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Abstract

The ynfEFGHI operon is a paralogue of the well-characterized Escherichia coli
dmsABC operon. YnfEFG could be expressed from a tac or dms promoter vector.
YnfEFGH were membrane-localized but both protein expression and
complementation of growth of a dms deletion on dimethyl sulfoxide were poor.
We used chimeric enzymes to study the function and interchangeability of the
subunits. Exchange of the membrane anchor DmsC by YnfH (DmsAB-YnfH)
resulted in membrane localization, anaerobic growth on dimethyl sulfoxide and
binding of 2-n-hepty-4-hydroxyquinoline-N-oxide indicating that YnfH was a
competent anchor. YnfG replaced DmsB as the electron transfer subunit and
assembled the 4 [4Fe-4S] clusters. When YnfF replaced DmsA, expression of the
complex was poor and only YnfFG-DmsC and YnfFGH demonstrated glycerol-
DMSO growth and enzymatic activity. Hydroxypyridine N-oxide was the best
acceptor. When YnfE replaced DmsA, either alone, or in combination with YnfF,

no complementation or activity was observed.
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Chapter 1: Introduction
1.1. Introduction

Escherichia coli meets its energy needs by two biochemical mechanisms:
fermentation and respiration. Fermentation is a wasteful means of deriving
energy, as it is only generated from substrate-level phosphorylation reactions.
Since the substrate is not completely oxidized, fermentation results in smaller
amounts of energy than respiration. When exogenous electron acceptors are
available, the cell switches to respiration. This process conserves the reducing
equivalents in NADH or exogenous electron donors by coupling electron
transfer reactions to the generation of a proton electrochemical potential gradient
across the cell membrane (53). This gradient can be used for solute transport,

flagellar rotation or ATP synthesis (53, 136, 180).

Respiration requires three main components: a membrane bound
dehydrogenase, a quinone (a lipid soluble hydrogen carrier), and a terminal
reductase. The primary dehydrogenase oxidizes the electron donor and reduces
the quinone to quinol by passing the reducing equivalents from the oxidized
substrate to the quinone. The reduced quinol acts as an intermediate electron
carrier from the oxidase to the reductase. It passes two electrons to the terminal
reductase to reduce the terminal electron acceptor. The terminal reductase
oxidizes the quinol to quinone and reduces the terminal electon acceptor. The
transfer of two protons from the cytoplasm to periplasm generates the proton
motive force. Both the dehydrogenase and reductase catalyze two half reactions,

often at different sites of the protein on opposite sides of the membrane (53). All



dehydrogenases are quinone reductases and all terminal reductases are quinol

oxidases (53).

1.2. Respiration

Mitchell’s chemiosmotic hypothesis (111) states that electron transport from
oxidation-reduction reactions through the respiratory chain is coupled to the
stoichiometric proton translocation across the membrane. This results in both a
pH gradient (A pH) and electrical potential (A y) across the membrane. This
proton translocation can be mediated by one of two mechanisms. The scalar
mechanism is when one half reaction consumes cytoplasmic protons and the
other half reaction delivers them to the periplasm, i.e. the two half reactions
occur on opposite sides of the membrane (53). Thus the proton gradient results
from the chemistry occurring at two separated active sites so no proton channel
is required (53). The vectorial mechanism occurs in an enzyme that has a proton
pump that actively removes protons from the cytoplasm and delivers them to the

periplasm (53).

1.3. Regulation

E. coli respiratory chains consist of at least 15 primary dehydrogenases and 10
terminal reductases (53). How the cell decides which chain to express is
regulated at a number of levels. One level is determined by aerobiosis. In the
presence of oxygen, ArcAB and FNR ensure that the cell will preferentially use
oxygen as the terminal electron acceptor, as it generates the most energy. Under

anaerobic conditions another level of regulation comes into play, mediated by
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ArcAB, FNR and NAR. The better electron acceptors repress the expression of
the respiratory chains for the poorer ones, i.e. the electron donor-acceptor with
the greatest difference in midpoint potential will be used (70). Thus nitrate is a
better substrate than fumarate and DMSO so NAR blocks the expression of their

respiratory enzymes. This of course also depends on substrate availability.

The E. coli respiratory system is relatively simple and is set up as modules,
meaning that different components can be substituted in place of or in addition
to other components to make a functional respiratory chain (53). Many of the
dehydrogenases can function with a variety of the terminal reductases
depending on the availability of substrate and the potential difference between
the donor-acceptor pair. This allows the cell to make minimal changes under
different growth conditions (53). In the absence of electron acceptors the cell is

forced to rely on the energetically less favourable fermentation (70).

1.3.1. ArcAB

ArcAB or aerobic respiratory control, is a two-component regulatory system that,
under anaerobic conditions, represses aerobically-expressed respiratory genes
and activates some genes involved in anaerobic respiration (72, 181). ArcA is
located at 0 minutes (70) and ArcB at 69.5 minutes on the E. coli chromosome
(70). ArcA is a 28 kD transcriptional response regulator containing a helix-turn-
helix DNA binding motif (70), with an N-terminal receiver domain and a C-
terminal effector domain. ArcB is a 77 kD membrane sensor functioning as a

sensory protein kinase (74). It has a transmitter and receiver domain with two



putative transmembrane segments near the N-terminus with a small portion of

the protein periplasmically exposed (74).

ArcB controls ArcA activity through transphosphorylation reactions (68, 71, 73).
ArcB autophosphorylates at His292 in the primary transmitter domain (68, 73), at
the expense of VATP. This phosphoryl group is transferred to Asp576 in the ArcB
receiver domain (68, 73, 91). At its C-terminus ArcB contains a third domain
called the secondary transmitter domain (91). This domain contains His717,
which receives the phosphate from Asp576. ArcA receives the phosphate from

His717 at its Asp54 residue (see Figure 1.1).

Although the site of phosphate binding and the path it travels is fairly well
understood, the original signal for the autophosphorylation of ArcB is not. It has
been proposed to be redox state, metabolites generated by anaerobic respiration

(9), respiration rate (3) or by proton motive force (21, 75).

Figure 1.1. Signal transduction by the Arc system (91).
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1.3.2. FNR

Fumarate and nitrate reductase regulatory protein or FNR, is a positive regulator
for the expression of many anaerobic respiratory enzymes (107, 181) and the
repressor of some aerobic enzymes (51, 54). The protein acts like an anaerobic
switch. In the absence of oxygen it functions as a positive gene activator,
stimulating the transcription of a number of anaerobic proteins. FNR functions
by binding DNA as a homodimer at the FNR box positioned —41bp upstream of
the transcriptional start site (28) encoded by TTGAT-ATCAA (50). The two
domain, 31 kD protein is encoded at 29.3 minutes (169), is constitutively
expressed and is .highly homologous to CRP, the cAMP receptor protein that is

responsible for controlling catabolite repression in E. coli.

The FNR N-terminal domain contains a group of cysteine residues unlike CRP
that coordinate a [4Fe-45] centre. These cysteines are essential for FNR's ability to
sense redox potential that results in FNR dimerization that is necessary for DNA
binding where it exerts its activating effects (41, 86, 182, 191). Growth in iron-
depleted media or removal of iron by chelating agents inactivates the regulator,
indicating the importance of iron as a cofactor in FNR activation (86, 182, 191).
FNR is inactivated by oxygen as it changes the iron centre to a [3Fe-4S] or [2Fe-
25] centre (198). The C-terminal domain of FNR is the DNA binding regulatory
domain that is very homologous to CRP, with a helix-turn-helix motif
characteristic of DNA binding proteins (170, 190, 197). FNR activates
transcription initiation by interacting directly with the RNA polymerase at

defined surface exposed activating regions (100, 209, 210).



1.3.3. NAR

Due to its relatively high midpoint potential, nitrate is the preferred electron
acceptor in anaerobic cells. The presence of nitrate induces the nitrate
respiratory chain and represses other anaerobic respiratory enzymes. The NAR
system encodes two homologous two-component regulatory systems
NarL./NarX and NarP/NarQ responsible for nitrate/nitrite regulation. Each is
comprised of an integral membrane nitrate sensor and a transcriptional
regulator. It is thought that both regulators interact with both sensors to control

nitrate and nitrite-regulated gene expression.

NarX/NarL comprises one of the two regulatory systems. narX and narL are two
adjacent genes encoding proteins of 66 kD and 23 kD respectively and are
located at 27 minutes on the chromosome (84). NarL is the response regulator
and NarX is the cognate sensor with histidine protein kinase activity. NarX
detects the availability and changes in environmental signals like nitrate and
NarL, on phosphorylation by NarX, activates/represses the transcription of
sensitive genes by binding specific DNA sequences (72, 84). NarL activates the
narGHJI operon that encodes the major nitrate reductase and fdnGHI that
encodes the formate dehydrogenase associated with nitrate reduction (11, 184).
NrfABCDEFG, the formate-dependent nitrite reductase is repressed by NarL in
the presence of nitrate but is activated by NarL and NarP in the presence of

nitrite (133, 195).



The second regulation system is comprised of NarQQ, the membrane sensor and
NarP the transcriptional response regulator. narQ) is located at 53 minutes and

narP at 46 minutes (49, 53, 134).

In response to nitrate or nitrite, NarL and NarP are phosphorylated by their
membrane-bound sensor kinase proteins NarX or NarQ, respectively. The
phosphorylated NarL and NarP then bind to specific heptamer sequences at
target promoters and either up- or downregulate transcriptional initiation at

these promoters (195).

1.4. Prosthetic Groups

Electron transport is fundamental in respiration and requires redox centres in the
respiratory proteins involved. These redox centres include molybdenum
cofactor (moco), heme, iron-sulfur (Fe-S) centres, flavin adenine dinucleotide
(FAD), flavin mononucleotide (FMN), nickel-metal (Ni-M) dinuclear centres,

polynuclear copper (Cu) sites, and pyrroloquinoline quinone (PQQ) (12).

1.4.1. Molybdenum Cofactor

The functional form of the molybdenum cofactor found in enterics is
molybdopterin guanine dinucleotide (Mo-MGD) (53). The synthesis of the
cofactor in E. coli occurs in four stages prior to insertion into the enzyme,
involving 5 genetic loci moa, mob, mod, moe and mog (48) (see Figure 1.2).
Biosynthesis of precursor Z and its conversion to MPT requires the moa and moe

loci (48). MoaABC convert guanosine-X to precursor Z and MoeB and MoaDE



are thought to be involved in the addition of sulfur in MPT (179). The mod locus
encodes a high affinity molybdate-specific uptake system (48). The products of
the mob locus are required for the final step of Mo-MGD biosynthesis, the
attachment of the GMP to MPT (48). MobB likely binds the guanine nucleotide

that is incorporated into the final product.



Figure 1.2. Molybdenum cofactor biosynthesis (135).
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1.4.2. Hemes

Hemes are electron transfer moieties often found in respiratory enzymes. Heme
b is commonly found in intrinsic membrane proteins where it mediates electron
transfer between quinone pools and its respective enzyme. Heme b, is present
in nitrate reductases NRA and NRZ, in formate dehydrogenases -N and -O (53),
and in aerobic succinate dehydrogenase (88). Heme c is periplasmically localized
in anaerobic respiratory enzymes, some are soluble and others are membrane
anchored but they always face the periplasm. Heme c is found in nitrite
reductase (NrfAB), periplasmic TMAO reductase (TorCAD) and in periplasmic
nitrate reductase (NapABC) (53). Heme d and o are only found in two terminal

oxidases Cyd and Cyo respectively (53).

1.4.3. Iron-Sulfur Centres

Iron-sulfur centres are involved in single electron transfer reactions (29). These
assemblies contain covalently bonded iron and sulfur with additional covalent
bonds between iron and specific cysteine residues in the protein. Binuclear
centres [2Fe-2S] have 2 iron and 2 sulfur atoms with each iron bonded to one or
two cysteines. Tetranuclear [4Fe-4S] centres have 4 atoms of each displaying a
cubane pattern (Figure 1.3) with each iron additionally bonded to a single
cysteine. [3Fe-4S] centres resemble the structure of the [4Fe-4S] except one of the
cysteines is not present and therefore one of the iron atoms is not present (193).
The amino acid sequence that specifies a [4Fe-4S} centre contains clusters of 4
cysteines where the first three ligate the centre and the fourth ligates an iron for a

second cluster (141, 206).

10



Figure 1.3. Structures of iron-sulfur clusters (53).
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1.4.4. Flavins

Flavins in the form of FAD or FMN are components involved in electron
transport. They transfer one or two electrons to and from redox centres. They are
rarely covalently attached to proteins through a linkage. 8a-(N3-histidyl) FAD is
at the active site of all fumarate reductases and succinate dehydrogenases (137).
FAD is present in NADH dehydrogenase II and FMN is in NADH

dehydrogenase I.

1.5. Dehydrogenases

1.5.1. NADH Dehydrogenase

There are two NADH dehydrogenases in E. coli, NDH-I and NDH-II, both of
which are membrane bound and contain noncovalently bound FMN or FAD
respectively (77). Oxidation of NADH is used to feed electrons to the respiratory
‘chain (53). NDH-I is a primary proton pump that translocates protons in a
vectorial manner (53). It is a homologue of the mitochondrial complex I (201)
and is composed of 14 subunits, nuoABCDEFGHIJKLMN, encoded at 49 minutes
on the chromosome (97, 201). Seven of the 14 subunits contain TMS
(transmembrane segments). Not all subunits have a known function but NuoF is
50 kD, is the NADH and FMN binding site and contains one [4Fe-4S] centre.

NuoH is 36 kD, contains 8 TMS and is the quinone binding site.

NDH-II is a 47 kD single subunit peripheral membrane enzyme with no TMS
(77) that oxidizes NADH on the cytoplasmic side of the membrane. It is not

coupled to the generation of a proton electrochemical gradient.
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1.5.2. Formate Dehydrogenase

There are three formate dehydrogenases in E. coli, formate dehydrogenase-H
(fdnF), -N (fdnGHI) and -O (fdoGHI) (53). All three are involved in formate-
nitrate respiration although formate dehydrogenase-O is minor and formate
dehydrogenase-H is usually considered a fermentative enzyme (53). All three
also contain a selenocysteine amino acid encoded by an opal codon (UGA) (53)
and a molybdenum cofactor (98, 123). Formate oxidation in nitrate-grown cells
results in transmembrane proton translocation by the scalar mechanism (79) that

contributes to the proton motive force.

Formate dehydrogenase-H is 80 kD, encoded by fdnF at 92 minutes on the
chromosome (10) and is a component of the formate-hydrogen lyase enzyme
complex. The complex consists of the molybdoenzyme FdhF and hydrogenase 3
(HycB) (167), and is expressed when cells are grown anaerobically in the absence

of exogenous electron acceptors (53).

The nitrate inducible formate dehydrogenase-N is expressed from fdnGHI at 32
minutes on the chromosome (10, 192, 194) when cells are grown anaerobically in
the presence of nitrate (10, 194). This enzyme serves as a major electron donor
for nitrate respiration (10). FdnG (o) is a large 110kD selenomolybdoprotein
containing MGD at its active site and is homologous to FdnF (10). FdnH (By) is
32 kD and contains 4 cysteine clusters ligating 4 [4Fe-4S] centres and functions as
the electron transfer subunit between FAnG and Fdnl (10). Fdnl (yy) is 20 kD and

encodes cytochrome bgy,s (10, 205) and three transmembrane segments

13



characteristic of b-type hemoproteins (10). Two of the TMS contain a histidine
residue, which likely are ligands for the heme (10). This subunit is responsible

for the electron transfer from FdnH to the quinone pool.

Formate dehydrogenase-O is synthesized at low levels regardless of aerobiosis
and nitrate (125). It is encoded by fdoGHI at 88 minutes (125) and is structurally
similar to FAnGHI (124, 125). It may serve to couple formate oxidation to the

reduction of a number of electron donors, i.e. oxygen (53).

1.5.3. Glycerol-3-Phosphate Dehydrogenase

There are two glycerol-3-phosphate dehydrogenases expressed in E. coli (53).
Both oxidize glycerol-3-phosphate to dihydroxyacetone phosphate and reduce
quinone. The function of these enzymes is to salvage the glycerol and glycerol

phosphate that is produced by phospholipid and triacylglycerol breakdown (53).

The aerobic glycerol-3-phosphate dehydrogenase (GlpD) is a 57 kD membrane
associated, FAD-containing homodimer (166) that catalyzes the oxidation of
glycerol-3-phosphate with oxygen or nitrate as the electron acceptor (53). The
8IpGED operon is encoded at 75 minutes on the chromosome and its expression

is controlled by glycerol and catabolite repression (216).

The anaerobic glycerol-3-phosphate dehydrogenase is a three subunit enzyme
loosely associated with the membrane that oxidizes glycerol-3-phosphate but
uses an electron acceptor other than oxygen (53). The operon encoding the

enzyme is gIlpACB located at 49 minutes on the E. coli chromosome (90). Its
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expression is induced anaerobically in the presence of fumarate and is mediated
by FNR (69). GlpA is a 62 kD protein that contains noncovalently bound FAD,
GlpB is a 44 kD protein encoding the membrane anchor subunit and GlpC is 41

kD.

1.5.4. Hydrogenase

Hydrogen is an important electron donor in anaerobic respiration with nitrate,
DMSO, TMAO and fumarate as electron acceptors (104, 162, 211, 214). The
oxidation of hydrogen contributes to the transmembrane proton translocation by
the scalar method (53). There are three membrane-bound nickel-containing
hydrogenases in E. coli, hydrogenase-1 (HyaABC), hydrogenase-2 (HybABC),
and hydrogenase-3 (HycEG) (53). Hydrogenases 1 and 2 oxidize dihydrogen to
protons and donate the electrons to the quinone pool. Both menaquinone and
demethylmenaquinone are electron acceptors for dihydrogen oxidation (53).
Hydrogenase-3 is a component of the formate-hydrogen lyase complex involved

in pH balance during fermentative growth (53).

The physiological role of hydrogenase-1 is unclear as it only minimally
contributes to the hydrogenase activity. It is encoded at 22 minutes by
hyaABCDEF where HyaABC make up the enzyme and HyaDEF are involved in
the maturation of the enzyme. HyaA is a 41 kD protein that contains a signal
sequence that is responsible for membrane targeting (53). HyaB, based on its
sequence, probably contains 2 [4Fe-4S] centres (109) and HyaC may be

cytochrome c (108).
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Hydrogenase-2 is responsible for the majority of a cell’s hydrogenase activity
especially in glycerol-fumarate respiring cells (53). It is encoded by
hybABCDEFG. HybABC make up the enzyme and HybDEFG are involved in
enzyme maturation. HybA has an N-terminal signal sequence (53) so probably
targets the enzyme to the membrane, HybB sequence predicts 4 [4Fe-4S] centres
and HybC is predicted to be cytochrome b (108). Synthesis only occurs under

anaerobic conditions and is repressed in the presence of nitrate (161, 162).

1.5.5. Pyruvate Dehydrogenase

Pyruvate dehydrogenase is a peripheral membrane flavoprotein that catalyzes
the oxidation of pyruvate to acetate and carbon dioxide with the concomitant
reduction of quinone (57). The enzyme is encoded by poxB at 19 minutes on the
E. coli chromosome and is maximally expressed during early stationary phase
(57). It is composed of four identical 62 kD subunits that contain tightly bound
FAD and loosely bound TPP (thiamine pyrophosphate) (57). In the presence of
pyruvate and TPP a conformational change occurs that exposes a hydrophobic
lipid binding site (148). This site is important as the enzyme is dramatically
activated by lipids and this is thought to be important for access to ubiquinone-8
in the membrane (57). The enzyme is thought to shuttle between the cytosol and
membrane depending on the presence of pyruvate (37). When pyruvate levels
are low, the enzyme is inactive and soluble but when levels are high it triggers
the conformational change that exposes the C-terminal lipid-binding domain that
inserts into the lipid bilayer (37). The enzyme can alternatively be activated by

proteolytic clipping of a small 2.6 kD peptide from the C-terminus (57). Both
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types of activation require TPP and pyruvate and prevent the C-terminal domain
from interacting with the active site where it usually blocks pyruvate from

binding (37).

1.5.6. Succinate Dehydrogenase

Succinate dehydrogenase is an aerobically expressed flavoprotein involved in the
oxidation of succinate to fumarate, and is a critical component of the TCA cycle
(53). It is similar in composition and subunit structure to fumarate reductase.
The sdhCDAB operon (60) located at 17 minutes on the E. coli chromosome,
encodes a membrane localized enzyme that catalyzes the two electron transfer
between succinate and quinone, transferring the reducing equivalents to

ubiquinone as part of the aerobic respiratory chain.

SdhA is a 64 kD catalytic subunit containing the covalently bound FAD and
dicarboxylate binding site (63). SdhB is the 26 kD electron transfer subunit that
contains 3 iron-sulfur clusters (63). SAdhC (14 kD) and SdhD (12 kD) are the
membrane anchor subunits required for quinone binding. The two also share a
heme b;;, cofactor that is involved in assembly and structure of the membrane

anchors as it bridges the two (53).

1.6. Quinones

Quinones are membrane soluble electron carriers that couple proton and electron
transfer between protein components of the respiratory chain (53). There are

three types of quinones in E. coli, all containing an octaprenyl side chain (C40):
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benzoquinone, ubiquinone, and two naphthoquinones, menaquinone and
demethylmenaquinone (53). Oxygen respiration makes use of ubiquinone,
nitrate respiration ubiquinone and menaquinone, and anaerobic respiration with
acceptors other than nitrate use both menaquinone and demethylmenaquinone
(53). These preferences are reflected in quinone abundance under different
conditions. Aerated cells contain 4-5 times more ubiquinone than menaquinone
and demethylmenaquinone and anaerobic cells have about one third of the
ubiquinone (10 fold decrease) as menaquinone and demethylmenaquinone (53,
200, 212). These ratios also make sense with respect to midpoint potentials as
menaquinone/menaquinol has a 200mV lower potential than
ubiquinone/ubiquinol (53), which makes menaquinone a better choice for
anaerobic respiratory chain enzymes, which have lower potential electron

acceptors (53).

1.7. Oxidases

1.7.1. Cytochrome bd Oxidase

Cytochrome bd oxidase is an ubiquinol-8 oxidase that reduces oxygen to water
and is maximally expressed in limited aeration (61). It generates PMF by
translocating substrate protons in a scalar manner (46, 47). The enzyme may be
responsible for scavenging oxygen to prevent the degradation of oxygen
sensitive enzymes (65). It is made up of two subunits, CydAB encoded at 16
minutes on the chromosome (25) that are regulated by FNR (53). Both subunits
contain TMS (117) and are integral membrane proteins (55). CydA is the 58 kD

protein that contains heme b,;; where quinol oxidation occurs (62) and shares
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heme by,; and heme d with CydB, which is a 42 kD protein of unknown function
(101). Heme d is the site of oxygen binding but the role of heme b, is unknown
but it has been proposed to interact with heme d to jointly reduce oxygen to

water (64).

CydCD, located at 19 minutes are required for assembly of CydAB (56, 127, 215),
specifically for the insertion of heme d (56, 215) and may affect heme b, and b,
(127). These two proteins encode an ATP dependent transporter in the cell
membrane (127) so their actual function may be to transport the hemes to the

periplasm where they are incorporated into the enzyme (127).

1.7.2. Cytochrome bo, Oxidase

Cytochrome bo, oxidase is a membrane-bound terminal oxidase that is expressed
when cells are grown under high aeration conditions (52). It oxidizes ubiquinol
and reduces oxygen to water and in the process translocates protons across the
cell membrane in a vectorial manner (52, 53). The operon encoding the enzyme,
¢yoABCDE is at 10 minutes on the chromosome and is regulated by ArcAB (53).
All four subunits (CyoABCD) contain transmembrane segments and are integral
membrane proteins (103). CyoA (subunit II) is a 35 kD quinol oxidase (103) with
two TMS and a cleavable signal sequence. It is covalently modified by the
attachment of lipids at the new N-terminus (103). CyoB (subunit I) is 75 kD,
contains heme b;,,, heme 0, and cu,. It has 12 predicted TMS, is the site of oxygen
binding and reduction and acts as a proton pump (53). CyoC (subunit HI) is 23

kD and CyoD (subunit IV) is 12 kD. Both proteins are components of the final

19



enzyme complex and contain TMS (103). CyoE (32 kD) is involved in heme o

synthesis (farnesyltransferase) (53, 103).

1.8. Reductases

1.8.1. Fumarate Reductase

Fumarate reductase is an integral membrane protein involved in anaerobic
respiration where it oxidizes menaquinol and reduces fumarate to succinate. The
E. coli enzyme consists of four subunits, Ftrd ABCD encoded at 94.4 minutes on
the chromosome. FrdA is a 66 kD flavoprotein containing a covalently 8o-[Ne-
histidyl]-linked FAD, the catalytic site for fumarate reduction and succinate
oxidation (44, 199). FrdB is the 27 kD protein containing 3 iron-sulfur centres, a
[2Fe-25], a [4Fe-4S] and a [3Fe-4S] centre. FrdAB are soluble hydrophilic
subunits localized to the cytoplasmic side of the membrane by two membrane
anchors, FrdC (15 kD) and FrdD (13 kD). These subunits function not only as
anchors but also in menaquinol oxidation as there are at least two quinone
binding sites associated with them (149, 151, 207), although only the proximal

quinol binding site is involved in electron transfer reactions.

A structural study on the E. coli enzyme at 3.3 A (76) demonstrated that the four
subunits are arranged in a ‘q’ like configuration, with the top of the ‘q’ formed by
the two hydrophilic subunits (70 A in diameter) and the tail (110 A long) by the

hydrophobic subunits.
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A higher resolution structure (2.2 A) of Wolinella succinogenes fumarate reductase
(95) gives further insight into the enzyme structure. It can be compared to the E.
coli enzyme as all amino acids implicated in substrate binding and catalysis are
conserved at the structural level, indicating a common mechanism in both
enzymes (165). The major differences between the W. succinogenes and E. coli
enzymes is that the former has only three subunits (one membrane anchor with
five TMS) and within this anchor there are two heme b groups which are absent
from the E. coli FrdCD. Because of the differences in the membrane anchor(s) the
relative orientation of the soluble and membrane-bound subunits is dissimilar.
The other variation between the two enzymes is that the Wolinella enzyme forms
a dimer connected at the membrane anchor subunit, which does not occur in the

E. coli enzyme.

The Wolinella structure revealed that FrdA consists of four domains, the large
FAD-binding domain, the capping domain, the helical domain and the C-
terminal domain. Upon superimposition of the enzymes of the two bacteria, a
high degree of structural similarity was observed in the first three domains of
this subunit. The study demonstrated that the fumarate binding site is located
between the FAD-binding and capping domains next to the plane of the FAD
isoalloxazine ring. It also revealed that His A43 is the residue that covalently
binds the isoalloxazine ring of FAD. The flavin is additionally hydrogen bonded
by a number of other residues throughout FrdA. An additional metal binding

site tentatively assigned to a calcium ion was found in the FAD binding domain.
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The dicarboxylate-binding site is primarily formed by the FAD isoalloxazine
ring, two arginine side chains (A301 and A404), one histidine side chain (A369)

and a phenylalanine side chain (A141).

The iron-sulfur subunit of W. succinogenes can be superimposed well with the E.
coli FrdB indicating that this subunit is structurally very similar in both enzymes
(95). The E. coli structure (76) demonstrated that the iron-sulfur protein, FrdB is a
two domain structure. The N-terminal domain, formed by B1-B91, is
characteristic of plant-ferredoxin domains and binds the [2Fe-2S] centre. The C-
terminal domain consisting of B145-B221 is characteristic of bacterial ferredoxins
and binds the [3Fe-4S] and [4Fe-4S] centres. The [2Fe-2S] centre is coordinated
by cysteines B57, B62, B65 and B77, the [4Fe-4S] by Cys B148, B151, B154 and
B214 and the [3Fe-4S] centre by Cys B158, B204 and B210.

The two membrane anchors FrdC and FrdD each contain three TMS designated
[-VI. The two menaquinone sites are on opposite sides of the membrane-
spanning region. The proximal quinone Q; is close to the [3Fe-4S] centre of FrdB
and is located in the relatively polar pocket formed by helices I, II, IV and V. The
distal quinone Q, is 27 A away from Q, and binds the relatively hydrophobic

pocket near the ends of the same helices.

The six cofactors in the enzyme are arranged linearly, forming the path of
electron transfer (from the menaquinol oxidation site to the flavin), Qy-Q,-[3Fe-

4S]-[4Fe-4S|-[2Fe-2S]-FAD. A common separation distance of 11-14 A observed
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in multicentreed electron transfer proteins is observed in this enzyme except

between the two quinone binding sites.

Fumarate to succinate conversion also requires hydride transfer from N5 of
flavin to fumarate and protonation of fumarate by an active site acid as of yet
unidentified. This residue had previously been proposed to be (Shewanella
numbering) H365 (165), H504 (7) and R402 (99, 189), all of which are conserved in
known fumarate reductases. A crystal structure of Shewanella fumarate
reductase, a soluble, periplasmic flavocytochrome c, revealed that this function is
served by the arginine side chain of A402, equivalent to the arginine residue in E.
coli A287 and W. succinogenes A301 (45, 116, 137). This means that fumarate is
reduced to succinate by direct hydride transfer from N5 of the reduced FADH ' to
one fumarate methenyl C atom and the other fumarate methenyl C atom is
protonated by the side chain of an arginine (A287 in E. coli). Release of the
product, succinate, could then be facilitated by the movement of the capping

domain away from the dicarboxylate site (94, 95).

In addition to electron transfer and binding of two protons on fumarate
reduction, two protons are liberated on menaquinol oxidation (in W.
succinogenes). Glu C66, an essential residue for menaquinol oxidation by W.
succinogenes fumarate reductase (93) probably accepts a proton formed by
menaquinol oxidation. This residue is located within a cavity that extends to the
periplasmic aqueous phase. This suggests that the protons liberated during
menaquinol oxidation are released on the periplasmic side of the membrane.

This in turn implies that, because of the location of the catalytic and menaquinol
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oxidations sites, that quinol oxidation by fumarate is an electrogenic process in
W. succinogenes (147). On the other hand in E. coli, due to the large distance
between quinone sites (76) it is unlikely transmembrane electron transfer occurs
so it is most likely that quinol oxidation occurs at the Q, site (147) and there is no

proton translocation.

1.8.2. Nitrate Reductase

There are three nitrate reductases in E. coli, NRA, NRZ and NAP. NRA is the
predominant enzyme that is expressed when the cell experiences high
concentrations of nitrate (183). At very low levels of nitrate the periplasmic NAP
is produced (132). NRZ is expressed during the early stationary phase of growth

irrespective of the presence of nitrate (36).

NRA and NRZ are 73% homologous, are both 3 subunit membrane-bound
enzymes that face the cytoplasm, require a molybdenum cofactor and contain
heme iron (19). The electron donor for nitrate reduction is ubiquinol or
menaquinol and the reduction is associated with the generation of a
transmembrane pH gradient by the scalar mechanism, which can be used to

drive ATP synthesis (38, 80, 81, 110, 113).

Nitrate reductase A (NRA) is encoded by narGHJI at 27 minutes on the E. coli
chromosome (18, 25, 178, 185). It is positively regulated under anaerobic
conditions by FNR and requires nitrate for expression (19). Under anaerobic

conditions it is the most energetically favourable respiratory enzyme so it has an
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additional regulatory system NarL which, when phosphorylated activates its

expression (131).

NarG (a,) is a soluble 145kD protein that is homologous to a number of other E.

coli molybdoproteins (18). It contains Mo-bisMGD at the active site (18, 139).

NarH (B,) is the 58 kD electron transfer subunit that contains 15 cysteine residues
in four groups that coordinate 4 iron-sulfur centres (6, 18, 19, 59). It also
participates in the attachment of the catalytic dimer (NarGH) to the membrane
(18). The iron-sulfur centres are as follows: centre 1 [4Fe-4S] is the highest
potential centre of 80mV, centre 2 [3Fe-4S] (60mV), centre 3 [4Fe-4S] (-200mV),
and the lowest potential centre 4 [4Fe-4S] (-400mV) (30). Centres 1 and 2 both are
competent for intramolecular electron transfer between the y subunit (Narl) and
the catalytic site in the a subunit (58, 59). Centre 2 is believed to be located at the
NarGH-Narl interface (139) so it is probably the first cluster accepting electrons
from Narl. Centre 1 is close to the Mo-bisMGD of NarG (139) so it probably
passes electrons to the cofactor. The role of lower potential centres 3 and 4 is
unknown with respect to electron transfer but it is believed that they serve a

structural role in stabilizing the af§ complex (6).

Narl (y,) is a 24 kD protein (19) containing diheme cytochrome b, (19, 205) that
transfers electrons to the af complex (18) and anchors the complex by virtue of
its five TMS (139). Heme b, is located on the periplasmic side of Narl and heme

by, is on the cytoplasmic side, at the interface of NarGH-Narl (139). They are
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coordinated between TMS 2 and 5 of Narl. The dissociable quinone site for
menaquinol binding and oxidation is in this subunit near heme b, (139). An
additional quinone-binding site has been proposed to be in the NarGH dimer

(139).

The final gene in the operon, nar] is 25.5 kD and is not part of the holoenzyme. It

has been recently shown to be a private chaperone for NRA (138).

The NRA homologue, NRZ is negatively controlled by FNR under anaerobic
conditions (67). These low levels could allow some nitrate reduction during
sudden shifts from aerobic to anaerobic environments (53) thereby providing
energy to synthesize NRA. It is expressed from the narZYWV operon where
narZ is the narG homologue, narY the narH homologue, narV the narl homologue
and narW the nar] homologue. NRZ subunits, based on their high sequence
homology, are proposed to serve the same functions as their NRA counterparts.
One difference is that the midpoint potentials of the iron-sulfur clusters in NarY

are negatively shifted by about 100mV compared to their NarH homologue (58).

NAP, the nitrate reductase in the periplasm, is encoded by napF DAGHBC at 47
minutes on the E. coli chromosome (131). It is a two subunit complex in the
periplasm that is coupled to quinol oxidation by its membrane anchored
tetraheme cytochrome (138). This nitrate reductase is very different than the two
NAR enzymes and the physiological role of NAP is scavenging very low levels of
nitrate (130). NapA encodes the molybdoprotein, and NapB (diheme) and NapC

(tetraheme) are two ¢ type cytochromes. NapD may be a private chaperone
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involved in NapA maturation (138). NapF, NapG and NapH are predicted to be
nonheme iron-sulfur proteins (130). NapG is predicted to be soluble and
periplasmic and NapH is found in the cell membrane with its iron-sulfur centres

facing the cytoplasm (130).

1.8.3. Nitrite Reductase

There are two nitrite reductases in E. coli, NirBD and NrfAB. NirBD is the major
anaerobic nitrite reductase in most enterics and contains FAD, siroheme and two
iron-sulfur clusters (53). This enzyme is at 72 minutes on the chromosome (121)
and is induced anaerobically by nitrite or nitrate but serves no respiratory
function (128). It uses NADH in the cytoplasm to reduce nitrite (130), with no
energy conservation. It is responsible for regenerating NAD' and detoxifying the

nitrite generated from nitrate respiration (39, 120, 146).

NrfAB (“nitrite reduction by formate”) is part of the nrfABCDEFG operon at 92
minutes on the E. coli chromosome (177), and is the respiratory nitrite reductase.
It is a periplasmic, tetraheme cytochrome c;5, (40, 43) that is expressed
anaerobically when nitrite is present and is repressed by NarL when nitrate is
present (130). Reduction results in the generation of PMF (115, 129) although the

mechanism is unknown.

NrfA is the 50 kD soluble periplasmic nitrite reductase, NrfB is a 18 kD
cytochrome ¢ proposed to be the electron donor for NrfA (177). NrfC is a 24 kD

membrane bound iron-sulfur protein and NrfD is a 37 kD hydrophobic protein
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proposed to react with the quinone pool (177). NrfEFG function in cytochrome ¢

biogenesis and in the maturation of NrfA (177).

1.8.4. TMAO Reductase

TMAO is widely distributed in nature as a normal component of excreta and of
muscles (171). It is also in marine animals including invertebrates and in fish
where it acts as an osmostabilizer (8). Post mortem, TMAO is reduced by bacteria
to TMA, which gives rise to the characteristic off-flavour and smell of marine fish

in the early stages of decay (187).

TMAQO reductase is encoded by torCAD at 28 minutes on the chromosome (154,
205), is induced by TMAO (205) and generates proton motive force (188). TMAO
reduction requires TorA, a 97 kD soluble, periplasmic molybdoenzyme and
TorC, a 43 kD membrane-anchored pentaheme c-type cytochrome involved in
electron transfer to TorA (5, 126). TorD is a 22 kD cytoplasmic TorA-specific
chaperone (126). Substrate specificity of the enzyme includes TMAO, adenosine

N-oxide and other N-oxides but not S-oxides (154).

TMAQO regulation is believed to be mediated by three proteins, a two component
system comprised of a sensor kinase TorS (82) and a response regulator TorR
(176), and TorT (83), a periplasmic inducer-binding protein that interacts with the
periplasmic region of TorS to stimulate tor induction (82). TorS is a
transmembrane sensor that detects TMAO in the medium. Once activated it

transphosphorylates TorR, which triggers the transcription of the tor operon by
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binding four decameric boxes located in the promoter (5). An additional level of
regulation is mediated by torC, which negatively controls its own synthesis by

TorS/TorR.

1.8.5. Biotin Sulfoxide Reductase

There are two biotin sulfoxide reductases in E. coli encoded by bisC and bisZ (32,
33). They reduce biotin sulfoxide to biotin in a manner dependent on a
thioredoxin-like protein moiety, protein (SH), which functions as a source of
reducing equivalents, and an unidentified flavoprotein (33). BisC and BisZ are
soluble, monomeric molybdoenzymes homologous to dmsA that are not involved
in respiration. Their function has been proposed to be scavengers of biotin
sulfoxide, allowing cells to use this as a source of biotin and protectors from
oxidative damage by restoring activity to enzymes that have been inactivated by

spontaneous oxidation of the biotin cofactor.

1.8.6. Methionine Sulfoxide Reductase

Methionine sulfoxide reductase (MrsA) (114) reduces methionine sulfoxide to
methionine, in a thioredoxin-dependent manner (27). Other enzymes can also
perform this function including DMSO reductase. It is a small cytosolic enzyme
not involved in respiration, and is highly conserved in bacteria, plants and
mammals, as its sequence is 60% identical between E. coli and mammalian cells
(26, 66). The proposed function of this enzyme is to protect cellular enzymes

from oxidative damage when their methionine groups have been oxidized to
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methionine sulfoxide resulting in loss of function and activity (much like biotin

sulfoxide reductase) (27).

1.8.7. DMSO Reductase

1.8.7.1. Introduction

Dimethyl sulfide (DMS) is a volatile natural sulfur compound that transfers
sulfur from oceans through the air to the land (102). It is ubiquitous in the
biosphere (102) and is estimated to account for almost half of the global biogenic
input of sulfur to the environment (87, 218). DMS is emitted from the oceans and
is involved in the control of the global climate (85, 87, 102). The level of DMS in

the oceans is controlled by microbial consumption (87).

Dimethyl sulfoxide (DMSO) is a hygroscopic compound that is part of the global
sulfur cycle and is produced naturally from photooxidation of DMS in the
atmosphere or from phytoplankton degradation in marine environments (4).
DMSO is a waste product of paper mills, used as a solvent, is found in pesticides
(221), and in the past was used as a vehicle for drug administration (96). When
in pesticides in sulfoxide form DMSO is highly toxic to mammals so microbial
reduction may detoxify them (2). Enterics, Pseudomonas aeruginosa, and Bacillus
subtilis are the greatest microbial DMSO reducers (221). This reduction also

occurs in the cat, cow and other animals and plants (221).



1.8.7.2. Rhodobacter DMSO Reductase

The DMSO reductases of Rhodobacter sphaeroides and R. capsulatus are 86 kD
soluble, monomeric enzymes that are periplasmically localized and function
during anaerobic photosynthetic growth (1). They are oxotransferases with 77%
sequence identity that catalyze the transfer of an oxo group between the
substrate (DMSO or TMAO) and water in a two-electron redox reaction. Because
they are soluble enzymes, electrons from the quinol are transferred via a
membrane-bound b-type cytochrome that interacts with the periplasmically
localized cytochrome c,s, that transfers the reducing equivalents to the DMSO
reductase (164), thereby generating membrane potential. During this redox
reaction the molybdenum atom at the active site of the enzyme cycles between

Mo" and Mo"" via a Mo" intermediate since electrons are transferred singly.

Crystal structures of the two enzymes have been published (106, 163, 164) and
provide insight into their structure (Figure 1.4) and the mechanism (Figure 1.5) of
DMSO reduction. These studies revealed that DMSO reductase contains two
molybdopterin guanine dinucleotide molecules, termed the P and Q pterins (163)
(Figure 1.4) that asymmetrically coordinate the molybdenum atom through their
dithiolene groups. The enzyme itself is divided into four domains, I - IV, that
are formed by noncontiguous regions of the protein grouped around the

cofactor.

The residues that ligate the cofactor are dispersed throughout domains II, III and

IV. Domain I (the N-terminal region) is the only domain with no direct

31



interaction with the molybdenum cofactor. The molybdenum atom is located at
the base of a 35 A funnel, on one side of the enzyme. A section of domain I
forms part of the funnel wall and domain III is on the opposite side of the
cofactor as domain II. Both domains interact with the guanosine moiety, domain
Il mainly with the P pterin and domain III with the Q pterin. Domain [V consists
of the C-terminus of the protein and is located between domains I[ and III on the
opposite side of the enzyme as the funnel. Part of this domain binds the two

pterins of the cofactor.

The molybdenum is coordinated differently in the oxidized and reduced states.
The side chain of Ser147 is involved in coordination in both states. In the
oxidized form (Mo"'), the molybdenum is coordinated by the four dithiolene
sulfur atoms of the two molybdopterins, one oxo group and the side chain of Oy

of Ser147 (163).

The substrate binds the reduced (Mo") form of the enzyme. Although there are
no major conformational changes in the protein structure upon substrate
binding, there are significant changes at the active site. The oxo ligand is lost and
the coordination of the molybdenum by the pterin S atoms changes so that only
three sulfur ligands remain, two from the P pterin and one in the Q pterin (163).
The ligand from Ser147 is shifted and the Q pterin undergoes a conformational
change. The ribose and guanine are coordinated by Asn221 and Asp243 in the Q

pterin and by Asp459 and Asp511in the P pterin respectively.

32



The mechanism of DMSO reduction consists of two half reactions, an oxidative
and reductive half cycle (Figure 1.5). During the oxidative stage the reduced
enzyme binds the substrate at Mo" either through its O atom or through both O
and S atoms, which results in a weakening of the sulfur oxygen double bond in
the substrate (163). The Q pterin then shifts towards the molybdenum, liberating
the DMS by electronic and steric forces. During this time the molybdenum is
oxidized to its +VI state where it forms a double bond to the oxo ligand. This
completes the oxidative cycle, with molybdenum coordinated to an oxo ligand,

Oy of Ser147 and asymmetrically to four dithiolene sulfur atoms.

The reductive stage involves two cycles of electron donor binding to Mo, each
cycle transferring one electron to the active site. Two protons are also transferred
to the metal centre yielding water and restoring the Mo" state of the enzyme. b-
and c-type cytochromes have been proposed as the external electron donor. An
important residue involved at this stage is Trp388, which acts as a lid on the
active site that when both electrons are transferred to the molybdenum cycling it
back to Mo", undergoes a conformational change that could allow substrate

entry to the active site.

In this mechanism O atom transfer occurs from the substrate to water. The oxo
group bound to molybdenum is the O atom that is transferred to water. Tyr114

is proposed to participate in the proton transfer to produce water.

The two crystal structures of Rhodobacter capsulatus (106, 164) differ from the R.

sphaeroides structure results described above as these authors proposed that the
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molybdenum coordination in oxidized form includes not one but two oxo
groups. The study by Schneider and coworkers (164) reported that only the P
pterin binds the molybdenum atom and that only part of the Q pterin is involved
in the electron transfer from the electron donor to the redox centre. This
conclusion was based on structural findings that the molybdopterin of the P
pterin and guanine nucleotides of both the Q and P pterins are buried in the
protein. This results in a very different proposed mechanism for DMSO

reduction.

These structures are more universal in their application as sequence comparisons
between the Rhodobacter DMSO reductase and a variety of bacterial
oxotransferases containing molybdopterin guanine dinucleotide suggests a
similar polypeptide fold and an active site containing two molybdopterin

guanine dinucleotides (163).



Figure 1.4. Crystal structure of DMSO reductase from Rhodobacter sphaeroides,

looking down the active site funnel (used with permission from Kerensa

Heffron).

Ser147
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Figure 1.5. Mechanism of DMSO reduction (163).

H3C HiC,L CH
™\ ICH3 3 \
i s
g (o)
s % .S S
X \Ni/
| Mo | =— | Mo |
4 B .
S S S s
Og
S$147 S147
€ CH3
;s=o ] <
e CH;
S .S s S
PX - 1 <N\~ -
P l'l MoV H 2 Q P/l't /M0V| ,2 Q
S I S s l
Og 0e
Sl47 S147
HzO%\ /H‘OE'
"0
s, OH ¢
[o]
7
S S
Og
S147



1.8.7.3. Escherichia coli DMSO Reductase

DMSO reductase of Escherichia coli is an iron-sulfur molybdoenzyme that is a
terminal reductase in the anaerobic respiratory chain. The dms operon is
comprised of three genes, dmsABC, located at 20 minutes on the E. coli
chromosome. It is expressed constitutively under anaerobic conditions and is
induced 65 fold by the global regulator protein FNR due to increased dms mRNA
transcription (13, 50). The operon is repressed in the presence of oxygen by
arcAB, and by nitrate by NarL (53). Coupled to a dehydrogenase DMSO
reduction contributes to the proton motive force across the cell membrane (14, 16,
31, 205). There is controversy over this point however, as it has been suggested
that proton release during menaquinol oxidation and proton consumption
during DMSO reduction both take place at the cytoplasmic side of the membrane

(196) so there is no net proton release.

The enzyme is able to reduce a wide variety of S- and N-oxides (174, 204)
including DMSO, TMAO and several pyridine N-oxides. When E. coli is grown
anaerobically, DMSO reductase accounts for 90% of the TMAO activity observed
(153) and it is the only enzyme capable of sustaining anaerobic growth on

DMSO, methionine sulfoxide (154) and sulfoxides (174).

When the dms operon was initially cloned and sequenced (13, 15) a start site was
assigned such that there were 16 amino acids cleaved to give rise to the mature
polypeptide. This was based on the comparison of the N-terminal sequence of

DmsA from the automated Edman degradation and the translated DNA coding
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sequence. Years later a different N-terminus was suggested by Berks (12) who
was examining a series of complex redox cofactor-containing periplasmic
proteins. He found that most of these proteins contained an unusually long
signal sequence with what he coined as a ‘double-arginine motif’ of (S/T)
RRxFLK. Based on this finding he suggested these proteins share a common

export path across the cell membrane.

E. coli DMSO reductase was the exception to his list of redox proteins due to its
cytoplasmically oriented localization (13, 153, 206). By reassigning the start site
of DmsA, Berks found that it too contained a plausible double-arginine signal
sequence. It has since been confirmed by the Weiner group (203) that DmsA has
a 45 amino acid signal sequence that is responsible for targeting itself along with

DmsB to the MTT (Membrane Targeting and Translocation) system.

The topology of DMSO reductase is based on a number of experiments including
biochemical, immunological and electron microscopic techniques (153). DmsAB
form a 50 A (145) soluble dimer that take up a side-by-side conformation that is
anchored to the inner side of the cell membrane facing the cytoplasm by the

integral membrane subunit, DmsC (153, 205).

The catalytic subunit DmsA is a 90.4 kD molybdoprotein that contains a Mo-
bisMGD cofactor at its active site (13, 141, 193, 205). DmsA shares six blocks of
sequence similarity and organization with catalytic subunits in a number of

molybdoenzymes (193, 205) including enzymes that reduce nitrate (18, 19), biotin
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sulfoxide (122), and polysulfide (89) and enzymes that oxidize formate (10, 22,
160, 172, 208, 222). The order of the blocks is consistent but the spacing between
them varies greatly (193). The site of the molybdenum cofactor binding is
contained within these blocks (163). The N-terminal block contains conserved
residues, Cys38, Cys42, and Arg77 shown to be important in electron transfer

from the quinol pool to dimethyl sulfoxide (193).

DmsA is 54.4% similar and 32% identical to the Rhodobacter sphaeroides
counterpart (192) so the crystal structure previously described provides
information about the E. coli enzyme. Based on sequence alignment with R.
sphaeroides, the molybdenum ligation sphere of the E. coli DMSO reductase
includes four sulfur atoms from the 2 MPTs, 1 oxo ligand and the side chain of
Oy from Ser205. Based on alignment the residues involved in coordinating the
MGD ribose and guanine are Asp271 and Asp293 for the Q pterin and Asp501

and Ile566 for the P pterin, respectively.

DmsA also contains a vestigial [4Fe-4S] cluster-binding motif near the C-
terminus of the protein but there is no EPR detectible cluster (142). This motif
has been shown to be important in the electron transfer from the —120 mV {4Fe-

4S] cluster of DmsB to the Mo-bisMGD cofactor Mo" in DmsA (142).

Reduction of DMSO to DMS requires two electrons provided by Mo"™ in DmsA
(205). The molybdenum exists as oxidized Mo"", partially reduced Mo" and fully
reduced Mo" (202, 205). The intermediate state allows molybdenum to receive

electrons from the —-120 mV [4Fe-4S] centre in DmsB.
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The active site is accessible through a narrow 35 A channel from the surface of
the protein to the molybdenum, located at the bottom of the funnel (163) so
bulky substrates are not used (174). Based on the sequence similarity of the
DMSO reductase of E. coli and those of Rhodobacter capsulatus and R. sphaeroides,
whose DMSO reductases have been characterized (106, 163, 164), it has been
proposed that DmsA residues 142-219 may be important for substrate binding
(175). Based on its sequence it has also been hypothesized that DmsA-M14, T148

and R149 potentially form a large portion of the bottom layer of the funnel

leading to the active site (175).

DmsB is a 23 kD iron-sulfur containing electron transfer subunit. [t contains 16
cysteine residues arranged in four groups (I-IV) (31) that ligate 4 [4Fe-4S] centres
with midpoint potentials of -50, -120, -240 and -330 mV (144). This subunit is
responsible for transferring electrons from DmsC to the active site in DmsA.
Only the two highest potential clusters (-50 and -120 mV) are believed to be
involved in this transfer (31). The two low potential clusters (-240 and -330 mV)
may play a role in the overall structure of the subunit, but their large negative

midpoint potentials probably preclude them from any role in electron transfer

(142).
The -50 mV centre 1 is functionally and conformationally linked to DmsC-His65

which is believed to be the menaquinol binding site (142, 144). This [4Fe-4S]

centre is 21 A below the cytoplasmic side surface of DmsABC, close to the
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membrane surface, which is consistent with its role in electron transfer from the

DmsC menaquinol binding site (144).

Following the electron transfer from menaquinol to the -50 mV cluster, electrons
are passed to the —120 mV cluster (15 away from molybdenum) and finally

onto the Mo-bisMGD of DmsA through the vestigial [4Fe-4S] cluster binding
motif (142). DmsA-R77 defines the interaction pathway between the ~120 mV
cluster and Mo" of DmsA (142). It is likely that the pterins provide a conduit for

electron transfer to molybdenum (142).

A second function of DmsB is to facilitate the membrane assembly of the catalytic
dimer (155). The C-terminal 30 amino acids of DmsB interact with DmsC to

anchor the dimer to the membrane (which allows the electron transfer to occur).

DmsC is the 30.8 kD membrane integral subunit. It has 8 TMS with both N- and
C-termini exposed to the periplasm and has three large periplasmic and four
cytoplasmic loops (206). It is required for anchoring and stability of the DmsAB
catalytic subunit, and for menaquinol binding and oxidation (156, 205). When
this subunit is expressed alone it is lethal and this has been proposed to be due to
it acting as a proton channel (194). Without the soluble dimer blocking the
cytoplasmic side of the protein, ATP depletion occurs as the cell tries to maintain

the proton motive force (194).
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DmsC may have two quinone sites (142) but has a single dissociable site at His65
where menaquinol binding and oxidation occur. His65 is in TMS2 of DmsC and
is close to the periplasmic side of the membrane (144). Once it receives the
reducing equivalents from the menaquinol or demethylmenaquinol they are

transferred to the -50 mV cluster of DmsB.
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1.9. Translocation

1.9.1. Membrane Targeting and Translocation System (MTT)

The MTT or membrane targeting and translocation system (also known as TAT)
is a Sec-independent system that interacts with cofactor-containing redox
proteins bearing the (S/T) RRxFLK ‘twin-arginine’ leader motif (158, 203). These
proteins contain cofactors that are incorporated prior to membrane targeting and
translocation. This fully folded form means that they are much too large for Sec
translocation so they rely on the MTT system, encoded by mttA,A,BC (or
tatABCDE), a complex of approximately 600 kD in the cell membrane (23). Over
150 of these proteins have been identified from very diverse sources ranging
from bacteria and plants to humans and a few have been discussed earlier in this

chapter including TMAO and DMSO reductase.

1.9.2. Ynfl

Ynfl was recently identified as a result of the E. coli genome sequencing project
(20). It is located at 36 minutes on the chromosome and encodes a 23 kD protein
that is very rich in proline and tryptophan residues (119). It has internal
homology between its first and second half, which is characteristic of many
peptide-binding proteins (119). A recent study by Turner’s group revealed that
Ynfl is a twin-arginine leader binding protein that escorts MTT proteins from the

ribosome to the Sec-independent translocase. Ynfl was renamed DmsD (119).



1.10. Thesis Introduction and Objectives

The ynf operon was discovered as the result of the Escherichia coli genome
sequencing project. It is a five gene operon that is very homologous to DMSO
reductase so we were very interested in its function as our laboratory has studied

DMSO reductase over a number of years.

The first ynf gene to be studied was ynfl. It was found by Dr. Raymond Turner’s
laboratory (119) by immobilizing MTT-specific leader sequences on a GST
column and running E. coli cell extracts down the column to determine if there
were any proteins that would bind to them. The reasoning behind this
experiment was that there is still much to be learned about the MTT translocation
system, including whether there are chaperones that bind the MTT-specific
leader sequences to target them to the translocation system. The result of the
GST experiment was the discovery of Ynfl, the protein encoded by the fifth gene
of the then uncharacterized ynf operon. They found that the protein only bound
the precursor forms of the MTT-dependent proteins (DMSO and TMAO
reductases) and that a ynfI deletion strain resulted in the inability of cells to grow
on DMSO, indicating that the protein is required for targeting the enzyme to the
membrane for proper functioning. Ynfl homologues are found in a number of

Enterobacteriaceae and Archae.

On examination of protein databases, one homologue of the ynf operon has been

found (i.e. one that contains two catalytic subunits like the ynf operon). This
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homologue is in E. coli 0157:H7, the bacterium responsible for hamburger
disease.

Based on these two findings, that Ynfl is required for the targeting of (at least
some) MTT-dependent enzymes and that a ynf homologue is present in the
pathogenic bacterium 0157:H7, YnfEFGHI is potentially a very important

enzyme.

The objectives of this thesis were:

1. Cloning of the contiguous YnfEFGH operon into an expression vector.

2. Optimization of YnfEFGH protein expression and determination of their
cellular localization.

3. Determination of YnfEFGH complementation profile in a DMSO
reductase deletion strain (DSS301).

4. Construction of Ynf:Dms chimeric plasmids.

5. Expression of chimeric proteins.

6. Complementation and growth profile determination.

7. Examination of YNnfEFGH substrate specificity.

This thesis centres on the elucidation of the function of the Ynf operon. Because
the ynf promoter(s) are not understood the proteins were expressed from the tac
and native dms promoters. Ynf proteins were examined for glycerol-DMSO
complementation in a DmsABC deletion strain and their localization was
studied. Substrate specificity was investigated to help determine the natural
function of the enzyme. Each individual subunit was also examined for

similarities to, and ability to substitute for, their Dms counterparts. This work
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constitutes a preliminary characterization of the Ynf operon and will assist in

understanding it’s the natural function.
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Chapter 2: Investigation of Expression, Localization and
Function of the YnfEFGH Operon

2.1. Introduction

Dir-nethyl sulfoxide (DMSO) reductase (DmsABC) is a terminal electron transfer
enzyme that allows Escherichia coli to grow anaerobically on DMSO and many S-
and N-oxides as terminal electron acceptors (13, 15, 150, 154, 173, 204, 213). The
enzyme is located on the cytoplasmic surface of the inner membrane (153, 206). It
consists of a bis-molybdopterin guanine dinucleotide cofactor-containing
catalytic subunit (DmsA, 90.4 kDa), a 4 [4Fe-4S] cluster electron-transfer subunit
(DmsB, 23.1 kDa) and a hydrophobic, membrane-spanning anchor subunit
(DmsC, 30.8 kDa). DmsABC is a member of an emerging family of closely related
electron transfer enzymes found in a large number of prokaryotes which reduce
DMSO, TMAO (8, 154), nitrate (8, 18, 19, 154), and polysulfide (89) or which

oxidize formate (10, 22, 160, 172, 208, 222).

When the E. coli genome sequence was published (20) an operon consisting of
five open reading frames, ynfEFGHI, and bearing very strong similarity to
dmsABC was identified. There was no gene in the dmsABC operon similar to the
fifth gene, ynfl. ynfl (dmsD) has recently been shown to code for a twin-arginine
leader binding protein for Sec-independent targeting of DmsA by the Mtt/Tat

system (119).
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The presence of this operon on the chromosome was surprising to us, as we have
previously characterized a deletion of dmsABC (DSS301) (156), which is unable to
grow on DMSO and related substrates. This mutant did not express any DMSO
reductase activity or any proteins that cross-reacted with anti-DmsAB antibodies.
However, E. coli does encode two related nitrate reductases that probably arose
by gene duplication. narGHJI encodes the major nitrate reducing enzyme but the
narZYWYV (19) operon can express a low level of nitrate reductase and is
regulated differently than narGHJI (18, 24). It was possible that dmsABC and

ynfEFGH encoded a similar pair of enzymes.

We decided to examine the expression and function of the ynfEFGH holoenzyme
and constituent subunits using a cassette cloning strategy. In this study we
demonstrate that YnfEFGH can be expressed using the tac or dms promoters and
the membrane-bound enzyme has N-oxide reductase activity. ynfH can replace
dmsC and ynfG can replace dmsB resulting in fully functional enzymes with
dmsA. ynfE and ynfF are poorly expressed, tend to form inclusion bodies and

poorly complemented dmsA.
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2.2. Material and Methods

2.2.1 Materials

Oligonucleotides were purchased from the DNA core facility, Department of
Biochemistry, University of Alberta, Edmonton, Canada. All molecular biology
reagents were purchased from GibcoBRL except cloned Pfu DNA polymerase,
which was purchased from Stratagene/Perkin-Elmer Corp. (Alameda,
California). ECL Western blotting detection reagents were purchased from
Amersham Life Sciences. Benzyl viologen (BV), dithiothreitol (DTT), isonicotinic
acid N-oxide (ISNO), hydroxypyridine N-oxide (HPNO), 2-chloropyridine N-
oxide hydrochloride (CPNO), pyridine N-oxide (PNO), 3-[N-morpholino]
propanesulfonic acid (MOPS), trimethylamine N-oxide (TMAO), fumarate,
phenylmethyl sulfonyl fluoride (PMSF), kanamycin sulfate, ampicillin and
potassium tetrathionate were obtained from Sigma Chemical Co. (St. Louis,
Missouri). Dimethyl sulfoxide (DMSQO) was obtained from Fisher Scientific Ltd.

(Edmonton, Alberta). All other reagents were of analytical grade.

2.2.2 Cloning Strategy

Using the polymerase chain reaction we individually amplified each of the ynf
and dms genes or segments of the ynf operon and cloned them in the tac
promoter expression vector pMS119HE (186) or behind the dms promoter
substituted for the tac promoter in the same vector background. Individually
cloned genes were constructed with convenient restriction sites at the 5' and 3’
ends to simplify sequential construction and gene substitution between the ynf

and dms genes. The entire ynf and dms operons were first constructed, then by
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making use of the restriction sites the homologous genes were substituted (i.e.
dmsABC — dmsABynfH). A list of plasmid derivatives can be found in Table 2.1
and the appropriate PCR oligonucleotides used for their construction are listed in
Table 2.2. Each gene (or combination thereof) was amplified by PCR from HB101
chromosomal DNA. Each sense primer incorporated a Shine-Dalgarno sequence
(GGAG) and spacer (17). Following PCR amplification, products were purified
with cetyl trimethyl ammonium bromide (219), digested, run on an agarose gel
and gel purified (using the glass milk procedure) (35), ligated into digested and
dephosphorylated pMS119HE or pSPL-119HE vector and transformed into E. coli

TG1.
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Table 2.1. Bacterial strains and plasmids used in this study

Strain/Plasmid Genotype/Description Reference
TG1 K12 A(lac-pro)supEF traD36 Amersham Corp.

proABlacPF AlacZM15
DSS301 K12 A(lac-pro)supEF traD36 (155)

proABlacPF AlacZM15 AdmsABC, Kan"
BNN103 (lacIlPOZYA) U169 proA* Alon (217)

araD 139 strA thi" hflA 150 [chr::Tn10]
pBR322 Amp'lacZ’ Pharmacia
pDMS160 pBR322 Amp’ (dmsABC)’ (143)
pMS119HE tac, laclqg, Amp' (186)
pSPL-119HE pMS119HE without Sall and Sphl sites this study
pSPL-119HE/dmsP  pSPL119HE with the dmsP this study
pTDMS28/Kan ynfl under tac control (119)
pSPL-(FG) pSPL-119HE/ynfFG contiguous this study
pSPL-(H) pSPL-119HE/ynfH contiguous this study
pSPL-(FGH) pSPL-119HE/ynfFGH contiguous this study
pSPL-(EFGH) pSPL-119HE/ynfEFGH contiguous this study
pSPL-d(FGH) pSPL-119HE/dmsP /ynfFGH contiguous this study
pSPL-d(EFGH) pSPL-119HE/dmsP /ynfEFGH contiguous  this study
pSPL-dFGH pSPL-119HE/dmsP ynfFGH individual this study
pSPL-dEFGH pSPL-119HE/dmsP ynfEFGH individual this study
pSPL-dABC pSPL-119HE/dmsP dmsABC individual this study
pSPL-dABH pSPL-119HE/dmsP dmsABynfH chimera this study
pSPL-dEBC pSPL-119HE/dmsP ynfEdmsBC chimera this study
pSPL-dFBC pSPL-119HE /dmsP ynfFdmsBC chimera this study
pSPL-dFGC pSPL-119HE/dmsP ynfFGdmsC chimera this study
pSPL-dEFGC pSPL-119HE/dmsP ynfEFGdmsC chimera  this study
pSPL-dAGH pSPL-119HE/dmsP dmsAynfGH chimera this study

_pSPL-dEGH pSPL-119HE /dmsP ynfEGH chimera this study

The ynf genes were cloned by PCR as described in Methods into either pSPL-
119HE or pSPL-119HE/dmsP, where dmsP represents the dms promoter.
Plasmids that carry the ynf genes as contiguous PCR products are denoted with
brackets e.g. (FGH), all others contain individually cloned genes. Plasmids with

the ynf and/or dms genes under dms promoter control are preceded by a (d).
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Table 2.2. PCR primers used to amplify ynf and dms genes

Gene Product Sense Primer Antisense Primer
Length
(bp)
ynfE 2462 5'-gct cta gaa agg aga aat att 5’-gcg aat tcg cat gcT TAT ATT
ATG TCC AAA AAT GAA-3 TTT TCG ATC TCG ACC-3"
ynfE2 2462 5’-gct cta gaa agg aga aat att 5’-gcg aat tcg tcg acT TAT ATT
ATG TCC AAA AAT GAA-¥ TTT TCG ATC TCG ACC-3’
ynfF 2465 5°-gct cta gag cat gca agg aga aat 5'-gcg aat tcg tcg acT TAA
aat ATG AAA ATC CAT CA-3’ ACCTTT TCG AT-3’
ynfG 659 5’-gct cta gag tcg aca agg aga aataat  5'-gcg aat tcg cta gcT TAC
ATG ACCACA CAATATGGA-3*  ACT TCC TCC GG-3’
ynfH 890 5’-gct cta gag cta gca agg aga aat 5’-gcg aat tcT TAA CCT
aat ATG GGA AAT GGA TG-3' GCA ATAGCC A-¥

dmsA 2486 5’-gct cta gag cat gca agg aga aataat  5'-gcg aat tcg tcg acT TAC
ATG AAA ACG AAAATCCCT-3  ACCTTT TCA ACC TGA-3'

dmsB 659 5’-gct cta gag tcg aca agg aga aataat  5'-gcg aat tcg cta gcT CAC
ATG ACA ACCCAG TATGGA-3*  ACC TCC TTC GGG TTT-3’
dmsC 899 5'-gct cta gag cta gca agg aga aataat  5’-gcg aat tcT TAG CTT
ATG GGA AGT GGA TGG CAT-3' GCG ACG GCC ATC-3’
dms 793 5'-cga cgc gta tca tcg ATG AAG 5'-tgc tct aga TGG CTC
Promoter ATG ATC TGC-3’ ACT CAA GCT TGC-3’

Lower case letters represent extra nucleotides introduced into the primer that are
not part of the ynf or dms gene (including restriction sites, which are underlined).
Upper case letters are nucleotides of the ynf or dms gene. There are two ynfE
antisense primers, differing only in the restriction site incorporated. This is to
allow cloning upstream of ynfF (ynfE) which has the Sphl site at its 5' end, or

upstream of ynfG (ynfE2) which has the Sall site at its 5’ end.
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Cloning ynf genes downstream of the dms promoter was achieved by
replacement of the tac promoter in pSPL-119HE using Mlul and Xbal. An 81 bp
fragment encompassing the dms promoter was PCR amplified from HB101
chromosomal DNA with an Mlul site at the 5’ end and an Xbal site at the 3’ end.
The tac promoter was digested from the plasmid using Mlul and Xbal and

replaced with the dms promoter.

The plasmid pSPL{EFGH) was constructed as follows: pSPL-(FGH) was digested
with Xbal (5’ end of ynfF) and Bglll (a natural internal site near the 5’ end of ynfG)
to remove ynfFG’. ynfEFG was amplified from HB101 chromosomal DNA,
digested with the same enzymes, and the ynfEFG’ fragment ligated into the
digested and dephosphorylated pSPL-(FGH) to create pSPL-(EFGH). Figure 2.1
shows composites of the pSPL-dEFGH and pSPL-dABC plasmids with the key

restriction sites indicated.
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2.2.3. Aerobic Growth

To examine the expression of the ynf genes, cells were grown on Terrific Broth
(TB) (157), Luria Bertani Broth (LB) (157) or tryptone phosphate media (TP) (112),
supplemented with 10 pg/ml thiamine and with antibiotics as required (100
ng/ml ampicillin, 40 pg/ml kanamycin) at either 37°C or 30°C. Inocula were
grown overnight in LB supplemented with 10 pg/ml thiamine and antibiotics as
required and inoculated at a 1:100 dilution into the appropriate media. Cultures
were induced with 0.1 mM IPTG and 1 ml aliquots were withdrawn at 0, 2 and 4
hours. Cells were washed in 50 mM MOPS-0.2 mM IPTG and 0.5 mM DTT and
resuspended in the same buffer. Whole cell immunoblots were run with 25 pg of

protein of each sample.

2.2.4. Anaerobic Growth

Cells grown aerobically overnight in LB Broth were used to inoculate glycerol-
fumarate media (GF) at a 1:100 dilution for 24 or 48 hours at 30°C using flasks
filled to the top. For growth experiments DSS301 construct-containing strains
were inoculated with 12-hour LB grown cells at a 1:100 dilution and grown

anaerobically in Klett flasks at 30°C (154). Growth was monitored with a Klett

spectrophotometer.

2.2.5. Preparation of Membranes and Soluble Fractions

Membrane and soluble fractions were prepared as follows. GF grown cells,

grown for 48 hours, were harvested and washed in 50 mM MOPS, pH 7.0 - 0.2
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mM PMSF - 0.5 mM DTT, and disrupted by French press lysis as previously
described (153).

2.2.6. Polyacrylamide Gel Electrophoresis and Immunoblotting of Ynf
Proteins

Samples, 25 pg (unless otherwise indicated), were prepared by boiling in
Laemmli SDS sample buffer for 5 minutes and analyzed by electrophoresis (200V
for approximately 45 minutes or until dye front reached that bottom of glass
plates) using a Laemmli buffer system as described (92). Inmunoblotting was
carried out as previously described (155) with a 1:25 dilution of polyclonal anti-

DmsA and anti-DmsB antibodies.

2.2.7. Protein Determination

Protein concentration was determined using a modified Lowry protein assay,

using Bovine Serum Albumin as the standard (105).

2.2.8. Benzyl Viologen Enzyme Assays

Reductase activity was monitored spectrophotometrically at 570 nm by the
substrate-dependent oxidation of reduced benzyl viologen at room temperature
(153, 204). The terminal electron acceptors used were 72 mM TMAO, 21 mM
DMSO, 5.4 mM isonicotinic acid N-oxide, 18 mM hydroxypyridine N-oxide, 18
mM 2-chloropyridine N-oxide hydrochloride, 72 mM pyridine N-oxide in 50 mM

MOPS, pH 7.0. One unit represents 1 pmol of benzyl viologen oxidized /min.
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2.2.9. Lapachol Enzyme Assays
Quinol : TMAO oxidoreductase activity was monitored spectrophotometrically
at 481 nm by the TMAO-dependent oxidation of the menaquinol analogue,

lapachol as described previously (140).

2.2.10. Fluorescence Analysis of Molybdopterin Cofactor

Membrane samples (10 mg) were centrifuged at 95,000 RPM for 25 minutes using
a Beckman TL100 ultracentrifuge with a Til00.3 rotor. Membranes were
resuspended in 300 pl water with a Teflon homogenizer. 6N HCI (200 pl) was
added and the samples were vigorously shaken using a Vortex mixer, followed
by the addition and vortex of 800 pul 2%/4% I,/KI. Samples were boiled for 25
minutes and cooled on ice for 2 minutes. Samples were centrifuged in an
Eppendorf centrifuge at 13, 000 RPM for 15 minutes and supernatants
transferred to new tubes. Fluorescence was measured by adding 200 pl sample
to 3.5 ml 1 M NH,OH. Excitation spectra were recorded from 240 - 420 nm with
an emission wavelength of 442 nm and emission spectra from 410 - 520 nm with

an excitation wavelength of 395 nm (78).

2.2.11. 2-n-hepty-4-hydroxyquinoline-N-oxide (HOQNO) Fluorescence
Binding

Membrane samples containing 1 mg protein in 3.5 ml of 50 mM MOPS buffer pH
7.0 were assayed for HOQNO binding (118) by adding 2 pl aliquots of 0.1 mM
HOQNO in 95% redistilled ethanol, inverted 3 times, and examined

spectrophotometrically at an excitation wavelength of 341 nm and emission
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wavelength of 479 nm in a Perkin Elmer LS50B. Plots of fluorescence intensity
versus [HOQNO] were analyzed as previously described (144) yielding an

estimate of specific enzyme concentration (nM) and the K,; of HOQNO binding.

2.2.12. EPR Spectroscopy

Levels of iron-sulfur clusters in DSS301 strains were determined by measuring
membrane samples prepared as previously described (31) using a Bruker
Spectrospin ESP300 EPR spectrophotometer and conditions also described earlier
(143). EPR spectra were recorded under the following conditions: temperature,
12K; microwave power, 20mW at 9.47GHz; modulation amplitute, 10G;, at
100KHz. Spectra were corrected for EPR tube callibrations and normalized to a
nominal protein concentration of 30mg mL"'. g-values are indicated by vertical

lines above the spectra.
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2.3. Results

2.3.1. A paralogue of the dmsABC operon in E. coli

The ynfEFGHI operon was identified during the course of the E. coli genome
sequencing project (20). The operon, located at 35 minutes on the chromosome,
consists of five open reading frames, the first four of which are surprisingly
similar to those of the E. coli dms operon. The first two genes, ynfE and ynfF, are
each homologous to dmsA and appear to result from a tandem duplication. YnfE
is 66.7% identical and a further 15.1% similar to DmsA and YnfF is 66.4%
identical and an additional 15.8% similar to DmsA. ynfE and ynfF are also very
similar to dmsA at the DNA level, 66% and 65% identical respectively. Both YnfE
and YnfF possess a twin-arginine leader, that in the case of DmsA has been
shown to be essential for membrane targeting and assembly of the holoenzyme
(158, 159, 168, 204), and conserve all the residues known to be essential for DmsA
molybdopterin binding (205). YnfG is 94.1% identical and a further 2.9% similar
to DmsB (81% identical at the DNA level) and contains four Cys motifs that
coordinate the 4 [4Fe-4S] clusters. YnfH is the least conserved member of the
operon but it is clearly an integral membrane protein related to DmsC. Like
DmsC it encodes eight potential transmembrane a-helices and is 57.4% identical
and an additional 14.8% similar to DmsC (61% identical at the DNA level). The
arginine and glutamate residues known to be essential for menaquinol binding
and reductase activity are conserved (206). The fifth gene of the operon, ynfl
(dmsD), encodes a twin-arginine leader binding protein and plays a role in the

targeting of DmsABC and YnfEFGH to the membrane (119).



The ynfEFGHI and dmsABC operons are very similar in their architecture. The
molybdopterin-containing subunit(s) is at the 5’ end of the operon, followed by
the iron-sulfur cluster-containing subunit, and the membrane anchor. The major
differences between the two operons include the presence of two tandem dmsA
paralogues in the ynf operon, and the absence of a ynflI paralogue in the dms

operon.

There are two possible 670 promoters in the ynf operon, one upstream of ynfE
and the other upstream of ynfF. Based on a computational prediction (152) the
ynfE promoter begins 102 bp upstream of the initiating methionine and is 81 bp
in length. Just upstream of this promoter is a good FNR box (53). Based on the
same prediction, the possible ynfF promoter is contained entirely within the 3’
end of ynfE but does not contain an obvious FNR box. It is 81 bp in length and
begins 148 bp upstream of the initiating methionine of ynfF. There is a good
Shine-Dalgarno site 6 bp upstream of the initiating ATG of ynfE (GGAG) and a
reasonable site 5 bp upstream of ynfF (TGAG).

2.3.2. Detection of the products of the ynf Open Reading Frames

E. coli DSS301, deleted for the dmsABC operon eliminated DMSO reductase
activity, growth on DMSO and immunostaining protein with anti-DmsA and
anti-DmsB antibodies (153). DmsC cannot be detected as we have been
unsuccessful in making an anti-DmsC antibody (153). We confirmed the absence
of anti-DmsA and anti-DmsB immunoreactive protein in DSS301 by Western
blotting of cells grown aerobically and anaerobically in TB (157), LB (157) or TP

media (112) (data not shown). This suggested that YnfEFG were either not
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expressed under these conditions, or were expressed at a level below our
detection limit. It was also possible that YnfEFG did not cross-react with the

antibodies.

To examine this we cloned various combinations of the ynf genes behind the
IPTG-inducible tac promoter and examined expression in TG1 (wild-type),
DSS301 (AdmsABC) and a protease-deficient lon mutant, BNN103. We
immunoblotted these whole cells following IPTG induction and tested the ability
of anti-DmsA to detect YnfE and YnfF and anti-DmsB to detect YnfG. Figure 2.2
shows a typical aerobic expression in TG1 after IPTG induction. A small amount
of DmsA resulting from the chromosomal dms operon is visible in TG1.
Polypeptides cross-reacting with anti-DmsA and anti-DmsB were clearly visible
in cells complemented with pSPL-(EF(;H) (lane B). When cells were
complemented with pSPL{FGH), expression of YnfF was very poor compared to
YnfE (more than twice as much YnfEF when compared to YnfF alone) (cf. lane B
pSPL-(EFGH) and lane C pSPL-(FGH)). There was good expression of YnfG from
both YnfEFGH and YnfFGH. The apparent anomalous migration of YnfG is an
artifact of electrophoresis and is dependent on protein concentration. We
attribute this to the large number of cysteine residues in YnfG, which are
required for ligating the iron-sulfur centres. With decreased concentrations of
protein (and therefore relative increased levels of reducing agent, DTT), the YnfG
band ran faster, indicating that the reducing agent at higher protein levels was
unable to reduce all inter- and intramolecular disulfide bonds resulting in

multimers of YnfG.
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We could not observe YnfEFGH or YnfFGH by direct Coomassie blue staining of
induced cells indicating that overall expression was much lower than observed

with DmsABC which can constitute as much as 30% of the membrane protein

(data not shown).

63



'aue] {oea uo

papeo| a1am uatoad [jad ajoym Jo 3w g 191, 2ue] ((HOL)-1dsd/ D aue| (HO4F)-1dsd/
g aue[ Lawip gysw piepuels paynnd ‘y aue ‘saipoquue gyswg-nue yim Sunjojqounwwi Aq

pautwiexa A[1D3Jip pue pajsaniey a1aM S[[3d a4} SIY § 19NV O L[ JNW ['Q Yilm pasnpur pue g uo

A1eo1qoIae umoid a1am s{[a)) ‘uoiado fuh ayy Suissardxa s[[2d joym [ 1j07 ' JO 10]q UINSIM *T°T 2inBi]

OjuA/gsua

d3JUA/vsug

64



2.3.3. Localization of YnfEFGH

The localization of the Ynf proteins expressed from the tac promoter was
examined by separating the whole cell lysate into soluble
cytoplasmic/periplasmic fraction, membranes and the low speed pellet
(inclusion body fraction). Initial experiments indicated that, unlike DmsABC, the
majority of YnfEF and YnfG accumulated in inclusion bodies with only a small

amount in the membrane and soluble fractions.

We carried out an extensive study to minimize inclusion body formation (see
Appendix) including alteration of the E. coli host strain, growth media, IPTG
concentration, and supplementation of the medium with molybdenum and iron.
We examined the effect of co-expression of Ynfl (DmsD) in case the
chromosomal level of Ynfl was limiting. We incubated the cells with
chloramphenicol after allowing the cells to express YnfEFGH for 1 hour.
Chloramphenicol inhibits protein synthesis and has been shown to allow
improved folding of pre-synthesized proteins (34). None of these parameters

significantly decreased the accumulation of inclusion bodies.

However, lowering the growth temperature from 37°C to 30°C improved the
accumulation of YnfEFGH in the membrane. This suggested that expression from
the tac promoter might be too rapid, resulting in misfolding and inclusion body
formation. To test this we replaced the tac promoter with the dms promoter and
expressed YnfFGH and YnfEFGH under anaerobic conditions at 30°C in BNN103

(lon’). BNN103 does not express DmsABC even though it has a chromosomal
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copy of the dmsABC operon (unpublished results), making this a useful strain for
expression studies. Figure 2.3 is an immunoblot of whole cells and subcellular
fractions isolated from anaerobically-grown (on GF media) BNN103 harboring
pSPL-d(FGH). The majority of the YnfFG accumulated in the membrane fraction
and not in inclusion bodies (cf. lanes A, B and C). YnfF accumulated at the
mature molecular weight whereas some premature YnfF was observed in the
inclusion bodies (lane C). In a similar experiment, BNN103/pSPL-d(EFGH)
showed the same result except that the YnfEF band was more intense (data not

shown).



YnfF ~—— N

YnfG

Figure 2.3. Expression of YnfFGH in E. coli BNN103 under dms promoter control.
Cells were grown anaerobically for 24 hr at 30°C in GF medium,
harvested and fractionated into subcellular fractions as detailed in
Methods. 30 ug of whole cells and low speed pellet fractions and 60 ug
of membrane and soluble fractions were subjected to electrophoresis
and immunoblotting as previously described. Lane A, /pSPL-d(FGH)
membranes; lane B, soluble fraction; lane C, low speed pellet; and
lane D, whole cells.
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2.3.4. Growth Complementation in DSS301

We tested whether overexpression of the Ynf proteins would complement
DSS301 (AdmsABC) for anaerobic growth on GD. At 30°C DSS301/pSPL-d(FGH)
and DSS301/pSPL-d(EFGH) were able to support only very limited GD growth
which was about one-third of the maximal cell density observed for pDMS160

expressing DmsABC (Figure 2.4).

In order to interchange subunits and examine the functional ability of the ynf
ORFs by complementation in DSS301 we constructed a number of chimeric
plasmids expressing combinations of the ynf and dms genes. DSS301 cells
transformed with seven different Dms:Ynf chimeric constructs as well as various
control plasmids (Table 2.1) were grown on GD at 30°C (Figure 2.5). DSS301/
pSPL-dABC complemented growth indicating that the incorporation of

restriction sites into the dms operon did not dramatically impair its function.
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Exchange of the anchor subunit DmsC, in dmsABC, by YnfH (pSPL-dABH)
resulted in 60% of the cell density of DSS301/pSPL-dABC. Thus, although YnfH
is the most divergent subunit in the operon (60% identity with DmsC), it could
serve as an anchor for DmsAB. YnfH could also interact with the menaquinol
pool and pass reducing equivalents to DmsAB. We then exchanged both YnfG
and YnfH for DmsBC (pSPL-dAGH). This plasmid could also support the growth
of DSS301 indicating that YnfG is a functional electron transfer subunit and

assembled the 4 [4Fe-4S] clusters necessary for electron transfer.

We next attempted to replace the DmsA subunit with YnfE (pSPL-dEBC). This
plasmid could not support growth. Similarly, pSPL-dEGH could not support
growth suggesting that YnfE did not have DMSO reductase activity or enzyme
expression was insufficient to support growth. We replaced DmsA with YnfF
and this plasmid (pSPL-dFBC) was also unable to support growth. However,
when we examined pSPL-dFGC we found that it could support GD growth of
DSS301. Similarly, pSPL-d(FGH) could also support similar levels of growth
(Figure 2.4). Thus YnfF has some DMSO reductase catalytic activity and appears
to interact better with YnfG than DmsB. When we combined both YnfE and YnfF

(pSPL-dEFGC) no growth was observed.

2.3.5. Expression and Localization of the Chimeric Enzymes

The distribution of the chimeric Ynf:Dms enzymes was examined by
immunoblotting subcellular fractions. As expected the background strain,
DSS301 showed no immunoreactive bands (Figure 2.6A). The control, DSS301/

pSPL-dABC showed good expression (Figure 2.6B) with enzyme in both the
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membrane and soluble fractions. Both DSS301/ pSPL-dAGH (Figure 2.6C) and
DSS301/pSPL-dABH (Figure 2.6D) looked very much like DSS301/pSPL-dABC,
with more protein in the membrane fraction (by observation, band intensity is
greater in the membrane fraction). This agrees with the growth experiments and
indicates that YnfG and YnfH can interact with DmsA to form a functional

holoenzyme.

Chimeric plasmids encoding YnfF in lanes E and F (DSS301/pSPL-dFBC and
DSS301/pSPL-dFGC) in combination with the Ynf or Dms subunits generally
resulted in poor expression of the large subunit. Figure 6F (DSS301/pSPL-dFGC)
shows that the small amount of YnfF expressed was localized to the membrane.
This indicates that YnfFG were able to interact with DmsC for anchoring to the
membrane. This was somewhat unexpected as DSS301/pSPL-dFGC (and
DSS301/pSPLAFGH)) could support anaerobic growth of DSS301 on glycerol-
DMSO, whereas DSS301/pSPL-dFBC could not, and we know that both DmsBC
are functional. This could indicate a poor interaction between YnfF and DmsBC.
Plasmids encoding a YnfE subunit (Figure 2.6G, H and I) generally had poor
expression showing that these chimeras did not assemble well which accounts

for the inability of these constructs to support growth.
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2.2.6. HOQNO Binding

Binding of the quinol analogue HOQNO to DmsC quenches its endogenous
fluorescence and this provides a means of monitoring the interaction of DmsC
with quinols and quantitating the amount of enzyme in the membrane (118).
This is an additional method of examining the functionality of YnfH. HOQNO
binding also provides a rough estimate of concentration of enzyme in the
membrane, as it is known that there is one quinol binding site in DmsC (144.
220). Figure 2.7 shows the results of quenching of HOQNO fluorescence with
membranes expressing proteins encoded by a series of chimeric plasmids.
DSS301 membranes do not quench HOQNO fluorescence while membranes
over-expressing DmsABC (DSS301/pDMS160) gave a concentration of DmsC of
0.49 nmoles DmsC/mg protein with a K, of about 6 nM, in good agreement with
previous studies (220). Membranes of DSS301/pSPL-dAGH and DSS301/pSPL-
dABH had a specific concentration of 0.42 and 0.37 nmoles anchor subunit/mg,
with K;'s of 4 nM and 9 nM, respectively. Membranes isolated from cells
expressing pSPL-dFGC, pSPL-d(FGH) and pSPL-d(EFGH) did not have
measurable HOQNO binding due to the relatively low level of expression. For
clarity each curve was raised, with the lowest curve (DSS301/pDMS160) raised

0.1 and each curve thereafter raised an additional multiple of 0.3.
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2.3.7. Enzymatic Assays

Reduced benzyl viologen can be used as an electron donor to measure the
enzymatic activity of the DMSO reductase catalytic dimer, DmsAB. We
measured the activity of membranes isolated from DSS301 expressing proteins
encoded by selected chimeric plasmids with TMAO as the acceptor (Table 2.3).
TMAQO is the best acceptor for DmsABC (47). DSS301/pSPL-dAGH and
DSS301/pSPL-dABH expressed about 41% and 27% of the activity of
DSS301/pDMS160 (DmsABC), respectively. Turnover number is calculated as
the moles of substrate metabolized (or turned over) per second per mole of
enzyme. The moles of enzyme were determined from the specific HOQNO
binding (assuming a 1:1:1 molar ratio) calculated from HOQNO binding assays
(Table 2.3). We were unable to determine turnover numbers of DSS301 /pSPL-
dFGC and DSS301/pSPL-d(FGH) due to their low expression. When YnfF
replaced DmsA (DSS301/pSPL-dFGC) the activity was only 0.7% of that seen

with DmsABC. No activity was seen when YnfE was present (data not shown).

We have previously shown that reduced lapachol can be used to monitor
Quinol:TMAO oxidoreductase activity of DmsABC, providing a
spectrophotometric assay for the function of the holoenzyme (140). The lapachol
activity of DSS301/pSPL-dAGH and DSS301/pSPL-dABH reflected the benzyl
viologen activity (Table 2.3), as did the lapachol activity of DSS301/pSPL-dFGC,

which was very low.
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Table 2.3. Enzymatic Activity of Chimeric Enzymes Expressed from Selected

Chimeric Plasmids

Strain Specific Activity  Specific Activity Turnover
Lapachol Benzyl Viologen Benzyl
(umoles/mg/min) (umoles/mg/min) Viologen (/sec)
DSS301/pDMS160 1.945 59.07 1015
DSS301/pSPL-dAGH 1.050 22.33 441
DSS301/pSPL-dABH 0.799 13.38 298
DSS301 / pSPL-dFGC 0.101 0.49 ND
DSS301/pSPL-dFGH ND 0.73 ND
DSS301 <0.04 0.23 ND

Activity was measured as described in Methods with lapachol or benzyl

viologen as the donor and TMAO as the acceptor. Turnover numbers were

calculated from the specific enzyme concentration determined by HOQNO

binding. ND = not determined.



2.3.8. Substrate Specificity of YnfF

We have previously examined the substrate specificity of DmsABC (154, 174,
204) and it was possible that YnfF has a different substrate preference. We tested
the activity of membranes isolated from DSS301/pSPL-dFGC and DSS301/
pSPL-d(FGH) with DMSO and a variety of N-oxides. With the DmsABC enzyme,
TMAO is a much better substrate than DMSO (154). However, for YnfF
containing enzymes, the TMAO activity was low and equivalent to DMSO
activity (Table 2.4). The best activity in YnfFGH was observed with
hydroxypyridine N-oxide, which was 7.9 fold better than TMAO. We did not

measure the activity of YnfE chimeras due to the very poor expression.
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Table 2.4. Benzyl Viologen Enzyme Assays of Membrane Fractions

Substrate Specific Activity
(umoles/mg/min)
DSS301 DSS301/ pSPL-dFGC DSS301/ pSPL-d(FGH)
TMAO 0.23 0.49 073
DMSO 0.13 0.66 0.82
ISNO 0.08 1.42 2.30
HPNO 0.08 223 3.32
CPNO 0.12 0.73 1.14
PNO 0.14 1.53 2.11

Activity is expressed as umoles BV oxidized per mg membrane protein per
minute. The concentration of each substrate is given in Methods. TMAO
trimethylamine N-oxide; DMSO dimethyl sulfoxide; ISNO isonicotinic acid N-
oxide; HPNO hydroxypyridine N-oxide; CPNO 2-chloropyridine N-oxide
hydrochloride; PNO pyridine N-oxide.
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2.3.9. Form A Fluorescence

An additional method of determining the functionality of the catalytic subunit is
measuring the amount of molybdenum cofactor, as it is required for the
reduction of substrate. The amount of molybdenum cofactor can be determined
by quantitating the fluorescence of one of the pterin oxidation products, Form A.
Figure 2.8 shows the fluorescence spectra of DSS301, DSS301/pDMS160 and the
three constructs that grew anaerobically on DMSO. DSS301/pSPL-dAGH
demonstrated the highest fluorescence of the chimeric enzymes and DSS301/
pSPL-dABH shows intermediate fluorescence in agreement with the activity
measurements. The presence of molybdenum cofactor was not unexpected due
to the presence of the DmsA subunit in these chimeric enzymes. DSS301/pSPL-
dFGC showed a low, but measurable level of Form A fluorescence as expected
from the growth and expression studies whereas DSS301/pSPL-d(FGH) did not
have any fluorescence (data not shown) suggesting that assembly and stability of
FGC was better than FGH. It should be noted that protein level affects the
amount of molybdenum cofactor, so constructs with poor florescence may be the

result of poor expression.
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2.3.10. Electron Paramagnetic Resonance of the Fe-S Clusters

To assay the functionality of the electron transfer subunit, the presence of iron-
sulfur centres and their levels can be determined. DmsB has 4 [4Fe-4S] clusters
coordinated by four Cys motifs, which can be observed by EPR spectroscopy at
4K (31). These clusters give characteristic g-values for iron-sulfur centres in EPR
experiments. YnfG has the four Cys motifs and in order to determine whether
there were iron-sulfur clusters present in the chimeric enzymes, EPR spectra
were recorded for DSS301/pSPL-dAGH, DSS301/pSPL-dABH, DSS301/pSPL-
dFGC, DSS301/pSPL-d(FGH) and DSS301/pSPL-d(EFGH). Figure 2.9A
illustrates that DSS301/pSPL-dAGH and DSS301/pSPL-dABH exhibit EPR
spectra similar to DSS301/pDMS160, and DSS301 /pSPL-dFGC had a low but
measurable spectrum. DSS301/pSPL-d(FGH) and DSS301/pSPL-d(EFGH)
closely resemble the spectra of the DSS301. Figure 2.9B is the same spectra
corrected DSS301 background to minimize the contribution of the Frd ABCD

[2Fe-2S] and [4Fe-4S] cluster signals.
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Figure 2.9. EPR spectra of dithionite-reduced membranes from DSS301 cells
expressing chimeric Dms: Ynf proteins. A. EPR spectra of membranes
from (i)DSS301; (i) /pDMS160; (iii) / pSPL-dAGH; (iv) /pSPL-dABH;
(v) /pSPL-dFGC; (vi) / pSPL-d(FGH); and (vii) / pSPL-d(EFGH). B. EPR
difference spectra of DSS301 membranes transformed with plasmids
expressing the Dms/ Ynf proteins. (i) /pDMS160; (ii) /pSPL-dAGH;
(iii) /pSPL-dABH; (iv) / pSPL-dFGC; (v) /pSPL-d(FGH); and
(vi) /pSPL-d(EFGH).
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2.4. Discussion

DMSO reductase is a heterotrimeric molybdoenzyme that functions as an
electron transfer enzyme in the anaerobic respiratory chain. Since the discovery
of a paralogue, the ynfEFGHI operon, which resulted from the E. coli genome
sequencing project, we have been interested in its function. The striking
similarity of YnfEFGH to DmsABC suggested a role as an alternate DMSO
reductase with similar cell localization, reminiscent of the alternate nitrate
reductases (19). Despite the success of cloning ynfEFGH behind the tac and dms
promoters, which was necessitated by the lack of understanding of the native ynf

promoter(s), we concluded that YnfEFGH is not an alternate DMSO reductase.

Two major differences distinguish YnfEFGH from DmsABC. The first is the
tandem duplication of the putative catalytic subunits YnfE and YnfF and the
second is the presence of a fifth open reading frame, ynfl (dmsD). Turner and
colleagues have recently shown that Ynfl is essential for the assembly and
targeting of DmsABC to the membrane via the Tat/Mtt system and that it serves

as a twin-arginine leader binding protein (119).

Two potential promoters have been identified by bioinformatic analysis
preceding ynfE and ynfF. Ynfl lacks its own promoter so must be expressed as the
downstream gene in a polycistronic message composed of at least YnfFGHI,
suggesting that YnfFGH should be expressed. However, our investigations over
many years of a dmsABC deletion strain, DSS301, did not indicate that an

alternate DMSO reductase was expressed or functional. This suggested that there
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was either a translation problem for YnfEFGH or the proteins were made but
were rapidly proteolyzed by E. coli even though they appeared so similar to
DmsABC. To examine this conundrum, we expressed the YnfEFGH operon

under tac promoter control from a multi-copy plasmid.

We were able to show that both YnfE/F cross-reacted with anti-DmsA antibody
and that YnfG cross-reacted with anti-DmsB antibody. However, the expression
of both YnfE and YnfF were poor compared to DmsA and YnfEFG tended to
form inclusion bodies. A search for rare codons did not identify any obvious
translational problems. It was also clear from this work that YnfG is expressed to
higher levels than YnfEF. We were able to overcome the inclusion body problem
by expressing YnfEFGH anaerobically using a dms promoter driven construct
and growing at 30°C. Under these conditions YnfEFGH assembled in the
membrane and YnfE and YnfF migrated as the mature form suggesting that they
had been correctly handled by the Tat/Mtt protein translocation and targeting
system (119, 158, 159, 203). However, the expression was still much poorer than

DmsABC.

We created a series of chimeric enzymes in which the dms genes were replaced
by ynf genes. Using this approach we showed that YnfH could serve as an anchor
for DmsAB, as it bound HOQNO with similar affinity as DmsC and could
complement anaerobic growth even though it was the least similar gene in the
operon. Similarly, the YnfG subunit assembled iron-sulfur clusters that were

indistinguishable from DmsB by EPR spectroscopy and could relay electrons
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from DmsC or YnfH to the catalytic DmsA subunit as evidenced by GD growth

and enzyme activity.

The problem of expression appeared to reside in ynfE and ynfF. When expressed
from the tac promoter both YnfE and YnfF were observed in immunoblots.
However, YnfE did not accumulate under anaerobic growth conditions and it
interfered with the accumulation of YnfFG, suggesting a dominant negative
effect. This suggests that the YnfE and YnfF subunits were proteolytically
degraded during slow anaerobic growth. The expression of YnfF was poor but
enough YnfFGH and YnfFGC accumulated in the membrane to support limited
anaerobic growth on DMSO, although these two constructs behaved like the
other four catalytic subunit exchange chimera in all other experiments. Catalytic
substitution constructs performed poorly in GD growth experiment and enzyme
assays, indicating that they likely have a different substrate specificity, and
minimal fluorescence over the background in fluorescence assays probably
reflects their low expression levels. It is these subunits that are responsible for
the poor dms complementation as the other two are functional replacements of
their dms paralogues. When we examined the substrate specificity of the YnfF we
found that it differed from DmsA, with hydroxypyridine N-oxide as the best

substrate.

We still do not know the physiological function of ynfEFGH nor why the catalytic
subunit is tandemly duplicated. If ynfEFGH is not functional it must have been

duplicated fairly recently given the very high homology. One possibility is that



the operon has been maintained to provide the ynfI gene since it is known to be

required for membrane targeting of DMSO reductase (119).

Future studies will include determination of the Ynf substrate specificity and
assays to elucidate the natural conditions under which the ynf promoter(s) are
activated. This will illustrate the natural function of the ynf operon as it is
definitely not a functional Dms replacement and is unlikely present for the sole

purpose of expressing Ynfl.
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Appendix: Inclusion Body Reduction

[t became apparent early on during fractionation of ynf construct-containing cells
that the majority of Ynf protein was being directed into inclusion bodies. The
very first experiment showed nearly all Ynf protein was localized in the low
speed pellet fraction. This made localization of the Ynf enzyme impossible so we

set out to reduce or prevent this formation.

The first attempt consisted of three experiments. We tried reducing the growth
temperature to room temperature (22°C), addition of excess molybdenum and
metal mix to ensure that these components were not limiting during protein
synthesis, and tried growing on a less rich, peptone-fumarate, in the hopes of
slowing down cell growth and thus the rate of protein expression. None of these

variations resulted in decreased inclusion body formation.

We then hypothesized that improper folding may be the result of overexpression
of YnfEFGH without the concomitant overexpression of Ynfl, the fifth gene of the
operon. We cotransformed Ynf plasmid-containing strains with a Ynfl-
expressing plasmid in the same tac promoter background. These cells were
grown at room temperature and induced with a lower amount of IPTG (0.1 mM
instead of 1 mM). We found that the addition of YnfI actually decreased band

intensity overall and the only obvious bands were still in the low speed pellet

fraction.
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Another attempt to slow down protein synthesis was to further decrease IPTG
induction level by inducing with 0.01 mM instead of 0.1 mM and growing at
room temperature. Although this was the best condition thus far, the majority of
protein was still localized in inclusion bodies. It also was apparent that 0.01 mM

IPTG is insufficient for optimal protein synthesis.

A new minimal media, tryptone phosphate (TP), suggested by an inclusion body
paper (110) was then tested as was DSS301 anaerobic growth with 0.01 mM
IPTG. Neither growth in TP media nor anaerobic growth decreased in inclusion
body formation and again we found that 0.01 mM IPTG was insufficient for full
protein induction. The DSS301 anaerobic growth experiment also illustrated a
very strange phenomenon. Although both DSS301 strains (containing YnfFGH
and YnfEFGH) were grown identically, the cell density of DSS301/pSPL-(EFGH)
was visibly less than its DSS301/pSPL-(FGH) counterpart, suggestive of a
dominant negative effect of YnfE on the rest of the proteins (or genes).
Immunoblot analysis showed almost no reactive bands in DSS301/pSPL-(EFGH)
whereas in DSS301/pSPL-(FGH), although most protein remained in the low
speed pellet fraction, there were still obvious bands in all fractions. We proposed
that something had gone wrong with the DSS301/pSPL-(EFGH) strain on
transformation since YnfEFGH shows protein bands when expressed in TG1, but
on repeating the transformation and blotting the fractions there was no
improvement. This may indicate that the dominant negative effect is more

pronounced (or only occurs) in the deletion strain.
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A different E. coli strain, BNN103, a Lon™ protease strain, was transformed with
the Ynf plasmids. We proposed that the absence of the Lon protease would
decrease the amount of protein degradation and therefore decrease inclusion
body formation. We found that despite the fact that the majority of protein was
still in the low speed pellet fraction, there was a significant improvement in

protein observed in the membrane and soluble fractions.

We next tried replacing the tac promoter with the native dms promoter and
transformed these plasmids into DSS301 as it is the only true dms deletion strain.
The cells were grown anaerobically for 48 hours and fractionated. Although the
expression of DSS301/pSPL-d(EFGH) is improved over its tac promoter

counterpart the expression was still not as good as observed in BNN103.

We examined the growth period for DSS301/dmsP strains, proposing that 48
hours was not optimal. Both DSS301/pSPL-d(FGH) and /pSPL-d(EFGH) were
grown anaerobically for 24, 48 and 72 hours on GF and whole cells
immunoblotted and examined for maximal protein expression. We found that

both strains showed optimal expression at 24 hours.

Since the best expression was observed in BNN103 cells we tested dms promoter
plasmids to determine the optimal growth period. Cells were grown in the same
manner as described above (with DSS301 cells) and separated into fractions. We
noticed that at 48 hours there was a significant amount of Dms protein observed

in the BNN103 parent strain, enough to make interpretation of plasmid-
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containing strains difficult. We tried the same experiment, growing for only 18

hours but this proved to be insufficient protein expression.

Because all attempts resulted in the majority of protein in inclusion bodies we
took a new approach. We grew BNN103 strains with dms promoter constructs
anaerobically on GF at 37°C. After 24 hours 100 or 200pg/ml chloramphenicol
was added to stop chromosomal protein expression and cell growth (34). This
results in all cell materials being diverted to plasmid protein synthesis.
Following chloramphenicol incorporation cells were either sedimented by
centrifugation and processed immediately or grown an additional 24 or 48 hours.

Immunoblots showed there was no reduction in inclusion body formation.

The final attempt at inclusion body prevention proved successful.
BNN103/dmsP strains were grown anaerobically at 30°C for 24, 30, 48 and 54
hours. The cells were split into fractions and immunoblotted. The parent strain
BNN103 showed no evidence of background DmsAB expression even up to 54
hours of growth. At all time points in both strains there was more protein in the
soluble and membrane fractions than in low speed pellet fractions and as the
growth period increased more protein moved from the soluble fraction into the
membrane fraction. This was the condition we decided to adopt throughout the

remainder of the thesis project.
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