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ABSTRACT
Iron-sulfur clusters are simple inorganic cofactors that are ubiquitous in living
systems. The assembly of iron sulfur clusters is an essential process and must be
carefully controlled in order to limit the release of toxic free iron or sulfide. Thus far
there are three known protein systems for iron sulfur cluster assembly including the nif,
suf, and isc systems. The nif system makes iron-sulfur clusters for nitrogenase
production, while both the suf and isc systems provide iron-sulfur clusters for general
cellular use. In Azotobacter vinelandii the isc operon contains eight genes which are
transcribed together as a single operon: iscR iscS iscU iscA hscB hscA fdx iscX. The two
central isc players include IscS, a cysteine desulfurase, and IscU the proposed site of
iron-sulfur cluster assembly.
Using A. vinelandii as a model organism, we have sought to better understand the
mechanism of in vivo isc cluster assembly. In order test the scaffold hypothesis, we
constructed strains that allowed for quick and rapid isolation of IscU. The purification of
IscU with a bound [2Fe-2S] cluster strongly supports the model that IscU serves as the
site of cluster synthesis in vivo. Additionally, using this same genetic system we isolated
an IscU39DA variant with an oxygen stable bound [2Fe-2S] cluster. The IscU39DA
scaffold came in tight α2β2 complex with IscS and was not separated by high salt, size
exclusion, or reducing conditions. On the other hand, wild-type IscU also associated with
IscS in a α2β2 complex, but readily dissociated upon increased salt concentration. The
tight association of IscU39DA and IscS was found to occur regardless of the presence of a
bound [Fe-S] cluster. We conclude that the IscU Asp-39 residue is essential for
mediating the dissociation of IscU and IscS.
In addition to studying IscS and IscU, we were interested to further understand
how the isc system is regulated in response to external factors. Previous work has

demonstrated that IscR controls expression of the isc operon in Escherichia coli. When
IscR is holo this protein represses isc expression, while in its apo-form it allows isc
expression. In A. vinelandii we found that ∆iscR strains exhibit in a 5 – 7 fold elevation
of isc expression. Additionally, ∆iscR strains reveal a small growth phenotype on plates,
and a tendency to form spontaneous suppressor mutations allowing reversion to wild-type
growth. Loss of apo-IscR function was found to cause a more severe effect on growth
than the loss of holo-IscR function, suggesting IscR has cellular roles in addition to the
regulation of the isc operon.
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CHAPTER 1

Iron Sulfur clusters were crucial for the evolution of life
The pervasive nature of metal-sulfur-clusters in modern cells reflects their ancient
origins. In fact, it has often been argued that metal-sulfur clusters are mineral relics from
a primordial anaerobic world (Martin and Russell, 2003). Over millennia, iron-sulfur
dependent micro-organisms have played a defining role in the intimate co-evolution of
Life and Earth, profoundly shaping the geology of our planet and affecting life as we
know it. Basic iron sulfur clusters take two forms, the rhombic [2Fe-2S] cluster and the
cuboidal [4Fe-4S] cluster (Figure 1.1). They can also be found in more complex
assemblages which include the incorporation of additional metals (such as molybdenum
in MoFe protein of nitrogenase), organic ligands (hydrogenase) and inorganic ligands
(acetyl-CoA synthetase). Metalloclusters are required for electron transfer in standard
cellular processes such as respiration. Three of the eight proteins involved in the Krebs
cycle require at least one iron-sulfur cluster for example, aconitase, fumarase, and
succinate dehydrogenase. [Fe-S] Proteins are also key components of essential
biosynthetic pathways including the biosynthesis of thiamine, branched chained amino
acids, tRNAs, biotin, and membrane bound quinones (Flint et al., 1993; Leonardi et al.,
2003; Loiseau et al., 2007; Pierrel et al., 2002; Sanyal et al., 1994). On a global scale,
metalloproteins greatly influence the global cycling of nitrogen (nitrogenase), carbon
fixation (carbon monoxide dehydrogenase), oxygen production (photosystem II), and the
production of H2 gas (NiFe, FeFe dedydrogenase).

1.1 - Iron Sulfur surfaces and the Origins of Life Hypothesis
Throughout the course of geological history [Fe-S] clusters have played a crucial
role at critical junctures in biological evolution, laying the ground work for their
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importance in modern life. About 4.5 billion years ago the primordial earth was a
noxious place containing abundant ammonia, methane, carbon dioxide and hydrogen
sulfide. Experimental evidence provided by Stanley Miller in 1953 revealed that simple
organics could be synthesized from electrically shocking a flask of early earth
components (Miller, 1953). Building on this evidence, Miller and Urey proposed the
‘prebiotic soup’ model for the origins of life, theorizing that simple amino acids
synthesized under early earth conditions would provide the raw material for subsequent
polymerization (Miller and Urey, 1959a, b). While this model still enjoys some
popularity, many have disparaged the theory’s underlying ‘spontaneous generation’
tenets pointing out that equilibrium solutions do not promote productive chemical
reactions. To quote a more recent critic of the Miller-Urey hypothesis, “Once autoclaved,
a bowl of chicken soup left at any temperature will never bring forth life” (Martin and
Russell, 2003).
An alternative origin-of-life theory referred to as the ‘surface-driven metabolist’
hypothesis, was originally put forth in the 1950s (Ycas, 1955). This idea has seen a
resurgence of interest since its re-introduction by the German patent lawyer, Gunter
Wächtershäuser in the early 1990s (Blochl et al., 1992; Wachtershauser, 1990, 1994).
The theory posits that positively charged surfaces found in many iron sulfur minerals
such as pyrite would be ideal for generating life by providing a means to bind and
concentrate negatively charged carbonyls and sulfhydryls. The surface structure would
further limit the rotational degrees of freedom of surface bound molecules (from 6 to 3),
helping to orient molecules for productive condensation reactions and eventually
allowing the generation of higher order compounds (Wachtershauser, 1988). In this way
the mineral surface could act as a catalyst to drive the production of carbon-based twodimensional life-forms or ‘surface metabolists’. Building on this idea, Martin & Russell
(2003) proposed that life could have evolved in mineral mounds or ‘biological reactors’
such as those found at hydrothermal vent fields, where small micro-chambers in the FeNi-S composite would have allowed the accumulation of more complex surface
compounds. In the biological reactor model, hot, reduced, alkaline hydrothermal
solutions from geothermal processes within the earth would come into contact with the
cooler, more acidic and oxidized Hadean ocean. (Figure 1.2) This interaction would have
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created a pH/redox/temperature gradient to help drive the abiotic synthesis of organic
compounds.

1.2 - Mineral based catabolism of ancient carbon fixation pathways
Supporting the idea that life evolved in biological reactor mounds is the
observation that the acetyl-CoA pathway, which is often cited as the most ancient means
of fixing carbon, requires multiple Fe-Ni-S clusters (including the C clusters of carbon
monoxide dehydrogenase, and the A cluster of acetyl-CoA synthase) (Russell and Martin,
2004). The architecture of these metalloclusters bears striking resemblance to an Fe5NiS8
mineral, greigite, which has been found to be present at hydrothermal mounds (Russell
and Martin, 2004). The ancient nature of this carbon fixation pathway has been proposed
because of its prevalence in deep-branching thermophilic archea. In addition, the only
input requirements are the simple inorganic molecules CO2 and H2 and the pathway has a
negative delta G value indicating that it is thermodynamically favorable enough to drive
the production of cellular ATP. Extant organisms utilizing this mode of carbon fixation
produce acetyl-CoA as the final end product. In a primordial world, however, highenergy thioester anologs, such as acetyl-thiols, methyl thioacetate, and methyl-sulphide
would have been the most likely end product. As further evidence that porous
hydrothermal mounds could have driven the early production of organics, each of these
thiol-related end products have each been experimentally produced by various research
groups in protein-free Fe-Ni-S reactors (Blochl et al., 1992; Cody et al., 2000; Huber et
al., 2003; Huber and Wachtershauser, 1997, 1998). Experimental and evolutionarily
derived evidence suggests that aproteic pathways for carbon fixation are possible on NiFe-S surfaces.
Mineral based catabolism provides a powerful model for explaining some of the
earth’s earliest biological processes. This roughly 0.5 billion year time frame witnessed
the evolution of nucleosides, primitive proteins, tRNA, ribosomes, DNA and RNA
polymerase, thus laying the foundations of modern biochemistry prior to the events of
cellularization. During the reign of the ‘Fe-S’ world, as it is often referred to, primitive
acidic ferredoxins would have accommodated small mineral blocks of iron-sulfide which
3

could have readily condensed on exposed protein thiol residues in an anaerobic
environment. Experimental evidence supporting these ideas comes from a large body of
in vitro work showing that in absence of oxygen, Fe+2/+3 and S-2 condense to form basic
[2Fe-2S] and [4Fe-4S] cluster subunits (Lane et al., 1977) which can then be used to
activate apo-forms of iron sulfur proteins without the addition of auxiliary proteins
(Malkin and Rabinowitz, 1966).
Iron sulfur clusters were a mainstay of the prebiotic era. In fact ferredoxins from
the Clostridia genera are generally considered to represent the oldest branch of extant
proteins, and contain not one, but two [4Fe-4S] clusters (Davis, 2002; Meyer, 2000). The
lifting of the mineral world onto a tertiary protein structure would have further limited
degrees of freedom of small bound carbon molecules, permitting the first ferredoxins to
further control mineral driven reactions. Varying properties of ancient proteins would
have modulated the reaction type and efficiency of the small mineral surface, allowing
the evolution of specialized protein/mineral functions. It seems likely that if prebiotic life
did exist in anaerobic micro-chambers, spontaneous [Fe-S] formation would have
allowed cluster insertion on simple protein scaffolds and the evolution of new [Fe-S]
clusters functions quite easily.

1.3 - The Cellular Revolution and the role of [Fe-S] clusters in Nitrogen assimilation
The cellular revolution, i.e. the enclosure of primitive biological components into
self-replicating membrane-bound systems, divided the world into two distinct lineages:
eubacteria and archaea. Carbon isotope signatures indicate proliferic carbon fixation
occurred about 4 billion years ago, putting cellularization in a time frame just before this
process. At some point following the separation of eubacteria and archaea lineages,
available atmospheric ammonium was depleted resulting in a scarce supply of fixed
nitrogen (Berman-Frank et al., 2003). As no other means of nitrogen assimilation had yet
evolved (nitrification necessarily evolved after the formation of NO3 and NO2, an event
that followed atmospheric oxidation), available abiotic processes of NH3 production
(lightning, meteor impacts, and possibly hydrothermal effluent) would have limited
carbon fixation to 0.1% of current levels (Falkowski and Godfrey, 2008). The fate of the
4

world’s microbial population was therefore dependent on a small group of bacteria
containing a multimeric complex, nitrogenase, that was able to catalyze the reduction of
the N2 triple bond (Berman-Frank et al., 2003). The origins the nitrogenase machinery
are not clear, although some have postulated a reverse of this system was evolved in the
very early NH3 rich atmosphere as a means to respire off nitrogen, creating N2 as an
electron sink and byproduct (Fani et al., 2000; J. R. Postgate, 1985). Others have cited
similarity to hydrogenase systems or cyanide detoxification proteins as nitrogenase
progenitors (Berman-Frank et al., 2003). Whatever the origins, nitrogenase is a
behemoth of a protein, requiring an enormous amount of energy for function and multiple
iron-sulfur clusters including complex metallocenters, P cluster, and FeMo cofactor (Dos
Santos et al., 2004a). Not surprisingly, iron sulfur clusters are essential for facilitating
the funneling of electrons to the reaction center to properly reduce the high energy N2
triple bond (Dos Santos et al., 2004a). Despite the high energetic costs required for
synthesis and maintenance of this enzyme, nitrogenase provided a distinct ecological
niche for diazotrophic bacteria. Except for replacement of the principal metal atom in the
FeMo cofactor, an alternative form of nitrogenase protein has never evolved. As a result,
the altrusic ammonium ion provided by diazotrophs has continued to be the world’s
primary source of fixed nitrogen until the introduction of the Haber-Bosch process during
20th century industrialization.

1.4 - Repercussions of Photosystem Evolution
About 2.5 billion years ago an event took place on earth that has profoundly
shaped life on our planet ever since. During this time a rogue group of prokaryotes
evolved a novel protein/cofactor system, called photosystem (I & II) for harnessing solar
energy. As the basic component parts of the photosynthetic system were already present
by this time, the formation of a final photosystem complex required the proper
recruitment of chlorophyll centers, Mn atoms for splitting H2O, and [4Fe-4S] centers to
transfer electrons from the complex center of photosystem I (Nelson and Ben-Shem,
2005). The novel ability to utilize solar energy gave cyanobacterial ancestors a distinct
advantage over other prokaryotes, allowing them to proliferate and cover the upper levels
5

of the sun-drenched earth. The steady accumulation of photosynthesis byproduct, O2, in
the earth’s atmosphere proceeded for over 1 billion years until reaching present day
levels of ~20%. The oxygenation of the earth’s atmosphere by cyanobacteria is often
referred to as the ‘great oxygenation event’. Due to the fact that O2 is a limited molecule
in the universe, not known to be formed by any known galactic processes, its presence in
the atmosphere is thought to represent one of the few clear signs of planetary life
(Falkowski and Godfrey, 2008).
The curiously electropositive redox potential (+0.8V) of this new dioxygen
molecule greatly expanded the energetic potential of the archeal and bacterial populations
able to evolve a means to utilize O2 as a final electron acceptor. Perhaps surprisingly,
this was not a tremendously difficult task as [Fe-S] dependent redox domains were
already established for low energy electron transfer (succinate dehydrogenase and
ferredoxins), and the upper electropositive domain simply involved evolution of
cytochrome c oxidase and recruitment of copper centers to carry high energy electrons
(Imlay, 2006).
But dioxygen also brought a dark side to adolescent earth. The high spin valence
state of dioxygen is naturally attracted to transition metals such as iron, which have
available p-orbitals for interaction, causing a blatant attack of metal enzymes by oxygen.
Additionally, the increasing accumulation of O2 caused the global oxidation of iron from
its soluble ferrous (Fe+2) to insoluble ferric (Fe+3) form, leading to wide - spread
precipitation and causing this once abundant soluble metal to become a scarce nutrient.
Banded iron formations (BIF) found in the geological record around the world are
conventionally attributed to the large scale precipitation of ferric iron that occurred
following oxygenation of the Earth’s atmosphere.1
1.5 - The need for [Fe-S] Cluster Assembly systems
Bacteria living in the aftermath of oxygenic photosynthesis dealt with new
oxidative stress in a number of ways. Some sought out life in anaerobic environs away
1

The precise cause of banded iron formations (BIF) has been the subject of much
recent debate.
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from the destructive force of the high energy O2 molecule, preferring to eke out a living
on the reduction of inorganic substrates. Fortunately for those microbes that could not
flee, the slow and steady accumulation of O2 allowed ample evolutionary time to mount
an adaptive response to the changing environment.
As previously mentioned, iron sulfur proteins were particularly impacted by the
great oxygenation event. For one, oxidative degradation of protein bound iron-sulfur
clusters causes a loss of redox or enzymatic function. Additionally O2 prevents the
spontaneous self assembly of iron and sulfide, and in the same vein, interactions of O2
with free iron can causes the formation of highly toxic O2 radicals, rendering formerly
benign unchaperoned iron atoms as potentially lethal weapons of cellular terror. Given
these parameters, the evolution of machinery designed specifically to protect and
replenish assembled [Fe-S] clusters was a necessary response to environmental O2
accretion. In addition, the evolution of [Fe-S] rich multimeric systems for nitrogen
fixation, oxygenic photosynthesis, and cellular respiration likely required iron-sulfur
clusters beyond demands that could be meet via spontaneous self-assembly.
Several [Fe-S] cluster producing systems evolved to meet these needs including
the isc, suf, and nif machineries. As the relative antiquity of each system is not truly
known, the derivation of cluster assembly origins at the onset of oxygenation is a
deductive guess. A common feature of cluster assembly systems, however, includes the
presence of a highly conserved U-type scaffold protein (Hwang et al., 1996). The U-type
scaffold has three conserved cysteines which provide a thiol structure for iron and sulfide
insertion. Cysteine desulfurases provide sulfur to the scaffold site via PLP-dependent
desulfurization of L-cysteine. The source of iron for cluster assembly is unknown and
the subject of much debate (Johnson et al., 2005). In modern organisms the nif system
specifically produces [Fe-S] modules for nitrogenase protein. Both the isc and suf
systems are generalists, involved in production of [Fe-S] clusters for broad spectrum
cellular use. The suf system is particularly adapted for cluster production under
conditions of cellular stress, as is it the primary cluster assembly machinery in many
organisms exposed to heightened O2 levels such as parasites, plant cytoplasm, or E. coli
cells under iron depletion and high oxygen tension (Fontecave et al., 2005).
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The isc system contains ATP hydrolyzing chaperone protein, HscA, and cochaperone, HscB, which have been implicated in the transfer of clusters to apo-target
proteins. The suf system also has a convergent ATP utilizing multimer, the SufBCD
complex. Nif does not have a specific ATP binding domain for the formation of [2Fe-2S]
and [4Fe-4S] clusters, but does require ATP-dependent NifY protein for cluster insertion
and re-arrangement of NifDK proteins containing the final FeMo cofactor (Dos Santos et
al., 2004a).

1.6 - Other weapons of defense in the battle with Oxygen
In addition to iron-sulfur cluster machinery, oxygenation of the atmosphere also
caused cells to evolve mechanisms to protect themselves from oxidative stress, including
superoxide dismutase and H2O2 neutralizing catalase. The limited availability of free iron
further prompted the evolution of siderophores, TonB transport receptors, and iron
storage proteins like ferritin, to recover and conserve increasingly vanishing amounts of
iron (Imlay, 2006).
Over time, iron-sulfur clusters evolved to serve as oxygen sensors for a family of
regulatory proteins, including IscR, FNR, CydR, and SoxR. These proteins undergo
structural changes upon oxygen-induced degradation of their respective clusters,
ultimately effecting gene expression. Other regulatory proteins, such as Fur evolved to
maintain cellular iron homeostatis (Imlay, 2006).

1.7 - Mitochondrial Endosymbiosis
Around 1 billion years before the Cambrian explosion of multicellular organisms,
an autotrophic eubacterium, similar to present day Rhodobacter or Paracoccus, was
phagocytosized by a host cell. For reasons that are still in debate and may never be
known, the eubacterium was stabilized in the host cell, forming a mutualistic symbiosis
and eventually giving rise to mitochondria. The eubacterial origins of the mitochondrion
are now widely accepted. Although numerous evidence exists to support this theory, one

8

of the most convincing is the observation that eukaryotic glycolytic and citric acid cycle
enzymes share a high degree of identity to their eubacterial cousins. The origins of the
host cell are more vague - some have proposed that the host cell was an archeabacterium,
and indeed the similarity between the genetic and cytoplasmic systems of eukaryotes and
archeabacteria would support this hypothesis. The issue is further complicated however
by the fact that eukaryotes have a eubacterial (not an archeal) plasma membrane.
However, large scale gene transfer from the eubacterial symbiont to host nucleus make
plausible the insertion of eubacterial lipid biosynthesis machinery into the host genome,
and this rationale is often used to explain this and other discrepancies concerning host
cell origins.
An interesting sidenote in the theory of endosymbiosis, involves the presence of
iron-sulfur cluster machinery. In present day eukaryotes, the majority of cellular iron
sulfur machinery is found in the mitochondrial matrix (Lill and Muhlenhoff, 2008).
Early mitochondria might have provided eukaryote host cells with greatly enhanced
energy generating capacity, eventually leading to much larger cell size and the evolution
of multicellular organisms. Whether or not this original process was aerobic or
anaerobic, cluster synthesis would have been required for various redox proteins
including aconitase, succinate dehydrogenase, pyruvate ferrdoxin oxidoreductase, and
ferredoxins. It seems clear then that the original endosymbiont must have had the ability
to produce iron-sulfur clusters. Discoveries that eukaryotic organisms containing highly
reduced mitochondria such as hydrosomes or mitosomes still retain iron-sulfur cluster
synthesizing capacity in these de-evolved organelles (Sutak et al., 2004; Tovar et al.,
2003) speaks strongly to the idea that [Fe-S] cluster assembly was of original importance
for the stabilization of endosymbiosis. Recent investigations have also revealed that [FeS] cluster assembly is not only important for the mitochondria but also for the proteins in
the cytoplasm. In a series of studies on the mitochondrial ABC transporter, Atm1p,
thought to be responsible for [Fe-S] transport to the cytoplasm, reveal a severe growth
defect when this protein is deleted in yeast (Kispal et al., 1999). The defect was
eventually pinpointed to Leu1p, a cytoplasmic iron-sulfur requiring protein, indicating
the importance of the mitochondrial iron sulfur assembly machinery for synthesis of ironsulfur proteins (Kispal et al., 1999). Under certain conditions in yeast, mitochondria can
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also be forced to respire off substrates other than oxygen, leaving many to propose that
the formation of iron-sulfur clusters is the single most essential function of this organelle
(Lill et al., 1999).
Taken together these results suggest that mitochondrial [Fe-S] biogenesis is
essential for eukaryotic viability and could have provided selective pressure for the
stabilization of endosymbiosis. A review by Lill et al. has noted that of the 22 known
essential genes in Saccharomyces cerevisiae, four are involved in mitochondrial ironsulfur cluster biogenesis (Lill et al., 1999). These observations underscore the
importance of [Fe-S] cluster assembly for both prokaryotic and eukaryotic life.

1.8 - Genetic Diseases and the Evolution of Host /Parasite Defenses
As eukarya have evolved to multicellularity, the fight between iron sulfur proteins
and the destructive oxygen molecule has continued. Despite over 1.5 billion years of
evolutionary time that has occurred since oxygenation of the atmosphere, all living cells
remain highly susceptible to oxidative damage. Host organisms have made use of this
weakness by routinely blasting invading pathogens with H2O2 as a means to fight
infection, despite a large degree of self-damage inflicted in the process. The ability to
produce and repair [Fe-S] clusters is so important that the isc and suf biosynthetic
systems are essential for virulence in a large number of pathogens (Jones-Carson et al.,
2008; Rincon-Enriquez et al., 2008; Runyen-Janecky et al., 2008).
In humans, genetic-based malfunctions of the iron sulfur assembly machinery can
lead to the accumulation of iron in the mitochondria, which can have disastrous effects.
A mutant in the frataxin gene, which serves as the iron donor for cluster assembly, for
example leads to a specific type of neurological disorder known as Friedrich’s ataxia
(Puccio and Koenig, 2002). X-linked sideroblastic anaemia is caused by a mutation in
the Atm1 transporter which functions to deliver [Fe-S] clusters to the cytoplasm
(Allikmets et al., 1999; Bekri et al., 2000; Camaschella et al., 2007). Another genetic
disorder, known as microcytic anemia, is attributed to a defect in the ISC assembly
component human glutaredoxin protein (Camaschella et al., 2007). A common
denominator of these disorders is the accumulation of iron in the mitochondria which can
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causes a variety of problems including cardiac hypertrophy and neuronal disfunction (Lill
and Muhlenhoff, 2008). A more extensive review of human related iron-sulfur disorders
has recently been compiled by Lill and Muhlenhoff (2008).

1.9 - Conclusions
The properties of iron sulfur clusters have played a defining role at many critical
junctures during the course of biological evolution. During the geological time known as
the Archeal eon of early earth, biology evolved in the absence of O2, laying the
foundation for the preeminence of iron-sulfur proteins later in evolution. The
fundamental properties of iron-sulfur clusters are implicit with the idea that life
originated on a two-dimensional Ni-Fe-S surface. This mineral surface would have
promoted the condensation of higher-order organic molecules and primitive carbon
fixation pathways. After the evolution of the first proteins, iron-sulfur mineral insertion
on the protein scaffold would have prompted further control of biochemical reactions,
allowing mineral-protein assemblages to evolve specific functions in an anaerobic world.
One of the most important functions of early [Fe-S] proteins was their ability to transfer
electrons. The redox property of iron-sulfur proteins provided fine tuned control of
reducing power, ultimately allowing cells to respire off inorganic substrates, (as in the
case of anaerobic respiration), acquire nutrients (nitrogen fixation), or evolve new means
of energy transduction (photosynthesis and respiration).
The oxygenation of the atmosphere severely impacted the anaerobic world from
which [Fe-S] proteins evolved. Cells adapted by evolving means to synthesize clusters,
prevent oxidative damage, and regulate iron homeostatis. The importance of iron sulfur
proteins was not diminished in an oxygen enriched environment however. In fact, the
ability to make iron-sulfur clusters likely contributed to the stabilization of
endosymbiotic mitochondria and the ultimate evolution of the eukaryotic cell. Ironically,
it is precisely because [Fe-S] proteins still play a critical role in modern biology, that their
malfunction is the root causes of numerous genetic diseases, making the study of cluster
synthesis and iron regulation relevant for medical and disease related fields .
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The relatively long anaerobic geological period allowed the perfecting of [Fe-S]
redox centers in reductive environments, explaining why cytochrome Cu+2 centers served
as better electron conductors for high potential segments of the oxygenic respiration
electron transfer pathway. While cells may have adapted to limit the toxic effect of
metal/oxygen interactions, it seems that [Fe-S] proteins function did not evolve that much
after the great oxygenation event. In a recent review, Jacques Meyer has noted that very
few [Fe-S] proteins contain a high redox potential (namely the HiPiPs, and some Rieske
proteins) and only four novel [Fe-S] folds have thus far been discovered in eukaryotes
(Meyer, 2008).
Instead of evolving new uses for [Fe-S] clusters as likely occurred in the
anaerobic world, many living systems have adapted by replacing iron-sulfur proteins with
a non-metal dependent isoenzymes capable of the same function. The classic example is
the eukaryotic replacement of pyruvate ferredoxin oxidoreductase (PFOR) with
clusterless pyruvate dehydrogenase in the decarboxylation of pyruvate (Imlay, 2006).
Some bacteria also utilize flavoenzyme ThiO, in place of the oxygen sensitive radical Sadenosyl methionine protein, ThiH, in the biosynthesis of thiamine (Settembre et al.,
2003). A large number of aerobes have also evolved an oxygen stable [Fe-S] isomer of
aconitase, which is induced under oxidative stress conditions (Gruer and Guest, 1994).
Lastly, many eubacteria have substituted ferredoxin electron carriers of the archeal
Entner-Doudoroff glucose degradation pathway, with the more stable NADPH and
NADH molecules (Beinert, 2000). These examples point illustrate that [Fe-S] clusters
still play an important role in directing evolutionary recovery to oxygenic photosynthesis
and the merging of anaerobically derived life with an aerobic world.
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Figure 1.1 Schematic representation of iron sulfur clusters
(A) Cuboidal [4Fe-4S] clusters
(B) Rhombic [2Fe-2S] clusters
Sulfur atoms are denoted in yellow and iron atoms in green.
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Figure 1.2 Model for the origins of life at hydrothermal bioreactor mounds
Inset a. 360 million year old hydrothermally formed iron-sulfide chimney showing
porous structure. Reprinted with permission from the Royal Society of London (Martin
and Russell, 2003).
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In vivo iron-sulfur cluster formation
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2.1 ABSTRACT
It has been proposed that [Fe-S] clusters destined for the maturation of [Fe-S]
proteins can be preassembled on a molecular scaffold designated IscU. In the present
work, it is shown that production of the intact Azotobacter vinelandii [Fe-S] cluster
biosynthetic machinery at levels exceeding the amount required for cellular maturation of
[Fe-S] proteins results in the accumulation of: (i) apo-IscU, (ii) an oxygen-labile [2Fe-2S]
cluster-loaded form of IscU, and (iii) IscU complexed with the S delivery protein, IscS.
It is suggested these species represent different stages of the [Fe-S] cluster assembly
process. Substitution of the IscU Asp39 residue by Ala results in the in vivo trapping of a
stoichiometric, non-covalent, non-dissociating IscU-IscS complex that contains an
oxygen-resistant [Fe-S] species. In aggregate, these results validate the scaffold
hypothesis for [Fe-S] cluster assembly and indicate that in vivo [Fe-S] cluster formation
is a dynamic process that involves the reversible interaction of IscU and IscS.

2.2 INTRODUCTION
Iron-sulfur [Fe-S] clusters are small inorganic prosthetic groups that participate in
a variety of biochemical processes, including electron transfer, substrate binding and
activation, redox catalysis, DNA replication and repair, regulation of gene expression,
and tRNA modification (Ayala-Castro et al., 2008; Johnson et al., 2005). The most
abundant [Fe-S] clusters fall into two structural types, rhombic [2Fe-2S]- and cubane
[4Fe-4S]-clusters, and these are typically attached to their protein partners, called [Fe-S]
proteins, through cysteine thiolate ligands. In spite of their simple composition and
structure, biological formation of [Fe-S] clusters is remarkably complex, a feature that
could be related to the physiological toxicity of Fe2+ and S2- in their free forms. The
canonical [Fe-S] protein maturation machinery found in many bacteria and most, if not
all, eukaryotes is called the ISC (iron-sulfur cluster) system (Johnson et al., 2005; Lill
and Muhlenhoff, 2008). In A. vinelandii, this system includes a proposed [Fe-S] cluster
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assembly scaffold (IscU), a sulfur trafficking pyridoxal-5’-phosphate (PLP)–dependent
cysteine desulfurase (IscS), molecular chaperones (HscB and HscA), a ferredoxin (Fdx),
a possible Fe donor or auxiliary [Fe-S] cluster assembly/carrier protein (IscA), a protein
of unknown function (IscX) and a regulatory protein (IscR) (Zheng et al., 1998).
Although details of the assembly process are not known, the current model proposes that
[Fe-S] clusters are formed on IscU, through the delivery of sulfur by IscS, and delivery of
Fe by an unknown mechanism. HscB and HscA are proposed to be involved in the
subsequent delivery of [Fe-S] clusters from IscU to various target proteins
(Chandramouli and Johnson, 2006; Muhlenhoff et al., 2003). The ISC associated
ferredoxin has been proposed to be involved in the formation of different cluster types on
IscU and/or the redox-dependent release of [Fe-S] clusters from IscU. It has also been
suggested that auxiliary [Fe-S] cluster carrier proteins could be involved in the
distribution of [Fe-S] clusters assembled on IscU to other target proteins (Angelini et al.,
2008a; Bandyopadhyay et al., 2008a, b).
Although there is a substantial body of evidence that [Fe-S] clusters can be
assembled on the proposed IscU scaffold in vitro (Agar et al., 2000a; Unciuleac et al.,
2007), validation of the “scaffold hypothesis” for formation of simple [Fe-S] clusters has
not been clearly established by in vivo methods. Furthermore, nothing is known about
the dynamic aspects of in vivo [Fe-S] cluster assembly. The in vivo analysis of [Fe-S]
cluster assembly presents a number of technical challenges. For example, because [Fe-S]
clusters are destined for delivery to other proteins, they are expected to be readily
detached from the assembly scaffold after in vivo assembly is complete. This possibility
is supported by the observation that [Fe-S] clusters assembled on IscU in vitro are both
reductively and oxidatively labile (Agar et al., 2000a). Also, the physiological
accumulation of ISC components is subject to a negative feedback regulatory mechanism
in response to a demand for [Fe-S] protein maturation. This situation is expected to result
in a very low physiological accumulation of [Fe-S] cluster assembly intermediates. In the
present work, these problems were circumvented in several ways. First, an A. vinelandii
strain was constructed that has expression of ISC components decoupled from IscR
regulation such that the expression of ISC components exceeds the physiological demand
for [Fe-S] protein maturation. Using this genetic background, a second strain was
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constructed that produces a physiologically active form of IscU that contains an affinity
tag, which permits the rapid and gentle purification of IscU. Finally, a third strain that
carries an amino acid substitution within IscU, which results in a dominant-negative
phenotype, was constructed. Isolation of IscU produced by these different strains
permitted a direct test of the scaffold hypothesis, and also provided insights about the
mechanistic features of the in vivo [Fe-S] cluster assembly process.

2.3 MATERIALS AND METHODS
Strain and plasmid construction. The technical procedures involved in plasmid and
strain constructions, including construction of strain DJ1421 (Johnson et al., 2006),
which served as the parental strain used in the present work have been previously
described in detail. Strain DJ1601 carries an in-frame 120 bp deletion within the iscR
gene, which removes residues 21 through 60 within IscR. Strain DJ1697 is isogenic with
DJ1601 except that it contains an 8-polyhistidine coding sequence (5′GGGCCATCACCATCACCACCATCACCATAT - 3′) inserted at the StuI site of iscU,
which is located at the C-terminal coding region of iscU. Introduction of the histidine tag
changed the C-terminal region of the protein from KGLV to KGGHHHHHHHHILV.
Strain DJ1766 carries the same poly-histidine encoding tag as DJ1697 and also has the
Asp39 codon (GAC) of iscU substituted by an Ala39 codon (GCC). DJ1766 also carries
an insertion element within the recA gene to ensure strain stability (Johnson et al., 2006).
The relevant genomic regions of strains DJ1421, DJ1601, DJ1697 and DJ1766 are shown
in Figure 1, all of which were confirmed by DNA sequence analysis of PCR-amplified
genomic DNA. Two strains were used to assess the effect of an iscR deletion on ISC gene
expression. The first of these, DJ1525 is isogenic with DJ1421 except that it contains a

Φ(hscA’-lacZ) fusion within the endogenous ISC gene cluster. The other strain, DJ1580,
carries the same Φ(hscA’-lacZ) fusion as DJ1525, and it also carries a 186 bp in-frame
deletion within iscR removing codons 57 through 119. Construction of similar strains
that carry the same Φ(hscA’-lacZ) fusion placed within DJ1525 and DJ1580 have been
previously described in detail (Johnson et al., 2006). Heterologous production of the A.
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vinelandii IscS and his-tagged IscU Ala39 protein in E. coli was accomplished using a
derivative of the plasmid vector pAra13 (Dos Santos et al., 2004b), which has the
expression of these genes placed under control of the ara regulatory elements. For
construction of this plasmid, pDB1712, a BspHI-HindIII fragment that contains iscS, iscU
and a portion of iscA was used. Cell growth and arabinose-stimulated gene expression
was performed as previously described (Dos Santos et al., 2004b).
Growth and purification of IscU and the IscU Ala39-IscS complex produced by
strains DJ1697 and DJ1766. A. vinelandii cells were grown at 30oC in Burk’s medium
(Strandberg and Wilson, 1968) supplemented with 10 mM urea in a 150-liter fermenter.
Harvested cells (100 to 200 g wet weight) were resuspended in 1.5 volumes of degassed,
argon-sparged, 50 mM Tris-HCl, pH 8.0 (Buffer A) containing 0.5 M NaCl, pepstatin A
(0.14 mg/l) and phenylmethanesulfonyl fluoride (0.5 mM) and lysed by one or two
passages through a Nano DeBee homogenizer at 25,000 psi (B.E.E International Inc.,
South Easton, MA). Crude extracts were obtained by centrifuging cell lysates at 35,000
rpm for 1 hr at 4oC in a Beckman Coulter Optima LE-80K ultracentrifuge using a TI 45
rotor. All subsequent IscU purification steps using DJ1697 extracts were performed in a
Coy anaerobic chamber containing a gas mixture of 4% H2 and 96% N2, whereas
purification of the IscU Ala39-IscS complex produced by DJ1766 was performed on the
bench-top under anoxic conditions maintained using a Schlenk line and degassed argonsparged buffers. Cell extracts were applied to XK-16 or XK-26 Pharmacia Biotech
columns respectively packed with either 5 ml or 15 ml of Affiland iminodiacetic acidSepharose (IMAC) resin. IMAC columns were charged with 50 mM NiSO4, and
equilibrated with 5 volumes of the above buffer prior to loading crude extracts. In the
case of DJ1697 extracts, bound protein was sequentially washed with three column
volumes of Buffer A containing 0.5 M NaCl, three column volumes of Buffer A
containing 0.1 M NaCl and 20 mM imidazole, and then eluted using Buffer A containing
0.1 M NaCl and 200 mM imidazole. In the case of DJ1766 extracts, bound protein was
washed with three column volumes of Buffer A containing 0.5 M NaCl and 20 mM
imidazole, 3 column volumes containing 0.5 M NaCl and 40 mM imidazole and then
eluted with Buffer A containing 0.5 M NaCl and 100 mM imidazole.

22

For further separation of the IMAC fraction that contains IscU produced by
DJ1697, the sample was diluted 10 fold in Buffer A containing 1 mM DTT and applied to
a 1 ml HiTrap Q HP column (GE Healthcare) and washed with 10 volumes of the same
buffer. IscU was subsequently eluted using a 10 ml 0-200 mM NaCl gradient in Buffer A
containing 1 mM DTT. The remaining bound protein, identified as IscS, was
subsequently eluted from the column using Buffer A that contains 1 M NaCl and 1 mM
DTT. A representative elution profile is shown in Figure 2.
For further purification of the IMAC fraction that contains the IscU Ala39-IscS
complex produced by strain DJ1766 the sample was diluted 5 fold with Buffer A
(containing 0.5 mM Tris (2-carboxyethyl) phosphine and applied to a 5 ml 1.5 x 3.0 cm
Q-sepharose anion exchange column (GE Healthcare). The loaded column was washed
with approximately 5 volumes of Buffer A containing 150 mM NaCl and subsequently
eluted with Buffer A containing 400 mM NaCl.
Purification of recombinantly expressed IscS in E. coli was performed essentially
as previously reported (Zheng et al., 1993) with the exception that 10% glycerol was
added to the buffers and the protein was stored in 0.6 M NaCl.
Gel exclusion chromatography. A pre-packed Superose 12 gel filtration column (GE
Healthcare) was used to estimate the Mr of IscU purified from DJ1697 and the IscU
Ala39-IscS complex prepared from DJ1766. The column was pre-equilibrated with a
degassed and argon-sparged 20 mM Tris-HCl buffer (pH 7.8) containing 0.2 M NaCl.
Approximately 0.5 mg were applied to the column and subsequently eluted using a flow
rate of 0.5 ml/min.
Analytical and spectroscopic analyses. Protein concentration was determined using
either the biuret method or the Bio-Rad protein assay. All analytical analyses were
performed in triplicate. Iron was quantified using the commercial QuantichromTM iron
assay kit (DIFE-250) purchased from Bioassay Systems. Sulfide and PLP quantifications
were performed as previously described (Chen and Mortenson, 1977; Wada and Snell,
1962). UV-visible absorption spectroscopy analyses were performed at room
temperature using a Cary 50 Bio Spectrophotometer. For amino acid analysis, 25 µg of
the IscU Ala39-IscS complex were separated by SDS-PAGE. Stained bands
corresponding to IscU and IscS were excised and delivered to the Keck Biotechnology
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Resource Laboratory (Yale University) for quantitative amino acid analysis using a
Hitachi L-8900 amino acid analyzer.
Enzyme assays and kinetic analyses. All assays were performed at room temperature.
Aconitase and isocitrate dehydrogenase activities were measured using the same
procedures previously described (Johnson et al., 2006). Substrate affinity was evaluated
by monitoring the immediate ΔAbs400 elicited by the addition of increasing
concentrations of L-cysteine to 50 nmoles of IscS or IscU Ala39-IscS complex. The
ΔAbs400 values were standardized to the amount of PLP present in each protein sample.
The time-dependent relaxation of the ΔAbs400 induced by the addition of a 10 fold molar
excess of L-cysteine to either IscS or the IscU Ala39-IscS complex was obtained by
recording the UV-visible spectrum every 20 sec after substrate addition.
Mass spectrometry. Mass spectra were obtained through the Virginia Tech proteomics
research incubator service. Collision induced LC/MS/MS spectra were obtained from
tryptic digested samples and data were processed by Xcalibur version 1.2 software.

2.4 RESULTS

Genetic Constructions and Experimental Rationale
In the case of A. vinelandii, the genetic manipulation of ISC components is
complicated by the fact that iscS, iscU, hscB, hscA and fdx are essential (Johnson et al.,
2006). We therefore, previously constructed a strain (DJ1421) that has a duplicate copy
of iscS, iscU, iscA, hscB, hscA and fdx placed under control of the inducible sucrose
(SCR) catabolic regulatory elements (Figure 2.1). Thus, the phenotypic consequences of
substitutions placed in any of the endogenous ISC components can be assessed by
growing cells in the presence of sucrose, a condition under which the duplicated ISC
region is expressed, or in the absence of sucrose, a condition under which the duplicated
ISC region is not expressed. DJ1421 was used for all other strain constructions in this
work (Johnson et al., 2006).
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Previous attempts to isolate an [Fe-S] cluster-loaded form of IscU from a wildtype strain of A. vinelandii were not successful. Among possible explanations that could
contribute to this failure is that ISC expression is subjected to a negative feedback loop
(Schwartz et al., 2001). Namely, once the demand for [Fe-S] cluster biosynthetic
capacity is satisfied, IscR represses further expression of the ISC transcriptional unit.
We, therefore, reasoned that expression of ISC components at a level that exceeds the
demand for maturation of [Fe-S] proteins could result in the accumulation of an [Fe-S]
cluster-loaded form of IscU. In order to accomplish the elevated expression of ISC
components, a strain (DJ1601, Figure 1) was constructed that has an in-frame deletion
within the iscR gene. An important aspect of this experimental strategy is that it permits
the elevated expression of ISC components but not at the extreme non-physiological
levels commonly associated with heterologous recombinant expression. This strategy
also has the advantage that the coordinate expression of all the ISC components remains
intact. Thus, artifacts that might be anticipated to result from the hyperexpression or
unbalanced expression of ISC components are avoided. The consequence of placing a
deletion within iscR was assessed by comparing the β-galactosidase activity in a strain
that has an hscA::lacZ fusion and an intact iscR gene (DJ1525) to an isogenic strain that
also carries an iscR deletion (DJ1580). This analysis revealed that loss of IscR function
results in a 5 to 7 fold increase in ISC expression, a result that was also confirmed by
western analysis (data not shown).
A second anticipated problem associated with isolation of [Fe-S] cluster-loaded
forms of IscU produced in vivo is the expected lability of the associated [Fe-S] clusters
(Agar et al., 2000a). Thus, it was necessary to develop a method for the rapid and gentle
purification of IscU from cell extracts. To accomplish this goal, strain DJ1697 was
constructed (Figure 2.1) that encodes a polyhistidine tag within the C-terminal coding
region of iscU in combination with an in-frame deletion in iscR. This construction
permitted the application of immobilized metal affinity chromatography (IMAC) for
rapid purification of IscU as described in the next section. It was also necessary to
establish that incorporation of the polyhistidine tag within the C-terminal coding region
of IscU does not adversely affect the in vivo function of IscU. This was accomplished by
showing that strain DJ1697 has the same growth rate either when cultured using sucrose
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as the carbon source, a condition under which the SCR-regulated untagged version of
IscU is also expressed, or using glucose as the carbon source, a condition under which
only the IscR-regulated, tagged, copy of IscU is expressed. We also found that
incorporation of the polyhistidine tag at the C-terminal region of IscU has no adverse
effect on the accumulation of active aconitase, a [4Fe-4S] cluster-dependent enzyme,
indicating that the tag does not impair the in vivo capacity for maturation of [Fe-S]
proteins.
A final genetic construction involved substitution of the Asp39 residue by Ala in
the polyhistidine tagged version of IscU in a genetic background for which iscR is also
deleted (DJ1766, Figure 2.1). This strain is unable to grow in the absence of sucrose
indicating that the Ala39 substitution eliminates the function of IscU. Previous work with
a similar strain revealed that substitution of the IscU Asp39 residue by Ala39 results in a
dominant-negative phenotype (very slow growth) when the wild type SCR-regulated
allele of iscU is also expressed (Johnson et al., 2006). The dominant-negative effect of
the IscU Ala39 substitution is also manifested by a 70% loss in the activity of aconitase.
In previous studies, it was shown that in vitro assembly of [2Fe-2S] clusters using the
Ala39-substituted form of IscU from A. vinelandii (Unciuleac et al., 2007), or the
analogous substitution within IscU from other organisms (Foster et al., 2000; Shimomura
et al., 2007), result in stabilization of the associated [2Fe-2S] cluster when compared to
wild type IscU. Thus, one explanation for the dominant-negative effect exhibited by
DJ1766 is that stable [Fe-S] cluster species become trapped on the proposed IscU
scaffold in vivo and are, therefore, unavailable for [Fe-S] protein maturation. Another
possibility is that the IscU Ala39 substitution could result in sequestering some other
component of the ISC biosynthetic machinery within a non-productive complex.
Construction of DJ1766 was designed to elucidate the basis for the dominant-negative
phenotype associated with the IscU Ala39 substitution.

Labile [Fe-S] clusters are assembled on IscU in vivo
The histidine-tagged version of IscU was isolated in two steps that involved
IMAC and anion-exchange chromatography. Fractions eluted from the IMAC column
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containing IscU were analyzed by SDS-PAGE and were found to also contain
substoichiometric amounts of IscS (data not shown). Pooled fractions that contained
IscU were then applied to an anion-exchange column and eluted using a salt gradient.
Anion exchange chromatography resolved the sample into three major fractions
designated I, II, and III (Figure 2.2). Fraction I is colorless (Figure 2.3A), exhibits no
distinctive absorbance in the visible spectrum (Figure 2.3B), and contains only IscU
(Figure 2.3C) (Agar et al., 2000b). When fraction I was further analyzed by gel filtration
chromatography it was resolved into two fractions that correspond to monomeric and
dimeric forms of IscU. The monomeric form of IscU was usually the predominant
species but the relative amount of monomer and dimer varied from experiment to
experiment (data not shown). Chemical analysis of fraction I indicated that it contains
approximately 0.21 (+/- .01) Fe and 0.18 (+/- .01) acid labile sulfide per IscU. Fraction II
is red (Figure 2.3A), only contains IscU and exhibits a UV-visible absorption spectrum
(Figure 2.3B) that has identical features when compared to the [2Fe-2S]-cluster loaded
IscU produced by in vitro reconstitution methods (Figure 2.3). The maximum extinction
coefficients for this sample were ε456 = 6.0 mM-1cm-1 and ε410 = 6.6 mM-1cm-1 and these
values are similar to those reported for [2Fe-2S] cluster-containing ferredoxins (Dailey et
al., 1994). When fraction II was analyzed by gel filtration, it could also be resolved into
apparent monomers and dimers, although the monomeric species was predominant.
Chemical analysis of fraction II indicated that it contains approximately 1.29 (+/- 0.05)
Fe and 1.14 (+/- 0.29) acid labile sulfide per IscU. The [2Fe-2S] species contained within
IscU prepared in vivo is rapidly destroyed when exposed to air (Figure 2.4), and this same
feature has been reported for [2Fe-2S] species assembled on IscU by in vitro methods
(Agar et al., 2000a). Fraction III was identified as IscS by western analysis and because
it has the same UV-visible absorption spectrum and the same electrophoretic mobility as
previously reported for IscS, it contains PLP, and it exhibits cysteine desulfurase activity.

Isolation of a stable [Fe-S] cluster-loaded non-covalent α 2β 2 IscU-IscS complex
The Ala39-substituted form of IscU produced by DJ1766 was subjected to a very
similar purification procedure to the one described above. In this case, anion exchange
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chromatography yielded a single brown fraction, in contrast to the colorless and red
fractions described above (see Figure 2.3A). SDS-PAGE and quantitative amino acid
analysis revealed that IscU-Ala39 and IscS are isolated as a nearly exact stoichiometric
complex (Figure 2.3C). The identity of IscU Ala39and IscS purified from DJ1766
extracts was further established by mass spectrometry. Size exclusion chromatography
indicated that the IscU Ala39-IscS complex has an approximate Mr of 127,000, which is
consistent with the complex being comprised of an α2β2 heterotetramer. Chemical
analysis of the complex showed that it contains approximately 1.2 (+/- 0.2) Fe and 0.95
(+/- 0.1) acid labile sulfide per IscU and approximately 0.9 (+/- 0.2) PLP per IscS.
Subtraction of the UV-visible spectrum of the [2Fe-2S] cluster-loaded form of IscU
(Figure 2.3B, spectrum 2) from the IscU Ala39-IscS complex (Figure 2.3B, spectrum 3)
yields the same characteristic spectrum associated with isolated IscS. Furthermore,
subtraction of an equivalent IscS spectrum from the IscU Ala39-IscS complex spectrum
(Figure 2.3B, spectrum 3) yields a spectrum that has the same features as the [2Fe-2S]
cluster-loaded form of IscU shown in Figure 2.3B. Thus, it can be concluded that the
IscU Ala39-IscS complex is likely to be loaded with predominantly a [2Fe-2S] cluster,
although the presence of other [Fe-S] species has not been excluded. This question will
be addressed by future biophysical analyses. In contrast to the oxidative lability of the
[2Fe-2S] cluster present in isolated IscU, the [Fe-S] species contained within the IscU
Ala39-IscS complex is not degraded upon prolonged exposure to oxygen (Figure 2.4).
Three lines of evidence indicate that the stable α2β2 IscU Ala39-IscS complex is not the
result of a covalent disulfide linkage between IscU and IscS. First, IscU and IscS are not
separated by anion exchange or size exclusion chromatography when DTT is included in
the running buffer; second, IscU and IscS are not separated by native PAGE under
reducing conditions; and third, the complex is resolved into two major bands,
corresponding to IscU and IscS when subjected to SDS-PAGE under non-reducing
conditions.
In separate experiments, we also tested if an [Fe-S] cluster-loaded form of the A.
vinelandii IscU Ala39-IscS complex is produced when these proteins are heterologously
expressed at high levels by using recombinant plasmid gene expression in E. coli. In this
case, IscU Ala39 and IscS are also isolated as a tight complex but it does not contain an
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[Fe-S] species. These results underscore the difficulty in obtaining meaningful
physiological insight when using either high level expression or unbalanced expression of
[Fe-S] cluster assembly components. Nevertheless, the result obtained here using
heterologously produced IscU Ala39 and IscS indicates that an [Fe-S] cluster is not
required to stabilize the non-dissociating complex. It was also found that an [Fe-S]
cluster could not be assembled in vitro within the heterologously produced apo-form of
the IscU Ala39-IscS complex by the addition of L-cysteine and Fe++. These results
indicate that IscU and IscS must be dissociated to permit the initiation of [Fe-S] cluster
assembly.

The IscU Ala39-IscS complex retains cysteine desulfurase activity
Addition of L-cysteine to resting state IscS results in a rapid and characteristic
shift in the visible absorption spectrum (Figure 2.5A) (Kaiser et al., 2000; Zheng et al.,
1998). This spectral shift most likely represents a stage in the initial formation of the
external PLP-substrate aldimine or reformation of the internal PLP aldimine upon the
release of alanine (Kaiser et al., 2000). This feature was used to estimate the affinity of
L-cysteine for IscS by titrating the spectral shift with increasing concentrations of Lcysteine (Figure 2.5, Panel C). It should be noted that an accurate Kd value (estimated Kd
~ 0.6 mM) could not be determined by this method because substrate binding is inhibited
at high concentrations of L-cysteine (Figure 2.5, Panel C) (Zheng et al., 1998). Addition
of L-cysteine to the IscU Ala39-IscS complex also results in the same spectral shift
recognized for isolated IscS (compare spectra in Figure 2.5, Panels A & B) and titration
with L-cysteine (Figure 2.5, Panel C) reveals that both IscS and the IscU Ala39-IscS
complex have approximately the same affinity for L-cysteine. After elicitation of the
spectral shift as a result of L-cysteine addition, the resting state spectrum is regenerated
in a time-dependent manner, as shown in Figure 2.5, Panel D, corresponding to the
desulfurization of L-cysteine. Although the specific rate-limiting step in the overall
cysteine desulfurization reaction for class I IscS-type enzymes is not known (for
example, substrate C-S bond cleavage, persulfide cleavage, H abstraction, or L-alanine
release) it is clear that formation of the enzyme-substrate complex is not rate limiting.
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Data presented in Figure 2.5, Panel D, also show that regeneration of the resting state
spectrum after L-cysteine addition occurs approximately 12 times slower for the IscU
Ala39-IscS complex (k = 0.0035 s-1) when compared to IscS (k = 0.03 s-1). Whether or
not this feature represents a change in the same rate-limiting step for the complex when
compared to IscS is not known. However, it can be concluded that, although L-cysteine
has approximately the same affinity for IscS as for the IscU Ala39-IscS complex, a
subsequent step in the desulfurization reaction is slowed when IscS is captured in a
complex with IscU.

2.5 DISCUSSION
Our first experimental strategy was to ask if an [Fe-S] cluster-loaded form of IscU
accumulates on the proposed IscU scaffold in vivo under conditions for which the intact
[Fe-S] cluster biosynthetic machinery exceeds the demand for [Fe-S] protein maturation.
The answer to this question is yes and, importantly, the [Fe-S] species that accumulates
on IscU under these conditions exhibits a UV-visible absorption spectrum that is identical
when compared to the [2Fe-2S] cluster-loaded form of IscU produced by in vitro
reconstitution experiments (Agar et al., 2000b). Thus, the present work validates the
physiological relevance of previous in vitro studies on the assembly of [Fe-S] clusters on
the proposed IscU scaffold. Previous work has also reported on the isolation of a clusterloaded form of an IscU-like protein produced in vivo, but this study involved an
extremely high level of heterologous expression of the recombinant IscU-like protein in
the absence of other assembly components and a 20 h incubation after induction of
recombinant expression (Shimomura et al., 2007). The present work is different because:
(i) the [2Fe-2S] cluster-loaded form of IscU was isolated from samples that did not
involve the hyperproduction of IscU; (ii) the balanced expression of the other IscRregulated [Fe-S] protein maturation components remained intact and (iii) cells used for
IscU purification were harvested during mid-logarithmic growth. Thus, potential artifacts
that could be associated with hyperexpression of IscU or unbalanced expression of ISC
components have been avoided. The work described herein also shows that different
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forms of IscU representing different stages in the process of [Fe-S] cluster assembly can
accumulate in vivo. These forms include apo-IscU, [2Fe-2S] cluster-loaded IscU, and
IscU complexed with IscS. An ability to produce a dimeric [4Fe-4S] cluster-loaded form
of IscU by using in vitro reconstitution methods has been previously reported (Agar et al.,
2000a; Chandramouli et al., 2007). However, no significant accumulation of a [4Fe-4S]
cluster-loaded IscU species produced in vivo was recognized in the current work. It is
possible that a [4Fe-4S] cluster-loaded form of IscU, if present, existed in concentrations
too low to be observed by the methods used, is too labile for purification by the methods
used here, or is very short lived when produced in vivo. Nevertheless, our ability to
detect dimeric forms of apo and [2Fe-2S] cluster-loaded IscU in the present work,
supports the possibility that a [4Fe-4S] cluster-loaded species of IscU could be produced
in vivo by using the same reductive coupling mechanism demonstrated by in vitro
experiments (Chandramouli et al., 2007). Another aspect worth noting is that apo and
[2Fe-2S] cluster-loaded forms of IscU can be separated by anion-exchange
chromatography, indicating they are likely to have different conformations (Figure 2.2).
This feature could be relevant to other aspects of [Fe-S] protein maturation, such as the
selective interaction of [Fe-S] cluster-loaded forms of IscU with specific [Fe-S] cluster
receiving proteins or for effective [Fe-S] cluster release.
Our second experimental strategy was aimed at determining the biochemical basis
for the dominant-negative phenotype associated with the IscU Asp39-substituted protein
(Johnson et al., 2006). Isolation of the substituted form of IscU revealed that it is purified
as a non-covalent, non-dissociating, stoichiometric complex with IscS, and that it
contains an [Fe-S] species that is resistant to oxidative degradation. The dominantnegative phenotype associated with the IscU Ala39 substitution can, therefore, be
attributed to an inability for the release of [Fe-S] clusters assembled on IscU, as well as
the sequestering of IscS, such that it is not available for other intracellular S-trafficking
functions. The nearly exact stoichiometry of the IscU Ala39-IscS complex suggests there
is only one IscU monomer associated with each of the two, separate cysteine desulfurase
active sites contained within the IscS homodimer. Crystallographically determined
structures of IscS have revealed that the active sites are located on opposite sides of the
IscS homodimer and are separated by ~30 angstroms (Cupp-Vickery et al., 2003). This
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indicates that [Fe-S] species are likely to be initially assembled on monomeric forms of
IscU. Another mechanistic insight to emerge is related to the observation that the nondissociating IscU Ala39-IscS complex is isolated in a form that apparently contains [2Fe2S] clusters. This suggests that completion of [2Fe-2S] cluster assembly on the IscU
scaffold does not necessarily occur through the sequential delivery of S atoms from IscS
in a process that involves the association and dissociation of IscS and IscU. Rather, it
would appear that [2Fe-2S] cluster assembly occurs either in a single step involving
polysulfurated IscS, or that sequential desulfurization steps occur within the IscU-IscS
complex to achieve completion of [2Fe-2S] cluster assembly. With respect to the latter
possibility, it is interesting that the overall activity of IscS is much lower when trapped in
a complex with IscU. This feature could be related to restricted accessibility of the active
site cysteine, which is contained on a flexible loop (Cupp-Vickery et al., 2003), for attack
on the substrate cysteine-PLP adduct. The sequential events that occur during [Fe-S]
cluster assembly have not been revealed by the present work. Nevertheless, our ability to
isolate a [2Fe-2S] cluster form of IscU that is not associated with IscS indicates that IscU
has the capacity to dissociate from IscS in vivo upon completion of [2Fe-2S] cluster
assembly.
In summary, we make the following conclusions: (1) IscU serves as an in vivo
scaffold for formation of [Fe-S] clusters that are destined for the maturation of [Fe-S]
proteins, (2) both apo and [Fe-S] cluster-loaded forms of IscU can accumulate in vivo and
these species are likely to be conformationally distinct, and (3) [Fe-S] cluster assembly is
a dynamic process that involves the association and dissociation of IscU and IscS.
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2.7 FIGURES

Figure 2.1 Schematic representation of strains used in this work
Strains DJ1601, DJ1697 and DJ1766 each carry a 120 bp in-frame deletion within the
iscR gene (indicated by black triangles). Strains DJ1697 and DJ1766 produce an IscU
that carries a polyhistidine tag located at the C-terminus. The His-tagged version of IscU
produced by DJ1766 also has the Asp39 residue substituted by Ala (filled dot).
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Figure 2.2 Anion-exchange chromatography elution profile of the IscU-containing
IMAC fraction prepared from DJ1697
Apo-IscU (fraction I), [Fe-S] cluster-loaded IscU (fraction II), IscS (fraction III).
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Figure 2.3 Comparison of samples that contain IscU or IscU Ala39-IscS complex
prepared by anion-exchange chromatography
In each panel, (1) indicates apo-IscU prepared from DJ1697 (see fraction I in Figure 2),
(2) indicates [Fe-S] cluster-loaded IscU prepared from DJ1697 (see fraction II in Figure
2), and (3), indicates the IscU Ala39-IscS complex prepared from DJ1766. Each sample
contained 67 µM IscU. (A) Photograph of samples. (B) UV-visible absorption spectra.
(C) SDS-PAGE (lanes 1, 2 and 3). IscU in lane 3 has a faster electrophoretic mobility
when compared to lanes 1 and 2 because it carries the Ala39 substitution. Unlabeled lane:
Mr standards (ovalbumin, 45,000; carbonic anhydrase, 31,000; soybean trypsin inhibitor,
21,500; lysozyme, 14,400).
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Figure 2.4 Time-dependent effect of cluster degradation
Time dependent effect at Abs 455nm for [Fe-S] cluster-loaded IscU (filled triangle) and
[Fe-S] cluster-containing IscU Ala39-IscS complex (filled circle) upon exposure to air.
Each sample contained 130 µM of IscU.

36

Figure 2.5 Spectroscopic and kinetic features associated with IscS - catalyzed Lcysteine desulfurization
(A) UV-visible absorption spectra of IscS (34 µM) in the as-isolated resting state (solid
line) and immediately after the addition of a 30 fold excess of L-cysteine (dashed line).
(B) UV-visible spectra of the IscU Ala39-IscS complex (34 µM) in the as-isolated resting
state (solid line) and immediately after the addition of a 30 molar excess of L-cysteine
(dashed line). (C) ΔmAbs400nm for 50 µM IscS (filled square) and 50 µM of the IscU
Ala39-IscS complex (filled circle) upon the addition of increasing concentrations of Lcysteine. Each spectral change was recorded immediately after the addition of the
indicated concentration of L-cysteine to the resting state as-isolated sample. Note that
apparent substrate binding is inhibited at high L-cysteine concentrations. (D) Timedependent relaxation of the ΔmΑbs400nm for IscS (filled square) and the IscU Ala39-IscS
complex (filled circle) after the addition of a 10 fold excess of L-cysteine.
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CHAPTER 3
The Importance of the Aspartate - 39 residue of IscU in
dynamic cluster assembly
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3.1 ABSTRACT
We recently isolated a cluster-containing IscU39DAIscS α2β2 complex from
Azotobacter vinelandii. The aspartate-39 to alanine substitution on IscU causes the
sequestering of IscS into a tight non-dissociating complex with IscU, a species that might
represent a final biosynthetic stage in the process of [2Fe-2S] iron-sulfur cluster
assembly. The expression of recombinant IscU39DA in E. coli resulted in the isolation of
a cluster-less IscU39DAIscS complex. In this article we compare the properties of holoand cluster-less forms of the IscU39DAIscS complex. Additionally, the trapping of IscS
with IscU39DA was used as an indicator to probe questions related to [2Fe-2S] assembly,
the role of the aspartate residue in complex formation and dissociation, with a goal
toward better characterizing the sequential events of in vivo cluster formation.

3.2 INTRODUCTION
Iron sulfur proteins are found across all domains of life and participate in a wide
range of cellular processes including respiration, central metabolism, redox sensing, and
DNA repair. Proteins containing [2Fe-2S] or [4Fe-4S] clusters have been studied since
the 1960s with the discovery of iron and sulfide containing plant ferredoxins (Beinert et
al., 1997). Because most iron-sulfur clusters degrade in the presence of oxygen, forming
toxic by-products, it has been proposed that [Fe-S] cluster assembly systems evolved
with the oxygenation of the atmosphere over 2.5 billion years ago (Imlay, 2006). In the
1970s, Dick Holm and colleagues demonstrated that inorganic iron sulfur assemblages
could be synthesized in vitro (Lane et al., 1977). Over a decade later the NIF system was
discovered to direct iron sulfur clusters assembly of nitrogenase metalloclusters
(Jacobson et al., 1989b). Work with the NIF biosynthetic machinery revealed a second
iron sulfur producing system that could minimally substitute nitrogenase related cluster
production in the absence of essential nif genes. This system, referred to as the ISC (iron
sulfur cluster) assembly machinery in Azotobacter vinelandii, is highly conserved in
prokaryotic and eukaryotic genomes and plays a ‘housekeeping’ role in the general
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biogenesis of [2Fe-2S] and [4Fe-4S] clusters (Zheng et al., 1998). Subsequently, other
cluster production systems have been identified, including a SUF system in Escherichia
coli involved in the assembly of clusters during periods of cellular stress (Patzer and
Hantke, 1999; Takahashi and Tokumoto, 2002).
The NIF, ISC, and SUF machineries are the three primary [Fe-S] cluster
producing systems discovered thus far in prokaryotes. They vary in protein composition,
the conditions under which they are expressed, and final target destinations. Despite their
differences in organization and cellular response, these systems share a common
requirement for two central proteins: a cysteine desulfurase to mobilize sulfur and a
scaffold protein which serves as the site of cluster biosynthesis. The NIF system is the
most simplified of the three systems, requiring only these two proteins to create highly
elevated levels of [2Fe-2S] and [4Fe-4S] cluster for the nitrogenase Fe protein. NifS,
IscS, and SufS cysteine desulfurase enzymes contain a covalently bound PLP cofactor
which binds the substrate, L-cysteine. Activated sulfur on IscS, in the form of an enzyme
bound persulfide, is achieved by nucleophilic attack of the L-cysteine::PLP adduct by the
conserved thiol group of Cys328 (Agar et al., 2000b; Schwartz et al., 2000). The U-type
scaffolds, including IscU, SufU, and NifU, contain three conserved cysteines which serve
as coordinating sites for cluster assembly (Agar et al., 2000a; Chandramouli et al., 2007;
Shimomura et al., 2007). A high degree of sequence similarity from diverse organisms
suggests that IscU is one of the most highly conserved proteins in nature (Hwang et al.,
1996).
The housekeeping ISC system in A. vinelandii contains several other proteins
transcribed together as an operon: iscR iscS iscU iscA hscB hscA fdx iscX. The source of
iron for cluster synthesis is not currently known, but both frataxin homologue, CyaY, and
IscA have been implicated as in vivo iron donors (Ding et al., 2004; Layer et al., 2006).
The chaperone proteins, HscB and HscA, interact with both apo- and holo- forms of IscU
(Cupp-Vickery et al., 2004; Hoff et al., 2000) and it is proposed that they facilitate cluster
transfer to apo target proteins. Ferredoxin contains a [2Fe-2S] cluster and is thought to
serve a redox role during cluster assembly, possibly in the reduction of sulfanes, or the
reductive coupling of two [2Fe-2S] clusters to form a [4Fe-4S] cluster (Chandramouli et
al., 2007). The role of the small acidic protein IscX has yet to be determined. Holo-IscR
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serves as a negative regulator of the isc operon, repressing expression of the isc genes
when the demand for cellular iron-sulfur clusters has been fulfilled (Giel et al., 2006;
Schwartz et al., 2001).
Due to the transient nature of iron sulfur clusters intermediates during
biosynthesis, our understanding of the assembly process is based upon in vitro
experiments where cluster assembly is carefully controlled to limit oxidative damage.
While these experiments have provided significant insight, they are unable to fully
reproduce the physiological process of in vivo cluster assembly. Previously we reported a
genetic strategy to purify in vivo intermediates of the cluster assembly process from host
organism, A. vinelandii (Raulfs et al., 2008). Using these in vivo techniques, our previous
work resulted in the isolation of a cluster bound IscU protein from A. vinelandii, thus
confirming the long held scaffold hypothesis of cluster assembly (Raulfs et al., 2008).
Using this same genetic system, we also isolated an aspartate-39 to alanine variant of
IscU that was bound tightly with IscS, forming a stable cluster loaded α2β2 tetramer.
The aspartate 39 residue of IscU is essential and highly conserved (Figure 3.1)
(Johnson et al., 2006). Originally thought to be the fourth ligand for transient cluster
assembly, loss of the aspartate residue was found to trap a cluster on the IscU/NifU
scaffold in vitro, indicating that the presence of aspartate-39 may play a cluster
destabilizing role in vivo (Unciuleac et al., 2007; Yuvaniyama et al., 2000). Additionally,
a strain of A. vinelandii expressing both IscU39DA and IscU forms of the scaffold protein
reveal a dominant-negative phenotype. This phenotype suggests that the variant form of
IscU39DA decreases function of either wild-type IscU, or some other ISC protein involved
in [Fe-S] cluster assembly (Johnson et al., 2006). In answer to this question, the isolation
of IscS with IscU39DA in an in vivo α2β2 tetramer suggested that the dominant–negative
phenotype associated with this variant may be related to the trapping of IscS with
IscU39DA.
Taking advantage of our ability to isolate an intermediate stop point of in vivo
cluster assembly we sought to understand:
(I) Is the presence of a cluster essential for IscU39DA and IscS interaction?
(II) How do other ISC proteins, such as HscB and HscA, affect the formation and
dissociation of the α2β2 tetrameric complex?
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(III) What is the significance of Asp-39 function on the IscU scaffold protein?
(IV) How are intermediate isolates of α2β2 IscU39DAIscS related to in vivo
function?
From our results we propose a new model of de novo [2Fe-2S] cluster biosynthesis in
which the IscU39DAIscS represents a final intermediate in [2Fe-2S] assembly.

3.3 MATERIALS AND METHODS
Construction of strains and plasmids. DJ1697 and DJ1766 were constructed as previously
described (Raulfs et al., 2008). Parent plasmid pDB1720 was constructed in a cut and paste
manner to place the entire isc operon: (iscS iscU iscA hscB hscA fdx iscX) under arabinose
control. An octahistidine tag (5´-TACCGCATCATCACCATCACCACCATCACG-3´) was
inserted at a StuI site in the C-terminal domain of IscU. Site directed mutagenesis of IscU
aspartate 39 was performed using a commercial kit (Gene Editor, Promega) according to the
suppliers instructions. The genes for chaperone proteins, HscA and HscB were removed
from pDB1720 and pDB1716 by an SbfI in-frame deletion, forming pDB1722 and
pDB1719, respectively.
Growth and purification of IscU39DAIscS complex produced from A. vinelandii and
E. coli. Native IscU39DAIscS was isolated from A. vinelandii strain DJ1766 as
previously described (Raulfs et al., 2008). Recombinant IscU39DAIscS was expressed in
E. coli using either pDB1712, a plasmid containing only IscS and IscU39DA or,
pDB1716, a plasmid that produces IscU39DA and contains the entire ISC operon under
control of the arabinose promoter. TB1 cells transformed with pDB1716 were grown at
30ºC in Luria Bertani broth with 100 µg/mL of ampicillin at 300 rpm. Growing cultures
were induced with 0.3% w/v arabinose (Spectrum), 0.75 mM ammonium iron (III)
citrate, 1 mM pyridoxine-HCl, and 1 mM cysteine, at OD600 = 0.4 - 0.6. Cells were
harvested 4 h after induction and resuspended in 1.5 volumes of degassed argon-sparged
50 mM Tris buffer (pH 8) containing pepstatin (0.14 mg/liter) and
phenylmethanesulfonyl fluoride (0.5 mM) and DNase. Cells were lysed by passage
through French cell press (12,000 psi). Cell lysate was centrifuged for at 95,000 x g for 1
h at 4ºC in a Beckman Coulter Optima LE-80K ultracentrifuge using a TI 45 rotor.
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Recombinant IscU39DAIscS was purified on the bench top under anoxic conditions
maintained by using a Schlenk line and degassed argon-sparged buffers as described
previously for IscU39DAIscS purified from A. vinelandii (Raulfs et al., 2008).
Chemical analysis. Iron, sulfide, and PLP analyses were performed as previously
described (Raulfs et al., 2008).
Separation of apo- and holo- IscU39DAIscS over anion exchange chromatography.
Separately purified apo-IscU39DAIscS and holo-IscU39DAIscS (30 mgs each) were mixed,
diluted in 50 mM Tris, 20 mM NaCl, pH 7.4 and passed over an anion exchange column.
Loaded protein was washed with the same buffer containing 45 mM NaCl and eluted in a
20 mL gradient from 45 mM to 170 mM NaCl.
Reconstitution of E. coli derived IscU39DAIscS. E. coli cells expressing pDB1716 were
grown in LB ampicillin media and induced with arabinose for 4 h at an OD600 = 0.5 (no
iron, cysteine, or pyridoxine was included in the induction cocktail). Harvested cells
were resuspended in Buffer A (50 mM Tris, 10% glycerol, 4 mM MgCl, pH7.4). Crude
lysate was processed by French cell press at 12,000 psi, and centrifuged at 95,000 x g for
1 h at 4ºC in a Beckman Coulter Optima LE-80K ultracentrifuge using a TI 45 rotor.
Twenty milliliters of crude extract was incubated with 2 mM ferrous ammonium sulfate
and 1 mM L-cysteine for 40 min at room temperature. The sample was subsequently
loaded onto a Q-sepharose anion exchange column, washed with Buffer A for two
column volumes, and eluted with the same buffer containing 200 mM NaCl. UV-visible
absorption spectra were taken using anaerobically sealed quartz cuvettes. The molarity
of the solution was normalized to the spectrum of native IscU39DAIscS shown for the A.
vinelandii purified sample.
Cysteine desulfurase kinetic analyses. The holo-IscU39DAIscS data set presented in
Figure 3.6 has been previously published (Raulfs et al., 2008) but is shown here for
comparison purposes. Kinetic assay methods for apo-IscU39DAIscS were performed
according to previously published protocols (Raulfs et al., 2008).
Visualization of IscS and IscU/IscU39DA populations in crude extracts from ISC
plasmid expressed in E. coli. E. coli cells containing a genomic deletion in hscA were
transformed with various arabinose plasmids, pDB1720, pDB1716, pDB1722, or
pDB1719. The hscA minus strain was a generous gift from Dr. Wayne Outten
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(University at South Carolina), and was constructed by inserting a chloramphenicol
cartridge in hscA of E. coli strain W3110 (unpublished strain). Transformed cells were
grown at 30ºC in LB broth cultures with 100 µg/mL of Ampicillin at 300 rpm. At an
OD600 = 0.4 - 0.6 cultures were induced with 0.3% w/v arabinose (Spectrum), 0.75 mM
ammonium iron (III) citrate, 1 mM pyridoxine-HCl, and 1 mM cysteine. Cells continued
to grow and were harvested 4 h after induction. Harvested cells were resuspended in 1.5
volumes of degassed argon-sparged 50 mM Tris buffer (pH 8) containing pepstatin (0.14
mg/liter) and phenylmethanesulfonyl fluoride (0.5 mM). Cells were lysed by french cell
press (20,000 lb/in2). Cell lysate was centrifuged for 95,000 x g for 1 h at 4ºC in a
Beckman Coulter Optima LE-80K ultracentrifuge using a TI 45 rotor. All subsequent
purifications were performed in a Coy anaerobic chamber. For each run, 20 mg of cell
extract were applied to a 1 mL HiTrap Q HP (GE Healthcare) column using a 2 mL loop.
Loaded protein was washed with 10 mL of Buffer A using an ÄKTAprimeTM GE
Healthcare purification system. Following washing, protein fractions were eluted in a
20mL 0 – 1 M gradient of NaCl at 1.0 mL/min. Elutions were monitored at 280 and 405
nm. Fractions were collected anaerobically, and equal volumes of each fraction were
loaded on an SDS-PAGE for visualization.
Western blotting. Unstained SDS gels were transferred to nitrocellulose membrane
according to previously published methods (Johnson et al., 2006). This protocol was
slightly modified to probe for the presence of both IscS and IscU on a single membrane,
and thus nitrocellulose was incubated with a 1:600 dilution of primary rabbit anti-sera of
both A. vinelandii IscU and IscS simultaneously.

3.4 RESULTS

Development of a recombinant expression system for IscU39DA
In previous studies we used a system in which the entire ISC operon was
expressed under its native promoter in the host organism, A. vinelandii (Raulfs et al.,
2008). In these strains a second copy of the ISC operon was inserted in the genome
under sucrose control, thus allowing manipulation of the endogeneous ISC operon while
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maintaining cell viability by growth on sucrose. ISC protein expression was elevated 5-7
fold by the deletion of the negative regulatory protein, IscR. A C-terminal polyhistidine
tag was inserted in iscU allowing efficient purification of the scaffold protein.
Although this method was successful for the isolation of cluster loaded scaffold
species, it did not allow the accumulation of intermediates at levels amendable to
characterization. In order to facilitate protein yield beyond native expression levels, the
entire A. vinelandii ISC operon was cloned and expressed recombinantly under an
arabinose inducible promoter forming plasmid pDB1720. From this parent plasmid, ISC
mutations and deletions were easily constructed, bypassing the additional step of strain
construction and selection. Strains and plasmids used in this study are shown in Figure
3.3.

Recombinant IscU39DA is similar to native IscU39DA but has lower cluster occupancy
Upon the construction of a recombinant system for IscU purification, we sought
to identify if accumulated IscU species were similar to those isolated previously from A.
vinelandii. Histidine tagged IscU39DA was purified from E. coli cells over-expressing
pDB1716. Like native IscU39DA, recombinant IscU39DA was found to associate with
IscS in a 1:1 ratio, forming a non-dissociating α2β2 complex with a size of 117 kDa. The
identity of IscS was further confirmed by western blot, and cysteine desulfurase assays.
Like the native complex, recombinant IscU39DAIscS tetramer did not dissociate during
anion exchange or gel filtration chromatography.
An obvious difference between the two species was the color of the sample upon
purification. Native IscU39DAIscS complex is dark brown, whereas recombinant
IscU39DAIscS was bright yellow (Figure 3.3, right panel). While ‘brown’ indicates the
presence of an [Fe-S] cluster moiety, yellow is the color of the PLP cofactor in IscS
implying the isolation of an ‘apo’ form of the α2β2 complex. Not surprisingly these two
species also have distinct UV-visible spectra, with native IscU39DAIscS containing an
additional absorbance peak at ~ 320 nm and a shoulder at 520 nm (Figure 3.3 left panel).
The subtraction of recombinant IscU39DAIscS from native- IscU39DAIscS yields a
spectrum with characteristics of [2Fe-2S] cluster loaded IscU (Figure 3.3 inset). The
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subtraction spectrum is not identical to the [2Fe-2S] IscU spectra, but more closely
resembles reconstituted [2Fe-2S] IscU39DA from A. vinelandii, which has previously
been shown to have a shifted UV-vis absorption spectrum in comparison to wild-type
[2Fe-2S] IscU (Unciuleac et al., 2007). Chemical analysis of recombinant IscU39DAIscS
revealed variation in iron and sulfide content ranging from 0.1- 0.3 Fe and 0.1 – 0.4 S per
αβ subunit. Purification of recombinant IscU39DAIscS using the Nano DeBee
homogenizer to produce cell lysates resulted in slightly elevated cluster occupancy (our
unpublished results). For reconstitution, kinetic, and conformational studies, however,
only IscU39DAIscS samples with occupancy less than 0.10 ± 0.07 Fe and 0.14 ± 0.03 S
per αβ subunit were used. The occupancy difference between these samples and native
IscU39DAIscS has lead to our loose terminologies of ‘apo’ for plasmid derived
IscU39DAIscS and ‘holo’ for natively expressed IscU39DAIscS.
To investigate if apo and holo α2β2 are conformationally distinct, equal amounts
of apo and holo complex were mixed and passed over a Q-sepharose anion exchange
column. The separation of these two species can be clearly seen in Figure 3.4. Since the
Q- sepharose resin contains a positively charged nitrogen group, we hypothesized that the
more electropositive Holo-IscU39DAIscS would bind less tightly to the column. Despite
the added charge of attached clusters, we found the opposite to be true, with holoIscU39DAIscS eluting after apo-IscU39DAIscS upon the initiation of a shallow salt
gradient. This has also been seen with wild-type IscU, in which apo-IscU elutes before
holo-IscU via anion exchange chromatography upon initiation of a shallow salt gradient
(Raulfs et al., 2008) (See Figure 2.2). These data indicates that the [2Fe-2S]+2 cluster of
the holo complex may be buried within the α2β2 tetramer, perhaps causing exposure of a
more electronegative surface for binding to the positive Q-sepharose resin. These data
corroborates our previously published results showing that clusters on holo-IscU39DAIscS
are resistant to the presence of molecular oxygen, are therefore more likely to be
occluded within the scaffold site (Raulfs et al., 2008).
Recombinant IscU39DAIscS can be reconstituted
Recombinant IscU39DA expressed from pDB1716 exhibits low cluster occupancy
even when grown in the presence of iron and cysteine. When over-expressed with
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elevated iron and cysteine in E. coli, IscU39DAIscS has 0.2 ± 0.08 Fe per αβ subunit,
compared to 1.2 ± 0.25 Fe per αβ subunit when expressed in Azotobacter. On the other
hand, wild-type IscU expressed using the arabinose plasmid, pDB1720, was found to
contain [Fe-S] clusters at levels similar to those observed with native IscU from A.
vinelandii (O'Carroll, 2009) (Table 3.1). We hypothesize that low occupancy of
recombinant IscU39DAIscS is related to the rapid induction of the Para promoter, which
has been demonstrated to induce significant amounts of protein less than one minute after
the addition of arabinose (Guzman et al., 1995). Whereas expression of wild-type IscU
allows dynamic association with IscS for cluster assembly, the immediate induction of
plasmid expressed IscU39DA may lock the scaffold variant into a complex with IscS,
limiting proper insertion of both iron and sulfur. This theory is bolstered by the
appearance of E. coli cell pellets expressing pDB1720, which are a dark brown color
suggesting the presence of iron sulfur clusters, versus pDB1716 cell pellets, which are a
light tan color indicating a lack of synthesized [Fe-S].
The apo-IscU39DA scaffold is not permanently inaccessible to small molecules
however, because a recombinant IscU39DAIscS sample with low cluster occupancy can
be reconstituted to levels near those of native IscU39DAIscS complex upon incubation
with excess iron and cysteine (Figure 3.5). Figure 3.5 shows three species of
IscU39DAIscS: (1) native complex isolated from A. vinelandii, (2) apo complex similarly
purified but isolated by over-expressing the isc genes in E. coli cells grown with iron,
cysteine, and pyridoxine, and (3) reconstituted IscU39DAIscS. The reconstituted sample
was obtained by incubating E. coli crude extracts expressing pDB1716 with 2 mM
ferrous ammonium sulfate and 1 mM L-cysteine for 40 min at room temperature
followed by anion exchange purification as described in the materials and methods. The
results of this experiment reveal that new [Fe-S] can be constituted on the apoIscU39DAIscS scaffold. Additionally, the incubation of apo and holo IscU39DAIscS with
a fluorescent thiol reagent, I-AEDANS quenched with excess L-cysteine, reveals
increased fluorescence for apo vs. holo complex, indicating that the scaffold protein on
Apo-IscU39DAIscS has more accessible cysteine residues for cluster assembly (data not
shown).
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We conclude the α2β2 structure is flexible enough to allow iron sulfur cluster
assembly on the scaffold site. Importantly, the isolation of an apo-IscU39DAIscS
complex indicates that an iron sulfur cluster is not a prerequisite for IscU and IscS
association and further suggests that [2Fe-2S] cluster assembly occurs after the
association of IscS and IscU. In a separate control experiment an IscU39DAIscS328CA
complex was isolated, further indicating that the association between IscS and IscU is not
dependent on the active site cysteine of IscS, or the ability to mobilize sulfur for cluster
synthesis. Our findings imply that the α2β2 tetramer, not IscU alone, serves as the in vivo
scaffold for de novo cluster assembly.

Apo IscU39DAIscS exhibits the same kinetic properties as Holo IscU39DAIscS
The activity of the family of group II cysteine desulfurases (SufS) have been
shown to be accelerated by the presence of accessory proteins (Outten et al., 2003).
Group I cysteine desulfurases (NifS, IscS) are considerably more independent of
accessory proteins, although cysteine desulfurase activity has been observed to increase
in the presence of target proteins (Zheng and Dean, 1994). Considering the influence of
other proteins on desulfurase activity, we sought to understand how interactions with the
small 14 kDa IscU protein may affect desulfurase function of IscS. The isolation of an
Apo form of the IscU39DAIscS complex from E. coli provided the opportunity to probe
the influence of cluster loaded vs. unloaded scaffold on IscS acitivity.
The binding of L-cysteine to the PLP active site of IscS causes a characteristic
blue shift in the UV/visible spectra. While the exact structural feature that gives rise to
the 340 nm absorbance peak is not known, it has been proposed to be related to the
formation of a geminal diamine intermediate that occurs as the PLP oscillates between
internal and external aldimine states (Figure 3.6B) (Counts et al., 2007). The blue shift
characteristic of cysteine desulfurases was observed previously when L-cysteine was
added to IscS complexed with holo-IscU39DA (Raulfs et al., 2008) and Apo-IscU39DA
(Figure 3.6A), indicating that neither IscU nor the cluster affect initial L-cysteine binding
to PLP. We have capitalized on this feature using it to measure intermediate kinetic
states of IscS, Apo- IscU39DAIscS, and Holo- IscU39DAIscS. The geminal diamine
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intermediate occurs twice during the desulfurization of L-cysteine. The initial geminal
diamine occurs upon L-cysteine binding when PLP goes from an internal to external
aldimine, and secondly upon alanine release when PLP re-forms an internal aldimine
with Lysine 203. Consequently the 340 nm peak represents all the transition steps
occuring between substrate binding and product release. The shifted peak at 340 nm,
however, was confounded by the absorbance of the [2Fe-2S] cluster for holo
IscU39DAIscS, and thus the corollary drop at 400 nm was chosen for monitoring IscS
activity.
These data shown in Figure 3.7 has already been published for HoloIscU39DAIscS, but is shown here for comparison purposes. We previously reported
similar L-cysteine affinities (Kd ~ 0.6 mM) for both IscS and holo-IscU39DAIscS. ApoIscU39DAIscS has the same L-cysteine affinity curve (Kd ~ 0.6mM) as both IscS and
holo-IscU39DAIscS (Figure 3.7A). As substrate concentrations increase beyond 3mM,
the binding of L-cysteine to the active site of IscS is more likely to be inhibited for holorather than apo IscU39DAIscS (Figure 3.7A). The reason for this difference is not clear,
although it could be related to structural differences between apo- and holoIscU39DAIscS. Inhibition of desulfurase activity upon incubation with excess L-cysteine
is a common feature of IscS type proteins. (Lacourciere and Stadtman, 1998; Mihara et
al., 2000; Zheng et al., 1998). While we are only measuring the apparent Kd and not
enzymatic activity, it is worth noting that non-Michealis Menten behavior of cysteine
desulfurases at increasing substrate concentrations has previously been attributed to
negative cooperativity effects and the binding of a second ‘blocking’ L-cysteine at the
active site (Behshad et al., 2004; Outten et al., 2003).
Our previous results show that following rapid L-cysteine binding and the
formation of a characteristic peak at 340 nm, IscS relaxes to the resting state in less than
one minute (krelaxation = 0.03 s-1). The holo-IscU39DAIscS complex relaxes much slower
than ‘un-complexed’ IscS, taking nearly 10 minutes to fully return to the as- isolated
state, at a rate of 0.0035 s-1(Raulfs et al., 2008). With the isolation of an apo- form of the
α2β2 complex, we were interested to determine if a clusterless scaffold would allow a
relaxation rate similar to un-complexed IscS. The apo-IscU39DAIscS relaxation however
was similar to holo-IscU39DAIscS with a rate of 0.0024 s-1 (Figure 3.7B). Regardless of
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the presence of a cluster, the relaxation is ~10x slower for ‘complexed’ vs. ‘uncomplexed’ IscS. These data reveals that it is the IscU39DA interaction not the presence
of cluster, which limits the kinetics of IscS, causing the PLP::substrate adduct to remain
in an extended intermediate state.
Since wild-type IscU and IscS form a loosely bound tetramer that readily
dissociates it has not been possible to measure the effect of wild-type IscU on the
cysteine desulfurase activity of IscS. These results may therefore be relevant only for the
IscU39DAIscS scaffold. We conclude that the initial act of L-cysteine binding to PLP is
not rate limiting for IscU39DAIscS but that some subsequent step, such as locking of the
IscS active site loop, hydrogen abstraction, or alanine release may cause inhibition when
IscS is complexed with Apo- or Holo- IscU39DA scaffold.

Chaperone proteins, HscB and HscA, are not required for IscU39DA and IscS
interactions
The ISC chaperone proteins, HscB and HscA share homology to DnaK and DnaJ,
known molecular chaperones that help prevent protein aggregation (Kawula and Lelivelt,
1994; Seaton and Vickery, 1994; Vickery and Cupp-Vickery, 2007). Given that ISC
chaperones have recently been shown to be dispensable for [2Fe-2S] cluster assembly
(O'Carroll, 2009) and that Hsp70s can be involved in the assembly/disassembly of protein
complexes (Vickery and Cupp-Vickery, 2007), we conjectured that HscBA might
‘chaperone’ productive interactions between IscU and IscS. Thus we created arabinose
expression plasmids with combinations of ΔHscBA and IscU39DA substitutions. The
plasmids include:
wild-type IscU (pDB1720); wild-type IscU and ∆HscBA (pDB1722); IscU39DA
(pDB1716); and IscU39DA and ∆HscBA (pDB1719) (see Figure 3.3). E. coli W3110
cells containing a deletion in genomic hscA were transformed with individual plasmids
and grown and induced with arabinose. Twenty milligrams of protein crude extract from
each growth was loaded and passed over an anion exchange column. The protein loaded
column was subjected to a 20 mL gradient from 0 – 1 M NaCl to separate proteins based
on pI. The elution profile was monitored at 405 nm for cluster absorbance and 280 nm
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for protein absorbance (Figure 3.8 top panels - 280 nm profiles are not shown). The
bottom panel of Figure 3.8 shows eluted fractions analyzed by immunoblot to visualize
the ionic strength at which populations of IscS and IscU proteins are found to elute.
Crude extracts from cells transformed with pDB1720 resolved at least three
distinct protein populations by immunoblot following anion exchange chromatography:
IscU, IscU IscS complex, and IscS (Figure 3.8 middle left panel). Crude extracts lacking
HscBA (W3110 cells transformed with pDB1722) also revealed the same pattern of
protein elution as cells transformed with pDB1720 (Figure 3.8 middle right panel). The
pDB1722 profile reveals little deviation from the pDB1720 profile in both the 405 nm
elution profile and immunoblot (bottom panel Figure 3.8, pDB1720 and pDB1722).
When iscU39DA is expressed however (pDB1716, pDB1719), a dramatic visual difference
is apparent both by the anion exchange chromatograph and immunoblot . The presence
of the IscU39DA variant, trumps the chaperone deletion, as both pDB1716 and pDB1719
fractions reveal IscU populations that have shifted to be complexed with IscS.
Additionally, the line-shapes of IscU39DA containing elution profiles, are more similar to
each other than to the wild-type IscU line profiles (top panels Figure 3.8), which is likely
a consequence of the tight conformer formed by IscU39DAIscS versus a more loosely
bound wild-type IscU IscS complex. While there may be subtle differences in IscU and
IscS populations that this experimental method could not resolve, the findings suggest
that the chaperone proteins have limited in vivo affect on the interactions of IscS and
IscU and are not necessary for either the formation or dissociation of the IscS and IscU
complex.
Supporting these observations, we subsequently purified IscU39DA from crude
extracts of cells transformed with pDB1712, a plasmid containing only IscU39DA and
IscS (The C-terminus of IscA is truncated in these plasmids, deleting the monothiol
domain, and rendering the protein inactive). Purification of IscU39DA from crude
extracts expressing pDB1712 also resulted in the isolation of a tightly bound α2β2
tetramer revealing that only IscS and IscU are necessary for complex association.
Regardless of the availability of other ISC proteins, IscS and IscU are able to mediate
their own interactions. The aspartate 39 residue of IscU is crucial for the dissociation of
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the duo however, as the absence of this residue causes irreversible binding of IscS to the
scaffold protein.

3.5 DISCUSSION
The construction of arabinose inducible plasmids expressing the entire ISC
operon in E. coli has allowed abundant expression of ISC proteins and increased yield of
histidine tagged IscU species. The expression and isolation of IscU39DA from this
recombinant system has resulted in the purification of an IscU39DAIscS species that has
the same oligomeric state, IscS kinetics, molecular size, and tight association as the
native α2β2 tetramer. Recombinantly expressed IscU39DAIscS however, has cluster
occupancy ranging from 5-15%, and was additionally found to have a different
conformation than native IscU39DAIscS. These results suggest that while the presence of
a cluster does not affect complex size or association, it could mediate structural
rearrangements of the α2β2 tetramer.
Additionally, we have found that other ISC components are not necessary for
facilitating IscS and IscU association, but that the highly conserved aspartate 39 residue
of IscU is essential for α2β2 dissociation. Several lines of evidence support the idea that
the α2β2 scaffold serves as the site of de novo cluster synthesis, and that cluster-loaded
IscU dissociates from the scaffold upon completed [2Fe-2S] assembly. First, [Fe-S]
cluster species can be reconstituted on the IscU39DAIscS scaffold indicating that even the
variant platform is flexible enough for dynamic cluster assembly. Secondly, small
populations of Apo wild-type IscU IscS complex have been isolated when ISC proteins
are abundantly expressed from pDB1720 in E. coli (our unpublished results). Third, we
have never isolated heterodimers or trimers of IscS and IscU, species that would be
expected if the scaffold and desulfurase proteins engaged in a cycle of association,
dissociation, and re-association events during cluster assembly. Lastly, it has not been
possible to purify holo-IscU IscS α2β2 tetramer, indicating that IscS has a higher affinity
for apo- vs. holo-IscU, and bolstering the idea that [2Fe-2S] IscU separates from the
wild-type complex upon completed cluster assembly (O'Carroll, 2009).
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Due to the labile nature of the IscU IscS assembly scaffold and the transient
character of cluster assembly in general, it is extremely difficult to isolate intermediates
of the in vivo iron sulfur cluster assembly process. However, with the use of an aspartate
to alanine substitution on IscU we have been able to isolate stable in vivo forms of the
α2β2 scaffold providing insight into the process of cluster assembly. We propose that
holo-IscU39DAIscS represents an end point of [2Fe-2S] cluster assembly on the α2β2
scaffold that is prevented from final complex dissociation by the absence of an aspartate39 residue on IscU. Based on these findings, we propose a new model of in vivo [2Fe2S] assembly (Figure 3.9).
A major feature of our model is the independent 1:1 association of IscS and IscU
to form an α2β2 complex in the absence of auxiliary proteins. The α2β2 tetramer serves
as a functional scaffold in vivo, upon which a [2Fe-2S] cluster is assembled. The
tetrameric complex likely provides protection from oxygen for the assembly of nascent
clusters but also is sufficiently flexible to accommodate new iron and sulfide on the IscU
scaffold, which may shuttle back and forth between ‘open’ (exposed) and ‘closed’
(protected) conformers. The dissociation of the α2β2 is partially dependent on the IscU
39 Asp residue upon completed [2Fe-2S] assembly.
While IscU39DAIscS provides a model for the IscU IscS complex, it is clear that
the 39DA intermediates are distinct from isolates of wild-type IscU IscS α2β2 complex.
For example, IscS does not stay tightly bound to wild-type IscU when exposed to
increasing ionic strength (Raulfs et al., 2008). Additionally, the cluster on the HoloIscU39DAIscS scaffold is resistant to oxygen for over 24 h suggesting a conformation that
protects the iron sulfur cluster from damage. Thus, the IscU39DAIscS complex species
should be thought of as intermediate stop points that represents a single snap-shot of a
dynamic in vivo assembly process.
In the wildtype α2β2 scaffold we imagine an enhanced plasticity of the α2β2
platform for the transport of iron and reducing agents to the IscU scaffold site. Indeed,
IscU has been found to be very structurally fluid, a characteristic ascribed to its ‘molten
globule’ like state (Bertini et al., 2003). In the NMR structure of Haemophilus influenza
IscU, the 39 Aspartate residue is situated close to the scaffold site, where three conserved
cysteines provide thiol ligands for cluster coordination (Figure 3.10). Structural NMR
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analysis of a T. maritima IscU40DA variant found strong hydrogen bonding between
Ala40 and Lys34 of the β1 strand of the β-sheet, creating a more structurally rigid protein
(Bertini et al., 2003). In the wild-type ISC system we imagine that the conserved Asp 39
could influence the conformation of the IscU protein shifting the entire α2β2 scaffold
from a ‘closed’ to ‘open’ conformer to accommodate the addition of iron and sulfide on
IscU. The proposed conformational shift of the α2β2 platform may also be externally
propagated by chaperone proteins and other interacting factors. Upon completed [2Fe2S] assembly, the internal positioning of aspartate 39 may help facilitate final release of
IscS.
The aspartate 39 residue is highly conserved in U-type scaffold proteins. As
previously mentioned, work with Asp 39 variants of IscU have revealed that mutations at
this position are transdominant with respect to wild-type IscU in a merodiploid strain of
Azotobacter (Johnson et al., 2006). Multiple studies have also shown that the IscU39DA
scaffold is more structurally stable and less likely to transfer a cluster to apo-targets than
wild-type IscU proteins. (Foster et al., 2000; Unciuleac et al., 2007; Wu et al., 2002a; Wu
et al., 2002b; Yuvaniyama et al., 2000). The in vivo finding that Asp 39 not only
stablizes a [2Fe-2S] cluster on IscU, but is additionally essential for mediating
interactions with IscS is a novel discovery. It expands our understanding of this variant
and suggests that in vivo the destablization of cluster loaded IscU is directly translated to
the release of IscS from the α2β2 platform.
In conclusion, we have found IscS and IscU to associate forming a stable yet
structurally plastic α2β2 scaffold for [2Fe-2S] assembly. It is worth mentioning that we
have never isolated a [4Fe-4S] loaded IscU species during our purifications of histidine
tagged IscU. The in vivo scaffold assembly site for [4Fe-4S] clusters still remains an
open question, although it has been proposed that these clusters may be assembled on an
IscU dimer or alternative scaffold, such as IscA or NfuA (Angelini et al., 2008a;
Bandyopadhyay et al., 2008a; Krebs et al., 2001; Unciuleac et al., 2007). Our model of
[2Fe-2S] cluster assembly supports the previously presented idea that the assembly of
[2Fe-2S] modules proceeds the synthesis of a more labile [4Fe-4S] cluster (Agar et al.,
2000a), which may require additional accessory proteins and enhanced structural
protection. Lastly, the presence of the Asp-39 residue of IscU is crucial for facilitating
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the dynamic association and dissociation of IscS and IscU and the ultimate release of
IscU from the α2β2 scaffold.
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3.6 TABLES & FIGURES

Table 3.1 Iron and sulfide analysis of IscU and IscU39DA isolated from recombinant
and native expression systems
IscU39DA

IscU

Fe/ IscU
S/ IscU

Recombinant
(pDB1720)

Native
(DJ1697)

Recombinant
(pDB1716)

Native
(DJ1766)

1.26 ± 0.15
1.14 ± 0.29

1.29 ± 0.05
1.28 ± 0.19

0.20 ± 0.08
0.23 ± 0.17

1.2 ± 0.25
0.95 ± 0.1
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Figure 3.1 Sequence alignment of IscU from different organisms
Conserved cysteine residues are highlighted in green, while the conserved Aspartate-39
residue is highlighted in yellow. (Zheng, L et al. J. Biol. Chem. 1998; 273. 13264-13272)
(Zheng et al., 1998).
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Figure 3.2 ISC strains and plasmids used in this study
A. vinelandii isc strains containing two copies of the isc operon, DJ1697 and DJ1766 are
shown above. Arabinose controlled isc plasmids expressed in E. coli are shown below.
The black dot in IscU represents an aspartate-39 to alanine substitution. Gray dashed
boxes represent gene deletions.
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Figure 3.3 UV-visible absorption spectra of apo- and holo- IscU39DAIscS
UV-visible absorption spectra of 67µM apo-IscU39DAIscS (gray dashed line) and 67µM
holo-IscU39DAIscS (black line). Inset. Subtraction spectra of holo-IscU39DAIscS minus
apo-IscU39DAIscS (dashed line) compared to UV-vis spectra of [2Fe-2S] cluster loaded
IscU (black line). Right. Photograph of holo- IscU39DAIscS (top) and apo- IscU39DAIscS
(bottom) complex species in sealed cuvette.
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Figure 3.4 Separation of an equimolar mixture of apo- and holo- IscU39DAIscS via
anion exchange chromatography
(A) Chromatograph showing separation of apo- and holo- IscU39DAIscS from anion
exchange column during a shallow NaCl gradient. (B) Appearance of apo- (yellow) and
holo- (brown) IscU39DAIscS on protein loaded anion exchange column.
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Figure 3.5 UV-visible spectra of apo- , reconstituted-, and holo-IscU39DAIscS
Inset. Iron occupancy of included IscU39DAIscS species.
For the reconstituted sample, crude extract of E. coli cells expressing proteins from the
pDB1716 plasmid were incubated with 2 mM ferrous ammonium sulfate and 1 mM Lcysteine for 40 min at room temperature and purified by anion exchange as described in
the materials and methods.
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Figure 3.6 Characteristic blue shift of PLP cofactor upon substrate binding
(A) UV-visible absorption spectra of recombinant Apo IscU39DAIscS (34µM) in the asisolated state (solid line) and immediately after the addition of 30 molar excess L-cysteine
(dashed line). (B) Formation of geminal diamine intermediate thought to represent ∼ 340
nm absorbance upon substrate binding to PLP. This figure was taken from Counts et al.
2007 (Counts et al., 2007). (ACS License # 2117130779986)
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Figure 3.7 Equilibrium and kinetic features associated with IscS catalyzed
desulfurization of apo- and holo- IscU39DAIscS complex
(A) ΔmAbs400nm for 50µM Apo IscU39DAIscS (gray circle) and 50µM Holo IscU39DAIscS
(black circle) upon increasing concentrations of cysteine. (B) Time dependent relaxation of
Abs400nm for Apo IscU39DAIscS (gray circle) and Holo IscU39DAIscS (black circle)
following the addition of a 10-fold molar excess of L-cysteine.
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Figure 3.8 Separation of IscS and IscU via anion exchange chromatography from
crude extracts of arabinose induced plasmids
Arabinose plasmids used for expression in this experiment include, pDB1720, pDB1716,
pDB1722, and pDB1719. (Top) Anion exchange chromatography profiles monitored at
405nm of pDB1720 (iscSUhis8AhscBAfdx) and pDB1716 (iscSU39DAhis8AhscBAfdx) (left
panel) and pDB1722 (iscSUhis8A∆hscBAfdx) and pDB1719 (iscSU39DAhis8 ∆hscBAfdx)
(right panel) . Tick marks denote 40 mAbs units (Bottom) IscS and IscU western blot of
anion exchange fractions 1- 8 of pDB1720 and pDB1716 elutant (left panel) and
pDB1722 and pDB1719 (right panel). White arrows point to IscS and gray arrows point
to IscU.
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Figure 3.9 Proposal for in vivo [2Fe-2S] cluster assembly
Model shows that IscS and IscU associate to form a α2β2 complex upon which an iron
sulfur cluster may be build. We envision that this complex may shuttle back and forth
between ‘protected’ and ‘exposed’ states allowing entry of iron and sulfide. Eventually,
a holo-IscU IscS complex is formed which dissociates into holo-IscU and IscS.
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Figure 3.10 Structure of H. influenza IscU
Conserved cysteine residues in relation to aspartate-39 are shown. (Ramelot et al. 2004.
J. Mol. Biol. 344, 567-583) (Ramelot et al., 2004)
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CHAPTER 4

Characterization of a Deletion IscR phenotype in
Azotobacter vinelandii
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4.1 ABSTRACT
In this study we investigated the role of IscR regulation in the A. vinelandii
genome. We determined that this protein plays an important role in regulating the isc
operon, the neighboring trmH cysE2 gene region, and an internal promoter upstream of
hscB hscA fdx. Additionally, we have discovered a ‘small’ colony phenotype associated
with the loss of IscR function, which can be partially relieved by diazotrophic growth
conditions. We show that deletion of IscR function causes the formation of cyst-like
cells and the simultaneous increase of aldehyde and alcohol dehydrogenase proteins. In
conclusion, we discuss the role of IscR in [Fe-S] cluster biogenesis and oxidative stress
management in A. vinelandii.

4.2 INTRODUCTION
Iron-sulfur proteins are crucial for the proper functioning of numerous
intracellular processes involved in metabolism, respiration, and DNA repair. As a result,
the proper maturation of [Fe-S] clusters is a crucial intracellular task, and is managed by
one of three biosynthetic assembly systems: the ISC, SUF, or NIF systems. The ISC
system has been termed a ‘housekeeping’ operon and in E. coli and A. vinelandii; it
functions to produce [2Fe-2S] and [4Fe-4S] clusters under standard growth conditions.
In E. coli, the SUF operon operates as a back-up system, producing [2Fe-2S] and [4Fe4S] clusters during periods of oxidative stress and iron depletion. In nitrogen fixing
organisms, the nif system functions in the specialized production of iron sulfur units for
the activation of apo-nitrogenase proteins. Not all of these cluster assembly systems are
functionally similar in different organisms. For example in gram-positive bacteria, plant
plastids, and some archaea the SUF operon has evolved as the primary [Fe-S] producing
mechanism. It is likely that continued work in this field of iron-sulfur cluster biogenesis
will lead to the discovery of additional novel and adaptive [Fe-S] assembly machineries.
Improper synthesis of iron-sulfur clusters can result in the release of free iron and
sulfide in the cytoplasm that results in the formation of toxic oxygen radicals which can
bind cytochromes, preventing respiration. As the toxic side effects resulting from the
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over- or under- production of [Fe-S] clusters is highly detrimental, the amount of cluster
production must be kept in check with cellular demands for [Fe-S]. In many β- and γproteobacteria, regulation of cluster production of both the ISC and SUF system is
controlled a single protein, IscR, from the Rrf2 family of regulators (Giel et al., 2006;
Schwartz et al., 2001; Yeo et al., 2006).
The IscR protein contains an N-terminal helix-turn-helix DNA binding region and
a second domain with three highly conserved cysteine residues, suggesting an iron-sulfur
cluster binding site. Based on genomic context and sequence homology with members of
the AraC/XylS transcriptional family of regulators, IscR was theorized to be involved in
the regulation of the iscRSUA operon (Schwartz et al., 2001). The first published work
on the protein revealed that IscR can bind a [2Fe-2S] cluster and additionally represses
transcription of its own promoter in vitro (Schwartz et al., 2001). This study additionally
found IscR mediated ISC expression to be dependent on the presence of essential cluster
machinery, IscS and HscA, suggesting the importance of the [2Fe-2S] cluster for IscR
function. Based on these findings the authors proposed that [2Fe-2S] cluster loaded IscR
represses expression of the ISC system through an auto-regulatory feedback cycle. In
this manner, ISC expression is limited when the cellular demand for iron-sulfur clusters is
met.
A set of secondary studies revealed that apo-IscR activates expression of the
SUF operon in E. coli (Giel et al., 2006). In this case the [2Fe-2S] cluster of IscR also
serves a regulatory feature. When the cluster is present, holo-IscR represses expression
of the isc operon, when it is absent, apo-IscR activates expression of the suf genes. In
this way, IscR dependent regulation allows redundant elevation of both ISC and SUF
systems under oxidative stress or iron depletion, conditions in which IscR is more likely
to be in found in an apo form.
While no null phenotypes have been reported for IscR, many organisms require
this regulatory protein for virulence and pathogenesis. For example, IscR is necessary for
maximal suf expression and virulence in Shigella flexneri (Runyen-Janecky et al., 2008)
and pathogenecity of Erwinia chrysanthemi (Rincon-Enriquez et al., 2008). The deletion
of IscR results in an H2O2 sensitive phenotype in Pseudomonas aeruginosa (Choi et al.,
2007) and nitric oxide sensitivity in Burkholderia malleli (Jones-Carson et al., 2008).
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Because host cells generate superoxide as a mechanism to fight invasion of pathogens,
controlled [Fe-S] production is necessary to repair and replenish damaged [Fe-S] proteins
essential for cell growth.
In addition to regulation of the suf operon, transcriptional profiling analysis
revealed that IscR controls the expression of over 40 genes in E. coli (Giel et al., 2006),
including operons involved in anaerobic respiration such as hydrogenase-1
(hyaABCDEF) and hydrogenase-2 (hybOABCDEFG) and nitrate reductase
(napFDAGHBC). IscR was also found to regulate an alternative scaffold protein for [FeS] assembly, nfuA2. While these data are informative, it is does not indicate if
transcriptional control of genes proceeds through a direct or indirect mechanism.
Interestingly, one of the operons found to be upregulated in ∆iscR strains was
fimAICDFGH, a gene region involved in the synthesis of type I fimbriae for biofilm
attachment. Wu and Outten have recently proposed that regulation the fimA operon is
indirect and proceeds through apo-IscR controlled expression of fimE recombinase which
subsequently turns off expression of the fimA promoter through a site specific inversion
mechanism (Wu and Outten, 2009). Decreased biofilm formation was also found to take
place under nutrient limited conditions specific to the presence of Apo-IscR, such as low
iron or oxidative stress.
As more studies are performed with IscR there is a growing understanding of the
importance of this protein in iron sulfur cluster regulation and general stress
management. The varied and growing reports on IscR reveal that we have much to learn
about how this protein dually facilitates [Fe-S] cluster biogenesis and cellular response to
environmental stress. Here we discuss IscR regulation of [Fe-S] cluster biosynthesis and
oxidative stress management in A. vinelandii. This organism makes a particularly
interesting model system for addressing these issues because it can fix nitrogen and has
been cited as having one of the highest known respiratory rates for any bacteria (Kelly et
al., 1990; Sandercock and Page, 2008a). Additionally, the Azotobacter genome does not
contain a complete suf system, and therefore allows study of non-SUF related regulatory
effects of IscR. In this study we seek to more fully understand the diverse roles of apo-
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Referred to as yhgI in Giel et al. (2006)
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and holo-IscR in the regulation of [Fe-S]-related biosynthetic genes on the A. vinelandii
genome, and in serving as a sensor for intracellular oxidative stress.

4.3 MATERIALS AND METHODS
Growth and media. A. vinelandii strains were grown at 30°C on Burk’s minimal
medium containing 2% sucrose or 2% glucose as the sole carbon source as indicated. BN
medium refers to Burk’s medium with 13 mM ammonium acetate, B-Urea medium refers
to Burk’s medium with 10 mM urea, B medium refers to Burk’s medium without any
added nitrogen source. –Mo refers to Burk’s medium with 7 mM ammonium acetate and
no added molybdenum. Antibiotics were used at a concentration of: 0.08 µg/mL
ampicillin, 0.5 µg/mL kanamycin, 0.05 µg/mL gentamicin, and 0.1 µg/mL streptomycin.
X-gal (5-bromo-4-chloro-3-indoyl-β-D-galactopyranoside) was added to a final
concentration of 60 µM.
Strain constructions. Most strains used in this study are derived from DJ1421 (see
Table 4.1 for a complete listing strains), which is merodiploid, containing an additional
copy of the isc operon under the control of an inducible sucrose promoter (Johnson et al.,
2006). Parent strain DJ1731 was constructed by the transformation of DJ1421 with
pDB1641, a plasmid which was constructed piece-wise by PCR in order to replace the
interior isc genes (iscS iscU iscA hscB hscA) with a 6.2kb SmaI lacZYKn cartridge
forming iscR–lacZYKn–fdx. DJ1731 was positively selected on BNKn plates and double
reciprocal recombination and insertion of the lacZYKn cartridge was confirmed by PCR.
DJ1504 was constructed by transformation of DJ1421 with pDB1179, a plasmid
containing a 5.5kb PstI lacZY cartridge insertion inbetween the first PstI site of trmH and
PstI site of cysE2. DJ1525 and DJ1524 were both constructed by transformation of
DJ1421 with pDB1468, a plasmid carrying a 6.1kb SmaI lacZYKn cartridge insertion at
the AleI site of hscA, forming Φ(hscA’-lacZYKn). Transformants of DJ1421 x pDB1468
were selected for on BN-Xgal-Kn plates. DJ1525 transformants, containing Φ(hscA’lacZYKn) in the endogeneous isc operon, were glucose sensitive and selected for on BNXgal-Kn plates followed by PCR verification of the orientation and location of the insert.
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DJ1524 transformants containing Φ(hscA’-lacZYKn) in the merodiploid copy of the isc
operon, were selected for on BN-Xgal-Kn plates. These transformants were capable of
growth on glucose and exhibited decreased lacZ expression on BG-Xgal-Kn plates.
Proper insertion and location of the lacZYKn cartridge was also confirmed by PCR as
previously described (Johnson et al., 2006). All ∆iscR and iscR92CA daughter strains in
this study were constructed from one of several parent strains: DJ1525, DJ1731, DJ1524,
or DJ1504. DJ1532 is a recA::GmR derivative of DJ1525, in which the recombinase A
gene has been inactivated by a gentamicin insertion cartridge. All ΔiscR strains were
constructed using the plasmid, pDB1490, which contains a 120 bp SphI in-frame deletion
in IscR, removing Ala21 to Gly60. Genomic substitutions of IscR92CA were constructed
by transformation of A. vinelandii strains with pDB1507, a plasmid containing iscR with
a sited directed mutation in Cys92 (GCA). DJ1819 was constructed from DJ155, a strain
containing a deletion in cysE1 with pDB1490 (ΔiscR) and pDER (cysE3::Kn).
Transformants were selected on supplemented media containing BNKn with nutrient
broth.
LacZ activity assays of IscR strains. β-galactosidase activity of A. vinelandii strains
was determined in vivo using a whole cell assay adapted from J. H. Miller 1972 (Miller,
1972). Cell cultures were grown in BN media to an OD600 of 0.5, harvested and
resuspended in Z buffer (40 mM NaH2PO4, 60 mM Na2HPO4, 10 mM KCl, 1 mM
MgSO4, and 30 mM β-mercaptoethanol) to give a final resuspended OD600 of 1.0. The
substrate, ONPG, (o-nitrophenol-β-D-galactopyranoside) was dissolved in 100% DMF
and added to resuspended cells to a final concentration of 0.2 mM. LacZ activity was
monitored at discrete time points by stopping the reaction with the addition of 1M
Na2CO3 to a final concentration of 50 mM and measuring absorbance at 414 nm. βgalactosidase activity was expressed as ΔAbs (414 nm) / min / OD600 resuspended
culture.
Immunoblot. Fifty micrograms of crude extract from DJ1525 and DJ1562 strains was
loaded per SDS-PAGE lane and transferred to nitrocellulose membrane as previously
described (Johnson et al., 2006). Polyclonal primary rabbit antiserum to A. vinelandii
IscU was used at a dilution of 1:600. Alkaline phosphate-conjugated anti-rabbit goat
immunoglobulin G served as the secondary antibody. A chemiluminscent detection
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system was used (LumiPhosWB; Pierce) and the BioRad Gel Doc XRS was used for
photographing the immunoblot and quantifying blot density.
Light Microscopy. DJ1601 and DJ1421 cells from BN plates were pelleted and
resuspended in 840 µL of 0.5 M NaH2PO4 solution, pH 7.0. Fifty microliters of 25%
EM grade glutaraldehyde was added and the cell solution was allowed to gently vortex at
room temperature for 1 h. Five microliters of cell solution was placed on a glass slide
with a sealed cover slip and imaged with a Zeiss – Differential Interference Contrast
Light microscope.
Frequency of suppressor mutations. DJ1601 cells were grown in 500 mL of liquid BN
media, at 30°C and 300 rpm. Cell aliquots were taken at an OD600 of 0.2, 0.4, 0.6, and >
1. Aliquots were diluted in sterile phosphate buffer (14 mM KH2PO4, 46 mM K2HPO4)
from 10-1 to 10-6 as appropriate to growth stage, and plated on BN agarose plates. After 5
days of growth incubation at 30°C, large colonies representing spontaneous suppressor
mutants were counted per plate and growth condition and plotted for comparison. Four
spontaneous suppressor mutant A. vinelandii strains were stored, and one, DJ1877 was
analyzed further by 2-dimensional gel electrophoresis.
2-dimensional gel electrophoresis. DJ1601 and DJ1877 were T-streaked on five BN
plates and allowed to grow at 30°C for 5 days. Following this incubation period, plate
grown cells were collected and resuspended in 10 mL of cold 10 mM Tris-HCl, 5 mM
MgCl2-H2O buffer at pH 7.4. Resuspended cells were processed by french cell press at a
12,000 psi and centrifuged for 1 h at 35,000 rpm using a Ti45 rotor and Beckman Coulter
Optima LE-80k Ultracentrifuge (95,000 x g). Crude cell lysate (150 µg) was ‘cleaned’
using the 2D gel clean-up kit following the manufacturer’s instructions. The final
‘cleaned’ 150 µg protein sample, was re-suspended in 210 µL of rehydration buffer and
loaded onto 11cm GE Health-Care ImmoblineTM (IPG) DryStrips, pH 3-10. Isoelectric
focusing of IPG strips was achieved overnight using a GE Health-Care Ettan IPGphor 3.
The next day, IPG strips were equilibrated in SDS equilibration buffer containing 75 mM
Tris, 6M Urea, 30% glycerol (w/v), 2% SDS (w/v), bromophenol blue, and 6 mM DTT.
Equilibrated strips were loaded onto BioRad 2-dimensional Criterion gel system using
Criterion precast Tris-HCl gel cassettes. The upper and lower chambers were filled with
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running buffer (66 mM Tris, 5.2 mM glycine, 0.1% (w/v) SDS). The gel was run for 15
minutes at 35 mA and 1.5 h at 70 mA and stained in Coomassie blue dye for 12 -16 h.
Alcohol Dehydrogenase protocol. An activating buffer containing 50 mM Tris, 20 mM
NADH, pH 7.5 was made. For each strain, 50 µL of crude extract of plate-grown cells
was added to a 1 mL of activating solution. The reaction was initiated by the addition of
substrate, 20 µL of 13.8 mM butyraldehyde (dissolved in methanol). Activity was
monitored at room temperature using a Cary 50 Bio UV-visible spectrophotometer by
measuring a decrease in absorbance at 340 nm. Final activity values are reported relative
to isocitrate dehydrogenase activity. Isocitrate activity was measure as described
previously (Johnson et al., 2006).
Aldehyde Dehydrogenase. An activating buffer containing 50 mM CHES, 2 mM
NAD+, 0.5 mM coenzyme A, and 5 mM DTT, pH 8.6 was made. For each strain, 25 µL
of crude extract of plate-grown cells was added to a 1 mL of activating solution. The
reaction was initiated with the addition of 20 µL of 13.8 mM butyraldehyde (dissolved in
methanol) and activity was monitored at 340 nm using a Cary 50 Bio UV-visible
spectrophotometer at room temperature. Final activity values are reported relative to
isocitrate dehydrogenase activity as previously described (Johnson et al., 2006).

4.4 RESULTS

IscR regulation of ISC expression is cluster dependent
Previous work demonstrates that IscR serves as a feed-back regulator of isc
expression in E. coli (Schwartz et al., 2001). In order to determine if the same model of
IscR-dependent isc regulation holds true in A. vinelandii, we sought to measure isc
expression in Azotobacter strains containing substituted or deleted portions of the IscR
protein. To investigate this question, we constructed a set of strains in which indicator
genes, lacZY, were fused to the chaperone hscA (DJ1525, see table 4.1). However,
because hscA is an essential gene and the lacZY fusion causes insertional inactivation of
the chaperone protein, a previously described parent strain (DJ1421) was used which
contains an additional copy of the entire isc gene region under sucrose inducible control
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(Johnson et al., 2006). (Table 4.1) DJ1421 is not viable on glucose, but when grown on
growth medium containing 2% sucrose, enough hscA is expressed from the sucrose
dependent ISC promoter to allow normal growth. Figure 4.1, right panel, indicates that
both IscR92CA and ΔIscR strains have an ~5x over-expression of hscA::lacZY compared
to wild-type IscR. In addition, the three conserved cysteines of IscR, and several residues
in the DNA binding domain including charged residues: Arg34, Ser38, Lys48, were also
found to be crucial for IscR repressor function because they exhibited elevated βgalactosidase activity (for a full functional analysis of IscR see Appendix III).
Densitometric analysis of an immunoblot from wild-type and ∆iscR strains (Figure 4.1 left panel) also revealed ~ 5x over-expression of IscU in ∆iscR strains. Elevated levels of
IscU were also seen in strains containing IscR92CA, 98CA, or 104CA substitutions,
revealing that conserved cysteines in IscR are essential for repressor function. In
conclusion, our results provide substantial evidence that as in E. coli (Schwartz et al.,
2001), holo-IscR serves as a negative regulator of the ISC operon in A. vinelandii.

Holo-IscR is necessary for native expression of the trmH cysE operon
Upon scanning the promoter region of the trmH cysE operon, located just
upstream of the isc genes, we noticed a DNA sequence with high identity to the putative
promoter region of A. vinelandii iscR (Figure 4.2A). Thinking that IscR may regulate
this neighboring gene region in the same manner as the isc operon, we constructed strain
DJ1504, containing a lacZY cartridge inserted between the PstI sites of trmH and cysE2
genes forming: trmH´::lacZY::cysE´. To match our other constructs, DJ1504 was
derived from a strain, DJ1421, which contains a duplicate copy of the iscSUA hscBA fdx
iscX operon under control of the sucrose promoter.
To determine if the trmH cysE gene region is similarly up-regulated in ΔiscR
strains, DJ1504 was transformed with a plasmid carrying an inframe deletion in iscR
(pDB1490). Surprisingly, instead of dark blue transformants representing elevated levels
of trmH´::lacZY:: cysE´ expression, we discovered small white colonies, which were
later confirmed to be ∆iscR transformants. Subsequent construction of iscR92CA and
iscR104CA derivatives of the DJ1504 parent also revealed small white transformants,
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indicating that apo-IscR regulation follows the same pattern as ΔIscR regulation, and
suggests that holo-IscR is the critical species involved in positive control of trmH cysE
expression. LacZ expression assays were attempted for the DJ1504 iscR derivatives.
However β-galactosidase activity was so low (less than 1 Miller Unit) that it was not
possible to derive meaningful expression data from these strains. The expression levels
of trmH::lacZY::cysE2 are best seen in Figure 4.3 by comparing the blue color of wildtype and ΔiscR strains streaked on sucrose plates with 60 µM X-gal. Taken together, our
results suggest that IscR positively regulates trmH cysE2 expression and that holo-IscR is
necessary for native expression of trmH cysE2.

IscR dependent expression within the isc operon
In E. coli two transcriptional start sites have previously been mapped upstream of
the hscBA fdx gene region suggesting a transcriptional start separate from the major IscR
dependent promoter (Lelivelt and Kawula, 1995). Previous growth phenotypes of
∆hscBA strains have also indicated the presence of an internal promoter in the isc operon
(Johnson et al., 2006). Additionally, as seen with the trmH cysE2 promoter region, a
gene region upstream of hscBA in A. vinelandii was also found to bear sequence
similarity to the putative iscR promoter (Figure 4.2). To test the hypothesis that an
internal promoter may exist and be regulated by IscR, we constructed a strain in which
hscA´::lacZY expression was decoupled from IscR control via the PiscR promoter, by
placing the hscA´::lacZY fusion gene construct in the sucrose controlled copy of the isc
operon, forming strain DJ1524. On glucose plates DJ1524 is white, but turns blue
quickly when switched to sucrose indicating tight catabolite repression of the Psucrose
promoter.
DJ1524 was transformed with a ∆iscR plasmid (pDB1490) and a congression
plasmid containing streptomycin resistance to form DJ1761 (Table 4.1). Transformants
were screened for color change on glucose plates with X-gal. We isolated small blue
transformants that were later confirmed to contain a deletion in iscR, indicating the
presence of an internal promoter negatively controlled by IscR. We theorize that the IscR
dependent isc internal promoter is weaker than the IscR promoter upstream of iscR,
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because on plates the DJ1761 strain goes blue much more slowly and to a lesser extent
than its counterpart, DJ1562. We conclude that there is an additional IscR dependent
binding site upstream of hscBA fdx which weakly regulates downstream expression.
In a separate set of experiments, a set of strains was constructed to determine the
level of isc expression following the iscR promoter. In these constructs lacZ was inserted
directly following iscR. Unlike strains containing an hscA’-lacZY translational fusion,
ΔiscR (DJ1739) and iscR92CA (DJ1751) strains resulted only in a minor increase in
expression of iscR-lacZY when compared to the iscR+ parent (DJ1731) (see Figure 4.3).
We attribute this result to an increased population of apo-IscR in DJ1731 which is
lacking a full complement of ISC proteins required for synthesizing clusters. As a result
the wild-type expression of iscR-lacZY is elevated, as seen in the left panel of Figure 4.3,
thereby decreasing the fold difference of lacZ expression between iscR+ and ΔiscR
strains.

Deletion iscR strains have a ‘small’ phenotype
Upon constructing iscR+ (DJ1421), iscR92CA (DJ1696), and ∆iscR strains
(DJ1601), containing the full complement of isc genes, we noticed a curious phenotype.
Cell colonies of strains containing an inframe deletion in iscR were considerably smaller
on plates than colonies of wild-type iscR strains. On sucrose plates, colonies of iscR92CA
(or ‘apo’ IscR strains) were medium sized between iscR+ (DJ1421) sized colonies and
ΔiscR (DJ1601) sized colonies (Figure 4.4). Medium sized colonies were also seen for
iscR104CA strains. We had previously noted in our lab that the small ΔiscR phenotype
could be relieved by the deletion of another isc gene, for example, ΔiscR/ΔiscU, or
ΔiscR/ΔhscA (Johnson, 2006). The double deletion strains resulted in a wild-type
phenotype, suggesting that the overproduction of the ISC proteins causes a toxic level of
iron and sulfide production which could only be relieved by disablement of the ironsulfur cluster machinery. On the other hand, medium-sized colonies of iscR92CA do not
change in colony size upon the insertional inactivation of hscA.
Since colony growth phenotypes are only replicable on plates and not in liquid
medium - a result we later attributed to the propensity of DJ1601 to form suppressor
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mutants allowing reversion to normal growth (discussed below) - we decided on the
terminology of ‘small’ rather than ‘slow-growth’ phenotype for DJ1601. Observations of
glutaraldehyde fixed cells by light microscopy revealed very different morphologies for
individual iscR+ (DJ1421) and ∆iscR cells (DJ1601). DJ1421 cells were rod shaped and
many were fixed in the process of active division. On the other hand, DJ1601 cells were
large and spherical and no dividing cells were seen (Figure 4.6). The average diameter of
fifty individual iscR+ cells from DJ1421 was 2.1 ± 0.4, while the average diameter of
fifty ΔiscR cells from DJ1601 was 2.8 ± 0.8 nm.
While ∆iscR strains are ‘small’ on both BN and B-urea plates, they exhibit
improved growth under diazotrophic conditions when nitrogen is removed from the
growth media (Figure 4.5). Wanting to understand this further, our initial thought was
that diazotrophic growth helps rescue the phenotype by elevating levels of cysE1 (cysEnif)
to replace low levels of cysE2 in ∆iscR cells. To investigate this question, we constructed
a ∆iscR strain in which both remaining serine acetyltransferases, cysE3 and cysE1 were
deleted (DJ1819). Both DJ1601 (∆iscR) and DJ1819 (∆iscR, ∆cysE1, ∆cysE3) exhibited
increased growth on B plates, indicating that it is not the additional expression of Nifdependent cysE1 which improves cell growth of ∆iscR strains under nitrogen fixing
conditions (see Appendix IV). Additionally, the colony size of DJ1601 did not increase
upon the addition of L-cysteine to the media, growth at high (40%), or at low oxygen
(5%).
We did note however that DJ1601 cells grown at 40% O2 have an increased
tendency to form suppressor mutants on plates. Additionally, ∆iscR strains are highly
prone to form suppressor mutations when grown in liquid culture where the oxygen
tension is also high. Figure 4.7A shows DJ1601 cells plated on sucrose after growth in
liquid Burk’s medium containing ammonium acetate (14 mM) to an OD600 = 0.2. At this
OD, the percent of suppressor mutants makes up 10% of the total number of cells.
Supporting our previous growth results with DJ1601 colonies on B plates, the frequency
of suppressor mutants significantly decreases when DJ1601 is grown on Burk’s medium
lacking ammonium acetate (Figure 4.7B), indicating that diazotrophic growth helps to
alleviate some of the deleterious effects of the ∆iscR genotype. When DJ1601 is grown
in liquid -Mo medium, containing no molybdenum and decreased levels of ammonium
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acetate (7 mM), the strain reveals a rate of reversion to normal growth in between that of
diazotrophic (Burk’s medium, ‘B’) and non-diazotrophic (Burk’s medium + ammonium
acetate ‘BN’) growth (Figure 4.7B). On the other hand, the iscR92CA strain does not
exhibit the formation of any suppressor mutants when grown in various liquid media
(BN, B, -Mo). In accordance with the medium-sized colony phenotype seen for this
strain, our data indicates that the IscR92CA variant is not as destructive for A. vinelandii
cells as ∆IscR. We conclude that deletion of the IscR protein is highly deleterious and
causes an oxygen sensitive phenotype which can be relieved by growth under nonnitrogen fixing conditions and /or the disablement of the ISC machinery.

Deletion IscR strains over-express aldehyde and alcohol dehydrogenase proteins
Four DJ1601 large colonies representing suppressor mutants were isolated from
BN plates grown from an aliquot of liquid growth medium as shown in Figure 4.7A. In
each of these four stains the inframe deletion of iscR was confirmed to be intact. Since
we have previously seen that ΔiscR/ΔiscU and ΔiscR/ΔhscBA strains form large wild-type
colonies similar to the suppressor mutants, we were interested to see if some of the
suppressor mutants isolated from DJ1601 growth in liquid media were glucose sensitive,
indicating the formation of a natural mutations in the isc operon compromising function.
We screened 30 suppressor mutants but did not find any glucose sensitive phenotypes for
the suppressor mutants screened. In addition, a western blot revealed equal levels of IscU
protein in DJ1601 and suppressor strains (data not shown). From the suppressor strains
analyzed, we conclude that a larger colony was not the result of a mutation in the isc
operon.
Wanting to further understanding the difference between the ‘small phenotype’ of
DJ1601 and the suppressor mutants, we decided to pursue a proteomics approach, using
2-dimensional gel electrophoresis to screen for varying protein levels between the two
crude extracts. Because the high suppressor mutation rate of DJ1601 prevented our
ability to obtain a pure culture of this strain from liquid media, we decided to use cells
grown on plates (which have a much lower frequency of suppression) for the 2dimensional gel analysis. DJ1601 and DJ1877 (representing one of the four suppressor
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mutant strains) from several BN plates were resuspended in 10 mLs of 50 mM Tris
buffer, pH 8.0 and processed by passage through a french cell press and ultracentrifugation at 95,000 x g for 1 h. Cell pellets obtained from the ∆iscR ‘small’
(DJ1601) and ∆iscR ‘suppressor’ (DJ1877) strains were markedly different (Figure 4.8,
top panel). The DJ1601 cell pellet was white and hard, while the suppressor pellet
appeared more typical of A. vinelandii cells showing a tan color and layer of red slime
indicative of cytochromes and membranes. Following centrifugation, equal amounts of
crude cell extract were loaded and separated by 2-d gel electrophoresis.
The results yielded a surprising discovery. DJ1601 crude extracts revealed two
additional proteins (Figure 4.8 - middle panel, circled as #1 and #2) that were not visible
in the suppressor strain and expressed at a relatively high level. The two proteins were
identified by mass spectrometry as Avin 08000 (#1) and Avin 07980 (#2) and mapped to
the same operon (The raw data for mass spectroscopy analysis is included after the
figure). These genes have been annotated in the A. vinelandii genome as aldehyde
dehydrogenase (NCBI# ZP_00419081.1) and iron alcohol dehydrogenase (NCBI#
ZP_00419082.1), respectively (Figure 4.8). DJ1601 was also found to over-express these
proteins when grown on B-urea, but not when grown on B media, lacking a source of
fixed nitrogen. Increased levels of aldehyde and alcohol dehydrogenase were not evident
for the three other suppressor mutant strains, iscR+ (DJ1421), or iscR92CA (DJ1696)
grown in various media. Thus, we conclude that higher levels of alcohol and aldehyde
dehydrogenase only occurs when the ‘small’ ∆iscR strain, DJ1601 is grown nondiazotrophically on plates.
Additionally, we measured the aldehyde and alcohol dehydrogenase activity of
crude extracts of DJ1421 (iscR+), DJ1601 (∆iscR), DJ1696 (iscR92CA), and DJ1877
(∆iscR suppressor) grown on various kinds of 2% sucrose plates (BN, B-urea, B) and resuspended in 50 mM Tris, pH 8.0 buffer. As was consistent with our 2-dimensional gel
analysis, only DJ1601 cells from B-urea and BN plates showed elevated levels of alcohol
and aldehyde dehydrogenase activity (Figure 4.10). DJ1877 had levels of alcohol and
aldehyde dehydrogenase activity similar to the iscR+ strain, DJ1421. Our results indicate
that the ∆iscR ‘small’ phenotype is correlated with the increased levels of aldehyde and
alcohol dehydrogenase, and that restoration of normal growth via natural suppressor
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mutations are associated with decreased levels of aldehyde and alcohol dehydrogenase
proteins.

4.5 DISCUSSION
In this study we have shown that IscR regulates the isc operon in an autoregulatory negative feed-back loop and that the conserved cysteines of IscR are necessary
for repressor function. We have also shown that IscR has a role in regulating the
neighboring trmH cysE operon and that holo-IscR is required for proper expression of the
trmH cysE genes. Other reports have suggested at a connection between IscR regulation
and expression of the serine O-acetyltransferase gene, cysE2. In a previous study, an
experimentally derived ‘sequence logo’ was used to determine conservation of the IscR
promoter in E. coli and other genomes (Giel et al., 2006). As expected, high scoring IscR
promoter motifs were found upstream of iscRSUA in multiple organisms. The motif was
also found conserved upstream of cysE in E. coli and other enterobacteria suggesting an
IscR regulatory site (Giel et al., 2006). It is not clear why cysE2 would be transcribed
with an RNA methyltransferase although the genomic organization of trmH cysE iscR
iscS is conserved in Pseuodomonads. In some gram positive organisms, such as Bacillis
subtilis, cysE is co-transcribed with cysS (tRNA synthetase for L-cysteine) (Gagnon et
al., 1994). TrmH is a tRNA methyltransferases that methylates guanosine 18 on the Dloop of tRNAs. A recent report has found some specificity for various TrmH proteins,
for example preferential methylation of tRNALeu, tRNASer, and tRNAPhe (Hori et al.,
2003). The A. vinelandii genome reveals at least two other weak homologues to TrmH
(Avin 07630 and Avin 04710). In future studies it would be of interest to address the
specificity of TrmH transmethylase and determine if methylation may be related to the
function of serine O-acetyltransferase. Our results lead to a model in which IscR
differentially regulates isc and trmH cysE2 expression as a mechanism to keep a check on
the cellular build-up of toxic metals and sulfides. In other words, when iron sulfur cluster
synthesis is repressed, L-cysteine production can be renewed by the holo-IscR activation
of the trmH cysE2 operon. During the build up of intracellular L-cysteine, the cluster on
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holo-IscR eventually degrades relieving repression of the iron-sulfur cluster biosynthetic
machinery, which will now be able to process the excess levels of intracellular cysteine.
IscR also regulates an ‘internal’ promoter upstream of hscBA fdx, although likely
at reduced levels in comparison to the primary promoter upstream of iscR. It is not clear
how regulation of this site may fit into an overall scheme of isc regulation. For example,
why does IscR regulate both hscBA fdx expression from the internal promoter site and
expression from PiscR promoter? Is there a difference in holo- and apo-IscR regulation at
this site? It is likely that multiple regulatory sites (both IscR dependent and independent)
exists upstream of the isc chaperones genes. For example, Lelivelt et al. have
demonstrated cold-shock induction of HscBA proteins controlled by a sigma-32 promoter
upstream of hscBA fdx (Lelivelt and Kawula, 1995). Martens et al. have also shown that
independent regulation of hscBA fdx in Xenorhabdus nematophila is necessary for the
mutualistic colonization of juvenile nematode intestines (Martens et al., 2003). We
conclude that while primary hscBA fdx expression is controlled by the PiscR promoter,
secondary expression of these genes is controlled both by IscR and other regulatory
factors to modulate hscBA fdx expression in response to cellular growth demands.
Colonies from ∆iscR strains exhibit a ‘small’ phenotype on plates, which can be
partially relieved by growth under nitrogen fixing conditions. The tendency of DJ1601 to
form natural suppressors under conditions of high oxygen tension, as seen on both plates
and in liquid cultures, suggests that increased oxygen exacerbates intracellular stress
associated with the toxic byproducts of over-produced iron-sulfides. The small
phenotype is relieved by conditions which help limit the effect of excess iron and sulfide.
This is achieved either by #1- disabling iron-sulfur cluster machinery so as not to produce
excess clusters or #2- diazotrophic growth, which may cause an increased demand for
iron-sulfur clusters (including nitrogenase, Fe, and respiratory proteins) which would
help ‘sop’ up excess iron-sulfides.
While it is clear that the loss of IscR causes intracellular stress, it also evident that
the phenotype exhibited by ∆iscR strains is not functionally equivalent to the loss of holoIscR function, via an iscR92CA substitution. While both ∆IscR and IscR92CA cause a 5 7x over-expression of ISC proteins, the ∆iscR strain has a small phenotype on plates
whereas the iscR92CA strain has colonies that exhibit a ‘medium’ sized growth phenotype.
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Keeping in mind that a deletion of IscR represents the loss of both apo- and holo- IscR
functions, while the IscR92CA substitution only represents a loss of holo-function, we
conclude that the loss of both IscR functions (DJ1601) is much more severe that the loss
of only holo-IscR function (DJ1696). This explains why DJ1696, a strain with only a
loss of holo-IscR function does not form suppressor mutations at high oxygen or require
the relief of repression by the deletion of the ISC machinary. Our results indicate an as
yet uncharacterized intracellular role of apo-IscR, and suggest that loss of apo-IscR
function (DJ1601) may be even more detrimental to cell viability and stress management
than loss of holo-IscR function (DJ1696).
To further understand the phenotype seen in DJ1601 cells, we performed 2dimensional gel electrophoresis of crude extracts from DJ1601 cells and a ∆iscR
suppressor strain, DJ1877, grown on plates. Interestingly, we found that DJ1601 ‘small’
cells had increased levels of aldehyde and alcohol dehydrogenase protein in the crude
extract which mapped to a single operon on the A. vinelandii chromosome. Likewise,
both the iscR+ strain DJ1421, and the ∆iscR suppressor mutant DJ1877, did not reveal
highly elevated levels of alcohol or aldehyde dehydrogenase (aldA) protein by 2dimensional gel electrophoresis. Recently, Gama-Castro et al. have shown that the aldA
protein is essential for catabolizing n-butanol and inducing cyst formation in A. vinelandii
cells (Gama-Castro et al., 2001). The authors found that expression of aldA (Avin
08000) is sigma-54 dependent and elevated when cells are switched from growth on
glucose to n-butanol. The divergently transcribed sigma-54 activator protein is located
just upstream of aldA. An operon encoding for machinery involved in the import of large
Fe/siderophore complexes is also located upstream of aldA. In between the sigma-54
activator protein and the Fe/siderophore import operon is a protein called murein peptide
ligase (Mgl) (Figure 4.8). The E. coli homologue of Mgl has been shown to play a role in
the recycling of peptidoglycan modules for new cell wall biosynthesis (Herve et al.,
2007). Its location near aldA, a gene essential for cyst formation, suggests a common
role in cellular differentiation.
In this study, we find that over-expression of aldehyde and alcohol dehydrogenase
is correlated with the small phenotype, as these proteins are elevated only in crude
extracts from BN or B-urea media. Crude extracts of DJ1601 grown on B plates did not
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reveal abundant expression of dehydrogenase proteins. Neither did crude extracts of the
apo-IscR strain, DJ1696. The over-expression of these two dehydrogenase proteins
indicates that the ‘small’ phenotype of ∆iscR strains may be related to the formation of
cysts via the production of n-butanol. Consistent with this hypothesis is the observation
that under the microscope, ∆IscR cells form large spherical cyst-like structures. We
conclude that the loss of apo-IscR function causes the formation of cysts-like cells and
concomitant over-expression of cyst-dependent proteins, aldehyde and alcohol
dehydrogenase, in A. vinelandii.
We propose that the formation of cyst-like cells is a result of increased
intracellular stress in ∆iscR strains, and that the cyst-like structures help decrease
metabolism and the potential of O2 interaction with intracellular iron and sulfide.
Consistent with our results, it has previously been noted that diazotrophic growth causes
germination of encysted cells in A. vinelandii (Sadoff, 1975). Other studies have also
shown that the initiation of N2-dependent growth causes the elevation of RpoS, a sigma
factor involved in turning on stress response genes in Azotobacter (Sandercock and Page,
2008b). Along with an increased demand for intracellular clusters, these reasons explain
why diazotrophic growth alleviates, but does not fully rescue, the ‘small’ growth
phenotype of ∆iscR cells.
As IscR has been demonstrated to be important for mediating cellular response to
oxidative stress in other organisms, it is not surprising to find it plays a similar role in A.
vinelandii. We do not know if regulation of the aldA operon is controlled directly or
indirectly by IscR, although future studies will address this issue. However, because the
‘small’ phenotype is so strongly correlated to the loss of apo-IscR function, our results
point strongly to additional roles of apo-IscR in oxidative stress management in A.
vinelandii. Additionally it is interesting that aldehyde and alcohol dehydrogenase are
induced in the absence of n-butanol or other alcohols present in the media. This indicates
that instead of catabolizing the alcohol, A. vinelandii may be synthesizing n-butanol as an
electron and carbon sink during the process of cyst formation. The bio-production of
solvents such a butanol is of great interest to the current biofuel industry and will be
pursued in future studies.
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4.6 FIGURES AND TABLES

Table 4.1 Strains used in this study
Strain #

Genotype

DJ1421
DJ1525
DJ1532
DJ1731
DJ1524
DJ1504
DJ1601
DJ1877
DJ1562
DJ1739
DJ1761
DJ1725
DJ1823
DJ1819
DJ1696
DJ1582
DJ1751
DJ1730

iscR+
iscR+,Φ (hscA´-lacZYKn)
iscR+, Φ(hscA´-lacZYKn)
iscR-lacZYKn-fdx
iscR+
iscR+, Φ(trmH´-lacZY-cysE2´)
ΔiscR
ΔiscR, suppressor mutant(1)
ΔiscR, Φ(hscA´-lacZYKn)
ΔiscR-lacZYKn-fdx
ΔiscR
ΔiscR, Φ(trmH´-lacZY-cysE2´)
ΔiscR
ΔiscR, cysE3::Kn, ΔcysE1
iscR92CA
iscR92CA, Φ(hscA´-lacZYKn)
iscR92CA-lacZYKnR-fdx
iscR92CA, Φ(trmH´-lacZY-cysE2´)

Genes controlled by Pscr
iscSUA hscBA fdx iscX
iscSUA hscBA fdx iscX
iscSUA hscBA fdx iscX
iscSUA hscBA fdx iscX
iscSUA hscB Φ(hscA´-lacZYKn)
iscSUA hscBA fdx iscX
iscSUA hscBA fdx iscX
iscSUA hscBA fdx iscX
iscSUA hscBA fdx iscX
iscSUA hscBA fdx iscX
iscSUA hscB Φ(hscA´-lacZYKn)
iscSUA hscBA fdx iscX
iscSUA hscBA fdx iscX
iscSUA hscBA fdx iscX
iscSUA hscBA fdx iscX
iscSUA hscBA fdx iscX
iscSUA hscBA fdx iscX

(1) isolated from growth of DJ1601 in liquid media, source of suppression is not known

91

Other mutations

recA::GmR

nif4-11(orf)∆::SmR
nif4-11(orf)∆::GmR
nif4-11(orf)∆::GmR
nif4-11(orf)∆::SmR
nif4-11(orf)∆::GmR
nif4-11(orf)∆::SmR
nif4-11(orf)∆::GmR
recA::KnR
nif4-11(orf)∆::GmR
recA::GmR
nif4-11(orf)∆::GmR
nif4-11(orf)∆::GmR

Figure 4.1 Elevated expression of ISC proteins in Δ iscR strain
(Left panel) Immunoblot of IscU expressed in iscR+ (DJ1532) and ∆iscR strains
(DJ1562). (Right panel) β-Galactosidase activity of Φ(hscA’-lacZY) strains relative to
wild-type IscR. Φ(hscA’-lacZY) strains assayed in this experiment include wild-type iscR
(DJ1532), iscR92CA (DJ1582), and ΔiscR (DJ1562).
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Figure 4.2 Putative IscR binding sites on the A. vinelandii genome
The putative IscR binding sites on the A. vinelandii genome were determined by eye
alignment, using a previously identified IscR Type I sequence logo from E. coli (Giel et
al., 2006). (Panel A) An alignment of the three putative IscR binding sites mentioned in
this text (Panel B) Genomic context of each IscR binding site. Each of the diagramed
IscR binding sites are contained on the same DNA strand as the ATG codon of the
downstream gene and are found in the same 5′ → 3′orientation.
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Figure 4.3 IscR dependent expression of lacZ fusion constructs in the A. vinelandii
genome
(Left panel) Wild-type iscR strains in this figure include: DJ1731 (iscR–lacZYKnfdx), DJ1532 Φ(hscA´-lacZYKn), and DJ1504 Φ(trmH´-lacZY-cysE2´). (Right
panel) Deletion iscR strains in this figure include: DJ1739 (∆iscR- lacZYKn-fdx),
DJ1562 Φ(hscA´-lacZYKn), and DJ1739 Φ(trmH´-lacZY-cysE2´). Strains are
streaked on 2% sucrose plates containing 60 µM X-gal.
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Figure 4.4 Relative colony size of A. vinelandii iscR strains
Colonies of different iscR strains were plated the same day from liquid growth media
onto BN plates (2% sucrose plates containing 14 mM ammonium acetate) and
allowed to grow for 8 days at 30 °C before being photographed. Scale bar of 1 cm is
relevant for all three panels.

95

Figure 4.5 ∆iscR strain shows improved growth on B plates
Colony growth phenotypes of ∆iscR strain, DJ1601, and wild-type iscR strain, DJ1421
when grown on Burk’s medium containing and lacking ammonium acetate (BN and B,
respectively).
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Figure 4.6 Light micrographs of A. vinelandii cells
(Panel A) Light micrograph of individual A. vinelandii cells from
DJ1421 containing wild-type iscR. (Panel B) Light micrograph of
individual A. vinelandii cells from DJ1601 cells containing ΔiscR.
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Figure 4.7 Natural suppressor mutations in ∆iscR strains
(Panel A) An aliquot from a growth culture of DJ1601 at OD600 = 0.2, plated on a sucrose
showing ‘small’ colony phenotype typical of the DJ1601 strain as well as larger
suppressor colonies from growth in liquid culture. (Panel B) Increase in suppressor
mutations of DJ1601 during growth on Burk’s medium with and without 14 mM
ammonium acetate (BN, and B respectively) and Burk’s medium with 7 mM ammonium
acetate but lacking molybdenum (-Mo).
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Figure 4.8 Proteomic level differences between ∆iscR strains grown on plates:
DJ1601 and DJ1877
(Top panel) Centrifuged cell lysate of DJ1601 (∆iscR) and DJ1877 (∆iscR,
suppressor) showing a difference in cell pellet from these strains. (Bottom panel)
2-dimensional gel electrophoresis of crude cell lysate from DJ1601 (left) and
DJ1877 (right) showing elevated levels of two proteins in DJ1601 crude extracts.
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Figure 4.9 Genomic context of Aldehyde dehydrogenase and Alcohol
dehydrogenase proteins
Elevated levels of Protein #1 (Aldehyde dehydrogenase) and Protein #2 (Alcohol
dehydrogenase) as seen by 2-dimensional gel electrophoresis for DJ1601 ‘small’ crude
extracts, were identified by LC-MS (Mascot data is included following this figure) and
found to reside in the same operon. The broader genomic region gene is shown here. Of
special interest is the close proximity of a Sigma-54 transcriptional activator protein, a
protein involved in cell wall biosynthesis (Mpl), and an operon involved in the transport
of large iron/siderophore complexes. Hypothetical and conserved hypothetical genes are
shown in gray.
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Figure 4.10 Aldehyde and Alcohol dehydrogenase activity of iscR+,
iscR92CA, and ∆iscR strains
Aldehyde dehydrogenase activity is denoted by gray bars; Alcohol
dehydrogenase activity is denoted by black bars. Error bars denote
averages from triplicate analyses. Activity is plotted over isocitrate
dehydrogenase activity.
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CHAPTER 5
Appendices

The results summarized in this section did not easily fit into a research ‘story’ congruous
with the previous three chapters. This work however, represents a significant
contribution towards my thesis, and will serve as a reference and starting point for future
studies.

Department of Biochemistry, Virginia Tech, Blacksburg, VA, 24061
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Appendix I. IscU39DAIscS α 2β 2 complex may interact with other ISC proteins

INTRODUCTION
During purification of the IscU39DAIscS complex from Azotobacter strain
DJ1766, we noticed multiple proteins being pulled down with IscU39DAIscS in the 20
mM imidazole wash, before final elution in 200 mM imidazole. We theorized that
background proteins could be weak interactors with the IscU39DAIscS complex. To
identify these possible proteins, the 20 mM imidazole elutant from five separate
purifications was run out by SDS-PAGE and selected bands were identified by massspectrometry. The results are summarized in Appendix Table A.1.

MATERIALS AND METHODS
Growth of DJ1766. Native IscU39DAIscS was isolated from A. vinelandii strain DJ1766
as previously described (Raulfs et al., 2008). IscU39DAIscS complex bound to the Ni+2
column was washed with 20 mM imidazole, and fractions from these washes were
collected and run out by SDS-PAGE. The results summarized in Appendix Table A.1
represent the combination of 20 mM imidazole washes from 5 separate purifications.
Mass spectrometry. IscU Ala39 IscS complex sample was separated by SDS-PAGE.
Bands of interest were excised from the stained polyacrylamide gel and washed overnight
in solutions of 25 mM NH4HCO3/50% acetonitrile and 10 mM DTT. In-gel tryptic
digests were performed overnight and stopped with a small addition of acetic acid at pH
4. Peptides were gently vortexed out of the solution. Following tryptic digestion,
peptides were separated via an ultimate capillary HPLC system by LC Packings
interfaced with a ThermoFinnigan LCQ DecaXP ion trap mass spectrometer in NSI
mode. Peptides were eluted over a linear gradient of 5% to 95% mobile phase B over 30
min at a flow rate of 100 nL/min where mobile phase A was 0.5% AcOH and mobile
phase B was MeCN with 0.5% AcOH. Collision induced LC/MS/MS spectra was
performed and data was processed by Xcalibur version 1.2 software. MASCOT software
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was employed to analyze the tandem mass spectrometry peak lists. Dr. Keith Ray from
Dr. Rich Helm’s laboratory performed preparation of protein bands and sequencing using
LC-Mass spectrometry.

RESULTS
Poly-histidine tagged IscU39DAIscS from the A. vinelandii strain, DJ1766, was
purified via immobilized metal affinity chromatography using stepwise imidazole washes
at 20 mM and 40 mM imidazole followed by a final elution in 200 mM imidazole. A
representative gel showing stepwise purification of IscU39DAIscS, including the 20 mM
imidazole wash is shown in Figure A.2. Numerous additional proteins eluted together
with weakly bound IscU39DAIscS complex. We were interested in identifying these
additional proteins, with the ultimate goal of determining if any of the proteins eluted
represented weak physiological interactors with the IscU39DAIscS complex.
The 20 mM imidazole wash of five separate purifications were examined by SDSPAGE and protein bands of interest were excised and submitted for LC-MS sequencing.
The results of the sequencing survey are summarized in Table A.1. The right hand panel
of Figure A.2, shows additional protein bands that were identified from a representative
20 mM wash. Many minor SDS-PAGE protein bands in the 20 mM imidazole fraction
were not sequenced so the list in Table A.1 is by no means exhaustive. Of the many
proteins identified, only those with scores above 50, indicating a robust match, were
included in this summary. “Times identified” refers to the number of times that a
particular protein band was picked and sequenced and is not necessarily indicative of the
likelihood of interaction with IscU39DAIscS complex. In fact, it is probable that many of
the proteins identified in Table 1 were bound weakly to the IMAC resin, rather than the
IscU39DAIscS complex as several of them (such as pyruvate kinase) are also evident in
the flow-through fractions.
The full list of proteins that were identified in the 20 mM imidazole wash is
included here for future reference. Several identified proteins are of particular note,
including the iron-sensing protein, Fur (ferric uptake regulator), which controls global
iron homeostatis, and ISC proteins, HscA and Ferredoxin.
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DISCUSSION
The A. vinelandii genome contains over eight ISC genes which participate in the
formation of [2Fe-2S]+2 and [4Fe-4S]+2 clusters. Many previous studies have revealed
associations between dyads of these proteins including, IscS-IscU, Fdx-IscS, HscBHscA, and HscA-IscU (Hoff et al., 2000; Tokumoto et al., 2002). Our work with both the
wild-type IscU and IscU39DA variant reveals a strong association between both the
scaffold protein and cysteine desulfurase in vivo (Raulfs et al., 2008). The identification
of additional ISC proteins eluting with IscU39DAIscS in the 20 mM fraction supports the
idea that IscS and IscU complex may form a transient association with other ISC proteins
in vivo for the assembly of iron-sulfur clusters. Other ISC proteins, HscB and IscA, have
also been isolated with wild- type recombinant IscU under similar purification conditions
(O'Carroll, 2009).
Thus far, these results are preliminary and need further replication and control
experiments to firmly establish that identified proteins such as HscA, ferredoxin, and Fur
may form weak protein/protein interactions with the IscU39DAIscS complex in vivo.
However, this method is informative in that it provides a means to identify unexpected
but physiologically relevant interactors with IscS and IscU39DA including non-ISC
proteins. The identification of both ISC and non-ISC proteins bound to IscU39DAIscS
would confirm their association and supports the idea that rather than dyadic associations,
these proteins form a loose multimeric complex for cluster assembly in vivo.
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Table A.1 A. vinelandii proteins isolated from IMAC resin with IscU39DAIscS in 20 mM
imidazole
NCBI#

Avin
#

Protein name

Size
kDa

ZP_00415059.1

13920

ATP La protease

89

ZP_00418128.1
ZP_0041928.1
ZP_00415408.1
ZP_00418947

40360
51360
27240
43370

HscA
Pyruvate kinase

ZP_00419601.1

42860

ZP_00420011.1

Genomic
context

Times
identified

Scores

Next to TonB gene, upstream of
operon containing iron alcohol
dehydrogenase, and permease

2

229, 440

66
51

ISC protein
Multiple pyruvate
Kinases identified

2
3

252, 136
658,
1062, 1123

Phosphoglucosamine

48

Part of operon ftsJHfolPglmMtpiA

2

221, 414

42500

Acetohydroxy acid
isomeroreductase

37

Part of ilvIHC operon

1

381

ZP_00415096.1

13550

Enoyl-CoA hydratase

33

Near many transposases

3

ZP_00416840.1

34340

KHG/KDPG aldolase

23

In an operon with sigma-54 protein,
FleQ

1

196, 183,
282
76

ZP_00418410.1

06650

Conserved
hypothetical

21

Next to thioredoxin

3

189, 50,
107

ZP_00416074.1

41110

17

Next to glutathione peroxidase,
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Figure A.2 Representative SDS-PAGE showing purification fractions for
IscU39DAIscS from DJ1766
An enlargement of the SDS-PAGE lane containing the 20 mM imidazole fraction
analyzed by mass spectrometry is shown in the panel on the right. Protein bands
identified by mass spectrometry from this particular sample are denoted by red arrows.
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Appendix II. A compromised ISC System causes degradation of IscU

INTRODUCTION
Using in vivo techniques, our previous work resulted in the isolation of a cluster
bound α2β2 IscU IscS complex from Azotobacter vinelandii, thus proving the scaffold
hypothesis of IscU cluster assembly (Raulfs et al., 2008). The bound [2Fe-2S] cluster
was labile during further purification, a result attributed to the readily dissociable nature
of IscS and IscU in the α2β2 tetramer. Cluster degradation and IscS separation was
prevented in a mutant form of the α2β2 complex in which aspartate 39 of IscU was
substituted by alanine to form a tight, cluster bound, α2β2 IscS and IscU39DA complex
(Raulfs et al., 2008).
Following isolation of both a labile and tight α2β2 IscS and IscU complex, we
were interested to determine if, using the same genetic strategy, we could map how other
ISC mutations effect interactions with IscU, complex formation, cluster biogenesis, and
lability in vivo. In order to address some of these questions, we constructed A. vinelandii
strains shown in Figure A.3. Strains DJ1697 and DJ1766 were constructed previously
(Raulfs et al., 2008). DJ1752 (iscU63CA) and DJ1764 (iscU106CA) were constructed to
contain mutations in essential cysteine residues of the IscU scaffold. It should be noted
that an alanine substitution of the third cysteine in IscU (Cys37) has previously been
shown to be lethal even in the presence of a Pscr expressed copy of IscU and thus was not
constructed (Johnson et al., 2006). DJ1807 in which the catalytic cysteine of IscS,
Cys328 was substituted for alanine, was constructed to determine how the loss of this
residue might influence cluster formation and IscS / IscU interactions. DJ1788, a
∆hscBA strain, was also constructed to determine the effect of chaperones on IscS and
IscU interactions and cluster formation (O'Carroll, 2009). To prevent possible read
through of chaperones from an internal promoter when cultured on glucose, DJ1788 was
constructed which deletes the isc gene region upstream of hscBA.
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MATERIALS AND METHODS
Strain constructions. DJ1752 (iscU63CA), DJ1764 (iscU106CA), DJ1807 (iscS328CA)
were constructed by transformation of DJ1697 with either pDB1658 (iscU63CA),
pDB1518 (iscU106CA), or pDB1210 (iscS328CA) and the congression plasmid, pDB528,
containing a KnR insertion in recA. As each of these residues has been found to be
essential in A. vinelandii causing a null growth phenotype in the absence of sucrose
(Johnson et al., 2006), transformants were screened for growth on glucose. Final selected
strains were sequenced to confirm both the desired IscS or IscU substitution and the
integrity of the IscU C-terminal histag.
Western blot analysis. A. vinelandii strains were grown in sucrose in a 150 L fermentor
to an OD600 of ~1.5 and collected by centrifugation. Three grams of harvested cells were
re-suspended in 10 mLs of 125 mM Tris (pH 8.0) and processed anaerobically using the
NanoDebee homogenizer at 25,000 psi (B.E.E International). Lysate was centrifuged at
95,000 x g for 30 minutes. For the immunoblot, 50 µg of crude extract was loaded per
SDS-PAGE lane and transferred to nitrocellulose membrane as previously described
(Johnson et al., 2006). Crude sera containing Anti – GroEL (E. coli) was the generous
gift of Dr. Nancy Love (University of Michigan) and used according to previously
described methods (Bott et al., 2001).

RESULTS
Unlike our previous work with IscUhis and IscU39DAhis, the purification of
IscU63CAhis, IscU106CAhis, and IscUhis with an IscS328CA substitution resulted in
negligible amounts of purified IscU variants following IMAC. Indeed, cellular
contaminates overwhelmed the Ni+2 charged column during chromatography of crude
extracts from these strains, and total IscU made up only a small percentage of the final
200 mM imidazole elutant (data not shown). This was not the case for IscUhis (DJ1697),
IscU39DAhis (DJ1766), or IscUhis with ∆hscBA (DJ1788). In these strains, holo-IscU
was isolated at levels of: ~2 (DJ1697), ~10 (DJ1766), or ~10 (DJ1788) nmoles IscU/gram
cell paste respectively.
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Previous work has confirmed that the deletion of negative regulator, IscR, results
in increased expression of IscS, IscU, IscA, HscB, and HscA in A. vinelandii (our
unpublished results). Thus the isolation of varying amounts of IscU protein from strains
compromised in ISC biosynthetic capability was unexpected. As the regulatory protein,
IscR, was not present in these strains, we hypothesized that either protein or mRNA
levels of IscU were being regulated at a post-transcriptional level.
A western blot of A.vinelandii crude extracts from these strains revealed varying
amounts of IscU protein (Figure A.4). Relative IscU levels were increased in two strains:
DJ1766, containing a 39 aspartate to alanine mutation in IscU, and DJ1788, containing a
deletion of HscBA chaperones. Decreased amounts of IscU protein relative to WT IscU
were evident in crude extracts in which the essential IscU scaffold sites (Cys63 or
Cys106) were mutated. IscU levels were also near negligible in DJ1807 cells, a strain
containing a mutation in IscS Cys328, the active site residue essential for cysteine
desulfurase activity. Interestingly, anti-IscS immunoblots of the same crude extract did
not reveal a significant difference in protein levels of the cysteine desulfurase, indicating
that only levels of the iron sulfur scaffold protein, IscU, were affected. Taken together
these results suggest that increased levels of IscU protein in the crude extract is correlated
with increased levels of purified holo-IscU.

DISCUSSION
Our results indicate variations in intracellular levels of IscU protein when [2Fe2S] cluster biogenesis is compromised. The present data does not distinguish between
mRNA or protein levels of IscU, although it is clear that degradation is specific only for
the scaffold, because levels of IscS protein remain constant in ISC mutant strains.
Additionally, IscU levels are low in isc strains, such as iscU63CA, iscU106CA, which are
compromised in their ability to synthesize iron-sulfur clusters. Mutations not necessary
for [2Fe-2S] cluster biosynthesis, such as iscU39DA and ΔhscBA, but which are in fact
associated with cluster stabilization, reveal increased levels of IscU protein.
We propose that varying amounts of IscU protein from ISC strains is the result of
preferential degradation of apo- vs. holo-IscU. The absence of HscBA causes build up
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of holo-IscU preventing protein degradation and apo-IscU recycling. The HscBA
dependant build-up could be related to a chaperone function which shifts [2Fe-2S] IscU
from a ‘protected’ to ‘accessible’ state ready for cluster transfer. The idea that
chaperones may have a role in modulating the conformation of the α2β2 scaffold was
discussed previously in Chapter 3 of this manuscript.
The proposal that iron sulfur clusters accumulate on the IscU scaffold in HscBA
depleted crude extracts is supported by additional observations detailed in Dr. Ina
O’Carroll’s dissertation (O'Carroll, 2009). For example, when the isc operon is overexpressed on pDB1720 by arabinose induction in E. coli, large amounts of iron-sulfide
precipitates are found in the crude cell extract. Conversely, no precipitates are present
when HscB and HscA are absence under the same growth conditions. Since the full isc
operon is induced in the absence of elevated levels of apo-target proteins, the
precipitation of iron sulfides is attributed to the over-production of iron sulfur clusters on
IscU and their subsequent release in to the cytoplasm. When HscBA are deleted,
stabilized clusters accumulate on IscU, preventing their release into the cytoplasm.
Histidine- tagged IscU species purified from E. coli cells expressing pDB1720 (iscUhis)
and pDB1722 (iscUhis, ΔhscBA) (See Figure 3.1) also reveal different cluster occupancy
following immobilized metal affinity chromatography. IscU isolated from cells deficient
in HscBA, had elevated levels of bound iron-sulfur clusters compared to IscU isolated
from the over-expression of the wild-type isc operon (O'Carroll, 2009).
A recently published report demonstrates that ISU1 from yeast have a slowed rate
of degradation when HscA homolog, Ssq1, is deleted (Andrew et al., 2008). While
cysteine desulfurase, Nfs1, is required for the ISU1 degradation, the authors find that
only levels of ISU1 are elevated in crude extracts lacking Ssq1. These results suggest the
importance of iron sulfur cluster biosynthesis for ISU1 degradation, but also reveal that
no other ISC assembly proteins, (including Nfs1, Jac1, Mge1, Yah1, Isa1, and Isa2) are
increased protein levels in the absence of eukaryotic chaperone protein. Another study
reveals that iron sulfur proteins in Saccharomyces cerevisiae missing an intact cluster are
more susceptible to attack by Pim1, a eukaryotic homologue to bacterial Lon1 protease
(Major et al., 2006). Additionally U-type scaffolds have been shown to be stabilized by
the binding of a cluster or metal ion at the scaffold site (Bertini et al., 2003). Together
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these results support a growing body of evidence that suggest proteins are structurally
stabilized by the presence of [Fe-S] clusters, and that structural modulation could acts as
a sensor for detection by proteases. This ‘regulation via degradation’ may be an
especially important mechanism to control proper assembly of clusters on IscU during
periods of oxidative stress.
Our results have shown a correlation between accumulation of intracellular IscU
and the stabilization of a cluster on the IscU scaffold site. Our previous work has also
shown that IscU assumes different structural conformations in apo- and holo states
(Raulfs et al., 2008). Additionally, we have demonstated that a 39 Asp to Ala in IscU
substitution stabilizes a [2Fe-2S] cluster on an IscSU α2β2 tetrameric complex. Work
performed by Dr. Ina O’Carroll suggests that a cluster is also stabilized on the IscU
scaffold by the deletion of HscBA proteins. To connect these corollary observations, we
propose analyzing the degradation rate of apo- and holo-IscU purified from both
pDB1720 (iscUhis), pDB1716 (iscU39DAhis) and pDB1722 (iscUhis, ΔhscBA). If our
theory is correct, we would expect to see an increased rate of degradation of apo-IscU vs.
holo-IscU when exposed to a protease cocktail.
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Figure A.3 Azotobacter vinelandii strains used in this study
Isc strains used in this study are shown containing two copies of the isc operon under
endogenous (isc) control and inducible sucrose control. The endogenous isc operon
contains a poly-8-histidine tag at the C-terminus of iscU. Gray squares are used to show
deleted gene regions and black dots represent site-directed amino acid variants. The
specific amino acid residue substituted in the IscU or IscS protein, is denoted by a
number above the respective gene.
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Figure A.4 IscU, IscS, GroEL western blot from A. vinelandii strains
Western blot showing levels of IscU, IscS, and control protein, GroEL from A.vinelandii
strains containing mutations in the ISC biosynthetic gene region. Extracts from the
following strains were analyzed: DJ1697 (wt), DJ1766 (iscU39DA), DJ1752 (iscU63CA),
DJ1764 (iscU106CA), DJ1807 (iscS328CA), and DJ1788 (∆hscA).
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Appendix III. Functional Analysis of IscR

INTRODUCTION
IscR is a two domain protein. The N terminus, which shares a high degree of
homology to transcriptional regulator MarA, contains a helix-turn-helix binding motif
and is therefore thought to be involved in DNA binding (Schwartz et al., 2001). The C
terminal domain contains three conserved cysteines that are necessary for cluster
coordination. Appendix Table 2 lists strains and plasmids constructed containing
mutations in both the DNA and [Fe-S] cluster binding domains. A requirement for the
study of IscR in A. vinelandii involved decoupling IscR regulation from isc expression.
Because ISC biosynthetic machinery is necessary for cell survival, an isc “merodiploid”
parent, DJ1525, was used which contains a second copy of the essential isc genes under
the control of an inducible surcrose promoter. Isc expression was determined using an
hscA´-lacZYKnR reporter construct in the endogeneous isc operon.

MATERIALS AND METHODS
Cell strains containing mutations in IscR were constructed using a site-directed Gene
Editor mutagenesis kit from Promega, according to the manufacturer’s instructions.
β-galactosidase activity assays were performed according to the protocols detailed in
Chapter 4.

RESULTS / DISCUSSION
In total, 14 new iscR strains containing site-directed substitutions or deletions
were constructed and their effect on hscA´-lacZYKnR expression was determined by βgalactosidase assays (Appendix Table A.5). The values plotted in Table 2 represent
triplicate lacZ activity measurements of listed strains. Strains with in-frame deletions in
iscR in A. vinelandii were found to exhibit a 5-7 fold increase in β-galactosidase activity
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in comparison to wild-type iscR strains. Alanine substitutions of three conserved
cysteines, 92C, 98C, and 104C in the [Fe-S] cluster binding domain resulted in βgalactosidase activity similar to ΔiscR strains, suggesting that these cysteines are
essential for [Fe-S] cluster co-ordination. These results are significant therefore in
reinforcing the idea that [2Fe-2S] cluster coordination of IscR is necessary for isc
repression.
Alanine substitutions in the proposed DNA binding domain including residues,
34

38

R, S, and 48K, resulted in varying levels of de-repression, suggesting the importance

of these amino acids in DNA recognition and binding. Interestingly, an alanine
substitution of 111C, a 4th cysteine found in the cluster binding domain of A. vinelandii,
resulted in decreased β-galactosidase activity in comparison to WT activity levels. This
extra cysteine is not highly conserved but is present in IscR from Azotobacter and
Pseudomonas genera. This result suggests that in these taxa 111C does not play a role in
[Fe-S] cluster coordination for IscR, but instead may act as a cluster ‘destabilizing’
factor. An alanine substitution of 91R, in the cluster binding domain also resulted in
decreased β-galactosidase activity in comparison to WT activity levels. Both 111C and
91

R substitutions exhibit 0.5- 0.75 isc expression levels in comparison to WT IscR. The

discovery of non-isc inducible forms of IscR suggests these mutants may more tightly
bind their clusters or the promoter region than wild-type IscR. These iscR strains have
the potential to be useful for studies in which we would like to limit the amount of isc
expression. It is also possible that 111C and 91R substitutions may provide a source of
holo-IscR that remains stable following protein purification.
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Table A.5 β-Galactosidase Activity of Φ(hscA-lacZ) strains with IscR substitutions
or deletions in A. vinelandii

Strain
DJ1532
DJ1579
DJ1590
DJ1591
DJ1597
DJ1582
DJ1595
DJ1531
DJ1543
DJ1587
DJ1592
DJ1594
DJ1556
DJ1557
DJ1580

IscR variant
IscR (WT)
IscR34RA
IscR38SA
IscR48KA
IscR91RA
IscR92CA
IscR93QA
IscR98CA
IscR101GC
IscR104CA
IscR111CA
IscR120FA
ΔIscR (A21-P61)
ΔIscR (V55-P61)
ΔIscR (S57-E119)
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β-Galactosidase
Activity
74 (+/- 12)
132 (+/- 12)
224 (+/- 26)
128 (+/- 17)
39 (+/- 9)
372 (+/- 51)
95 (+/- 10)
265 (+/- 51)
344 (+/- 68)
386 (+/- 53)
46 (+/- 8)
212 (+/- 24)
356 (+/- 84)
365 (+/- 63)
366 (+/- 86)

Appendix IV. Growth phenotypes of ΔcysE and ΔiscR strains

INTRODUCTION
Serine acetyltransferases, which catalyze the conversion of serine to Oacetylserine, perform the rate-limiting step in the cellular production of L-cysteine
(Zheng et al., 1998). Azotobacter vinelandii contains three serine O-acetyl transferase
genes, cysE1, cysE2, and cysE3. As these enzymes are required to produce L-cysteine
necessary for [Fe-S] assembly, it is not surprising that two of the three A. vinelandii cysE
genes are found in the same genomic region as iron-sulfur cluster assembly operons.
CysE1 is under NifA promotional control and located down stream of nifUSV. CysE2 is
expressed upstream of the isc gene region in a small operon with trmH, a tRNA
methyltransferase. Both a 92CA substitution and deletion of the ISC regulatory protein,
IscR, reveal decreased levels of trmH cysE2 expression compared to wild-type IscR
(Chapter 4), suggesting the importance of holo-IscR for proper trmH cysE2 expression.
The final serine acetyltransferase, cysE3, is located between a gene for cysteine
desulfurase similar to SufS, and rhdE, encoding a rhodanese protein.

MATERIALS AND METHODS
DJ155 (∆cysE1), DJ1502 (cysE3´::Kn), and DJ1830 (∆cysE1 cysE3´::Kn) were
constructed in Dr. Timothy Larson’s laboratory. DJ1818 was constructed by the
transformation of DJ1601 with pDER76, a plasmid containing a Kanamycin cartridge
replacing most of cysE3. DJ1819 was constructed by the transformation of DJ155
(already containing ∆cysE1) with pDB1490 (a plasmid containing an inframe deletion of
iscR ), and pDER76 used as a congression plasmid. The recipe for supermedia plates was
the same as Burk’s media with the addition of 8 grams of nutrient broth per 1 liter.
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RESULTS / DISCUSSION
Triple cysE1, cysE2, and cysE3 deletion strains in A. vinelandii are unviable (Dr.
Timothy Larson, communicated results). Figure A.6 reveals that ∆cysE1 (strain#1
DJ155), cysE3´::Kn (strain #2 DJ1502), and ∆cysE1 cysE3´::Kn (strain #4 DJ1830) do
not exhibit measurable differences in growth on supermedia plates with or without the
addition of ammonium. This result supports the idea that cell viability is maintained as
long as one serine acetyl transferase is expressed, and that expression of cysE2 and cysE3
are sufficient to compensate for ∆cysE1 even when there is a high demand for cysteine
under nitrogen fixing conditions. Subtle growth differences between strains DJ155,
DJ1502, and DJ1830 in Figure A.6 may be more apparent on less rich growth media.
Results from Chapter 4 demonstrate that ∆iscR strains diminish trmH cysE2
expression, and additionally exhibit improved growth under nitrogen fixing conditions.
In order to test the hypothesis that improved growth could be due to the elevated
expression of cysE1 under diazotrophic conditions, we constructed strains DJ1818
(∆iscR, cysE3´::Kn (#3)), and DJ1819 (∆iscR, cysE3´::Kn, ∆cysE1 (#5)). These strains
grow significantly worse than ∆iscR strains. Infact, DJ1819 was not viable unless
cultured on highly enriched supermedia (data not shown). Since both DJ1818 (#3) and
DJ1819 (#5) reveal improved growth under diazotrophic conditions, we conclude that the
improved growth of the ∆iscR strains in general is not due to the expression of cysE1
under nitrogen fixing conditions.
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Figure A.6 Growth of ∆iscR and ∆cysE strains on supermedia
Growth of ∆iscR and ∆cysE strains on supermedium under nitrogen fixing (right
panel) and non-nitrogen fixing (left panel) growth conditions.
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Appendix V. Crystallization Trials of the IscU39DAIscS complex
In Chapter 2, we detailed the isolation of a holo-IscU39DAIscS complex from A.
vinelandii representing a stable intermediate of the in vivo cluster assembly process.
Because the α2β2 complex is non-dissociating, the isolation of this species provides an
opportunity to pursue further structural analysis of the holo-IscU39DAIscS complex. A
high resolution crystal structure of the α2β2 IscU39DAIscS complex containing natively
synthesized cluster would undoubtedly shed significant insight on the process of in vivo
assembly and provide a better understanding of IscS and IscU interactions in general.
This work was initiated as part of my EIGER internship, at the Laboratorie de
Cristallographie et Cristallogènese des Protéins (LCCP) under the supervision of Dr. Juan
Fontecilla-Camps and Dr. Yvain Nicolet in Grenoble, France. Given that our in vivo
sample was fairly complex, (containing two proteins in the process of transient cluster
assembly), this lab was chosen because it is one of the best facilities in the world
equipped for large-scale anaerobic crystallization trials. The LCCP team has previously
solved the structure of other oxygen sensitive metalloproteins, including [Fe-Fe]
hydrogenase, [Ni-Fe] hydrogenase, biotin synthase, and NikA, among many others.
Starting in the spring of 2007, I spent several months in this laboratory learning anaerobic
crystallization techniques; preparing, filtering, and degassing solutions for manual set-up
of hanging-drop crystallization trays in a large anaerobic chamber. Although I learned a
variety of ‘tricks’ for growing crystals (including micro-seeding techniques, oil
immersion, and the always trusty ‘dance a crystal jig’), no conditions resulted in the
growth of reproducible protein crystals. Solutions tested are listed in Table A.8. During
the last month of my stay in France, I also tried a few large-scale aerobic screens using
automated crystallography facilities available at the Jean Pierre Ebel Institute.
I continued with our efforts to obtain reproducible protein crystals of the holoIscU39DAIscS complex in Blacksburg by collaborating with Dr. Florian Schubot and
Nancy Vogelaar at the Virginia Tech X-ray Crystallography lab. Deciding to forgo the
manual anaerobic strategy, we turned to high-throughput methods available in the
Schubot lab for screening different crystal growth solutions simultaneously. We also
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followed a protocol to reductively methylate surface lysines of natively expressed
IscU39DAIscS sample in hopes of limiting charge repulsion and facilitating more stable
protein/protein interactions for crystal growth (1997). This technique did not yield any
enhancements in crystallization however. Following these lessons, we shifted focus
towards obtaining different protein samples for further crystallization trials.
We have seen a limited improvement in crystal growth using recombinantly
expressed A. vinelandii IscU39DAIscS protein isolated from E. coli. Unlike natively
expressed complex which contains cluster, IMAC and anion exchange purification of
histagged IscU39DA from pDB1712 results in a pure apo-form of the α2β2 IscU39DAIscS
complex (see Chapter 3 for further details). Following the set-up of several large-scale
crystallization screens, we observed very small needle-like crystals in the C1 well (3.5 M
Na+ formate, pH 7) of the INDEX screen. Unfortunately these crystals were sensitive to
temperature and dissolved back into the mother solution when analyzed under the
microscope! We decided the best approach would be to optimize the Na+ formate
conditions and perform all subsequent crystal analysis at 4°C. As a result, we made a
‘home-made’ sodium formate screen containing over 100 conditions of varying molarity
and pH to use with the automated crystallography system. Even when using the exact
same Apo-IscU39DAIscS protein preperation however, we were only able to reproduce
the small needle-like protein crystals one time with our home-made buffer screen.
Crystal growth was not enhanced by increased protein concentration.

The C-terminal Histag of IscU is susceptible to degradation
In the course of working with the C-terminally histagged IscU39DAIscS samples
we noticed that the histagged complex, particularly IscU39DAhis was susceptible to
degradation when left for a week or longer at room temperature. This was observed on
SDS-PAGE by the formation of two distinct IscU bands (Figure A.7B). Sequencing of
the upper and lower bands by LC mass-spectrometry revealed that the cleavage site was
located between Lysine125 and Glycine126 of the IscU protein, effectively removing the
C-terminal octa-histidine domain. The identical cleavage site was further confirmed in a
separate experiment in which both native and recombinantly expressed IscU39DAIscS
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were incubated with 1 mM of thermolysin protease, revealing the formation of the same
upper and lower IscU bands by SDS-PAGE (also confirmed by LC-MS). The result
suggests that native IscU39DAIscS may contain residual protease contaminants causing
protein degradation and explaining our inability to grow stable crystals over time. We
have previously isolated ATP La protease, (Avin 13920) with the holo- IscU39DAIscS
complex under low imidazole conditions and theorize that this may be the source of
protease contamination in vivo (Appendix I). Crystallographers used thermolysin
protease to remove floppy protein extensions in order to probe the most structurally
stable ‘core’ of the protein. Our results suggests that the C-terminal octahistidine tag is a
floppy extension of IscU available for protease dependent degradation.
Project progression using IscU and IscS from Archeaoglobus fulgidus
In the meantime my lab colleagues Dr. Patricia Dos Santos and Dr. Ina O’Carroll
lead an undergraduate research class titled, “The Cutting Edge of DNA” in which
students cloned IscS and IscU genes from Archeal genomes into an arabinose expression
vector. The archeal genomes used by the class for PCR sequencing of IscU and IscS
were the generous gift of Dr. Biswarup Mukhopadhyay (Virginia Polytechnic Institute).
This project was undertaken to help isolate more compact and thermostable IscU and
IscS proteins for future crystallization trials, which could be readily purified using heattreatment techniques in place of immobilized metal affinity chromatography. One clone
from the sulfur-metabolizing hyperthermophile, Archeaoglobus fulgidus, exhibited
promising expression of both IscS and IscU proteins in E. coli. During the summer and
fall semester of 2008, I supervised a senior undergraduate student researcher from
Animal & Poultry Sciences, Kyle Cromer, on the optimization and purification of these
proteins. Like A. vinelandii, IscS and IscU from A. fuldigus purify together as a loose
complex. The A. fulgidus proteins can be separated from the E. coli crude extract by a
single step heat treatment at 85°C for 10 minutes, which removes over 90% of the
contaminating proteins (Figure A.7A). A. fulgidus IscS and IscU can be further purified
via anion exchange chromatography. Kyle has recently constructed an A. fulgidus IscU
clone containing an alanine substitution of the conserved Aspartate-40 residue.
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Purification of this protein sample may provide a more stable non-histidine tagged
IscU39DAIscS complex for continued crystallization trials.
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Figure A.7 Results related to crystallographic studies of IscU/IscS complex
(A) Heat treatment of E. coli crude extracts over-expressing A. fulgidus IscS and IscU.
65°C treatment for 20, 40, and 60 minutes removes most proteins. Heat treatment at
85°C for 10 minutes is sufficient for removing nearly all E. coli proteins. Molecular
weight markers shown (from bottom to top): lysozyme (14.4 kDa), soybean trypsin
inhibitor (21.5k Da), carbonic anhydrase (31 kDa) and ovalbumin (45 kDa)
(B) SDS-PAGE showing two proteolysis products of IscU39DA scaffold protein after
leaving natively expressed IscU39DAIscS complex for one week at room temperature.
The top band is the non-degraded IscU39DA protein, containing the C-terminal octahistidine tag. The bottom band shows loss of the C-terminal histag due to a cleavage
event between residues K125 and G126. The sequence of the top and bottom protein bands
were determined by LC- mass spectrometry. Molecular weight markers shown (from
bottom to top): lysozyme (14.4 kDa), soybean trypsin inhibitor (21.5 kDa), carbonic
anhydrase (31 kDa), ovalbumin (45 kDa), bovine serum albumin (66.2 kDa), and
phosphorylase B (97.4 kDa).
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Table A.8 Crystallization Conditions Tested
Date
Protein Sample Variables tested in
Manual Screen
3/15/07

7/27 sample
(9 mg/mL, 100 mM
Tris, pH 9)

4/13/07

7/27 sample
(9 mg/mL, 100 mM
Tris, pH 9)

4/20/07

7/27 sample
(9 mg/mL, 100 mM
Tris, pH 9)

5/3/07

7/27 sample
(9 mg/mL, 100 mM
Tris, pH 9)

5/3/07

7/27 sample
(9 mg/mL, 100 mM
Tris, pH 9)

5/10/07

7/27 sample
(9 mg/mL, 100 mM
Tris, pH 9)

5/15/07

SuperD prep
(6 mg/mL, 50 mM
Tris, 400 mMNaCl)

7/27 sample

10 - 60% MPD,
0.5-3.0 M Ammonium Sulfate,
5%-30% PEG 6000
PEG 400, 8000, 20000
(varying concentrations)
pH 5 - 8
Cadmium (Y/N)
PEG 5% - 25%
PEG 6000, 8000, 10,000
PEG 1% - 15%
pH 5.5, 5.7, 6.0, 6.3, 6.5, 6.6,
7.0

50% PEG: 2000, 6000, 10000
100 mM Tris, pH 9
1 M Na acetate

2 – 0.25 M Na malonic acid
pH 5 -8
13% PEG 6000 (Y/N)

Trying to optimize A2, A3, A4
cells from 5/3 screen
PEG 2000 10%, 20%
PEG 10000 14%, 16%, 18%
PEG 8000 14%, 16%, 18%
70mM Na citrate (Y/N)
70mM Na malonate (Y/N)
70mM Na acetate (Y/N)
100mM Tris, pH 9
Same A2, A3, A4, and B6
solutions from 5/3/07 box but
with varying concentrations of
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Notes
Laboratoire de Cristallographie et
Cristallogenèse des Protéines – Glove
Box
3 trays
Laboratoire de Cristallographie et
Cristallogenèse des Protéines – Glove
Box
4 trays, hanging drop
Laboratoire de Cristallographie et
Cristallogenèse des Protéines – Glove
Box
3 trays – 2 drops each per well
(one containing 1/1 ratio of protein to
mother liquid, another containing a
2/1 ratio)
Laboratoire de Cristallographie et
Cristallogenèse des Protéines – Glove
Box
2 trays
1 tray - 2µL protein / 1µL mother
liquid
1 tray – 1µL protein/ 1µL mother
liquid
precipitate structure in A2, A3, A4 &
B6 showed agglomerated protein
structures which disintegrated upon
‘fishing’ indicating they are not real
crystals, but likely a precipitated
structure. A small crystal from A3
was fished and frozen.* (this was the
sample I tested on synchrotron*)
Laboratoire de Cristallographie et
Cristallogenèse des Protéines – Glove
Box
1 tray – 1µL protein/ 1µL mother
liquid
Laboratoire de Cristallographie et
Cristallogenèse des Protéines – Glove
Box
2 trays
2µL protein / 1µL mother liquid

Laboratoire de Cristallographie et
Cristallogenèse des Protéines – Glove
Box

6/5/07

(9 mg/mL, 100 mM
Tris, pH 9)

protein

SuperD prep

Same A2, A3, A4, and B6
solutions from 5/3/07 box

(6 mg/mL, 50 mM
Tris, 400 mMNaCl)

7/27 sample
(9 mg/mL, 100 mM
Tris, pH 9)

6/18/07

SuperD prep
(6 mg/mL, 50 mM
Tris, 400 mMNaCl)

7/27 sample
(9 mg/mL, 100 mM
Tris, pH 9)

2/23 protein
(3.6 mg/mL, 100mM
Tris, pH 9)

6/22/07

SuperD prep
(6 mg/mL, 50 mM
Tris, 400 mMNaCl)

7/27 sample
(9 mg/mL, 100 mM
Tris, pH 9)

2/23 protein

Trying to optimize
supersaturation by limiting rate
of water because A4 solution
precipitates too quickly.
Row A- regular protein
Row B- regular protein with
500 µL reservoir volume
Row C- regular protein with
oil
Row D- 2/3 concentrated
protein

(incase concentration is contributing
to precipitation)
Laboratoire de Cristallographie et
Cristallogenèse des Protéines – Glove
Box
Determined that soluble (nonprecipitated protein) is only found
under these conditions:
14% -22% PEG 10,000
20% -22% PEG 2,000
100 mM Tris, pH 9 (no salt!)
Laboratoire de Cristallographie et
Cristallogenèse des Protéines – Glove
Box
3 trays
(one for each protein sample)
2µL protein/1µL additive
DDAO/1µL mother liquid

0.1 M Tris pH 8.5
0.2 M Lithium sulfate (Y/N)
25% PEG 8000
20% PEG 3350
DTT (Y/N)
DDAO (Y/N)

Laboratoire de Cristallographie et
Cristallogenèse des Protéines – Glove
Box
2µL protein/ 2µL buffer Or
2µL protein/ 1µL mother liquid / 1µL
DDAO
one tray in glovebox, one outside
glovebox

A4 solution
DTT (Y/N)
DDAO (Y/N)
Or
100 mM Tris, pH 8.5, 0.2 M
lithium sulfate, 25% PEG 8000
DTT (Y/N)
DDAO (Y/N)

Laboratoire de Cristallographie et
Cristallogenèse des Protéines – Glove
Box
2µL protein/ 2µL buffer
2µL protein/ 1µL mother liquid / 1µL
DDAO
one tray in glovebox, one outside
glovebox

Replicate D10 and G7
solutions from large scale PEG
screen
D10 = Calcium acetate, 20%
PEG 3350
G7 = 0.2 M Calcium chloride,

Laboratoire de Cristallographie et
Cristallogenèse des Protéines – Glove
Box
one tray in glovebox, one outside
glovebox
All these ‘crystals’ turned out to be

(3.6 mg/mL, 100 mM
Tris, pH 9)

7/27 sample (diluted
1/3)
(9 mg/mL, 100 mM
Tris, pH 9)

6/22/07

SuperD prep
(6 mg/mL, 50 mM
Tris, 400 mMNaCl)

7/27 sample
(9 mg/mL, 100 mM
Tris, pH 9)

2/23 protein
(3.6 mg/mL, 100 mM
Tris, pH 9)

7/27 sample (diluted
1/3)
(9 mg/mL, 100 mM
Tris, pH 9)

7/24/07

SuperD protein
(size exclusion
purified)
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7/24/07

SuperD protein
(size exclusion
purified)

2/20/08

11/6 ApoIscU39DAIscS
complex

20% PEG 3350
Varied 10 – 20% PEG 3350
pH 8 or pH 9, 100 mM Tris
Same solution as trays above
but with microseeded crystals
Diluted 10-1 – 10-6

Custom Na+ formate screens
4°C

5 mg/mL, 25 mM Tris,
pH 8,
600 mM NaCl, 1 mM
TCEP
(pDB1712 transformed
and over-expressed in
E. coli)
OR

some form of calcium salt crystal
according to Yvain.
Laboratoire de Cristallographie et
Cristallogenèse des Protéines – Glove
Box
one tray in glovebox, one outside
glovebox
For each drop used:
1µL protein solution / 1µL mother
liquid /
0.7µL crystal seed solution
Schubot Lab, 4°C
3 trays
Only one well (B6) had the same
needle-like crystals with pDB1712
protein
(why is it so difficult to recreate
Index C1 condition?)

Apo-IscSU complex
(pDB1716 transformed
and over-expressed in
E. coli)

3/16/08

11/6 ApoIscU39DAIscS
complex
5 mg/mL, 25 mM Tris,
pH 8,
600 mM NaCl, 1 mM
TCEP
(pDB1712 transformed
and over-expressed in
E. coli)

3/18/08

11/6 ApoIscU39DAIscS
complex
5 mg/mL, 25 mM Tris,
pH 8,
600mM NaCl, 1mM
TCEP
(pDB1712 transformed
and over-expressed in
E. coli)

5/16/08

5/15 ApoIscU39DAIscS
complex

B6 solution from Custom Na+
formate screen + additives

Schubot Lab, 4°C

Custom Na+ formate solution
#2 (buffered) + additives
Remade custom screens with
25mM Tris
And 0.6M NaCl
pH 6.2 – 8.3
Na formate Molarity 2.5 - 4.7

Schubot Lab, 4°C
Florian suggests I need higher
concentration of protein for bigger
crystals

Custom Na+ formate solution
#2 (buffered)
DTT (Y/N)

Schubot Lab, 4°C
2 trays

16 mg/mL, 50 mM
Tris, pH 8,
400 mM NaCl
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Date

6/14/07

Protein Sample

7/27 sample
(9 mg/mL, 100 mM
Tris, pH 9)

7/13/07

7/27 sample
(9 mg/mL, 100 mM
Tris, pH 9)

8/30/07

Super D
(size exclusion
purified, 6.4mg/mL)
Reductive methylation
of lysine residues in
this sample

1/28/08

11/6 Apo-IscSU
complex
5 mg/mL, 25mM Tris,
pH8 600mM NaCl,
1mM TCEP
(pDB1712 transformed
and over-expressed in
E. coli)

12/9/08

A. fulgidus IscSU
(wildtype) sample
(21 mg/mL, 50 mM
Tris pH 8,
500 mM NaCl)

Large scale Automated
Screens
JCSG
Nextal

Notes
(all screens were done aerobically
either at LCCP or Schubot lab at
Virginia Tech)
Laboratoire de Cristallographie et
Cristallogenèse des Protéines

PEGS
PACT
JCSG
Classic-Qiagen
pH Clear
Index
Hampton
PEG/Ion
Index
JCSG
Wizard I&II
MemFrac
Classic-Qiagen

Laboratoire de Cristallographie et
Cristallogenèse des Protéines
D10 and G7 from PEG screen had
crystals

Screens set up in duplicate,
storing one at RT and one at
4°C
Hampton Crystal Screen
Complex Screen,
MF/PI
Index
Wizard I & II,
JCSG
Wizard I & II, duplicate
Index
JCSG

Schubot Lab
C1 condition of Index gave the only
thing that Florian says may actually
be real crystals
Very small needle-like crystals
This condition = 3.5 M Sodium
formate, pH 7.0, needles disappeared
after 2 weeks

Schubot Lab
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No crystals, will retry trays with
IscU39DA clone from A. fulgidus

Appendix VI. Annotation of the Azotobacter vinelandii Genome
As part of large multi-laboratory effort to thoroughly scrutinize the JGI automated
annotations of the recently sequenced Azotobacter vinelandii genome, our laboratory
became involved in the process of manual gene annotation and analysis. Individual gene
annotation can be a very time-consuming process which involves examining the DNA
sequence, ribosomal binding site, genomic context, conserved motifs, and primary
literature in order to make an educated guess about the protein function and category of
the gene in question. The genes that I directly annotated or was directly involved in
supervising, via an undergraduate student annotator, Lanessa R. Bryant, are listed in
Table 4.
In addition, Drs. Patricia Dos Santos, Ina O’Carroll, and I also completed analysis
on genomic regions involved in respiration and oxidative response in the A.vinelandii
genome. I was assigned to look specifically at aconitase and oxidative stress response
proteins and my comments are included below.

Aconitases and oxidative stress response proteins A. vinelandii genome
Azotobacter vinelandii has been cited as having one of the highest respiratory rate
of any known bacteria (Jordan et al., 1999; Kelly et al., 1990; Sandercock and Page,
2008a). Feeding the respiratory electron transport chain, are two [Fe-S] dependent
aconitases, the major citric acid cycle enzyme, AcnB (Avin 23470) and iron and
oxidative-stress induced enzyme, AcnA (Avin 20040). Studies in E. coli have shown that
AcnA is the most stable aconitase isoform, and is able to operate over a broad pH and
oxygen range whereas the more active and abundant enzyme, AcnB, functions optimally
only at physiological pH (Jordan et al., 1999). Although the case is not known for A.
vinelandii, in E. coli both apo-AcnA and apo-AcnB have been shown to bind their own
cognate mRNAs (Tang and Guest, 1999). A. vinelandii also contains a non-TCA related
[Fe-S] aconitase, AcnD (Avin23230), which has the same domain structure as AcnA, and
is found in the prp operon required for the utilization of propionate.
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The major citric acid cycle enzyme, AcnB, is found in an anomalous region of the
chromosome next to the nitrate/nitrite assimilation (nas) system (Figure A.9).
Interestingly we find the oxidative response aconitase, AcnA, directly upstream of
terminal oxidase complexes, cbb3 oxidase, and the oxygen sensitive regulator, CydR,
suggesting mutual induction under elevated oxygen. In E.coli AcnA is regulated by both
Fur and the SoxRS in response to iron and superoxide stress. The AcnD homolog is not
found in E. coli, but is contained in most Psuedomonas species. AcnD requires PrpF in
vivo, which is speculated to both protect the [4Fe-4S] cluster on AcnD and to aid in the
cis-trans isomerization step of the substrate (Garvey et al., 2007; Grimek and EscalanteSemerena, 2004). The other genes in the prp operon include prpB, which is a methylisocitrate lyase, and prpC, which is a 2-methyl citrate synthase. E. coli and other enterics
replace the function of AcnD and PrpF with AcnC, a non-[Fe-S] dependent dehydratase,
which is not found in the A. vinelandii genome. A last note is the close genomic
proximity of AcnD and AcnB, which are separated by only 30 kilo-basepairs.
Azotobacter is predicted to utilize several proteins in response to oxidative stress.
The genome contains two superoxide dismutases, an Fe-SOD (Avin37820) and a Cu/ZnSOD (Avin 30470) (Qurollo et al., 2001). Hydroperoxidases, ahpC (Avin 45910) and
ahpF (Avin 26320), are also found but they are not transcribed in an operon as in P.
aeruginosa. There are at least three catalase genes, a monofunctional katE (Avin 47920),
bifunctional (both catalase and peroxidase activity) katG (Avin05880), and a novel
catalase, ccc (cytochrome c catalase) (Avin 05690). KatG has been shown to be
expressed during exponential growth while cytochrome c catalase is RpoS-dependently
expressed during nutrient limitation (Sandercock and Page, 2008a). Azotobacter
vinelandii contains the LysR-type oxidative response regulator, OxyR, (Avin 48440)
which is in an operon with RecG, as found previously in P. aeruginosa (Ochsner et al.,
2000), and the global iron regulatory protein, Fur (Avin 43000). We found evidence of at
least one clear Fur binding domain located upstream of the fhuCBD operon involved in
siderophore transport. No SoxRS homologs were found in the A.vinelandii genome.
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Figure A.9 Location of aconitase genes in the Azotobacter vinelandii genome.
The relative locale of acnA, acnD, and acnB, are shown in the color-coded schematic of
the A. vinelandii genome above. Neighboring gene regions of each of the aconitase genes
are also shown.
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Table A.10 Azotobacter vinelandii Genes Annotated
Gene ID
Gene
Product
Category
name
Avin03150
Methyltransferase
Translation/ribosomal proteins:
synthesis and modification
Avin05500
cysQ 3 (2) -bisphosphate
Central intermediary metabolism/
nucleotidase
sulfur metabolism
Avin12970
cysD Sulfate adenyltransferase
Amino acid biosynthesis/ Serine family
Avin19190
glxI
Lactoylglutathione lyase
Central intermediary metabolism
Avin23140
cysB LysR family transcriptional
Regulatory functions/LysR
regulator
Avin23230
acnD 2-methylisocitrate
Energy metabolism/ TCA
dehydratase, Fe/Sdependent
Avin28270
clpA
ATP-dependent clp protease, Cellular processes/ Proteolysis
ATP-binding subunit, ClpA
Avin29620
Hydroxyacylglutathione
Central intermediary metabolism/other
hydrolase
Avin40150
Flavin reductase-like
Energy metabolism/Electron transport
Avin40300
Conserved hypothetical
Regulatory functions/other
protein
Avin40310
pilF
Type IV pilus biogenesis
undefined
protein PilF
Avin40320
Conserved hypothetical
Hypothetical/conserved hypothetical
protein
Avin40330
ndk
Nucleoside-diphosphate
Purines, pyrimidines, nucleosides, and
kinase
nucleotides/ pyrimidine ribonucleotide
biosynthesis
Avin40340
Conserved hypothetical
Biosynthesis of cofactors, prosthetic
protein
groups and carriers/Fe-S clusters
Avin40350
fdx
Isc ferredoxin
Biosynthesis of cofactors, prosthetic
groups and carriers/Fe-S clusters
Avin40360
hscA Fe-S protein assembly
Biosynthesis of cofactors, prosthetic
chaperone HscA
groups and carriers/Fe-S clusters
Avin40370
hscB Co-chaperone Hsc20
Biosynthesis of cofactors, prosthetic
groups and carriers/Fe-S clusters
Avin40380
iscA
Iron-sulfur biogenesis
Biosynthesis of cofactors, prosthetic
protein
groups and carriers/Fe-S clusters
Avin40390
iscU
Iron-sulfur biogenesis
Biosynthesis of cofactors, prosthetic
protein
groups and carriers/Fe-S clusters
Avin40410
iscR
Iron-sulfur cluster assembly Regulatory functions/Crp/ Fnr
transcription factor, IscR
Avin40400
iscS
Cysteine desulfurase, IscS
Central intermediary metabolism/
Sulfur metabolism
Avin40420
cysE2 Serine-O-acetyltransferase
Amino acid biosynthesis/ serine family
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Avin40430

trmH

Avin40440

suhB

Avin40460

secD

Avin40470

yajC

Avin40480

tgt

Avin40490

queA

Avin40500
Avin40520

Avin40560
Avin40590

Avin40370
Avin40750
Avin41060
radA

Avin41080

Avin41110
Avin41140
Avin41150

Queuine tRNAribosyltransferase
Queuine biosynthesis
protein: Sadenosylmethionine tRNA
ribosyltransferase
Page integrase

Hypothetical protein
Transcriptional regulator
protein
Ribosomal protein, S20p

Avin40720

Avin41090

SecD membrane export
protein
Preprotein translocase, YajC

Integrase, catalytic domaincontaining protein
Transposase

Avin40530

Avin41070

RNA methyltransferase,
TrmH group I
Inositol-1-monophosphatase

mscL

Methylated-DNA-cysteine-S
methyltransferase
CreA family protein
Conserved hypothetical
protein
DNA repair protein, RadA
Conserved hypothetical
protein
Large conductance
mechanosensitive channel
protein
Peptidylprolyl isomerase,
FKBP-type
OmpA family protein

Avin41170

Metallo beta-lactamase like
protein
Hypothetical protein

Avin41180

Staphylococcus nuclease
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Translation/tRNA modification
Fatty acid and phospholipids
metabolism/Other
Cellular processes/Sec-dependant
protein secretion
Cellular processes/Sec-dependant
protein secretion
Translation/tRNA modification
Biosynthesis of cofactors, prosthetic
groups, and carriers/ Other
Other categories/phage related
functions and prophages
Other categories/phage related
functions and prophages
Other categories/transposon-related
functions
Undefined
Hypothetical/Conserved hypothetical
Translation/Ribosomal proteins:
synthesis and modification
Other
undefined
Hypothetical/Conserved hypothetical
DNA metabolism/ DNA replication,
recombination, and repair
Hypothetical/ conserved hypothetical
Transport and binding proteins/ porins
undefined
Cell envelope/Membrane associated
receptors
Energy metabolism/Other
Hypothetical/Non-conserved
hypothetical
DNA metabolism/ Degradation of

(SNase-like)
Conserved hypothetical
Petidoglycan binding protein
Conserved hypothetical
protein
D-glycerate dehydrogenase
rRNA (guanine-N(2))methyltransferase
Conserved hypothetical
protein
Conserved hypothetical
protein
Peptidase M48, Ste24p
family
Conserved hypothetical
protein
Acyltransferase
Hypothetical

Avin41200
Avin41210
Avin41220
Avin41230
Avin41240
Avin41250
Avin41260
Avin41270
Avin41280
Avin41290
Avin41300
Avin41320
Avin41340
Avin41350

hpt

Avin41360

upp

Avin41370

hemH

Avin41380
Avin41410
Avin41430

phr

Avin41640

pqqE

Avin41860
Avin42030
Avin31730*

cysT

Avin31740*

cysW

Conserved hypothetical
protein
Conserved hypothetical
protein
Hypoxanthine
phosphoribosyltransferase
Uracil
phosphoribosyltransferase
Ferrochelatase
Sugar nucleotide epimerase
Transcriptional regulatory
protein, MerR-family
Deoxyribodipyrimidine
photolyase
Coenzyme PQQ,
biosynthesis E
Integrase, catalytic domaincontaining protein
Antitoxin protein
Sulfate ABC transporter,
permease protein, CysT
Sulfate ABC transporter,
permease protein, CysW
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DNA
Hypothetical/Conserved hypothetical
Hypothetical/Conserved hypothetical
Hypothetical/Conserved hypothetical
Amino acid biosynthesis/serine family
Translation/Ribosomal proteins:
synthesis and modification
Hypothetical/Non-conserved
hypothetical
Hypothetical/Non-conserved
hypothetical
Cellular processes/ proteolysis
Hypothetical/Conserved hypothetical
undefined
Hypothetical/Non-conserved
hypothetical
Hypothetical/Conserved hypothetical
Hypothetical/Conserved hypothetical
Purines, pyrimidine, nucleosides, and
nucleotides/Salvage of nucleosides and
nucleotides
Purines, pyrimidine, nucleosides, and
nucleotides/Salvage of nucleosides and
nucleotides
Biosynthesis of cofactors, prosethetic
groups, and carriers/Heme and
porphyrin
Hypothetical/Conserved hypothetical
Regulatory functions/MerR
DNA metabolism/ DNA replication,
recombination and repair
Biosynthesis of cofactors, prosthetic
groups and carriers/Other
Other categories/Phage-related
functions and prophages
undefined
Transport and binding proteins/Other
Transport and binding proteins/Other

Avin39620*

NUDIX hydrolase

Avin39630*

NUDIX hydrolase

Avin39640*

ErfK/YbiS/YcfS/YnhGrelated protein
Conserved hypothetical
protein
Periplasmic binding domain/
transglycosylase SLT
domain fusion protein
GMP synthase

Avin39650*
Avin39670*
Avin39720*
Avin39710*
Avin39730*

guaA

Hypothetical protein
IMP dehydrogenase

Avin39740*
Avin46920*
Avin41020

DNA helicase
Sulfate transporter
Hypothetical protein, 28
amino acids
Avin41050
Hypothetical protein, 31
amino acids
Avin41420
Hypothetical protein, 33
amino acids
* annotated by Lanessa R. Byrant
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Purines, pyrimidines, nucleosides and
nucleotides/Nucleotide and nucleoside
interconversions
Purines, pyrimidines, nucleosides and
nucleotides/Nucleotide and nucleoside
interconversions
undefined
Hypothetical/Conserved hypothetical
Transport and binding proteins/
substrate binding protein
Purines, pyrimidines, nucleosides, and
nucleotides/Purine ribonucleotide
biosynthesis
Hypothetical/general
Purines, pyrimidines, nucleosides, and
nucleotides/Purine ribonucleotide
biosynthesis
Hypothetical/Conserved hypothetical
Transport and binding proteins/ Anions
DELETED
DELETED
DELETED
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CHAPTER 6

Conclusions and Outlook
The assembly of iron sulfur clusters is an essential life sustaining process
requiring multiple proteins and various levels of regulation. Starting with the original
characterization of nitrogenase related iron-cluster assembly proteins, NifU and NifS, the
Dean laboratory has been instrumental in the field of iron-sulfur cluster biogenesis for
over two decades (Jacobson et al., 1989a). Since these times, the field has seen the
discovery of two additional cluster producing systems including ISC, which assembles
clusters for general purpose use (Zheng et al., 1998), and SUF which fabricates [Fe-S]
clusters during periods of oxidative stress (Takahashi and Tokumoto, 2002). With the
discovery of more cysteine desulfurase proteins (CsdA, CsdE) (Loiseau et al., 2005) and
alternative scaffold sites (NfuA, ErpA, IscA) (Angelini et al., 2008a, b; Bandyopadhyay
et al., 2008a; Krebs et al., 2001; Loiseau et al., 2007) it is likely our understanding of
how cells synthesize clusters will only continue to expand.
Despite the evolutionary adaptations of the nif, isc, and suf systems, it is clear that
each system shares a large degree of commonality in both form and function. For
example, each assembly system involves the use of either a U- or A- type scaffold
protein, containing three conserved cysteines, which serve as thiol ligands for cluster
assembly in vivo. A PLP-dependent cysteine desulfurase protein required for the
mobilization of sulfide is another common requirement of cluster assembly systems.
More recently we have learned that some proteobacteria also contain a well-characterized
regulatory protein, IscR, which functions to provided negative feed back regulation of isc
expression (Schwartz et al., 2001). In bacteria which contain both the isc and suf
assembly systems, IscR provides dual control of these two operons (Giel et al., 2006).
Though not common to the nif and suf assembly systems, the isc system contains an
additional set of assembly genes including potential scaffold protein, IscA, heat shock
chaperone-like proteins, HscB and HscA, and a [2Fe-2S] containing ferredoxin. The
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exact roles of these proteins in the process of iron-sulfur cluster biogenesis is still a
matter of debate.
Upon joining the lab in the summer of 2004, I inherited a rich tradition of ironsulfur knowledge, anaerobic purification techniques, and genetic know-how. My lab
colleague Dr. Deborah Johnson previously constructed and bequeathed to the lab a
merodiploid genomic system allowing manipulation of the endogenous copy of the isc
operon, while still maintaining cell viability by the expression of a second copy of the isc
operon under sucrose control (Johnson, 2006). Using this genetic system, we found that
an IscU39DA substitution (strain DJ1453) yields a dominant-negative phenotype in vivo
(Johnson et al., 2006). Previous in vitro work with this substitution from our lab had
revealed that the IscU39DA scaffold does not inhibit iron-sulfur cluster assembly, but does
limit ready transfer to apo- target proteins (Unciuleac et al., 2007). The discovery of a
dominant-negative phenotype reveals that in vivo the IscU39DA variant scaffold restrains
the function of another protein. Given these results and in vitro evidence, our hypothesis
at the time was that IscU39DA either prevented the function of an apo-target protein or the
proper workings of wild-type IscU expressed from the sucrose operon.
The construction of Azotobacter strain, DJ1697, containing C-terminally
histagged IscU with elevated expression of ISC proteins has allowed us to
‘biochemically’ address some of the phenotypes exhibited by A. vinelandii merodiploid
strains (for a schematic of this strain, see Figure 2.1). For example, my work has shown
that in vivo the IscU39DA mutant is trapped in a tight α2β2 cluster-containing complex
with the cysteine desulfurase protein, IscS (Figure 2.3). Single turn-over kinetic studies
reveal that the intermediate PLP::L-cysteine state of IscS is lengthened in the IscU39DA
mutant, suggesting that the variant scaffold inhibits in vivo function of IscS (Figure
2.5D). The isolation of this species reveals that it is quite possibly the trapping of IscS
with IscU39DA, (not wild-type IscU or an apo-target protein), that causes the detrimental
dominant-negative phenotype of this strain in vivo. The isolation of a stable wild-type
α2β2 cluster-containing complex has not been possible, suggesting that cluster formation
is a dynamic process, and that the IscU39DAIscS variant complex represents a final ‘snapshot’ of this process in vivo.
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Studies with the IscU39DAIscS protein expressed from E. coli reveal that only
IscU and IscS are required for [2Fe-2S] cluster synthesis, α2β2 complex formation and
dissociation (see Chapter 3). Reconstitution experiments suggest that the α2β2 complex,
not IscU alone, may serve as a scaffold site in vivo (Figure 3.4 and Figure 3.8). From this
work, it is clear that chaperone proteins HscB, HscA, and ferredoxin, function in cluster
assembly following the completed biosynthesis of a [2Fe-2S] cluster.
Our novel genetic/biochemical approach allows a unique understanding of genetic
phenotypes and progression in understanding from genetic, to protein, to organismal. But
there is still much we do not understand. What happens after the formation of a [2Fe-2S]
cluster for example? How is the iron brought to the IscU scaffold? Why is only the
sulfur donor (not the iron donor) trapped with the IscU39DA variant? How are [4Fe-4S]
clusters assembled? Do chaperone proteins and ferredoxin play a role in this process?
How is iron sulfur cluster assembly tied to other forms of cellular regulation, particularly:
iron homeostatis, oxidative stress response, respiration, protein degradation, and cellular
differentiation?
In regards to this last question, new studies are divulging increased connections
between the health of [Fe-S] cluster biosynthesis and the regulation of other key cellular
processes. A crucial protein tying [Fe-S] biosynthesis to the rest of the cell is regulatory
protein, IscR, which has recently been found to be play a role in: suf expression, biofilm
formation, bacterial pathogenicity, oxidative stress management, and anaerobic
respiration (Choi et al., 2007; Giel et al., 2006; Rincon-Enriquez et al., 2008; Wu and
Outten, 2009; Yeo et al., 2006).
In A. vinelandii we have found that holo-IscR is essential for proper regulation of
isc expression (Chapter 4 of this manuscript). Additionally we have documented IscR
dependent effects on the regulation of upstream trmH cysE2 operon, and downstream
hscBA fdx. The ∆iscR strain has a small colony phenotype which can be relieved by
growth under nitrogen fixing conditions (Figure 4.4). Growth at elevated oxygen
tensions increases the probability that the strain will form spontaneous suppressor
mutants (Figure 4.6). IscR also plays a role in differentiation because its absence causes
A. vinelandii to form large cyst-like cells and causes the over expression of a protein,
AldA, which has previously been shown to be involved in cyst formation of Azotobacter
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cells (Gama-Castro et al., 2001) (Figure 4.5 and Figure 4.7). We hypothesize that the
formation of cyst-like structures is a consequence of intracellular stress due to the toxic
over-accumulation of iron and sulfide. Supporting a broader understanding of IscR
regulation in general, we have found that the loss of apo-IscR function is even more
severe than the loss of holo-IscR function. These results suggest that IscR has cellular
roles in addition to the regulation of the isc operon, and most likely in the form of apoIscR. Our findings reveal that [Fe-S] cluster biogenesis and oxidative stress are directly
tied to cellular differentiation in Azotobacter vinelandii, as has also been seen with
biofilm formation in E. coli (Wu and Outten, 2009).
In the introduction to this dissertation I discussed how the evolution of the ISC
assembly machinery was an adaptive response to oxygenation of the atmosphere. In
addition to the fact that [Fe-S] clusters, (and especially transient [Fe-S] clusters) are
generally labile, various results from our laboratory over the years have hinted at this
evolutionary connection between cluster assembly and oxidative protection. The
discovery that both NfuA and IscA are essential at high oxygen (Bandyopadhyay et al.,
2008a, b; Johnson et al., 2006) indicates that they either serve as alternative scaffolds
under these conditions, or as carriers for target proteins essential during oxidative stress.
The finding that chaperone proteins, HscB and HscA, are dispensable at low oxygen
gives a clue about their function under ambient conditions (Johnson et al., 2006),
suggesting that under these conditions, chaperone proteins may function to protect [Fe-S]
cluster assembly and transfer. As our recent work indicates HscB and HscA do not
participate in [2Fe-2S] assembly, we assume that the protective mechanism is most likely
related to [4Fe-4S] cluster assembly or transfer to apo-target proteins.
How might clusters be protected during [2Fe-2S] assembly? Our work with the
IscU39DA variant sheds some light on this subject. For example, we have seen that
clusters trapped on the IscU39DA IscS scaffold complex are oxygen stable over the course
of days, whereas [2Fe-2S] cluster on the IscU wild-type degrades in a matter of minutes
upon exposure to air (Figure 2.4). The result suggests that the α2β2 scaffold provides a
protected scaffold site for the construction of nascent [2Fe-2S] clusters before
dissociation of the IscS/IscU complex. Different structural characteristics of holoIscU39DAIscS and apo-IscU39DAIscS complex as outlined in Chapter 3, lead to the
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hypothesis that in vivo the IscU IscS α2β2 could form ‘protective’ and ‘exposed’
conformations to allow for the assembly of nascent clusters and the transfer of iron and
sulfur components to the IscU scaffold site (Figure 3.8). Additionally, the IscU39DA
variant may structurally stabilize the cysteine scaffold, causing stronger bonding of the
[2Fe-2S] cluster.
While there is much we do not understand in terms of how the ISC machinery has
evolved to assemble oxygen-sensitive clusters in aerobic environments, results from our
laboratory suggest that specialized scaffolds (NfuA, IscA), chaperone proteins, and a
protective α2β2 assembly complex may all help shield nascent iron-sulfur clusters from
oxygen exposure during the cluster assembly and transfer process. This realization
highlights the fact that ISC machinery represents one type of cellular response to a 4
billion year fight between iron, oxygen, and proteins.
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