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ABSTRACT

Sulfur-containing compounds such as thiamin, biotin, molybdopterin, lipoic acid,
and [Fe-S] clusters are essential for life. Sulfurtransferases are present in eukaryotes,
eubacteria, and archaea and are believed to play important roles in mobilizing sulfur
necessary for biosynthesis of these compounds and for normal cellular functions. The
rhodanese homology domain is a ubiquitous structural module containing a characteristic
active site cysteine residue. Some proteins containing a thodanese domain display
thiosulfate:cyanide sulfurtransferase activity in vitro. However, the physiological
functions of rhodaneses remain largely unknown.

YrkF, the first rhodanese to be characterized from Bacillus subtilis, is a unique
protein containing two domains, an N-terminal Ccd1l domain and a C-terminal rhodanese
domain. Ccdl (conserved cysteine domain 1) is a ubiquitous structural module
characterized by a Cys-Pro-X-Pro sequence motif. Thus, YrkF contains two cysteine

residues (Cys15 and Cysl49), one in each domain.



Biochemical, genetic, and bioinformatic approaches were used in order to
characterize YrkF. First, YrkF was overexpressed and assayed for rhodanese activity to

show that the protein is a functional rhodanese. A variant protein, YrkFCA

, containing a
cysteine to alanine substitution in the Ccdl domain was created to determine if the Ccd1
cysteine is essential for rhodanese activity. The variant protein was overexpressed and
rhodanese assays showed that YrkF©'** is also a functional rhodanese.

Inherent structural and catalytic differences were observed when comparing YrkF
and YrkF'>*, which may reflect the importance of the Ccdl cysteine residue to normal
enzymatic function and structural stability. Initial kinetic studies identified differences in
activity between YrkF and YrkFCA, Cross-linking experiments showed a propensity for
the formation of inter- and intramolecular disulfide bonds between the two cysteine
residues and indicated that Cys15 and Cys149 are located near one another in the 3-
dimensional structure of the protein. Analysis of the proteins by mass spectrometry

CI5A
showed no

suggested YrkF contains a stable persulfide sulfur, whereas YrkF
evidence of a stable persulfide sulfur and was prone to oxidation and other active site
modifications. A homology model of YrkF was created using structures of a rhodanese
homolog and a Ccdl homolog as templates. The model was used to predict the structure
of YrkF based on the results of the cross-linking experiments. A strain containing a yrkF
chromosomal deletion could be constructed, indicating YrkF is not essential for survival.
Phenotypic analysis of the yrkF’ mutant revealed that YrkF is not needed for biosynthesis
of sulfur-containing cofactors (thiamin, biotin, molybdopterin, or lipoic acid) or amino

acids. The characterization of YrkF could lead to the discovery of novel physiological

roles for rhodaneses and may give insight into possible roles for the Ccd1 module.
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CHAPTER ONE
Introduction

1.1. Chemistry of sulfur

Sulfur, the eighth most abundant element in the human body on a molar and
absolute weight basis, is an essential element for life due in large part to its chemical
versatility (1, 2). Some of the unique chemical properties of sulfur can be attributed to
the availability of d-orbital electrons in its bonding. This feature of sulfur allows it to
form long chains and therefore exist in many different allotropes (1, 3). Elemental sulfur
is typically found in rings composed of eight sulfur atoms (Sg), which is the most stable
allotrope (1). In fact, sulfur is never found as a single atom due to its tendency to readily
form bonds with other atoms (2). The S—S bond is highly reactive to heat and radiation,
but biologically-important processes typically involve bimolecular nucleophilic (Sx2)
reactions with the S—S bond (3). Another characteristic of sulfur that can be attributed to
the availability of d orbital bonding is its ability to exist in various valencies and
oxidation states. Sulfur has valencies of 2, 4, and 6 and oxidation states of -2, 0, +2, +4,
and +6 (3). The number of oxidation states available to sulfur allows it to form many
oxyanions, including sulfate, sulfite and thiosulfate (3). These oxyanions are biologically
active and play significant roles in cellular metabolism (1).

Sulfur is a critical component of proteins and coenzymes such as thiamin, biotin,
molybdopterin, coenzyme A, and lipoic acid. Sulfur is found in protein and protein
complexes as thiols (cysteine), as disulfides (cystine), thioethers (methionine), or as a
constituent of iron-sulfur clusters (2, 4). The chemical activity of sulthydryl groups and

disulfides in proteins is essential to the activity of many enzymes. It has been reported



that nearly 40% of proteins lose activity when chemical reagents bind sulthydryl groups,
and disulfide bridges are important in the formation of the tertiary and quaternary
structures of some proteins (1). Many human diseases can be attributed to deficiencies in
enzymes involved in sulfur metabolism (5). Significant areas of research focus on
trafficking of sulfur via sulfurtransferases and elucidating the pathways in which sulfur is
incorporated into biologically-important molecules. Discoveries in these areas of
research may lead to more efficient methods of vitamin production and the development

of antimicrobial agents targeting essential pathways involved in sulfur metabolism.

1.2. Sulfane sulfur

1.2.1. Biological significance

Sulfur-containing compounds such as polysulfides (R-S-S,, n > 2), thiosulfate
(SSO5%), polythionates (*03S-S,-SO5%), persulfides (R-S-S"), and elemental sulfur (Sg)
contain the highly-reactive, biologically-important sulfane sulfur atom (s% (Figure 1.1)
(2, 6,7). Sulfane sulfur atoms are sulfur atoms covalently bound in chains to other sulfur
atoms and have an apparent oxidation state of 0. Though sulfane sulfur has a valence of
0 or —1, they are often incorrectly termed “zero valence sulfur” (7). s’ readily reacts with
cyanide and is frequently referred to as “cyanolyzable sulfur” (6, 7). S’ is the form of
sulfur that is believed to be incorporated into many biological compounds, including
biotin, thiamin, and thiol-modified tRNA (2).

It has also been suggested that s’ plays a significant role in cellular regulation (7),
carcinogenesis (7, 8), and as an antioxidant (6). The generation of s’ by known

metabolic pathways such as the desulfydration of cyst(e)ine by cystathionase and the



conservation of S” carrier proteins in many species gives evidence that supports S’ as an
important component of cellular regulatory processes (7). Moreover, many of the
regulatory effects observed in vitro occur at low concentrations of S° and this evidence
further support its role in cellular regulation (6, 7). It is believed that the covalent
modification of sulthydryl groups in proteins by S° can lead to either their activation or
inactivation (6, 7). Evidence has also shown that many neoplastic cell lines have no
cystathionase activity, which in turn decreases the production of S’ for the sulfane sulfur
pool (7, 9). The proliferation of these carcinogenic cells is thought to occur due the
uncontrolled activity of certain proteins that would normally have been inactivated in the
presence of S (7). Other studies have documented the ability of diallyl disulfides to
inhibit the proliferation of human cancer cell lines in culture (8). The double bond
characteristic of diallyl disulfides allows for tautomerization and the formation of a
thiosulfoxide containing a S°, which serves as a source of S” for cellular regulation

(Figure 1.1) (6, 8).
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FIG. 1.1. Sulfane sulfur-containing compounds.

The sulfane sulfur atom(s) in each compound is highlighted in red.



1.2.2. S° carrier proteins

Many enzymes have been characterized as sulfane sulfur carrier proteins.
Examples of proteins that have been well studied include 3-mercaptopyruvate
sulfurtransferases, rhodaneses, and cystathionase. These proteins are distributed
throughout life and allow for the transport of the highly reactive S” atom around the cell
by forming stable protein-sulfur complexes (7). Mercaptopyruvate sulfurtransferases
catalyze the transfer of sulfur from 3-mercaptopyruvate to cyanide, sulfite, or sulfonates
and sulfhydryl groups of proteins in vitro, generating a persulfide intermediate (6, 7).
Rhodaneses are ubiquitous proteins that are characterized by their in vitro transfer of the
sulfane sulfur from thiosulfate to cyanide generating thiocyanate and sulfite (10).

Cystathionase catalyzes the reactions (1 and 2) listed below:

1)
o NH, O 10 o)
< /O
oJ\/\s/\/\fo b O — o e Iy NH,
NH, S NH, H,C  OH
L-cystathionine water L-homocysteine pyruvate ammonia
2)
0 0 o] o o)
Lo, —> S—SH H
NH, NH, NH, HC  OH
cystine water thiocysteine pyruvate ammonia

These reactions catalyzed by cystathionase are involved in cysteine and sulfur
metabolism and may be important in the generation and maintenance of the sulfane sulfur
pool in the cell (7). All three enzymes carry S° as cysteine persulfides or a persulfide
derivative. Cystathionase has been shown to carry S° in a stable trisulfide between two

cysteine residues (7). Szczepkowski and Wood showed that cystathionase and rhodanese



could be coupled in vitro to form an enzyme system that can transfer sulfur from cysteine
to cyanide, sulfite, or other compounds (11). In one pathway for the desulfuration of
cysteine, cysteine is spontaneously converted to cystine, which is then utilized by
cystathionase in the generation of thiocysteine (reaction 2). Thiocysteine can then be
converted to the more stable thiocystine (6). Thiocystine is a substrate for rhodanese and
transfers its persulfide sulfur to the rhodanese active site cysteine (11, 12). Thiocysteine
has actually been shown to be a more efficient substrate for rhodanese than thiosulfate
(12). This evidence suggests that the two enzymes are coupled in a transsulfuration
system that utilizes thiocystine generated from cysteine as an intermediate source of

sulfane sulfur (11).

1.2.3. Cysteine desulfurase

Labeling studies have revealed that L-cysteine is the source of sulfur that is
incorporated into a number of important vitamins and macromolecules, including biotin,
thiamin, molybdopterin, lipoic acid, thionucleosides of tRNA, and [Fe-S] clusters (13). It
is currently believed that sulfur mobilization in the cell is initiated by the homodimeric
enzyme cysteine desulfurase, which represents another example of a S’ carrier protein
(13). Cysteine desulfurase is a pyridoxal 5’-phosphate (PLP)-dependent enzyme that
catalyzes the conversion of L-cysteine to L-alanine and in turn generates sulfane sulfur in
the form of an enzyme-bound cysteine persulfide (13). The sulfane sulfur atom is then
incorporated into essential sulfur-containing compounds through pathways that are not

yet fully elucidated.



Cysteine desulfurases were first studied in the nitrogen fixation (nif) gene cluster
of Azotobacter vinelandii (13, 14). nifS encodes the homodimeric, PLP-dependent NifS
cysteine desulfurase that is involved in the synthesis of [Fe-S] clusters specifically for the
nitrogenase enzyme. The desulfuration of L-cysteine catalyzed by NifS generates of an
enzyme-bound cysteine persulfide, which serves as the ultimate sulfur source for the
specific [Fe-S] clusters essential for the activity of nitrogenase (15-17). A. vinelandii
encodes a protein homologous to NifS named IscS (18). IscS is a cysteine desulfurase
involved in the maturation of [Fe-S] clusters within proteins that are part of general
cellular processes and is known to be essential as knockouts of the gene are lethal (17,
18). Escherichia coli contains three enzymes that exhibit cysteine desulfurase activity,
IscS, CsdA/CSD, and CsdB/SufS (19-21). IscS of E. coli is 40 % identical in sequence to
A. vinelandii NifS, whereas CsdA/CSD and CsdB/SufS are less than 30 % identical.

Cysteine desulfurases have been divided into two groups (I and II) based on the
amino acid sequence surrounding the conserved active site cysteine residue (13, 20).
Those with a consensus sequence similar to NifS and IscS of A. vinelandii and E. coli
IscS (SSGSACTYS) are characterized as group I cysteine desulfurases. Cysteine
desulfurases with a consensus sequence similar to CsdA/CSD and CsdB/SufS of E. coli
(RxGHHCA) are characterized as group II (13).

Cysteine desulfurases contain a specific cysteine residue that is essential for
activity (15). The mechanism for cysteine desulfuration is initiated when the cysteine
substrate forms a Schiff base with PLP. The sulfur atom of the substrate cysteine is
subsequently transferred to the active site cysteine residue. Thus, the enzyme generates

L-alanine and contains an active site cysteine persulfide intermediate (22). In the case of



IscS from E. coli, the persulfide sulfur can be released as either sulfane sulfur (SO) or as
sulfide (SZ‘) (in reducing conditions), and can serve as a sulfur source for a variety of
cofactors and thiolated tRNAs (23-27).

The structures of NifS/IscS paralogs, Thermotoga maritima NifS, E. coli
CsdB/SufS, and recently E. coli IscS, have been solved (27-30). The overall structures of
the cysteine desulfurases are very similar including the active site pocket containing the
PLP cofactor. However, the structure of the loop containing the conserved active site
cysteine varies in the enzymes (27-30). The region of NifS from 7. maritima that
contains the catalytic cysteine was disordered and the electron density of the loop could
not be mapped (27, 30). The disordered refraction data observed in the region containing
the catalytic cysteine suggested the loop was highly flexible. Consequently, this would
allow the enzyme to catalyze the desulfuration of cysteine as well as transfer the
persulfide sulfur to other proteins (27, 30).

The catalytic cysteine of E. coli IscS was determined to be located at least 17 A
from the PLP cofactor (27). Due to the large distance between this cysteine and PLP, a
large conformational change would have to occur for IscS to catalyze the desulfuration of
cysteine. Therefore, it was suggested that the active site loop containing cysteine in E.
coli IscS was also highly flexible (27).

In contrast, the catalytic cysteine of CsdB is located deep within the enzyme in
the active site pocket containing the PLP cofactor and shielded from solvent (27-29).

The cysteine residue is not part of a flexible loop region and is held in place near the PLP
cofactor. However, the 7 A separating the catalytic cysteine residue from the PLP

cofactor is thought to be too large a distance to allow efficient catalysis of the



desulfuration of cysteine (28, 31). It has been hypothesized that the lower cysteine
desulfurase activity associated with SufS may be a consequence of the differences in
structures and may indicate different catalytic mechanisms for the various NifS homologs
(27). Recent studies now show that the cysteine desulfurase activity of SufS can be
stimulated by binding of a protein encoded within the same operon, SufE (31, 32) (see

section 1.4.1).

1.3. Sulfurtransferases

1.3.1. Thiosulfate:cyanide sulfurtransferase (rhodanese)

In 1933 an enzyme was characterized that catalyzed the transfer of sulfur from
thiosulfate to cyanide, forming thiocyanate. The enzyme was named rhodanese from the
German word for thiocyanate, Rhodanid, by Lang (33). Rhodanese (thiosulfate: cyanide
sulfurtransferase EC 2.8.1.1) has become one of the better-characterized
sulfurtransferases. The rhodanese homology domain is a ubiquitous structural module
found in a variety of proteins (34, 35) (Figure 1.2). It was originally proposed that
rhodaneses were involved in the detoxification of cyanide because these enzymes convert
cyanide to the less toxic thiocyanate and were found at high concentrations in
mitochondria (36). However, since rhodaneses are known to be ubiquitous enzymes and
to be associated with a variety of functional domains, it has been suggested that they are
involved in a wide range of cellular functions (34, 35) (Figure 1.2).

The rhodanese homology domain is comprised of an active site fold, containing a
conserved cysteine residue, flanked by two structural motifs, CH2A and CH2B (37).

Proteins containing the rhodanese module are found in a variety of different domain



architectures (34, 35) (Figure 1.2). Several well-characterized rhodaneses are comprised
of a functional rhodanese domain fused to a structurally identical, non-functional
rhodanese domain (34, 35, 38). Rhodaneses have also been isolated as single-domain
proteins and have been found as modules associated with proteins of a variety of
functions (39) (Figure 1.2).

The 297 amino acid rhodanese from Bos taurus is the best-characterized of the
rhodaneses (40, 41). Bovine rhodanese catalyzes the transfer of sulfane sulfur from
thiosulfate to cyanide via a double-displacement (ping-pong) mechanism involving the
formation of a cysteine persulfide at the active site (Figure 1.3). Crystallographic studies
reveal that bovine rhodanese is comprised of two domains of identical a/f3 topology (42,
43). Though there is limited sequence identity between the two domains, both display a
structure consisting of a central five-stranded (3-sheet surrounded by a-helices. The N-
terminal domain is not catalytically active, whereas the active site Cys247 is located in the
C-terminal domain. Cys247 can accept a sulfur from thiosulfate, forming a persulfide
intermediate, and the enzyme cycles between this form and a sulfur-free form during its
catalytic mechanism (43). The two forms of the enzyme (sulfur-free and persulfide) have
no significant structural differences (44). However, the persulfide form of rhodanese is
more resistant to oxidation (45).

Azotobacter vinelandii RhdA is a well-characterized example of a bacterial
rhodanese. RhdA is similar to bovine rhodanese in that it contains a functional (C-
terminal) and non-functional (N-terminal) domain. The amino acid composition of the
active site loop is a major point of difference between RhdA and bovine rhodanese. The

active site sequence of RhdA is CQTHHR, whereas the sequence for bovine rhodanese is
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CRKGVT (35). In fact, the amino acid composition of the active site loop varies
considerably among rhodanese homologs (Figure 1.4 A). However, the amino acid
composition does not appear to affect the mechanism of sulfur transfer as RhdA also
displays a ping-pong catalytic mechanism (46).

The crystal structure of RhdA has features similar to those of bovine rhodanese as
well (35). RhdA is comprised of two identical rhodanese domains consisting of a central
[ core flanked by o helical structures, which are connected by a 17 amino acid linker
peptide. The catalytic Cys* is located in the C-terminal domain within a six amino acid
active-site loop. This loop forms a “cradle-like” shape that creates a shallow pocket near
the surface of the protein and houses a stable persulfide sulfur (35). Unlike bovine
rhodanese, RhdA is isolated containing a stable active site persulfide even when purified
in the absence of thiosulfate. The six main chain amide groups of the active site loop
point towards the persulfide sulfur and may serve to stabilize this form of the enzyme.
Soaking the native form of RhdA in cyanide removes the persulfide sulfur, which
changes the conformation of the catalytic Cys®" as well as Trp'®> and partially inactivates
the enzyme (35). These results suggest that the native, active form of the enzyme
contains an active-site persulfide that accepts the sulfur from thiosulfate (35). This would
lead to a catalytic mechanism in which a polysulfide was formed on the active-site
cysteine and would be consistent with a previously hypothesized mechanism for bovine
rhodanese (47).

Until recently the rhodanese fold had not been observed in any other proteins.
However, the catalytic domains of the cell-cycle control phosphatases Cdc25A and

Cdc25B are found to contain a 3-dimensional structure identical to rhodaneses (34, 37).
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The location of the conserved catalytic cysteine residue in both rhodanese and Cdc25A/B
is also conserved (34). The active site loop of the Cdc25 phosphatase enzymes consists
of seven amino acids, compared to six amino acids for rhodaneses, most likely to
accommodate the larger phosphorous atom (34).

Though the first rhodaneses characterized consisted of two identical domains, the
elucidation of entire genomes from a variety of organisms has revealed that rhodaneses
can be found in a number of different domain architectures. The presence of single-
domain rhodanese homologs supports the hypothesis that the duplication of an ancestral
rhodanese gene gave rise to the two-domain rhodaneses (10, 34, 39). Rhodaneses such as
GIpE (10) and PspE (48) of E. coli demonstrate that a second N-terminal domain is not
necessary for catalysis. Therefore, a single-domain rhodanese module in a protein may
play an important role in the activity of the enzyme. This assertion is supported by
known examples, including YbbB (49) and Thil of E. coli (50) and human MOCS3 (51)
where it has been shown that the rhodanese domain of each protein is necessary for their

respective activities.
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Orgamgm/ Domain Architecture Propqsed
Protein Function
Rho, MST,
SseA Eco, YbfQ Bsu Rhd* Rhd unknown
GIpE, PspE Eco Rhd unknown
YqghL, YtwF Bsu
- thiamin biosynthesis,
Thil Eco Thil Rhd S*U-tRNA modification
MoeB Mtu, MoeZ Pst molybdopterin biosynthesis,
MOCS3 human LG5 i CCl, detoxification
YbbB Eco Rhd ATP-P-loop mnm°Se’U-tRNA
modification
Y1kF Bsu Ccdl Rhd unknown
YeeD, YedF, YhhP Eco
’ ’ unknown
Ykl Bsu Lol
IscS Sco IscS Ccdl Fe-S clusters
Vch, Lla, Afu, Bce, Ban Rhd NADH-oxidase
Fnu, Pgi, Bth Rhd Ccdl disulfide reductase
Sau Rhd Ccdl unknown
Dde,Chu Rhd unknown

FIG. 1.2. Domain architecture of various rhodanese and Ccd1 proteins.

Rhd, catalytic rhodanese domain; Rhd*, pseudorhodanese domain; Ccdl, conserved cysteine domain 1; Ccd2, similar to predicted
peroxiredoxins. Eco, E. coli; Bsu, B. subtilis; Mtu, Mycobacterium tuberculosis; Pst, Pseudomonas stutzeri; Sco, Streptomyces
coelicolor; Vch, Vibrio cholera; Lla, Lactococcus lactis; Afu, Archaeoglobis fulgidus; Ban, Bacillus anthracis; Fnu, Fusobacterium
nucleatum; Pgi, Porphyromonas gingivalis; Bth, Bacteroides thetaiotaomicron; Sau, Staphylococcus aureus; Dde, Desulfovibrio
desulfuricans; Chu, Cytophaga hutchinsonii
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5SSO, SO~ CN- SCN-

E-Cys E-CysSSO; F-CysSSO; F-CysSH F-CysSCN E-CysSCN E-Cys

FIG. 1.3. Sulfane sulfur transfer from thiosulfate to cyanide catalyzed by rhodanese.

The Cleland diagram shows the double displacement mechanism characteristic of rhodaneses. Sulfane sulfur atom is shown in red.
E-Clys, catalytic cysteine of the native rhodanese enzyme; F-Cys, rhodanese enzyme with bound substrate(s)

14



A Active site loop

RhdBov PLIATCRKGVTACHIA
Rhd_Rat PLIATCRKGVTACHIA
Rhd_Human PLVATCRKGVTACHVA
PspE_ Eco TVEKVYCNAGRQSGQAK
GIpE_Eco PVMVMCYHGNSSKGAA
YrkF Bsu EIYIICHSGRRSEMAA
RhdA_Azo EIVTHCQTHHRSGLTY
YgaP_Eco QIIFHCQAGKRTSNNA
YbbB_Eco QGILCCARGGQRSHIV
Thil_Eco TWLLWCERGVMSRLOQA
consensus -liv-C-kg—--s—---a

B Active site loop

MST_Ath PIMASCGTGVTACILA
SseA_Eco PIIVSCGSGVTAAVVL
MST_Human PLVATCESEVTACHVA
MST_Rat PLVATCGSGVTACHVV
MST_ Lma SFVFSCGSGVTACINI

consensus plvasCGsGVTAciva

FIG. 1.4. Sequence alignment of rhodanese and MST active sites.

The active site residues of various rhodanese (A) and MSTs (B) were aligned using
CLUSTALW and visualized using BOXSHADE. Green, completely conserved residues;
Yellow, identical residues; Cyan, similar residues; White, different residues. (A)
RhdBov (B. taurus, M58561), Rhd_Rat (R. norvegicus, P24329), Rhd_Human (H.
sapiens, Q16762), PspE_Eco (E. coli, P23857), GIpE_Eco (E. coli, M96795), YrkF_Bsu
(B. subtilis, CAB14594), RhdA_Azo (A. vinelandii, P52197), YgaP_Eco (E. coli,
P55734), YbbB_Eco (E. coli, F64781), Thil_Eco (E. coli, NP_414957). (B) MST_Ath
(A. thaliana, CAB64716), SseA_Eco (E. coli, JX0320), MST_Human (H. sapiens,
P25325), MST_Rat (R. norvegicus, P97532), MST_Lma (L. major, CAC85741).
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1.3.2. Mercaptopyruvate sulfurtransferase (MST)

Mercaptopyruvate sulfurtransferase (MST) (EC 2.8.1.2) catalyzes the transfer of
sulfur from mercaptopyruvate to a variety of thiophilic compounds that include cyanide,
sulfite, and thiols (52). The physiological roles of MSTs are currently unknown and
widely speculative (53). Though not as extensively characterized as the sulfurtransferase
rhodanese, MSTs from rat liver (54), Arabidopsis thaliana (55), E. coli (53, 56), and
Leishmania major (57, 58) have been studied. Kinetic studies of MSTs and rhodaneses
show MSTs transfer sulfur through a sequential mechanism (59), whereas rhodaneses do
so through a ping-pong mechanism (41).

The amino acid sequence of MSTs is related to rhodanese (up to 66% ID) and
both MSTs and rhodaneses contain a six amino acid active site loop that begins with a
catalytic cysteine residue (54). However, MSTs show little variability in the amino acid
composition of the active site loops and are characterized by the consensus CG[S/T]GVT
(53) (Figure 1.4 B). This is in contrast to rhodaneses, which tend to show substantial
variability in the active site loop sequences (35) (Figure 1.4 A). Mutagenetic studies of
the MST and rhodanese active sites reveal that changes in key residues can partially shift
substrate specificities of the enzymes (i.e. an altered rhodanese displays MST activity,
and vice versa) (54, 60). The substitution of the active site serine in rat liver (54) and E.
coli (60) MSTs to lysine resulted in conversion to a more rhodanese-like activity.
Recently, solved structures of E. coli (53) and L. major MSTs (57) revealed 3-
dimensional folding similar to rhodaneses and allowed for comparison of structure-

function relationships between rhodaneses and MSTs.
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E. coli MST (SseA), solved to a resolution of 2 A, consists of two identical
rhodanese-like domains (53). Each domain is composed of a central [3-sheet structure
surrounded by a-helices. In the structure, the catalytic Cys*’ appears to contain a bound
persulfide sulfur. However, this is likely an artifact of the high concentration of Na,S,03
required for crystallization. Mass spectral and fluorescent studies indicate SseA does not
maintain a stable persulfurated form, and the amino acid composition of the active site
would not stabilize a persulfide sulfur (53, 56). The active site loop of SseA does not
form the “cradle-like” shape observed in rhodaneses (38) and the Cys237 is shielded from
solvent in one of at least two different conformations. The two different forms of the
enzyme observed varied in the conformation of loop 61-67 and were named “open” and
“closed” based on the solvent accessibility of Cys237 (53). The different forms of SseA
observed might give insight into the catalytic mechanism of MSTs and explain why a
ping-pong mechanism is not observed. The open form of loop 61-67 may allow Cys237
access to 3-mercaptopyruvate, which then can form a covalent thiosulfoxide at the active
site. The sulfur would then be transferred to a nucleophilic molecule in a sequential
manner (53).

The structure of L. major MST shows that the enzyme contains three domains.
The N-terminal and central domains have structures similar to rhodanese and E. coli
MST, with the active site Cys253 located within the central domain. The C-terminal
domain consists of about 80 amino acids and its function is unknown (57). However,
proteins with a C-terminal truncation are not stable because of an inability to fold
correctly (58). The solved structure contains a sulfite molecule bound in the active site

and persulfides on Cys253 and Cys331. These modifications most likely resulted from
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crystallization in buffer containing thiosulfate, as was done for SseA. However, the
active site loop of L. major MST could possibly stabilize an active site persulfide, unlike
SseA (57). The structure also reveals that the amino acids Gly254 and Ser™

248

(corresponding to bovine rhodanese Arg™" and Ly5249, respectively) may be important

residues in determining the activity of the enzyme. Conversion of rhodanese Arg248 and
Lys249 to glycine and serine increases the MST activity of rhodanese (59), and, as

previously mentioned, conversion of the MST active-site serine to lysine results in an

increase in rhodanese activity (54, 60).

1.4. Biosynthesis of sulfur-containing compounds

1.4.1. [Fe-S] clusters

[Fe-S] clusters (Figure 1.5) are important prosthetic groups that function in a
number of biological roles (17, 61). [Fe-S] clusters are associated with proteins that
function in many different cellular activities including electron transfer, gene regulation,
and environmental signaling, and even participate in maintaining the structural integrity
of some proteins (17, 61). Several distinct systems of [Fe-S] cluster assembly have now
been identified and include the NIF (nitrogen fixation), ISC (iron-sulfur cluster), and
SUF (mobilization of sulfur) machinery (14, 19, 62).

The first [Fe-S] cluster assembly system described began with the characterization
of two gene products of the nif gene cluster in A. vinelandii (14). NifS is a PLP-
dependent cysteine desulfurase that catalyzes the removal of sulfur from cysteine and its
subsequent transfer to a conserved cysteine residue of the protein (14). The reaction

catalyzed by NifS generates an enzyme-bound persulfide, which serves as the ultimate
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sulfur source for the formation of [Fe-S] clusters specific for nitrogenase (15-17). This
persulfide sulfur is transferred to NifU, a proposed scaffold protein involved in the
formation of the [Fe-S] clusters of the nitrogenase complex (63).

NifU is a homodimer containing conserved cysteine residues in each of its three
domains (63). The N-terminal domain includes three conserved cysteine residues
responsible for the formation of “transient” [Fe-S] clusters, which can be transferred to
other proteins (63). Substitutions of any of the conserved cysteines of the N-terminal
domain will inhibit the maturation of the nitrogenase complex, but will not eliminate
diazotrophic growth (63-65). The central domain of NifU contains four conserved
cysteine residues that can coordinate one [2Fe-2S] cluster per NifU subunit. These [2Fe-
2S] clusters are redox-active and are considered “permanent” clusters because they are
not transferred to other proteins (63, 64). The function of the central domain [Fe-S]
clusters is unknown, but it is believed that they may be involved in coordinating the
formation or release of the transient [Fe-S] clusters. The C-terminal domain has two
conserved cysteine residues and is similar in sequence to a class of proteins called Nfu
proteins, which can assemble [2Fe-2S] and [4Fe-4S] clusters in vitro (63, 64, 66, 67).
Mutagenesis of either of the cysteine residues in the C-terminus of NifU does not affect
the diazotrophic growth of A. vinelandii unless accompanied with substitutions in the N-
terminal cysteine residues (63, 65). Recently it was discovered that the C-terminal
domain is also involved in nitrogenase-specific [Fe-S] cluster formation and may serve as
part of a second scaffold system in NifU (65).

Genes encoding a second system involved in the assembly of [Fe-S] clusters,

termed ISC, are found in many bacterial genomes (18, 62). Though the two [Fe-S]
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cluster assembly systems (NIF and ISC) are similar, one apparently cannot substitute for
the activity of the other (14). Whereas nif genes are responsible for the maturation of
nitrogenase-specific [Fe-S] clusters, the ISC machinery is necessary for the formation of
[Fe-S] clusters involved in general cellular processes (17, 18). Mutations in any of the
genes in the isc operon (iscSUAhscBAfdx) result in a decrease in the activity of the [Fe-S]
proteins involved in these processes (68-70). IscS and NifS are homologous and share a
number of features including size and mechanism of cysteine desulfuration (18). IscU is
the homolog to NifU. IscU is smaller than NifU, but displays similarities to the N-
terminal domain of NifU (18). IscU serves as a scaffold for the assembly of [2Fe-2S] and
[4Fe-4S] clusters. Studies with radiolabeled [355]—cysteine show the ability of IscS to
transfer sulfur from cysteine to IscU (71). IscA, though not essential, is another protein
that can serve as a scaffold for [Fe-S] cluster assembly (70, 72). However, recent studies
have proposed that IscA functions in iron scavenging and donates iron to IscU for [Fe-S]
cluster assembly during iron limiting conditions (73). hscB and hscA encode chaperone
proteins and fdx encodes a ferredoxin (74-76).

Expression of the isc operon is regulated by the transcriptional repressor IscR by
monitoring changes in a [2Fe-2S] cluster within the protein. IscR repressed expression of
the isc operon when its [2Fe-2S] cluster is intact. However, if the [2Fe-2S] cluster within
IscR is destroyed and not regenerated, then repression of the isc operon is suppressed
(77).

The E. coli genome encodes two [Fe-S] cluster assembly systems, ISC and SUF
(62). E. coli mutants containing deletions of the isc operon (iscRSUA) grow poorly, but

display some level of residual activity of [Fe-S] proteins (70). Suf homologs are found in
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many bacteria and Archaea (70) and were recently discovered in the chloroplasts of A.
thaliana (78-80). The suf operon of E. coli (sufABCDSE) encodes six proteins.
Transcription of the suf operon is induced during times of oxidative stress and iron
starvation (81, 82). Expression of the isc cluster of E. coli was also induced under
oxidative stress and iron limiting conditions. However, since the isc operon is regulated
by changes in the [2Fe-2S] cluster within IscR and the suf operon has been shown to be
regulated by OxyR (81) and Fur (82), sufis considered to be specifically induced under
these stress conditions (83). suf mutants of E. coli are more sensitive to iron starvation
than isc mutants and suggests that Isc proteins cannot efficiently synthesize [Fe-S]
clusters in iron limiting conditions (83). This suggests Suf proteins are important during
iron starvation.

SufA is homologous to IscA and serves as a scaffold protein for the assembly of
[Fe-S] clusters (63). SufC is an atypical cytoplamic ABC-ATPase and forms a complex
with SufBD (31, 32, 63). SufS displays cysteine desulfurase activity, though the specific
activity of SufS is much lower than that of IscS (13, 32). Recent findings show SufS
desulfurase activity is stimulated in the presence of SufE (31) and the activity is further
increased in the presence of SufE and the SufBCD complex (32). SufE binds SufS and
forms a SufSE complex (31). SufS can then transfer sulfur from the active site Cys364 to
Cys’' of SufE (84).

The solved structures of SufS (28, 29) and SufE (32) (PDB code 1MGZ) reveal
structural features that may explain the stimulated cysteine desulfurase activity displayed
by the SufSE complex. As mentioned earlier, the structure of SufS displays an active site

that is not conducive for cysteine desulfurase activity without a large conformational
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change. The active site cysteine of SufS is buried within the hydrophobic region of the
protein and is shielded from solvent accessibility (28, 32). Moreover, studies have shown
that the transfer of sulfur from SufS to SufE is resistant to disruption by reductants (32).

This suggests the active site persulfide formed on Cys364

of SufS during catalysis is not
exposed to solvent and possibly transfers the sulfur atom only after a conformational
change brought on by binding with SufE (32, 84).

SufE is thought to be a novel sulfurtransferase that is important in limiting sulfide
release during conditions of oxidative stress and iron limitation (32, 83). SufE possibly
serves as an intermediate sulfurtransferase in the formation of [Fe-S] clusters under these
conditions. The mechanism of sulfur transfer proposed, in which a persulfide is formed
on SufS and transferred to the intermediate enzyme SufE before ultimately being used in
the formation [Fe-S], has been observed for IscS. The persulfide sulfur of IscS is
transferred to IscU during [Fe-S] cluster assembly (84), and to Thil in the formation of
thiamin and 4-thiouridine in tRNA (71, 85) (see sections 1.4.2-3). It is interesting to note
that the Suf machinery predicted by the genome sequence of B. subtilis lacks a SufE
homolog. Thil of E. coli (see sections 1.4.2-3) serves as a precedent for a rhodanese

functioning as an intermediary sulfur-carrier. Thus, it is possible that a rhodanese could

carry out the activity of the absent SufE in B. subtilis.
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1.4.2. Thiamin

Thiamin (Vitamin B1) (Figure 1.5) is a water-soluble cofactor and, along with
Vitamin C, is among the more unstable vitamins (86). Thiamin is an essential part of the
human diet since it cannot be synthesized by humans (87). Thiamin can exist as a free
coenzyme or in a phosphorylated form, such as thiamin pyrophosphate (TPP). TPP is a
cofactor necessary for a-ketoacid decarboxylases, 0-ketoacid dehydrogenases, and
transketolases involved in carbohydrate metabolism (86, 87).

The biosynthesis of thiamin in prokaryotes involves the synthesis of the thiazole
and pyrimidine rings in separate pathways (87, 88). The thiC gene is necessary for the
synthesis of the pyrimidine ring (87, 88). The gene products ThiFGHIS and IscS, along
with tyrosine, deoxy-D-xylulose, and cysteine, are necessary for the generation of the
thiazole moiety in the Gram-negative bacteria E. coli and Salmonella typhimurium (87,
88). Loss in function of Thil, ThiG, ThiF, ThiH, or IscS results in a thiazole auxotrophy
(87). The ultimate sulfur source for thiazole ring formation is cysteine. The sulfur atom
of cysteine is transferred to the active site cysteine of IscS forming an active site
persulfide (16, 19, 89). IscS then transfers the sulfane sulfur atom to Cys456 of Thil.
Cys*? is located within a rhodanese-like domain of Thil and is essential for
sulfurtransferase activity in vitro (50, 89). Thil transfers the sulfur atom to the C-
terminus of ThiS after its adenylation by ThiF (23, 88). ThiS-COSH apparently serves as
a stable intermediate sulfur source before it is incorporated into the thiazole ring (87).
The two moieties of thiamin are then linked together by ThiE (thiamin phosphate
synthase) to give thiamin phosphate and an additional phosphorylation reaction yields

TPP. Previous attempts to reconstitute the formation of thiazole in vitro proved
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unsuccessful because ThiH contains an oxygen-sensitive [Fe-S] cluster. However,
recently the thiazole synthase activity was successfully reconstituted in vitro using cell-
free extracts and proteins from adenosine-treated E. coli 83-1 cells (89). The addition of
adenosine decreased cellular levels of thiamine, which in turn relieved repression of
expression of thiazole biosynthetic enzymes. Under anaerobic conditions, the thiazole
synthase activity was reconstituted with the addition of purified ThiGH-His (89).

The thiazole moiety was reconstituted in vitro using glycine, cysteine, and deoxy-
D-xylulose, along with the B. subtilis proteins ThiF, ThiS, ThiO, ThiG, and a cysteine
desulfurase (90). The synthesis of thiazole using B. subtilis proteins was slightly more
straightforward than E. coli proteins because ThiO is oxygen-dependent and, as
mentioned above, ThiH is oxygen sensitive. ThiF catalyzes the adenylation of ThiS and
any one of four cysteine desulfurases from B. subtilis could transfer sulfur to the
adenylated ThiS. ThiS-COSH serves as the source of sulfide for thiazole formation, but
could be replaced by Na,S. ThiO catalyzes the formation of an imine from glycine and
ThiG catalyzes the formation of the thiazole ring (90). Four cysteine desulfurases are
predicted by the genome sequence of B. subtilis (NifS, YrvO, NifZ, and CSD). NifZ
transferred sulfur to ThiS most efficiently. It is interesting to note that NifZ is encoded
adjacent to a Thil homolog. Thil of B. subtilis does not contain the C-terminal rhodanese
extension observed in E. coli Thil, and addition of Thil to the reconstitution reaction did
not stimulate thiazole production. Nevertheless, E. coli Thil has been shown to enhance
cysteine desulfurase activity of IscS (25), and Thil of B. subtilis may interact with a
rhodanese homolog during the in vivo formation of thiamin to stimulate activity. It is

also possible that Thil of B. subtilis is not part of the thiamin biosynthetic pathway.
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Alternatively, Thil might be used in the synthesis of 4-thiouridine in tRNA and could

possibly interact with a rhodanese during the process.

1.4.3. Molybdopterin

Molybdopterin (MPT) (Figure 1.5) is a tricyclic pyranopterin with a cis-dithiolene
moiety that functions in chelating molybdenum (91). The coordination of molybdenum
with molybdopterin (catalyzed by MogA and MoeA in bacteria) results in the formation
of active molybdenum cofactor (MoCo) (91, 92). MoCo is an essential cofactor for a
variety of enzymes involved in two electron redox reactions (92). In fact, a fatal genetic
disease is the result of MoCo deficiency in humans (91, 93). MoCo is present in all
phyla, and the biosynthesis of MPT is part of a highly conserved pathway consisting of
homologous proteins found in a variety of species (94).

The first stage of MPT synthesis involves the formation of precursor Z. In E. coli
MoaA and MoaC catalyzes the conversion of a quinine nucleotide to precursor Z (91,
92). MPT synthase subsequently catalyzes the incorporation of sulfur atoms into
precursor Z, generating the dithiolene moiety of MPT (91, 92).

MPT synthase in E. coli is a heterotetramer consisting of two subunits of MoaE
(16.9 kDa) and two subunits of MoaD (8.8 kDa) (91, 92). MoeB activates MPT synthase
through the adenylation of the C-terminal glycine residue of the conserved Gly-Gly motif
of MoaD. The adenylation of MPT synthase by MoeB is similar to the mechanism of
ThiS and ThiF in the thiamin biosynthetic pathway (91). Genetic characterization of
MoeB reveals that it has an amino acid sequence similar to that of ThiF and structural

examination of MoaD shows similarities to ThiS (91, 92). A subsequent sulfurtransferase
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reaction generates a thiocarboxylate on the C-terminus of MoaD and serves as the direct
sulfur donor for the formation of the dithiolene group of MPT (91). In vitro studies
reveal the thiocarboxylate group can be formed by three NifS-like proteins of E. coli
(IscS, CsdA/CSD, and CsdB/SufS) (95). However, there is no conclusive evidence for
the function of these proteins in vivo and crude extracts of iscS mutants in E. coli can
convert exogenously added precursor Z to MPT at rates similar to parental strains, which
suggests that IscS is not essential for thiolation of MoaD in vivo (95).

The human MPT synthase consists of MOCS2A and MOCS2B, which are
homologous to MoaD and MoaE, respectively (96). The small subunit of the human
MPT synthase (MOCS2A) was unable to complement moaD E. coli mutants in vitro
without coexpressing MOCS3 along with MOCS2A and MOCS2B (96). MOCS3 is a
MoeB homolog that contains a C-terminal rhodanese extension (51). MOCS3 displays
rhodanese activity and was able to provide sulfur for the thiocarboxylation of MOCS2A
in a defined in vitro system (51).

Since the MoCo biosynthetic pathway is highly conserved in many species and
many of the essential proteins are homologs, the mechanism of sulfur transfer to
precursor Z is believed to be similar in different organisms (94, 96). There is no direct
evidence suggesting the participation of NifS-like proteins in the in vivo synthesis of
MPT. However, data does suggest the requirement of a persulfide containing protein,
which would act as the sulfur donor (95). Human MOCS3 (51) and CnxF of Aspergillus
nidulans (97) are two examples of MoeB homologs that possess a C-terminal rhodanese

domain. Due to the high conservation of the MoCo biosynthetic pathway, it is possible
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that a stand-alone rhodanese participates in the transfer of sulfur for MPT synthesis in

organisms where MoeB orthologs lack the fused C-terminal rhodanese domain.

1.4.4. Thionucleosides in tRNA

Modification of tRNA occurs in all organisms (26, 98). Various functions are
associated with these modifications to tRNAs, which allow important interactions with
proteins and other RNAs (26, 98). There are several modifications to the bases of tRNA
that involve the addition of a sulfur atom. The thionucleosides of tRNA include 4-
thiouridine (s4U), 5-methylaminomethyl-2-thiouridine (mnmsszU), 2-thiocytidine (s2C),
and 6-N-dimethyl-2-methylthioadenosine (ms”i®A), which are found in E. coli (26). The
s*U modification (Figure 1.5), found at position 8 of many bacterial tRNAs, serves as a
photosensor for near-UV light (50, 99). When tRNA is exposed to near-UV light the s'U
undergoes a 2 + 2 cycloaddition with cytidine 13, which interferes with the tRNA’s
ability to serve as a substrate for aminoacylation. As a result, cells that contain this
modification will accumulate uncharged tRNA molecules and enter a stage of growth
arrest (50, 99).

Initial studies revealed two factors (A and C) that were necessary for s'U
synthesis (23). Loss of either factor caused cells to become deficient in s*U in tRNA and
to develop thiazole auxotrophy. Factor C was also found to be a PLP-dependent enzyme.
It is now known that the initial studies led to the characterization of IscS and Thil in E.
coli (23). Both proteins are shared between the thiamin and s'U biosynthetic pathways.
It has also been shown that IscS is necessary for the biosynthesis of all thionucleosides in

E. coli (26) and S. typhimurium (100). The mechanism of tRNA modification initially
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involves the sulfur transfer from cysteine to IscS via a PLP-dependent cysteine
desulfurase reaction and the formation of an enzyme persulfide intermediate. IscS can
then transfer the S° to Cys456 in the thodanese domain of Thil. The mechanism for sulfur
transfer from Thil to uridine in tRNA has not yet been elucidated, but it has been

344

discovered that a second cysteine residue of Thil (Cys™) plays a crucial role (99, 101).

344

Mutants containing substitutions at Cys™ " of Thil are greatly impaired in their ability to

synthesize s*U. Moreover, in the absence of reductant, the wild-type Thil can only turn
over once. Therefore it is proposed that Cys344 forms a disulfide bond with Cys456,
resulting in sulfide transfer to uridine 8 during the formation of s*U tRNA (99, 101)
(Figure 1.6). Recently the minimal substrate required by Thil for s*U modification was
found to be a mini-helix comprising the stacked acceptor and T stem containing an
internal bulged region (102).

B. subtilis contains a variety of thionucleoside modifications of tRNA, including
s*U (103). However, the biosynthetic pathways yielding these thiolated tRNAs have yet
to be elucidated. As mentioned above, the biosynthetic pathway of s*Uin E. coli
involves the participation of Thil, which also plays a role in thiamin biosynthesis. The
genome sequence of B. subtilis predicts a Thil ortholog adjacent to a cysteine desulfurase
(NifZ). B. subtilis Thil is not essential for the in vitro reconstitution of the thiazole ring
of thiamin (90), but it could potentially be needed for s'U synthesis. However, B. subtilis
Thil does not contain the C-terminal rhodanese domain that is essential for the function
of E. coli Thil. It is possible that a B. subtilis rhodanese participates in s'U synthesis.

The biosynthesis of other thionucleosides present in B. subtilis may also require a

rhodanese.
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FIG. 1.6. Proposed scheme for sulfur mobilization and transfer during s*U biosynthesis catalyzed by IscS and Thil in E. coli.
Red sulfur atom represents sulfur transferred during reaction. U8, uridine at position 8 of tRNA; superscripted numbers represent

residue number in respective enzyme; Cys % active site cysteine in rhodanese domain of Thil
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1.4.5. Biotin

Biotin (Figure 1.5) is a water-soluble member of the vitamin B complex and is
also known as vitamin H (104). Biotin functions as a cofactor for enzymes such as
acetyl-CoA and pyruvate carboxylases involved in fatty acid and carbohydrate
metabolism (104). Biotin deficiencies in animals cause abnormal developments in the
skin and hair and reproductive problems (105). Severe biotin deficiency is not commonly
seen in adult or infant humans because the vitamin is often supplemented in foods (106).

The final step of biotin synthesis involves the insertion of a sulfur atom into
dethiobiotin (DTB) catalyzed by biotin synthase (BioB) (13, 107). Biotin synthase from
E. coli is a 76 kDa homodimer that belongs to the family of “radical SAM (S-
adenosylmethionine)”’-dependent enzymes (107). The activity of BioB in vitro requires
SAM, and a reduction system consisting of NADPH, flavodoxin, and flavodoxin
reductase (108). It is generally accepted that the reduction system is involved in the
cleavage of SAM into methionine and 5’-deoxyadenosyl radical (5’-dAe) (107, 108).
One electron from flavodoxin is transferred to a [4Fe-4S] within BioB and then to SAM,
generating 5°-dAe (107, 108). It is then believed that 5’-dAe abstracts a He from DTB
generating a DTB radical (DTBe) (107, 108).

However, a number of inconsistent reports about BioB have led to much
confusion about the enzyme. Discrepancies have arisen as to the number and types of
[Fe-S] clusters found within the BioB enzyme (109). The number of molecules of SAM
and DTB associated with BioB is another area of considerable controversy. Some
research groups report finding two molecules of SAM and one molecule of DTB

associated with each BioB dimer (108, 110), whereas others report one molecule of SAM
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and one molecule of DTB per subunit of BioB (107, 111). Moreover, evidence from
different groups has led to two different proposed mechanisms for sulfur insertion into
DTB catalyzed by BioB (108, 111-113). One proposal suggests that sulfur from a [2Fe-
2S] cluster within BioB serves as the immediate sulfur source (108, 112). However,
another research group proposes that BioB contains PLP-dependent cysteine desulfurase
activity and catalyzes the sulfur insertion to DTBe via an enzyme-bound persulfide
intermediate (111, 113).

Recently the crystal structure of BioB from E. coli has been solved (107). The
structure has given new insight into the controversies surrounding BioB, including
possible mechanisms involved in the incorporation of sulfur into DTB. The crystal
structure of BioB, containing the substrates SAM and DTB, was solved to a resolution of
3.4 A and displayed a triosephosphate isomerase (TIM) type (0/3)s barrel for each
subunit (107). The structure reveals one molecule of SAM and DTB bound per subunit
of BioB along with one [2Fe-2S] cluster and one [4Fe-4S] cluster bound per subunit. The
[4Fe-4S] cluster was located near the surface of the enzyme. This location is consistent
with the ability of the [4Fe-4S] to accept an electron from flavodoxin in the generation of
5’-dAe« (107).

The crystal structure did not support the hypothesis that BioB contains bound
PLP. The structure did not show areas consistent with PLP-binding and the location of
lysine residues in the crystal structure were not consistent with a PLP-dependent
mechanism of sulfur insertion into DTB, which proposed sulfur insertion occurred via an

enzyme-bound cysteine persulfide intermediate (107). Other groups have reported data
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that support distinct binding sites for [4Fe-4S] and [2Fe-2S] clusters within the BioB
monomer, and provides no support for a PLP-dependent reaction mechanism (109).

The position of SAM and DTB in the core of the enzyme is consistent with the
proposed radical chemistry between SAM and DTB (107). DTB and the [2Fe-2S] cluster
are located near each other in the enzyme, which suggests that the [2Fe-2S] cluster is the
source of the sulfur for insertion (107). The [2Fe-2S] cluster was located within the TIM
barrel fold and ligated to Cys97, Cyslzg, Cyslgg, and Arg260 (107). The role of Arg260 as a
ligand to a metal was of particular interest because it has never been seen before in
biological systems and may serve an important function in the catalytic mechanism of the
protein. Based on the location of this Arg residue a mechanism of sulfur insertion into

DTB was proposed in which the Arg260

side chain could rearrange its position to bridge
the two Fe atoms of the [2Fe-2S] cluster and facilitate the sulfur transfer (107).

Evidence shows that the most active form of BioB contains one [4Fe-4S] cluster
and one [2Fe-2S] cluster (112, 114). This form of BioB can produce 0.7 — 0.9
equivalents of biotin per monomer of enzyme, though the enzyme can only turn over
once in vitro. Jameson et al. report the [4Fe-4S] cluster is stable and a majority of the
[2Fe-2S] cluster is destroyed under turnover conditions (114). However, the initial rate
of degradation of the [2Fe-2S] cluster appeared to be faster than the formation of biotin
(114). This observation could be explained if the rate limiting step occurs subsequent to
the insertion of sulfur into DTB or if the immediate sulfur source is something other than
[2Fe-2S] cluster, possibly a polysulfide or persulfide on the enzyme (114).

The biotin synthase reaction is conserved in many species, and biotin synthase has

been characterized in organisms such as B. subtilis and A. thaliana (115, 116). In A.
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thaliana biotin synthase is localized in mitochondria, and the reaction is stimulated by the
addition of cysteine desulfurase (Nfs1) in in vitro reaction systems (116). B. subtilis
contains a homodimeric BioB protein and evidence suggests it functions using a 5’-dAe
derived from SAM in a manner similar to the E. coli mechanism. However, the B.
subtilis BioB protein has been shown to be less active in in vitro systems (115). It was
also observed that BioB from B. subtilis could not convert dethiobiotin to biotin in cell-
free extracts from E. coli and vise versa. Thus, the enzymes are species specific. In B.
subtilis, dethiobiotin can be converted to biotin without the addition of a sulfur source
and suggests the presence of a [Fe-S] cluster within BioB that may serve as the sulfur
donor. Therefore [Fe-S] clusters would need to be rebuilt in order for multiple turnovers
of the BioB in B. subtilis (115).

Many questions still remain regarding the function of biotin synthase. One major
question regards the number of turnovers observed with BioB. Researchers have been
unable to produce more than one turnover in in vitro reaction systems (109). However,
strong product inhibition by 5’-dAe may explain these results (111). The inability to turn
over multiple times may also be due to an inability to regenerate the immediate sulfur
source. Sulfur inserted into DTB has been suggested to directly come from the [2Fe-2S]
cluster (107), or through an enzyme-bound persulfide or polysulfide subsequent to the
[2Fe-2S] degradation (114). If either mechanism is correct, then it is likely a
sulfurtransferase is present in the reaction for either regeneration of the [Fe-S] cluster or
movement of the sulfur atom. The E. coli isc gene cluster can function in [Fe-S] cluster
formation and repair and may serve in the regeneration of the sulfur source possibly

coupled to other sulfurtransferases (114). It is important to note that B. subtilis does not
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contain a gene cluster similar to isc and would need alternative enzyme or enzymes to

facilitate the transfer of sulfur and regeneration of [Fe-S] clusters (115).

1.4.6. Lipoic acid

Lipoic acid (Figure 1.5) is an essential cofactor of enzyme complexes that
catalyze oxidative decarboxylation reactions (117). Pyruvate dehydrogenase complex, Q-
ketoglutarate dehydrogenase complex, branched-chain 2-oxo acid dehydrogenase
complex, and the glycine cleavage system are some examples of these enzyme complexes
that require lipoic acid (118, 119). Lipoic acid functions as an active cofactor when it is
attached to the lipoyl-accepting domains in subunits of these protein complexes. Most
often the lipoic acid is bound to the €-amino group of a conserved lysine residue (118,
119). Recent studies have shown lipoic acid may have important pharmacological and
antioxidant properties (120).

In E. coli, the attachment of lipoic acid to target proteins has been shown to occur
via two separate pathways (118). One pathway utilizes free lipoic acid from the medium
and involves lipoate-protein ligase (LplA). This two-step process begins with the
activation of lipoic acid by ATP, which is then transferred to the target subunit of the
protein complex. Both steps are catalyzed by LplA (118). The second pathway of lipoyl
group attachment utilizes lipoyl- or octanoyl-ACP (acyl carrier protein) from fatty acid
synthesis. LipB catalyzes the transfer of the octanoyl group from ACP to the conserved
lysine residue in the lipoyl-accepting domain. LipA (lipoyl synthase) then catalyzes the
insertion of sulfur atoms into the bound octanoyl group to form the lipoyl derivative in a

mechanism believed to be similar to that of biotin synthase (118).
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Biochemical and genetic studies have shown that LipA is a member of the
“radical SAM superfamily” (118, 119). LipA utilizes 5-adenosyl-L-methionine to
generate 5’-deoxyadenosyl radical for the activation of C¢ and Cg of octanoic acid. In a
mechanism similar to biotin synthase, the reductive cleavage of SAM requires one
electron from flavodoxin, which is then transferred to a [4Fe-4S] cluster bound to the
enzyme (118, 119). Recent studies have shown that lipoyl synthase requires two
equivalents of SAM for the generation of one equivalent of lipoic acid (119), suggesting
that one equivalent of 5’-dAe is required for the removal of each of the two He from
octanoate. After the removal of the He from the bound octanoyl substrate, LipA
catalyzes the insertion of sulfur into the C¢ and Cg positions (119).

The sulfur used in the insertion reaction most likely comes from a second bound
[Fe-S] cluster (118). LipA contains two regions of conserved cysteine residues. The
CxxxCxxC motif is common to all SAM radical proteins and binds the [4Fe-4S] cluster
needed in 5°-dAe generation. The second motif, CXEAXxCxNxxEC, is only found in LipA
proteins and is thought to bind an additional [Fe-S] cluster used for sulfur insertion (118).

Recent work has shown that the physiological substrate for LipA for the pyruvate
dehydrogenase complex is the octanoyl group bound to the lysine residue of the lipoyl-
accepting domain (E2) as opposed to octanoyl-ACP (121). This finding suggested that
LipA would have multiple substrates, each associated with the various lipoyl-accepting
domains of different protein complexes, and was supported by evidence that an octanoyl
moiety bound to the lipoyl-accepting subunit of the glycine cleavage system also served

as a substrate for LipA (118, 121).
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1.5. Physiological characterization of rhodaneses

Analysis of the domain architecture of an enzyme containing multiple domains
can be a useful investigative tool in determining the physiological function of a protein if
one of the domains is orthologous to a previously characterized protein. The known
function of one domain can be used to predict the physiological function of the protein
and may provide information regarding the function of the unknown domain. Since
rhodaneses display a wide range of domain architectures, this investigative method is
particularly useful for characterizing rhodanese-containing proteins.

One of the better-understood models for the participation of a rhodanese module
of a protein in a biosynthetic pathway is E. coli Thil and s'U biosynthesis (Figure 1.6).
The Thil domain is typically involved in the biosynthesis of the thiazole ring (88, 122).
However, the Thil protein of E. coli has been shown to be involved in the biosynthesis of
the thiazole ring of thiamin and in 4-thiouridine (s4U) modification of tRNA (50, 50, 99,
101). Within the Thil domain lies a region known as the THUMP region (named after
thiouridine synthases, methylases and pseudouridine synthases), which is predicted to be
an RNA-binding domain (123). The Thil protein also contains a functional carboxy-
terminal rhodanese extension. Recent investigations have shown that the function of the
rhodanese domain is critical to the activity of Thil in s'U biosynthesis (50).

The MoeB-rhodanese fusion proteins (Figure 1.2) are another group of rhodanese
fusions that have been studied and serve as an important example of a rhodanese module
of a multidomain protein participating in the activity of the enzyme. The molybdenum
cofactor (MoCo) is an essential cofactor for several important enzymes including nitrate

reductase. MoeB activates the MoaD/MoaE heterotetramer molybdopterin (MPT)
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synthase by adenylation of a C-terminal glycine of MoaD, and a subsequent
sulfurtransferase reaction thiolates the C-terminus. The thiolated MoaD can then serve as
the direct sulfur donor for the biosynthesis of MPT, the main component of MoCo (91,
92). MOCS3 (human) and CnxF (Aspergillus nidulans) are MoeB homologs that contain
a C-terminal rhodanese domain extension to the MoeB moiety (51, 124). The rhodanese-
like domain of MOCS3 has been shown to be essential for the sulfur transfer in the in
vitro thiocarboxylation of MOCS2A, the MoaD homolog in humans (51), and the C-
terminal thodanese domain of CnxF is essential for MPT synthesis in vivo (124). The
Pseudomonas stutzeri protein MoeZ is another example of a protein containing an amino-
terminal MoeB domain and a carboxy-terminal rhodanese domain (97, 125). Though
MoeZ is not necessary for MPT synthesis, it is involved in the biosynthesis of the metal
chelator [pyridine-2, 6-bis (thiocarboxylic acid)] (pdtc) that is essential for detoxification
of carbon tetrachloride carried out by P. stutzeri (97). The C-terminal rhodanese
extension of MoeZ is thought to be essential for the sulfurtransferase reaction involved in
the formation of pdtc.

The use of fusion proteins as an investigative tool is limited to proteins containing
at least one domain of known function. However, the analysis of the genomic context of
a gene can be another useful tool for determining the physiological role of proteins
without a domain of known function. YbbB of E. coli, another multiple domain protein,
contains an N-terminal rhodanese domain fused to a C-terminal extension containing a
domain with a P-loop (Walker A) motif (49). In some organisms, the ybbB gene is
located adjacent to the gene selD, encoding selenophosphate synthetase (49). Thus the

genomic context of ybbB suggested a role in selenium metabolism for the YbbB protein.
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Indeed, YbbB was shown to be required for the conversion of 2-thiouridine to 2-
selenouridine in tRNA. The rhodanese homology domain was found to be essential for
selenium transfer from selenophosphate during the tRNA modification reaction (49).

B. subtilis contains four genes predicted to encode rhodaneses (YtwF, YghL,
YbfQ, and YrkF) (Figure 1.2). YrkF is a novel rhodanese in that it contains a C-terminal
rhodanese domain and a N-terminal Ccd1 (conserved cysteine domain 1). YrkF is also
encoded near another Ccd1l homolog (YrkI). Use of these genetic investigative tools

described above may be useful in elucidating the physiological role of YrkF in B. subtilis.

1.6. YrkF: A unique two-domain rhodanese

Analysis of the B. subtilis genome reveals four genes predicted to encode proteins
with the rhodanese homology domain, designated YtwF, YghL, YbfQ, and YrkF. YrkF
is a unique example of a rhodanese fusion protein in that it contains a carboxy-terminal
rhodanese homology domain and an amino-terminal Ccd1 (conserved cysteine domain 1)
consisting of about 75 amino acids. Only four other species of bacteria are known to
contain a two-domain Ccdl-rhodanese protein (Bacillus cereus, Bacillus anthracis,
Oceanobacillus iheyensis, and Exiguobacterium). Ccdl homologs contain a
characteristic C-P-x-P motif near the amino terminus. YrkF contains two conserved
cysteine residues, one in each domain.

The Ccdl domain is found as a single-domain protein in most Eubacteria and
Archaea, but is also found as a module in multiple domain proteins (Figure 1.2). Though
single domain homologs of the Ccdl domain have been structurally characterized, the

biochemical function of Ccdl is still unknown. Two of the three single domain Ccd1
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homologs of E. coli, YhhP (SirA) and YedF, have been characterized (126, 127).
Deletion of yhhP, encoding the 81 amino acid SirA protein, leads to a filamentous
morphology due to an apparent defect in FtsZ-ring formation (128). The solved
structures of SirA (126) and YedF (127) reveal a two-layer a3 structure similar to
domains in many RNA- and DNA-binding proteins, including the C-terminal domain of
IF3 (129) and the predicted structure of the THUMP region of Thil (123). Although SirA
and YedF show structural similarities to DNA-binding proteins, it is important to note
that there is no sequence homology shared with these nucleic acid-binding proteins. Two
other examples of single domain Ccdl homologs that have been sequenced are YrkI of B.
subtilis and YeeD of E. coli. Analysis of the genomic context of yrkF reveals that yrkl is

in close proximity to yrkF in the B. subtilis genome.

1.7. Present work

In the present study, bioinformatic, genetic, and biochemical approaches were
used to characterize YrkF. A variant protein was created containing a cysteine to alanine
substitution in the Ccd1 domain. The proteins were overexpressed and purified. Initial

rhodanese assays confirmed that YrkF and YrkF<"**

are active rhodanese proteins. SDS-
PAGE fractionation of purified YrkF and YrkF“'** revealed banding patterns that
suggested YrkF forms both intra- and intermolecular disulfide bonds. Subsequent
analysis of the two proteins included cross-linking experiments to determine the
proximity of the two cysteine residues in the 3-dimensional structure, and determination

of the effect of the disulfide bond on rhodanese activity. The study also included kinetic

analysis YrkF and YrkF“'**, as well as the creation of a chromosomal deletion of yrkF in
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B. subtilis. Mass spectral analysis of YrkF and YrkF"** was used to determine possible
covalent modifications of the rhodanese active site upon treatment with DTT, sulfite, and
thiosulfate. Inherent enzymatic and structural differences were observed when
comparing YrkF and the C15A variant, suggesting that the cysteine residue in each
domain of YrkF is important for its physiological function. Finally, molecular modeling
approaches were used to create and analyze the structure of YrkF with and without an

intramolecular disulfide bond under simulated conditions.
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CHAPTER TWO
Materials and Methods

2.1. Materials

Reagents were purchased from Sigma or Fisher Scientific unless otherwise
indicated. Oligonucleotides were synthesized by DNAgency (Malvern, PA). Restriction
endonucleases and nucleotides were purchased from New England Biolabs. Pfu
polymerase was from Stratagene, GenElute Bacterial Genomic DNA Kit (for use with B.
subtilis) from Sigma, and dibromobimane (bBBr) from Molecular Probes (Eugene, OR).
Glutamic acid endopeptidase (Glu-C) from Staphylococcus aureus V8 was purchased

from Princeton Separations, Inc.

2.2. Bacterial strains and plasmids
The bacterial strains and plasmids used or constructed in this study are listed in
Table 2.1 and Table 2.2, respectively. All E. coli strains are K-12 derivatives except for

BL21(DE3), which is derived from E. coli B. B. subtilis strains are derivatives of strain

168.
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Table 2.1. Bacterial strains

Bacterial Strains

Organism Strain Genotype/Description Reference
E. coli DH5a F’ (F’®80d lacZAM15) endAl recAl (130)
hsdR17 supE44 thi-1 gyrA
relA1A(lacZYA-argF)U169
E. coli DH5a Z1 DHS5a Aatt lacl? tetR Sp" (131)
E. coli BL21(DE3) hsdS gal (Aclts857 ind-1 Sam7 nin-5 (132)
lacUV5-T7 gene 1)
B. subtilis PS832 Wild-type, trp* revertant of 168 (133)
B. subtilis JH1006 PS832 yrkF::Er This work
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Table 2.2. Plasmids

Plasmids
Plasmid Description Reference
pT7-7 ColE1 origin Ap' T7 promoter (134)
pDG646 plasmid carrying Er' cassette for B. subtilis, Am" (135)
pVK2B pT7-7 carrying yrkF cloned into BamHI of MCS This work
pVK3 pVK2B deletion of HindIII site in MCS from Clal to This work
Sall
pFerm1 pVK3 carrying yrkF::Er" This work
pFMut3 pVK2B mutagenic plasmid This work
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2.3. Media and growth conditions

E. coli cells were grown in Luria Bertani (LB) media (136) at 37° or 30 °C under
aerobic conditions. B. subtilis strains were grown aerobically at 37 °C in LB, or 2xSG
medium (137) or glucose minimal Spizizen medium supplemented with 0.005%
tryptophan (138). Spizizen medium was modified to analyze the ability of the yrkF
mutant (JH1006) to grow on nitrate as the sole nitrogen source. Potassium nitrate (4.9
mM) was substituted for ammonium sulfate (3.8 mM) in these experiments. Mutants
were tested for thiamine auxotrophy by observing growth with and without 0.00004%
thiamine. Strains transformed with plasmids were selected on media containing
antibiotics at 100 pg per ml ampicillin (E. coli), and 0.5 pg per ml erythromycin plus 5
Mg per ml lincomycin (macrolide-lincosamide-streptogramin B resistance).
Erythromycin/lincomycin resistance was used to select B. subtilis mutants carrying the
yrkF disruption and could not be used for selection in E. coli.

For the determination of rhodanese specific activity in the wild type (PS832) and
yrkF mutant (JH1006), cells were grown overnight in LB (wt) or LB with 5 pg/ml
erythromycin/lincomycin (JH1006). Cultures were centrifuged and supernatant was
discarded to remove erythromycin/lincomycin. The cell pellet was then diluted in 35 ml
LB and grown until they reached an OD600 ~ 0.6 — 0.8. Cultures were harvested by
centrifugation at 3600 x g for 10 min and washed in 50 mM Tris-HCI (pH 7.2), 3 mM
EDTA. Pellets were frozen at —70 °C until use. Frozen pellets were resuspended in 525
ML 50 mM Tris-HCI (pH 8.3), 1 mM EDTA, 1 mM DTT and sonicated on ice at 50% of

full power for 3 times 30 s to lyse cells. Sonicated cells were microcentrifuged in the
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cold for 5 min. The cell-free extract was assayed for rhodanese activity and protein to

determine specific activity.

2.4. General Methods

2.4.1. Polymerase Chain Reaction, DNA electrophoresis, and ligation reactions
Polymerase Chain Reaction (PCR) was carried out using approximately 0.5 pg of
chromosomal DNA from B. subtilis PS832 as a template, Pfu DNA polymerase, primers
generated from DNAgency, and a GeneAmp PCR 9600 thermocycler. Agarose gel
electrophoresis was used to analyze the relative size of DNA fragments based on known
molecular weight markers. DNA was fractionated by electrophoresis in 0.75% agarose in
0.05 M Tris, 0.05 M boric acid, and 0.01 M EDTA (TBE) buffer containing 0.5 plg/ml
ethidium bromide (136). DNA was extracted from the agarose gel using GFX™ PCR
DNA and Gel Band Purification Kit (Amersham Pharmacia Biotech, Piscataway, NJ)
following the provided instructions. Ligations were carried out using a 4:1 ratio of
insert:vector. T4 DNA ligase was used as suggested by New England Biolabs. Ligation

reactions were incubated at 16 °C overnight.

2.4.2. Preparation of competent E. coli cells and transformation

Competent E. coli cells were prepared following the methods described by
Sambrook et. al using cold MgCl, and CaCl, (136). Approximately 100 PL of competent
cells were incubated with about 1 pmol of DNA for 30 min on ice. The cells were then

heat-shocked at 42 °C for 2 min and 1 ml of LB was added to the transformation mix.

The cells were allowed to incubate at 37 °C for 60 min. A 200 PL aliquot of the cell
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culture was spread onto LB plates with the appropriate antibiotic selection and incubated

overnight at 37 °C.

2.4.3. Transformation of B. subtilis

To prepare B. subtilis for transformation, a modified method derived from the one
proposed by Spizizen was followed (139, 140). B. subtilis PS832 was grown on 2xSG
plates overnight at room temperature until the plate was covered with fine hazy growth.
MS-I medium (14.6 mM NH4SOy, 77.9 mM K,;HPO,, 42.8 mM KH,PO,, 3.3 mM
sodium citrate, 0.5% glucose, 0.02% casamino acids, 0.10% yeast extract) was inoculated
with cells from the overnight culture and incubated for 4.5 h at 37 °C with vigorous
shaking. After incubation, 0.5 ml of the cell culture was then added to MS-II medium
(4.5 ml MS-I plus 2.8 mM MgCl, and 0.55 mM CacCl,) and incubated at 37 °C for 1.5 h
with vigorous shaking. An aliquot of 0.3 ml of cell culture was added to 2 pg of DNA
for 30 min and incubated with vigorous shaking at 37 °C. A 200 UL aliquot of the
transformed cells were spread onto selective medium using sterile beads. Plates were

incubated overnight at 30 — 37 °C.

2.4.4. Determining protein concentration

The concentration of protein was determined by the method described by
Bradford (141). Known concentrations of bovine serum albumin (BSA) were incubated
in Coomassie Protein Assay Reagent (PIERCE) and absorbance at 595 nm was used to

generate a standard curve. Experimental protein solutions were treated with Coomassie
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reagent and the absorbance at 595 nm was determined. The protein concentration was

calculated based on the standard curve.

2.5. Construction of overexpression vectors pYK2B and pVK3

Y1kF expression vector, pVK2B, was constructed by amplifying yrkF by PCR
from template DNA of B. subtilis PS832 using the primers 0854000 (5’-
GGAGGAACATATGATGAAAGCAAC-3’) and 0854018 (5°-
GCAAGGATCCCTACTCTTGTAC-3’) containing restriction sites Ndel and BamHI,
respectively (underlined; Ndel contains the ATG translation start site). Ligation of the
Ndel- and BamHI-restricted yrkF' PCR product (599 bp) to the similarly digested plasmid
pT7-7 resulted in plasmid pVK2B. This plasmid was sequenced and used to transform
expression strain BL21(DE3). To facilitate subsequent constructions, pVK3 was
generated from pVK2B by cleaving with Clal and Sall (within the multiple cloning
region) to remove the intervening HindlIll restriction site. Following digestion, the ends

were filled in using Tag polymerase, and the blunt ends were religated.

2.6. Oligonucleotide-directed mutagenesis

The cysteine (residue 15) of YrkF in the Ccd1l domain was changed to an alanine
by PCR-mediated site directed mutagenesis consisting of three separate PCR reactions
using pVK2B as the template and the following primers: overexpression primer a
(previously described 0854000), mutagenic primer a (5’-
AAGGTTTGGCGGcgcCAATGCCTA-3’), overexpression primer b (previously

described 0854018), and mutagenic primer b (5’-TAGGCATTGgcgCCGCCAAACCTT-
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3’). Lowercase letters indicate altered nucleotides resulting in a change in the codon and
creation of a Narl restriction site (underlined). PCR reactions one and two (Figure 2.1)
utilized overexpression and mutagenic primers a and overexpression and mutagenic
primers b, respectively, along with pVK2B template. The PCR products from these
reactions were used as templates for overexpression primers a and b (Figure 2.1). The
Narl site created in the final PCR product was used to confirm the creation of correctly
mutagenized DNA by endonuclease digestion and subsequent gel electrophoresis. The
final PCR product generated was digested with Ndel and HindIII and ligated into the
Ndel/HindIII sites of pVK3, resulting in pFMut3. pFMut3 was used to transform strain
BL21(DE3) for overexpression of the variant protein YTkFC15A. The desired mutation

was verified by sequencing the Ndel-BamHI region of pFMut3.
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FIG. 2.1. Construction of YrkF“"** variant via site directed mutagenesis

Schematic represents procedure followed to generate the pFMut3 overexpression vector
(as described in Methods and Materials). Key restriction sites, Ndel, BamHI, HindIlII,
and Narl are highlighted. Primers, as described in text, as shown as arrows. *, site of
codon mutation in primers and PCR products. CPMP, wild type CPxP motif. APMP,

altered motif in YrkFClSA.
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2.7. Construction of plasmid pFerml

In order to construct a yrkF::Er" insertion, plasmid pFerm1 was constructed. The
plasmid pVK3 (Table 2.2) was restricted with HindlIII at a site within yrkF flanked by
316 bp upstream and 203 bp downstream. An erythromycin resistance cassette was
extracted from plasmid pDG646 (Table 2.2) by digestion with HindIII and ligated into
the digested pVK3 plasmid. The plasmid was used to transform DH50F’ and was

recovered from colonies selected on an LB/Ap plates.

2.8. Deletion of the chromosomal yrkF gene

B. subtilis PS832 was transformed with pFerm1, which generated a yrkF::Er"
chromosomal disruption through a double-reciprocal crossover event. Competent B.
subtilis PS832 cells were transformed with linearized pFerm1 and selected for
erythromycin/lincomycin resistance. The genomic DNA of strain JH1006 was extracted
with GenElute Genomic DNA kit. PCR amplification of the yrkF locus of JH1006 [using
primers 0854000 and 0854018 (Figure 2.1)] confirmed the insertion of the approximately

2000 bp erythromycin resistance cassette.

2.9. Overexpression and purification of YrkF and YrkF<"*

BL21(DE3) colonies (freshly transformed with yrkF overexpression plasmid
pVK2B) were grown overnight at 30 °C in 5 ml of LB media containing ampicillin. One
liter of LB/Ap was inoculated with the overnight culture and grown at 30 °C to log phase
(OD 0.2 — 0.4) under shaking at 100 rpm. YrkF expression was induced by the addition

of 0.4 mM isopropylthio-3-D-galactopyranoside (IPTG) for 2 to 3 h. Cells were
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harvested and washed with 50 mM NaCl, 25 mM Tris-HCI (pH 8.3). The cell pellet was
frozen at —70 °C until used for purification.

The cell pellet was thawed in a 14 ml cold solution of 50 mM Tris-HCI (pH 8.7)
and lysed by two passes through a French pressure cell at 12-16,000 psi at 4 °C. All
subsequent steps of the purification were performed at 4 °C, with the exception of the
chromatographic steps. The cleared lysate supernatant was collected after centrifugation
at 15,500 x g for 20 min. Addition of 1% (w/v) streptomycin sulfate for 10 minutes and
subsequent centrifugation at 14,000 x g for 30 min removed nucleic acids. The extract
was loaded onto a prepacked Waters quaternary methylamine Q-polymethacrylate (10 by
100 mm; Protein-Pak Q15HR 1000A) equilibrated at room temperature with a degassed
solution of 25 mM Tris-HCI (pH 8.7). After thorough washing, the column was
developed with a salt gradient from O to 0.3 M NaCl in the same buffer. Rhodanese
activity eluted in a major peak and a minor peak at approximately 0.15 M NaCl.

For further purification of YrkF, active fractions from both eluted peaks were
combined and treated with 1 mM DTT. The active fractions were then diluted 1:1 with 5
ml 25 mM Tris-HCI (pH 8.3), 1 mM DTT. The solution was applied to the anionic
exchange column equilibrated with 25 mM Tris-HCI (pH 8.3), 1 mM DTT. All column
solutions were degassed. A 0 to 0.3 M NaCl gradient in column buffer was used to
develop the column. YrkF eluted in one major peak at about 0.15 M NaCl.

Purification of the YrkF¢!**

variant protein followed the same procedure, but with
pFMut3-transformed host cells, and without the second chromatography step under

reducing conditions. The elution of protein from the anionic exchange column resulted in

one major peak with rhodanese activity.
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2.10. Polyacrylamide gel electrophoresis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed as described (142). Samples of YrkF and YrkF“* were analyzed by
electrophoresed after reduction with [3-mercaptoethanol, or without reduction, in gels
containing 12% or 15% polyacrylamide (w/v). The sample loading buffer contained 31.3
mM Tris-HCI (pH 6.8), 10% glycerol, 0.4% SDS and 0.0013% bromophenol blue with or
without 5% [-mercaptoethanol. In some cases proteins were treated with 2.5 — 5 mM
DTT to reduce disulfide bonds. The proteins were visualized with Fast Stain from Zoion

CI5A

Biotech, Inc. The molecular masses of the YrkF and YrkF subunits were estimated

by comparison of their mobilities with those of MW standards.

2.11. Assay of rhodanese activity

Rhodanese activity was assayed in a 0.5 ml reaction containing 10 mM
(NH4),SS0O3, enzyme or cell-free lysate, and 100 mM Tris-acetate (pH 8.6). The reaction
was started with the addition of 50 mM KCN, incubated at 25 °C for 3 min, and
terminated with the addition of 0.25 ml of 15% (v/v) formaldehyde. Color was developed
with 0.75 ml of ferric nitrate reagent [100 g of Fe(NO3); 9 H,O and 200 ml of 65%
HNOj; per 1500 ml]. After centrifugation of the reaction mixture, the A4ep of the sample
was determined using a control reaction (no enzyme) as the blank (40). One unit of
enzyme catalyzes the production of 1 pmole thiocyanate per minute and corresponds to
an Ay4eo change of 2.8 in this system.

Kinetic data of YrkF and the variant YrkF“'>* were generated by performing

rhodanese assays at various concentrations of thiosulfate for a number of fixed
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concentrations of cyanide. Rhodanese assays contained 0.167 and 0.194 pg of purified
YrkF or YrkF¢P A, respectively. With KCN concentrations above 50 mM, an increase in
pH was observed. To stabilize the pH of the reaction, a different buffer was used (200
mM Tris-glycine (pH 8.8)) and HC] was added to any reaction mix containing more than
50 mM KCN. The HCI concentration used at each concentration of KCN was
determined empirically such that pH was maintained at 8.8 (Table 2.3).

The inhibitory effects of certain anions on YrkF and YrkF<'>*

activity were also
examined. The reactions contained 200 mM Tris-glycine pH 8.8, 5 mM (NH4),SSOs, 30
mM KCN, and 0.167 pig or 0.193 pg of YrkF or YrkF“'**, respectively. Rhodanese

activities were determined at various concentrations of potassium chloride, potassium

sulfate, potassium phosphate, potassium acetate, and sodium sulfite.
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Table 2.3. Maintenance of rhodanese assay pH by addition of HCI

Concentrations of solutions in rhodanese assay

Concentration KCN (mM) Concentration HC1 (mM)?
200 125
175 110
125 70
100 50
75 35
65 30
50 25

* Values for the [HCI] were based on mock rhodanese assay solutions at which the pH stabilized at 8.8
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2.12. Disulfide cross-linking

Disulfide cross-linking experiments were performed with both YrkF and the

variant YrkF¢P4

to determine the interactions between the sole cysteine of the rhodanese
domain and the sole cysteine of the Ccdl domain. The cross-linking experiments were

used to determine if any intra- or intermolecular disulfide bonds could be formed in YrkF

or the variant protein and were based on published protocols (143-146).

2.12.1. Cross-linking with dibromobimane (bBBr)

The fluorogenic dibromobimane (bBBr) is a thiol-specific bifunctional cross-
linking reagent that can be used to determine approximate proximity of cysteine residues
within a protein. The alkylating groups of bBBr can cross-link thiol groups of cysteine
residues that are within 3-6 A of each other. The reagent becomes highly fluorescent
only when both alkylating groups have reacted and can be visualized using UV
transillumination (143, 144).

Purified YrkF and YrkF'** were removed from —70 °C and thawed on ice.
Before treatment with bBBr, each sample (500 pPL) was dialyzed in 1 L of degassed
buffer consisting of 50 mM Tris-HCI (pH 7.5) for 3 h using a Slide-A-Lyser® Dialysis
Cassette (PIERCE) to remove any residual DTT that may have been present after the
purification procedure. Approximately 45 pg of each of the dialyzed proteins was
incubated with 1.1 mM bBBr at 4 °C overnight. The samples were then analyzed on 15%
SDS-PAGE gel under both reducing (with 5% [-mercaptoethanol) and non-reducing (no

[B-mercaptoethanol) conditions. The gel was visualized for fluorescence using a UV
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transilluminator and photographed. The gel was then stained with Coomassie blue to

visualize the protein bands.

2.12.2. Treatment with Cu(1,10-phenanthroline),SO4 (CuPhen)
Disulfide cross-linking of cysteine residues in the purified proteins YrkF and the

variant YrkF¢P4

was induced by using the oxidizing agent Cu(1,10-phenanthroline),SO4
(CuPhen). CuPhen is a oxidizing agent that induces the formation of disulfide bonds in
proteins (145, 146). Before treatment with CuPhen, samples of YrkF and YrkF"* were
treated with 10 mM DTT for 1 h at 4 °C and dialyzed in 1L of 100 mM Tris-acetate (pH
8.6) overnight with 3 buffer changes to remove any residual DTT. After dialysis,
samples were assayed for rhodanese activity. This activity was considered to be the
activity of the fresh sample. Samples were then incubated at 4 °C for 72 h. After the
incubation at 4 °C, samples were treated with oxidizing agent CuPhen, reducing agent
DTT, or received no treatment in a final volume of 50 L. Oxidizing reactions contained
100 mM Tris-acetate (pH 8.6), 20 UM enzyme, and 0.4 mM CuPhen (prepared by the
addition of 4 PL of 10 mM 1,10-phenathroline (dissolved in ethanol) and 2 pL of 10 mM
CuSOy to the reaction mix). Reducing reactions contained 100 mM Tris-acetate (pH 8.6),
20 UM enzyme, and 5 mM DTT. No treatment (control) samples contained only enzyme
and buffer. All reactions were carried out at 37 °C for 30 min. Samples were then
assayed for rhodanese activity and compared that that of the fresh sample. Samples of
YrkF and YrkF“"** were analyzed in parallel for all steps.

The cross-linking of YrkF by CuPhen was also examined by SDS-PAGE.

Approximately 22 pg of YrkF was treated with 2 mM DTT for 45 min on ice to reduce
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all disulfide bonds. A portion of the sample was then treated with 0.4 mM CuPhen at 37
°C for 30 min. The remainder of the sample received no further treatment and was
incubated at 37 °C for 30 min. The samples of YrkF treated with CuPhen and YTkF left
untreated were then analyzed on 15% SDS polyacrylamide gels and visualized with

Coomassie blue reagent.

2.13. Mass Spectrometry

Two separate mass spectral studies were performed on YrkF and YrkF'**, The
first study used YrkF and YrkF'** fractions from the purification schemes mentioned in
the Methods (section 2.9). Both samples were subject to treatment with 4 mM DTT on
ice for 45 min then dialyzed overnight in 10 mM Tris-HCI (pH 8.0). These samples were
then incubated on ice for an additional 45 min before being precipitated with methanol.

The second study utilized a fraction of YrkF that was purified with DTT present
at all stages. This purification scheme differs slightly from that mentioned in section 2.9.
The sample of YrkFC!oA analyzed in this study was purified in the absence of DTT, as
described in section 2.9. The fractions of YrkF and YrkF“"** were subjected to the
treatments as described below in parallel for mass spectral analysis. Samples were first
incubated with 4 mM DTT for 45 min on ice, and then dialyzed in 1 L 10 mM Tris-HCI
(pH 8.0) for 2 h. After dialysis, the protein concentration was determined. About 2 nmol
of each protein was removed from the samples and immediately prepared for mass
spectrometry by methanol precipitation. The remaining DTT-treated samples were split
into two equal fractions. One fraction was incubated with 4 mM (NH4),(SSO3) and one

fraction was incubated with Na,SO3;. The samples were treated for 45 min on ice.
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Samples were again dialyzed as before and the protein concentration was determined
after dialysis. Approximately 2 nmol of protein sample was precipitated and washed, as
described below, and saved for mass spectral analysis.

Protein samples were precipitated using the following procedure. Five volumes
of cold methanol was added to the samples, which were then incubated on ice for 30 min.
Proteins were pelleted by microcentrifugation at 4 °C for 20 min and were subjected to
three 10-minute washes and microcentrifugation cycles with a 70% methanol mixture
(performed at 4 °C). The dried pellet was stored at 4 °C and later used for mass spectral
analysis.

After methanol precipitation, protein pellets were resuspended in 50% methanol,
10% formic acid at approximately 20 pmol/pL. The samples were analyzed using a
Thermo Electron TSQ Quantum mass spectrometer equipped with an electrospray source.
Samples were injected into the mass spectrometer at 3-5 P per min using a 250 pL
Hamilton gas-tight syringe. Spray voltage was 4000 volts, sheath gas pressure was 10
psi, capillary tube temperature was 270 °C, tube lens offset was 160 and the lens O offset
was -1.3. The machine had previously been tuned and calibrated using caffeine as a
standard. The m/z range from 550 to 1500 was scanned using Q1 with a 1.5 second scan
time and a peak width of 0.7. Data were collected for approximately 5 to 10 min and the
spectra were averaged using Xcalibur software. Deconvolution of the averaged spectra
was performed manually. The mass spectral analysis was graciously performed by Keith

Ray (Virginia Tech).
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2.14. Homology modeling of YrkF

2.14.1. Sequence alignments of templates

A BLASTP search using YrkF as the query sequence gave alignments to both the
rhodanese domain and the Ccd1 domain. E. coli GIpE (20% amino acid sequence
identity) matched the YrkF sequence representative of the rhodanese homology domain.
E. coli YhhP (37% amino acid sequence identity) served as the template for the C-
terminal Ccdl of YrkF. The PBD codes of the rhodanese homolog (GIpE) and the Ced1
homolog (YhhP) are IGNO and 1DC]J, respectively. Two pair-wise sequence alignments
(YrkF/GIpE and YrkF/YhhP) were obtained using the ClustalW (147) program at the

Biology Workbench website and visualized using the BOXSHADE program (148).

2.14.2. Constructing a model for YrkF

Two independent models, one for each domain, were constructed using the
program MODELLER (149, 150) under default parameters. 1GNO served as the template
for the rhodanese domain and 1DCJ served as the template for the Ccdl domain. The
program output 5 pdb files. The best-scoring (lowest energy) model for each of the two
domains were chosen and combined into one pdb file, which was used for all subsequent
procedures as the model for YrkF.

The LEaP module of AMBER 7.0 (151, 152) was used to slightly manipulate the
YrkF model. A peptide bond was created to connect the two domains between Ser*® and
Ser®! using the bond command. The bond command was also used to create a disulfide
bond between Cys15 and Cysl49. The twist command was used to twist the two domains

relative to one another until the cysteines were at a distance of about 6 A. The YrkF
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model was then solvated and Na* atoms were added to neutralize the system. AMBER

parameter files were saved in LEaP and used for subsequent analyses.

2.14.3. Energy Minimization of the YrkF model

The resulting solvated model for YrkF was then subjected to energy
minimization. Energy minimization was performed using Simulated Annealing with
NMR-Derived Energy Restraints (Sander) in AMBER. The minimization of the entire
system was performed for 300 steps using the steepest descent method. The procedure
was run under distance restraints for the disulfide and peptide bonds that were created of
4.0Aand 2.0 A, respectively. The system was held at constant volume with no scaling
pressure and at a constant temperature (300 K) after initial temperature scaling with a
non-bonded cutoff of 9.0 A.

After the initial minimization, the model was subjected to molecular dynamics
simulations to equilibrate the water and sodium ions of the system. Sander was used to
perform the MD simulations for 100 ps at a timestep of 2 fs with a non-bonded cutoff of
7.0 A. The temperature was held constant at 300 K for the entire simulation. SHAKE
was carried out to restrain bonds containing hydrogens. The resulting model was used to
carry out two more energy minimizations. The first minimization was performed on the
water and sodium ions under the parameters described above (without distance
restraints). A final minimization was run on the whole system under the parameters
described above. The subsequent model of YrkF was then subjected to final molecular

dynamics simulations and analysis.
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2.15. Molecular dynamics (MD) simulations of homology model

Molecular dynamics simulations were performed using the Sander program of
AMBER over a period of 2 ns. The model was heated to 300 K over the first 30 ps.
Over the next 50 ps, the system was equilibrated at constant volume. The rest of the MD
simulation was run at constant pressure. An average model was generated over the last
200 ps of the simulation. This model was then minimized using the steepest descent
method as described above to generate a final refined structure for YrkF.

A model of YrkF without a disulfide bond was constructed in the same manner.
This model was subjected to the same energy minimization procedures and same MD
simulations. Both models were analyzed visually using VMD (153) and the trajectories
from the MD simulations were processed using the ptraj/rdparm program. The models
were also subjected to analysis of the atomic fluctuation of amino acid residues. The root
mean squared deviation (RMSD) of the models were analyzed to determine the stability

of the model over the trajectory of the MD simulation.

2.16. Limited Proteolysis of YrkF

YrkF was subjected to limited proteolysis by endopeptidase Glu-C and then
analyzed by SDS-PAGE. YrkF (30 pg) was treated with endopeptidase Glu-C at ratios of
1:100, 1:800, 1:2400, and 1:8000 (Glu-C:YrkF, by weight) in 50 mM Tris-HCl (pH 8.3)
in a final volume of 90 pL. Reactions were incubated at 25 °C for various times.
Proteolysis was stopped by addition of 5 pL of reaction mixture to SDS loading buffer
containing [3-mercaptoethanol and boiling for five min. For samples indicating 0 min

proteolysis, 5 YL of the reaction mixture was added to SDS buffer and boiled
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immediately after addition of protease. YrkF samples subjected to proteolysis were
analyzed on 15% SDS-polyacrylamide gels and stained using Coomassie blue reagent to

visualize protein bands.
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CHAPTER THREE
Results

3.1. YrkF possesses rhodanese activity

The elucidation of the B. subtilis genome sequence (154) led to the discovery of
four genes predicted to encode rhodanese homologs. One of these genes, yrkF, was
predicted to encode a protein of 185 amino acids composed of a N-terminal Ccd1 and C-
terminal rhodanese domain. Vicky Konnyu, an undergraduate researcher in our lab,
initiated the work on YrkF by creating the expression vectors pVK2B and pVK3. These
vectors overexpressed yrkF in E. coli. Crude extracts of overexpressed E. coli cells were
assayed for rhodanese activity. It was found that rhodanese activity was elevated nearly
200 fold compared to induced cells containing the parent plasmid pT7-7. The results

indicated that YrkF has rhodanese activity.

3.2. Purification and activity assays of YrkF and YrkF¢"*

To date, none of the four predicted rhodaneses encoded by the B. subtilis genome
have been biochemically characterized. YrkF was overexpressed and purified in order to
characterize the rhodanese. Janet Donahue established optimal conditions for the
purification of YrkF and the following purification schemes were carried out in a
combined effort. YrkF eluted as two peaks of activity during the first chromatographic
step. Previous studies with the E. coli rhodanese PspE also revealed that the protein
eluted as two separate peaks, which were determined to be a sulfur-free and persulfide
form of the enzyme (155). Initial studies in determining the number of cyanolyzable

sulfur atoms associated with YrkF appeared to indicate, though did not conclusively
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prove, the presence of an extra sulfur associated with one of the peaks (data not shown).
To optimize the purification of YrkF, the active peak fractions were pooled, the protein
was reduced to one major form with DTT, and was rechromatographed. After this
chromatographic step, one major peak was eluted at about 0.15 M NaCl. From 1 L of
cell culture, the procedure recovered 10.9 mg protein, with 39% yield and 5.6 fold
concentration in activity (Table 3.1). The protein was more than 98% pure based on
visualization of protein by 12% SDS-PAGE.

The YrkF“"** variant was purified in an attempt to determine the role of Ccdl in

the activity of the enzyme. YrkFCA

was purified in the absence of DTT and required
only one chromatographic step. The variant eluted as one major peak of activity at about
0.15 M NaCl. Determination of the number of cyanolyzable sulfur atoms associated with
the enzyme indicated the possibility of an extra sulfur atom present, but again the data
were inconclusive (data not shown). From 1 L of cell culture, the procedure recovered
14.6 mg protein, with 51% yield and 4.0 fold concentration in activity (Table 3.1). The

variant was also more than 98% pure based on visualization of protein by 12% SDS-

PAGE (data not shown).
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Table 3.1. Purification of YrkF and YrkF®">? from B. subtilis.

YrkF
Step Vol (ml)  Protein (mg) Activity (U) Sp Act (U/mg) Yield (%) Fold Purification
Cleared lysate 13.3 96 1802 18.8 100 1
SSs* 13.8 84.3 2208 26.2 123 1.4
Anionic Ex 1 7.5 17.8 2026 114 112 6.1
Anionic Ex. II 4.5 10.9 708 106 39 5.6
YrkFC 15A
Step Vol (ml)  Protein (mg) Activity (U) Sp Act (U/mg) Yield (%) Fold Purification
Cleared lysate 13.8 101 2553 25.3 100 1
SSS* 14.2 84.5 2655 314 104 1.2
Anionic Ex I 4.5 14.6 1303 100 51 4.0

A Streptomycin sulfate supernatant
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3.3. SDS-PAGE reveals multiple forms of YrkF and YrkF“"**

During the purification of YrkF and YrkF©'*4, distinctive banding patterns were
observed on non-reducing SDS gels. After the first chromatographic step, the two peaks
of YrkF displayed separate banding patterns. One peak contained three bands (similar to
that observed in Figure 3.1 with no DTT) and the other peak consisted mainly of band 3
seen in Figure 3.1. The single peak of purified YrkF“"*2 revealed banding similar to that
seen in Figure 3.1 with no DTT. When treated with DTT, YrkF and YrkFCA migrated
as single bands displaying an apparent molecular mass of 28 kDa (band 2, Figure 3.1).
Band 2 presumably contains the fully reduced, denatured form of each enzyme. Analysis
of the purified fractions of YrkF or the variant, under non-reducing conditions, revealed
the presence of a disulfide-linked dimer in both preparations (band 1, Figure 3.1). YrkF
contained a third form (band 3, Figure 3.1) that migrated more rapidly. This form was
not present in YrkF“*A, Since YrkF“"** has only one cysteine residue (therefore, cannot
form intramolecular disulfide bonds) and treatment of YrkF with reductant eliminated

this form, band 3 was hypothesized to contain YrkF with an intramolecular disulfide

bond.
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FIG. 3.1. Fractionation of YrkF and YrkF¢"** on 12% SDS polyacrylamide gel.
YrkF and YrkF<** were analyzed on 12% SDS gels following treatment with 2.5 mM
DTT or without treatment. Under non-reducing conditions the proteins migrated as 2 or
3 distinct bands. The disulfide cross-linked dimer, fully reduced sulthydryl form, and
compact intramolecular disulfide cross-linked form are indicated as bands 1, 2, and 3,

respectively.

68



3.4. Chemical cross-linking of YrkF and YrkF“"**

The rapidly moving form of YrkF observed on the non-reducing SDS gel (band 3,
Figure 3.1) was predicted to be a compact form of YrkF resulting from the formation of
an intramolecular disulfide bond. The hypothesis was supported by the fact that
unreduced preparations of the C15A variant never contained this compact form. As a

149 of YTkF were located in close

result, it was further hypothesized that Cys15 and Cys
proximity to each other in the 3-dimensional structure of the protein. The fluorogenic
bifunctional alkylating agent, dibromobimane (bBBr), can be used to cross-link cysteine
residues in proteins when the thiol groups are within 3 — 6 A of each other (143, 144).
The enzyme cross-linked with bBBr is expected to be resistant to reduction by DTT or 3-
mercaptoethanol, whereas that cross-linked by disulfide bonds would be sensitive. It was
also hypothesized that cross-linking of the two cysteine residues would eliminate

rhodanese activity. Therefore, the effect of auto- and chemical oxidation (by copper

phenanthroline) on rhodanese activity of YrkF and YrkF“"** was examined.

3.4.1. Chemical cross-linking with dibromobimane

After treatment with bBBr and visualization of the gel by UV transillumination,
all three forms of YrkF (the compact form, the fully reduced sulthydryl form, and the
disulfide cross-linked dimer), as well as the two forms of YrkFCPA were fluorescently
labeled (Figure 3.2 A, lanes 1 and 2). Despite the non-specific fluorescence of the fully
reduced forms, the most intense fluorescent band was that of the compact form of YrkF
(Figure 3.2 A, lane 1). The intensity of fluorescence of the compact form of YrkF

relative to the amount of protein present seems to imply that the dibromobimane reagent
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cross-linked Cys15 and Cys149 successfully (Figure 3.2 A and B, lane 1). The inability to
generate a fluorescent compact form of YrkF'** is consistent with this conclusion.

Upon treatment with [3-mercaptoethanol, the untreated samples of YrkF and the
C15A variant migrated as the fully reduced sulfhydryl form (Figure 3.2 B, lanes 3 and 4).
The Coomassie stained gel revealed that YrkF and YrkF“"** subjected to bBBr treatment
were resistant to reduction by [3-mercaptoethanol, which suggested that the compact
(band 3) form and the dimer (band 1) are cross-linked with the bBBr reagent (Figure 3.2
B, lanes 1 and 2).

If the compact form observed in YrkF is due to an intramolecular cross-linkage,
then it is anticipated that its formation would be independent of protein concentration.
Therefore, a second experiment was performed to test the reactivity of bBBr forming
intramolecular cross-links at various concentrations of YrkF. The molar ratio of
YrkF:bBBr (1:40) in each reaction mixture was constant, but the volumes of the reactions
ranged from 13 pL to more than 400 pL. Thus, the concentration of YrkF varied more
than 30-fold. Following treatment, YrkF was precipitated with methanol using the same
procedure for mass spectrometry sample preparation (see Methods). The precipitated
protein was then dissolved in SDS-loading buffer and equal amounts of protein were
loaded into each well of the SDS gel. The results showed a relatively constant amount of
fluorescence for the compact form of YrkF, independent of YrkF concentration (Figure
3.3). Again, the Coomassie stained gel showed that YrkF incubated with bBBr was
resistant to reduction by -mercaptoethanol, indicating an intramolecular cross-link
(Figure 3.3). Together, these results suggest that bBBr reacts optimally with the two

cysteine residues of YrkF in forming an intramolecular cross-linked bridge with the
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reagent. Since bBBr functions optimally with thiol residues approximately 3 — 6 A apart,
the data suggest that Cys15 and Cys149 are in close proximity to one another. However,
the reagent was not 100% efficient in cross-linking YrkF, which suggests that the

distance between the two cysteine residues of YrkF fluctuates to greater than 6 A.
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FIG. 3.2. Cross-linking of YrkF and YrkF“'** with dibromobimane.

YrkF (lanes 1 and 3) and YrkFCA (lanes 2 and 4) were subjected to treatment with the
bifunctional cross-linking reagent bBBr (as indicated) followed by treatment with [3-
mercaptoethanol as described in the Methods. The proteins were visualized for
fluorescence on a UV transilluminator (A) and stained with Coomassie (B) following
electrophoresis on a 15% SDS polyacrylamide gel. The disulfide cross-linked dimer,
fully reduced sulthydryl form, and compact intramolecular disulfide form are indicated

with arrows as bands 1, 2, and 3, respectively. Several bands displayed in the C15A

lanes are apparently due to slight impurities in the sample.
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FIG. 3.3. Reactivity of YrkF to bBBr is independent of YrkF concentration.

YrkF was treated with bBBr at a constant molar ratio, but in different volumes of reaction
mix. Thus, the concentration of YrkF varied. After treatment with bBBr, YrkF was
precipitated and then dissolved in SDS-loading buffer. Equal pg of YrkF was added to
each well and electrophoresed on 15% SDS polyacrylamide gel in the presence of [3-
mercaptoethanol. YrkF was stained with Coomassie (top) and visualized for fluorescence
on a UV transilluminator (bottom). Lanes 1-6 represent YrkF in the presence of bBBr at
a constant molar ratio of 40:1 (bBBr:YrkF). The concentration of YrkF in reactions
analyzed in lanes 1-6 was 3.6 uM, 7.1 uM, 13.3 pM, 23.9 pM, 45.6 pM, 115 pM,

respectively. YrkF left untreated was analyzed in lane 7 at a concentration of 151 pM.
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3.4.2. Chemical cross-linking with Cu (1,10-phenanthroline)

Functional rhodanese proteins contain an active site cysteine persulfide as a
catalytic intermediate and, when isolated, often contain this persulfide. Oxidation of the
cysteine residues of YrkF or the C15A variant via disulfide bond formation would cross-
link the active site cysteine residues, essentially eliminating the active site persulfide and,
presumably, rhodanese activity. The effect of autooxidation and induced oxidation on
enzymatic activity was examined for YrkF and YrkF“'*A. CuPhen (Cu (1,10-
phenanthroline),SO,) is an oxidizing agent that induces the formation of disulfide bonds
(145, 146).

To examine the effect of autooxidation, the rhodanese activity of YrkF was
measured after incubation at 4 °C for 72 h. This sample was then treated with 0.4 mM
CuPhen or 4 mM DTT for 30 min at 37 °C to examine the effects of chemically induced
oxidizing and reducing conditions, respectively. The activity of YrkF decreased as an
apparent result of autooxidation (Table 3.2). However, the autooxidation appeared to be
reversible as treatment of YrkF with the reductant DTT resulted in the recovery of the
original rhodanese activity and indicated that the enzyme was not in a denatured state
(Table 3.2). The oxidizing reagent, CuPhen, appeared to further cross-link YrkF as
indicated by a decrease in the rhodanese activity (Table 3.2). However, about 40 % of
the rhodanese activity from CuPhen-treated samples was recovered over time in reducing
conditions, suggesting CuPhen did not render YrkF inactive due to denaturation of the
protein (data not shown).

The effect of CuPhen on the oxidation of YrkF was examined on SDS-PAGE.

YrkF was treated with 2 mM DTT to reduce any disulfide bonds. The reduced YrkF was
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then treated with 0.4 mM CuPhen at 37 °C for 30 min. YrkF treated with CuPhen and
Y1kF left untreated was analyzed on 15% SDS polyacrylamide gel (Figure 3.4). The gel
shows that YrkF treated with DTT was reduced (Figure 3.4, band 2). However, YrkF
samples treated with CuPhen were oxidized as indicated by the appearance of the dimer
(Figure 3.4, band 1) and the intramolecular cross-linked form of YrkF (Figure 3.4, band
3). These results are consistent with the hypothesis that CuPhen oxidizes the two
cysteine residues of YrkF, which then decreases rhodanese activity.

YrkF'** behaved similarly when subjected to the same treatments. The variant
enzyme was more prone to autooxidation, and treatment with the oxidizing agent CuPhen
increased oxidation as indicated by the decreased rhodanese activity of the enzyme
(Table 3.2). The activity of the variant was recovered upon treatment with reductant
(Table 3.2). The data from treatment of both enzymes suggest that autooxidation and
induced oxidation cause disulfide bond formation, which inhibits activity. Additionally,
the oxidation and inhibition of activity is reversible as treatment with reductant results in

CI5A

the recovery of activity. Furthermore, SDS-PAGE analysis of YrkF samples treated

with CuPhen indicated the enzyme was cross-linked by the reagent (data not shown).
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Table 3.2. Rhodanese activities of YrkF and YrkF“">* under oxidizing and reducing

conditions.
YrkF
Incubation Condition Specific Activity”
Fresh” 63.8
72h4°C 27.2
30 min, 37 °C CuPhen® 5.3
30 min, 37 °C DTT* 63.3
Y kECI5A
Incubation Condition Specific Activity”
Fresh” 31.1
72h4°C 6.9
30 min, 37 °C CuPhen® 3.4
30 min, 37 °C DTT? 52.2

# Standard rhodanese (as described in Methods) activity given in U/mg

® After removal from —70 °C, samples treated with 10 mM DTT and dialyzed overnight (See Methods)

0.4 mM CuPhen was added to sample treated at 4 °C for 72 h

45 mM DTT was added to sample treated at 4 °C for 72 h
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FIG. 3.4. Chemical cross-linking of YrkF by CuPhen.
YrkF was treated with 2 mM DTT to reduce the enzyme (band 2). YrkF was then treated
with 0.4 mM CuPhen at 37 °C for 30 min. YrkF treated with CuPhen displays the

oxidized dimer (band 1) and the intramolecular cross-linked form (band 3).
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3.5. Covalent sulfur modifications of YrkF and YrkF¢"A

Mass spectral analysis performed on the rhodanese PspE of E. coli yielded mass-
to-charge (m/z) ratios consistent with the hypothesis that the enzyme exists in both a
sulfur-free form and a stable persulfide form (unpublished lab data). However, other
apparent modifications to PspE included sulfite, thiosulfate, and polysulfide, presumably
on the active site cysteine, which were increased by treatment with thiosulfate. Mass

CI5A (4 determine the nature of the

spectral analysis was performed on YrkF and YrkF
active site cysteine in the “as isolated” YrkF and YrkFClSA, and to determine if active-site

cysteine could be readily modified in a stable state. Two separate mass spectral studies

were performed (Table 3.3). The two studies will be referred to as study I and study II.
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Table 3.3. Mass spectral studies of YrkF and YrkF<"*

Study I
Enzyme Purification Treatment Precipitation
YrkF DTT present in final step 4 mM DTT 45 min after dialysis®
YrkEC!SA DTT absent 4 mM DTT 45 min after dialysis®
Study II
Enzyme Purification Treatments Precipitation
YrkF DTT present throughout 4 mM DTT, Immediately after dialysis®

SO5%, or SSO5*

YrkFeA DTT absent 4 mM DTT, Immediately after dialysisb
SO3”, or SSO5™

* Dialyzed in 10 mM Tris-HCI (pH 8.0) overnight

b Dialyzed in 10 mM Tris-HCI (pH 8.0) for 2 h
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Results obtained from both studies indicate that YrkF with a cysteine persulfide is
a stable form of the enzyme (Figure 3.5). Interestingly, the results from the two studies
were slightly different. Study I revealed two charged species of YrkF, corresponding to
the sulfur-free and persulfide (+32.6 Da) forms (Table 3.4). The predominant species
was the persulfide form of the enzyme even after DTT treatment. However in study II,
YrkF treated with DTT or sulfite exhibited only one charged species, equivalent to the
sulfur-free form of YrkF in both cases (Table 3.4). YrkF from study II treated with
thiosulfate displayed two charged species. One species corresponded to the sulfur-free
form and one to the persulfide form (+31.5 Da), though the predominant species observed
was the sulfur-free form. Results obtained from study II were consistent with similar
studies involving RhdA (156). Surprisingly, complete removal of the persulfide sulfur
from YrkF in study I was not seen when treated with 4 mM DTT. These results are
noteworthy because treatment of RhdA with a low concentration of DTT (0.2 mM)

removed its persulfide sulfur (156).
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Study 1 Study 11

DTT SO SSO,2

DTT
>X< SH SH SH @ SH
(o) (ayesn (o "

Sulfur-free Sulfur-free Sulfur-free Sulfur-free

* SSH @ SSH

Persulfide Persulfide

Treatment

FIG. 3.5. Forms of YrkF consistent with data obtained by mass spectrometry.
Mass spectral studies I and II were performed following the indicated treatments (as described in the text). Rhd, catalytic thodanese

domain, SH, sulthydryl group, S, persulfide atom, *, YrkF sample in which DTT was present only during final purification step.
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Table 3.4. Mass spectral analysis of YrkF after various treatments.

Study I
Mass Difference
# of charged Calculated Molecular (modified-unmodified),
Treatment” species Mass, Da‘ Da
DTT 2 20656.1
20688.7 32.6
Study 11
Mass Difference
# of charged Calculated Molecular  (modified-unmodified),
Treatment® species Mass, Da“ Da
DTT 1 20656.6
Sulfite 1 20658.1
Thiosulfate 2 20657.0
20688.1 31.5

“DTT (1 mM) was present only during final stage of purification. Sample was dialyzed overnight and was
not immediately precipitated with methanol following dialysis.

b Samples were treated for 45 min on ice using 4 mM DTT, 4 mM sulfite, 4 mM thiosulfate.

¢ Average molecular mass was calculated based on the mass spectrum of each enzyme. Theoretical

molecular mass of YrkF is 20654.6 Da.

dprT (1 mM) present in all stages of purification. Samples were dialyzed for 2 h and were immediately

precipitated with methanol following dialysis.
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The mass spectral data for YrkF'** indicated that the variant was more readily
modified than YrkF (Figure 3.6). Analysis of YrkF“"*2 from study I displayed one
charged species consistent with the formation of a disulfide-linked dimer (Table 3.5).
The formation of dimers of YrkF'** in study I likely occurred as a result of not
immediately precipitating the enzyme after initial DTT treatment due to a longer dialysis
time. However, YrkF from study I displayed only monomer forms of the enzyme, which

C15A -

suggests that YrkF is more prone to oxidation than YrkF.

CI5A

Other treatments of YrkF (study II) revealed a number of different

modifications (Figure 3.6). Treatment of YrkFC5A

with DTT followed by immediate
methanol precipitation and analysis revealed one charged species that was consistent with
a sulfur-free form of the variant (Table 3.5). However, treatment with sulfite yielded
charged species corresponding the sulfur-free form and a form containing an additional
79.6 Da (Table 3.5). These results are consistent with the addition of a sulfite molecule
(80 Da) to the enzyme, presumably at the active site cysteine (Figure 3.6). Mass spectral

analysis of YrkECA

after treatment with thiosulfate also revealed two charged species
corresponding to the native enzyme and a +111.3 Da-species (Table 3.5). The results are
consistent with the addition of a thiosulfate molecule (112 Da) to the enzyme.

Furthermore, there was no indication that a stable persulfide formed on YrkFCSA

(Figure
3.6). These results suggest a persulfide sulfur form is more stable in YrkF and that

YrkF'** is more susceptible to other modifications of the active site cysteine.
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Study 1 Study 11

Treatment DTT SS0;2

DTT SO,
OO ®

Dimer Sulfur-free Sulfur-free Sulfur-free

Sulfite cap Thiosulfate cap

A A A

FIG. 3.6. Forms of YrkFC15A consistent with data obtained by mass spectrometry.

Mass spectral studies I and II were performed following the indicated treatments (as described in the text). Rhd, catalytic thodanese
domain, Ccdl, conserved cysteine domain 1, SH, sulthydryl group, SSOs, thiosulfate, SOs, sulfite, “A”, the Cys to Ala substitution in
VkEC15A
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Table 3.5. Mass spectral analysis of YrkF after various treatments.

Study I
Mass Difference
# of charged Calculated Molecular (modified-
Treatment® species Mass, Da“ unmodified), Da
DTT 1 41247.4°
Study II°
Mass Difference
# of charged Calculated Molecular (modified-
Treatment’ species Mass, Da“ unmodified), Da
DTT 1 20625.3
Sulfite 2 20625.4
20705.0 79.6
Thiosulfate 2 20626.0
20737.3 111.3

* DTT was absent during purification. Sample was dialyzed overnight and was not immediately
precipitated with methanol following dialysis.

b Samples were treated for 45 min on ice using 4 mM DTT, 4 mM sulfite, 4 mM thiosulfate.

¢ Average molecular mass was calculated based on the mass spectrum of each enzyme. Theoretical
molecular mass of YrkF"** is 20,622.6 Da

d Theoretical molecular mass of disulfide-linked dimer is 41,243.2 Da

° DTT was absent during purification. Samples were dialyzed for 2 h. Samples were immediately
precipitated with methanol following dialysis.
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Results from the mass spectral analysis of YrkF and YrkFCA suggest that the
Cedl Cys15 participates in stabilizing the enzyme. Cys15 apparently stabilizes the
cysteine persulfide of YrkF such that it is not susceptible to removal by DTT unless
subjected to prolonged treatment with the reductant (Figure 3.7). YrkF can regain the
cysteine persulfide sulfur with thiosulfate treatment, which is consistent with previous
reports on rhodaneses (Figure 3.7). Moreover, the variant, lacking Cysls, 1S more prone
to oxidation and has no indication of a possessing a stable cysteine persulfide at the
active site after DTT treatment (Figure 3.6). The variant is also more prone to covalent
modifications of the active site (Figure 3.8). These covalent modifications may be a result
of reactions with the disulfide-linked dimer form of YrkF'** (Figure 3.8). Since
YrkECA readily oxidizes to a dimer and thiosulfate and sulfite can reduce disulfide
bonds (3), the covalent modification of the active site by thiosulfate and sulfite could

theoretically occur via reactions with the disulfide bond of a YrkF"** dimer (Figure 3.8).
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In vivo In vitro

Prolonged
DTT SSH
SSH treatment SH
SH SH SH

SSO.> SO -

FIG. 3.7. Interpretation of mass spectral data for YrkF.
The above scheme is based on the results of mass spectral analysis of YrkF. Rhd, catalytic rhodanese domain, Ccdl, conserved

cysteine domain 1
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FIG. 3.8. Interpretation of mass spectral data for YrkF54,

FClSA

The above scheme is based on the results of mass spectral analysis of Yrk . Rhd, catalytic rhodanese domain, Ccd1, conserved

cysteine domain 1, “A”, the Cys to Ala substitution in YrkFCPA



3.6. Kinetic analysis of the YrkF and YrkF"**

The catalytic properties of rhodaneses have been well characterized. Theses
enzymes utilize a double-displacement (ping-pong) mechanism for the transfer of sulfane
sulfur from thiosulfate to cyanide in which the transferred sulfur is covalently bound to
the active site cysteine during the catalytic cycle (157). Rhodanese activities of YrkF
were determined at various concentrations of SSOg2' at a series of fixed concentrations of
CN' and vice versa. The primary plots of velocity versus concentration of thiosulfate and
cyanide displayed a normal hyperbolic response (Figure 3.9 A and B). The data from the
analysis of YrkF were fit to a double reciprocal (Lineweaver-Burke) plot (Figure 3.10 A).
The data from the activity measurements for YrkF fit an equation consistent with a ping-
pong mechanism (Figure 3.10 A). A secondary replot (Figure 3.10 B) of the apparent
Vinax Versus concentration of cyanide was used to calculate the apparent values for the K,
SSO3%, K,y CN', Vi, and the keg; of YrkF. The K,, for SSO3* and CN” of the wild type
were 1 mM and 30 mM, respectively. The V,,,, was estimated to be 156 pimol SCN"
produced/min/mg and YrkF showed a k., of 81 gt (Table 3.6).

Based on initial kinetic data, the C15A variant did not display evidence of a
double displacement mechanism. The primary plot of the velocity versus concentration
of thiosulfate displayed a normal hyperbolic response (Figure 3.11 A), whereas the plot
of the velocity versus cyanide concentration displayed a different response (Figure 3.11
B). The plot of velocity versus cyanide concentration indicates a sigmoidal response
between measured rhodanese activity and the cyanide concentration (Figure 3.11 B).
Since the kinetic data indicated that YrkF<">* did not behave properly in response to the

changing concentration of cyanide, the double-reciprocal replot was not consistent with a
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ping-pong mechanism (Figure 3.12). Therefore, it was not possible to predict the
catalytic mechanism of YrkF'** based on the kinetic data alone. However, the kinetic

parameters of YrkFCA

were estimated by reploting the apparent V., values versus
concentration of CN as was done for YrkF. The replots of the kinetic data for YrkECA
displayed apparent K,, values for CN" and SSO5* of 150 mM and 1 mM, respectively
(Table 3.6). The estimated values of the V,,,, and k.., of YrkFC2 were calculated to be
98 pmol SCN' produced/min/mg and 51 s respectively (Table 3.6).

Previous studies have shown rhodaneses to be susceptible to inhibition by sulfite
and other anions (158, 159). The presence of the anions phosphate, sulfate, acetate, and
chloride at an ionic strength of around 0.2 resulted in negligible decreases in rhodanese
activity for both YrkF and YrkFCPA (data not shown). The addition of 0.5 mM sulfite
reduced the activity of both enzymes by about 65% (Figure 3.13). These data suggest

that sulfite can compete with CN to accept sulfur from YrkF and YrkF<"** and

demonstrate that the enzymes are susceptible to product inhibition.
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FIG. 3.9. YrkF Kkinetic characterization, velocity vs. substrate concentration.

The kinetic data for the thiosulfate:cyanide sulfurtransferase activity of YrkF was

determined via rhodanese assays, as described in the text, containing 0.167 pg of protein.
Plot of velocity versus the concentration of (A) SSOs™ at various fixed concentrations of
CN or (B) CN at various fixed concentrations of SSO5%. (A) Concentrations of cyanide

30 mM (A), 40 mM (m), 65 mM (e). (B) Concentrations of thiosulfate 2 mM (x), 3 mM
(A), 5 mM (m), 20 mM (o).
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FIG. 3.10. Kinetic characterization of YrkF.

(A) The double-reciprocal replot of the rate of thiocyanate formed versus thiosulfate
concentration for YrkF. The concentrations of cyanide used were 30 mM (e), 40 mM
(A), and 65 mM (m). (B) The secondary double-reciprocal replot of the apparent Vimax

(y-intercept) from the data in panel A versus cyanide concentration.
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Table 3.6. Estimated kinetic parameters of YrkF and YrkF“'*%,
Parameter YrkF YrkFCA
K SSO5™ 1 mM 1 mM
K, CN 30 mM 150 mM
Vinax 156 pmol SCN/min/mg 98 pumol SCN/min/mg
Kear 815’ 51s’
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FIG. 3.11. YrkF®"* kinetic characterization, velocity vs. substrate concentration.

The kinetic data for the thiosulfate:cyanide sulfurtransferase activity of Yrk
determined via rhodanese assays, as described in the text, containing 0.193 pg of protein.

C15A
F was

Plot of velocity versus the concentration of (A) SSO;* at various fixed concentrations of
CN or (B) CN at various fixed concentrations of SSO5”. (A) Concentrations of cyanide

40 mM (A), 50 mM (m), 75 mM (e). (B) Concentrations of thiosulfate 1.5 mM (x), 2.5
mM (A), 5 mM (m), 10 mM (e).
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FIG. 3.12. Kinetic characterization of YrkF¢"*A,

Panel shows graph of the double-reciprocal replot of the rate of thiocyanate formed

0.7

versus thiosulfate concentration for YrkF. The concentrations of cyanide used were 40

mM (o), 50 mM (A), and 75 mM (m).
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FIG. 3.13. Inhibition of YrkF and YrkF“"** rhodanese activity by sulfite.

The activity of YrkF (A) and YrkFCoA (m) was determined in the presence of Na,SOs as
indicated. Reactions contained 200 mM Tris-glycine (pH 8.8), 5 mM (NH4),SSO3, 30
mM KCN, and 0.167 or 0.193 pg of YrkF or YrkFCA, respectively. Reactions mixtures

were incubated at 25 °C for 3 min and rhodanese activity was determined as described in

Methods.
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3.7. Homology modeling of YrkF

Attempts to crystallize YrkF using the hanging drop method under conditions
used to crystallize the rhodanese GIpE (160) were unsuccessful. However, a homology
model was developed for the enzyme based on solved structures for proteins homologous
to each of the two domains of YrkF. GIpE of E. coli (20% amino acid sequence identity)
was used as the template for the rhodanese domain, and YhhP of E. coli (37% amino acid
sequence identity) was used as the template for the Ccdl domain. The two domains were
independently modeled and then were connected by a six amino acid region of the protein
that was not homologous to either domain. The connecting region was hypothesized to
be a flexible tether region that connects the two domains. The two domains were
positioned relative to one another based on results of the bBBr experiment, which
indicated that the two cysteine residues are located in a close proximity to each other.
These data from the bBBr studies drastically decreased the degrees of freedom for the
position of the two domains relative to each other. Two separate models of YrkF were
developed and subjected to Molecular Dynamics (MD) simulations. One model
contained a disulfide bond connecting the two cysteine residues, and the other model did

not contain a disulfide bond.

3.7.1. YrkF without an intramolecular disulfide bond
A model for YrkF was generated based on the average structure of the final 200
ps of the MD simulations (Figure 3.14). The model shows the N-terminal Ccdl domain

and the C-terminal rhodanese domain connected via a flexible tether. After MD
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simulations, the distance between Cys15 and Cys149 increased from ~ 6 A to ~ 11 A. Each
domain was then compared to the structure of its template.

The Ccdl domain of YrkF was modeled on the basis of its alignment with the E.
coli protein YhhP. YhhP contains a Bafaff fold and forms a two-layered o/3 sandwich
(126). One layer is composed of the four (3 strands, and the other layer consists of the
two a helices. Katoh et al. also highlight the fact that these o helices show a slightly bent
conformation relative to one another (Figure 3.15). The Ccdl domain modeled in YrkF
shows many similarities to the structure of YhhP. The model indicates a Bapaff
topology like that of YhhP (Figure 3.15). Further examination reveals that the Ccd1
domain forms a hydrophobic core between the O helices, which are in the same bent
conformation seen in YhhP.

The structure of a typical rhodanese domain displays an a/f3 topology, with Q-
helices surrounding a central [3-sheet core (34, 39, 43). After MD simulations, the
rhodanese domain of the YrkF model displayed a structure with similar o/f3 structures
(Figure 3.16). The model of YrkF contained (3-strands in the hydrophobic center of the
enzyme flanked by a-helical structures and was comparable to the template GIpE (Figure
3.16).

The active site of YrkF is also comparable to GIpE, though the amino acid
composition is quite different. Both active site loops are located following a [3-strand and
proceed into an O-helix. Further examination shows that the active site loop of YrkF
displays a similar “cradle-like” fold characteristic of rhodaneses (34, 39). The active site
cysteine sulfur lies at the bottom of the shallow pocket created by the active site loop

(Figure 3.17). The structures of RhdA and GIpE reveal an active site cysteine persulfide
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that is stabilized by a hydrogen-bonding network composed of the main chain amide
groups, as well as by a strong positive electrostatic field produced by positively charged
residues in the active site loop (35, 39). The distance between the main chain amide
groups of the YrkF active site loop and Cys149 are similar to those observed in RhdA and
GIpE (data not shown). The model also suggests that the active site residues of YrkF

create a positive electrostatic field that could stabilize a persulfide sulfur (Figure 3.18).
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N-terminal

C-terminal

FIG. 3.14. Homology model of YrkF without a disulfide bond.

The active site loop of YrkF is shown in red. Cys'® and the catalytic Cys'* are labeled. Green, a-helices; Yellow, B-strands
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Ccdl domain

FIG. 3.15. Comparison of YhhP with the Ccd1 domain of YrkF model.
The template (YhhP) used to model the Ccdl domain of YrkF is indicated. Blue, O-helices; Red, B-strands. The N-terminal domain

of the YrkF model without a disulfide bond is also shown. Green, O-helices; Yellow, 3-strands

101



GIpE Rhodanese domain

FIG. 3.16. Comparison of GIpE with the rhodanese domain of the YrkF model.

The template (GIpE) used to model the rhodanese domain of YrkF is indicated. Yellow, a-helices; Purple, -strands. The rhodanese
domain of the YrkF model not containing a disulfide bond is also labeled. Green, O-helices; Yellow, [3-strands. The active site loop is
highlighted in red.
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Ccd1 domain

Rhodanese domain

FIG. 3.17. Surface representation of the rhodanese active site loop.

The surface of the active site loop of the rhodanese domain from the first YrkF model is shown. Cyan, carbon; Blue, nitrogen; Red,
oxygen; White, hydrogen; Yellow sulfur. A blue tube indicates the protein backbone and highlights the position of the active site
relative to the two domains.
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FIG. 3.18. Zoomed-in image of the rhodanese and Ccdl1 interface including the active site loop.

The interface between the Ccd1 domain and the rhodanese domain of the first YrkF model is shown on the right. In the surface
representation shown in the red box: Blue, positively charged residues; Red, negatively charged residues; White; polar residues;
Green; non-polar residues. Cys15 and Cys' ? are indicated.
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3.7.2. YrkF with an intramolecular disulfide bond

A model of YrkF containing a disulfide bond was generated based on the final
200 ps of the MD simulations and evaluated (Figure 3.19). The overall structure of YrkF
was conserved relative to the model without a disulfide bond. The N-terminal Ccd1
domain contained a a/f3 topology similar to that seen in the first model and the a-helices
were in the same bent conformation as before (Figure 3.19). However, the C-terminal
rhodanese domain of the disulfide cross-linked model became slightly more unraveled.
Some of the a-helices and one [3-strand are not as well defined in the cross-linked model
as in the non-cross-linked model (Figure 3.19).

The cross-linked model also contained an active site fold similar to that of the first
model. The distance between the main chain amide groups and the Cys149 were similar
and the active site loop adopted a “cradle-like” shape. However, the disulfide bond
caused a conformational change of the active site loop relative to the Ccdl domain
(Figure 3.20 A). The YrkF model without a disulfide bond present shows the active site
pocket pointing down and away relative to the core of the Ccdl and rhodanese domains
(Figure 3.17). As a result of the disulfide bond, the active site pocket of the second YrkF
model aligns directly with the Ccd1l domain and causes a greater interaction to occur at
the domain interface (Figure 3.20 B). However, these results are to be expected by the
introduction of a disulfide bond and may illustrate one reason for a decrease in activity
observed in oxidized YrkF.

Crystal structures of tandem repeat rhodaneses (RhdA and bovine rhodanese)
show that the two domains are orientated relative to one another on a 2-fold axis

connected by a linker peptide (35, 43). Therefore, there is precedence for modeling YrkF
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as two independently-folded domains, facing one another and connected via a peptide
linker. Moreover, the structures of the models for YrkF are consistent the results
observed from cross-linking experiments. Dibromobimane experiments suggest that
Cys15 and Cys149 are within 3 — 6 A of one another. Therefore, the position of the two
domains relative to one another is likely correct for the YrkF model. Additionally, the
position of the cysteine residues and the presence of a flexible loop would facilitate the
formation of the cross-linked forms of YrkF observed in the bBBr and CuPhen
experiments and the SDS gel analysis under non-reducing conditions. Finally, the
position of the positively charged residues in the model of the active site is consistent

with the hypothesis that a stable persulfide sulfur can form on YrkF.
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FIG. 3.19. Homology model of YrkF containing a disulfide bond.

The model of YrkF shown contains a disulfide bond, though not represented. The active site loop is highlighted in red and Cys'> and

149

Cys ™ are indicated. Green, O-helices; Yellow, -strand
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Rhodanese active site ¢

FIG. 3.20. Surface representation of the rhodanese active site loop in the second YrkF model.

The second YrkF homology model contained a disulfide bond between Cys'> and Cys'* (active site cysteine). (A) Rhodanese active

site shown as surface representation. Cyan, carbon; Blue, nitrogen; Red, oxygen; White, hydrogen; Yellow, sulfur. The protein
backbone is shown as a Ii)urple tube. (B) Close-up view of the active site loop and the Ccdl domain interface. Both Cys'" and Cys'*®
are shown, but only Cys % is labeled
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3.8. Limited Proteolysis of YrkF

When developing the YrkF homology model, it was hypothesized that the two
domains are connected via a flexible loop region of about six amino acid residues that do
not align with either template (Figure 3.21). If the region encodes a flexible loop
connecting the two domains, then the residues within the loop should be exposed to
solvent and may be readily accessible to proteases. To test this possibility, limited
proteolysis of YrkF was carried out using glutamic acid endopeptidase (Glu-C) from
Staphylococcus aureus V8. There are two glutamic acid residues (Glu”® and Glu®) that
lie within the proposed flexible loop highlighted in Figure 3.21.

The homology model predicts that seven of the 23 Glu residues of YrkF are
exposed to solvent, with the other residues located within the globular region of the
protein. These seven residues are shown in Figure 3.22 A. The molecular masses of
peptides resulting from Glu-C cleavage at each of these particular residues were
calculated (Figure 3.22 B). Since undigested YrkF moves abnormally slowly on SDS-
PAGE, it is impossible to assign exact masses to the peptide bands on the SDS gel
(Figure 3.22 C). However, the observed banding pattern suggested YrkF was initially
cleaved at three different sites at equal rates. Two of the cleavage sites create one large
fragment (I and III) and one small fragment (I and IV). The third cleavage site generates
peptides of near equal mass (V and VI) (Figure 3.22 C).

Analysis of the SDS-gel indicates cleavage at two separate sites that generate
large peptide fragments (I and III) and their respective smaller fragments (II and IV).
The size of the large peptide fragment that would be generated by cleavage at Glu™

would be relatively consistent with the migration band I and the small peptide would be
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consistent with band II (Figure 3.22 B and C). Cleavage at Glu®/Glu®” would generate
two peptide fragments with sizes that would be consistent with bands III and IV (Figure
3.22 B and C). However, whether cleavage occurs at Glu® or Glu®’ cannot be
distinguished based only on the SDS gel.

The migration of bands V and VI are consistent with cleavage at a residue that
would generate two peptides of similar sizes. Proteolytic cleavage at Glu’™®, Glu**, Glu'?,
or Glu'* could generate two peptides consistent with bands V and VI (Figure 3.22 B).

103

Cleavage at Glu”® or Glu™ is considered most likely, since cleavage at Glu "~ would

generate peptides very similar in size (differing by only 1835 Da (Figure 3.22 B)) and

cleavage at Glu'*

would generate fragments quite different in size (4400 Da, Figure 3.22
B). The residue at which cleavage occurs cannot be determined unequivocally since the
exact sizes of the peptide bands on the SDS gel are unknown. Nevertheless, cleavage at
residue Glu’® or Glu™ (two residues within the proposed flexible loop) would generate
bands consistent with those observed in Figure 3.22 C. Therefore, the results suggest the
presence of a readily cleavable flexible loop even though there is no conclusive evidence

that cleavage occurs at Glu”® or Glu™. Mass determination or N-terminal sequencing of

the peptide bands could resolve the issue.

110



YhhP/Y1kF alignment
MTDLFSSPDHT LGLRCPE MVRETVRNMOQPGETLLIIADDPATTRDIPGFCTFME
----MMEKATIV KGLACPMPIVKTKKRMKDLKAGEVLEIHATDKGSTADLEAWAKSTG

LVAKETDGLPYRYLIRKGG------ YhhP
YLGTEAEGEILRHFL EHSSEN YrkF

GIpE/YrkF alignment
GIpE ------ MDQFECINVADAHQKLQEKEAV-LVDIRDPQSFAMG
YrkF EHSSENASSIPELSLEAFK DSDESLNIL EIEEYEK

YSIDG
INVVP

YDV
FKK

QYLLQ
RTMKK

AVOAFHLTNDTLGAFMRDNDFDTPVM YHGNSSKG FEA
IPGVVHIPLGEVEKRANELNENDEIYIICHSGRRSEM MRD
QRQFP
TGKTE

FIG. 3.21. YrkF sequence alignment with YhhP and GIpE reveals proposed flexible loop region.

The region hypothesized to be the flexible loop of YrkF is shown with red arrows. The sequences are colored as follows: Green,
completely conserved residues, Cyan, similar amino acid residues, Yellow, no alignment with the template.
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FIG. 3.22. Limited Proteolysis of YrkF with Glu-C.

YrkF was subjected to proteolysis with Glu-C at ratios of 1:8000, 1:4000, and 1:2400 (Glu-C:YrkF) as described in the Methods. (A)
YrkF homology model highlighting glutamic acid residues 33, 65, 67, 78, 82, 103, and 114 that are predicted to be solvent exposed.
(B) Sizes of expected peptides if Glu-C cleaved at one of the sites highlighted in panel (A). The fourth column matches the predicted
fragment sizes with protein bands on gels in panel (C). (C) A 15% SDS-polyacrylamide gel. Roman numerals correspond to the
peptide fragments indicated in panel (B). Time of exposure to protease is indicated at the bottom of each gel. M, molecular weight
marker; C, control (no protease added).
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3.9. Isolation and characterization of a yrkF mutant

The biosynthetic pathways of many sulfur-containing cofactors and tRNAs have
yet to be completely elucidated. Since biosynthesis of sulfur-containing cofactors
requires sulfurtransferase activity, rhodaneses have been hypothesized to participate in
production of these compounds. In fact, the rhodanese-containing protein Thil has been
shown to be essential for thiamin biosynthesis in E. coli (50, 87). Additionally,
rhodanese domains are often found fused to MoeB homologs. Studies have revealed that
the rhodanese domain of these proteins is essential for their in vitro activity and suggest a
possible role of rhodaneses in molybdopterin synthesis. To date, the complete
biosynthetic pathways of these S-containing cofactors in B. subtilis have not been
established. Therefore, it was hypothesized that YrkF may be needed for synthesis of
sulfur-containing cofactors in vivo. To test the hypothesis, a yrkF' mutant was created.
The chromosomal yrkF gene was disrupted by the insertion of an erythromycin (Er")
cassette in the middle of the gene as described in the Methods and Materials. PCR
amplification of the yrkF locus of JH1006 confirmed the chromosomal insertion of the
2000 bp Er’ cassette (Figure 3.23).

B. subtilis has the ability to grow on nitrate or nitrite as its sole nitrogen source
aerobically as well as anaerobically (161, 162). Under aerobic conditions, B. subtilis
converts nitrate or nitrite to ammonium by way of assimilatory nitrate and nitrite
reductases, which are distinct from the dissimilatory nitrate and nitrite reductases
responsible for growth in anaerobic environments (161, 162). One of the cofactors
required by nitrate reductase is the sulfur-containing molybdenum cofactor (161, 162). If

Y1kF is essential for molybdenum cofactor biosynthesis, then the yrkF mutant should not
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be able to grow on nitrate as its sole nitrogen source. In order to establish whether YrkF
is required for molybdenum cofactor biosynthesis, a yrkF mutant (JH1006) was plated on
glucose minimal medium in the presence of ammonium or nitrate as the sole nitrogen
source. The yrkF mutant and the wild type grew equally well on both nitrogen sources.
Since B. subtilis mutants deficient in nitrate reductase are unable to grow on nitrate as the
sole nitrogen source (161, 162), the results indicate that yrkF' is not essential for the
biosynthesis of molybdenum cofactor. The ability of the mutant to grow on
unsupplemented minimal media also indicates that YrkF is not required for the
biosynthesis of the other essential sulfur-containing cofactors (thiamin, biotin, and lipoic
acid) or amino acids.

If YrkF contributes to the overall rhodanese activity of B. subtilis, then it is
anticipated that cellular extracts of the yrkF’ mutant would have lower rhodanese activity
than that of the wild type. Comparisons of rhodanese activity in the wild type (PS832)
and JH1006 revealed an apparent decrease in activity. The mutant contained about 84%
of the activity contained in the wild type strain (the specific activity of rhodanese extracts
of PS832 and JH1006 was 0.84 + 0.10 and 0.70 + 0.03, respectively). The loss of yrkF
and concomitant decrease in overall rhodanese activity suggests that YrkF is a functional
rhodanese protein in actively growing cells. However, the results also indicate that there
is another enzyme or enzymes in B. subtilis that contributes the majority of the rhodanese

activity of the cell.
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FIG. 3.23. PCR verification of yrkF chromosomal disruption.

The B. subtilis chromosomal disruption of yrkF was verified by PCR using chromosomal DNA from the wild type and the yrkF
mutant (JH1006) as templates (see Methods). Homologous recombination used for construction of the mutant is shown on the left.

Double arrows show the expected sizes of the PCR products. Analysis of PCR reactions by agarose gel electrophoresis is shown on

the right. Lane M, molecular weight marker, lane WT, wild type, lane JH1006, yrkF' mutant.
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CHAPTER FOUR
Discussion

4.1. Physiological roles of rhodaneses

The physiological role of rhodaneses was originally believed to be the
detoxification of cyanide (163). However, it is now evident that rhodaneses have a wide
variety of functions and play significant roles in normal cellular metabolism. In addition
to their possible role in detoxifying cyanide, evidence suggests rhodaneses may function
in forming or repairing [Fe-S] centers in proteins (156, 164, 165) and modifying sulfur-
containing enzymes, thereby regulating their activity (166, 167).

Two proteins from E. coli that contain the rhodanese domain, YbbB and Thil,
have been shown to be essential for modifications of nucleosides in tRNA (49, 50).
YbbB is required for the conversion of 2-thiouridine to 2-selenouridine in tRNA. The
active site cysteine of the rhodanese homology domain was found to be essential for
selenium transfer from selenophosphate during the tRNA modification reaction (49).

36 of Thil is critical for the biosynthesis of s*U

Additionally, rhodanese active site Cys
(50). Furthermore, the C-terminal rhodanese domains of MoeB homologs MOCS3
(human) and CnxF (A. nidulans) have been shown to be essential for sulfur incorporation
during MPT synthesis in vitro and in vivo (51, 124). Recent findings also suggest that a
single-domain rhodanese functions during MoCo biosynthesis in Nicotiana tabacum

(168). This significant finding indicates that rhodaneses can have biologically-important

functions as stand-alone proteins, as well as modules within multiple-domain proteins.
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4.2. Characterization the rhodanese YrkF

4.2.1. General characteristics of YrkF

E. coli serves as an excellent bacterial model system for studying the
physiological roles of enzymes, but its genome sequence predicts eight rhodanese
paralogs. However, the B. subtilis genome predicts only four rhodaneses (YtwF, YghL,
YbfQ, and YrkF). Moreover, initial characterization of all four rhodaneses in B. subtilis
indicates that only two (YtwF and YrkF) contain rhodanese activity in vitro (unpublished
data). Therefore, using B. subtilis as a model system for studying the physiological
functions of rhodaneses may be more straightforward due to a lower chance of genetic
redundancy. The novel domain architecture of YrkF and the indication that cellular
rhodanese activity decreases in yrkF mutants suggest that the protein may provide an
important cellular function.

The first B. subtilis rhodanese to be characterized, YrkF offers an example of a
novel protein that contains a single C-terminal rhodanese domain fused to an N-terminal
Ccdl domain. Interestingly, a gene encoding another Ccd1l homolog, yrkl, is located in
the immediate vicinity of yrkF. Though Ccd1 has no known biochemical function,
according to the COG database (169), a protein containing Ccdl is a “predicted redox
protein; regulator of disulfide bond formation”. Like the rhodanese domain, Ccdl
(COGO425) is found by itself or as a module in a variety of proteins containing multiple
functional domains. An example of a Ccd]1 fusion includes a C-terminal extension to an
IscS homolog in Streptomyces coelicolor. Ccdl is also found sandwiched between a
rhodanese domain and a Ccd2 (similar to peroxiredoxin) domain at the C-terminus of a

protein containing a NADH-disulfide reductase domain in Fusobacterium nucleatum.
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The rhodanese-Ccd1-Ccd2 architecture is also found in proteins in Staphylococcus
aureus (Figure 1.2).

YhhP, one of three single-domain Ccd1 homolog in E. coli, displays structural
similarity to many nucleic acid-binding proteins, including the C-terminal domain of IF3
(129), the R3H domain (170), and the predicted structure of the apparent RNA-binding
domain (THUMP) of E. coli Thil (123). Thil is essential for the synthesis of 4-
thiouridine in tRNA, and utilizes a rhodanese module within the protein to facilitate
sulfur transfer to the uridine (50). Though Ccdl homologs display structural homology
to RNA- and DNA-binding proteins, there is no evidence to suggest YrkF binds nucleic
acids. Preliminary data from gel-shift mobility assays indicate that YrkF does not bind
tRNA. Additionally, the initial step in the purification of YrkF includes the precipitation
of nucleic acids by the addition of streptomycin sulfate. If YrkF bound to nucleic acids,

then it would likely precipitate with the addition of streptomycin sulfate.

4.2.2. Regulation of YrkF expression

Global analysis of expression of the bacterial transcriptome and proteome under
stress conditions can be useful in understanding regulation of a particular gene.
Discovery of altered gene expression in response to a particular growth condition or
stress may provide clues regarding physiological function. The expression profile of the
B. subtilis genome has been analyzed under various growth conditions including heat,
salt, oxidative, and disulfide stress. Specifically, transcription of yrkF is significantly

induced in response to heat in wild type (9 fold induction) and in 6° (general stress factor
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in gram-positive bacteria) mutants (6.1 fold induction), and under ethanol stress in o”
mutants (5.7 fold induction) (171).

B. subtilis was also studied under oxidative stress conditions. When stressed with
peroxide or superoxide, YrkF showed no apparent induction (172). However, when
treated with diamide, a chemical that induces disulfide bond formation and thus creates
disulfide stress in bacteria, the putative yrkDEF and yrkHI operons were strongly induced
especially at later times of treatment (30 to 50 min) (173). It is interesting to note that
after 50 min under disulfide stress conditions, both YrkF and YrkI were strongly induced
(20 to 115 fold, respectively) (173). Disulfide stress is a form of oxidative stress that
results in formation of non-native disulfide bonds on proteins. Disulfide bonds can cause
misfolding of proteins and affect their overall function in the cell. Redox-active cysteine
residues within proteins, such as thioredoxin, may play an important role in breaking
these non-native disulfide bonds and in controlling damage during disulfide stress (173).
Interestingly, thioredoxin, thioredoxin reductase, and other thioredoxin-like proteins were

strongly induced by disulfide stress throughout the entire treatment (173).

4.2.3. Physical characteristics of YrkF

Typical rhodaneses cycle between a sulfur-free and a persulfide form during
catalysis. Data from kinetic and mass spectral analyses suggest YrkF behaves similarly.
Kinetic analysis indicated YrkF catalyzes the transfer of sulfur from thiosulfate to
cyanide using a ping-pong mechanism. In this typical rhodanese-catalyzed mechanism
(Figure 4.1 A) YrkF removes sulfur from thiosulfate to create an active site cysteine

persulfide. The cysteine persulfide sulfur is then transferred to the sulfur-accepting
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molecule cyanide. Dithiols such as DTT can also accept the sulfur from YrkF with
subsequent formation of sulfide and oxidized DTT (data not shown).

Structural analysis of RhdA indicates that the enzyme purified in the absence of
thiosulfate is expressed as a stable persulfide form (RhdA-S), which is thought to be
stabilized by a strong positive electrostatic field generated by the active site residues and
main-chain amide groups (35). Soaking RhdA-S in moderate concentrations of cyanide,
DTT, or sulfite removes the persulfide and partially inactivates the enzyme, suggesting
that RhdA-S is the native, active form of the enzyme. Thus, it has been proposed that
RhdA-S accepts a second sulfur from thiosulfate during catalysis (38). Crystallization of
bovine rhodanese (RhoBov) in the presence of high concentration thiosulfate revealed the
presence of a thiosulfate molecule within 2 to 3 A of the catalytic persulfide-containing

Cys247 (47). The binding of thiosulfate in the active site appears to be facilitated by the

247

location of Arg186 close to Cys™" (47). However, it was not determined if the thiosulfate

molecule was covalently bound to Cys247

or bound only by electrostatic interactions. The
location of the thiosulfate molecule does suggest the possibility of RhoBov proceeding

through a catalytic mechanism where the active, sulfur-accepting form of the enzyme

contains a cysteine persulfide (47).
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A

SO, YrkF—Cys¥S§- CN-
SSO > YrkF—Cys!4S- SCN
B

SO, YrkF—Cys!¥SSS- CN-
SSO5* YrkF—Cys!49SS- SCN-

FIG. 4.1. Rhodanese catalytic mechanism for YrkF.
Mechanism for the thiosulfate:cyanide sulfurtransferase reaction catalyzed by YrkF in the

sulfur-free form (A) and the persulfide form (B).
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Mass spectral analysis of YrkF indicated the presence of a sulfur-free form (YrkF)
and a stable persulfide form (YrkF-S). However, there was no indication of a covalently
bound thiosulfate molecule in YrkF as proposed by the crystal structures of RhoBov (47)

. CISA
or as observed in YrkF

mass spectral analysis. Prolonged incubation of purified
YrkF in DTT or sulfite removed the persulfide sulfur and incubation in thiosulfate
regenerated modest amounts of the active site persulfide. Preliminary kinetic data also
suggested that incubation of YrkF in KCN prior to assaying for activity slightly inhibited
the enzyme (data not shown). These data agree with results that were observed for
RhdA-S and raise the possibility that the persulfide form of YrkF is the active enzyme
(Figure 4.1 B).

However, a more in depth analysis of the results would tend to favor a mechanism
in which the sulfur-free form of YrkF is the native, active form of the enzyme. Prolonged
treatments with cyanide can ultimately cause an enzyme to denature (Dr. Walter Niehaus,
personal communication). Therefore, treatment of YrkF with cyanide may show
apparent inhibition of the enzyme, not due to release of the active site persulfide, but due
to denaturation of the enzyme. Furthermore, YrkF was often treated with DTT at high
concentrations for prolonged periods of time before activity assays. There was no
evidence that this treatment led to inhibition of the rhodanese activity and in fact DTT
treatment often increased activity. Therefore, the mechanism for the sulfur transfer from
thiosulfate to cyanide catalyzed by YrkF in the rhodanese assay likely proceeds as
indicated in Figure 4.1 A.

One mass spectral study indicated the presence of both the sulfur-free YrkF and

YrkF-S after DTT treatment. These results are different from those obtained after similar
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treatments of RhdA and RhoBov. The presence of YrkF-S even after DTT treatment

9 of YIkF is highly stable. The active site

suggests the sulfane sulfur bound to Cys
sequence of YrkF is similar to that of RhdA in that both contain multiple positively
charged residues that would create a strong positive electrostatic field. The homology
model of YrkF suggests that the active site of YrkF could form a network of strong
positive electrostatic interactions to help stabilize a persulfide (Figure 4.2 A). The active
site of RhdA also shows that the persulfide is stabilized by the surrounding positive
charge (Figure 4.2 B). However, the predicted architecture of the active sites alone does

19 of YrkF forms a more stably bound persulfide than

not explain the possibility that Cys
Cys230 of RhdA. One possibility is that the sulfur atom is bridged between Cys15 and

Cys'* of YrkF.
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FIG. 4.2. Surface representations of the YrkF and RhdA active sites.

The YrkF (A) and RhdA (B) active sites are represented as surface models. Green, polar
residues; Blue, positively charges residues; Red, negatively charged residues; white;
polar residues; Yellow, sulfur atom of cysteine. The two cysteine residues of YrkF are
indicated. The respective ribbon structure, highlighting 0-helices and [3-sheets, of each

protein is also shown.
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On the other hand, analysis of the YrkF'** variant revealed distinct differences
that may reflect the importance of the Ccdl cysteine residue for normal enzymatic
function or structural stability. Mass spectrometry and cross-linking experiments show
that the variant is more prone to oxidation via the formation of disulfide cross-linked
dimers. Incubation of YrkF'** in thiosulfate or sulfite yielded covalent modifications,
presumably of the active site cysteine, by the respective anion. Furthermore, the presence
of a persulfide form of the variant (YrkF“*A-S) was never detected by mass spectrometry
after treatment with DTT, sulfite, or thiosulfate. These results suggest substitution of
Cys15 with Ala causes YrkF“"** to become more oxidation sensitive and possibly
destabilizes the active site persulfide.

Though the variant displayed rhodanese activity, repeated kinetic analyses never
yielded data that was consistent with a ping-pong mechanism typical of rhodaneses.

CISA __ .1:
utilizes a

However, there is no convincing evidence that would suggest YrkF
mechanism other than ping-pong, and it is unlikely that the mechanism of the enzyme
completely changes by substitution of an amino acid residue not located directly within
the active site loop. Therefore, it is more likely that the catalytic mechanisms of YrkF
and YrkF"** both proceed as ping-pong. The Cys15 to Ala substitution changes some
aspect of the protein that causes a difference in the cataylsis of YrkF“'"*A, Since mass
spectral data obtained for the variant indicated that the enzyme did not contain a stable
persulfide, then the catalytic differences between the two enzymes may be a result of a

change in the stability of the active site cysteine persulfide due to the effects of the Cys to

Ala substitution.
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Kinetic analysis of YrkpeA

reveals substrate dependency curves that indicate the
possibility of cooperativity between cyanide concentration and the activity of the enzyme
(Figure 3.11 B). Further analysis of the kinetic data reveals that at lower concentrations
of cyanide the activity of YrkF'** is much lower than that of YrkF (Table 4.1).
Therefore, double reciprocal plots of the data were non-linear and typical ping-pong
kinetics were not observed. However, when the concentration of cyanide was high,
YrkECA displayed activity comparable to YrkF (Table 4.1). These data can be
explained if the sulfur transferred onto Cys149 of YrkF* is highly unstable relative to

the sulfur transferred onto Cys149

of YrkF. At high concentrations of cyanide, the
enzyme is saturated with substrate and can readily donate its persulfide sulfur, even if the
persulfide sulfur atom is unstable (Figure 4.3 A). However at lower concentrations of
cyanide, the unstable persulfide sulfur easily leaves the enzyme active site (possibly
forming elemental sulfur) causing the efficiency of sulfur transfer to cyanide to decrease
(Figure 4.3 B). The competing process that occurs due to the destabilization of the

persulfide sulfur causes YrkF'** rhodanese activity to be lower than expected, which

gives the appearance that the mechanism deviates from ping-pong.
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Table 4.1. Rhodanese activities of YrkF and YrkF¢!**

20 mM SSO;™
[CN](mM) Sp Act. YIkF (U/mg)  Sp Act. YrkF“"™* (U/mg) Ratio®
65 98.0 101.2 1.03
40 82.9 59.8 0.72
30 68.6 38.2 0.56
5 mM SSO3>
[CN](mM)  Sp Act. YIkF (U/mg)  Sp Act. YrkE®'** (U/mg) Ratio®
65 90.8 95.0 1.05
40 77.9 57.4 0.74
30 69.4 33.3 0.48

* (Specific activity YrkF“**/Specific activity of YrkF)
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CN- CN-
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SSO,>
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S
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A

FIG. 4.3. Scheme for transfer of an unstable persulfide to cyanide in YrkF“'>4,

The following scheme highlights the transfer of the sulfane sulfur (red) to cyanide (blue)
at high (A) and low (B) concentrations of cyanide. (A) An unstable sulfur atom is
transferred to cyanide at high concentrations. (B) At low concentrations of cyanide, the
activity of Yrkp©A appears to be lower due to a competing process in which the unstable

persulfide sulfur atom leaves the enzyme and is not transferred to cyanide.
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The differences observed between YrkF and the variant suggests that substitution
of Cys15 affects the overall function of the enzyme by changing the stability of the active
site persulfide, the stability of the enzyme, or both. One possible explanation for the
apparent effects of the Cys to Ala substitution is that introduction of a hydrophobic
residue in a location near the active site changes the fold of the protein or the ability of
the enzyme to bind solvent molecules. These changes may affect the stability of the

active site persulfide and change the ability of YrkFC!oA

to catalyze sulfur transfer.
However, the homology model of YrkF predicts that the amino acids surrounding Cys15
create a hydrophobic pocket around the residue (Figure 4.2 A). Therefore, a substitution
of the hydrophobic residue Ala may not drastically affect this region of the protein.

A second possible explanation is that Cys15 functions in stabilizing the persulfide
in YrkF. Cys15 may function by forming a stable trisulfide intermediate as proposed for
cystathionase (7, 174), or, more simply, form a hydrogen bond with the persulfide sulfur.
The model of the active site of YrkF shows that the active site pocket is lined with
positively charged residues between Cys15 and Cys149 (Figure 4.2 A). This network of
amino acid residues is similar to that RhdA (Figure 4.2 B). However, RhdA does not
contain a second cysteine residue comparable to Cys15 of YrkF. Therefore, if Cys15 can
form a bond with the persulfide sulfur or if the presence of a hydrogen bond stabilizes the

persulfide, then this may help explain the differences in persulfide stability observed

between YrkF and RhdA.
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4.2.4. Possible interactions between Cys' and Cys'* of YrkF

Data from circular dichroism (CD), fluorescence quenching, and molecular
dynamics simulations indicate that the two domains of RhdA are rigid structures.
Therefore the tether connecting the N-terminal rhodanese domain to the C-terminal
rhodanese domain does not permit bending or large conformational changes during
catalysis (175). However, since the N-terminal domain of YrkF is a Ccdl, then the
enzyme may behave differently than rhodaneses that contain a tandem-repeat domain
architecture.

Studies with the cross-linking reagent bBBr indicate that Cys15 and Cys149 of
Y1kF are readily cross-linked but not with 100% efficiency. This observation suggests
that the distance between the two residues fluctuates. A flexible tether connecting the
two domains of YrkF would facilitate this movement. The region of YrkF linking the
two domains appears to be solvent-exposed, as shown by its apparent susceptibility to
cleavage by protease. The presence of a solvent-exposed loop is consistent with the
hypothesis of a flexible tether. Therefore, YrkF was modeled based on the possibility of
a flexible tether that would facilitate movement of the two domains relative to one
another. Upon analysis of the trajectory of the MD simulations using the visualization
program VMD, there was a slight indication that the two domains of YrkF can bend
relative to one another. However, visualization of the trajectory of the YrkF models was
difficult due to the inability of the software to recognize some parameter and coordinate
files. Therefore, at this point the conclusion that the tether connecting the Ccdl domain

and the rhodanese domain bends on a hinge is speculative at best.
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4.3. Possible physiological roles of YrkF

Analysis of a yrkF mutant strain indicates that YrkF is not essential for B. subtilis
viability and is not essential for the biosynthesis of thiamin, biotin, lipoic acid, and
molybdopterin. Though the yrkF mutant had no apparent phenotype, it is interesting to
speculate on possible roles of the enzyme in vivo. My research may provide significant
findings that lead to the discovery of the physiological function of YrkF.

Evidence suggests Cys15 may play a role in stabilizing the enzyme and the active
site persulfide, and there is a possibility that YrkF can bend on a flexible tether.
Additionally, it has been shown that Cys15 can form a disulfide bond with Cysl49.
Therefore, one possible mechanism of reaction for YrkF is that Cys15 displaces the
sulfane sulfur from the active site, similar to a mechanism proposed for Thil (99) (Figure
4.4). One way to test this hypothesis would be to treat YrkF and YrkF*A with 5,5’
dithiobis (2-nitrobenzoic acid) (DTNB) similar to an experiment performed with bovine
rhodanese (176). The sulfur-free form of RhoBov is inactivated by covalent modification
of the active site Cys247 by DTNB. Treatment with cyanide displaces the
thionitrobenzoate from the active site cysteine and full activity is recovered. However,
enzymatic activity cannot be recovered if Cys254 is mutated to Ser, which suggests that
thiocyano-modified Cys247 transfers cyanide to Cys254 to recover activity (176).
Furthermore, the active site persulfide form of the enzyme is not inactivated by DTNB,
which suggests that the persulfide form of the enzyme is more resistant to oxidation and
not reactive to DTNB (176). If YrkF and YrkF“"** are subjected to similar treatments as
bovine rhodanese and YrkF<"** cannot recover activity, then the role of Cys15 may be to

displace various components (possibly S’ or $¥) from the active site Cysl49.
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Furthermore, if Cys15 functions in stabilizing a persulfide sulfur, then it would be
expected that YrkF“'** would be more susceptible to DTNB inactivation.

Since YrkF appears to contain a highly stable persulfide sulfur, the enzyme could
be involved in sulfur mobilization. Therefore, YrkF would function as a protein that
transfers a reactive sulfur species, such as sulfide or sulfane sulfur, to its physiological
acceptor molecule (Figure 4.4). Thus, the persulfide sulfur could serve as a sulfur source
for nonessential sulfur-containing molecules. Recently, it was discovered that thil
mutants of B. subtilis do not produce s*U but do produce thiamin (unpublished data, Dr.
Charles Lauhon, Univ. of Wisconsin). Since Thil proteins are often associated with a
rhodanese domain and B. subtilis Thil lacks a C-terminal rhodanese domain found in E.
coli Thil, Y1kF or another rhodanese may participate in s'U synthesis in vivo. Therefore,
the yrkF mutant could be tested to see if it lacks any of the thionucleosides, including

s*U.
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D YrkF— Cys14S-S§-
Cys'>S-H AS
SO>
YrkF— Cys!¥S
SS0, Cys'S
Trxred
D-S
YrkF— Cys!#¥S-
Trx,,
Cys’'SH

FIG. 4.4. Proposed mechanism for displacement of sulfur from active site of YrkF.
The persulfide sulfur (red) is released as sulfide or transferred to an acceptor (A) when a
disulfide bond forms between Cys'” and Cys'*. Trx, thioredoxin; D, physiological sulfur

donor; A, physiological sulfur acceptor.
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The formation of non-native disulfide bonds in proteins and sulfur-containing
molecules, such as coenzyme A, has potentially devastating consequences. Recent
studies revealed that transcription of yrkF is induced during heat and disulfide stress
conditions (171, 173), and may indicate that YrkF is important in maintaining normal
cellular activity during times of stress. Furthermore, YrkF has several characteristics that
would suggest that the enzyme could fulfill a role during disulfide stress.

One of the likely functions of proteins induced during disulfide stress conditions
is to reduce abnormal disulfides to thiols. An example of a protein system that functions
in reducing disulfides in B. subtilis is thioredoxin and thioredoxin reductase (177). In
fact, transcription of genes encoding these proteins is induced 10 — 26 fold during
disulfide stress (173). Cys15 and Cys149 of YrkF can form a disulfide bond and could
theoretically function in a role in reducing non-native disulfides. YrkF could cycle
between a form with and without a disulfide bond while breaking non-native disulfides in
proteins and other sulfur-containing molecules (Figure 4.5).

A second possible function of proteins induced during disulfide stress is to protect
proteins and sulfur-containing molecules from further or repeated oxidation, possibly by
“capping” the sulthydryl groups. Since persulfide sulfur has been shown to protect
bovine rhodanese from covalent modifications, S° provided by a rhodanese such as YrkF
is a possible candidate to serve as a “capping” molecule. Evidence suggests that YrkF
forms a highly stable persulfide intermediate and kinetic studies of YrkF using DTT as a
sulfur-acceptor demonstrate YrkF has the ability to donate sulfur to thiols and dithiols.
Therefore, YrkF could “cap” the thiol groups of proteins and sulfur-containing molecules

susceptible to disulfide oxidation with a sulfur atom to reverse and to prevent further
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disulfide bond formation (Figure 4.5). If a physiological role of YrkF is to regulate
disulfide bond formation during stress conditions, then yrkF' mutants may be sensitive to
disulfide stress.

Y1kF is a unique two-domain protein that contains the rhodanese and Ccdl
modules prevalently found throughout life. Further progress in this area of research has
the potential to unveil novel, specific roles for both rhodaneses and Ccdl1 proteins. One
cannot help but think that this initial research with YrkF may pioneer new discoveries

with rhodaneses and sulfur metabolism.
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R-S-S-R

Sulfur donor Yl‘k\F— Cys¥S=S§-
Cys!5S-H

YrkF— Cys“9SH R-SH
Cys!’SH
YrkF— Cys!¥S y S=S=-R
\CySISS-H
Reductant
(thioredoxin system)
Yrk\F— Cys!¥S

Cys!3S
‘S-S-R

*Persulfide sulfur will protect
from further oxidation

FIG. 4.5. Proposed mechanism for the disulfide bond regulation by YrkF.

R, represents protein or thiol-containing molecules with non-native disulfide bonds; S, represents sulfur mobilized by YrkF.
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