analogous to the 

reductive half reaction of nitroalkane oxidase, where an overall redox change is 

involved.
27

 

Another redox reaction involving a covalent flavin adduct intermediate is the 

unique tRNA methyltransferase TrmFO.
37

 Typically, the methyl donor for tRNA 

methylation is S-adenosyl-L-methionine (SAM). However, in some Gram-positive 

bacteria, methylenetetrahydrofolate (CH2THF) serves as the methyl donor. Recently, 

TrmFO from Bacillus subtilis was purified and studied in vitro.
38

 TrmFO is a 

flavoenzyme that utilizes reduced FAD to generate 5-methyluridine at position 54 
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U54) in the tRNA transcript. The flavin has been hypothesized to act as an 

intermediary during the methyl transfer reaction as shown in Fig. 1-10. During each 

turnover, FADred is oxidized upon reducing a methylene functionality to a methyl such 

that NAD(P)H is required to reduce the cofactor for further catalysis. The last example 

involving a substrate-flavin adduct will be UGM, and its mechanism will be discussed in 

detail in the following section. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-9:  Proposed mechanism for ADPS. FAD serves as an electrophile in a redox 

neutral reaction forming a covalent FAD-substrate intermediate. 
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Figure 1-10:  Proposed mechanism for the TrmFO catalyzed methylation reaction. (1)  

Formation of the covalent flavin intermediate. (2) Transfer the methylene 

group to the tRNA substrate and hydride transfer to complete the 

methylation.  

A flavin-substrate covalent adduct is an intermediate in the UGM catalytic cycle 

Several previous studies have provided important insights into the chemical 

mechanism of the UGM catalyzed reaction. Purified UGM from E. coli demonstrated a 

rate enhancement of more than two orders of magnitude in the presence of dithionite, 

suggesting reduced FAD is required for catalysis.
13

 Given the redox properties of FAD, 

the mechanistic proposal envisioned for UGM shown in Fig. 1-11. However, this 

hypothesis was refuted by the following studies: (1) Using positional isotope exchange 

(PIX) studies, Blanchard and co-workers demonstrated that the anomeric C1-OPβ bond is 

broken and reformed during turnover.
39 

(2) Although rate reduction was observed, 
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fluorinated analogues UDP-[2-F]Galf/p and UDP-[3-F]Galf/p could be turned over by 

UGM.
40-41

 At this point, the mechanism of UGM was proposed to involve a bi-cyclo 

acetal intermediate (1-25) as shown in Fig. 1-12, though the identity of the enzyme 

nucleophile was not clear.  

 

 

 

 

 

 

 

 

Figure 1-11:  Early mechanistic hypothesis for UGM involving oxidation and reduction 

of the substrate. 

Later, Huang et al. were able to reconstitute activity when apo-UGM, from which 

FAD had been removed, was incubated with 1-deaza-FAD but not 5-deaza-FAD.
42

 This 

result suggested the importance of the N5 nitrogen of FAD, and a radical pathway 

leading to formation of a flavin-substrate iminium intermediate was proposed as shown in 

Fig. 1-14 (pathway C). Soon after, using NaCNBH3 as a chemical quenching agent, 

Soltero-Higgin et. al. trapped species 1-26 (verified by mass), providing more direct 

evidence for the intermediacy of the iminium ion (1-27) in the UGM catalytic cycle 

shown in Fig. 1-14.
43

 Combined with the observation that a synthetic bi-cyclo acetal 

species could not be accepted by UGM as a substrate, the earlier hypothesis shown in 

Fig. 1-12 was firmly ruled out.
44
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Figure 1-12:  Hypothesis for UGM mechanism involving a bi-cyclic intermediate. 

Characterization of species 1-26 by 
1
H-NMR helped to verify its identity.

45
 

Structures of reduced UGM determined in the presence of UDP-Galp by saturation 

transfer difference NMR spectroscopy
46

 and X-ray crystallography
45 

revealed that the N5 

nitrogen of FADred is in close proximity to the anomeric carbon of the substrate (Fig. 1-

13), providing compelling evidence for the participation of N5 in nucleophilic attack at 

C1 of the substrate to form 1-28 and 1-29 during turnover. 

Although the existence of an iminium FAD-substrate covalent intermediate has 

become well accepted, the detailed mechanism underlying its formation is still under 

debate. Three mechanistic hypotheses have been proposed to address this issue as shown 

in Fig. 1-14. Generation of these intermediate flavin adducts may occur via nucleophilic 

attack by N5 of FADred at the anomeric carbon of 1-4 (or 1-12) concerted with cleavage 

of the C1-OPβ bond (Fig. 1-14, path A), which is reminiscent of typical SN2-type 

substitutions. Alternatively, formation of 1-28 and 1-29 may take place in a stepwise 
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3.56 Å

FAD

Arg174

Arg280

Asn84

UDP-Galp

fashion similar to SN1-type substitutions (Fig. 1-14, path B), where elimination of UDP to 

produce an oxocarbenium intermediate (such as 1-30) precedes the nucleophilic attack by 

N5. It is also possible that the electron deficient nature of 1-30 could facilitate single-

electron transfer (SET) from FADred to form a radical pair (such as 1-31 and 1-33), 

followed by covalent bond formation to afford the intermediates (Fig. 1-14, path C). 

 

 

 

 

 

 

 

 

Figure 1-13:  A representative view of the UGM active site under reducing conditions 

with both FADred and UDP-Galp bound. (PDB: 3INT) The distance between 

the N5 of FADred and the C1 of UDP-Galp is approximately 3.6 Å. 

Indirect evidence for an oxocarbenium intermediate has come in the form of a 

significant rate reduction observed with fluorinated UDP-galactose analogues
40-41 

and the 

inability of UGM to displace UDP from the linear substrate analog UDP-galactitol.
47

 

However, whether these substrate analogs bind in the active site with the appropriate 

configuration for catalysis is not clear. One example for this potential concern is UDP-

CH2-Galp. This phosphono analog of UDP-Galp showed a binding mode distinct from 

that of the natural substrate, although methylenephosphonates are a well established 

isosteric replacement for the phosphate group.
48

 Although the observation of neutral 

flavin semiquinone (1-23) in the presence of UDP-Galp has been reported, its catalytic 
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relevance has not been demonstrated.
49

 While the result that apo-UGM could be 

reconstituted with 1-deaza-FAD but not 5-deaza-FAD was consistent with a SET route,
42

 

it was also in agreement with pathways involving Lewis acid/base chemistry. 

Furthermore, a UDP-Galp/f radical species has not been observed by EPR, and the X-ray 

crystal structure of reduced FAD and UDP-Galp bound to UGM is consistent with all 

three hypotheses (see Fig. 1-13). 

1.1.3. Thesis statement 

This chapter discusses mechanistic studies of UGM. This enzyme uses reduced 

FAD to catalyze the reversible interconversion of UDP-Galp and UDP-Galf. UGM is 

required by a number of pathogens for the biosynthesis of UDP-Galf, which is needed for 

cell wall biosynthesis and is absent in mammals. Results from previous studies by 

different research groups have provided evidence for the existence of an FAD-Galf/p 

adduct as an intermediate in the catalytic cycle. These findings are consistent with Lewis 

acid/base chemistry involving nucleophilic attack by the N5 nitrogen of FADred at the C1 

position of UDP-Galf/p. However, the mechanism by which the covalent adduct is 

formed remains unresolved, and three different pathways have been proposed. (Fig. 1-14) 

In this chapter, PIX and linear free energy relationships (LFERs) studies are 

described in an attempt to further investigate the role of the N5 nitrogen of FADred during 

UGM catalysis. Together, the results of these experiments are most consistent with an 

SN2-type displacement of UDP from the substrate by N5 of FADred (Fig. 1-14, path A). 

UGM is an attractive drug target and several different UGM analogs have been 

developed with this aim in mind.
50-51

 Detailed understanding of the reaction mechanism 

will provide more information for the design of inhibitors. Moreover, the chemical 

reaction catalyzed by UGM involves novel usage of the flavin cofactor. The results from 
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this chapter will for this reason also be useful in understanding more about this important 

class of biocatalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-14:  Putative chemical mechanisms for UGM catalysis. 
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1.2. MATERIALS AND METHODS 

1.2.1. General  

Protein concentrations were determined by the Bradford method using bovine 

serum albumin (BSA) as the standard.
52

 The relative molecular mass and purity of the 

enzyme samples were determined using 12% SDS-PAGE. DNA sequencing was 

performed by the Core Facilities of the Institute of Cellular and Molecular Biology at 

University of Texas at Austin. The general methods and protocols for recombinant DNA 

manipulations were followed by Sambrook and coworkers.
53

 NMR spectra were acquired 

on Varian NMR spectrometers (400, 500, or 600-MHz) at the Nuclear Magnetic 

Resonance Facility in the Department of Chemistry and Biochemistry at the University of 

Texas at Austin. Mass spectra were obtained at the Mass Spectrometry Core Facility in 

the Department of Chemistry and Biochemistry at the University of Texas at Austin. 

Except for 
13

C NMR peak deconvolution and integration, all data analysis was performed 

with programs written and implemented using the GNU Octave numerical analysis 

software, which is available as freeware at the website www.gnu.org/software/octave.
54

 

Materials 

Vectors pET24b(+) and pET28b(+) were purchased from Novagen (Madison, 

WI). Enzymes and molecular weight standards used for molecular cloning were from 

Invitrogen (Carlsbad, CA) or New England Biolabs (Ipswich, MA). Nickel-nitrilotriacetic 

acid (Ni-NTA) resin and kits for DNA gel extraction and spin miniprep were obtained 

from Qiagen (Valencia, CA). Pfu DNA polymerase was purchased from Stratagene (La 

Jolla, CA). Enzymes used in the preparation of [1-
13

C, 1-
18

O]UDP-Galp were acquired 

from Sigma-Aldrich (St. Louis, MO) except for galactose kinase (GalK). D-[1-

13
C]Galactose (99%) was from Cambridge Isotope Laboratories (Andover, MA) and 
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H2
18

O (95%, normalized) was from Fluka (St. Louis, MO). Other chemicals and reagents 

were products of either Sigma-Aldrich or Thermo Fisher Scientific (Waltham, MA). 

Amicon YM10 Centrifugal Filter Units were from EMD Millipore (Darmstadt, 

Germany). The bacteria strains E. coli DH5α used for cloning was from Invitrogen, and 

E. coli BL21 Star
TM

 (DE3) used for protein overexpression was from Novagen (Madison, 

WI). The glf gene encoding recombinant pQZ-1 and UDP-Galf were prepared by Dr. 

Kenji Itoh. The genomic DNA of E. coli K-12 used to clone GalK was provided by Dr. 

Christopher J. Thibodeaux. All flavin analogs were provided by Dr. Christopher J. 

Thibodeaux and Dr. Wei-chen Chang.
31

 

Instrumentation  

       The pH values were measured using a Corning pH meter 240 from Fisher 

Scientific, or colorpHast
®
 indicator strips from EM Science (Gibbstown, NJ). Agarose 

gel electrophoresis apparatus was from Bio-Rad (Richmond, CA) and Fisher Scientific. 

Centrifugation procedures were carried out using either an Avanti J-25 or Avanti JE-255 

unit from Beckman-Coulter (Arlington Heights, IL) for large volumes, and an Eppendorf 

(Enfield, CT) 5415 D or 5415 R for small volumes. Photography of agarose gels was 

performed with a Kodak EDAS 290 apparatus connected to a PC running Kodak 1D 3.5 

software using a FBTIV-88 transilluminator from Thermo Fisher Scientific. PCR was 

performed using an Eppendorf Mastercycler Gradient from Brinkman Instruments. The 

Synergy HT Multi-Mode Microplate Reader was from Bio-TEK
 
(Winooski, VT). 

Ultraviolet-visible (UV) spectra were obtained using either Beckman DU650 or Agilent 

8433 spectrophotometers (Santa Clara, CA). High-performance liquid chromatography 

(HPLC) was performed on a Beckman Coulter System Gold equipped with a UV 

detector. Varian Microsorb-MV 100-5 C18 HPLC columns (250 × 4.6 mm) were 
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purchased from Varian Inc. (Palo Alto, CA). DNA concentrations were measured using a 

NanoDrop ND-1000 UV-vis instrument from Thermo Fisher Scientific. 

1.2.2. UGM expression and purification 

The recombinant plasmid pQZ-1 containing the glf gene from E. coli was used to 

transform E. coli BL21 Star
TM

 (DE3) for overexpression of UGM as a C-terminal His6- 

fusion protein. Cells were cultured in LB medium containing 50 mg/liter kanamycin at 37 

°C until the absorbance at 600 nm reached 0.6. Protein overexpression was induced by 

the addition of isopropyl β-D-thiogalactopyranoside to 0.1 mM, and the culture was 

allowed to incubate for an additional 18 h at 18 °C. The cells were then harvested by 

centrifugation at 4500 × 15 min and stored at –80 °C. 

All purification steps were carried out at 4 °C following the manufacturer’s 

protocol for Ni-NTA resin with minor modifications. Specifically, the thawed cells were 

resuspended in lysis buffer (50 mM potassium phosphate (KPi), pH 7.5, 10% (v/v) 

glycerol, 300 mM NaCl, and 10 mM imidazole) and then disrupted by sonication. The 

resulting supernatant was centrifuged at 16,000 × g for 30 min and subjected to Ni-NTA 

purification. The collected protein was dialyzed against 3 × 1 L of 100 mM KPi, pH 7.5 

containing 15% glycerol. The protein solution was then flash-frozen in liquid nitrogen 

and stored at –80 °C until use. 

1.2.3. Cloning, expression and purification of GalK 

The galk gene was PCR-amplified from E. coli K12 genomic DNA with 

engineered NdeI and BamHI restriction sites.
55

 The sequence of the forward primer was 

5′-GGGAATTCCATATGAGTCTGAAAGAAAAAACACAATCTC-3′ (the restriction 

site is in bold, and the start codon is underlined). The sequence of the reverse primer was 

5′-CGCGGATCCTCAGCACTGTCCTGCTCCTTG-3′ (the stop codon is in italics). 
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PCR-amplified gene fragments were digested and purified from a DNA gel and then 

ligated into a pre-digested pET28b(+) vector. The resulting plasmid, GalK/pET28b(+), 

was used to transform E. coli BL21 star (DE3) for protein overexpression. The GalK was 

expressed as an N-terminal-His6-tagged protein. The expression and purification method 

is identical to that of UGM, while Tris buffer pH 8.0 was used instead of KPi and 10% 

(v/v) glycerol was used in the dialysis buffer. 

1.2.4. Preparation of double-labeled UDP-Galp 

Double-labeled [1-
13

C, 1-
18

O]-UDP-Galp was prepared according to published 

methods with slight modification.
39, 55-56

 First, the double labels were introduced by 

incubating 100 mg D-[1-
13

C]galactose with 200 µL of H2
18

O (95%, normalized; Fluka) at 

55 °C for 2 days to yield the double labeled galactose. The double-labeled UDP-Galp was 

then synthesized enzymatically as shown in Fig. 1-15. A solution of 80 mM double-

labeled galactose was treated with pyruvate kinase (PK) and GalK in the presence of 125 

mM phosphoenolpyruvate (PEP) and 6 mM ATP in 50 mM Tris buffer (pH 7.5) with 5 

mM MgCl2, 2 mM MnCl2, 5 mM KCl, and 5 mM DTT to generate double-labeled 

galactose 1-phosphate. The enzymes were removed using YM10 centrifugal filtration 

after complete consumption of the labeled galactose as monitored by TLC. The filtrate 

was adjusted to pH 8.5 with NaOH and treated with galactose-1-phosphate 

uridylyltransferase (GalT), UDP-glucose pyrophosphorylase (UGP), and inorganic 

pyrophosphatase (PPase) in the presence of 0.6 mM UDP-glucose (UDP-Glc) and 100 

mM UTP to form UDP-[1-
13

C, 1-
18

O]Galp. The reaction was monitored by HPLC (see 

below for conditions). Enzymes were then removed by filtration and the product was 

purified using a DEAE-cellulose column eluted with a 0 – 0.1 M gradient of NH4HCO3 in 
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unlabeled UDP-Galp as a standard.  

 

 

 

 

 

 

Figure 1-15:  Scheme for enzymatic synthesis of double-labeled UDP-Galp. 

1.2.5. Preparation of apo-UGM and reconstitution with other FAD analogues 

FAD was removed from the purified enzyme by the addition of a 2.6-fold volume 

excess of 3 M KBr in 20% glycerol to a 10 mg/mL enzyme stock in storage buffer.
42 

The 

resulting mixture was incubated on ice for 2 min before precipitating the enzyme by the 

addition of a 1.8-fold volume excess of saturated ammonium sulfate (pH 2.5). The 

enzyme precipitate was pelleted by centrifugation at 18,000 × g for 10 min. The clear 

yellow supernatant containing released FAD was decanted, and the protein pellet was 

redissolved in 4 mL of storage buffer. The high salt treatment was repeated a second 

time, and the resulting apo-UGM was dialyzed against storage buffer (100 mM KPi, pH 

7.5, 15% glycerol). Reconstitution of UGM with FAD analogues was carried out by 

incubating a 2.5 mg/mL solution of apo-UGM with an excess of cofactor analogue for 15 

min at room temperature. The reconstituted enzyme/cofactor solution was then diluted 

with storage buffer to a concentration compatible with the enzyme assays. In the LFER 

studies, the molar ratio of cofactor to apo-UGM was about 100:1. 
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1.2.6. PIX Time course experiments 

PIX experiments were carried out at 27 °C in NMR tubes containing 50 mM KPi 

(pH 7.5), 10% D2O (for locking the 
13

C NMR signal), 7 mM Na2S2O4 (determined by UV 

at 315 nm using ε = 6900 M
-1

cm
-1

),
57

 and approximately 14 mM double-labeled UDP-

Galp in a total volume of approximately 630 µL. Apo-UGM was pre-incubated with the 

respective cofactor for 15 min before dilution into the reaction solution. In the 5-deaza-

FAD/UGM and apo-UGM samples, the final enzyme concentration was 15 µM, and the 

5-deaza-FAD concentration was approximately 820 µM. In the FAD/UGM positive 

control, the final enzyme and FAD concentrations were 10 and 220 µM, respectively. All 

13
C NMR spectra were recorded using a 600-MHz Varian NMR spectrometer except for 

the reaction with apo-UGM, which were recorded using a 500-MHz Varian NMR. 

1.2.7. Kinetic assay 

Initial rates for the conversion of UDP-Galf to UDP-Galp by reconstituted UGM 

were determined according to a previously described discontinuous assay with slight 

modifications.
41 

Reactions were run in 50 mM KPi buffer (pH 7.5) containing 7 mM 

Na2S2O4 and 10 – 500 µM UDP-Galf in a total volume of 30 µL. The temperature was 

maintained at 37 °C using a water bath. Enzyme concentrations varied from 0.015 to 0.2 

µM depending on the analogue tested. Reactions were initiated upon the addition of 

UDP-Galf, quenched with a 3-fold excess of methanol, and centrifuged to remove 

precipitates. The resulting supernatant were dried in a speed vacuum concentrator and re-

suspended in HPLC buffer A prior to analysis. The fraction of reaction was determined 

based on the relative integrations of the UDP-Galf and UDP-Galp peaks and used to 

calculate the initial rate of reaction. 
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1.2.8. HPLC conditions 

HPLC analysis was performed at room temperature using a Varian Microsorb-

MV 100-5 C18 column (250 × 4.6 mm) with UV detection at 262 nm. Solvent A 

contained 50 mM KPi and 2.5 mM tetrabutylammonium hydrogen sulfate (pH 6.9) in 

H2O, and solvent B contained 50 mM KPi and 2.5 mM tetrabutylammonium hydrogen 

sulfate (pH 6.9) in 50% H2O/acetonitrile. Isocratic elution was performed at 96% solvent 

A at a flow rate of 1 mL/min.
58

 

1.2.9. Preparation and verification of 7/8-substituted FAD analogues 

The 7/8-substituted FAD analogues used in this study were prepared according to 

published methods.
31 

The identity of each compound was verified by 
1
H NMR and 

31
P 

NMR spectroscopy as well as by high resolution electrospray ionization mass 

spectrometry. 
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1.3. RESULTS AND DISCUSSION 

1.3.1. Purification and characterization of UGM and GalK 

UGM and apo-UGM 

C-terminal His6-tagged UGM was purified to near homogeneity (Fig. 1-16). The 

purified enzyme has a bright yellow color and a distinct UV-vis absorption (peaks at 380 

nm and 450 nm), indicating the presence of a tightly bound FAD cofactor (Fig. 1-17). 

The yield was about 50 mg per liter of culture. The molecular weight of UGM was 

estimated to be 45 kDa as judged by SDS-PAGE, which correlated well with the 

calculated molecular weight of 45,014 Da including the His6 tag. After high salt 

denaturation and renaturation to remove the cofactor, apo-UGM appeared colorless. No 

detectable FAD signal could be observed in UV-vis spectra of apo-UGM (see Fig. 1-17). 

Before the PIX assay, activities of the reconstituted enzymes were compared with the as 

isolated UGM and no enzyme control in the reverse direction (from UDP-Galf 1-12 to 

UDP-Galp 1-4). As expected, only UGM reconstituted with FAD showed similar activity 

to the as isolated holo-UGM. Both apo-UGM and UGM reconstituted with 5-deaza-FAD 

showed no conversion in 2 min similar to the no enzyme control (see Fig. 1-18). 

 

 

 

 

 

 

 

Figure 1-16:  10% SDS-PAGE of GalK and UGM: lane 1, GalK; lane 2, apo-UGM; lane 

3, UGM as isolated. 
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Figure 1-17:  UV-vis spectra of UGM as isolated and apo-UGM. 

GalK 

N-terminal His6-tagged GalK was purified with a major band near 43 kDa as 

judged by SDS-PAGE (Fig. 1-16), in agreement with the calculated molecular weight of 

43,605 Da. About 5 mg protein was obtained from a 4 L culture. The activity of GalK 

was confirmed by incubating the expressed enzyme with 4 mM D-galactose and 50 mM 

ATP. After 30 min at 37 °C, the D-galactose (Rf = 0.6) was completely converted to its 

monophosphate (Rf = 0.1) as indicated by TLC. TLC was developed in n-

butanol/ethanol/water with a ratio of 5:3:2 and stained with phosphomolybdic acid 

(PMA). 
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Figure 1-18:  HPLC chromatograph for UGM activity assay. (A) No enzyme (B) apo-

UGM (C) UGM reconstituted with 5-deaza-FAD (D) UGM reconstituted 

with FAD (E) UGM as isolated. The reaction condition was same for all 

samples: 20 mM Tris pH 7.5, 7 mM Na2S2O4, 60 µM UDP-Galf, and 50 nM 

enzyme if present. Incubations were at 37 °C for 2 min. 

1.3.2. Characterization of double-labeled UDP-Galp 

The synthesized UDP-[1-
13

C, 1-
18

O]Galp was determined to be 95% pure based 

on HPLC analysis. The extent of isotopic double-label incorporation into the UDP-Galp 

product was determined by 
1
H NMR (Fig. 1-19) and 

13
C NMR (Fig. 1-20) spectrometries 

and confirmed by high resolution electrospray ionization mass spectrometry (negative-

ion mode), demonstrating peaks at m/z 566.0518 and 568.0530, corresponding to the 
16

O 

(calculated m/z 566.0511) and 
18

O (calculated m/z 568.0553) isotopologues, respectively. 
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Figure 1-19:  
1
H NMR (400 MHz, D2O) of double-labeled UDP-Galp. The C1 proton is 

highlighted in red, and the corresponding NMR signal split by the 
13

C at C1 

is boxed. 
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Figure 1-20:  
13

C NMR (100 MHz, D2O) of double-labeled UDP-Galp. The coupling 

constant of the C1 carbon and the β-phosphorus is 6.7 Hz. The 0.03 ppm 

chemical shift difference between C1 attached to 
16

O versus 
18

O matches the 

description in the reference for the double-labeled UDP-Galp.
39

 

The C1 
13

C NMR signal of UDP-Galp is split into a doublet by the adjacent β-

phosphate and demonstrates an upfield shift of approximately 0.03 ppm when the 

anomeric oxygen is replaced with 
18

O. The resulting two doublets were deconvoluted and 

integrated using the Varian VnmrJ software and a multicomponent fit with Lorentzian 

line shapes. 
13

C NMR and mass spectrometry results indicated that the double-labeled 

UDP-Galp (1-34) was prepared with approximately 99% incorporation of 
13

C at C1 and 

77 ± 4% incorporation of 
18

O at the bridging C1–OPβ position. This value was 

determined from a single sample measured twice (N = 2) using the 600 MHz NMR on 

two separate consecutive days.  
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1.3.3. PIX experiment 

Rationale 

Evidence for the cleavage of the anomeric bond of UDP-Galp during turnover by 

UGM was first provided by Blanchard and co-workers using PIX.
39

 In this study, 

incubation of UGM with UDP-[1-
13

C]Galp enriched with 
18

O at the bridging oxygen 

between C1 and the β-phosphate (1-34) was monitored by 
13

C NMR spectroscopy. When 

18
O is replaced with 

16
O at the bridging position (see 1-35), a well resolved downfield 

shift of the 
13

C1 resonance occurs, with the change in the ratio of the 
13

C–
18

O and 
13

C–

16
O signals during turnover indicative of bond cleavage and reformation (Fig. 1-21). It 

has also been shown that UGM reconstituted with 5-deaza-FAD does not catalyze the 

interconversion of UDP-Galf and UDP-Galp.
42

 This observation was initially interpreted 

as support for a mechanism involving SET (Fig. 1-14, path C), because 5-deaza-FAD is 

restricted to 2-electron processes.
59

 Nevertheless, this indirect evidence does not exclude 

the possibility of a nucleophilic role for N5 of FADred and, in particular, an SN2-type 

process if it is required for expulsion of the UDP moiety. 

 

 

 

 

 

 

 

Figure 1-21:  Rationale for PIX experiments. 

As an initial test of the hypothesis that the N5 nitrogen is directly involved in the 

cleavage of the anomeric bond of UDP-Galp to form the flavin-substrate adduct (1-28 



 33 

and 1-29), we considered the ability of UGM to utilize 5-deaza-FAD to catalyze PIX of 

the Pβ oxygens in UDP-Galp. If an oxocarbenium intermediate (1-30) is involved in the 

mechanism (pathway B and C), anomeric bond cleavage would be independent of 

nucleophile attack by the N5 nitrogen. Thus, PIX of labeled substrate (1-34) would still 

be expected for UGM reconstituted with 5-deaza-FAD, although no corresponding UDP-

Galf product would be expected to form. However, if the mechanism is a concerted 

process (pathway A), then nucleophilic attack by the N5 nitrogen would be required for 

cleavage of the anomeric bond. In this scenario, both PIX and UDP-Galf formation would 

be impaired. This hypothesis rests on the assumption that 5-deaza-FAD will not perturb 

substrate binding, which has been justified in an earlier study where both 5-deaza-FAD 

and 1-deaza-FAD were both found to bind UGM tightly with equilibrium dissociation 

constants similar to that of FAD, i.e., approximately 10 nM.
42

 

PIX results 

PIX experiments were conducted under reducing conditions (7 mM sodium 

dithionite) in NMR tubes. The change in the fraction (f) of 
18

O versus 
16

O bound to 
13

C1 

was monitored versus time (t) by 
13

C NMR spectroscopy. As shown in Fig. 1-21, the 

fraction of 
18

O at the bridging C1–OPβ position is expected to ultimately reach an 

equilibrium value of feq = 0.26 upon complete scrambling of the Pβ oxygens (the product 

of the initial 
18

O enrichment in our double-labeled UDP-Galp substrate and the statistical 

factor of one-third). In the presence of 10 µM UGM reconstituted with FADred, PIX 

scrambling (1-34↔1-35) was ˃ 90% complete within 20 min of incubation. In contrast, 

PIX was considerably slower in the presence of either 15 µM apo-UGM or UGM 

reconstituted with 5-deaza-FADred, occurring over a time scale of ˃ 7 h. No PIX 

scrambling was observed over a 24-h period when UGM was omitted from the reaction 
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solution. A representative graph was shown in Fig. 1-22 to compare the PIX results in 

different conditions in short incubation time. 

 

 

  

 

 

 

 

 

 

Figure 1-22:  PIX results after short time (~20 min) for comparison. The values were 

calculated based on the peak area of 
13

C NMR after deconvolution. Note 

that value of 2 indicated that isotope scrambling reached to equilibrium.  

Since both 5-deaza-FAD reconstituted UGM and apo-UGM showed slow PIX 

over time, it was followed over 8 h. (Fig. 1-23) This permitted f to be measured every 60 

min and subsequently fit using equation 1.1 to extract the first-order rate constant for 

PIX
60

: 

Equation 1.1                 f = feq + Δf exp(−kPIX t) 

In this equation, feq is the final value of f after complete equilibration of the exchangeable 

oxygens, and Δf is the difference between the initial value of f and feq. The first-order rate 

constant, kPIX, describes the approach to the PIX equilibrium under the experimental 

conditions and is equivalent to the positional exchange rate
61

 normalized for the total 

initial substrate concentration, which was held constant and saturating in the experiments. 

The parameters kPIX and Δf were both allowed to float during nonlinear fitting, whereas 
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feq was fixed at 0.257, (Fig. 1-24). Fitting employed the standard Gauss-Newton 

algorithm of iterative linearization assuming constant additive error.
62

 

 

 

 

 

 

 

 

 

Figure 1-23:  Representative 
13

C NMR spectra used to determine fractional enrichment 

of 
18

O at the bridging position in the double-labeled UDP-Galp. (A) 600 

MHz 
13

C NMR of labeled substrate with the deconvoluted peaks (a), 

composite (b) and observed spectrum (c). (B) 500 MHz 
13

C NMR spectra 

obtained during PIX equilibration of the doubly labeled substrate in the 

presence of apo-UGM. (C) 600 MHz 
13

C NMR spectra obtained during PIX 

equilibration of the doubly labeled substrate in the presence of UGM 

reconstituted with 5-deaza-FAD.  

The observed values of kPIX for apo-UGM and UGM reconstituted with 5-deaza-

FADred were 0.0015 ± 0.0001 and 0.0017 ± 0.0001 min
−1

, respectively, and are 

approximately 100-fold smaller than the kPIX for UGM reconstituted with FADred. The 

latter value was obtained from the observation of approximately 31% labeling of 
18

O at 

the bridging position after 20 min incubation with 10 µM UGM reconstituted with 

FADred, namely, using the parameters feq = 0.257 and Δf = 0.514, in equation 1.1, one 

obtained kPIX = 0.112 min
−1

. After correction for the relative enzyme concentrations (i.e., 

a difference of 1.5-fold) used in the different assays, the final adjusted estimate was then 
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, which is approximately 100-fold greater than the observed values of kPIX 

determined for apo-UGM and UGM reconstituted with 5-deaza-FAD. According to a 

two-tailed t-test, these latter values of kPIX are significantly different from zero (p < 

0.0001); however, they are not significantly different from one another (p > 0.3). 

 

 

 

 

 

 

 

 

 

 

Figure 1-24:  Comparison of PIX rates for apo-UGM (open circles) versus UGM 

reconstituted with 5-deaza-FAD (solid circles). Each time course is a plot of 

the fraction, f, of UDP-Galp possessing 
18

O at the bridging C1−OPβ position 

as determined by 
13

C NMR versus time.   

The PIX results suggested 5-deaza-FAD was unable to substitute for FADred in 

catalyzing PIX of the Pβ oxygens. Although over a longer period of time, PIX was still 

observed, the PIX rate was no different compared to the background rate observed with 

apo-UGM. These results are most consistent with the conclusion that the N5 nitrogen of 

FADred is necessary for cleavage of the anomeric C1–OPβ bond. Thus, attack at C1 of the 
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substrate by N5 (Fig. 1-14, pathway A) is expected to be concerted with the elimination 

of the UDP moiety. 

Evaluation of the background PIX 

The background PIX of 5-deaza-FAD is most likely due to residual holo-UGM in 

the apo-UGM preparation, which is consistent with the tight binding of FAD to UGM. 

Formation of UDP-Galf was observed in all the reactions after 24 h with the exception of 

the no enzyme control (Fig. 1-25). Despite some overlap of the UDP-Galf peak (Fig. 1-

25, c) with the tail of the UDP-Galp) peak (Fig. 1-25, b), peak integrations indicated 

about 5% conversion in the case of both UGM reconstituted with 5-deaza-FAD and 

UGM reconstituted with FAD. This is consistent with the previously reported fractional 

conversion of ca. 7% at equilibrium.
39

 No significant turnover was detected during short 

incubation times with UGM reconstituted with 5-deaza-FAD (Fig. 1-18, trace C). 

Therefore, it is likely that a residual amount of FAD was still present in the apo-UGM. 

 

 

 

 

 

 

 

 

Figure 1-25:  HPLC chromatograms to test for formation of UDP-Galf during the PIX 

experiment with UGM reconstituted with 5-deaza-FAD.  
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Peak a is uridine monophosphate (UMP), peak b is the UDP-Galp substrate and peak c is 

the UDP-Galf product. Incubations corresponding to traces C, D and E were conducted 

under PIX conditions for 26 h before HPLC analysis. As the HPLCs were run on 

different days, i.e., following the individual PIX experiments, there was some variability 

in retention time; therefore, the traces have been shifted along the abscissa to facilitate 

comparison. 

To further test this hypothesis, a new batch of apo-UGM was prepared by 

increasing number of the precipitation step to further remove the potential FAD in the 

isolated enzyme. Formation of UDP-Galf still occurred with the newly prepared apo-

UGM, however, at a slower relative rate. (Fig. 1-26) This result is consistent with the 

hypothesis that residual FAD remains in the apo-UGM preparations such that it might be 

difficult to obtain completely pure apo-UGM. 

 

 

  

 

 

 

 

 

 

Figure 1-26:  HPLC chromatograms for comparing relative activities of different 

batches of apo-UGM. “PIX apo” was used for PIX experiments following 

precipitation twice to remove FAD; “new apo” was precipitated four times 

instead of twice to further remove FAD. Reaction conditions: 1 mM UDP-

Galp, 7 mM Na2S2O4, 50 mM KPi pH 7.5, 10 µM apo-UGM when present.  
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1.3.4. LFER study 

Rationale 

To further characterize the role of the N5 nitrogen of FADred during the UGM 

catalyzed isomerization more, kinetic LFERs associated with changes in the 

nucleophilicity of the N5 nitrogen were examined. Our rationale is that if adduct 1-28 (or 

1-29) is formed via an SN2-type substitution (Fig. 1-14, path A), and if this step is at least 

partially rate-limiting during steady-state turnover, then changes in the nucleophilicity of 

the N5 nitrogen should be reflected in the rate of steady-state turnover. In contrast, the 

rate of steady-state turnover is expected to be much less sensitive to the nucleophilicity of 

N5 if adduct formation proceeds by an SN1 or a SET pathway (Fig. 1-14, paths B and C), 

where formation of the oxocarbenium species (1-30) is expected to be substantially rate-

limiting. Thus, as the electron density at the N5 nitrogen of FADred is decreased by 

substitution of the isoalloxazine moiety, a decrease in the steady-state reaction rate is 

expected for mechanism A, whereas little or no effect is expected for mechanisms B and 

C (shown in Fig. 1-27). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-27:  Rationale of LFER study.  
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Estimation of steady state kinetic parameters 

To test this hypothesis, six FAD analogues (Fig. 1-28) containing electron-

withdrawing or electron-donating groups at positions 7 and/or 8 of the isoalloxazine 

moiety (meta and para, respectively, to the N5 position) were chemo-enzymatically 

synthesized according to published procedures.
31 

Following reconstitution of apo-UGM 

with each FAD analog, the turnover number (kcat) for conversion of UDP-Galf to UDP-

Galp (Fig. 1-4A in reverse direction) was determined from plots of the initial rate (vi) 

versus initial UDP-Galf concentration (si) according to the structural relation, 

Equation 1.2                   vi = kcatsie0 / (KM + si) 

where e0 is the total enzyme concentration, and KM is the Michaelis constant. Nonlinear 

regression of equation 1.2 on the initial rate measurements was performed using the 

standard Gauss-Newton algorithm of iterative linearization assuming constant additive 

error. Convergence was determined when the maximal change among the fitted 

parameters was less than 0.1%. The variance and covariance of each fitted parameter 

were obtained from the asymptotic variance-covariance matrix of the converged fit under 

the linear approximation.
62-63

 The estimated standard deviation of each parameter, i.e., the 

standard error, is then the square root of the associated variance. It is well know that 

parameter confidence intervals are underestimated by least-squares nonlinear regression 

methods.
64-65

 Therefore, all confidence intervals and p-values should be considered 

nominal. Initial rates and corresponding fits using equation 1.2 are provided in Fig. 1-29. 

The corresponding steady state parameters obtained from the fits are listed in Table 1-1. 

In the steady state kinetic studies, the molar ratio of cofactor to apo-UGM was 

approximately 100:1. Controls were also performed with ratios of 1000:1 for the 8-OMe-

FAD and 7-Cl-FAD analogues versus apo-UGM. No significant differences were 
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observed in the fitted kinetic parameters, implying that the variations in kcat were not a 

result of subsaturating flavin concentrations. 

 

 

 

 

 

 

 

 

 

Figure 1-28:  Chemo-enzymatic synthesized FAD analogs. 

 

FAD analogue kcat (s
-1

) KM (µM) kcat/KM (s
-1

 µM
-1

) 

FAD 14.9 ± 1.4 32 ± 9.6 0.46 ± 0.10 

8-OMe-FAD 8.0 ± 1.6 520 ± 180 0.0150 ± 0.0021 

7-OMe-FAD 4.59 ± 0.56 380 ± 85 0.0120 ± 0.0013 

8-Cl-FAD 1.21 ± 0.23 130 ± 60 0.0089 ± 0.0025 

7-Cl-FAD 1.23 ± 0.34 140 ± 100 0.0087 ± 0.0039 

7-CF3-FAD 0.229 ± 0.022 25.8 ± 8.2 0.0088 ± 0.0022 

 

Table 1-1:  Steady state parameters obtained for the UGM catalyzed conversion of 

UDP-Galf to UDP-Galp following reconstitution with the different FAD 

analogues. All values are reported ± one standard error.  
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Figure 1-29:  Plots of initial rate versus UDP-Galf concentration for the UGM catalyzed 

conversion of UDP-Galf to UDP-Galp. 
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Initial rates have been normalized for UGM concentration in the individual assays. Each 

initial rate is based on three replicate trails. Solid lines represent the fits to equation 1.2. 

 

LFERs on the steady state kinetic parameters 

The nucleophilicity of the N5 nitrogten is represented as the sum of the σm and σp 

substituent constants for the substituent at the meta and para positions, respectively, of 

the FAD analogues. These substituent constants are based on the ionization of 

phenylacetic acid in water.
66

 Except for the para-methoxy substituent, these values are 

nearly identical to the Hammett substituent constants obtained for ionization of benzoic 

acid in water.
67

 In the case of p-methoxy, σp is significantly more negative with benzoic 

acid likely due to hydrogen bond stabilization of a trans-quinoidal resonance structure in 

H2O.
68

 (Table 1-2) Although a better correlation was obtained with the values of σm and 

σp based on ionization of phenylacetic acid, the same conclusions were drawn with those 

based on benzoic acid. Previous studies of many flavoenzymes
31, 69-71 

and model 

systems
72

 reconstituted with 7- and 8-substituted flavin analogues have established 

precedence for significant LFERs correlating Hammett substituent constants with a 

variety of parameters related to flavin structure and reactivity. 

Table 1-2:  Values used in the Hammett plot. σ = σm + σp are listed for both ionization of 

benzoic acid (σBA)
67

 and phenylacetic acid (σPA)
66,73

. 

FAD analogue σBA σPA log10(kcat) log10(kcat/KM) 

FAD −0.24 −0.22 1.173 ± 0.041 −0.336 ± 0.094 

8-OMe-FAD −0.27 −0.12 0.906 ± 0.089 −1.812 ± 0.059 

7-OMe-FAD 0.12 0.13 0.662 ± 0.053 −1.921 ± 0.047 

8-Cl-FAD 0.23 0.27 0.083 ± 0.082 −2.05 ± 0.12 

7-Cl-FAD 0.37 0.37 0.09 ± 0.12 −2.06 ± 0.19 

7-CF3-FAD 0.43 0.42 −0.641 ± 0.042 −2.06 ± 0.11 
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The resulting Hammett plot of log10(kcat) versus σPA (the sum of the substituent 

constants at positions 7 and 8 of the FAD analogues based on the ionization of 

phenylacetic acid in water) is shown in Fig. 1-30. On the basis of an analysis of variance, 

we found no evidence for either unequal expression of para versus meta effects in the 

LFER, i.e. ρm ≠ ρp,
69

 or non-additivity, i.e. higher order terms of σ. The value of the 

susceptibility factor (ρ) estimated from the linear correlation was −2.4 ± 0.4 and was 

significantly different from zero (p < 0.01). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-30:  Hammett plot for the correlation of log10(kcat) versus the sum of σp and σm. 

The fit was obtained from unweighted least squares linear regression, and 

error bars denote one standard error of log10(kcat) above and below the 

observed value.  

A linear correlation of log10(kcat) for the UGM-catalyzed reaction versus the sum 

of σm and σp for the FAD analogues was observed with a slope of −2.4 ± 0.4. This implies 

that the rate of steady-state turnover by UGM is indeed sensitive to the electron density at 
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N5 of FADred. The large negative ρ value suggests a substantial decrease in electron 

density on the flavin in the transition state of the step(s) that limits steady-state turnover. 

This result is more consistent with a concerted mechanism (Fig. 1-14, pathway A), 

because discrete oxocarbenium intermediate formation (Fig. 1-14, pathway B and C) 

would be independent of the attacking nucleophile. Of course, alone, the results of LFER 

studies cannot distinguish between rate-limiting SN2-type adduct formation (1-12 → 1-

29) and iminium intermediate formation (1-29 → 1-27). However, the PIX experiments 

strongly suggest that if an SN1-type mechanism were operative, then cleavage of the 

anomeric bond to form an oxocarbenium intermediate (1-30) would be energetically 

demanding and contribute significantly to limiting kcat. Because this step is significantly 

impaired when the N5 nitrogen of FADred is absent in the active site of UGM, the most 

consistent interpretation of our PIX and LFER studies is that adduct formation (1-12 → 

1-29) occurs by a concerted reaction that is mediated by the N5 nitrogen of FADred. 

Consideration of kcat/KM in the LFER study 

The preceding discussion focused primarily on kcat rather than kcat/KM for two 

primary reasons. First, given the relationships between the observed and true values of 

the steady state parameters, the observed value of kcat/KM is influenced by the degree to 

which UGM is saturated with the FAD analogues whereas kcat is not as long as the 

analogue is in excess of the enzyme. The kinetic equation for the UGM reaction can be 

written as:  

 

Equation 1.3              
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where Eapo and Eholo denote apo-UGM and holo-UGM, respectively, and EM denotes the 

ternary Michaelis complex of holo-UGM and substrate UDP-Galf. The parameter kcat is 

equal to the reciprocal sum of the reciprocal net rate constants for all intermediates other 

than free Eholo and Eapo.
74

 Therefore, kcat implicitly represents all chemical steps from the 

Michaelis complex EM up to and including dissociation of the UDP-Galp product, which 

is considered kinetically irreversible under the experimental conditions. Solving for the 

steady state rate, v, of product formation in the above kinetic equation yields: 

 

Equation 1.4            v =            
                  

 

where e0, c and s respectively denote the concentrations of total UGM, the FADred 

cofactor and UDP-Galf substrate. The factor KM is the Michaelis constant for UDP-Galf 

combining with holo-UGM. The factor   
    is the equilibrium constant for dissociation 

of Eholo, such that e0/(  
   /c + 1) denotes the concentration of Eholo as s → 0. In terms of 

the UDP-Galf substrate, the observed steady state kinetic parameters are given by: 

 

Equation 1.5                      (kcat)obs = kcat 

                   (kcat / KM)obs = (1 / (  
    / c + 1)) • (kcat / KM)  

 

Therefore, (kcat)obs is independent of the coenzyme concentration, whereas (kcat/KM)obs 

depends on both the coenzyme concentration and binding affinity of the coenzyme. 

      Second, kcat/KM, unlike kcat, is susceptible to differences in the ability of UDP-Galf 

to form a Michaelis complex in the presence of the analogues. This binding step may be 

perturbed by affects unrelated to the LFER of interest, e.g., steric clashes rather than the 

electron density at the N5 nitrogen. In fact, the Hammett plot for log(kcat/KM) versus σ 
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gave a much diminished negative ρ value with a “outlier” represented by the natural 

cofactor FAD. (Fig. 1-31) This anamolous result is not likely to be caused by 

undersaturation of UGM with the FAD analogues, because in the control reactions, where 

1000-fold (vs. 100-fold) 7-Cl-FAD and 8-OMe-FAD analogues were used, no significant 

changes were observed in either kcat/KM or kcat. 

 

 

 

 

 

 

 

 

 

Figure 1-31:  LFER plot for log(kcat/KM) versus σ = σm + σp. Error bars denote ± one 

standard error. 

For these reasons, our current hypothesis is that an effect not represented by σ, 

such as steric clashes, leads to poor binding of the UDP-Galf substrate in the presence of 

different flavin analogues making this step strongly rate limiting under V/K conditions. 

Therefore, only kcat, representing all the steps after binding of cofactors and UDP-Galf, 

was considered in the LFER study. 
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1.4. CONCLUSION 

Positional isotope exchange (PIX) studies indicated that UGM reconstituted with 

5-deaza-FADred is unable to catalyze PIX of the bridging C1–OPβ oxygen of UDP-Galp, 

suggesting a direct role for the FADred N5 nitrogen in this process. In addition, analysis of 

kinetic linear free energy relationships (LFERs) of kcat versus the nucleophilicity of N5 of 

FADred gave a slope of −2.4 ± 0.4. These observations represent a direct experimental 

evaluation of nucleophilic participation by FADred during UGM catalysis. Together, these 

findings are most consistent with a mechanism in which the covalent FADred-Galp/f 

intermediates (1-28/1-29) are formed through a concerted SN2-type displacement 

involving the N5 nitrogen of FADred as the nucleophile (Fig. 1-14 pathway A).  

Although we cannot completely rule out the existence of oxocarbenium ion intermediate 

(1-30), PIX and LFER studies using different flavin analogues strongly suggest that if 

such an intermediate does arise during the catalytic cycle, it is transient and very short 

lived.  

UGM utilizes reduced flavin to mediate a chemical transformation that does not 

involve redox chemistry, illustrating the catalytic versatility of the ubiquitous flavin 

coenzyme. Our studies toward the mechanism of flavin-substrate covalent adduct 

formation provide a more detail mechanistic picture of UGM catalysis that will be helpful 

in the study of eukaryotic UGMs.
75

 Moreover, our findings also help to explain the 

pharmacologically unsatisfactory results obtained with UGM inhibitors that mimic a 

transition state for generation of an oxocarbenium intermediate.
76-78

 Therefore, analogues 

that specifically target the nucleophilic addition step may offer more promising leads for 

developing inhibitors of UGM activity. 

 

 



 49 

Chapter 2:  Characterization and Mechanistic Implications of MoeZ: a 

common activating enzyme involved in sulfur trafficking in 

actinobacteria 

 

2.1. INTRODUCTION 

2.1.1. Occurrence and significance 

Sulfur is an essential element for all living organisms. It exists in a wide range of 

compounds such as amino acids, antioxidants, enzyme cofactors, nucleic acids, metal 

clusters, and a diverse array of secondary metabolites as natural products (examples of 

sulfur containing biomolecules are listed in Fig. 2-1 and Fig. 2-2). These compounds 

exhibit a variety of bioactivities and many of them are crucial for life.   

The thiol (R-SH) group of cysteine (2-1) can function as either a Lewis acid or 

base in addition to its role as an important redox functionality, for example, in the 

formation of disulfide (R-S-S-R) bonds. In contrast to cysteine, methionine (2-2) contains 

a thioether (R1-S-R2) that is generally more hydrophobic than related thiols; however, 

thioethers can also act as nucleophiles similar to free thiols. These two amino acids are 

not only essential components of proteins but are also important precursors in the 

biosyntheses of other primary metabolites. For example, glutathione (GSH, 2-3) contains 

cysteine and is an important cellular antioxidant, whereas S-adenosyl-L-methionine 

(SAM 2-5), the versatile cofactor discussed in Chapter 3, is directly synthesized from 

methionine and ATP.  
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Figure 2-1:  Selected sulfur-containing biological compounds. 
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In addition to SAM, a number of other enzyme cofactors also contain sulfur. 

Thiamin (vitamin B1) pyrophosphate (2-6) plays a key role in the metabolism of 

carbohydrates and the biosynthesis of branched chain amino acids. The two sulfur atoms 

of lipoic acid (2-7) can alternate between reduced and oxidized states during the 

oxidative decarboxylation of α-keto acids. The molybdenum cofactor (Moco, 2-8) 

required by several essential enzymes such as sulfite oxidase and aldehyde oxidase also 

contains two sulfur atoms, which are coordinated to molybdenum. The thiol group of 

coenzyme A (2-9), which functions as an acyl carrier in fatty acid metabolism, is the key 

component in the thioester linkage (R1-COSR2) of the fatty acyl derivatives of this 

cofactor. As a final example, a sulfur atom plays an important structural role in biotin 

(vitamin B7, 2-10), which is yet another cofactor in primary metabolism.
79

 

Moreover, sulfur is also a component of iron-sulfur clusters (such as 2-11 and 2-

12). Along with playing a structural role, these clusters serve as redox-active complexes 

essential to a number of biological processes. Besides, several tRNA modifications 

involve sulfur incorporation (2-13 to 2-16). These modified nucleosides are important for 

gene expression and codon recognition.
80

  

Sulfur is also found in a variety of secondary metabolites. Some selected 

examples are shown in Fig. 2-2. Penicillin (2-17) and cephalosporin (2-18) are commonly 

used antibiotics. The plant natural product salacinol (2-24) isolated from Salacia 

reticulate belongs to a class of thiosugars bearing a sulfonium cation core and a 

monosulfated polyhydroxylated acyclic chain. This class of compounds can act as 

inhibitors of α-glucosidase and demonstrate antihyperglycemic properties with potential 

for the treatment of type II diabetes.
81

 Lincomycin A (2-20) from Streptomyces 

lincolnensis exhibits antimicrobial activity, and its semi-synthetic derivative, clindamycin, 

is a widely-used, FDA-approved antibiotic. Both of them contain a C8-sugar backbone  
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Figure 2-2:  Selected sulfur-containing secondary metabolites. 
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with a C-1-thioether. The antitumor antibiotic leinamycin
82

 (2-21) and the promising 

anticancer natural product largazole
83

 (2-19) both contain a thiazole ring moiety. 

Calicheamicin (2-27) from Micromonospora echinospora subsp. Calichensis, the potent 

antitumor agent, contains a C-4-thiosugar and polysulfide moiety BE-7585A (2-26) from 

Amycolatopsis orientalis subsp. Vinearia BA-07585 possesses 2-thiosugar group, is a 

potential antitumor agent due to its thymidylate synthase inhibition activity.
84

 Nisin (2-

28), a lanthipeptide contains thioether linkage, has been used as antibacterial agent in the 

food industry for more than 40 years.
85

 

2.1.2. Sulfur incorporation mechanism   

Although the structures of sulfur-containing biomolecules have been long known, 

the biosynthetic processes that lead to incorporation of sulfur into these compounds have 

just recently begun to be elucidated in detail. Essentially two mechanisms are currently 

recognized as underlying biochemical sulfur insertion reactions. The first involves Lewis 

acid/base case chemistry, where bisulfide (HS
−
), a thiolate (R-S

−
), a protein persulfide 

(R-S-S
−
), or a protein thiocarboxylate (R-COS

−
) acts as the nucleophilic sulfur donor. 

The second mechanism involves radical chemistry, and this class of reactions is catalyzed 

by radical-SAM enzymes, which are discussed in the next chapter.  

Sulfur incorporation using bisulfide as the sulfur donor  

Plants and microorganisms assimilate sulfate (2-29) from the environment and 

convert it to bisulfide (2-31) as a direct sulfur source in cysteine (2-1) biosynthesis. The 

enzyme catalyzing this reaction is O-acetylserine sulfhydrylase (OASS), a pyridoxal 5′-

phosphate (PLP, 2-32) dependent enzyme. The reaction mechanism is typical for PLP-

dependent enzymes and is shown in Fig. 2-3.
86 

The product L-cysteine (2-1) can then be 

used as the sulfur-bearing component in the biosynthesis of other primary metabolites 
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such as methionine and GSH. Although this is a well-known pathway for the biosynthesis 

of L-cysteine, it is not the only way this essential amino acid is constructed in nature. 

Two novel cysteine biosynthetic pathways have recently been reported which employ 

other sulfur donors such as protein persulfides in archaea
87-88 

and protein thiocarboxylates 

in Actinomyces.
89

  

 

 

 

 

 

 

 

 

 

 

Figure 2-3:  Mechanism of OASS where bisulfide acts as the sulfur donor.   

Sulfur incorporation using a thiol group as the sulfur donor 

      An alkyl thiol group in either an enzyme active site (e.g., a cysteine residue) or a 

free thiol containing molecule in the cell (e.g., cysteine 2-1, GSH 2-3, and mycothiol 2-4) 

can also be employed as a sulfur donor without complete incorporation of the thiol-

bearing species. For example, the eukaryotic enzyme THI4p from Saccharomyces 

cerevisiae transfers a hydrosulfide equivalent from an active site cysteine residue to its 
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substrate in the biosynthesis of the thiazole ring in thiamine (see Fig. 2-4).
90

 In doing so, 

THI4p functions as a suicide enzyme, because each turnover converts the active site 

cysteine residue into an inactive dehydroalanine in a process mediated by iron.
91 

Nevertheless, the reaction mediated by THI4p in eukaryotes takes place of six separate 

enzyme catalyzed reactions required in prokaryote thiazole biosynthesis. The 

biosynthesis of C-1-thioglucosides (e.g., glucosinolates 2-16) serves as an example of 

sulfur transfer from small molecule donors such as L-cysteine or GSH.
92

   

  

 

 

 

 

 

Figure 2-4:  Proposed mechanism for THI4p using active site cysteine as sulfur donor. 

The thiazole ring here is biosynthesis by one enzyme THI4p using NAD
+
, 

glycine, and its active site cysteine residue.    

Sulfur incorporation using a protein persulfide as the sulfur donor 

High concentration of free bisulfide is considered toxic in vivo, in contract, 

persulfide group bound to a large protein (protein persulfide, R-S-SH) is the bisulfide 

equivalent nature created to overcome this problem. In fact, protein persulfide has been 

considered as a key component in cellular sulfur trafficking. Cysteine desulfurases and 

rhodanese homology domain proteins are the two currently recognized protein families 

that can convert their active site cysteine residues to a persulfide- group.  
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Cysteine desulfurases (e.g., IscS, NifS, CsdA, and SufS) are PLP-dependent 

enzymes catalyzing the transfer of a hydrosulfide equivalent from L-cysteine to an active 

site cysteine residue. The resulting cysteine persulfide residue in the cysteine desulfurase 

can then be used to transfer the hydrosulfide to a thiol acceptor in another protein 

forming a new persulfide in a process known as sulfur relay. The protein persulfides can 

also react with the activated C-terminal of a sulfur carrier protein to form a protein 

thiocarboxylate.
93

 The mechanisms of cysteine desulfurase and sulfur relay are shown in 

Fig. 2-5. In this manner, the cysteine desulfurases participate in several different 

biosynthetic pathways such as iron-sulfur cluster assembly,
94

 selenium incorporation, t-

RNA modification, and the biosynthesis of thiamin and molybdopterin.
79

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2-5:  General mechanism of cysteine desulfurases (CD) and sulfur relay. 
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Analogy to cysteine desulfurases, rhodanese homology domain (RHOD) proteins 

can also form protein persulfide group in their active sites. Differently, this process does 

not cost free cysteine but transfers the sulfur atom from thiosulfate or another protein 

persulfide. Rhodaneses, also known as thiosulfate:cyanide sulfurtransferases, are 

enzymes that catalyze sulfur transfer from thiosulfate (2-34) to an active site cysteine 

residue as shown in Fig. 2-6.
95-96

 Bioinformatics analysis has shown that rhodanese 

homology domains exit in about 500 genes from three major evolutionary phyla, 

although the thiosulfate:cyanide sulfurtransferase activity varies in different cases.
95

 

Mutagenesis studies of the conserved active site loop CRXGX[R/T] of a RHOD protein 

MOCS3 suggested that, the first cysteine residue (underlined) is responsible for forming 

a persulfide group during catalysis, and the last amino acid determines the relative 

activity of the thiosulfate sulfurtransfer.
97

 Based on their results, RHOD protein with an 

R/T residue at the six position of the active site loop is likely to be 500-fold more active 

than the one with a D residue.
97 

So far, several RHOD proteins have been characterized, 

including ThiI, MOCS3, Uba4, YbbB, and YnjE. Along with cysteine desulfurases, these 

proteins play important roles in cofactor biosynthesis and tRNA modification.
88, 98-101

  

  

 

 

 

 

 

Figure 2-6:  General reaction scheme for rhodanese activity.   
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For example, both cysteine desulfurase (IscS) and a rhodanese homology domain 

protein (ThiI) are required for sulfur incorporation during the biosynthesis of 4-

thiouridine (2-15) in E. coli (see Fig. 2-7).
102

 IscS uses cysteine as the sulfur donor to 

oxidize an active site cysteine residue to a cysteine persulfide. The sulfane sulfur of the 

persulfide group is then transferred to an active site cysteine residue of ThiI (Cys456). ThiI 

then participates in two reactions leading to the conversion of the uridine-8 residue in 

tRNA to a 4-thiouridine residue. The first reaction is adenylation of uridine-8 to form an 

activated intermediate. The second reaction is substitution of the adenylate moiety with 

the sulfane sulfur from the ThiI-Cys456-S-SH residue. Currently, there are two working 

hypothesis for the mechanism of the latter sulfur incorporation reaction. In the first 

mechanism, the protein persulfide directly attacks the activated tRNA substrate and AMP 

is released to form a covalent enzyme-substrate disulfide complex. Then an adjacent 

active site cysteine (Cys344) attacks the disulfide intermediate to generate the 4-

thiouridine product (s
4
U 2-15) and a Cys456-S-S-Cys344 disulfide linkage (see Fig. 2-7 A). 

Reduction of the internal disulfide bond will then regenerate ThiI completing the catalytic 

cycle. Alternatively, bisulfide generated in situ via formation of the Cys456-S-S-Cys344 

disulfide may instead represent the sulfur nucleophile responsible for elimination of the 

adenylate moiety and formation of product without a covalent enzyme-substrate 

intermediate (see Fig. 2-7 B). 
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Figure 2-7:  Proposed mechanism for 4-thiouridine biosynthesis. 

Sulfur incorporation using a protein thiocarboxylate as the sulfur donor 

In contrast with thiamine biosynthesis in eukaryotes, the immediate sulfur donor 

for thiazole (2-38) formation in prokaryotes is a protein thiocarboxylate.
90

 Formation of 

this sulfur donor requires two enzymes, the sulfur carrier protein ThiS and its activation 

enzyme ThiF, as shown in Fig. 2-8.
84

 The C-terminal carboxylate group of ThiS is first 

adenylated by ATP in a reaction catalyzed by ThiF. The terminal sulfur of the persulfide 

group on cysteine desulfurase IscS then substitutes the AMP moiety of the adenylated 

ThiS to form the ThiS thiocarboxylate (2-35). Upon formation, the nucleophilic 

thiocarboxylate can then add to the carbonyl of the ThiG/DXP complex (2-36). An S-O 

shift of the ThiS C-terminal acyl functionality completes incorporation of the free thiol. 

Following elimination of the ThiS carboxylate, the thiol-bearing ThiG adduct (2-37) is 

coupled with dehydroglycine to complete the formation of the thiazole ring. 
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Figure 2-8:  Proposed mechanism for thiazole formation in prokaryotes using a protein 

thiocarboxylate as the sulfur donor. 

As illustrated above, ThiS is an example of a sulfur carrier protein, which bears a 

thiocarboxylate sulfur donor in its activated form. Sulfur carrier proteins represent an 

increasingly recognized class of proteins characterized by the following features: (1) 

small size with approximately 65-100 amino acids in their primary sequence; (2) a 

flexible Gly-Gly sequence at the C-terminus; and (3) a β-grasp fold structure.
103

 The 

activation of sulfur carrier proteins requires ATP, a sulfur source, and an activation 

enzyme (e.g., ThiF in the case of ThiS).
103

 

Interestingly, sequence, structure and activation of sulfur carrier proteins are 

analogy to eukaryotic ubiquitin (Ub), which is a small protein that can be used as a donor 

to conjugate other proteins via the formation of an amide bond as shown in Fig. 2-9 D.
104-

107
 In fact, protein ubiquitination are highly conserved in eukaryotes and controls an 
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enormous range of physiological processes. Thus, misregulation of this system is known 

to be associated with a number of diseases in humans.
108

 The resemble of two distinct 

processes suggest the evolutionary linkage between bacterial sulfur carrier proteins and 

eukaryotic Ub and ubiquitin-like proteins (Ubls).
109-111

 This hypothesis is supported by 

the discovery of ubiquitin-like proteins that function in both sulfur transfer and protein 

conjugation in prokaryotes and archaea.
112-113

 Listed in Fig. 2-9 and Fig. 2-10 are the 

sulfur carrier proteins and activating enzymes reported so far, including those involved in 

the biosynthesis of primary metabolites such as thiamin pyrophosphate (2-6),
114-115

 

molybdopterin (2-8),
109,116-117

 L-cysteine (2-1),
89,118

 L-methionine (2-2),
119

 2-

thioribothymidine,
109-110,120

 and 5-methoxycarbonylmethyl-2-thiouridine (2-13).
111-112,121

 

Also included are those sulfur carrier proteins involved in the formation of secondary 

metabolites such as pyridine dithiocarboxylic acid (2-23),
122-123

 thioquinolobactin (2-

25)
124

, and compound BE-7585A (2-26).
84

  

Sulfur incorporation involving radical SAM chemistry 

      So far, there are three types of sulfur insertion reactions that have been recognized 

to involve radical SAM enzymes. The first type utilizes a protein coordinated [2Fe-2S] 

cluster as the sulfur donor and is involved in the biosynthesis of biotin (2-10)
125-126

 and 

lipoic acid (2-7).
126

 The second type catalyzes tRNA methylthiolation, and is observed in 

the biosynthesis of N
6
-(4-isopentenyl)-2-methylthioadenosine (2-15).

126
 Finally, radical 

SAM enzymology has also been characterized in an alternative mechanism of thioester 

bond formation, as is the case with bacteriocin subtilosin A biosynthesis.
127

 These 

enzymes will discussed more fully in Chapter 3, where radical SAM enzymes are 

considered in general. 
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Figure 2-9:  Sulfur carrier proteins and their activating enzymes involved in secondary 

metabolism (A-C) and the eukaryotic ubiquitination pathway (D). 
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Figure 2-10:  Sulfur carrier proteins and their activating enzymes involved in primary 

metabolism. 
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2.1.3. MoeZ mediated sulfur transfer in actinobacteria 

Biosynthesis of 2-thioglucose in BE-7585A 

Recently, the biosynthesis of the sulfur-containing compound BE-7585A (2-24) 

from Amycolatopsis orientalis subsp. Vinearia BA-07585 was investigated.
3,84,128-129

 In 

the BE-7585A biosynthetic gene cluster, bexX, a gene whose product shares moderate 

sequence similarity to thiazole synthase ThiG in Bacillus subtilis (Fig. 2-8), was 

identified. This gene was later demonstrated to encode a thiosugar synthase involved in 

the biosynthesis of the 2-thiosugar moiety shown in Fig. 2-11. Unlike the thiamin 

biosynthetic genes in B. subtilis, a gene encoding the required sulfur carrier protein and 

its activating enzyme are not found in the same cluster as bexX.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2-11:  Proposed biosynthetic pathway for 2-thioglucose in BE-7585A. 
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In fact, whole genome sequencing of A. orientalis identified only four genes 

annotated as encoding sulfur carrier proteins. These include thiS in the putative thiamin 

biosynthesis cluster, cysO in the putative cysteine biosynthesis cluster, moaD in the 

putative molybdopterin biosynthesis cluster, and moaD2 which does not appear to be 

related to any particular biosynthetic pathway. Surprisingly, in each of these putative 

primary metabolite biosynthetic gene clusters, no corresponding activating enzyme is 

present. Instead, BLAST analysis identified MoeZ as the only activating enzyme encoded 

in the genome of A. orientalis, and subsequent experiments have shown that MoeZ is able 

to activate all four sulfur carrier proteins to their thiocarboxylate form. Interestingly, only 

two of them, CysO and MoaD2, can transfer a sulfur atom to glucose-6-phosphate.
84

  

Sequence homology of MoeZ 

MoeZ from A. orientalis is composed of an N-terminal E1-like domain, which 

ostensibly catalyzes an adenylation reaction, and a C-terminal rhodanese homology 

domain (RHOD). Presence of the C-terminal RHOD implies that MoeZ may directly 

generate a protein-persulfide from thiosulfate (Fig. 2-6). Although it is also possible that 

L-cysteine and a cysteine desulfurase are responsible for the protein-persulfide formation 

(Fig. 2-7).  

The sequence alignment of MoeZ with selected sulfur carrier protein activating 

enzymes is shown in Fig. 2-12. Based on sequence homology, MoeZ from A. orientalis 

exhibits the greatest similarity to MoeZ from M. tuberculosis and P. stutzeri, as well as 

QbsC from P. fluorescens, which all contain two distinct domains. Compared to human 

MOCS3 and Saccharomyces cerevisiae Uba4 (Fig. 2-10, B and E), two enzymes that are 

relatively well characterized, MoeZ does not contain the dual CXXC motif for zinc-

binding. Furthermore, the thiosulfate sulfurtransferase activity of MoeZ is predicted to be 
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much higher than those of MOCS3 and Uba4 based on sequence of the active site 

loop.
84,97

 Both MOCS3 and Uba4 are capable of utilizing thiosulfate as a sulfur source in 

vitro; however, the physiological sulfur donor has been proposed to be L-cysteine and 

cysteine desulfurase Nfs1 in case of MOCS3.
130-132

 This hypothesis is based on the 

relatively slow observed sulfur transfer efficiency from thiosulfate catalyzed by 

MOCS3.
132

 Since the RHOD of MoeZ is expected to demonstrate greater thiosulfate 

sulfur transfer activity, we hypothesize that thiosulfate might be the physiological sulfur 

donor in case of MoeZ.  

 

 

 

 

 

 

 

 

 

Figure 2-12:  Sequence alignment of selected sulfur carrier protein activating enzymes 

from different organisms. 

Proposed mechanisms for MoeZ in A. orientalis 

Based on the results of sequence alignment and knowledge of other sulfur carrier 

protein (SCP) activating enzymes, we have proposed the mechanisms shown in Fig. 2-13 

for the MoeZ catalyzed sulfur transfer reaction using thiosulfate as the sulfur source. 
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Overall, the E1-like domain of MoeZ is believed to utilize ATP to activate the substrate 

SCP via an adenylation reaction, and the RHOD of MoeZ is believed to generate an 

active site protein persulfide functionality using thiosulfate as the sulfur donor. The 

terminal sulfur of the protein persulfide group is transferred to the adenylated SCP in 

some manner to form a thiocarboxylate group concomitant with displacement of the 

adenylate from the substrate and formation of a disulfide linkage within MoeZ.  

There are four possible mechanisms involving the conserved cysteine residues of 

MoeZ. In pathway A, a MoeZ-SCP thioester intermediate is formed at Cys213 of MoeZ, 

whereas a protein persulfide using thiosulfate occurs at Cys360. The sulfane sulfur of the 

persulfide group then attacks the thioester intermediate resulting in an acyl disulfide 

intermediate (I) at Cys360. The cysteine residue at Cys213 then forms an internal disulfide 

bond with Cys360 eliminating the SCP thiocarboxylate. The proposed formation of a 

thioester intermediate is reminiscent of ubiquitination (Fig 2-9 D) and has also been 

suggested by others.
133

 Thorough review of reported SCP activating systems offers 

controversial results regarding the existence of this species as well as its mechanistic 

importance.
112,120-121,132

 Since the mechanism of MoeZ and its homologues has not been 

investigated, the existence and significance of this thioester intermediate is of our interest. 

In pathways B and C, only the acyl disulfide intermediate is formed during the 

reaction. The difference between these two routes lies on the residue of acyl disulfide 

bond formation. It could be at site Cys360, where the protein persulfide is generated 

(pathway B). It could also be at Cys213, which first accepts the sulfane sulfur from the 

Cys360 persulfide to generate a Cys213 persulfide (pathway C). The rationale for pathway 

B is based on the similar nucleophilicity of alkyl persulfides versus thiols. We include 

pathway C, because an acyl disulfide-linked ThiF-ThiS adduct (Fig. 2-10 A) from E. coli 

has been detected using Fourier transform mass spectrometry.
114

 Although MoeZ 
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contains an additional RHOD compared to ThiF (Fig. 2-12), the fact that ThiS in A. 

orientalis can be activated by MoeZ makes this possibility worth considering. In pathway 

D, no covalent MoeZ-SCP intermediate is formed. Instead, bisulfide is released directly 

upon formation of the internal disulfide bond between Cys213 and the Cys360 persulfide, 

similar to mechanism B of ThiI catalyzed sulfur incorporation into tRNA (Fig. 2-7). 

Bisulfide itself then serves as the nucleophile during attack at the adenylated SCP to give 

the thiocarboxylate product. 

   

 

       

 

 

 

 

 

 

 

 

Figure 2-13:  Proposed mechanism for MoeZ catalyzed sulfur transfer in A. orientalis. 

Boxed species are potential MoeZ-SCP covalent conjugates. 

Alternative sulfur sources for MoeZ from A. orientalis 

As RHOD can function as both a thiosulfate sulfur transferase and a protein 

persulfide acceptor, another possible sulfur source for MoeZ catalyzed SCP 

thiocarboxylate formation is either L-cysteine or L-cystine via the action of a cysteine 
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desulfurase as shown in Fig. 2-14 B & C. In fact, five cysteine desulfurase homologues 

(CD 1-5) have been found in the genome of A. orientalis, and initial assays have 

suggested that CD2 or CD4 uses cysteine as the sulfur donor while CD3 uses cystine.
84

  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2-14:  Potential sulfur sources for MoeZ catalyzed SCP thiocarboxylate 

formation. 

2.1.4. Thesis statement 

Sulfur containing compounds are present in a wide range of living systems as 

amino acids, antioxidants, metal clusters, cofactors, and natural products. Although the 

importance of these compounds is well appreciated, little was understood regarding the 

trafficking and incorporation of sulfur into target scaffolds until the last decade. Only 

very recently has the incorporation of sulfur into thiosugars been clarified through 
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biosynthesis studies of the angucycline-type natural product BE-7585A from 

Amycolatopsis orientalis, which bears a 2-thiosugar moiety.
84,128-129

 An important finding 

of this work is that the thiosugar synthase BexX utilizes sulfur carrier proteins from other 

primary metabolite biosynthetic pathways rather than one specific for the biosynthesis of 

BE-7585A. Based on the results from genome mining, the sulfur carrier protein activating 

enzyme MoeZ responsible for producing the activated sulfur donor for the BexX 

catalyzed reaction is shared among different biosynthetic pathways. The focus of this 

chapter will be the characterization and mechanistic study of MoeZ, with emphasis on 

how the sulfur atom is transferred from thiosulfate to the sulfur carrier proteins. The 

MoeZ chemistry may also be applied to the chemoenzymatic synthesis of selenosugars 

and will also be investigated as an alternative to existing synthetic methods.
134

 

Sequence alignment of MoeZ and its reported homologues suggests that two 

cysteine residues (Cys213 and Cys360) may be important for sulfur trafficking. Results 

from mutagenesis studies and gel shift assays are most consistent with the following 

hypothesis (see Fig. 2-13A): (1) MoeZ catalyzes adenylation of SCPs in the presence of 

ATP and Mg
2+

. The two conserved cysteine residues are not important for this activity. (2) 

A thioester covalent conjugate between the MoeZ Cys213 and the SCP is then generated 

via elimination of the adenylate moiety. (3) A Cys360 persulfide is produced via sulfur 

transfer from thiosulfate. This activity is identical to a typical rhodanese enzyme. (4) The 

Cys360 persulfide subsequently attacks the Cys213-thioester releasing the SCP 

thiocarboxylate product and forming an internal disulfide bond in the active site of MoeZ. 
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2.2. MATERIALS AND METHODS 

2.2.1. General  

DNA sequencing was performed by the Core Facilities of the Institute of Cellular 

and Molecular Biology at the University of Texas at Austin. The general methods and 

protocols for recombinant DNA manipulation were followed according to Sambrook and 

coworkers.
53

 Mass spectroscopy was performed at the Mass Spectrometry Core Facility 

in the College of Pharmacy at the University of Texas at Austin. Vector NTI Advance 

10.1.1 from Invitrogen was used for sequence alignments. 

Materials 

The materials used for molecular cloning as well as protein expression and 

purification are the same as those described in Chapter 1. PCR primers were purchased 

from Integrated DNA Technologies, Inc (Coralville, IA). All chemicals and reagents 

were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO), Thermo Fisher 

Scientific (Waltham, MA), or VWR (Radnor, PA), and were used without further 

purification unless otherwise specified. The Milli-Q lab water purification system was 

purchased from EMD Millipore (Darmstadt, Germany). Compressed gases and liquid 

nitrogen were obtained from Airgas (Austin, TX). The Mini-Protein II vertical system 

used for SDS-PAGE, the Mini-Trans-Blot Cell used for blotting transfer, the GelAir gel 

drying system, and all related accessories were purchased from Bio-Rad (Richmond, CA). 

The CarboPac PA1 high-performance liquid chromatography column was a product of 

Thermo Fisher Scientific. The recombinant vectors encoding genes moeZ, thiS, cysO, 

moaD, moaD2, and bexX were previously prepared by Dr. Eita Sasaki.
84
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Instrumentation  

       Experiments described in this chapter utilized a number of instruments in 

addition to those mentioned in Chapter 1. Cell disruption was performed using a Fisher 

550 Sonic Dismembrator from Thermo Fisher Scientific. A standard bench heat block 

and mini vortexer were purchased from VWR. Incubators were products of New 

Brunswick from Eppendorf (Enfield, CT). The glove-box used for anaerobic experiments 

was purchased from Coy Laboratory Products, Inc. (Grass Lake, MI). The glove-box was 

maintained under an atmosphere consisting of approximately 98% N2 and 2% H2 with an 

oxygen level less than 1 ppm. The catalyst used to remove the oxygen in the glove-box 

was regenerated about every two weeks by heating at 120 ºC for 2 h. 

2.2.2. Preparation of competent cells 

Competent cells were prepared using the rubidium chloride method.
53

 

Specifically, a single fresh colony of the appropriate E. coli strain was used to inoculate 5 

mL of Luria-Bertani (LB) medium at 37 ºC. After about 10 h of growth, the resulting 

culture was used to inoculate 100 mL of SOB medium (per 100 mL H2O: 2 g tryptone, 

0.5 g yeast extract, 0.05 g NaCl, 19 mg KCl, and 0.2 mL 5 M NaOH; after autoclave 1 

mL of autoclaved 1 M MgCl2 and 1 mL of 1 M MgSO4 were added) which was then 

grown at 18 ºC until the OD600 reached approximately 0.4. The culture was then divided 

into two 50 mL sterilized conical vials and chilled on ice for 15 min. After centrifugation 

at 3000 rpm for 10 min at 4 ºC, the supernatant was decanted and the cells were 

resuspended in 35 mL of cold, filtration-sterilized RF1 solution (per 100 mL H2O: 0.29 g 

CH3COOK, 0.99 g MnCl2•4H2O, 0.15 g CaCl2•2H2O, 1.2 g RbCl, and 15 g glycerol, pH 

5.8 with 0.1 M acetic acid). The suspension was then incubated on ice for 15 min. After 

centrifugation and removal of the supernatant, the cell pellet was then resuspended in 8.5 

mL of cold, filtration-sterilized RF2 solution (per 100 mL H2O: 0.209 g MOPS, 1.1 g 
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CaCl2•2H2O, 0.12 g RbCl, 15 g glycerol, pH 6.8 with 2 M NaOH). The resulting 

suspension was then quickly aliquoted into pre-chilled, autoclaved tubes and stored at 

−80 ºC.   

2.2.3. Cloning of MoeZ mutants 

The site-specific C213A-moeZ, C223A-moeZ, and C360A-moeZ mutants were 

constructed using the QickChange site-directed mutagenesis kit from Stratagene. Plasmid 

moeZ/pET28b(+) was used as the DNA template. The PCR primers used in the mutation 

experiments are shown in Table 2-1. The resulting plasmids C213A-moeZ/pET28b(+), 

C223A-moeZ/pET28b(+), and C360A-moeZ/pET28b(+) were used to transform the E. 

coli BL21 star (DE3) strain for protein overexpression of the corresponding mutants. 

 

Primer Sequence 

C213A-moeZ-forward 5’-CATGGTCCCCTCCGCCGCCGAGGGT-3’ 

C213A-moeZ-reverse 5’-GCCACCCTCGGCGGCGGAGGGGAC-3’ 

C223A-moeZ-forward 5’-CTGGGCGTGCTCGCCGCGTCCATCG-3’ 

C223A-moeZ-reverse 5’-GCCGATGGACGCGGCGAGCACGCCC-3’ 

C360A-moeZ-forward 5’-GATCGTCCTGCACGCCAAGTCGGGC-3’ 

C360A-moeZ-reverse 5’-GCGGGCGCCCGACTTGGCGTGCAGG-3’ 

* The codon for the mutated residue is underlined. 

Table 2-1:  Primers used for constructing MoeZ mutants. 
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2.2.4. Protein expression and purification 

MoeZ and its mutants 

Typically, a 10 mL culture of E. coli BL21 star (DE3) transformed with a plasmid 

encoding either moeZ (His6 tag at N-terminus or His6 tag at C-terminus) or one of its 

mutants (His6 tag at N-terminus) was grown overnight in LB medium containing 50 

μg/mL of kanamycin at 37 ºC. This small culture was then used to inoculate 1 L of LB 

medium. The large culture was subsequently incubated at 37 ºC with shaking (230 rpm) 

until the OD600 reached approximately 0.5. Expression of the target protein was then 

induced by the addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final 

concentration of 0.1 mM, and the culture was incubated at 18 ºC with shaking (120 rpm) 

for an additional 22 h. Following protein expression, the cells were harvested by 

centrifugation at 4500 × g for 15 min and stored at –80 ºC.  

Protein purifications were carried out at 4 ºC using Ni-NTA resin according to the 

manufacturer’s procedure with minor modifications. Specifically, a 5 g cell pellet was 

thawed and resuspended in 20 mL lysis buffer (50 mM Tris buffer, pH 8.0, 300 mM 

NaCl, 10 mM imidazole). The resulting mixture was sonicated using 10 × 10 s pulses at 

power 8 with a 30 s cooling time between each pulse. The resulting lysate was 

centrifuged at 16,000 × g for 30 min, and the supernatant was incubated with Ni-NTA 

resin for 1 hr at 4 ºC with gentle agitation. The resulting resin was loaded on to a column 

and washed with 150 mL wash buffer (50 mM Tris buffer, pH 8.0, 500 mM NaCl, 25 

mM imidazole), the bound protein was eluted with 20 mL elution buffer (50 mM Tris 

buffer, pH 8.0, 300 mM NaCl, 250 mM imidazole). The concentrated fractions were 

pooled and dialyzed against 3 × 1 L dialysis buffer (50 mM Tris buffer, pH 8.0, 50 mM 

NaCl, 10% glycerol). The purified protein was then flash-frozen in liquid nitrogen and 

stored at −80 ºC until use. Protein concentration was determined by the Bradford assay 
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using bovine serum albumin as the standard.
52 

Protein purity was estimated by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 

Sulfur carrier proteins and cysteine desulfurases 

Only N-terminal His6-tagged recombinants of sulfur carrier proteins (ThiS, MoaD, 

MoaD2, and CysO from A. orientalis were prepared, because the C-terminal carboxylate 

represents the modification site. The expression and purification procedures regarding the 

sulfur carrier proteins were essentially identical to those used for the preparation of MoeZ 

and its mutants. Cysteine desulfurases (CD3 and CD4) were prepared by Dr. Eita Sasaki 

and the procedure was described in his dissertation.
84

 

2.2.5. Characterization of MoeZ and its mutants 

Spectrophotometric analysis of the adenylation reaction 

The adenylation of sulfur carrier proteins catalyzed by MoeZ and its mutants was 

monitored using a coupled enzyme assay in the presence of an excess of NaSH.
84 

As 

shown in Fig. 2-15, one molecule of AMP is released with the formation of each 

activated sulfur carrier protein. To detect formation of AMP continuously, adenylate 

kinase (AP) is present in the assay and converts one molecule of AMP and ATP to two 

molecules of ADP. ADP can then used to regenerate ATP in the reaction using pyruvate 

kinase (PK) and phosphoenol pyruvate (PEP). The resulting pyruvate can be converted to 

lactate in the presence of lactate dehydrogenase (LDH) and NADH. Therefore, release of 

one molecule of AMP will lead to the consumption of two molecules of NADH (ε340 = 

6220 M
–1

cm
–1

), which can be monitored by UV-vis spectrometry at 340 nm. In this assay, 

an excess of NaSH was used as the sulfur source. Since bisulfide can react with 

adenylated SCP directly,
135

 this condition allows formation of adenylated SCP as the rate 

limiting step to allow the adenylation process correlates consumption of NADH. Typical 
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reactions in a total volume of 120 μL contained 50 mM Tris buffer at pH 7.5, 1 mM 

MgCl2, 2 mM PEP, 3 mM NaSH, 3 mM DTT, 0.15 mM NADH, 60 μM ATP, 4 μM 

MoeZ or MoeZ mutant, 40 μM ThiS (based on the concentration determined by Bradford 

assay), and about 0.3 unit of AP, PK, and LDH.  

 

 

 

 

  

   

 

 

Figure 2-15:  Colorimetric assay to detect formation of AMP during the MoeZ catalyzed 

sulfur transfer reaction in the presence of an excess of NaSH. 

Thiosulfate:DTT oxidoreductase assay 

The rhodanese activity of MoeZ and the MoeZ variants was measured by the 

method developed by Pecci et al.,
136

 which measures the oxidation of DTT by UV-vis 

spectrometry at 285 nm as shown in Fig. 2-16 A. A typical reaction had a volume of 120 

μL and contained 50 mM Tris buffer, pH 7.5, 50 mM freshly prepared DTT, 

approximately 0.5 to 2 μM of MoeZ or one of its mutants, and between 0 to 35 mM 

sodium thiosulfate. The reaction was initiated by the addition of MoeZ, and the 

background change in absorbance due to nonenzymatic oxidation of DTT was subtracted 

from each assay. Amount of the oxidized DTT can be determined using extinction 

coefficient of 275 M
-1

cm
-1

 at 285 nm.  
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Thiosulfate:KCN sulfurtransferase assay 

Alternatively, the rhodanese activity of MoeZ could also be assessed using the 

assay developed by Sörbo et al.,
137

 which measures the formation of thiocyanate from an 

alkyl persulfide and potassium cyanide colorimetrically as shown in Fig. 2-16 B. A 

typical reaction condition included 50 mM Tris buffer, pH 7.5, 50 mM KCN, 

approximately 0.6 to 2 μM of MoeZ or one of its mutants, and between 0 to 35 mM of 

sodium thiosulfate in a total volume of 100 μL. The reaction was initiated by the addition 

of enzyme and was quenched after 10 s by the addition of 50 μL of 15% formaldehyde in 

water. Then 150 μL of reagent (prepared by dissolving 1 g Fe(NO3)3•9H2O and 2 mL 65% 

HNO3 in 13 mL H2O) was added for color development. As a control, a blank sample 

was prepared without the addition of enzyme and with the highest concentration of 

thiosulfate. All samples were read together in a 96-well plate using a plate reader. The 

extinction coefficient used to quantify the amount of Fe(SCN)3 is 4200 M
–1

cm
–1

 at 460 

nm. 

 

 

  

 

 

Figure 2-16:  Two different assays to test the rhodanese activity of MoeZ and its 

mutants. (A) Detection of oxidized DTT. (B) Detection of thiocyanide 

formation.  

2.2.6. Analysis of protein-protein conjugates by SDS-PAGE 

In the proposed mechanisms, several covalent conjugates between MoeZ and the 

sulfur carrier protein are proposed. The molecular weight for MoeZ and the sulfur carrier 
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proteins are approximately 45 kDa and 10 kDa, respectively. Therefore, it should be 

possible to detect formation of protein-protein conjugates using SDS-PAGE. Since the 

acyl-disulfide bond is quite labile under reducing conditions, DTT was omitted when 

preparing the SDS-PAGE loading dye used for these assays. A typical assay was carried 

out in 10 μL 50 mM HEPES (pH 8.0) buffer. Details regarding the different reaction 

components of the conjugation reaction under consideration will be indicated with the 

results of SDS-PAGE for convenience. Following reaction, 10 μL SDS-PAGE loading 

dye (2X) is added as a quench and the resulting mixture was loaded directly onto the 

protein gel. Either a 12% or 15% SDS-PAGE gel was used for these analyses. A 12% gel 

gives good resolution at the 50 kDa region, where the protein conjugate was expected; 

however, such a gel results in loss of the sulfur carrier protein (especially ThiS) from the 

gel and a weak band. Therefore, the 15% gels were used to check for the presence or 

absence of the low molecular weight sulfur carrier protein.  

2.2.7. Detection of sulfur carrier protein thiocarboxylate formation by ESI-MS 

catalyzed by MoeZ and its mutants 

When a sulfur carrier protein is converted to its thiocarboxylate form, there is a 16 

Da mass increase that can be detected by ESI-MS. To evaluate the importance of Cys213 

and Cys360 for catalysis, a sulfur carrier protein (ThiS, or CysO, or MoaD2) was 

incubated with Cys213A-MoeZ or Cys360A-MoeZ mutant to see if formation of the 

protein thiocarboxylate product will be perturbed. As a control reaction, sulfur carrier 

protein was incubated with MoeZ under the same conditions. To avoid potential 

complication caused by bisulfide generated from reduction of protein persulfide, no 

reductants were used in the assay. Therefore, a stoichiometric excess of MoeZ was used 

to ensure complete conversion of the sulfur carrier protein to product would be possible. 

Reactions were carried out in the glove-box to minimize oxidation of cysteine residues. 
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Buffer and water used in the assay were made anaerobic by pre-equilibration with the 

anaerobic atmosphere in the glove-box for two days. A typical reaction included either 80 

μM MoeZ, or 80 μM C213A-MoeZ mutant, or 80 μM C360A-MoeZ mutant in a buffer 

containing 4 mM ATP, 5 mM MgCl2, 5 mM Na2S2O3, 50 mM HEPES, pH 8.0, 12 mM 

Tris (from enzyme storage buffer), 500 mM glycerol (from enzyme storage buffer), and 

sulfur carrier protein (150 μM ThiS, or 100 μM MoaD2, or 100 μM CysO) in a total 

volume of 50 μL. The reaction was incubated in the glove-box at ~30 ºC for 30 min and 

then stopped by flash freezing in liquid nitrogen. Samples were then submitted to ESI-

MS for analysis.  

2.2.8. Free thiol content of MoeZ and its mutants determined by DTNB assay 

5,5'-Dithiobis-(2-nitrobenzoic acid) (DTNB) titration
138

 under folded and 

unfolded conditions in order to quantify the initial thiol oxidation in MoeZ and its 

mutants. The rationale of the assay is shown in Fig. 2-17. L-Cysteine was used to prepare 

a standard curve for free thiol quantitation. Assays performed under the folded condition 

contained ~10 μM MoeZ, 0.4 mM DTNB, 50 mM HEPES, pH 7.0 in a total volume of 

120 μL. Assays performed under the unfolded condition contained ~10 μM MoeZ, 0.4 

mM DTNB, 50 mM HEPES, pH 7.0, and 4 M urea or 5 M guanidinium chloride in a total 

volume of 120 μL. Reactions were incubated at room temperature for 5 min before taking 

the measurements at 412 nm. 

 

 

 

 

Figure 2-17:  Reaction scheme of DTNB assay. 
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2.2.9. Methylene blue assay to detect disulfide formation in situ 

A methylene blue assay
139-140 

was used to determine if any bisulfide is released 

from MoeZ in the presence of thiosulfate. The principle behind the assay is that under 

acidic conditions bisulfide reacts with N,N-dimethyl-p-phenylenediamine (DMPD) in the 

presence of iron to form methylene blue as shown in Fig. 2-18. A typical assay solution 

contained 40 μM MoeZ or one of its mutants, 50 mM HEPES, pH 7.8, and 0.8 mM 

Na2S2O3 in a total volume of 200 μL. Positive controls were prepared in parallel with the 

addition of 0.8 mM DTT to make sure the protein persulfide is generated under these 

conditions. To detect bisulfide in the assay, a 200 μL sample containing Na2S (control) or 

assay solution was mixed with 600 μL of freshly prepared 1% Zn(OAc)2 solution (w/v in 

water) in a microcentrifuge tube followed by the addition of 30 μL of 3 M NaOH. The 

resulting solution was incubated at room temperature for 1 h. A solution of 150 μL of 

freshly prepared DNPD reagent (0.1% in 5 M HCl) was then added, followed by 30 μL 

FeCl3 (23 mM in 1.2 M HCl). The resulting reaction was vortexed and then incubated for 

1 h at room temperature to develop color. The sulfur content was quantified by the 

absorbance at 670 nm with an extinction coefficient of 34,500 M
-1

cm
-1

.  

 

 

 

 

 

Figure 2-18:  Reaction scheme of the methylene blue assay for the quantitation of 

hydrogen sulfide. 
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2.2.10. Enzymatic generation of 2-selenosugar and its detection 

BexX reaction using sodium selenide 

Based on the protocol to enzymatically synthesize 2-thioglucose (Fig. 2-11),
84

 

similar reactions were carried out to test whether a selenosugar can be produced by BexX. 

Reactions in a volume of 30 μL contained 100 μM C-His6-BexX, 40 μM N-His6-CysO or 

40 μM N-His6-MoaD2, 15 μM N-His6-MoeZ, 3 mM ATP, 3 mM glucose-6-phosphate 

(G6P), 3 mM Na2Se or NaSH (positive control to ensure all the enzyme were active), and 

5 mM MgCl2 in 50 mM NH4HCO3 buffer at pH 8.0. The reactions were performed both 

aerobically and in the glove-box with 7 h of incubation. Samples were stored at −20 ºC 

before analysis. 

BexX reaction using L-selenocystine and cysteine desulfurases 

Attempts to obtain selenosugars were also carried out using the protocol for 2-

thiosugar production with CD3 from A. orientalis (Fig. 2-14).
84

 Typically, a reaction in a 

volume of 30 μL contained 100 μM C-His6-BexX, 40 μM N-His6-CysO or N-His6-

MoaD2, 15 μM N-His6-MoeZ, 3 mM ATP, 3 mM glucose-6-phosphate (G6P), 3 mM L-

selenocystine or L-cystine (positive control to ensure the enzymes were active), 0.1 mM 

PLP, 40 μM N-His6-CD3, 5 mM MgCl2 in 50 mM NH4HCO3 buffer at pH 8.0. The 

reactions were performed both aerobically and in the glove-box with 7 h of incubation. 

The samples were then stored at −20 ºC before analysis. 

Detection of selenosugars by mBBr derivatization and HPLC analysis 

To detect formation of 2-selenosugars, reactions were treated with bromobimane 

(mBBr) according to a similar procedure previously described for the detection of 2-

thioglucose as shown in Fig. 2-19.
84,141

 A reaction mixture stored at −20 ºC was thawed, 

approximately 1 unit of calf intestinal alkaline phosphase (CIP) was added in order to 
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cleave the phosphate group to facilitate the HPLC analysis (in this way we can use 

synthetic 2-thioglucose as standard). The resulting solution was then incubated at 37 ºC 

for 1 h. Then about same volume of methanol was added to the sample and the 

precipitates were removed by centrifugation. To the supernatant was treated with 1 mM 

Tris(2-carboxyethyl)phosphine (TCEP) to prevent potential dimerization and then 

derivatized with 5 mM mBBr (powder was dissolved in MeOH to prepare stock solution). 

The resulting mixture was incubated for 30 min in the dark and then dried by speed 

vacuum. The sample was then resuspended with deionized water and centrifuged again 

prior to HPLC analysis. An analytical C18 column was used and the product was eluted 

with a gradient of water (solvent A) and acetonitrile (solvent B). The gradient was run 

from 15% to 30% B over 15 min, 30% to 80% B over 5 min, 80% to 15% B over 5 min, 

and then isocratic at 15% B for 10 min. The flow rate was 1 mL/min and the UV detector 

was set at 260 nm. Synthetic 2-thio-D-glucose
128

 was used to prepare 2-thio-D-glucose-

bimane as a standard for HPLC analysis. 

2.2.11. ESI-MS analysis for protein selenocarboxylate formation 

To investigate formation of protein selenocarboxylates, ESI-MS analysis was 

carried out for reactions between MoeZ and sulfur carrier proteins using L-selenocystine 

as the selenium donor. Detailed reaction conditions will be presented with MS results. 

 

 

 

 

 

Figure 2-19:  Reaction scheme for detection 2-selenoglucose. 
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Two potential selenium donors are boxed: (A) biselenide (B) selenocysteine perselenide. 

 

2.2.12. Spectrophotometric analysis of CD3 and L-selenocystine 

To ensure whether L-selenocystine can be taken as a substrate for CD3, detection 

of potential pyruvate formation was carried out by an enzyme couple assay shown in Fig. 

2-20.
84

 A 50 μL reaction contained 0.2 mM L-selenocystine or 0.5 mM L-cystine, 1 mM 

PLP, 20 μM CD3 (cysteine desulfurase homolog that functions as cystine lyase),
84

 1 mM 

MgCl2, 2 mM DTT if any, in 50 mM Tris buffer at pH 7.5. The reaction was incubated at 

room temperature for 1 hr and then the color and the smell of the reaction were recorded. 

Reactions were quenched by boiling the samples for 30 s and the resulting precipitates 

were removed. To the 10 μL of supernatant was added 90 μL reaction solution containing 

50 mM Tris buffer, pH 7.5, 2 mM MgCl2, 120 μM NADH, 0.2 units lactate 

dehydrogenase (LDH). The resulting solution was incubated for 5 min before taking the 

UV-vis scan. 

 

 

 

 

 

 

 

 

Figure 2-20:  Reaction scheme proposed for CD3 and selenocystine.  
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2.3. RESULTS AND DISCUSSION 

2.3.1. MoeZ variants expression and purification 

N-His6-MoeZ, N-His6-C213A-MoeZ, N-His6-C223A-MoeZ, and N-His6-C2360A-

MoeZ were purified to approximately 90% homogeneity based on SDS-PAGE analysis. 

The yield was approximately 30 mg per liter of cell culture for each protein. The 12% 

SDS-PAGE gels of the purified proteins under both reducing and non-reducing 

conditions are shown in Fig. 2-21. MoeZ appeared as two different forms on the gel 

under non-reducing conditions. This may be due to an internal disulfide bond formed 

within each MoeZ protein.  

 

 

 

 

 

 

Figure 2-21:  SDS-PAGE of MoeZ variants under both reducing and non-reducing 

conditions. 

2.3.2. Assay for the adenylation activity of MoeZ and its mutants 

The adenylation activity of MoeZ and its mutants was inferred using a 

colorimetric assay to monitor the production of AMP (indicated by the decrease of 

NADH at 340 nm) when MoeZ and its mutants were co-incubated with a sulfur carrier 

protein in the presence of sodium sulfide (see Fig. 2-15). Under identical conditions, the 

rate of AMP production appeared to be the same in the cases of MoeZ, C213A-MoeZ, 
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and C360A-MoeZas shown in Fig. 2-22, suggested that mutation at Cys213 and Cys360 

had little effect on the adenylation activity of MoeZ.   

 

 

 

 

 

 

 

 

 

Figure 2-22:  Relative adenylation activity measured by enzyme coupled assay. The 

decrease of absorption at 340 nm indicated release of AMP from the 

adenylation reaction catalyzed by MoeZ (compare to no MoeZ control).  

2.3.3. Kinetic study of MoeZ rhodanese activity 

The kinetic parameters for the rhodanese activity of MoeZ and its mutants were 

determined by using two different assays to measure the initial rate of MoeZ persulfide 

formation at different concentrations of sodium thiosulfate. Each assay was run in 

triplicate, and the data was fit using the following equation: 

 

Equation 2.1                  vi = kcatsie0 / (KM + si) 

 

where e0 is the concentration of MoeZ or its mutant, and KM is the apparent Michaelis 

constant of thiosulfate in the reaction when keeping the sulfur acceptor KCN or DTT at 
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saturated concentration. The resulting plots are presented in Fig. 2-23, and the 

corresponding parameters obtained from the fits are listed in Table 2-2. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2-23:  Plots of initial rate versus sodium thiosulfate concentration for the 

rhodanese activity of MoeZ and C213A-MoeZ. Initial rates have been 

normalized for enzyme concentration in the individual assays. The solid line 

represents the fits to equation 2.1. 
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Table 2-2:  Kinetic parameters for the rhodanese activity of MoeZ and its conserved 

cysteine mutants.  

Under both assay conditions, no activity was observed when N-His6-C360A-MoeZ was 

used. This suggests that Cys360 of MoeZ is the site of a protein persulfide formation as 

predicted based on sequence alignment (the conserved cysteine to form persulfide 

functionality in the active site six amino acid loop of RHOD). The kinetic parameters 

obtained via the two different assay systems were not very different. Furthermore, the 

catalytic efficiency (kcat/KM) of MoeZ with respect to rhodanese activity determined here 

is in the same range of those reported values for the MoeZ close homologues: QbsC from 

P. fluorescens
124

 and MoeZ from M. tuberculosis
118

 (2.5 mM
-1

s
-1

 and 1.35 mM
-1

s
-1

, 

respectively, as determined by the KCN assay). 

2.3.4. Detection of protein conjugates using SDS-PAGE gel  

Rationale 

The mass range of MoeZ (~ 45 kDa) compared to sulfur carrier proteins (~ 10 

kDa) makes detection of their covalent adducts possible using SDS-PAGE. Indeed, a 

similar strategy has been used to analyze other sulfur carrier protein activating 

enzymes.
110,120-121 

One recently reported example is TtuC from Thermus thermophilus 

(Fig. 2-12). The authors were able to identify a protein thioester intermediate between 

TtuC and a sulfur carrier protein using non-reducing SDS-PAGE gel.
120

 Therefore, we 

Enzymes 

KCN assay DTT assay 

kcat (s
-1

) KM (mM) 
kcat/KM 

(mM
-1

s
-1

) 
kcat (s

-1
) KM (mM) 

kcat/KM 

(mM
-1

s
-1

) 

MoeZ 32 ± 1 7.6 ± 0.7 4.2 63 ± 2 13 ± 1 4.8 

C213A-MoeZ 40 ± 3 11 ± 2 3.6 59 ± 3 9 ± 1 6.5 

C360A-MoeZ Not detected Not detected 
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decided to investigate whether a MoeZ-SCP intermediate forms as proposed in Fig. 2-13 

using a similar protein gel methodology. 

The potential protein conjugates can be categorized into two types: a MoeZ-SCP 

thioester intermediate and a MoeZ-SCP acyl disulfide intermediate. Although the mass 

difference of these two species is too small to distinguish by SDS-PAGE, they should 

still be distinguishable by their chemical properties. Specifically, the acyl disulfide bond 

is labile in the presence of tris-(2-carboxyethyl)-phosphine (TCEP) while the thioester 

bond is not.
142

 TCEP is a commonly used reagent for reducing disulfide bonds using 

phosphine chemistry as shown in Fig. 2-24. Compared to other commonly used thiol 

based reducing agents for reduction of disulfide bonds such as dithiothreitol (DTT) and 

2-mercaptoethanol (β-ME), TCEP is a much weaker nucleophile. Therefore, it will not 

react with thioesters.
143

 When TCEP is not added to the reaction mixture, non-reducing 

SDS-PAGE should result in both types of conjugates appearing as a new band in the gel 

if they are present at detectable levels. The new band is likely to be a thioester 

intermediate if it remains unchanged upon addition of TCEP but disappears in the 

presence of DTT. In contrast, the new band is likely to be an acyl disulfide intermediate if 

it disappears when TCEP is added. If no adduct can be detected, then it is likely the 

reaction follows pathway D (Fig. 2-13), which can be followed up by testing for the 

release of bisulfide using the methylene blue assay. Of course, it is also possible the 

concentration of the intermediate is too low to be detected or the intermediate exists 

transiently.  
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Figure 2-24:  TCEP reduces acyl disulfides using phosphine chemistry. 

  

Reaction of MoeZ with ThiS 

      As shown in Fig. 2-25, SDS-PAGE of reactions of MoeZ and its mutants with 

ThiS (MW ~ 8.7 kDa) showed formation of a new band at ~50 kDa, which is consistent 

with the predicted mass of a covalent complex between MoeZ-ThiS and C360A-MoeZ-

ThiS. In the case of C213A-MoeZ, a very faint band also appeared around the 50 kDa 

reign, but with a much lower intensity. Formation of this new band was ATP-dependent 

and thiosulfate independent. The band slightly below 17 kDa is likely to be a ThiS dimer 

linked by DTT at the C-terminus, because it has been reported that adenylated sulfur 

carrier protein can form an adduct with reducing reagents such as DTT or β-

mercaptoethanol.
120, 144

 In support of this hypothesis is the observation that the band did 

not form in the absence of ATP or DTT (not shown in this gel). When 0.1 mM of 

thiosulfate was also present, the putative ThiS-DTT-ThiS conjugate disappeared in the 

MoeZ sample (lane 4), became weaker in the C213A-MoeZ sample (lane 8), and stayed 

about the same in the C360A-MoeZ sample (lane 12). 
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Figure 2-25:  15% Non-reducing SDS-PAGE of reactions between ThiS and MoeZ. The 

reaction conditions of each sample are listed. The reactions were incubated 

at room temperature for 2.5 h. The lanes labeled with an asterisk were the 

reactions gave strong signal of the new band. 

To further characterize the new band at ~50 kDa, TCEP and DTT were added 

after the reaction. As shown in Fig. 2-26, the higher molecular weight band disappeared 

when the sample was treated with 10 mM DTT (lane 4) but remained unchanged when 5 

mM TCEP (lane 3) was added to the sample. These results were consistent with a 

thioester intermediate between MoeZ and ThiS.  

  

 

 

 

 

 

Figure 2-26:  15% Non-reducing SDS-PAGE of reactions between ThiS and MoeZ 

followed by treatment with TCEP and DTT. The reaction conditions of each 

sample are listed. The reactions were incubated at room temperature for 2 h. 

Lanes denoted with “++” were treated with the given reagent to cleave the 

protein conjugate linkage, namely, 10 mM TCEP or 5 mM DTT for 10 min 

at room temperature.  
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As expected, the results from the C223A-MoeZ mutant are similar to those 

obtained with the C360A-MoeZ as shown in Fig. 2-27, except that the conjugate at 

approximately 50 kDa became slightly weaker when 0.5 mM thiosulfate was also present. 

When shorter incubation time was used in the assay, no detectable protein conjugate 

formed in C213A-MoeZ mediated reaction (lane 3 and 4 in Fig. 2-27 compared to land 7 

and 8 in Fig. 2-25).  Taken together, the results from the non-reducing SDS-PAGE gel 

study of ThiS/ MoeZ system are most consistent with pathway A in Fig. 2-13.  

 

   

 

 

 

 

Figure 2-27:  15% Non-reducing SDS-PAGE of reactions between ThiS and different 

MoeZ mutants. The reaction conditions of each sample are listed. The 

reactions were incubated at room temperature for 25 min. Only lanes 7–8, 

and lanes 11–12 had detectable new bands at ~50 kDa. Interestingly, in lane 

7 and 8, distribution of the two bands changes upon addition of thiosulfate. 

Reaction of MoeZ with MoaD2 and CysO 

Since MoeZ can activate multiple sulfur carrier proteins (SCPs) from different 

biosynthesis pathways,
84

 we also applied the same strategy used for ThiS to CysO and 

MoaD2. The molecular weight of CysO and MoaD2 are around 11.6 kDa and 12.5 kDa, 

respectively. Therefore, if a similar thioester intermediate is formed, a new band at ~57 

kDa will be observed. However, no clear band corresponding to this mass was detected 

by non-reducing SDS-PAGE gel experiments when MoaD2 or CysO was incubated with 

MoeZ under identical conditions used for ThiS (data not shown here). 
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For better sensitivity, Western blot using anti N-His tag antibody was carried out 

for MoeZ and C213A-MoeZ with different SCPs in the presence and absence of ATP. 

The reactions were performed in the glove box to minimize the oxidation of the cysteine 

residues on MoeZ and C213A-MoeZ. A short incubation time 30 min was used to 

prevent formation of non-specific protein conjugates. Western blot results are presented 

in Fig. 2-28. In the case of ThiS, one band at ~50 kDa (lane 2, arrow pointed) appeared 

only in the MoaZ reaction when ATP was present, consistent with previous observations 

using coomassie staining. In the case of CysO and MoaD2, two new bands at ~90 kDa 

and ~50 kDa were observed for each condition (see Fig. 2-28, lane 4 for CysO and lane 6 

for MoaD2, where the arrows pointed). However, new bands at similar molecular weights 

were also observed in the reaction of MoaD2 and C213A-MoeZ (lane 12, arrow pointed). 

This suggests that the adducts originate from non-specific bonding between surface 

cysteine residues and adenylated MoaD2. 

The results of non-reducing SDS-PAGE gel assays for CysO and MoaD2 suggest 

formation of a small amount of thioester intermediate at Cys213 of MoeZ. However, the 

existence of other protein conjugates raises doubts as to whether the thioester 

intermediate is catalytically important or not. Therefore, the results imply pathway A (see 

Fig. 2-13) in the case of ThiS and MoeZ, but the mechanism of sulfur incorporation for 

the other two substrates CysO and MoaD2 remains uncertain. 
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Figure 2-28:  15% non-reducing SDS-PAGE of reactions between sulfur carrier proteins 

and MoeZ or C213A-MoeZ. Signal was detected by Western blotting using 

a murine monoclonal anti-polyHistidine antibody. 

2.3.5. Cys213 and Cys360 are catalytically important residues for MoeZ 

To further evaluate whether Cys213 of MoeZ is catalytically important for sulfur 

transfer from thiosulfate to sulfur carrier proteins, activity assays were carried out using 

wild type MoeZ (as a positive control), C213A-MoeZ mutant, or C360A-MoeZ mutant 

under single turnover conditions.  

The reactions were carried out anaerobically to minimize the oxidization of 

cysteine residues by air. Formation of a protein thiocarboxylate was analyzed by ESI-MS 

and the results were shown in Fig. 2-29 and the expected masses of different SCP forms 

were listed in Table 2-3. In case of wild type MoeZ, thiocarboxylate forms of each SCP 

were the major species detected from each set of reaction (Fig. 2-29 A, C, E). However, 

no protein thiocarboxylates were detected in the sample using the C213A mutant of 

MoeZ under similar conditions (Fig. 2-29 B, D, F). Instead, glycerol adducts of the SCPs 

were the major species generated in the reactions. Glycerol that comes from enzymes 

added in the reactions, can function as nucleophile to liberate AMP from the activated 
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wt MoeZ 100 µM
ThiS 150 µM
ATP               4 mM
MgCl2          5 mM
HEPES          50 mM
Tris 12.5 mM
Na2S2O3 5 mM
glycerol        350 mM

ThiS thiocarboxylate

+ 178 Da
(ThiS thiocarboxylate
N-gluconoylated form) 

*

* ThiS glycerol

+ 178 Da
(ThiS glycerol 
N-gluconoylated form)

ThiS -18 Da

Major product is 
ThiS thiocarboxylate

+178 Da(ThiS -18 Da peak, 
N-gluconoylated form)

A
C213A mutant      100 µM
ThiS 150 µM
ATP                          4 mM
MgCl2                     5 mM
HEPES                     50 mM
Tris 12.5 mM
Na2S2O3 5 mM
glycerol                  350 mM

*

*

#

#

ThiS

+ 178 Da
(ThiS, N-gluconoylated
form)

Major product is 
ThiS glycerol adduct

B

ThiS -18 Da

+178 Da(ThiS -18 Da peak, 
N-gluconoylated form)

+ 178 Da
(ThiS glycerol 
N-gluconoylated form)

ThiS glycerol

sulfur carrier proteins as shown in Fig. 2-30. The observation of SCP glycerol ester was 

consistent with the previous finding that the C213A mutation of MoeZ had almost no 

effect on its adenylation activity. The calculated mass is based on native protein with the 

N-terminal methionine residue removed, which is often the case in proteins 

recombinantly expressed in E. coli.
145

 As shown in Fig. 2-30, another common 

observation is the mono-gluconoylation at the N-terminal amine of the N-His6 tag fusion 

proteins expressed in E. coli.
146

 

The C213A mutant of MoeZ has been demonstrated to have adenylation and 

rhodanese activity. Thus, the observation of this experiment that the C213A mutant does 

not facilitate formation of protein thiocarboxylate using thiosulfate in the absent of 

external reducing agent strongly indicates that Cys213 of MoeZ involved in the sulfur 

transfer process of MoeZ, consistent with the mechanism proposed in Fig. 2-13. 

 

 

 

 

 

 

 

 

 

Figure 2-29:  Deconvoluted ESI-MS spectra of sulfur carrier proteins activation by 

MoeZ and the C213A-MoeZ mutant using thiosulfate as the sulfur donor (A 

to B). 
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C213A          80 µM
CysO 100 µM
ATP               4 mM
MgCl2          5 mM
HEPES          50 mM
Tris 12.5 mM
Na2S2O3     5 mM
glycerol        500 mM

*

CysO glycerol

CysO glycerol
N-His gluconyl form

CysO -18 Da

F

Major product is 
CysO glycerol adduct

*

+178 Da
(CysO -18 Da peak, 
N-gluconoylated form)

wt MoeZ 80 µM
CysO 100 µM
ATP               4 mM
MgCl2          5 mM
HEPES          20 mM
Tris 12.5 mM
Na2S2O3     5 mM
glycerol        500 mM

CysO glycerol

*

CysO
thiocarboxylate

CysO thiocarboxylate
N-gluconoylated form

*
CysO glycerol
N-gluconoylated form

E

Major product is 
CysO thiocarboxylate

MoaD2 glycerol

wt MoeZ 80 µM
MoaD2 100 µM
ATP               4 mM
MgCl2          5 mM
HEPES          50 mM
Tris 12.5 mM
Na2S2O3     5 mM
glycerol        500 mM

Major product is MoaD2 
thiocarboxylate and 
glycerol adduct

MoaD2 
thiocarboxylate

MoaD2 thiocarboxylate
N-gluconoylated form

*

C

MoaD2 glycerol

C213A          80 µM
MoaD2 100 µM
ATP               4 mM
MgCl2          5 mM
HEPES          50 mM
Tris 12.5 mM
Na2S2O3     5 mM
glycerol        500 mM

Major product is 
MoaD2 glycerol, 
very little MoaD2 
thiocarboxylate if any

*D
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-29:  Deconvoluted ESI-MS spectra of sulfur carrier proteins activation by 

MoeZ and the C213A-MoeZ mutant using thiosulfate as the sulfur donor (C 

to F). Reaction conditions and major peaks identified (within ± 2 Da of the 

expected masses) are labeled. 
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SCP GG O-

O

SCP GG S-

O

SCP GG O-

O

HN

OH
OH

HO
HO

O
HO

sulfur carrier protein sulfur carrier protein
N-gluconoylated form

SCP GG O

O

sulfur carrier protein
glycerol adduct

OH

OH

sulfur carrier protein
thiocarboxylate form

SCP GG S-

O

H
N

OH
OH

HO
HO

O
HO

sulfur carrier protein
N-gluconoylated form

SCP GG O

O

H
N

OH
OH

HO
HO

O
HO

sulfur carrier protein glycerol adduct
N-gluconoylated form

OH

OH

SCP 
Calculated Mass Observed Mass 

−COOH −COSH −COC3H7O3  −COOH −COSH −COC3H7O3 

ThiS 8648 8664 8722 
A ND 8665 8724 

B 8649 ND 8723 

MoaD2 12474 12490 12548 
C ND 12492 12550 

D ND ND 12550 

CysO 11688 11704 11762 
E ND 11706 11765 

F ND ND 11764 

 

Table 2-3:  Calculated and observed masses of different forms of SCPs. A to F refers to 

the label from Fig. 2-29. ND refers to not determined. –COOH refers to 

unmodified sulfur carrier protein; −COSH refers to the thiocarboxylate 

derivative of the sulfur carrier protein; −COC3H7O3 refers to sulfur carrier 

protein glycerol. 

 

 

  

 

 

 

Figure 2-30:  Proposed structures of the various sulfur carrier protein (SCP) forms 

existed in the ESI-MS spectra. The boxed structures are the possible 

products from SCPs activation by MoeZ, ATP, and thiosulfate.  

The role of Cys360 of MoeZ as the site of protein persulfide formation from 

thiosulfate has been confirmed in the rhodanese assay where the Cys360A-MoeZ does 

not catalyze transfer of the sulfur atom from thiosulfate to MoeZ. To further confirm this 

result, Cys360A-MoeZ was incubated with CysO or MoaD2 under similar single turnover 
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glycerol adduct

MoaD2 – 18 Da

MoaD2

C360A 80 µM
MoaD2 100 µM
ATP               4 mM
MgCl2          5 mM
HEPES          50 mM
Tris 12.5 mM
Na2S2O3     5 mM
glycerol        500 mM

Major product is MoaD2 
glycerol.

#

*

a

CysO -18 Da

CysO

CysO glycerol adduct

CysO
(N-gluconoylated form)

CysO – 18 Da
(N-gluconoylated form)

C360A          80 µM
CysO 100 µM
ATP               4 mM
MgCl2          5 mM
HEPES          20 mM
Tris 12.5 mM
Na2S2O3     5 mM
glycerol        500 mM

CysO glycerol
adduct (N-
gluconoylated form)

#

*

#

*

Mayor prouct is CysO.

b

assay conditions described for the wild type MoeZ. The reactions were analyzed by ESI-

MS (shown in Fig. 2-31, a and b). As expected, no SCP thiocarboxylate was detected, 

and the major form of SCP is the glycerol ester from. Again, this result is in agreement 

with the previous finding that Cys360 of MoeZ does not affect adenylation activity but is 

essential for sulfur transfer from thiosulfate.  

Overall, the single turnover assay of MoeZ catalyzed SCP activation strongly 

supported the role of the conversed cysteines Cys213 and Cys360 in mediating sulfur 

transfer from thiosulfate to SCP thiocarboxylate. This result alone supports but does not 

distinguish the proposed four mechanisms in Fig. 2-13. However, considering the protein 

gel results for ThiS and MoeZ, at least for this system, pathway A is most likely to be 

valid. 

 

   

 

 

 

 

 

 

 

Figure 2-31:  Deconvoluted ESI-MS spectra of sulfur carrier proteins activation by 

MoeZ and the C360A-MoeZ mutant using thiosulfate as the sulfur donor. 

Reaction conditions and major peaks identified (within ± 2 Da of the 

expected masses) are labeled. 
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2.3.6. Cysteine titration of MoeZ and its mutants 

Based on the proposed mechanism, after each reaction turnover, MoeZ will be in 

an oxidized form characterized by an intramolecular disulfide bond. To evaluate this 

hypothesis, assays were carried out to quantify the number of free cysteine residues in 

MoeZ and it mutants using DTNB. However, the preliminary results from these 

experiments are ambiguous, because under both folded and unfolded (denatured) 

conditions, the number of free cysteine residues in both MoeZ and its mutants appears to 

be same and roughly equal to two (see Table 2-4). Given that four free cysteines are 

expected in wild type MoeZ and three in each of the mutants, these results are difficult to 

explain. Therefore, quantification of MoeZ and its mutants after the sulfur activation 

reaction was not performed. 

 

 

 

 

 

Table 2-4:  Number of free cysteine residues per monomer determined by DTNB assay 

for MoeZ and MoeZ mutants under both folded and unfolded conditions. 

The values listed in the table were the average of three measurements from 

different days. For each measurement, a standard curve prepared under 

corresponding conditions was used to infer the free thiol concentration. 

Protein concentrations were determined by Bradford assay. 

2.3.7. In situ generation of bisulfide was not detected 

To further evaluate pathway D in Fig. 2-13, an assay was designed to test for the 

formation of bisulfide when MoeZ is incubated with thiosulfate. If pathway D is valid, 

bisulfide would be released in the absence of a sulfur carrier protein after formation of 

 Folded condition Unfolded condition # of cysteine expected 

MoeZ 1.77 ± 0.07 2.3 ± 0.2 4 

C213A 1.8 ± 0.3 2.0 ± 0.3 3 

C223A 1.5 ± 0.2 1.6 ± 0.4 3 

C360A 2.2 ± 0.2 2.3 ± 0.3 3 
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the protein persulfide bond. In this case, methylene blue formation will be detected when 

MoeZ is incubated with thiosulfate. As shown in Table 2-5, no detectable methylene blue 

was formed in the sample with thiosulfate and MoeZ or its mutants, which could be up to 

40 μM. To ensure under similar condition, protein persulfide did form on MoeZ, DTT 

was added to another set of reactions as a control. Similar amount (more than one 

turnover) of methylene blue was formed in wild type MoeZ, C213A-MoeZ and C223A-

MoeZ, but not in the C360A-MoeZ (less than 1 μΜ was formed). This result suggested 

that the protein persulfide formed on MoeZ was relatively resistant to the formation of an 

internal disulfide bond, which does not favor pathway D. 

 

 Na2S2O3 + DTT Na2S2O3  

MoeZ 340 μM 0 

C213A 356 μM 0 

C223A 339 μM 0 

C360A 0.3 μM 0 

Table 2-5:  Detection of methylene blue formation as a measure of bisulfide production 

in the reactions containing MoeZ or its mutants and sodium thisulfate. 

Control reactions containing DTT were also prepared in parallel. Samples 

were incubated at room temperature for 30 min before assay. 

2.3.8. Enzymatic generation of a 2-selenosugar was not successful 

As mentioned earlier, we are interested in knowing whether the biosynthetic 

machinery of 2-thiosugar can be reengineered to generate 2-selenosugar. The proposed 

strategy is shown in Fig. 2-19. In general, 2-thiosugar biosynthesis requires BexX, G6P, 

and CysO or MoaD2 thiocarboxylate. To obtain CysO or MoaD2 thiocarboxylates, a 

sulfur atom is incorporated from bisulfide, thiosulfate, cysteine, or cystine into the 
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activated adenylated SCP in a reaction catalyzed by MoeZ along with a suitable cysteine 

desulfurase.
84

 Commercially available selenium sources include sodium selenide and L-

selenocystine, which are analogous to bisulfide and cystine. Therefore, BexX catalyzed 

assays were performed with either sulfur sources (as a positive control) or seleno sources. 

As shown in Fig. 2-32, in positive controls using NaSH or cystine and CD3 as 

sulfur sources (traces a & e), a 2-thiosugar-mBBr derivative was detected,
84

 suggesting 

all the enzymes were active. However, in the parallel assays, where Na2Se and 

seleocystine and CD3 were used to substitute the sulfur sources, no peak was observed in 

the retention time region for 2-thiosugar-mBBr (trace b & f). The results were similar 

when another potential sulfur carrier protein MoaD2 was used instead of CysO (traces c 

& g). Furthermore, the HPLC traces were identical to the ones where ThiS was used 

(traces d & h), and ThiS is a substrate for MoeZ to form thiocarboxylate, but not a 

substrate for BexX to generate 2-thiosugar.  

 

 

  

 

 

 

 

 

 

Figure 2-32:  HPLC traces of the enzyme coupled reactions to generate 2-thioglucose 

and 2-selenoglucose.  
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The reactions were treated with alkaline phosphatase (CIP) to convert G6P to glucose and 

AMP to adenosine to facilitate the detection. 2-Thiosugar or 2-selenosugar generated in 

the reaction can then be derivatized by mBBr to facilitate detection by UV. 

At this point, it is not clear why a seleno-sugar was not obtained. There are 

several possible reasons: (1) BexX cannot use CysO/MoaD2 selenocarboxylate as 

substrate; (2) CysO/MoaD2 selenocarboxylate is very unstable under studied condition; 

(3) Seleno sources used here cannot be converted to hydrogen selenide effectively to 

generate selenocarboxylate. 

2.3.9. Preliminary results showed selenocarboxylate was unable to be generated 

using sodium selenide 

Since formation of a selenosugar was not successful, attention was turned to 

determining whether a protein selenocarboxylate can be generated by replacing sodium 

sulfide with sodium selenide in the MoeZ activation reaction. As shown in Fig. 2-33 A, 

generation of one molecule of SCP carboxylate is associated with release of one molecule 

of AMP. Therefore, we applied the enzyme coupled assay we used earlier to examine 

whether addition of sodium selenide would facilitate the release of AMP. 

When ThiS or CysO was incubated with MoeZ in the presence of ATP, addition 

of Na2S greatly enhances the rate of AMP release (Fig. 2-33 B and C, black solid line) 

compared to when Na2S is absent (Fig. 2-33, B and C, red solid line). However, this 

change did not occur when Na2Se was added (Fig. 2-33, B and C, black dotted line). 

Therefore, this preliminary result suggests that generation of SCP selenocarboxylate from 

sodium selenide is most likely unsuccessful. 
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Figure 2-33:  Coupled enzyme assay to indirectly detect formation of SCP 

selenocarboxylate. Reactions contained 50 mM HEPES, pH 8.0, 4 mM 

MgCl2, 50 μM ThiS or 13 μM CysO, 3 μM MoeZ, 0.8 mM ATP, 1.2 mM 

PEP, 125 μM NADH, 2 mM Na2S or Na2Se if any. In the control reaction, 

no sulfur or selenium donor was added. Reaction was initiated by addition 

of ATP, where the sudden drop of the absorption occurred. 

2.3.10. Preliminary results show selenocarboxylate is unable to be generated using 

selenocystine and CD3 

Overexpression of five cysteine desulfurases found in A. orientalis gave four 

soluble proteins (CD1 to CD4) and it has been shown that cysteine together with CD3 

and CD4 can be used to substituted for NaSH to generate 2-thioglucose-6-phophate.
84

 

CD3 has been suggested to function as a cystine lyase
147-150 

(Fig. 2-14 C),
 
while CD4 is 

likely to be a typical cysteine desulfurase (Fig. 2-14 B).
84

 To test if these two systems can 

accept selenocystine and selenocysteine, MoaD2 was incubated with CD3 (in the absence 

of DTT) or CD4 (in the presence of DTT to reduce selenocystine to selenocysteine) in the 

reaction mixtures that also contained MoeZ, ATP, and selenocystine. 
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MoaD2 
(MWcal: 12474)

MoaD2                        80 µM
MoeZ                           40 µM
ATP                               2 mM
MgCl2 5 mM
DTT 2 mM
CD4 40 µM
PLP                               100 µM
L-selenocystine 2 mM
NH4HCO3 60 mM

Incubate at r. t. for 50 min and 
then store in 4 °C before analysis
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B

The resulting mixtures were subject to ESI-MS analysis. If incorporation of 

selenium is successful, a 63 Dalton mass increase is expected, which should be easily 

distinguished by ESI-MS analysis. As shown in Fig. 2-34 A, MoaD2 was the only major 

species detected when using CD4 and DTT. In case of CD3, two species were identified 

based on their masses: one is MoaD2 and the other is MoaD2 covalently linked to 

selenocysteine. Two possible structures of the second species (MoaD2-COSec and 

MoaD2-U) are shown in Fig. 2-34 B. Although mass spectroscopic data alone cannot 

distinguish between the two potential structures, precedent for an N-S shift used in native 

chemical ligation
151-152 

suggests that this species is most likely to be MoaD2-U and it is 

likely formed via the scheme shown in Fig. 2-35. 

 

 

 

 

 

 

 

 

 

Figure 2-34:  Deconvoluted ESI-MS spectra of MoeZ catalyzed MoaD2 activation in the 

presence of selenocystine and cysteine desulfurases. MoaD2 

selenocarboxylate were not detected in both cases. 
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Figure 2-35:  Rationale for the modification found in the reaction including MoaD2, 

MoeZ, ATP, CD3 and selenocystine. One potential electron source could be 

cysteine residues on the enzymes used in the assay. 

Additional supporting information for the rationale shown in Fig. 2-35 is that an 

orange colored precipitate was observed in the reaction mixture, suggesting formation of 

selenium. To further confirm that CD3 could catalyzed the lyase activity of selenocystine, 

an enzyme coupled assay to detect pyruvate formation (Fig. 2-20) was applied. When 

cystine (0.5 mM) or selenocystine (0.2 mM) were incubated with CD3 (20 μM) for about 

1 h, the concentration of pyruvate was determined to be about 280 μM and 70 μM, 

respectively. The later reaction turned to orange from slight yellow color and all the 

orange colored species precipitated after centrifugation. This preliminary test suggested 

that CD3 has lyase activity towards selenocystine. 

The results above suggest that a SCP selenocarboxylate cannot be generated 

under the tested conditions and this is likely the reason for the failure to produce 2-

selenosugars in the early trails. It seems that direct application of the 2-thiosugar 

biosynthetic pathway to the production of a 2-selenosugar is not feasible. 
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2.4. SUMMARY 

Sulfur-containing biomolecules represent important components of many primary 

and secondary metabolic pathways. Biosynthesis of these molecules, especially the sulfur 

insertion step, reveals interesting chemistry and provides important information for 

understanding the biochemistry of this essential element in biological systems.  

Recently, our group described the biosynthesis of the sulfur-containing natural 

product BE-7585A (2-24) from Amycolatopsis orientalis and in doing so demonstrated 

the biosynthesis of a 2-thiosugar for the first time. The 2-thiosugar synthase, BexX, 

utilizes sulfur carrier proteins (CysO or MoaD2) from primary metabolism pathway as 

the sulfur donors. Activation of the sulfur carrier proteins from different biosynthetic 

pathways was demonstrated to be catalyzed by a common enzyme, MoeZ. In this chapter, 

MoeZ was characterized, and the mechanism of MoeZ catalyzed sulfur carrier protein 

activation using thiosulfate was investigated. 

Sequence alignment of MoeZ from A. orientalis indicates this enzyme belongs to 

a subclass of E1-like enzymes that does not have zinc binding sites and is fused with an 

active rhodanese domain, also known as MoeZR.
118

 MoeZ has two conserved cysteine 

residues, Cys213 and Cys360, each located in one of two domains. Neither cysteine is 

essential for adenylation activity; however, Cys360 is essential for the rhodanese activity. 

In the non-reducing SDS-PAGE gel assay, a protein conjugate between ThiS and MoeZ 

was identified. This covalent adduct was resistant to TCEP treatment but disappeared in 

the presence of an excess amount of DTT, implying that the linkage is through a thioester 

bond instead of an acyl disulfide bond. Similar amount of adduct was observed in 

C223A-MoeZ and C360A-MoeZ mutants but not in the C213A-MoeZ mutant, implied 

the site of thioester bond formation between ThiS and MoeZ is at Cys213. The catalytic 

activity of this residue was further confirmed by a single turnover experiment in the 
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absence of external reductant. While wild type MoeZ showed protein thiocarboxylate 

formation with ThiS, MoaD2, and CysO substrates, no products were detected under the 

same assay condition using the C213A-MoeZ mutant. These results are most consistent 

with the mechanism shown in Fig. 2-36 (boxed part). 

 

  

 

 

 

 

 

 

 

Figure 2-36:  Summary of the reaction catalyzed by MoeZ from A. orientalis. “S” refers 

to sulfur source. It could be thiosulfate (studied in this chapter) or bisulfide 

(used in the adenylation assay). The reducing equivalent can be DTT or 

TCEP in vitro, and mycothiol in vivo.
153

  

Although the evidence for the existence of CysO-MoeZ and MoaD2-MoeZ 

thioester intermediates is not strong, the non-reducing protein gel assay clearly revealed a 

thioester protein conjugate between ThiS and MoeZ. To our knowledge, this is the first 

example of an ubiquitin (Ub)-E1-like intermediate found in Actinomyces. The Ub-E1 

like thioester intermediate may suggest the potential existence of isopeptide protein 

conjugates in actinobacteria, resembling the case of TtuC (a MoeZ homolog) from 
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thermobacteria.
113,120

 Additional support for this hypothesis is that homolouges of the 

ubiquitination apparatus such as Ub-, E1-, E2-, and peptidase to remove Ub, have been 

found in the genome of actinobacteria.
154

 Moreover, in this chapter, we provide the first 

in vitro evidence for the importance of the conserved cysteine in the E1-like domain in 

the sulfur carrier protein activation reaction. 

In case of CysO and MoaD2, evidence for similar thioester intermediate is not 

strong, therefore, at this point it is difficult to define the activation mechanism of MoeZ. 

However, the involvement of the two conserved cysteine residues for sulfur trafficking 

among MoeZ is convincing when thiosulfate is used as sulfur donor. Unfortunately, 

attempt to enzymatically generate 2-selenosugar using the biosynthesis machineries for 2-

thiosugar was not successful. The reason might be due to the instability of protein 

selenocarboxylate, or selenide in aqueous solution is not as good as sulfide in term of 

nucleophilicity. 

MoeZ in A. orientalis functions as a common activating enzyme for multiple 

sulfur carrier proteins from different biosynthetic pathways. Characterization and 

mutagenesis studies have provided useful information of the sulfur trafficking mechanism, 

especially when thiosulfate is used as sulfur donor. Identification of a thioester 

intermediate further supports the evolutionary connection
107,110,112-113,133

 between 

ubiquitination and bacterial sulfur transfer in actinobacteria. 
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Chapter 3:  Studies of Cobalamin-dependent Radical SAM Enzymes: 

Fom3 in fosfomycin biosynthesis and OxsB in oxetanocin A biosynthesis 

 

3.1. INTRODUCTION 

3.1.1. S-Adenosyl-L-methionine (SAM or AdoMet): nature’s versatile cosubstrate 

and cofactor 

S-Adenosyl-L-methionine (SAM or AdoMet 2-4) is one of the most efficient 

metabolites found in biological systems.
155 

This small molecule was first discovered by 

Guilio Cantoni in 1952,
156

 and since then it has been recognized to participate in a variety 

of important biological transformations. SAM is biosynthesized by the ligation of ATP 

and L-methionine (Met 2-2) in a reaction catalyzed by SAM synthetase.
157

 And all parts 

of the molecule can be efficiently used as a source for diverse reactions without waste.
158

 

A brief scheme is shown in Fig. 3-1 to represent the metabolic cycle and catalytic role of 

SAM.  

  

  

 

 

 

 

 

 

 

 

 

 

Figure 3-1:  Schematic diagram for the SAM cycle. The dotted line indicates multiple 

steps in between the conversion of two molecules. 
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SAM used as an electrophile: group transfer 

The most striking component of the structure of SAM is the sulfonium group, 

which makes it no surprise that SAM can act as a good electrophile. In fact, all three 

carbon-sulfur bonds are prone to nucleophilic attack, resulting in transfer of different 

moieties of SAM to target molecules. 

As a universal cofactor in all kingdoms of life, SAM is also known as the major 

biological methyl donor for DNA, RNA, proteins, lipids, and small molecules, such as 

hormones, neurotransmitters, and many natural products.
158

 These methylation reactions 

play important roles in gene regulation, signal-transduction, self-repair, and primary 

metabolisms. In most cases, the methyl acceptor is a heteroatom or an activated carbon 

atom and the mechanism is via a typical SN2 type substitution.
159

 During this process, 

SAM is converted to S-adenosylhomocysteine (SAH 3-1). Several studies have shown 

that accumulation of this species is both inhibitory and toxic.
160

 At the cellular level, 

SAH can be broken down to adenosine and homocysteine by SAH hydrolase; however, it 

can also be converted to adenine and S-ribosyl-L-homocysteine (SRH) by MTA/SAH 

nucleosidase. Homocysteine can be utilized to synthesize glutathione (GSH 2-3), a major 

physiological antioxidant. It can also be employed by methionine synthase as a substrate 

to generate methionine. SRH can be further converted to homocysteine and 4,5-

dihydroxy-2,3-pentanedione (DPD), a precursor for the universal quorum-sensing signal, 

autoinducer-2 (AI-2).
161

   

Although approximately 95% of the SAM molecules are consumed in methyl 

transfer reactions,
162

 the methyl group is not the only part of SAM that can be transferred. 

Examples of compounds containing the 3-amino-3-carboxypropyl (ACP) moiety from 

SAM are listed in Fig. 3-2.
 
These compounds include the bacteria signaling molecules N-

acylhomoserine lactone (3-4) and 3-aminotridec-2-en-4-one (Ea-CAI-1 3-5),
163-164

 the 



 110 

O

O

HN

H3C O

N-acylhomoserine
lactone 3-4

Me

O

NH2

Ea-CAI-1 3-5

H
N

NH2

O N
O

H
OH

O

COOH

COOH

H2N

isonocardicin 3-6

HOOC NH2

ACC 3-7

N

O
HO

N

O

O

COOH

NH2

OH OH
acp3U 3-8

ON

O

HOOC

NH2

2-(3-amino-3-carboxypropyl)
-isoxazolin-5-one 3-9

H2N
H
N

NH2

spermidine 3-10

O

OH OH

N

N N

N

N

HO
Me

O

Me

COOH

H2N

wybutosine

3-11

antibiotic isonocardicin (3-6),
165

 the precursor for ethylene biosynthesis in plants 1-

aminocyclopropane-1-carboxylic acid (ACC 3-7),
166

 the modified tRNA residues 3-(3-

amino-3-carboxypropyl) uridine (acp
3
U 3-8)

167
 and wybutosine (3-11),

168
 the neurotoxic 

amino acid 2-(3-amino-3-carboxypropyl)-isoxazolin-5-one (3-9) from Lathyrus 

odoratus,
169

 and polyamines such as spermidine.
170

 The by-product from SAM in the 

ACP group transfer reactions is methylthioadenosine (MTA 3-3). MTA can be recovered 

in the methionine cycle, which involves a number of enzymes including MTA/SAH 

nucleosidase.
160

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-2:  Examples of compounds bearing the ACP group from SAM. In the 

biosynthesis of Ea-CAI-1 and ACC, PLP dependent enzymes are 

responsible for the transfer of ACP groups. In the biosynthesis of 

spermidine, enzyme catalyzed SAM decarboxylation occurs first, and then 

the decarboxylated ACP group is transferred. 

The adenosyl group from SAM is less frequently transferred compared to the 

aforementioned two functional groups, methyl and ACP. One such example is the SAM 

dependent halogenases shown in Fig. 3-3 A. SalL from the marine bacterium Salinispora 
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tropica and FlA from the soil bacterium Streptomyces cattleya catalyze similar reactions 

using chloride or fluoride as the nucleophile to displace the methionine moiety from 

SAM.
171-172

 Based on the crystal structure of FlA, the finding that both SAM and fluoride 

are bound in the active site supports the SN2 type substitution mechanism. The resulting 

5'-halo-5'-deoxyadenosine (5'-XDA) is further metabolized and used as a precursor for 

the biosynthesis of other halogenated metabolites. Another case is the attachment of the 

ribosyl group to the modified tRNA residue tRNA-preQ1 in a reaction catalyzed by 

QueA as shown in Fig. 3-3 B.
173

 In the proposed mechanism, deprotonation at the C5' 

position of SAM occurs upon binding of the tRNA substrate, leading to the elimination of 

the adenine.
174

 Nucleophilic attack by the amine group of Trna-preQ1 then yields an ylide 

intermediate. Recyclization and epoxycarbocycle formation leads to the release of 

methionine and the formation of the epoxyqueuosine-tRNA (tRNA-oQ) product residue. 

The by-products from SAM in this reaction are methionine and adenine, which can 

funnel directly into the nucleotide salvage pathway. 

SAM used as a nucleophile: SAM ylide 

The sulfonium ylides are commonly used in synthetic organic chemistry and have 

been proposed to be intermediates in a few SAM dependent transformations. Such 

reactions include the QueA-catalyzed SAM dependent reaction shown in Fig. 3-3 B and 

the SAM dependent cyclopropane ring formation catalyzed by cyclopropane fatty acid 

(CFA) synthase shown in Fig. 3-4 A, pathway b. However, the experimental results 

suggest that the operant mechanism of CFA may not involve the presence of sulfonium 

ylide intermediate.
175-177 
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Figure 3-3:  Examples of transfer of the adenosyl group from SAM. 

Very recently, a study of the CmoA/CmoB enzymes provided more compelling 

evidence for the existence of a SAM ylide intermediate and its nucleophilic role.
155, 178

 As 

shown in Fig. 3-4 B, 5-oxyacetyl uridine (cmo5U) is a post-transcriptional modified 

uridine base occurring in several bacterial tRNAs. Early studies showed that inactivation 

of CmoA or CmoB resulted in the formation of 5-hydroxy uridine (ho5U) instead of 

cmo5U.
179

 In the recent study, a novel metabolite, carboxy-SAM (3-14) was discovered 

when solving the structure of CmoA.
178

 Although a wide variety of SAM analogues 

designed as the potential tools for macromolecule modification and proteomic analysis 
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have been synthesized,
180

 carboxy-SAM is the first identified SAM analogue existed in 

nature. Further investigation revealed that prephenate is the source for the carboxylate 

group on CmoA and CmoB transfers the carboxymethylene group from carboxy-SAM to 

ho5U.
178

 The authors propose that prehenate loses CO2 and eliminates an hydroxide ion 

(OH
‒
) to deprotonate the methyl group of SAM, generating an ylide intermediate. The 

ylide then reacts with the liberated CO2 to form carboxy-SAM. The finding that doubly 

deuterated SAM was formed when triply deuterated SAM was incubated with both 

CmoA and prephenate further supports this proposal.
178 

The by-product from SAM in this 

reaction is SAH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4:  Proposed mechanisms for CFA synthase (A) and ComA/ComB (B) 

catalyzed reactions involving SAM yildes. 
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Figure 3-4:  Proposed mechanisms for CFA synthase (A) and ComA/ComB (B) 

catalyzed reactions involving SAM yildes. Current experimental results 

support pathway a in the case of CFA synthase, although pathway b cannot 

be fully ruled out. Experimental results are consistent with formation of a 

SAM ylide intermediate during CmoA/CmoB catalysis.  

SAM used as a precursor to radical intermediates: the radical SAM superfamily 

The ability of SAM to produce radical intermediates started to be recognized in 

1970s with the discovery of lysine 2,3-aminomutase (LAM) from Clostridium 

subterminale.
181

 LAM catalyzes the interconversion of L-lysine and L-β-lysine as shown 

in Fig. 3-5, and requires PLP, SAM, and dithionite for its in vitro activity.
181

 This type of 

migration is typical of adenosylcobalamin (coenzyme B12, AdoCbl 3-15)-dependent 

rearrangement mediated by AdoCbl-dependent mutases, in which a 5'-deoxy-adenosyl 

radical (3-2) is generated to initiate the radical reaction.
182

 However, LAM employs SAM 

instead of AdoCbl for activity. It is thus puzzling that whether the 5'-deoxy-adenosyl 
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moiety of SAM functions in the same way. Later studies supported that LAM indeed 

generates the same radical species (3-2) by reductive cleavage of SAM in the presence of 

[4Fe-4S]
+
 cluster (3-16).

181
 In contrast to the elegant structure adenosylcobalamin 

processes, SAM is thus considered to be “a poor man’s adenosylcobalamin”.
183

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5:  Rearrangement reactions mediated by LAM and AdoCbl-dependent 

mutases. The structures of the cofactors required by these two enzymes are 

presented and the common 5'-deoxy-adenosyl moiety is shown in blue. 

The field underwent a blooming following the publication of bioinformatic 

studies in 2001 where the radical SAM superfamily was first collectively described.
184 

This family contains more than 5000 members
185

 that participate in a wide variety of 

different reactions such as unusual methylation and alkylation reactions, isomerization, 

sulfur insertion reactions, complex structure formations, anaerobic oxidation, and protein 
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radical generation. With regard to the types of reactions adenosylcobalamin enzymes 

mediate (mainly isomerization and elimination reactions), the transformations catalyzed 

by radical SAM enzymes seem to be much more diverse.
186

  

While radical SAM enzymes mediate diverse transformations, they all employ a 

common mechanism to generate the 5'-deoxy-adenosyl radical as an initiator for the 

radical transformation as shown in Fig. 3-6.
187

 In fact, one distinguishing character of this 

family is the presence of a [4Fe-4S] cluster coordinated by three conserved cysteines in a 

Cx3Cx2C sequence motif. The fourth iron in the cluster chelates with SAM through its 

amino acid moiety. Reductive homolysis of the C-S bond at C5' of SAM yields the 5'-

deoxy-adenosyl radical (3-2) and methionine (2-2), concomitant with the oxidation of 

[4Fe-4S]
1+

 to [4Fe-4S]
2+

. The 5'-deoxy-adenosyl radical subsequently abstracts a 

hydrogen atom from the nominal substrate, resulting in a substrate radical species (3-17) 

that can undergo the radical-mediated transformation as dictated by its interaction and 

configuration within the enzyme active site. In this process, SAM is reduced to 

methionine and 5'-deoxy-adenosine (5'-dAdo or DOA 3-18). Similar to SAH and MTA, 

5'-dAdo can also be hydrolyzed by nucleosidases to release adenine (3-12).
160

  

A recently reported peculiarity in radical SAM mediated catalysis is the reaction 

catalyzed by Dph2 from Pyrococcus horikoshii (PhDph2).
188

 Here, the ACP group of 

SAM is transferred to a histidine residue on the elongation factor 2 (PhEF2) through a 

radical mechanism (Fig. 3-7). In contrast to canonical radical SAM enzymes, PhDph2 

lacks the typical Cx3Cx2C motif. However, it still requires a reduced [4Fe-4S] cluster for 

activity. Biochemical, spectroscopic, and structural studies have revealed that indeed 

three cysteine residues from different domains of PhDph2 are chelated with the cluster. 

Another feature that makes PhDph2 unique is that an ACP radical, instead of a typical 5'-

dAdo radical is generated. This is supported by the observation of MTA (3-3) formation 
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coupled with the consumption of SAM instead of the typical 5′-dAdo. Besides, 2-

amiobutyric acid (ABA 3-20) and homocysteine sulfinic acid (HSA 3-21) were detected 

from the assay in the absence of substrate PhEF2, which correspond to products produced 

when ACP (3-19) radical is reduced by a hydrogen atom or is oxidized by dithionite, 

respectively.  

 

 

 

 

    

 

 

 Figure 3-6:  Reductive homolysis of SAM in the presence of [4Fe-4S]
1+

 to generate the 

5'-dAdo radical as a reaction initiator. “A” attached to the ribose moiety 

stands for adenine. 

 

 

 

 

 

 

 

 

Figure 3-7:  Proposed mechanism for PhDph2 catalyzed ACP transfer. The dotted line 

indicates the product in the absence of the substrate PhEF2.    
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3.1.2. Radical SAM mediated reactions 

In the last decade, the field of radical SAM enzymology has become a treasure 

trove of new chemistries for study by enzymologists and many reviews have been 

published recently to address this class of enzymes from different perspectives.
181, 187, 189-

195
 Prominent members of this family of enzymes are highlighted in this section. Several 

features of radical SAM enzymes will also be addressed within the different reaction 

categories, such as variation of the consensus sequence motif, the presence of additional 

iron-sulfur clusters, mechanistic speculations, stoichiometry, and potential new members. 

Isomerases 

The radical SAM isomerases identified so far can be divided into two groups. The 

first group requires the PLP cofactor in addition to the [4Fe-4S]
1+

 cluster (Fig. 3-8 A and 

B), while the second group does not need PLP. They all have conserved Cx3Cx2C motif 

and contain one iron-sulfur cluster.  

In the first group, lysine 2,3-aminomutase (LAM) is the first radical SAM enzyme 

to be characterized and is also the most studied.
181

 The mechanism of LAM is shown in 

Fig. 3-9. The substrate radicals, intermediates 1 and 3, were characterized by electron 

paramagnetic resonance (EPR) spectroscopy using isotopically labeled substrates and 

substrate analogues.
186,196-197 

Moreover, the 5'-deoxy-adenosine radical was also 

demonstrated indirectly by characterizing its allylic analogue using EPR spectroscopy.
198

 

In this reaction, SAM is used catalytically such that it is regenerated after each turnover. 

A similar mechanism also applies to other PLP-dependent radical SAM mutases such as 

glutamate 2,3-aminomutase (GAM).
199

  

The second group includes enzymes that catalyze isomerization reactions such as 

spore photoproduct lyase (SPL) and methylornithine synthase (PylB). SPL repairs the 

major DNA damage spore photoproduct caused by UV irradiation in bacteria endospore 



 119 

germination process. Specifically, it cleaves the spore photoproduct into two thymines 

residues as shown in Fig. 3-8 C. The mechanism of this enzyme has been studied for 

several years and the most recent mechanistic revision is shown in Fig. 3-10.
200-202

 In this 

model, SAM is regenerated via hydrogen atom transfer involving the conserved Cys141 

and Tyr99 (potentially Tyr97 is also involved) residues of SPL. PylB catalyzes the 

transformation of L-lysine to methylornithine in the first step of pyrrolysine biosynthesis 

(Fig. 3-8 D).
203

 Although the crystal structure of this enzyme has been solved with SAM, 

the iron-sulfur cluster, and the product bound in the active site, in vitro activity of this 

enzyme has not been demonstrated.
204

 Therefore, experimental evidence to test the 

proposed mechanism is still awaited.
 

 

 

 

      

 

  

 

 

 

 

 

Figure 3-8:  Examples of radical SAM enzymes that function as isomerases. In the case 

of spore photoproduct lyase (SPL), the thymine dimer is a DNA 

photolesion. 
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Figure 3-9:  Mechanism of LAM catalyzed PLP-dependent isomerization reaction. 

 

 

 

 

 

Figure 3-10:  Proposed reaction mechanism for SPL from B. substilis. HAT stands for 

hydrogen atom transfer. 

Another potential member for this group based on the sequence homology is BlsG 

from Streptomyces griseochromogenes in the Blasticidin S biosynthesis.
205

 This enzyme 
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was proposed to be a PLP-dependent arginine 2,3-aminomutase, although its activity has 

yet to be reconstituted in vitro. Previously, littorine mutase from Datura stramonium was 

proposed to be a putative radical SAM enzyme that catalyzes the rearrangement of 

littorine to hyoscyamine, a tropane alkaloid produced by some plants that bares 

anticholinergic activity.
206

 However, a more recent gene silencing study suggested this 

might not be the case and the role of SAM in this reaction is unclear.
207 

Activating enzymes 

The glycyl radical enzymes (GREs) are a family of proteins found in anaerobes 

(Fig. 3-11 A).
189

 These enzymes contain a strictly conserved glycine residue that is 

converted to a glycyl radical by a specific activating enzyme. The resulting glycyl radical 

is then used to generate a thiyl radical, which ultimately initiates the reaction. The 

required GRE activating enzymes are radical SAM enzymes that employ the 5'-

deoxyadenosyl radical to abstract the hydrogen atom from the conserved glycine residue 

(Fig. 3-11 B). SAM is consumed with each activation event and reduced to methionine 

and 5'-deoxyadenosine. The most studied enzyme from this group is pyruvate formate 

lyase activating enzyme (PFL-Ae). Here, SAM bound to the enzyme has been 

characterized spectroscopically.
208

 It is interesting to point out that all three types of 

ribonucleotide reductase (RNR) have mechanisms reminiscent of the GREs in which a 

thiyl radical mediates the elimination of C2' hydroxyl group of the nucleotide.
209

 

Furthermore, the anaerobic RNR is a member of the GREs class of enzymes and 

generates the thiyl radical through a glycyl radical, which is in turn generated by a radical 

SAM activase. 
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Figure 3-11:  Reaction schemes for reported GREs and the activation by GRE-Ae. A. 

Examples of reported GRE mediated reactions. B. Generation of a glycyl 

radical on a GRE by radical SAM activating enzyme. 

Enzymes catalyze C-S bond formation on unactivated carbon center  

As mentioned in Chapter 2, sulfur incorporation in the biological systems may 

involve only Lewis acid-base chemistry or utilize radical intermediates. So far, enzymes 

catalyzing radical-mediated sulfur insertion have been all radical SAM enzymes. 

Recently, couple radical SAM enzymes have also been found to catalyze intramolecular 

thioether bond formation via a radical mechanism. 

Radical SAM enzymes involved in the sulfur insertion reaction can be further 

divided into two types. The first type includes two members BioB and LipA, which insert 

sulfur into unactivated C-H bond.
189

 They catalyze the sulfur insertion step in the 

biosynthesis of biotin and lipoic acid, respectively, as shown in Fig. 3-12. BioB is the 
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most extensively studied case of the radical SAM sulfur insertion enzymes. 
 
It contains 

one [4Fe-4S] cluster, which is responsible for the 5'-deoxy-adenosyl radical formation, 

and one [2Fe-2S] cluster, which is sacrificed as the sulfur donor.
210

 In each reaction 

cycle, two rounds of reductive cleavage of SAM are coupled to two hydrogen atoms 

abstraction from dethiobiotin (DTB). In each round, the DTB carbon radical forms a C-S 

bond with the sulfide sulfur from the [2Fe-2S] cluster and the first hydrogen abstraction 

occurs at the C9 postition.
211

 In case of LipA, the additional iron-sulfur cluster is a [4Fe-

4S] cluster rather than a [2Fe-2S] cluster as for BioB. The exact role of this cluster in 

LipA is not certain although it has been proposed to be cannibalized as the sulfur source 

for LipA.
126

 In both reactions, two SAM molecules are reduced to two 5'-deoxyadenosine 

during each turnover. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3-12:  BioB and LipA catalyzed sulfur insertion. The number indicates the 

position from which the 5'-deoxyadenosyl radical abstracts a hydrogen atom 

to initiate the reaction. 

The second type of radical SAM sulfur insertion enzymes is represented by the 

methylthioltransferase (MTTase). These enzymes catalyze methylthiolation of tRNAs 

and ribosomal proteins. Typical examples including MiaB, MtaB, and RimO are shown 
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in Fig. 3-13.
126

 The mechanism of MTTase catalysis is hypothesized to involve both 

radical SAM chemistry and an SN2 type substitution although the exact order of the two 

steps is unknown.
126

 Similar to BioB and LipA, two SAM molecules are consumed for 

each enzyme turnover; however, only one of the SAM molecules is reduced to 5'-

deoxyadenosine, while the other one is converted to SAH from the SN2 type methylation. 

Additionally, all MTTases described to date contain two [4Fe-4S] clusters, and the role of 

the auxiliary cluster has been proposed to be a sacrificial source of sulfur.
126

 

Alternatively, instead of destroying the auxiliary cluster, sulfur source could be 

exogenous sulfur cosubstrate at an open coordination site on the auxiliary cluster.
212 

 

  

 

 

 

 

 

 

 

 

Figure 3-13:  Methylthiolation reactions mediated by radical SAM enzymes. 

Recently, two radical SAM enzymes have been found to mediate thioether bond 

formation in the biosynthesis of bacetriocins (see Fig. 3-14).
213-214

 They are AlbA in the 

Subtilosin A biosynthesis and SkfB in the biosynthesis of sporulation killing factor 
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biosynthesis. Both enzymes have been shown to possess two [4Fe-4S] clusters, and the 

auxiliary cluster (coordinate by a Cx4-5Cx1-4C motif) has been proposed to function as an 

electron acceptor.
214

 In this reaction, one SAM molecule is converted to 5'-

deoxyadenosine with each turnover.
213

  

 

 

 

 

Figure 3-14:  Radical SAM mediated thioether bond formation. 

Enzymes involved in complex structure formation in cofactor biosynthesis  

Several radical SAM enzymes have been reported to be involved in cofactor 

biosynthesis. These include MoaA (molybdopterin biosynthesis, Fig. 3-15 A),
215-217

 

HemN (heme biosynthesis, Fig. 3-15 B),
189

 ThiH and ThiC (thiamine biosynthesis in 

anaerobes, Fig. 3-15 C and D),
189

 HydG and HydE ([FeFe]-hydrogenase H cluster 

biosynthesis),
189

 PqqE (pyrroloquinoline quinone biogenesis),
218

 F0-synthase (F420 

cofactor biosynthesis),
219

 and MqnC (menaquinone, vitamin K2 biosynthesis).
220

 General 

reaction schemes based on the most recent studies for these interesting 

biotransformations are listed in Fig. 3-15 and Fig. 3-16.  

MoaA and MoaC mediate the conversion of guanosine 5′-triphosphate (GTP) to 

cyclic pyranopterin monophosphate (cPMP), the first step in the biosynthesis of 

molybdopterin cofactor (Moco). MoaA contains two [4Fe-4S] clusters with one located 

near the N-terminus and the other near the C-terminus.
221

 Structural and spectroscopic 

studies have revealed that the N-terminal cluster, which has a Cx3Cx2C motif, is 

responsible for the 5'-deoxy-adenosyl radical formation, whereas the C-terminal cluster, 
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which has a Cx2Cx13C motif is bound to substrate.
222

 In the early proposal, MoaA was 

suggested to catalyze the pyranopterin ring formation using a radical mechanism and 

MoaC was involved in the following intramolecular cyclization.
216

 Mechanistic studies of 

MoaA have shown that the hydrogen atom at C3' position of GTP was abstracted by the 

5′-deoxyadenyl radical.
216

 Surprisingly, a careful characterization of the MoaA reaction 

revealed that 3',8-cH2GTP is the actual product of the radical reaction catalyzed by MoaA 

and MoaC is responsible for the pyranopterin ring formation from 3',8-cH2GTP.
217

 

HemN catalyzes stepwise oxidative decarboxylation of coproporphyrinogen III in 

the oxygen independent biosynthesis of heme (see Fig. 3-15 B).
189

 Decarboxylation takes 

place first at A ring followed by the B ring and hydrogen atom abstraction by 5′-

deoxyadenosyl radical occurs at pro-S position as labeled in Fig. 3-15 B.
223

 Structural and 

biochemical analysis of HemN showed that two SAM molecules bound to the active site 

are both required for activity.
224

 However, the detailed mechanism is not clear. 

During the discussion of bacterial thiamine thiazole biosynthesis in Chapter 2 

(Fig. 2-8), it was pointed out that one of the substrates is glycine imine (3-22). In 

anaerobes, this species is formed from tyrosine in a reaction catalyzed by the radical 

SAM enzyme ThiH as shown in Fig. 3-15 C.
225

 Results from kinetic and substrate 

analogue studies are most consistent with a mechanism involving generation of a 

tyrosinyl radical. To complete the thiamine biosynthesis in bacteria, another precursor 4-

amino-5-hydroxymethyl-2-methylpyrimidine phosphate (HMP-P, 3-24) is also required.
90

 

In bacteria, plants, and algae, formation of HMP-P involves another radical SAM enzyme 

ThiC where aminoimidazole ribonucleotide (AIR, 3-23) acts as the substrate.
226

 ThiC 

contains one [4Fe-4S] cluster at its C-terminus and is chelated by a conserved Cx2Cx4C 

motif instead of the canonical Cx3Cx2C motif. In vitro study of ThiC revealed that in each 
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reaction cycle AIR is converted to HMP-P, carbon monoxide, and formate, concomitant 

with reduction of one SAM molecule to 5'-dAdo (see Fig. 3-15 D).
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Figure 3-15:  Reaction schemes of radical SAM enzymes involves in cofactor 

biosynthesis. Position of hydrogen abstraction by 5'-deoxyadenosyl radical 

is indicated by the red color (proposed by the literature based on the isotope 

labeling results
216,223,225,227

). Other color codes are used to help keep track of 

the atoms. 
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[FeFe]-Hydrogenases reversibly reduce protons to molecular hydrogen.
228

 They 

require a metallocofactor called the H-cluster for activity. Biosynthesis of the H-cluster 

requires three enzymes: two radical SAM enzymes HydE and HydG, as well as the 

GTPase HydF, where the nascent cofactor is harbored.
229

 High sequence similarity 

between HydG and ThiH, along with initial characterizations for HydG suggested that 

HydG catalyzes the formation of the CN and CO ligands for the H-cluster assembly as 

shown in Fig. 3-16 A. However, the substrate for HydE has not been revealed yet. 

The PQQ cofactor is found in alcohol and sugar dehydrogenases from gram-

negative bacteria.
218

 PqqE is a radical SAM enzyme and is one of the six enzymes 

responsible for PQQ biogenesis. Although activity of PqqE has not been reconstituted in 

vitro, initial studies have shown that it contains two iron-sulfur clusters and can catalyze 

reductive cleavage of SAM in the presence of dithionite when the substrate is absent. 

Two new members of this category are F0-synthase and MqnC, which are 

involved in the cofactor biosynthesis of F420 and metaquinone, respectively (see Fig. 3-16 

B and C).
219-220

 The in vitro activity of these two radical SAM enzymes have been 

reconstituted, which has set the foundation for further mechanistic studies. 
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Figure 3-16:  Radical SAM enzymes mediated reactions that involving in cofactor 

biosynthesis. Color codes are used to help keep track of the atoms. 

Enzymes involved in purine-based natural products biosynthesis 

Radical SAM enzymes involved in this section have been reviewed recently by 

Vahe Bandarian from the University of Arizona.
193

 The 7-deaza-purine core structure 

occurs in a number of secondary metabolites and modified tRNA residues. The 

biosynthesis of this moiety starts from GTP, and the radical SAM enzyme QueE 

catalyzes the complex heterocyclic rearrangement of 6-carboxy-5,6,7,8-tetrahydropterin 

(CPH4, 3-28) to 7-carboxy-7-deazaguanine (CDG, 3-29) as shown in Fig. 3-17 A.
230

 

Characterization and kinetic study of QueE have suggested that the enzyme harbors one 

[4Fe-4S] cluster and that SAM is regenerated after each turnover.  
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 Wybutosine (yW) is found at position 37 of tRNAPhe in eukaryotes and archaea. 

The biosynthesis of this modified base involves a number of unusual transformations 

involving SAM as shown in Fig. 3-17 B. Among these SAM-dependent enzymes, TYW1 

is a radical SAM enzyme catalyzing the condensation of pyruvate and m
1
G with the loss 

of CO2.
231

 TYW1 likely contains two iron-sulfur clusters and an active site lysine residue 

has been implicated in the reaction mechanism.
193

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-17:  Transformations in the biosynthesis of purine-based natural products that 

involve radical SAM enzymes. Color codes are used to help keep track of 

the atoms. 

Deamination and oxidation 

Sulfatases (e.g. AtsA) catalyze the cleavage of sulfate esters via a protein-derived 

formylglycine (FGly) residue. Formation of this atypical amino acid residue under 

anaerobic conditions requires a formylglycine synthase (FGS, e.g. AtsB). Anaerobic 
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FGSs are radical SAM enzymes that catalyze the two-electron oxidation of a specific 

cysteinyl or seryl residue on the sulfatase substrate enzyme as shown in Fig. 3-18 A.
232

 

Characterization of AtsB suggests that this enzyme binds three [4Fe-4S] clusters.
232

 The 

auxiliary clusters have been proposed to act as electron acceptors during the catalytic 

cycle; however, this hypothesis has not been confirmed experimentally. 

Two other examples of oxidation and deamination reactions mediated by radical 

SAM enzymes are found in the biosynthesis of sugar-containing natural products.
187

 BtrN 

catalyzes the oxidation of 2-deoxy-scyllo-inosamine (DOIA, 3-30) to amino-dideoxy-

scyllo-inosose (amino-DOI, 3-31) in the biosynthesis of 2-deoxystreptamine (DOS), 

which is found in many aminoglycoside antibiotics (see Fig. 3-18 B). DesII is responsible 

for the deamination of TDP-4-amino-4,6-dideoxy-D-glucose (3-32) that yields TDP-3-

keto-4,6-dideoxy-D-glucose (3-33) in the biosynthesis of D-desosamine, which is found in 

many macrolide antibiotics (see Fig. 3-18 C). Interestingly, although DesII catalyzes 

redox neutral deamination of its natural substrate 3-32, in vitro it can also accept TDP-D-

quinovose (3-33) and TDP-3-amino-3,6-dideoxy-D-glucose (3-34) as substrates; 

however, and the reaction type changes from redox neutral deamination (or dehydration) 

to oxidative dehydrogenation. While BtrN contains two iron-sulfur clusters, DesII 

contains only one.
187

 The auxiliary cluster of BtrN was proposed to function as an 

electron sink although no experimental evidence has been provided.
233
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Figure 3-18:  Radical SAM enzymes catalyzed oxidation and deamination reactions. 

Lyase activity 

Several radical SAM enzymes operate as lyases, such as the previously mentioned 

ThiH and HydG. Other ThiH and HydG homologues have also been reported in other 

biosynthetic pathways, such as NosL and NocL in the biosynthesis of the 3-methyl-2-

indolic acid (MIA, 3-35) functionality observed in the thiopeptide antibiotics nosiheptide 

(NOS) and nocathiacin I (NOC-I).
234-235

 Both NosL and NocL contain only one canonical 

[4Fe-4S] cluster, and results from biochemical and spectroscopic studies of NosL and 

NocL are in agreement with the proposed fragmentation-recombination mechanism 

shown in Fig. 3-19 A.
234-235

  

Another interesting example of a radical SAM lyase is PhnJ from E. coli, which 

catalyzes cleavage of the C-P bond of methylphosphonate (see Fig. 3-19 B). The gene 
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cluster that encodes this enzyme is involved in the metabolism of alkylphosphonates 

under condition of phosphate starvation.
236

 PhnJ lacks the signature Cx3Cx2C motif 

having instead a Cx2Cx21Cx5C motif located near the C-terminus. Spectroscopic and 

biochemical characterizations have revealed that this motif is indeed responsible for 

coordinating the [4Fe-4S] cluster.
237

 Labeling and substrate analogue trapping studies 

further suggested that PhnJ catalyzed C-P cleavage proceeds via a novel mechanism 

involving two protein-based radicals intermediates in addition to the 5'-deoxyadenosyl 

radical intermediate (see Fig. 3-19 C).
237

  

 

 

  

 

 

 

 

 

 

 

 

 

Figure 3-19:  Reactions mediated by radical SAM enzymes NosL/NocL and PhnJ. 
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Methylation  

Some radical SAM enzymes are able to catalyze the methylation of unactivated 

acceptor sites. These enzymes have been further grouped to three different subclasses 

according to sequence analysis: (A) ribosomal RNA (rRNA) methyltransferases 

including RlmN, Cfr, and NifB; (B) cobalamin-dependent radical SAM enzymes that 

contain both a cobalamin binding domain and a canonical radical SAM domain; and (C) 

enzymes that are likely involved in heteroaromatic substrate methylations and have high 

sequence similarity to HemN.
238-240  

The functions of RlmN and Cfr were shown in Fig. 3-20 A. RlmN mediates C2 

methylation of A2503, which is a housekeeping modification in the bacterial 23S rRNA, 

whereas Cfr methylates the C8 position, which confers resistance to several antibiotics 

that target ribosome.
241

 Biochemical and structural analysis have suggested the radical 

mechanism for E. coli RlmN shown in Fig. 3-20 B.
242-245

 Two SAM molecules are 

required for the methyl insertion. The first SAM methylates a cysteine residue via a SN2 

type mechanism, and the second one is used to generate a 5'-deoxyadenosyl radical, 

which abstracts a hydrogen atom from the nascent methyl cysteine residue to initiate the 

reaction. The other example for this subclass is NifB, which is required for the 

biosynthesis of the M-cluster found in the active site of nitrogenase.
239

 The M-cluster is a 

metal-sulfur cluster that contains a carbide at its core. Radio labeling experiments 

demonstrated that the source of the carbide core is SAM.
246

 Recently, the activity of NifB 

has been reconstituted in vitro and the mechanism is believed to be similar to that of 

RlmN although the details remain unclear.
239

  

While a few cases have been reported for the in vitro reconstitution of activity of 

subclass B enzymes,
240

 no enzyme from subclass C (e.g. NosN) has been reconstituted  
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247

 Currently, the mechanisms for these two subclasses are still unknown and this 

is one of the most exciting questions regarding radical SAM catalysis. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-20:  RlmN and Cfr catalyzed methyl insertion in the rRNA modification. 

3.1.3. Cobalamin-dependent radical SAM enzymes 

Occurrence and significance 

Cobalamin-dependent radical SAM enzymes were first identified through 

bioinformatics studies by Sofia et. al..
184

 When they analyzed the members in the radical 

SAM superfamily by their domain architecture in order to predict the function of 

unknown proteins, they found that a group of proteins appeared to show poor cohesion 

among all other radical SAM enzymes, which often suggests a divergent function.
184

 

Compared to other radical SAM members, this group of proteins possesses a long N-
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terminal extension of ~200 residues containing a cobalamin binding motif in addition to 

their radical SAM core domain. The aforementioned subclass B radical SAM 

methyltransferases belong to this group and are proposed to catalyze the methylation at 

the unactivated carbon centers such as sp
3
 hybridized carbons, aromatic heterocycles, and 

phosphinates.
238

 Other members in this group are likely to have distinct functions, such as 

radical cyclase, which is the predicted function of BchE involved in the chlorophyll 

biosynthesis.
248

 

Several in vivo studies have revealed the function of members in this group and 

the involvement of cobalamine for their activity (e.g. Fom3
249-250

, CloN6
251

, and 

PhpK
252

). Very recently, in vitro activity of TsrM
253

, PhpK
254

, and GenK
255 

(members of 

cobalamin-dependent radical SAM enzymes) has also been reconstituted and detail 

mechanistic investigation for them have just commenced. Therefore, although cobalamin-

dependent radical SAM enzymes are likely to mediate diverse and unusual 

transformations, they have not been fully studied by enzymologists. 

Cobalamin-dependent radical SAM enzymes distribute diversely in natural 

product biosynthesis including antibiotics (e.g. fosfomycin), herbicides (e.g. bialaphos), 

chemotherapeutic agent (e.g. mitomycin C), and photosynthetic pigments (e.g. 

bacteriochlorophyll), a lot of which are of clinical and industrial interest.
184 

Recently, 

genomic studies have also found new members invovled in the biosynthesis of ladderanes 

and polyeheonamides belong to this group.
256-257

 Characterization and mechanistic 

investigation of these enzymes will provide useful information for understanding these 

important and intriguing chemical transformations.  
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Reported in vitro reconstitutions 

TsrM has been demonstrated to be a tryptophan methyltransferase in the 

biosynthesis of thiostrepton A, a macrocyclic thiopeptide antibiotic as shown in Fig. 3-21 

A.
253

 TsrM methylates the C2' position of trptophan (Trp) and the methylation is coupled 

with the production of SAH. While reconstitution of the iron-sulfur cluster is necessary 

for TsrM activity, the activity does not appear to be dependent on the reduction of the 

cluster.
253

 When CD3-SAM was used in the reaction, the product contained three 

deuterium atoms even in the presence of excess amount of unlabeled methylcobalamin.
253

 

These observations lead to the hypothesis that TsrM transfers the methyl group from 

SAM to cobalamin and then to the substrate.
253

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3-21:  Reported in vitro reconstitutions for cobalamin-dependent radical SAM 

enzymes. 

PhpK catalyzes the methylation of the phosphorous center of NAcDMPT (N-

acetyldemethylphosphinothricin) (Fig. 3-21 B) and requires a reduced iron sulfur cluster 
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unlike TsrM.
254

 The methyl donor in this reaction is believed to be methylcobalamin 

based on the isotope labeling experiments.
254

 However, whether SAM is converted to 

SAH or 5'-dAdo has not been elucidated and the stoichiometry of the reaction is not yet 

known.
254 

 

Very recently, another cobalamin-dependent radical SAM methyltransferase 

GenK (Fig. 3-21 C) in the biosynthesis of gentamicin was characterized in vitro by our 

group.
255

 In this case, 5'-dAdo and SAH are produced with the consumption of two SAM 

molecules upon the methylation of gentamicin X2 and reduction of the iron-sulfur cluster 

is necessary.
255

 Isotope labeling experiments support the hypothesis that the methyl group 

of SAM is transferred to cobalamin.
255

  

Fom3 from S. wedmorensis and OxsB from B. megaterium NK84-0218 

A close homolog of PhpK is Fom3. Fom3 from Streptomyces fradiae and S. 

wedmorensis is another putative cobalamin-dependent radical SAM methyltransferase 

involved in the biosynthesis of fosfomycin. Fosfomycin is an antibiotic with clinical 

utility against both gram-positive and gram-negative bacteria and acts by perturbing cell 

wall biosynthesis.
258 

With the pioneering work done by Seto’s group and recent studies 

carried out by van der Donk’s group, the biosynthetic pathway of fosfomycin in 

Streptomyces has been described as shown in Fig. 3-22.
249-250,259-262 

Results from gene 

disruption and feeding experiments suggest that the biological function of Fom3 is likely 

to convert 2-hydroxyethylphosphonate (HEP) to 2-hydroxypropyl phosphonic acid 

(HPP).
249

 Methylation at the intrinsically non-nucleophilic alcohol bearing carbon center 

implies unprecedented chemistry. However, no in vitro characterization of this interesting 

cobalamin-dependent radical SAM enzyme has yet been reported. 
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OxsB, is one of the few reported cobalamin-dependent enzymes that may mediate 

intramolecular rearrangement instead of a methylation reaction (see Fig. 3-23 A). OxsB is 

believed to be the component of the oxetanocin A (OXT-A) biosynthetic pathway that is 

responsible for the ring contraction that ultimately produces one of the only two known 

naturally occurring oxetane ring containing nucleosides.
263

 OXT-A is isolated from 

Bacillus megaterium NK84-0218 and exhibits antiviral activity against DNA virus 

species (e.g. herpes simplex virus-II) but not RNA viruses. It also possesses antibacterial 

activity towards specific strains such as Staphylococcus aureus 209P, but not towards 

most other bacteria, yeast, and fungi.
264

 While the other naturally occurring oxetane ring 

containing nucleoside, albucidin, demonstrates herbicide activity instead.
265 

In the past 

decade, researchers have been successful in synthesizing different oxetanocin analogues 

for their potential use in drug development.
266-267 

However, little is known regarding the 

biosynthesis of oxetane ring. 

 

 

 

 

  

 

 

 

 

Figure 3-22:  Biosynthetic pathway for fosfomycin including the Fom3 catalyzed 

penultimate step. 
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Figure 3-23:  Structures and producing strains of oxetane ring containing nucleoside 

natural products.  

3.1.4. Thesis statement 

The focus of this chapter is to describe the characterization of two cobalamin-

dependent radical SAM enzymes in vitro: Fom3 from S. wedmorensis and OxsB from B. 

megaterium NK84-0218. Fom3 is a putative methyltransferase that catalyzes C-C bond 

formation at a non-reactive carbon center. OxsB is likely to be involved in oxetane ring 

formation using radical SAM chemistry.  

Heterologous overexpression of Fom3 in E. coli yielded largely insoluble protein. 

At the beginning, efforts were made to improve the protein solubility via the following 

methods: (1) variation of media and growth conditions, (2) changes of expression 

constructs, (3) alteration of the expression host, and (4) revision of the assigned open 

reading frame for this gene. However, all attempts gave no significant improvements. In 

the mean time, enzyme activity assays were carried out to discern whether the small 

amount of soluble Fom3 that could be isolated might exhibit methyltransferase activity. 

Unfortunately, no activity was found despite these efforts. Inspired by the results from 

PhpK and GenK studies, more recent attempts to obtain in vitro active Fom3 have 
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focused on refolding the protein from their inclusion bodies. Currently, we are still 

working on this project and future directions will be discussed. 

The challenge for studying OxsB shifted from obtaining soluble protein to 

identifying the putative substrate. Limited information regarding to the biosynthesis of 

OXT-A has been reported. Morita et al. suggested that four plasmid encoded genes 

including oxsB are likely responsible for the biosynthesis and resistance of OXT-A.
263

 

Since neither the producing strain nor the plasmid encoding the genes was available, we 

synthesized the four genes based on the published sequence and overexpressed their 

encoded proteins in E. coli. This allowed the isolation of OxsB along with two putative 

phosphohydrolases in soluble form. Further biochemical characterization demonstrated 

that anaerobically reconstituted OxsB catalyzes the homolytic cleavage of SAM in the 

presence of dithionite and cobalamin to give 5'-sulfinic-adenosine (5'-sAdo) as shown in 

Fig. 3-24. The mechanism for this uncoupled reaction of OxsB was also investigated. A 

great deal of effort has also been made to elucidate the substrate of OxsB; however, no 

clear conclusion can be drawn at this point. The proposed function of OxsB as well as 

possible biosynthetic pathways of OXT-A will be discussed, and the future direction of 

this project will be outlined. 

 

 

 

 

 

Figure 3-24:  Homolytic cleavage of SAM mediated by oxsB as uncoupled reaction. 
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Cobalamin-dependent radical SAM enzymes participate in diverse biosynthesis 

pathways and likely catalyze chemically or biochemically unprecedented 

transformations. Currently, only three members have been characterized in vitro and the 

detail mechanisms of these enzymes are still unclear. Studies carried out in this chapter 

provide valuable information for understanding this interesting sub-family of radical 

SAM enzymes and suggest new avenues of future investigation.  
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3.2. MATERIALS AND METHODS 

3.2.1. General 

DNA sequencing was performed by the Core Facilities of the Institute of Cellular 

and Molecular Biology at the University of Texas at Austin. The general methods and 

protocols for recombinant DNA manipulation were followed according to Sambrook and 

coworkers.
53

 Mass spectra for protein samples was performed at the Mass Spectrometry 

Core Facility in the College of Pharmacy at the University of Texas at Austin. Mass 

spectroscopy of isolated small molecules was performed at the Mass Spectrometry Core 

Facility in the Department of Chemistry and Biochemistry at the University of Texas at 

Austin.  

Materials 

The Escherichia coli protein expression host strain BL21 star (DE3) was from 

Invitrogen (Calsbad, CA) and Rosetta II (DE3) was acquired from Novagen (Madison, 

WI). The 1 kb plus ladder is a product of Invitrogen. DNA markers, restriction enzymes, 

and T4 DNA ligase were also obtained from Invitrogen. PCR primers were purchased 

from Integrated DNA Technologies, Inc (Coralville, IA). The plasmid pDB1282, which 

encodes genes for iron-sulfur cluster biosynthesis, was a generous gift from Professor 

Dennis Dean at Virginia Polytechnic Institute and State University. Anti-His (C-terminal) 

and Anti-His (N-terminal) monoclonal murine antibodies were obtained from Invitrogen. 

All chemicals and reagents were purchased from Sigma-Aldrich Chemical Co. (St. Louis, 

MO), Thermo Fisher Scientific (Waltham, MA), or VWR (Radnor, PA), and were used 

without further purification unless otherwise specified. Amicon® centrifugal filter 

devices are products of Millipore (Billerica, MA). Sephadex G-25 resin was purchased 

from GE healthcare (Pittsburgh, PA). Fom3 protein, expressed and/or purified under 
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specific conditions, was provided by Dr. Yung-nan Liu. E. coli flavodoxin (FLD), 

flavodoxin reductase (FDR),
268

 tobacco etch virus (TEV), and 5′-methylthioadenosine/S-

adenosylhomocysteine nucleosidase (MTAN) enzymes were purified by Dr. Yung-nan 

Liu. SAM were provided by Dr. Mark W. Ruszczycky. The compounds 2-

hydroxyethylphosphonate (HEP) and 2-hydroxypropyl phosphonic acid ((S)-HPP), as 

well as protein HppE (Fom4) were provided by Dr. Wei-chen Chang.
269

 Oxetanocin A 

was synthesized by Dr. Sei-Hyun Choi.  

Instrumentation 

Most of the instruments used in this chapter have been described in the previous 

two chapters. In addition, the Corona Charged Aerosol Detector was purchased from 

ESA-dionex under Thermo Scientific (Sunnyvale, CA). The ÄKTA FPLC system and 

MonoQ
TM

 column were purchased from GE healthcare (Pittsburgh, PA). The sonic 

dismemberator model 100 from Thermo Fisher Scientific (Waltham, MA) was used in 

the glove-box for anaerobic purification. The carousel 5600 slide projector used for 

illumination is a product of Kodak (Rochester, NY). Centrifugation tubes used for 

anaerobic purification were obtained from Beckman-Coulter (Arlington Heights, IL). 

Econo-Pac® 10DG desalting columns were purchased from Bio-Rad (Hercules, CA). 

3.2.2. Cloning, expression, and purification of Fom3 

Recombinant DNA constructs used to express Fom3 in E. coli system 

Recombinant DNA constructs containing fom3 gene are illustrated in Fig. 3-25. 

The constructs were designed to increase the solubility of Fom3 and prepared by cloning 

the fom3 gene from S. wedmorensis into the target expression vector. Sequences of the 

primers used for cloning the fom3L gene (fom3 with an N-terminal extension) were: 5’-

ATTACGACATATGAGCACTAAACAGAATCTCATGACGATCGGTTCTCTG-3’ 



 145 

MBP-Fom3 MBP Tev site Fom3
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(the restriction site is in bold, and the start codon is underlined) for the forward primer; 

5’-CCGAAGCTTTTAGTACTGGTTTGCGTTCCAC-3’ (the stop codon is in italics) for 

the reverse primer used to prepare a N-His6-tagged construct; and reverse primer 5’-

CCGAAGCTTGTACTGGTTTGCGTTCCAC-3’ used to prepare a C-His6-tagged 

construct. All Fom3 recombinant DNA constructs contained a kanamycin resistant gene 

as the antibiotic marker for selection. The published sequence for Fom3 is composed of 

1,605 base pairs. Therefore, the following primer was designed for sequencing purposes: 

5’-CTGGACCACATCCCGTTCC-3’. The TEV enzyme is a site-specific cysteine 

protease found in the tobacco etch virus (TEV). It recognizes the sequence 

“ENLYFQ(G/S)” and the cleavage occurs between Gln and Gly/Ser. In this study, the 

TEV enzyme was over-expressed and purified as an N-His6-tagged protein. MBP-TEV-

Fom3/Fom3L was designed as a self-cleavable fusion protein to increase the solubility of 

Fom3.
270

  

 

 

 

 

 

 

 

 

 

Figure 3-25:  Cartoon diagram of different Fom3 constructs. 
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iscS iscU iscA hscB hscA fdx

pDB1282

Ara

Amp

MBP stands for maltose binding protein, which is commonly used to enhance the 

solubility of its fused protein in the E. coli expression system.
271

 “Tev site” stands for 

TEV enzyme cleavage site. “TEV enz.” stands for TEV enzyme.  

 

Conditions for expression and purification of Fom3 

A construct encoding the fom3 gene was co-transformed with plasmid pDB1282 

into the target host strain. Plasmid pDB1282 contains a gene cluster that is involved in 

the iron-sulfur cluster biosynthesis as shown in Fig. 3-26.
272

 Equal concentrations of a 

Fom3 recombinant plasmid and plasmid pDB1282 DNA were added to 100 μL of 

competent cells (E. coli BL21 Star (DE3) or Rosetta II (DE3)) and incubated on ice for 

30 min. The procedure to prepare competent cells was identical to that described in 

Chapter 2. After incubation, the cells were subjected to heat shock at 42 °C for 60 s, 

followed immediately chilling on ice for 2 min, at which point 500 μL of LB medium 

was added to the cells. Subsequently, the cells were incubated at 37 °C for 1 h and 

centrifuged to collect the cell pellet. After decanting the majority of the medium, the cells 

were resuspended in the remaining 100 µL LB medium and were spread onto a LB-agar 

plate containing both kanamycin (Kan, 50 μg/mL) and ampicillin (Amp, 100 μg/mL). 

The resulting LB plate was then incubated at 37 °C for 16 h. 

 

 

 

   

Figure 3-26:  Plasmid pDB1282 encodes a gene cluster for ion-sulfur cluster 

biosynthesis. Expression of the gene cluster can be achieved by addition of 

L-arabinose. The plasmid contains an ampicillin resistant gene for antibiotic 

selection.   



 147 

Typically, an overnight culture of Fom3/pDB1282 grown at 37°C in LB media 

with kanamycin and ampicillin was used, in a 200-fold dilution, to inoculate 1 L of the 

same media. The culture was incubated at 37°C with vigorous shaking until the OD600 

reached 0.2. Expression of iron-sulfur cluster biosynthesis proteins were induced by 

addition of 0.5 g L-arabinose (Ara), and 40 mg Fe(NH4)2(SO4)2 along with 20 mg L-

cysteine were also added to the media to facilitate iron-sulfur cluster biosynthesis. The 

resulting culture was grown at 30 ºC till the OD600 reached at lease 0.6. The culture was 

then cooled at 4.5 ºC for 2 h and IPTG was added to a final concentration of 0.1 mM to 

induce expression of the target protein. The culture was then incubated at a specific 

temperature (18, 22, and 15 °C have been tested, and in most cases 18 °C was used) with 

slow shaking. After incubation 18 h at 18 ºC, 12 h at 22 ºC, or 22 h at 15 ºC, the cells 

were harvested by centrifugation at 4 °C and stored at ‒80 °C until purification. 

In some cases, deaerated buffers were used to purify Fom3. To prepare the 

deaerated buffer, pre-chilled buffer was degassed under vacuum with vigorous stirring for 

30 min and saturated with argon gas. This process was repeated three times. The standard 

Ni-NTA purification procedure was used to isolate His6-tagged Fom3 proteins. Two 

buffers have been used in the purification of Fom3: 50 mM Tris buffer (pH 8.0) and 50 

mM HEPES buffer (pH 8.0). Other buffer components included 10% glycerol (v/v), 1 

mM 2-mercaptoethanol, NaCl (300 mM in lysis buffer, 1 M in wash buffer, 300 mM in 

elution buffer, and 50 mM in dialysis buffer). In lysis buffer, 1 mM 

phenylmethanesulfonyl fluoride (PMSF) was added before use. In some cases, detergent 

(1% Triton X-100 (v/v)) was also added to the buffer in order to increase the solubility of 

Fom3. After dialysis, proteins were flash frozen and stored at ‒80 °C before 

reconstitution. Protein concentrations was determined by Bradford assay.
52

 Protein 

expression and purification was evaluated by 12% SDS-PAGE. Urea (4 M final 
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concentration) was added to the samples that contained crude cell lysate or cell pellet in 

order to solubilize the inclusion bodies.  

Purification of non-tagged Fom3 from MBP fusion protein 

Non-tagged Fom3 was obtained from in vitro TEV enzyme cleavage of the MBP-

Fom3 fusion protein. First, the standard Ni-NTA procedure was used to purify the MBP-

Fom3 fusion protein. After dialysis, the MBP-Fom3 fusion protein was co-incubated at 4 

ºC for 16 h with the TEV enzyme, which had been purified separately as an N-His6 

tagged protein. The resulting protein mixture (C-His10 tagged MBP, Fom3, and N-His6 

tagged TEV) was then loaded onto a Ni-NTA column and the flow through, which 

theoretically should have contained only the non-His tagged Fom3, was collected and 

concentrated. Fom3 obtained from this procedure had two additional amino acids “GH” 

at the N-terminus compared to wild type enzyme. 

Anaerobic purification of Fom3 

Water and buffers used in anaerobic purifications were prepared by stirring the 

degassed buffer in the glove-box overnight under the anaerobic condition. All steps were 

carried out in the glove-box except for centrifugation. When Fom3 was purified 

anaerobically, lysozyme (1 mg/mL) and DNAases (1 μg/mL) were also added to the lysis 

buffer. The cell lysis was incubated in the glove-box for 30 min surrounded by ice packs. 

After incubation, the resulting mixture was sonicated using a benchtop dismembrator. 

The resulting cell lysis was transferred to centrifugation tubes equipped with an 

additional seal in the cap to prevent air exchange outside of the glove-box. After 

centrifugation at 20,000 × g for 20 min, the sealed tube was opened in the glove-box and 

the supernatant was transferred to a small beaker chilled with ice pack. In some instances 

the supernatant was assayed directly as cell free extract. Ammonium sulfate was then 
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added slowly to the supernatant with gentle stirring until the final concentration reached 

to 30% saturation. The sample was incubated for one more hour and centrifuged. After 

centrifugation, the resulting pellet was washed with 50 mM HEPES buffer pH 8.0 and re-

suspended in (HEPES 50 mM, pH 8.0, containing 2 mM DTT, and 2% Triton X-100 

(v/v)). The Triton X-100 detergent was not included in all trials. The resulting solution 

was desalted using a G10 pre-packed column.  

Fom3 overexpressed in M9 minimal media 

M9 minimal media modified according to the protocol for the cobalamin-

dependent enzyme MetH
273

 was also used as alternative to LB. In order to prepare 1 L of 

M9 minimal media, 100 mL of 10x M9 buffer, 100 mL of 10x amino acid stock, and 2.5 

g of NH4Cl were added to 780 mL of water and the resulting solution was autoclaved. 

Next, 10 mL of 20% glucose (w/v, pre-autoclaved), 1 mL of ethanolamine, 1 mL of 1 M 

MgCl2 (sterilized), 1 mL of a 10 mg/mL solution of thiamine (sterilized), 100 µL of 0.1 

M ZnSO4 (sterilized), 0.5 mL of 0.1 M CaCl2 (sterilized), 100 µL of 10,000x 

micronutrient (sterilized), 3 mg of vitamin B12 (cyanide form), 0.5 mL of Amp (100 

mg/mL), and 0.4 mL of Kan (50 mg/mL) were added to the media. The 1 L 10x M9 

buffer contained 67.9 g Na2HPO4, 30 g KH2PO4, and 6 g NaCl at pH 7.4. The 10x amino 

acid stock solution was prepared by dissolving 0.715 g Ala, 0.728 g Arg, 0.6 g Asn, 

0.507 g Asp, 0.35g Cys, 0.88 g Glu, 0.875 g Gln, 0.6 g Gly, 0.31 g His, 0.525 g Ile, 1.05g 

Leu, 0.584 g Lys, 0.6 g Met, 0.66 g Phe, 0.46 g Pro, 10.5 g Ser, 0.475 g Thr, 0.205 g Trp, 

0.37 g Try, and 0.705 g Val in 1 L water and adjusting the pH to 7.5. The resulting stock 

solution was autoclaved for 5 min and stored at 4 °C. BL-21 star DE3 cells harboring the 

Fom3 expression vector along with the plasmid PDB1282 were grown in 10 mL LB 
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media overnight at 37 ºC. After centrifugation and decanting the LB media, the cell pellet 

was used to inoculate the 1 L M9 media.  

Reconstitution of Fom3 

Reconstitution of purified Fom3 was carried out in the glove-box and anaerobic 

buffers were used. Except Fom3, all other components used in the reconstitution were 

brought to the glove box as solids and their corresponding stock solutions were prepared 

in the glove-box with anaerobic buffers or water. Typical reconstitution procedures for 

Fom3 are as follows. Approximately 2 mL of protein purified aerobically (including the 

ones purified with degassed buffers) was stirred in the glove-box at ~ 10 ºC for 3 h to 

remove all the oxygen dissolved in the protein solution. DTT was then added to a final 

concentration of 5 mM. After 15 min of incubation, 0.5 mM of SAM (final 

concentration) was added to the solution. The resulting solution was stirred for another 5 

min and then 1.5 mM of Fe(NH4)2(SO4)2 (final concentration) was added in 10 aliquots 

over 10 min, followed by adding 1.5 mM of Na2S (final concentration) in 20 aliquots 

over 20 min. The resulting solution was incubated for an additional 3 h to 5 h, and 0.5 

mM MeCbl (final concentration) was then added. The resulting solution was incubated 

for 1 h in dark. After centrifugation to remove precipitates, the mixture was loaded onto a 

G10 pre-packed desalting column that was pre-equilibrated with the storage buffer (50 

mM HEPES, pH 8.0, 1 mM DTT, 10% glycerol). The colored fractions were collected 

and checked by Bradford assay. Fractions that had relative high protein content were 

combined and concentrated with YM10 spin columns in the glove-box. The resulting 

reconstituted Fom3 was stored in the glove box at approximately 10 ºC and used within 

two days. 
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3.2.3. Fom3 activity assay 

Preparation of Ti(III) citrate solution 

The titanium (III) citrate solution was prepared anaerobically from TiCl3 

following the protocol of Jarrett and Matthews.
274

 In the glove-box, 4.5 mL of 0.2 M 

sodium citrate was added to 0.5 mL TiCl3 (12% HCl) and stirred for 30 min. Then 1.5 

mL of saturated sodium bicarbonate was added slowly to neutralize the solution. Finally, 

3.5 mL of 100 mM Tris buffer, pH 7.5 was added and the solution was stirred overnight. 

The solution was then stored in the dark in the glove-box and used within a month. 

Fom3 activity assay conditions 

A typical assay of Fom3 activity included the following components: 50 mM 

HEPES or Tris buffer at pH 8.0, the putative substrate HEP (2–10 mM, measured by 

weight), SAM (2–10 mM, determined by UV, ɛ260 = 15,400 M
-1

cm
-1

), MeCbl or OHCbl 

(0.5–5 mM, determined by weight), DTT (2–10 mM), MgCl2 (1 mM), reconstituted 

Fom3 protein (5–30 μM, determined by Bradford assay) or anaerobically purified Fom3 

(about 80% of the reaction volume was added). One of the following four reducing 

systems was also included in the assay buffer: (a) 0.3–3 mM Ti(III) citrate solution, (b) 

2–10 mM NADPH, 5–20 μM flavodoxin, and 5–20 μM flavodoxin reductase, (c) 0.3–2 

mM RuCl2, or (d) 2–10 mM NADPH and 0.5–2 mM methyl viologen. Reactions were 

incubated in the glove-box at approximately 30 °C for at least 12 h. Samples were then 

frozen and stored at –80 °C prior to analysis.   

A Fom3 reaction mixture was analyzed by first thawing and filtering it using 

YM10 spin columns at 4 °C to remove the protein. The resulting solution was subjected 

directly to either HPLC or bioassay analysis. In some cases, the following additional 

steps were included prior to HPLC or bioassay analysis: (1) samples were concentrated 
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by lyopholization after removing the protein and then redissolved in 200 µL water, or (2) 

samples were acidified to pH 4 with HCl after removing the protein and then passed 

through a small Waters OASIS
®
 MCX cation exchange column to remove the cobalamin 

and titanium.  

Analysis of Fom3 assays: Dionex-HPLC coupled with Corona detector 

Reaction progress as defined in terms of the extent of HEP methylation was 

monitored by HPLC on a Dionex CarboPac PA1 anion exchange column (4 × 250 mm) 

coupled with a Corona detector. Corona CAD (charged aerosol detector) can detect any 

nonvolatile or semivolatile analyte with or without a chromophore and is compatible with 

HPLC system. Therefore, the putative substrate HEP and the expected product (S)-HPP 

can be detected using this detection method since they both possess a monophosphate 

group but not a chromophore. Typical HPLC programs employed the following gradient. 

Solvent A is water and solvent B is 200 mM NH4OAc, pH 7.0. From 0 to 5 min, 12.5% B 

was used to isocratically. At 5 min, B increased to 25% linearly in 5 min, at which point 

it was further increased to 32.5% linearly in 30 min, and then to 90% linearly in 2 min. 

After 5 min, B was decreased back to 12.5% linearly in 2 min, and the column was 

washed with that mobile phase composition for 6 min before the run was stopped. The 

flow rate was 1 mL/min, and the UV detector was set at 260 nm whenever dual detection 

was utilized.     

Analysis of Fom3 assays: C18-HPLC coupled with UV detector  

The anticipated products SAH and 5'-dAdo from the enzymatic assays were 

difficult to distinguish using an anion exchange column. Therefore, samples were also 

subjected to a Varian Microsorb MV 100-5 C18-HPLC chromatography (analytical 

column dimensions: 4.6 × 250 mm) with UV detection at 260 nm. Column elution was 
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typically as follows. Solvent A contained 0.1% TFA in water (v/v) and solvent B was 

methanol. The elution was begun with 5% B for 5 min before increasing B linearly to 

35% B in 30 min, where it was maintained isocratic for 6 min. Following the 6 min 

isoctratic elution, B was decreased linearly back to 5% B in 1 min, where it was 

maintained isocratic for an additional 4 min before the run was stopped. In some cases, 

solvent A was replaced with 5 mM NH4OAc at pH 6.0, while a similar gradient program 

was used. The flow rate was held constant at 1 mL/min for the duration of the HPLC run. 

Analysis of Fom3 assays: bioassay 

Another approach to analyze the activity of Fom3 was to use HppE to convert the 

expected product, (S)-HPP, to fosfomycin as shown in Fig. 3-22. Fosfomycin exhibits a 

strong inhibitory effect on the growth of the E. coli K12 strain HW8235.
275

 Therefore, if 

(S)-HPP is formed in the Fom3 catalyzed reaction, a coupled enzymatic assay with HppE 

would result in inhibition of bacterial growth.
275

 Specifically, an overnight culture (2 mL) 

of the E. coli K12 strain HW8235 in LB media was mixed with 50 mL of warm, 

autoclaved LB agar and poured into a Petri dish. After the agar had solidified, sterilized 

paper discs (13 mm in diameter) were placed on top of the agar. Approximately 20 μL of 

sample was applied to the paper disc, and the plate was incubated at 37°C for 6-12 h. The 

diameter of the inhibition zone was then measured by ruler and compared with the results 

from positive and negative control reactions performed in a parallel manner. A typical 

reaction volume for this bio-assay was 50 μL, containing 10 μM HppE, 4 mM NADH, 

100 μM FAD, 50 μM Fe
2+

, in 25 mM Tris buffer at pH 7.5 with Fom3 reactions (after 

anaerobic incubation) or controls (including standards compounds with proper 

concentration such as fosfomycin, HEP, and HPP). Reactions were carried out 
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aerobically at 37 °C for 2.5 h and then centrifuged. The resulting supernatant was loaded 

onto the paper discs directly in 20 µL volume. 

3.2.4. Cloning, expression, and purification of four putative ORFs in OXT-A 

biosynthesis 

Design and Cloning of oxsA, oxsB, oxrA, oxrB, and oxsB-3A  

Neither the oxetancoin A (OXT-A) producing strain nor the plasmid containing 

the biosynthetic genes for OXT-A were available at the time this project was started. 

Therefore, the published genes responsible for the biosynthesis of OXT-A (NCBI, 

accession No. AB005787, 6.8 kb) were used as a template to design the target expression 

genes. The free online software FramePlot 2.3.2 was used to analyze the fragment (6.8 

kb) and four open reading frames (ORFs) were assigned. For each ORF, the reported 

sequence was optimized for E. coli expression using the online software 

GeneOptimizer® available through Mr. Gene® (later changed to GeneArt® under Life 

Technologies, Grand Island, NY) and manually checked to exclude NdeI, HindIII, XbaI, 

and SpeI restriction site sequences as well as poly A (equal to 6 or greater) and poly G 

(equal to 5 or greater) sequence motifs. Four designed genes (oxsA: 593 bp, oxsB: 2243 

bp, oxrB: 987 bp, and oxrA 567 bp) were purchased from Mr. Gene®. The four genes 

were then sub-cloned from the pANY vectors, in which the synthetic genes were 

encoded, to pET28b(+) vectors using NdeI/HindIII sites, respectively. The oxsB gene was 

also sub-cloned into the MalE-pET vector (generated in house) to obtain the nearly native 

protein form (i.e., possessing Gly-His at the N-terminus) after TEV cleavage. A triple 

mutant of OxsB was also prepared using the following primers: 5’- 

CTGGAAACCAGTCGTGGTGCCGATTATTCACGCGCCACGTTTGCCCCACGTAC

CAC-3’ as forward primer, and the sequence for the reverse primer was 5’-
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GTGGTCACGTGGGGCAAACGTGGCGCGTGAATAATCGGCACCACGACTGGTT

TCCAG-3’ (the codon for the mutated residue is underlined, three cysteine residues were 

mutated to alanine residues). Primer 5’-CCGGAGCAATTCTTCGAACGC-3’ was 

designed for sequencing recombinant DNA containing the oxsB gene.           

Expression and purification of OxsA, OxsB, OxrA, OxrB, and OxsB-3A 

Expression and purification procedures for OxsA, OxrA, and OxrB were identical 

to those used to purify other N-His6 tagged proteins (such as MoeZ and its mutants) as 

described in Chapter 2. Dialysis buffer contained 50 mM HEPES at pH 8.0, 15% glycerol 

(v/v), 100 mM NaCl, and 1 mM 2-mercaptoethanol. The lysis buffer was identical to the 

dialysis buffer but contained 300 mM NaCl and 10 mM imidazole. The wash and elution 

buffers were also the same as the dialysis buffer but contained 500 mM NaCl and 25 mM 

imidazole (wash buffer) or 300 mM NaCl and 200 mM imidazole (elution buffer). 

Protein concentrations were determined by Bradford assay and protein purity was 

assessed by SDS-PAGE. 

 OxsB and OxsB-3A have been expressed either with or without the N-His6-tag 

(with a Gly-His two-amino acid sequence at the N-terminus). The protocol and buffer 

used to purify the N-His6-tagged form of OxsB or OxsB-3A was identical to that 

described above. For the non-tagged OxsB and Oxs-3A, the general protocol was similar 

to that used for obtaining the non-tagged Fom3 from the MBP fusion protein. 

Specifically, expression vector encoding oxsB or oxsB-3A was co-transformed into E. coli 

BL-21 Star DE3 competent cell with plasmid pDB1282. A 10 mL overnight small culture 

grown in LB was then used to inoculate 1 LB media containing 60 mg/L of Amp, 20 

mg/L of Kan, 3 mg/L vitamin B12 (cyanide form), and 1 mL ethanolamine. The culture 

was incubated at 37 °C with vigorous shaking until the OD600 reached to 0.2, at which 
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point 40 mg/L of Fe(NH4)2(SO4)2, 20 mg/L of L-cysteine hydrocholoride monohydrate, 

and 0.5 g/L of L-arabinose were added to the media as solid form. The temperature was 

then decreased to 30 °C and the culture was incubated until the OD600 reached to 0.6, 

whereupon the culture was moved to an ice-water bath for 20 min and approximately 

0.15 mM IPTG (as final concentration) was added to the culture. The flask was then 

sealed with parafilm and covered with aluminum foil and grew at 18 °C with slow 

shaking for 20 h. The cells were harvested at 45,000 × g by centrifugation, and the cell 

pellets were collected and stored at –80 °C.  

Purification of OxsB and OxsB-3A was carried out aerobically. The cell pellets 

(approximately 10 g each) were re-suspended in 40 mL lysis buffer (50 mM HEPES, pH 

8.0, 300 mM NaCl, 10 mM imidazole, 10% glycerol, 2 mM 2-mercaptoethanol, and 2 

mM PMSF). The resulting suspension was sonicated to lyse the cells. The cell lysate was 

centrifuged, and the supernatant was incubated with Ni-NTA resin at 4 °C in the dark for 

1 h. The mixture was then loaded onto a column and washed with 250 mL wash buffer 

(50 mM HEPES, pH 8.0, 500 mM NaCl, 25 mM imidazole, 10% glycerol, and 2 mM 2-

mercaptoethanol). Then approximately 50 mL elution buffer (50 mM HEPES, pH 8.0, 

300 mM NaCl, 200 mM imidazole, 5% glycerol, and 2 mM 2-mercaptoethanol) was used 

to elute the fusion protein. The collected protein was dialyzed (50 mM HEPES, pH 8.0, 

100 mM NaCl, 5% glycerol, and 2 mM 2-mercaptoethanol), and a 5% (w/w) solution of 

N-His6-TEV protease was added. The solution was incubated at 4 °C in the dark for 18 h 

with gentle agitation. Then the resulting mixture was incubated with Ni-NTA resin again 

for one hour and loaded onto a column. The flow through was collected with a flow rate 

of one drop per 5 s and the resin was washed with 20 mL lysis buffer. The combined flow 

through was re-loaded onto the same resin one more time and the flow through was 

collected again with a flow rate of one drop per 10 s. The OxsB (or OxsB-3A) in the flow 
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through was concentrated using YM10 centrifugal filtration and dialyzed before being 

flash frozen and stored at –80 °C. 

Reconstitution of OxsB and OxsB-3A 

Reconstitution of OxsB and OxsB-3A were performed in the anaerobic glove-

box. Two typical protocols were applied for OxsB reconstitution. The first one is 

identical to the one described for Fom3 reconstitution. The second one is modified 

slightly based on the published protocol for the DesII radical SAM enzyme.
272

 Before 

reconstitution, about 5 mg OxsB was thawed on ice and transferred to two 2 mL pre-

chilled conical vials. The sample was brought into the glove-box and surrounded by ice 

packs. The enzyme was then diluted with pre-chilled anaerobic buffer (40 mM HEPES, 

pH 8.0) and stirred for 1.5 h with the cap off to deaerate. Following the deaeration, the 

solution was incubated for 15 min with 5 mM DTT (100 mM stock in anaerobic water). 

The solution was incubated for 5 min with 1 mM SAM (from Sigma, 100 mM in water 

determined by weight). The solution was then made to contain 2 mM Fe(NH4)2(SO4)2 by 

adding 100 µL of a 40 mM stock in anaerobic water over 10 min. This was followed by 

the addition of 100 µL of a 40 mM stock of Na2S in 100 mM HEPES (pH 8.0) over 20 

min to make the reconstitution mixture 2 mM in Na2S. The resulting solution was 

incubated for additional 3 h at approximately 10 °C with gentle stirring. After 

centrifugation to remove any precipitant, the mixture of roughly 4 mL was loaded onto a 

Sephadex-G25 column pre-equilibrated with 25 mM HEPES at pH 8.0 and eluted with 

the same pre-chilled buffer. Dark colored fractions were pooled and combined to a final 

volume of 3 mL. The concentration of protein was determined by Bradford assay. The 

reconstituted enzyme was kept in the glove-box at approximately 10 °C.  
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3.2.5. Basic characterization of reconstituted OxsB 

UV-vis spectroscopic characterization of iron-sulfur clusters 

All the steps were performed in the glove-box unless otherwise specified. A 

typical sample volume for UV-vis spectrophotometry was approximately 120 μL. All 

stock solutions were prepared in the glove-box using anaerobic water or buffer. Stock 

solutions of different types of cobalamin (i.e., methylcobalamin, adenosylcobalamin, 

hydroxocobalamin, and cyanocobalamin) were kept in the dark on ice.  

Iron titration 

The iron content of OxsB was determined by the assay developed by Fish with 

slight modifications and carried out under aerobic conditions.
276

 The standard curve was 

determined using Fe(NH4)2(SO4)2. Typically, 200 μL of sample (containing standard iron 

solution or diluted protein) was rapidly mixed with 100 μL freshly prepared KMnO4 

solution (1:1 mixture (v:v) of 1.2 M HCl and 0.285 M KMnO4) and incubated at 60 °C 

for 2 h. The samples were then centrifuged, and 20 μL of iron-chelating reagent 

(containing 6.5 mM ferrozine, 13.1 mM neocuproine, 2 M ascorbic acid, and 5 M 

ammonium acetate in water, stored in the dark at room temperature and used within three 

weeks of preparation) was added and vortexed quickly. After incubation at room 

temperature for 1 h, the resulting solutions were centrifuged again and loaded into the 96-

well plate (200 μL per well). The absorbance of the samples was measured at 562 nm.  

Sulfur titration 

The labile sulfur content of OxsB was determined by a colorimetric assay 

developed by Beinert and was performed aerobically.
139

 The standard curve was 

determine using Na2S (prepared from dissolving stock solution in 0.1 M NaOH). A 

volume of 160 μL standard or diluted protein was added to 40 μL EDTA (100 mM, pH 
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7.5) and incubated at room temperature for 1 h. A freshly prepared 1% zinc acetate 

solution (600 μL) was mixed with the sample at the bottom of the tube, followed by 30 

μL of 3M NaOH. The mixture was vortexed until the slight pink color became 

homogeneous. After incubation at room temperature for 1 h, 150 μL of 0.1% N,N-

dimethyl-p-phenylenediamine monohydrochloride (DMPD) in 5 M HCl was pipetted 

slowly to the bottom end of the tube. Next, 30 μL of 23 mM FeCl3 in 1.2 M HCl was 

added and mixed rapidly to generate a colorless solution. The resulting solution was 

incubated at room temperature for at least 30 min whereupon a blue color develops. After 

centrifugation, 200 μL per well of supernatant was added to the 96-well plate and a plate 

reader was used to record the absorbance at 670 nm. 

Corrinoid content determination 

The concentration of cobalamin in a sample of OxsB (as isolated or reconstituted) 

was estimated using the UV-vis absorbance of cyanocobalamin.
277 

This was 

accomplished by adding 5 μL of 1 M KCN in 0.1 M NaOH to 110 μL of the protein 

sample, and allowing the mixture to incubate at 90 °C for 20 min. The resulting solution 

was centrifuged and analyzed by UV-vis spectrophotometry. The absorption at 367nm 

and 580 nm was recorded and ɛ580 = 10,130 M
-1

cm
-1

 was used to determine the 

concentration of cobalamin in the sample. This assay was performed aerobically. 

3.2.6. HPLC assay of OxsB activity 

Non-tagged OxsB (also called (GH)-OxsB) was assayed for activity using HPLC. 

A typical assay solution of (GH)-OxsB activity included the following components: 0.2 

mM SAM, 1 mM DTT, 1 mM sodium dithionite, and 50 μM reconstituted OxsB (using 

method 1 with iron, sulfide, and OHCbl). The incubation was performed in 50 mM 

HEPES buffer at pH 8.0 under anaerobic conditions for 4 h. Enzyme was removed by 
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YM10 filtration and the resulting solution was subjected to HPLC using a C18 column. 

The UV detector was set to 260 nm with a flow rate of 1 mL/min. Solvent A was 

composed of 1% NH4OAc in water (w/v) at pH 5.0 (adjust with CH3COOH). Solvent B 

was CH3CN. A linear gradient from 2% B to 20% B in 18 min was used. Any new HPLC 

peak observed following the incubation compared with controls that did not have SAM, 

dithionite, or enzyme was isolated and dried by rotary evaporation. The sample was then 

re-dissolved in water to obtain a UV-vis absorption spectrum before submission to the 

MS facility for ESI-MS analysis. The dithionite concentration was determined by 

absorbance at 315 nm using an extinction coefficient of 8,043 M
–1

cm
–1

.
278

 

3.2.7. Substrate screening for OxsB 

A collection of commercially available purine nucleosides was used to screen for 

OxsB activity as shown in Fig. 3-27. Typical reaction conditions included the test 

substrate (0.2 to 0.5 mM), SAM (0.4 to 1 mM), OHCbl (0.1 to 0.5 mM), reconstituted 

OxsB (50 µM to 200 µM) and reductant (1 mM to 2 mM). As the case of Fom3, different 

reductants were tried including: (1) dithionite, (2) NADPH with flavodoxin and 

flavodoxin reductase, (3) NADPH with DTT and methyl viologen, (4) Ti(III) citrate, and 

(5) RuCl2. Reactions were carried out in the glove-box with 50 mM HEPES buffer (pH 

8.0), 1 mM MgCl2 and 2 mM DTT for a period of time ranging from 2 to 18 h. 

Two types of work-up were applied to these reactions. The first method was to 

directly remove the protein by YM10 spin column, and the filtrate was analyzed directly 

by HPLC with UV detection. This method was used for the test substrates without a 

phosophate group. For test substrates containing a phosphate group, the reaction mixture 

was incubated with phosphodiesterase (PDE) and/or alkaline phosphatase (ALP) for 1 h 

at 37 ºC. Next, a three-fold excess of MeOH (v/v) was added to the reaction mixture to 
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precipitate all the enzymes. The supernatant was dried by using a speed vacuum 

concentrator and re-dissolved in water before HPLC analysis. 

In some trails, OxsA and/or OxrB were also added after or during the OxsB 

reaction. When these two enzymes were added, a deaeration step was performed first by 

gently stirring about 0.5 mL OxsA or OxrB purified aerobically in the glove-box at about 

10 ºC for 1 h. On some occasions, methylthioadenosine nucleosidase (MTAN) was used 

to hydrolyze any SAH, 5′-deoxyadenosine, and MTA to avoid potential product 

inhibition.
210

  

HPLC conditions used to assay for OXT-A were as follows: solvent A was 1% 

NH4OAc (w/v) in water at pH 5.0, and solvent B was CH3CN. The run was begun with a 

5 min of 2% B. A linear gradient from 2% to 10% B in 18 min began at 5 min, followed 

by a 10% to 35% B linear gradient in 9 min. Isocratic elution of 35% B for 2 min was 

then followed by a return to 2% B linearly in 2 min. The column was the reequilibrated 

with 2% B for 5 min. A C18 column was used coupled with UV detector set at 260 nm at 

flow rate of 1 mL/min. 
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Figure 3-27:  Lists of compounds tested as a potential substrate for OxsB. 

3.2.8. Kinetic characterization of the deamination activity of (GH)-OxsB 

Metal dependence study 

To examine the metal dependence of the (GH)-OxsB catalyzed deamination 

reaction, parallel reactions were set up with 10 µL reconstituted or as isolated (GH)-
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OxsB, 250 µM adenosine (Ado), and none or one of the following metals: (1) 1.5 mM 

MgCl2, (2) 1.5 mM CaCl2, (3) 1.5 mM MnCl2, (4) 0.2 mM ZnSO4, or (5) 0.2 mM 

Fe(NH4)2(SO4)2 in 25 mM HEPES buffer at pH 8.0. The reaction was incubated in the 

glove-box for 2 h at 30 ºC. After removal of the enzyme by YM10 filtration, the resulting 

solution was analyzed by HPLC using a C18 column with the UV detector set at 254 nm. 

The flow rate was 1 mL/min. The solvent system was the same as the one used for the 

assay of OXT-A. The following gradient program was applied: 2% B from 0 to 2 min, 

2% to 10% B in 18 min, 10% to 30% B in 5 min, 30% B to 2% B in 2 min, and 2% B 

isocratic until 32 min.  

Oxygen dependence study 

The reactions to examine the oxygen dependence of (GH)-OxsB mediated 

deamination were performed under the following conditions: 25 mM HEPES, pH 8.0, 

300 µM Ado, and 20 µM reconstituted (GH)-OxsB or as-isolated (GH)-OxsB. Reactions 

were performed both anaerobically and aerobically. Aerobic reactions were run by 

bringing an aliquot of reconstituted (GH)-OxsB out of the glove-box and mixing under 

exposure to air for 10 min. The reaction was then performed under aerobic conditions. 

The reactions were incubated at 37 ºC for 2.5 h and the enzyme was removed by 

filtration. Reactions were analyzed using the same method as that used to investigate 

metal dependence. 

Preliminary kinetic characterization of the deamination activity 

A modified quenching method and assay conditions were used to measure rates of 

deamination. In these assays, 0.05 mM, 0.1 mM, 0.15 mM, 0.2 mM, 0.4 mM, and 0.8 

mM of adenosine was incubated with 10 μM reconstituted OxsB at 35 °C for 47 min. The 

reaction was quenched by the addition of a three-fold volume excess of MeOH. The 
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precipitates were the removed by centrifugation, and the supernatant was dried in a speed 

vacuum concentrator. The resulting solution was analyzed by the HPLC using an 

analytical C18 column and the elution method described above. 

3.2.9. Studies of OxsB mediated homolysis cleavage of SAM 

(GH)-OxsB reconstituted in the absence of OHCbl was incubated with different 

forms of cobalamin (i.e., MeCbl, OHCbl, AdoCbl, and CNCbl). Typical reaction 

conditions were 25 mM HEPES at pH 8.0, 0.2 mM SAM, 0.5 mM dithionite, 10 µM of 

reconstituted (GH)-OxsB (using the method that OHCbl was omitted), and 50 µM of the 

given cobalamin. Additionally, reactions were run in the absence of cobalamin as well as 

in the presence of 50 µM KCN. The reactions were carried out anaerobically for 2 h, 

frozen, and stored at –80 ºC before analysis. Enzyme was removed by YM10 filtration 

before HPLC. An aliquot was taken before addition of enzyme and analyzed by HPLC as 

well. All reactions and sample aliquots were maintained under the cover of aluminum foil 

as much as possible. 

Samples were analyzed by HPLC with a C18 analytical column. The solvent 

system was similar to that used for the assay of OXT-A. The UV detector was set at 260 

nm, and the flow rate was maintained at 1 mL/min. The gradient program used for the 

assay was as follow: 2% B from 0 to 5 min, 2% to 10% B in 18 min, 10% to 25% B in 15 

min, 25% B to 2% B in 2 min, and isocratic at 2% B until 45 min.  
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12% SDS-PAGE gel:

1. Protein Marker

2. MBP-Fom3 cell lysis

3. MBP-Fom3 supernatant after sonication

4. MBP-Fom3 fusion protein after first Ni-NTA 

column

5. MBP-Fom3 fusion protein dialysis  before 

addition of TEV enzyme

6. After TEV cleavage before second Ni-NTA 

column

7. After second Ni-NTA column, flow through 

fraction collected

8. After second Ni-NTA, elution fraction 

collection

3.3. RESULTS AND DISCUSSION 

3.3.1. Purification of different Fom3 constructs expressed in E. coli  

Despite several attempts to increase the solubility of Fom3, the results have not 

been very satisfactory. For example, modification of the growth temperature had little 

impact. In terms of media, both M9 minimal media and 1 M sorbitol with LB conditions 

have been tested in addition to typical LB media. In all cases, no changes were apparent 

in the fraction of soluble Fom3.  

The MBP-Fom3 construct yielded soluble MBP-Fom3 fusion protein when 

expressed in E. coli BL21 Star DE3 as shown in Fig. 3-28, lanes 2 and 3. However, the 

fusion protein was prone to degradation during the purification even with the addition of 

protease inhibitor PMSF (lane 4). After performing TEV enzyme cleavage for 18 h at 

4.5 °C, protein precipitation was observed. After removal of the precipitates, the resulting 

protein solution was loaded to a Ni-NTA column and the flow through (which was 

supposed to contain only no tagged Fom3, 536 aa, 60,568 Da) was collected and 

concentrated. Multiple bands were detected in this fraction as shown in lane 7. The small 

band marked by the arrow in this lane might be Fom3 based on its position on the SDS-

PAGE gel. However, without any tag, it could not be confirmed by western blot.  

 

 

 

 

 

 

Figure 3-28:  12% SDS-PAGE gel of MBP-Fom3 expression and purification with TEV 

treatment. 
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Two constructs that contain the TEV enzyme encoded gene in the vector were 

then designed to overcome the degradation problem observed during the in vitro cleavage 

of MBP. Expression of the constructs yielded Fom3 without an affinity tag and Fom3 

with a C-terminal His6 tag. Fom3 without affinity tag was designed to address the 

possibility that the His tag would interfere with Fom3 activity. Fom3 with a C-terminal 

His6 tag was designed for the purpose of western blotting to ensure the existence of target 

protein after purification. SDS-PAGE gels for Fom3 (C-His tagged) purified by affinity 

column chromatography and Fom3 (without affinity tag) isolated anaerobically using 

ammonium sulfate precipitation are shown in Fig. 3-29. Again, in both cases, only a very 

small amount of soluble Fom3 could be obtained. Similar results were obtained when the 

corresponding N-His6 tagged constructs were considered instead. 

 

 

 

 

 

 

 

Figure 3-29:  12% SDS-PAGE of purified Fom3 from the in vivo TEV cleavage system. 
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F  T  R  N  A  A  V  L S  T  K  Q  N  L  M T  I  G  S  L  G  S  T  E  F
TCACGAGAAACGCGGCGGTTTTGAGCACTAAACAGAATCTCATGACGATCGGTTCTCTGGGCTCCACCGAGTT

RBS          new start           original start

1 kbp

fomF       fomE            fom3          fom4

conserved in both Streptomyces wedmorensis and S. fradiae.

(A) SDS-PAGE of purified Fom3 from construct MBP-TEV-Fom3 (C-His). Lane 1 was 

after Ni-NTA purification; lane 2 was isolated protein after reconstitution in the glove-

box; lane 3 was supernatant after sonication; lane 4 was cell lysate. (B) Anti-C-His tag 

western-blot of the SDS-PAGE gel of A. Lane 1' to 4' corresponding to lane 1 to 4 in (A). 

(C) SDS-PAGE of anaerobically purified Fom3 from overexpression of construct MBP-

TEV-Fom3. Lanes 5 and 6 correspond to two fractions after ammonium sulfate 

precipitation, reconstitution, and desalting. (D) Pre-stained protein marker used in the 

gels. The red arrow indicates the position of Fom3 on the SDS-PAGE based on the 

western result (small band under the third line of the marker). The higher molecular 

weight band on the western blot suggests the presence of MBP-TEV-Fom3 fusion protein 

that has not been cleaved by the TEV enzyme. 

One possible reason for producing insoluble Fom3 in the E. coli system was 

incorrect assignment of the open reading frame, which happened occasionally.
279

 When 

we re-examined the possible open reading frame of Fom3 including other possible start 

codons for Streptomyces such as TTG, second possible assignment was identified as 

shown in Fig. 3-30. The alternative fom3 gene sequence contained extra six amino acid 

residues “MSTKQNL” at the N-terminus and the protein encoded by this sequence was 

denoted Fom3L. 

 

 

 

   

 

 

 

Figure 3-30:  Revision of the Fom3 open reading frame assignment. RBS stands for 

ribosomal binding site. 
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New constructs containing the Fom3L sequence were prepared, and the results 

obtained from purification of the C-His tagged Fom3L are shown in Fig. 3-31. Although 

the solubility of the C-His tagged Fom3L was slightly better compared to the previous 

results, a large portion of the protein remained in the inclusion bodies as indicated by lane 

3 in Fig. 3-31. 

 

 

   

 

 

 

 

Figure 3-31:  12% SDS-PAGE gel of Fom3L with a C-terminal His6 tag. After removal 

of methionine, this protein was expected to contain 553 amino acid residues 

with an expected mass of 62,565 Da. The area pointed by the arrow is where 

Fom3L is located according to a western blot. The big band in lanes 1 and 3 

suggested that the solubility of the protein was still poor and majority of the 

protein was in the inclusion bodies. In the purified fractions (lane 6 and 7), 

Fom3L is the second major band. Bands blow 25 kDa are likely resulted 

from degradation of Fom3L. 

3.3.2. Results of purification of Fom3 from other hosts 

S. lividans and Baculovirus (Bac-to-Bac® expression system from Invitrogen) 

were two other hosts used for the overexpression of Fom3. A Fom3 encoding gene was 

first cloned to a shuttle vector and then transformed into the target host. Expression of 

Fom3 in insect cells containing the recombinant bacmid DNA gave inconsistent results 

and the best obtained result was shown in Fig. 3-32 A. The expression level of Fom3 in S. 

lividans was poor (see Fig. 3-32 B). In both hosts, Fom3 was expressed in its native form. 
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Figure 3-32:  12% SDS-PAGE of Fom3 overexpressed in other hosts. (A) Fom3 

overexpression in insect cell. (B) Fom3 overexpression in S. lividans. The 

red arrow indicated the position of Fom3 appeared on the 12% SDS-PAGE. 

3.3.3. Summary of results from Fom3 activity assays 

Fom3 has been proposed to catalyze the methylation of HEP to generate (S)-HPP 

as shown in Fig. 3-33. To test this hypothesis, a Dionex column coupled with a Corona 

detector was used to monitor the formation of (S)-HPP and the consumption of HEP in 

the presence of Fom3. The primary sequence of Fom3 places it in the cobalamin-

dependent group of radical SAM enzymes. Given the reaction mechanism proposed, it is 

reasonable to predict that the byproduct from consumption of SAM could be 5'-dAdo, 

SAH, or both. Therefore, to detect and distinguish 5'-Ado and SAH, a C18 column 

coupled with a UV detector was employed. During the study, it was observed that the 

sensitivity of the corona for HEP and (S)-HPP was relatively poor (around mM range); 

therefore, a more sensitive bioassay was also developed.  

 

 

 

Figure 3-33:  Reaction scheme for the proposed function of Fom3 based on the in vivo 

study.
249

 



 170 

Summary of Fom3 activity examination 

Results for the assays to detect Fom3 activity are briefly summarized in Table 3-

1. Basically, attempts to obtain active Fom3 in a repeatable manner were not successful. 

On a few occasions, when MBP-TEV-Fom3 was expressed in insect cells and isolated 

anaerobically, very small peaks eluted from HPLC showed retention times corresponding 

to (S)-HPP, SAH, and 5'-dAdo as shown in Fig. 3-34 and Fig. 3-35. However, the amount 

was very small (less than 1% conversion) and the results were not reproducible. 

Moreover, the bioassay designed to detect (S)-HPP gave negative results for the reaction 

using the cell-free extract of MBP-TEV-Fom3 from insect cells. 

Validation of three detection methods 

An example of an HPLC trace to detect HPP formation using Dionex-Corona 

HPLC is shown in Fig. 3-34. In this method, HEP appeared as an asymmetric peak when 

the concentration is above 10 mM. Although the exact retention time changed slightly 

between different injections, coinjection of standard HEP and (S)-HPP using this method 

always resulted in baseline separation of the two peaks, and (S)-HPP elutes 

approximately 2 min prior to HEP. 

A representative HPLC chromatograph to detect SAH and 5'-dAdo using C18-UV 

HPLC was shown in Fig. 3-35 A. In this method, SAH eluted 6 min prior to 5'-dAdo. 

Occasionally, a small peak eluted at a retention time similar to that of SAH was detected 

from the Fom3 assay (as shown in Fig. 3-35 B). However, it also appeared in the control 

reaction where substrate HEP was omitted, suggesting even though small amount of SAH 

may exist in the assay, it did not originate from the methylation reaction. 
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Expression Purification and Assay Results 

MBP-TEV-Fom3 

from E. coli and 

insect cell 

Anaerobically purified using 

(NH4)2SO4 precipitation method. 

The crude mixture after desalting 

step used Ti(III) citrate as reductant. 

In a few trials, a very small peak (less 

than 1% of the substrate) was found to 

have similar retention time as (S)-HPP 

standard in the Dionex-Corona analysis. 

Very small peaks eluted at the same 

retention time with SAH and 5'-dAdo 

were found in the few samples. 

MBP-TEV-Fom3 

(C-His) from E. 

coli 

Both aerobic purification and 

reconstitution, anaerobic purification 

using (NH4)2SO4 precipitation 

methods have been tested, using 

Ti(III) citrate as reductant. 

A very small peak (less than 1% of the 

substrate) was found to have similar 

retention time as (S)-HPP standard when 

using anaerobic purification. A small 

peak eluting at the same retention time as 

SAH was detected in some samples. 

Fom3 from S. 

lividans 

Anaerobically purified using 

(NH4)2SO4 precipitation method. 

Both Ti(III) citrate and 

NADPH/FLD/FDR system have 

been tested for activity. 

Negative results from Dionex-Corona 

HPLC. A small peak that has similar 

retention time as SAH was detected in 

reactions with and without substrate 

HEP. Negative results from bioassay. 

MBP-TEV-

Fom3L (C-His) 

from E. coli 

Both aerobic purification and 

reconstitution, anaerobic purification 

using (NH4)2SO4 precipitation 

methods have been tested. Three 

reductants have been examined: 

Ti(III) citrate, RuCl2, and 

NADPH/FLD/FDR system. 

Negative results from Dionex-Corona 

method. Small peak that has similar 

retention time as SAH was detected in 

reactions with or without substrate HEP. 

Besides, negative results from bioassay. 

Fom3L (N-His) 

and Fom3L (C-

His) from E. coli 

Both aerobic purification and 

reconstitution, anaerobic purification 

using (NH4)2SO4 precipitation 

methods have been tested, using 

Ti(III) citrate as reductant. 

Negative results from bioassay. 

Fom3 or Fom3L 

with or without N-

His tag co-

expressed with 

FomD 

Anaerobically purified using 

(NH4)2SO4 precipitation method. 

The crude mixture after desalting 

step used Ti(III) citrate as reductant. 

Negative results from bioassay. 

Tabel 3-1:  Brief summary of assays used to test the activity of Fom3. FLD/FDR stands 

for flavodoxin/flavodoxin reductase. MV stands for methyl viologen. FomD 

is one of the ORFs found in the fosfomycin biosynthetic gene cluster. The 

function of FomD is not known, but there has been some speculations that it 

may be related to Fom3 maturation or reactivation.
261
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Figure 3-34:  Representative HPLC traces using Dionex-Corona HPLC to monitor 

formation of HPP from HEP. Trace A: tested Fom3 reaction. Trace B: the 

same tested Fom3 reaction co-injected with 1 mM (S)-HPP. Trace C: 

standards co-injection containing 1 mM (S)-HPP and 2 mM HEP. The 

inserted chromatograph is the overlay of traces A and B. The boxed area 

around 27.5 min shows a small peak that has a retention time similar to that 

of HPP. 

 

 

 

 

 

 

 

 

 

Figure 3-35:  HPLC chromatographs for detection of SAH and 5'-dAdo using C18-UV 

HPLC. 
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(A) Mixture of 0.1 mM SAH and 0.15 mM 5'-dAdo standards. (B) A representative Fom3 

reaction. The green arrow points to a peak that has retention time similar to SAH. This 

was verified by coinjection with the standard; however, it also appears in the control 

reactions. 

A bioassay based on inhibition zones of E. coli K12 strain HW8235 grown on LB 

agar plate was developed utilizing authentic fosfomycin. This assay was effective at the 

concentrations of fosfomycin as low as 10 μM (Fig. 3-36, inserted plot, triangle). As HPP 

can be converted to fosfomycin by HppE, detection of HPP from the Fom3 assay can be 

alternatively achieved using this bioassay. When HPP standard was treated under HppE 

assay condition, the inhibition pattern was identical to the authentic fosfomycin, 

especially at lower concentration (see Fig. 3-36, square), suggesting the bioassay was 

also effective to detect HPP. Considering the detection limit of HPP is about 500 μM 

using Dionex-Corona HPLC method, bioassay is actually more sensitive. As a negative 

control, HEP at different concentrations were tested under the HppE assay condition to 

ensure no false positive results. As shown in Fig. 3-36 (circle), as long as the amount of 

HEP was lower than 15 mM (300 nmol in the plot), no inhibition zone was observed. 

Besides, positive controls where 50 μM (1 nmol in the plot) of HPP was added to the 

tested Fom3 reaction were performed in parallel to ensure components from Fom3 assay 

did not inhibit the activity of HppE. 

 

 

 

 

 

 

 



 174 

1.3

1.8

2.3

2.8

3.3

3.8

4.3

0 100 200 300 400 500 600

in
h
ib

it
io

n
 d

ia
m

e
te

r 
(c

m
)

amount of compound (nmol)

HEP

HPP

fosfomycin

1.3

1.6

1.9

2.2

2.5

0 0.5 1 1.5 2 2.5 3

  

 

 

 

 

 

 

 

 

Figure 3-36:  Validation of bioassay by plotting the amount of authentic fosfomycin, as 

well as HEP and HPP under HppE assay condition versus the size of the 

inhibition zone. The paper disc used in the bioassay is 1.3 cm, therefore, 

visible inhibition zone needs to be 1.4 cm or larger. The inserted plot is the 

blow up of the low concentration region. 

3.3.4. Analysis of the ORFs responsible for the biosynthesis of OXT-A 

Little is known regarding the biosynthesis of OXT-A. So far, biosynthetic study 

of this compound has been halted at the gene isolation stage.
263

 Morino et al. revealed 

that production and resistance of OXT-A is lost when a 51.5-kb plasmid named pOXT1 

is absent from the producing strain.
263

 Reintroduction of this plasmid to the mutant strain 

that did not contain pOXT1 restored both OXT-A production and resistance.
263

 Further 

cloning experiments suggested that a 6.8-kb fragment of the pOXT1 plasmid is sufficient 

for the high production of OXT-A, and the published sequence is only for this 

fragment.
263

 Four ORFs are assigned in this plasmid (see Fig. 3-37). BLAST results for 

these ORFs are summarized in Table 3-2. 
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Figure 3-37:  Plasmid-borne genes for the biosynthesis of OXT-A. 

gene putative conserved domain protein homologue and origin 

identity/ 

similarity 

(%) 

oxsA 
Metal dependent phosphohydrolase 

with conserved 'HD' motif 

5'-nucleotidase 

[Desmospora sp. 8437] 
32/53 

oxsB 
B12 binding domain and radical SAM 

domain 

radical SAM family protein 

[Frankia sp. CcI3] 
30/45 

oxrB 
Metal dependent phosphohydrolase 

with conserved 'HD' motif 

hypothetical protein 

BFZC1_14638 

[Lysinibacillus fusiformis ZC1] 

50/71 

oxrA pentapeptide repeats protein 
pentapeptide repeats protein YybG 

[Bacillus megaterium QM B1551] 
86/94 

Table 3-2:  Sequence similarity analysis of the four genes in pOXT1. 

Based on the BLAST results, putative functions for the four proteins can be 

assigned: two phosphohydrolases (OxsA and OxrB), one B12-dependent radical SAM 

enzyme that may be involved in an intramolecular rearrangement (OxsB), and one 

regulation protein (OxrA). Since these four proteins are sufficient for OXT-A 

biosynthesis and resistance, one simple and straightforward hypothesis is that OxsB may 

modify a purine nucleoside phosphate metabolite, while OxsA and/or OxrB may catalyze 

hydrolysis of the phosphate group(s). It is also possible that OxsB alone is adequate for 

the biosynthesis of OXT-A, and the phosphohydrolases prevent accumulation of 

phosphorylated OXT-A, which is likely toxic to the host.
280
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3.3.5. Expression and purification of OxsA, OxsB, OxrA, OxrB, and OxsB-3A 

N-His6-OxsA (213 aa, 24,696 Da), N-His6-OxsB (763 aa, 88,587 Da), and OxsB-

3A (763 aa, 88,491 Da) showed good expression in E. coli BL21 Star DE3 and soluble 

protein can be obtained at more than 30 mg/L culture as shown in Fig. 3-38 (lanes 3, 7, 

and 8, respectively). Moreover, the purity of OxsB could be improved by gel filtration 

chromatography using FPLC and a monoQ column (see lane 6, Fig. 3-38). N-His6-OxrB 

(344 amino acid residues, 40,044 Da) overexpressed as major band as shown in Fig. 3-38, 

lane1. The protein (lane 2) can be obtained in soluble form although the yield was not as 

high as OxsA or OxrB (approximately 3 mg/L culture). N-His6-OxrA (204 residues, 

22,870 Da) was not soluble although the expression was good (lane 5 and lane 4). Non-

tagged OxsB was also obtained with decent yield and purity using a MBP fusion protein 

and TEV cleavage (lane 11). This latter protein will be referred to as (GH)-OxsB (746 

residues, 86,765 Da).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-38:  SDS-PAGE for OxsA, OxsB, OxrA, OxrB, and OxsB-3A overexpressed 

in E. coli.  
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(A) 12% SDS-PAGE for OxrA and OxrB expression and purification as well as purified 

OxsA. (B) 10% SDS-PAGE for purified N-His6-OxsB. (C) 12% SDS-PAGE for purified 

N-His6-OxsB-3A. (D) 10% SDS-PAGE for purified (GH)-OxsB obtained from TEV 

cleavage of MBP-OxsB. 

3.3.6. Basic characterization of OxsB 

UV-vis spectroscopic characterization 

Anaerobically reconstituted (GH)-OxsB exhibited a reddish brown color and a 

broad absorption from 400 to 480 nm, along with a shoulder at 310 nm as shown in Fig. 

3-39 (solid line). These UV-vis absorption patterns are nearly identical to those of several 

reported B12- and iron-sulfur cluster containing proteins, which are not radical SAM 

enzymes.
277,281

 Upon the addition of dithionite, the absorption at 400 nm decreased, 

consistent with the reduction of [4Fe-4S]
2+

 to [4Fe-4S]
+
, which is the active form of the 

cluster for radical SAM enzymes.
281

 Cob(II)alamin has a characteristic absorption around 

450 to 470 nm, while Cob(I)alamin and Cob(III)alamin absorb at 390 nm and 360 nm, 

respectively.
277

 The weak broad absorption around 370 nm observed in the as-purified 

(GH)-OxsB suggests that there was a small amount of cobalamin bound to the enzyme, 

likely in the 3+ oxidation state. In the spectrum of the reconstituted (GH)-OxsB, 

absorptions around 310 and 450 nm imply that the reconstituted cobalamin is in the 2+ 

oxidation state. (GH)-OxsB was estimated to have two [4Fe-4S]
2+ 

clusters using ɛ410 = 

15,000 M
-1

cm
-1

 for [4Fe-4S]
2+

 and ɛ280 = 101,190 M
-1

cm
-1

 for (GH)-OxsB.
221
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Figure 3-39:  Ultraviolet–visible absorbance spectrum of (GH)-OxsB. Dotted line 

denotes 10 μM (GH)-OxsB following aerobic isolation, solid line denotes 15 

μM (GH)-OxsB reconstituted with iron, sulfide, and OHCbl, and dashed line 

denotes reconstituted enzyme after reduction with 1 mM sodium dithionite. 

The protein was in 50 mM HEPES buffer at pH 8.0. 

Results of iron and sulfide titration 

As shown in Fig. 3-40, reconstituted (GH)-OxsB contained 8.5 ± 0.2 mol of iron 

per mole of protein, suggesting that (GH)-OxsB contains two [4Fe-4S] clusters. This 

result is in agreement with the corresponding estimate using UV-vis spectroscopy 

mentioned above. Furthermore, sulfide content in the same batch of reconstituted (GH)-

OxsB was determined to be 7.8 ± 0.2 mol of sulfide per mole of protein (see Fig. 3-41), 

which is consistent with the result from iron titration. Analysis of the (GH)-OxsB 

sequence indicated that this result is reasonable, because (GH)-OxsB contains 11 

cysteines. Moreover, there is a Cx2Cx17C sequence motif at the N-terminal region of 

OxsB (Fig. 3-42), which is similar to the auxiliary cluster chelating motif of MoaA 

(Cx2Cx13C).
221
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Figure 3-40:  Determination of iron content of reconstituted (GH)-OxsB. Standards and 

samples were assayed in parallel. The enzyme concentration was determined 

by Bradford assay using BSA as the standard. 

 

 

 

 

 

 

 

 

 

Figure 3-41:  Determination of sulfide content of reconstituted (GH)-OxsB. Standards 

and samples were assayed in parallel. The enzyme concentration was 

determined by Bradford assay using BSA as the standard. 
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Figure 3-42:  Sequence of (GH)-OxsB. The sequence highlighted in yellow (Cx4Cx2C) 

is the canonical radical SAM iron-sulfur cluster binding motif. The sequence 

highlighted (Cx2Cx17C) in blue is the proposed binding motif for the second 

iron-sulfur cluster. The underlined sequence with amino acids in red is the 

cobalamin binding motif.  
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Results of cobalamin content determination 

As shown in Fig. 3-43, the cobalamin content in the reconstituted (GH)-OxsB 

(reconstitution with Fe
2+

, S
2–

, and OHCbl) was determined by estimating the formation of 

cyanocobalamin when the sample was treated with KCN.
277

 As a positive control, OHCbl 

was also treated with KCN under similar conditions. After treatment, the protein solution 

showed a distinct absorption pattern and the cobalamine content was estimated to be 0.6 

± 0.01 mol of cobalamin per mole of protein using ɛ580 = 10,130 M
-1

cm
-1

.  

 

 

 

 

 

 

 

 

Figure 3-43:  Ultraviolet–visible spectra of reconstituted (GH)-OxsB (solid lines) and 

OHCbl (dashed line) treated with KCN.  

3.3.7. Results of substrate screening 

A collection of commercially available purine nucleoside metabolites (see Fig. 3-

27) were screened as putative substrates for OxsB. Three different criteria for positive 

hits were formulated: (1) formation of OXT-A, (2) increase of SAH or 5′-dAdo in the 

enzymatic reaction mixture compared to the control reaction where the putative substrate 

was omitted, (3) change in the HPLC trace of the sample versus control where one 

component from the corresponding sample mixture, such as reconstituted OxsB, 



 182 

Minutes

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

A
U

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

SAM

Adenine

SAH

OXT-A

Ado

2′-dAdo

5′-dAdo

N

NN

N

NH2

O

S
HO

NH2

O

OHOH

CH3

N

NN
H

N

NH2

N

NN

N

NH2

O

S
HO

NH2

O

OHOH

N

NN

N

NH2

O

OH

HO

N

NN

N

NH2

O

OHOH

HO

N

NN

N

NH2

O

OH

HO

N

NN

N

NH2

O
CH3

OHOH

SAH

reductant, or putative substrate was omitted from the control. Unfortunately, neither the 

formation of OXT-A nor an increase of 5′-dAdo (and/or SAH) upon the addition of 

substrate was observed in any case. Expected products are baseline separated by C18-

HPLC as shown in Fig. 3-44. 

 

 

 

 

 

 

 

 

 

Figure 3-44:  Representative HPLC trace to show the separation of several standards.  

However, three test compounds did show an overall change in HPLC elution 

profile versus their controls. They are adenosine (Ado), 2′-deoxy-adenosine (2′-dAdo), 

and adenylosuccinic acid (sAMP). All three compounds showed consumption of the 

substrate and a new peak that increases over time in the presence of reconstituted OxsB. 

The new peaks observed in the reactions of OxsB with Ado and 2′-dAdo reactions were 

isolated. UV-vis and ESI-MS data suggested that these two peaks are inosine and 2′-

deoxy-inosine, respectively. This was further confirmed by coinjection with a 

commercial standard of inosine and enzymatically generated 2′-deoxy-inosine using 

adenosine deaminase. These observations indicated that reconstituted OxsB might 
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possess deamination activity toward Ado and 2′-dAdo. In the sAMP reaction, the new 

product coeluted with AMP, suggesting that OxsB might exhibit adenylosuccinate lyase 

activity. However, further studies of these reactions showed that although formation of 

the deamination product required the presence of reconstituted OxsB, it was independent 

of SAM. Therefore, these reactions do not appear to involve radical SAM chemistry.  

3.3.8. Deamination activity from OxsB 

Several experiments were carried out to evaluate the deamination activity of 

OxsB in a more detailed manner. As shown in Fig. 3-45, when (GH)-OxsB was 

reconstituted without OHCbl, the deamination still occurred, however, the relative 

activity decreased when the enzyme was not reconstituted with iron and sulfide. This 

observation led to the hypothesis that the deamination activity is dependent on 

reconstitution of the iron-sulfur clusters. 

  

 

 

 

 

 

 

 

Figure 3-45:  Representative HPLC traces for deamination activity. (A) Adenosine is 

converted to inosine when (GH)-OxsB was present. Furthermore, 

reconstituted (GH)-OxsB seemed have better activity than as-isolated (GH)-

OxsB. (B) A similar phenomenon was observed for reactions with 2'-dAdo. 
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Extents of deamination were also considered in the presence of different divalent 

metal ions. As shown in Table 3-3, in the absence of added metal ion, a roughly 2.5-fold 

increase in extent of turnover over 2 h was observed with reconstituted enzyme compared 

to as-isolated enzyme. There appeared to be no significant effect on extent of turnover in 

the presence of divalent metal ions such as Mg
2+

, Mn
2+

, Zn
2+

, Ca
2+

, and Fe
2+

, although 

Ca
2+

 was only considered with reconstituted (GH)-OxsB and Fe
2+

 was only considered 

with apo enzyme. The fraction of reaction for the deamination reaction was determined 

using equation 3.1 to account for the difference in extinction coefficients between 

adenosine and inosine at 254 nm. (Ado: ɛ254 = 13731 M
-1

cm
-1

, and Ido: ɛ254 = 10493 M
-

1
cm

-1
, estimated by the UV absorption of commercial standards) 

 

Equation 3.1                 f = 
       

 

        
           

  

 

condition reconstituted OxsB as isolated OxsB 

no metal added 29% 13% 

1.5 mM MgCl2 25% 11% 

1.5 mM CaCl2 23% na 

1.5 mM MnCl2 14% 6.4% 

0.2 mM ZnCl2 3.9% 1.3% 

0.2 mM Fe(NH4)2(SO4)2 na 13% 

 

Table 3-3:  Fractions of reaction for the deamination of adenosine by reconstituted 

(GH)-OxsB and as isolated (GH)-OxsB preparations in the presence of 

different divalent metal ions. All reactions were run once in parallel. “na” 

indicates the reaction was not run. 
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Preliminary results from metal dependency study are consistent with the 

hypothesis that the iron-sulfur clusters rather than simply the presence of a divalent metal 

ion is responsible for the deamination activity of OxsB. To further test this hypothesis, an 

assay was performed in the presence of molecular oxygen using adenosine as the 

substrate. The fraction of reaction was calculated based on equation 3.1 mentioned above. 

Three sets of reactions were performed on different days to have an idea of the variance 

in the measurements. The average results for the fractions of the reaction are listed in 

Table 3-4. Apparently, OxsB reconstituted under anaerobic conditions resulted in more 

extensive turnover, suggesting that the deamination activity is sensitive to the presence of 

molecular oxygen. This is also consistent with our hypothesis that the iron-sulfur cluster 

is important for deamination activity. 

  

condition reconstituted OxsB (%) as isolated OxsB (%) 

anaerobic reaction 20 ± 6 6 ± 2 

aerobic reaction 6 ± 1 3.3 ± 0.6 

 

Table 3-4:  Average fractions of reaction for the deamination of adenosine by 

reconstituted (GH)-OxsB and as isolated (GH)-OxsB preparations in the 

presence and absence of molecular oxygen. 

Although the deamination reaction seemed to be related to the presence of intact 

iron-sulfur clusters, the rate was rather slow compared to commercial adenosine 

deaminases. In order to more quantitatively evaluate this activity, the steady state kinetic 

parameters were determined using the method of initial rates. The kinetic assays were 

performed under steady-state conditions at 35 °C. The data was fitted to the Michaelis-

Menten equation 3.2 as shown in Fig. 3-46. The value of kcat/KM was estimated to be 1.4 
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, which is indeed much slower in comparison to other adenosine 

deaminases (e.g., kinetic parameters for calf adenosine deaminases are as follow: kcat = 

250 s
–1

, KM = 30 μM, kcat/KM = 8.3 μM
–1

s
–1

).
282

 The metal and oxygen sensitivity of the 

OxsB deaminase activity implies a requirement for intact iron-sulfur clusters; however, 

the relatively low level of this deaminase activity and the observation that it does not 

require SAM suggest that this is likely a side reaction of OxsB. 

 

Equation 3.2                vi = kcatsie0 / (KM + si) 

 

 

 

 

 

 

 

 

  

Figure 3-46:  Plot of initial rates of inosine formation versus adenosine concentration in 

the reconstituted OxsB mediated deamination reaction. The kcat value was 

calculated to be 8 × 10
–4 

s
–1

, and the KM value was calculated to be 60 μM 

based on the fitting. 

3.3.9. Homolytic cleavage of SAM catalyzed by reconstituted OxsB 

Identification of 5′-sulfinic-adenosine 

Reductive cleavage of SAM mediated by reconstituted OxsB was also examined 

in the absence of substrate, because generation of the 5'-deoxy-adenosyl radical from 
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homolytic cleavage of SAM by [4Fe-4S]
1+

 may not necessarily require the presence of 

substrate. The resulting radical could abstract a hydrogen atom from the solvent to form 

5'-dAdo in a manner uncoupled from the native reaction. Such extensive uncoupling has 

also been reported for a number of other radical SAM enzymes where the physiological 

substrates are not known.
218,283-284

 

As shown in Fig. 3-47 (everything), in the presence of (GH)-OxsB (reconstituted 

with Fe
2+

, S
2-

and OHCbl) and dithionite, SAM (eluted around 8.5 min) disappeared and 

two new peaks showed up with a major peak eluted at approximately 9.8 min and a minor 

one at around 16.8 min, a retention time close to where 5'-dAdo eluted. Coinjection with 

authentic 5'-dAdo confirmed the latter peak coeluted with the standard. Furthermore, this 

peak also vanished after treatment of the reaction mixture with MTAN, which is a 

nucleosidase that is known to remove the purine base from 5'-dAdo.
210

 These 

observations indicated that 5'-dAdo is slowly formed during coincubation of reconstituted 

(GH)-OxsB with SAM. To identify the other major peak, the peak with a retention time 

of 9.8 min was isolated from the reaction mixture by HPLC and subjected to UV-vis and 

ESI-MS analysis. The UV-vis spectrum showed this peak has a maximum absorption at 

260 nm, suggesting the adenine base was still intact. Mass analysis indicated that this 

peak has a neutral mass of 315 Da by both positive mode and negative ionization mode 

(see Fig. 3-48). Therefore, the most reasonable hypothesis for the identity of this species 

is a 5'-sulfinic-adenosine as shown in the box in Fig. 3-48. Although NMR data is still 

required for the final characterization of this major peak, there is precedence for the 

formation of sulfinic acid adduct in other radical SAM reactions, such as PhEF2 and 

SPL-C141A mutant.
188,285 

Therefore, this finding demonstrates that reconstituted OxsB is 

able to catalyze the reductive homolysis of SAM, which is a key characteristic of radical 

SAM enzymes. 
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Figure 3-47:  HPLC chromatograph showing OxsB mediated homolytic cleavage of 

SAM. “Everything” included 0.2 mM SAM, 50 μM (GH)-OxsB 

reconstituted with iron, sulfide, and OHCbl, 1 mM dithionite, and 1 mM 

DTT in 50 mM HEPES buffer, pH 8.0. (The major new peak was labeled as 

“new peak” marked with a star sign. The boxed peak was the latter peak 

suggested to be 5'-dAdo by coinjection and MTAN treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-48:  ESI-MS spectra of 5'-sulfinic-adenosine isolated from the uncoupled 

reaction of (GH)-OxsB and SAM. A is in positive mode.  
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Figure 3-48:  ESI-MS spectra of 5'-sulfinic-adenosine isolated from the uncoupled 

reaction of (GH)-OxsB and SAM. B is in negative mode. 

Effects from different cobalamin forms and mechanistic hypothesis 

All other uncoupled reactions reported for the radical SAM enzymes so far 

produce 5′-deoxy-adenosine instead of 5′-sulfinic-adenosine (5'-sAdo). Therefore, it is of 

interest to determine whether cobalamin plays any role in this unexpected reaction. To 

address this issue, (GH)-OxsB reconstituted with only iron and sulfide was used and 

different forms of cobalamin were added during the reaction. Indeed, the presence of 

cobalamin was required for the formation of 5'-sAdo (see Fig. 3-49). However, it 

appeared that there is no preference for any specific form of cobalamin, even the 

relatively inert CNCbl could also be used. In all cases, another new peak eluting with a 

retention time shorter than that of OHCbl was observed even in the absence of enzyme. 

UV-vis spectroscopic analysis of different cobalamins in the presence of dithionite and 

absence of enzyme revealed that this peak is likely to be SO3Cbl (characterized by its 
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285

 and coinjection with a positive control prepared by mixing OHCbl 

and Na2SO3). 

 

 

  

    

 

 

 

 

Figure 3-49:  Representative HPLC traces following incubation of different cobalamins 

with SAM and (GH)-OxsB. Each Cbl form was analyzed by HPLC before 

and after addition of (GH)-OxsB reconstituted with only iron and sulfide. 

Reactions with the enzyme were incubated for 2 h prior to HPLC.  

Another unexpected observation was that when AdoCbl was incubated with 

dithionite, 5'-sAdo was formed even in the absence of enzyme. We rationalized this 

observation as the result from photolysis of AdoCbl, which has been well documented.
286-

287
 Our hypothesis is that photolysis of AdoCbl results in the formation of 5'-deoxy-

adenosyl radical, which then reacts with dithionite to generate 5'-sAdo. To test this 

hypothesis, the nonenzymatic reaction between AdoCbl and dithionite was incubated 

either in the dark or illuminated with white light. As shown in Fig. 3-50, compared to the 

reaction carried out in the dark, illumination greatly increased the formation of 5'-sAdo. 

Furthermore, when illumination of AdoCbl occurred prior to the addition of dithionite, no 

5'-sAdo generation was detected. Instead, another peak with a later retention time was 
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observed. This peak also appeared in the control reaction where dithionite was omitted 

(see Fig. 3-50, “with light – dithionite”). The identity of this peak is predicted to be 5'-

deoxy-5',8-cycloadenosine (5',8-cAdo), based on the reported anaerobic decomposition 

product from AdoCbl photolysis.
286-287

  

 

 

 

 

 

 

 

 

Figure 3-50:  HPLC traces of nonenzymatic generation of 5'-sAdo from AdoCbl. 

The nonenzymatic reaction led us to several hypotheses regarding the mechanism 

of homolytic cleavage of SAM catalyzed by the reconstituted OxsB. One mechanism for 

the formation of the 5'-sAdo is via photolysis of AdoCbl reacting with dithionite directly. 

In this case, AdoCbl is produced by the enzyme and subsequently photolyzed to the 5'-

deoxy-adenosyl radical, which reacts with dithionite as shown in Fig. 3-51 A. 

Alternatively, the 5'-deoxy-adenosyl radical generated via reductive homolysis of SAM 

in the OxsB active site may react directly with dithionite (see Fig. 3-51 B). In this 

scenario a cobalamin is required to activate the enzyme in some fashion that facilitates 

the reductive homolysis. Instead of reacting with dithionite directly, the 5'-deoxy-

adenosyl radical may also react with a SO2˙Cbl(II) complex as shown in Fig. 3-51 C. The 
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formation of SO2˙Cbl(II) can be readily observed by UV-vis when OHCbl is incubated 

with dithionite, and it subsequently decomposes to SO3Cbl(III) upon prolonged 

incubation as has been previously reported.
285 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 3-51:  Mechanistic hypotheses for the synthesis of 5'-sulfinic-adenosine by 

reconstituted OxsB (with iron and sulfide) in the presence of cobalamin and 

Na2S2O4. “RCbl(N)” denotes an unspecified cobalamin and redox state. 
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3.4. DISCUSSION AND FUTURE DIRECTION 

The role of S-adenosyl-L-methionine (SAM) as a major biological methyl donor 

has been appreciated for decades. More recently, SAM has been shown to function as a 

cosubstrate in diverse radical reactions that delineate the radical SAM superfamily of 

enzymes. Within this family, one group named cobalamin-dependent radical SAM 

enzymes include members from diverse biosynthesis pathways that are believed to utilize 

both radical SAM chemistry as well as B12 chemistry to complete their catalytic cycles 

and thus represent an untapped source of novel biochemistry.
240 

In this chapter, two 

cobalamin-dependent radical SAM enzymes from different biosynthesis pathways have 

been investigated. Fom3 from Streptomyces wedmorensis is a putative C-

methyltransferase involved in the biosynthesis of the clinical relevant antibiotic 

fosfomycin. OxsB from Bacillus megaterium NK84-0218 is proposed to participate in the 

biosynthesis of oxetanocin A, which is an antiviral nucleoside that bears a rare oxetane 

ring moiety.  

Gene deletion studies combined with feeding experiments suggested that Fom3 

methylates the unactivated sp
3
 hybridized carbon center at the C2 position of 2-

hydroxyethylphosphonate (HEP) to generate 2-hydroxypropyl phosphonic acid (HPP).
249

 

Two mechanisms suggested by the early feeding experiments can be envisioned for this 

intriguing methylation as shown in Fig. 3-52.
255,260,288 

In both mechanisms, SAM is 

reductively cleaved concomitant with oxidation of the iron-sulfur cluster to generate the 

5'-deoxy-adenosyl radical, which subsequently abstracts the pro-R hydrogen atom at C2 

position of HEP. In pathway A, the substrate radical can accept the methyl radical from 

MeCbl, leading to the formation of (S)-HPP and cob(II)alamin. The resulting 

cob(II)alamin can be reduced to cob(I)alamin, which acts as the nucleophile in a methyl 

transfer reaction with SAM to regenerate MeCbl. This mechanism is similar to the 
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reductive methylation that takes place during the re-activation of methionine synthase.
289 

All other reported cobalamin dependent methyltransferases, however, employ a two 

electron transfer mechanism, leaving such a mechanism without precedent. Alternatively, 

the substrate radical can also undergo deprotonation to give a ketyl radical (pathway B), 

which is an accepted intermediate in a number of other enzyme reactions.
290-291

 

Nucleophilic attack by the resonance form of the ketyl radical to MeCbl yields the 

product radical and cob(I)alamin. The product radical can be quenched by an electron and 

proton, resulting in the formation of HPP. While cob(I)alamin can be used directly by 

SAM to regeneration MeCbl.  

To actually distinguish these two mechanisms, the in vitro reconstitution of Fom3 

activity is required. Three different analytical methods have been developed to analyze 

the in vitro Fom3 assay: (a) Dionex-Corona HPLC system to detect HEP and HPP, (b) 

C18-UV HPLC system to detect SAH and 5'-dAdo, and (c) bioassay that uses the enzyme 

HppE to generate fosfomycin from the proposed Fom3 product. However, in no case has 

activity for Fom3 been demonstrated definitively. One possible reason is the large 

amount of protein that forms inclusion bodies upon overexpression, such that the soluble 

portion is insufficient for observing activity. Different strategies to improve Fom3 

solubility have been tried but the results have not been satisfactory. Given the reported 

successes with in vitro reconstitution of PhnK and GenK from inclusion bodies,
254-255 

further efforts to obtain active Fom3 will focus on using different refolding methods to 

obtain soluble Fom3. 

OxsB is one of the few members of the cobalamin-dependent group of radical 

SAM enzymes that may catalyze a reaction other than methylation. The challenge for 

characterizing OxsB is the limited information available from prior in vivo studies. Four 
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genes including OxsB are reported to be involved in oxetanocin A biosynthesis; however, 

no additional information regarding to their individual functions is available.
263

  

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 3-52:  Proposed mechanisms for Fom3 mediated methylation at an unactivated 

carbon center. 

In this chapter, successful heterologous overexpression of the oxetanocin A 

biosynthetic proteins encoded by these four genes was described. Furthermore, three of 

them were purified as soluble forms including OxsB. OxsB anaerobically reconstituted 

with iron, sulfide, and OHCbl contains 8.5 ± 0.2 mol of iron, 7.8 ± 0.2 mol of sulfide, and 

0.6 ± 0.01 mol of cobalamin per mole of protein determined by titration assays. This 

result, combined with the UV-vis spectroscopic analysis, suggested that reconstituted 

OxsB is likely to contain two [4Fe-4S] clusters and one cobalamin center.  
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A collection of commercially available purine nucleoside metabolites were tested 

as possible substrates for OxsB. However, no in vitro production of oxetanocin A has 

been observed. Unexpectedly, OxsB could catalyze the deamination of adenosine to 

inosine, and 2'-deoxy-adenosine to 2'-deoxy-inosine. Further investigation of this activity 

suggests that this activity is dependent on the reconstitution of the iron-sulfur clusters. 

However, the activity is about five orders of magnitude slower than typical adenosine 

deaminases, which suggests that this is likely to be a side reaction of OxsB.  

An encouraging discovery from reconstituted OxsB is that the enzyme can 

catalyze reductive homolysis of SAM, which is a characteristic property of radical SAM 

enzymes. When the reconstituted enzyme was incubated with SAM and dithionite, 5'- 

sulfinic-adenosine was generated at the cost of SAM. To my knowledge, this is the first 

example of a 5'-deoxy-adenosyl sulfinic adduct in radical SAM catalyzed reactions. 

Moreover, cobalamin was found to be necessary for the generation of this adduct. Several 

mechanisms have been proposed based on the serendipitous finding that the 5'-sulfinic 

adenosine can be generated via photo-induced homolysis of AdoCbl in the presence of 

dithionite. The above mentioned characterizations of OxsB have set the stage for further 

investigation of its function. Modified assays along with investigation of the other three 

enzymes involved in the biosynthesis of oxetanocin A will be used in future efforts to 

identify the substrate of OxsB. 
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