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ABSTRACT

Iron-sulfur (Fe-S) clusters are cofactors that are required for many biological
processes. Conserved biosynthetic pathways synthesize Fe-S clusters and deliver clusters
to target proteins using an elaborate distribution network. Both the cluster biosynthesis
and transfer steps are tightly regulated to avoid the toxicity of labile iron and inorganic
sulfide. The cysteine desulfurase, IscS, and the scaffold protein, IscU, constitute the core
of the Fe-S assembly complex for the bacterial ISC pathway. IscS uses a pyridoxal 5’-
phosphate cofactor to convert L-cysteine to L-alanine and mobilize sulfur as a persulfide
intermediate for sulfur transfer to acceptor proteins. IscU combines this mobilized sulfur
with ferrous iron and electrons to generate [2Fe-2S] clusters. [2Fe-2S]-IscU dissociates
from IscS and participates in cluster transfer. Despite the importance of this pathway, the
roles of additional protein components that interact with the assembly complex remain
controversial, and mechanistic details for cluster synthesis and transfer are still poorly
understood. Here, we take advantage of recently developed fluorescent reporter
methodology to investigate the enzymology of the Fe-S cluster assembly reaction. A
rhodamine fluorophore was used to label IscU and the decrease in fluorescence intensity
(quenching) was used to monitor [2Fe-2S] cluster synthesis. The rate of [2Fe-2S]-IscU
formation was determined as a function of each individual substrate (with the other
substrates at high or saturating conditions) using a fluorescent plate reader located inside
an anaerobic glovebox. Apo-IscU, an electron source (such as glutathione), ferrous iron,

and L-cysteine were treated as substrates for the cluster assembly reaction. Some of the
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substrates demonstrated a hyperbolic relationship between the rate of the reaction and the
concentration of substrate, and kinetic parameters were determined by fitting the data to a
Michaelis-Menten equation. Other substrates did not exhibit saturation behavior. A model
consistent with these kinetic results is described that provides insight into this complex
reaction and a base line for future studies interrogating the role of additional components,
such as CyaY, IscX, Fdx, and IscA, proposed to have a role in the synthesis or regulation

of Fe-S cluster formation.
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CHAPTER I

INTRODUCTION

Iron-sulfur (Fe-S) clusters are protein cofactors that exhibit extremely versatile
functions due to their diverse structural and redox properties. According to
Waichtershéiuser, Fe-S clusters may have played a vital role in the early anaerobic life on
Earth and for that reason are often considered ancient cofactors [1]. Fe-S clusters are
present in more than 500 enzymes or proteins and many of these are conserved in
prokaryotic and eukaryotic organisms [2]. Nowadays, the unique biochemical properties
of Fe-S proteins are readily used in various cellular processes such as respiration, electron

transfer, gene regulation, catalysis, and DNA repair and replication [3, 4].
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Figure 1-1. Structures of [2Fe-2S], [3Fe-4S], and [4Fe-4S] clusters. Reprinted with
permission from Nature Chemical Biology, 2(4): 171-174. Copyright 2006 Nature
Publishing Group.

Fe-S clusters can exist in various forms but the most common ones are the thombic

[2Fe-2S] cluster, [3Fe-4S] cluster, and cubic [4Fe-4S] clusters (Figure 1-1) [3]. They can



contribute to the protein function and also maintain structural integrity. More complex
structures like the [8Fe-7S] cluster of nitrogenase in nitrogen fixing bacteria have been
characterized. These clusters contain iron (Fe**") and sulfide (S*) ion in a tetrahedral
coordination and are typically ligated to the protein through cysteine residues. However,
water or other amino acids such as histidine, arginine, lysine, serine, or aspartic acid can
occasionally coordinate Fe-S clusters [4, 5]. This versatility gives rise to various functions
for Fe-S clusters. Among their functions listed earlier, the most common feature would be
the ability to deliver electrons. Since Fe-S clusters can delocalize electron density over Fe
and S atoms and can exist in multiple redox states, they can act as both electron acceptors
and donors in electron transfer [6-11]. The oxidation states vary between +2 and +3
valency and the redox potential ranges from -500 mV to +300 mV [3, 6, 7].

The basic building block for larger Fe-S clusters, the [2Fe-2S]*" cluster, is readily
assembled in vitro with either ferric iron and sulfide, or in a more physiological reaction
between ferrous iron, sulfane sulfur (S°) derived from cysteine, and a reducing agent [12].
The sulfane sulfur, which is often in the form of a persulfide species, is reductively cleaved
to generate sulfide during cluster synthesis. High levels of iron and sulfide are toxic to
cells. Soluble Fe** readily shifts to the insoluble Fe*" species in the presence of oxygen
[13-15]. Ferrous iron also reacts with partially reduced oxygen species such as hydrogen
peroxide through the Fenton reaction: Fe?* + H,O» — Fe** + "OH + «OH. The produced
free radicals react nonspecifically at nearly diffusion-limited rates with all biomolecules
[16-19]. Sulfide in cells can also be harmful for various cellular processes such as

oxidative phosphorylation by binding directly to heme iron [20]. In addition, Fe-S clusters



are vulnerable to reactive oxygen species (ROS) and oxidative stress induces cluster
degradation. Overall, organisms highly regulate Fe-S cluster assembly in order to maintain
physiologically tolerable levels and control the reactivity of free iron and sulfide.

There are three major Fe-S cluster assembly systems in bacteria and they are NIF

(nitrogen fixation), ISC (iron-sulfur cluster), and SUF (sulfur mobilization) (Figure 1-2).
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Figure 1-2. Genes in the NIF, ISC, and SUF systems of Azotobacter vinelandii (Av),
Escherichia coli (Ec), and Thermatoga maritima (Tm). Adapted from Johnson et al.,
Biochemical Society Transactions, 2008 36: 1112-1119.

The NIF system was first discovered in Azotobacter vinelandii, and 1s essential to
form the Fe-S clusters for nitrogenase and other proteins involved in nitrogen fixation [21-
23]. Nitrogenase is found in diazotrophs that fix N> into ammonia. On the other hand, the

ISC system provides Fe-S clusters for general “housekeeping” proteins [24]. The SUF



system is often specialized to activate under iron starvation or oxidative stress conditions
[25].

The ISC system is encoded by the iscRSUA-hscBA-fdx-IscX (isc) gene cluster in
E. coli [24]. This gene cluster encodes eight proteins. The first protein in the gene cluster
is a [2Fe-2S] cluster containing protein, IscR, which is a transcriptional repressor that
regulates the ISC gene cluster [26]. Interestingly, IscR binds [2Fe-2S] clusters and
functions as a negative feedback control of Fe-S cluster synthesis. During oxidative stress
or iron limiting conditions, apo-IscR is generated, which de-represses the ISC operon and
leads to activation of the SUF system to stimulate Fe-S cluster production [27, 28].
Therefore, the IscR regulates the Fe-S clusters and prevents any excess Fe-S cluster
generation.

After IscR, the ISC gene cluster encodes IscS, IscU, and IscA and they are involved
in the basal Fe-S cluster assembly. IscS is a cysteine desulfurase that catalyzes conversion
of L-cysteine into L-alanine and mobilizes sulfur for transfer reactions using a pyridoxal
5’-phosphate (PLP) cofactor [29]. Once the persulfide intermediate is generated by IscS,
the sulfur is transferred to the scaffold protein, IscU. Early evidence showed that IscS and
IscU form an a2f3> hetero-tetrameric complex and suggested that the complex contains an
inter-protein disulfide bond between Cys328 of IscS and conserved Cys63 of IscU [30].
IscU can act as a molecular platform for Fe-S cluster assembly. From the IscS protein-
bound persulfide, iron atoms, and electron source, [2Fe-2S] cluster can be generated on
IscU and transferred intact to apo-target proteins. IscA has been proposed to function in

[4Fe-4S] cluster formation, as an iron donor, or as an alternate scaffold protein [31, 32].



HscB is a chaperone with ATPase activity, and HscA is a co-chaperone. HscBA
complex stimulate the dissociation and/or transfer of Fe-S cluster from IscU to recipient
proteins via a concerted sequence of protein interactions [33, 34]. Fdx, which contains a
stable [2Fe-2S] cluster, is proposed to be the electron donor for the Fe-S biosynthesis [35,
36]. Also, Fdx may function in the reductive coupling of two [2Fe-2S] clusters to form a
[4Fe-4S] cluster on IscU [37]. With NADPH and ferredoxin-NADP" reductase, Fdx has
shown to provide electrons for Fe-S cluster assembly [38]. IscX interacts with both IscS
and IscU [39], indicating that IscX may also be functioning as part of the Fe-S cluster
assembly machinery. Although there is no direct evidence, IscX has been proposed to be

an iron donor for cluster assembly due to its iron-binding properties [40].
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Figure 1-3. Fe-S cluster biosynthesis. A cysteine desulfurase enzyme catalyzes the PLP-
dependent conversion of L-cysteine to L-alanine, and sulfur is combined with iron and
electrons to build a Fe-S cluster on a scaffold protein. This intermediate cluster built on
the scaffold protein will be transferred to an apo-protein target. Reprinted with permission
from Nature, 460(7257): 831-838. Copyright 2009 Nature Publishing Group.



Fe-S cluster biosynthesis can be broken down into three major steps: 1) conversion
of L-cysteine to L-alanine and sulfane sulfur production by a cysteine desulfurase; 2) de
novo cluster assembly on a scaffold protein; and 3) transfer of the Fe-S cluster from the
scaffold protein to apo-protein target (Figure 1-3). It is still unclear whether iron or sulfur
is incorporated first in the assembly of Fe-S clusters on IscU. Both iron-first and sulfur-
first models have been proposed (Figure 1-4) [41], but more investigation needs to be done
to elucidate the mechanistic details of this pathway. In fact, these mechanisms presuppose
a dimeric IscU species, which appears inconsistent with the known crystallographic

structure of the IscU-IscS complex [42].
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Figure 1-4. The two models, “Fe first, S second” (A) and “S first, Fe second” (B), for
cluster assembly on the scaffold protein. Reprinted with permission from Journal of
Biological Inorganic Chemistry, 10(7): 713-721. Copyright 2005 Springer Publishing
Group.

The cysteine desulfurase provide sulfur to not only the ISC pathway but also to
other proteins such as TusA, Thil, and MoaD/MoeB [42]. Therefore, cysteine

desulfurase’s sulfur mobilization from L-cysteine is important for various biological



processes. In order to mobilize sulfur, the cysteine desulfurase first utilizes a PLP
cofactor to form a Schiff base with the cysteine substrate (Figure 1-5). The aldamine
intermediate delocalizes electrons into the PLP cofactor before carbon-sulfur cleavage
through a nucleophilic attack by a mobile loop cysteine (Figure 1-6). The resulting
persulfide intermediate on IscS can be cleaved to generate sulfide for measuring activity
in enzymatic assays or the terminal sulfur can be transferred to cysteine residues on
sulfur acceptor proteins in biosynthetic pathways. The controlling mechanisms for
directing which sulfur acceptor protein (IscU, TusA, Thil, and MoaD/MoeB) and
ultimately which sulfur-containing biological pathway are poorly understood. Here in
this thesis we aim to understand fundamentals of the enzymology for directing sulfur

down the Fe-S assembly pathway.
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Figure 1-5. Mechanism of PLP catalyzed conversion of the L-cysteine to L-alanine with
persulfide formation on the catalytic cysteine of the cysteine desulfurase. Adapted from
Zheng et al., Biochemistry, 1994 33: 4714-4720.
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Johnson et al., Annual Review of Biochemistry, 2005 74: 247-281.



CHAPTER 1I

KINETIC CHARACTERIZATION OF THE BACTERIAL ISC SYSTEM

INTRODUCTION

The enzymology of Fe-S cluster biosynthesis is still poorly described despite the
importance of this pathway. The substrate dependence and kinetic parameters for this
reaction have not been well characterized and are important for evaluating the function of
components such as IscA, IscX and CyaY. A challenge for performing these experiments
is the limited sensitivity of the current assays, which use UV-Visible and circular
dichroism spectroscopy to detect the cluster formation. We have recently developed a
labeling strategy and a sensitive fluorescence-based assay that reports the Fe-S cluster
content of labeled proteins [43]. This assay can be performed in parallel using a plate
reader located inside an anaerobic glovebox.

The substrate dependence and kinetic parameters for the Fe-S cluster assembly
reaction are currently poorly understood. Our objectives are to fluorescently label IscU
with a rhodamine fluorophore (IscUrno) and monitor the development of [2Fe-2S]-IscUrno
using fluorescence quenching as a function of different substrates. The overall reaction
can be written as:

Apo—IscU+ 2 e + 2 Fe’" + 2 Cys — [2Fe-2S]-IscU + 2 Ala

The ISC biosynthetic machinery is centered on IscS, the cysteine desulfurase,

which is the catalyst for mobilization of sulfur that is critical for the cluster formation

reaction. Formally, the substrates for the reaction appear to be apo-IscU, reduced Fdx,



ferrous iron, and L-cysteine. First, the rate of holo-IscU formation will be measured with
high concentrations of each substrate. Then, the concentrations of each substrate will be
varied one at a time. With the use of fluorescence probe and/or circular dichroism (CD)
spectroscopy, the rates of the reaction as a function of the different substrates (IscU, Fdxred,
Fe?", and Cys) will be measured. If there a hyperbolic relationship between the rate of the
reactions and the concentration of substrate, then we will fit the rates to Michaelis-
Menten’s model and determine kinetic parameters such as K, and V.. However, if we
do not observe Michaelis-Menten’s kinetic like behavior, the substrate dependency can
still be quantified with obtained rates and be compared with and without additional
components such as CyaY, IscX, or IscA. From this study, one can gain more insights on

mechanic details at the molecular level.

EXPERIMENTAL PROCEDURES

Protein Preparation. A plasmid with the IscS gene was transformed into BL21
(DE3) E. coli cells and the cells were grown at a temperature of 37 °C. Protein expression
was then induced at an ODggo of 0.6 with 0.5 mM IPTG. The temperature was lowered to
16 °C, and cells were grown for about 16 hours. Through sonication (Branson sonifier
450), the cells were lysed in 50 mM HEPES pH 7.8, 250 mM NaCl (Buffer A) plus 5 mM
imidazole and 100 uM PLP. After centrifugation of cells, the supernatant was loaded onto
a 5 mL Ni-NTA column (GE Life Sciences) and was eluted with a linear gradient of Buffer
A containing from 5 to 500 mM imidazole. Yellow fractions were collected, concentrated,

and incubated with 10 mM DTT. The protein was further purified on a Sephacryl S300
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column (26/60, GE Healthcare) that was previously equilibrated in 50 mM HEPES pH
8.0, and 250 mM NaCl.

Plasmid containing IscU gene was cloned into the Ndel and Xhol sites of pTwinl -
His (Jena Bioscience) and was transformed into BL21 (DE3) E. coli cells. The cells were
grown at a temperature of 37 °C. Protein expression was then induced with 0.2 mM IPTG
when the ODgoo was reached at 0.6. The temperature was decreased to 16 °C, and the cells
were collected after about 16 hours. The cells were collected through centrifugation
method and were lysed by sonication (Branson sonifier 450) in 50 mM NaH,PO4 pH 7.8,
250 mM NacCl (Buffer B), and 5 mM imidazole. The lysate was loaded onto a 5 mL Ni-
NTA column (GE Life Sciences), and was eluded with a linear gradient of Buffer B that
contained from 5 to 500 mM imidazole. The eluted protein from the Ni-NTA column was
incubated with an equal volume of 400 mM NaxS and 600 mM NaH;PO4 for 16 hours.
Safety alert: 400 mM NaxS and 600 mM NaH2PO4 need to be prepared in a fume hood by
adding 1.2 M NaH;PO4 to a solution of 800 mM NaxS slowly. This incubation is for
cleavage of intein linkage and for production of thiocarboxylate species. The incubated
samples were dialyzed against a buffer of 50 mM NaH>PO4 pH 6.0, and 250 mM NaCl
under a fume hood and reapplied to the Ni-NTA column. From the column, proteins were
flowed through and collected to concentrate. After concentrated to about 1 mM, the
samples were reacted with more than 5 equivalent of Lissamine-rhodamine B sulfonyl
azide under the dark for 10 hours. The Lissamine-rhodamine B sulfonyl azide material
was synthesized from sulforhodamine B acid chloride (Sigma-Aldrich) and sodium azide

(Sigma-Aldrich) as previously described [44] and stored in DMSO at -20 °C. The
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fluorescently labeled IscU sample was loaded onto a 1 mL anion column to remove excess
fluorophore and also was washed well with 50 mM HEPES pH 7.8 buffer before elution.
With gradual addition of up to 1 M NaCl to anion column, the pink samples were eluted
from the anion column. The final sample was analyzed by SDS-PAGE and fluorescent gel
imaging. The IscUrno protein was successfully labeled with fluorophore and the excess
unbound fluorophore had been removed. Protein concentration was determined through
Bradford assay. Rhodamine B was quantitated from the extinction coefficient at 565 nm
of 84,000 M'cm [45]. The purified IscUrno was flash frozen in liquid nitrogen and stored
in -80 °C.

Cysteine Desulfurase Activity Measurements. Reaction mixtures with a volume of
800 puL containing 0.5 uM IscS, 1.5 uM IscU, 2 mM DTT, 10 uM PLP, 5 uM
Fe(NH4)2(S04)2, 1.5 uM CyaY, 50 mM Tris pH 8.0, and 250 mM NaCl were incubated in
an anaerobic glovebox (~12 °C) for about 30 minutes. The cysteine desulfurase reactions
were initiated with the addition of 100 uM L-cysteine at 37 °C using a heat block and were
quenched by addition of 100 pl of 20 mM N,N-dimethyl-p-phenylenediamine in 7.2 N
HCl and 100 pl of 30 mM FeCls in 1.2 N HCI. This step initiates the conversion of sulfide
to methylene blue. After 20 minutes of incubation at 37 °C and centrifugation of 5 minutes
at 12,000 rpm, the methylene blue formation was measured at 670 nm and then converted
to sulfide production by using a Na>S standard curve to quantification. The units for rate
are pumol sulfide per umol cysteine desulfurase per minute at 37 °C. The rates were fitted

to the Michaelis-Menten equation by KaleidaGraph (Synergy Software).
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Fluorescence Assays. Assays were performed using a Tecan M200 fluorescent
plate reader with top-read fluorescence and bottom-read absorbance measurements. The
fluorescent plate reader is located inside of an anaerobic glovebox with low oxygen level.
For experiment, the greiner 96 well plates with black sides, clear flat bottoms, and a non-
binding coating were used. Plates were pre-kept in the glovebox at least 10 hours before
the use to make sure the oxygen that was previously dissolved in the plastic can diffuse
out from the plates. The fluorescence of rhodamine labeled protein was measured with
excitation wavelength of 550 nm and emission wavelength of 600 nm. Assays were
monitored every 5 minutes for 2 hours at 25 °C and the plate was covered with low
fluorescent clear tape on top during the measurements.

Fluorescence Data Processing. After the raw fluorescence data for the reaction
(Fmeasured) Was obtained, the raw data was corrected for the inner filter effect by using the
absorbance of each well at the excitation (4bsex) and emission (4bse.n) wavelengths. Then,

the fluorescence was corrected (Fjreacrion) using the Eq. 2-1.

(AbS oy +AbSpy) (Abs oy +AbS )
F, reaction F, measured x 10 2 -F auto x 10 2

(Eq. 2-1)

From the average fluorescent values from three wells containing only the buffer
solution, Fau was obtained and corrected for the inner filter effect with the equation 1. A
reference sample (Fr.)) was used to remove any fluorescence due to photobleaching or
adhesion to the plate. For Fi.;, the Eq. 2-2 was used from a control sample (Feonror) Which

included the fluorescent protein (IscUrno) at the same concentration as the reaction but

13



missing a reagent that initiates the reaction. Inner filter effect and autofluorescence

corrections was applied in the same manner as well.

(AbS ey tAbs ) (Absy+A4bs,,,)
Fref:Fcontrol x 10 2 'Fauto x 10 2

(Eq. 2-2)

In the assay, the fluorescence intensity from the reference sample (F.r) was scaled

to be 100%. It was confirmed that the fluorescence signals from the sample and the

reference wells at the initial time 0 were within error of each other. Then, the fluorescent

signals were normalized by dividing the fluorescence at a time t by the fluorescence at a

time O so that the fluorescence value starts from 1. Finally, the normalized fluorescence

values of the reaction well and that of the reference well were divided to generate the final
(Freaction/Frep)'s value in Eq. 2-3.

F reaction, t )

<F reaction) _ (F reaction, t=0
t

F. .

re,

(722)
Frer =0
(Eq. 2-3)
Fe-S Cluster Formation. Control quenching reactions included 30 uM IscURno in
50 mM HEPES pH 7.5, and 250 mM NaCl were performed for 2 hours at 25 °C. For the
cluster assembly reaction of 100 uL, 0.5 uM IscS, 30 uM IscU, 400 uM Fe(NH4)2(SO4)2,
1 mM L-cysteine, and 10 mM GSH at pH 7.2 were used. The reaction was initiated by
injecting L-cysteine at the end. The samples were mixed uniformly by pipetting up and
down several times. Before placing the plate on the plate reader, the plate was covered

with a low-fluorescent plastic tape. The temperature was kept at 25 °C during the
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experiment. The fluorescence (excitation wavelength, 550 nm; emission wavelength, 600
nm) and absorbance (456, 550, and 600 nm) were measured every 5 minutes. In between
measurements, the plate was shaken to minimize any localized photobleaching. The assay
was monitored for 2 hours.

Michaelis-Menten Kinetics for Cluster Assembly. The rate of holo-IscU formation
was measured with high concentrations of substrates which are apo-IscU, ferrous iron, L-
cysteine, and GSH. The concentrations of each substrate was varied one at a time. After
fluorescence data was processed, the initial linear quenching was fitted linearly to obtain
the rates. The reaction rates were multiplied by the final holo-IscU concentration, which
was determined from the final quenching value at the end of the reaction and assuming
quenching value of 0.6 is equivalent to 100% quenching. The rate data were then plotted
against the substrate concentration. Reactions that appeared to show saturation behavior
were fit with the Michaelis-Menten equation in KaleidaGraph to obtain kc.s and Ky values.
For reactions that did not show saturation behavior, the data were fitted to a linear equation

to obtain the rate in uM™!‘min’!.

RESULTS

Michaelis-Menten Analysis of Fe’* Dependence in Fe-S Assembly Reaction. First,
ferrous iron was treated as a substrate, and its concentration was varied for the cluster
assembly reaction in fluorescence quenching experiments. As the concentration of ferrous
iron was increased from 0 to 400 uM, the quenching of the IscUrno due to [2Fe-2S] cluster

formation was recorded as a function of time (Figure 2-1). The fluorescence data was
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processed to account for loss of fluorescence due to the inner filter effect, protein
adsorption to the plates and photobleaching and plotted as a function of time. The apparent
quenching rate was determined from the initial linear region and was multiplied with the
concentrations of holo-IscUrn, formed at the end of the completion of the reactions. A
change in initial rate of the reaction and extent of reaction (amount of [2Fe-2S]-IscU) was
observed as the iron concentration was increased. Fitting this data to the Michaelis-Menten

reaction equation (Figure 2-2) revealed an apparent kcq of 0.36 = 0.01 min™' and Ky of 93

+ 11 uM.
Varying [Fe?*]
1.1
Lo 0O uM Fe
- " ® 5uM Fe
2 o9 o4
= ’::.. 10 uM Fe
0%
é 08 o’ ..::.“.“ 20 uM Fe
5 "..‘Oo....:aoooononononO”O
S ., ....“”o»oonooo»o»» ®60 uM Fe
0 0800808080008808888  © 100.M
0.6 ©200 uM Fe
0.5 ®300 uM Fe
0 20 40 60 80 100 120 g 400uMFe

Time (min)

Figure 2-1. [2Fe-2S]-IscUrno formation with various ferrous iron concentrations.
Reactions contained IscS (0.5 uM), apo-IscUrno (30 uM), L-cysteine (1 mM), glutathione
(10 mM) and different concentrations of ferrous iron. Fe-S cluster formation was
monitored by quenching of IscUrno as a function of time.
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Rate vs. [Fe®']
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Figure 2-2. The rate of the reaction as a function of ferrous iron concentration. The plot
was generated based on the data from Figure 2-1. The rates for each data points were

obtained by multiplying the concentrations of holo-IscUrn, formed at the end of each
reactions with rates from the initial linear regions of the quenching data.

Michaelis-Menten Analysis of Cysteine Dependence in Fe-S Assembly Reaction.
Cluster assembly rates were observed as the concentration of cysteine was increased. Here,
the cysteine concentration was varied from 0 to 1.5 mM and fluorescence quenching
experiment was performed (Figure 2-3). When the rate from the quenching data was
plotted as a function of the cysteine concentration, a different trend from that obtained by
varying the iron concentration result was observed. The relationship between the rate of
the reaction and the cysteine concentration was found to be linear, and not a hyperbolic
relationship (Figure 2-4). As the concentration of cysteine was increased, the rate of the
reaction multiplied by the concentration of holo-IscUrno assembled at the end of the

reaction was also increased.
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Varying [Cys]

11
1 o....'! ouM
_®os .!838: 200uM
L ...
TS 03 .....05.553"::8”8]’ 400uM
3 ..“::0» ©600uM
w 07 *%®  es00um
0.6 @ 1000uM
@ 1200uM
0.5
0 20 40 60 80 100 120 @1500uM

Time (min)

Figure 2-3. [2Fe-2S]-IscUrno formation with various cysteine concentrations. Reactions
contained IscS (0.5 puM), apo-IscUrno (30 uM), ferrous iron (400 uM) and different
concentrations of cysteine. Fe-S cluster formation was monitored by quenching of IscUrno
as a function of time.

Rate vs. [Cys]
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Figure 2-4. The rate of the reaction as a function of cysteine concentration. The plot was
generated based on the data from Figure 2-3. The rates for each data points were obtained
by multiplying the concentrations of holo-IscUrno formed at the end of each reactions with
rates from the initial linear regions of the quenching data.
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Next, we repeated these experiments in the presence of glutathione (GSH). The
cysteine concentration was varied from 0 to 2 mM for the cluster biosynthesis reaction,
and each reaction now contained 10 mM GSH (Figure 2-5). When the rate of the reaction
was plotted as a function of cysteine concentration, the graph displayed a different curve
from the one did not contain GSH. Here, the graph did not fit well with neither linear trend
nor Michaelis-Menten kinetic curve, and it appeared to have a biphasic kinetics curve
(Figure 2-6). At lower cysteine concentration range, from 0 to 500 uM, the data points
seem to fit well with the Michaelis-Menten kinetic curve (the hyperbolic phase) and at
higher concentration range, from 500 uM to 2 mM, the data points seem to denote the
linear nonsaturable phase. The lower cysteine concentration range was replotted with the
Michaelis-Menten kinetic fit (Figure 2-7). After fitting the lower cysteine concentration
data points to Michaelis-Menten kinetic equation, the apparent kinetic parameters were

determined. The kcq was 0.22 £ 0.03 min™! and Ky was found to be 20 + 14 pM.
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Varying [Cys] with GSH
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Figure 2-5. [2Fe-2S]-IscUrno formation with various cysteine concentrations in the
presence of glutathione. Reactions contained IscS (0.5 uM), apo-IscUrno (30 uM), ferrous
iron (400 uM), glutathione (10 mM) and different concentrations of cysteine. Fe-S cluster
formation was monitored by quenching of IscUrno as a function of time.
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Figure 2-6. The rate of the reaction as a function of cysteine concentration. The plot was
generated based on the data from Figure 2-5. The rates for each data points were obtained

by multiplying the concentrations of holo-IscUrno formed at the end of each reactions with
rates from the initial linear regions of the quenching data.
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Figure 2-7. The rate of the reaction as a function of lower cysteine concentration. The plot
was replotted at the lower cysteine concentration from Figure 2-6. The rates for each data
points were obtained by multiplying the concentrations of holo-IscUrn, formed at the end
of each reactions with rates from the initial linear regions of the quenching data.

Glutathione Concentration Dependence on the Fe-S Cluster Assembly Reaction.
Next, the concentration of GSH was varied for cluster formation reactions with two
different concentrations of cysteine. The experiments were carried out with 100 uM of
cysteine and with 1 mM cysteine concentrations. As the concentration of GSH was
increased, the rates of [2Fe-2S] cluster formation on IscURrno increased in a linear fashion
for both cysteine concentrations and did not saturate even at 10 mM GSH. The slopes for
cluster formation reactions with100 uM and with 1 mM concentrations of cysteine were
0.00082 and 0.031 uM!min!, respectively, and the linear trend was consistent for both

cascs.
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Rate vs. [GSH]
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Figure 2-8. The rate of the reaction as a function of glutathion concentration. The plot was
generated based on the quenching experiments. The rates for each data points were
obtained by multiplying the concentrations of holo-IscUrn, formed at the end of each
reaction with rates from the initial linear regions of the quenching data.

IscU Concentration Dependence on the Fe-S Cluster Assembly Reaction. Next, the
rate of Fe-S assembly reaction was measured using a concentration of apo-IscUrno from
15 uM to 100 uM. The quenching rates from each reaction contained different
concentrations of apo-IscUrno were similar to each other (Figure 2-9). At the end of each
reaction, all of the reactions quenched to the F’reaction/F reference value of 0.6 which was
assumed to be 100% quenching for the apo-IscUrno concentration that was present in the
reaction. Therefore, when the quenching rates were multiplied by the final concentrations
of holo-IscUrno, the rate of reaction as a function of apo-IscUrno concentration displayed

a linear relationship (Figure 2-10).
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Figure 2-9. [2Fe-2S]-IscUrn, formation with various apo-IscUrn, concentrations in the
presence of glutathione. Reactions contained IscS (0.5 uM), ferrous iron (400 uM), L-
cysteine (2 mM), glutathione (10 mM) and different concentrations of apo-IscUrno. Fe-S
cluster formation was monitored by quenching of IscUrno as a function of time.
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Figure 2-10. The rate of the reaction as a function of apo-IscUrno concentration. The plot
was generated based on the data from Figure 2-9. The rates for each data points were
obtained by multiplying the concentrations of holo-IscUrn, formed at the end of each
reaction with rates from the initial linear regions of the quenching data.
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Cluster Assembly with Different [Fe*"] in Presence of GSH. Finally, the first
experiment where the ferrous iron concentration was varied was repeated with various
concentrations of apo-IscUrno. From the previous experiment, it was found that 30 uM
apo-IscUrno Was not a saturating amount for the cluster assembly reaction. Therefore, 15
uM and 60 uM concentrations of apo-IscUrno were chosen to carry out the experiment
with various ferrous iron concentrations. After plotting the rate of the reaction as a function
on iron concentration, each of the experiments with 15, 30, and 60 uM IscUrno
concentrations demonstrated Michaelis-Menten kinetic behaviors. The apparent kinetic

parameters are provided in Table 2-1.

Rate vs. [Fe*']
DG m
DS m
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— oa bk — 30 pM [scU*
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Figure 2-11. The rate of the reaction as a function of ferrous iron concentration. The plot
was replotted at the lower cysteine concentration region from Figure 2-6. The rates for
each data points were obtained by multiplying the concentrations of holo-IscUrno formed
at the end of each reaction with rates from the initial linear regions of the quenching data.
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Table 2-1. Kinetic parameters for [2Fe-2S] cluster formation on IscU with different
ferrous iron concentrations.

[IscUgnol (WM) Ky (min'™) Ky (UM)

60 0.75 £ 0.07 110 + 30
30 0.36 =001 90 +10
15 0.16 = 0.01 44+9

DISCUSSION

Based on the kinetic results, a model for the cluster assembly reaction has been
proposed (Figure 2-12). After IscS and IscU interacts to form a complex, holo-IscU can
be formed in the presence of ferrous iron, cysteine, and electron source. Once the holo-
IscU has formed, the holo-IscU species can be trapped, which can lead to higher
fluorescence quenching. Any trapping holo-IscU reaction will show linear nonsaturable
trend in the plot of reaction rate versus substrate concentration.

First, the ferrous iron was treated as a substrate and different concentrations of
ferrous iron, from 0 to 400 uM, were used for the cluster formation reaction. As the
substrate concentration was increased, the rate of reaction displayed a Michaelis-Menten
kinetic curve (Figure 2-2). This result indicates the ferrous iron only participates in the
enzymatic cluster formation from apo-IscU to holo-IscU and does not interact with holo-
IscU once it is formed. 400 uM ferrous iron was used in later experiment as saturating

amount of iron concentration.
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Figure 2-12. Proposed model for the cluster formation reaction in the ISC system.

After observing hyperbolic relationship for cluster formation reaction with varying
iron concentration, similar result was expected for varying cysteine concentration since it
participates as the sulfur donor in the reaction. However, the rate of reaction as a function
of cysteine concentration showed a linear relationship (Figure 2-4). This result hinted that
cysteine might have a role in the cluster formation reaction in addition to its function as a
source of sulfur. When glutathione (GSH), a physiologically available reducing agent in
cells, was introduced in the cluster assembly reaction, cysteine demonstrated different
behavior. At lower concentration range of cysteine with the presence of 10 mM GSH, the
data followed Michaelis-Menten kinetic curve. At higher concentration range of cysteine
with the presence of GSH, the data illustrated nonsaturating linear relationship. These two
results indicate cysteine may be playing different role(s) depending on its concentration
level in the cluster assembly reaction. When the cluster formation reaction occurs with
low concentration of cysteine in the presence of other reducing agent, the primary role of

cysteine is a sulfur donor. This enzymatic process fits well with a Michaelis-Menten
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kinetic equation (Figure 2-7) and the kinetic parameters are 0.22 + 0.03 min™' for k. and
20 + 14 pM for Km. Interestingly, the Kwm for the bacterial cysteine desulfurase activity
was found to be 17 uM [46], which is similar to the cysteine Ky for the Fe-S assembly
reaction. On the other hand, cysteine may participate in other steps when it is in high
enough concentration. At higher concentration of cysteine, cysteine not only act as a sulfur
donor but also act as an electron source and/or as a trapping agent for holo-IscU. Since
consistent increase of the rate was reported for the cluster formation reaction with respect
to high cysteine concentration, cysteine may contribute to the higher quenching in the
reaction by interacting with uncomplexed holo-IscU species and keeping it from
reforming a complex with IscS. This would allow IscS to interact with apo-IscU and
undergo additional cluster synthesis cycles.

In the cluster assembly reaction with varying GSH concentration, the rate of the
reaction was first order with respect to GSH (Figure 2-8). If GSH is only involved in
cluster assembly reaction as an electron source, the expected result would be a saturation
behavior with the high enough concentration of GSH. Since the result demonstrates
nonsaturating linear trend, GSH is acting more than as the electron source. After holo-
IscU has been formed, GSH may trap the holo-IscU to form GSH-holo-IscU species,
similar to the case with high cysteine concentrations, and thereby contribute to the
increased fluorescence quenching.

Similar to cysteine and GSH, varying concentration of apo-IscU in cluster
assembly reaction demonstrated the rate to be a first order reaction (Figure 2-10). One of

the explanations for this linear behavior in rate would be a dimerization of holo-IscU with
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available apo-IscU after the cluster formation (Figure 2-13). These non-enzymatic
reactions which may take place after the cluster formation make it hard to monitor just the
cluster assembly rate on IscU and contribute to the quenching which complicates the data

analysis.

2 Fe ()
A IscU 2Cys IscU ~ IscU
2e ’
IscS — IscS — IscU

Figure 2-13. Proposed model for the IscU dimerization in the ISC system.

The varying iron concentration experiment was repeated with different
concentrations of apo-IscU since we now know that other substrates in that experiment
were not at higher or saturating condition. As expected, when the concentrations of apo-
IscU were increased, the kinetic parameters were also increased (Table 2-1). If other
substrates than ferrous iron were at the saturating condition, the Ky values for different

apo-IscU in each reaction should report similar value.
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CHAPTER III

CONCLUSIONS

Here we investigated the enzymology of Fe-S cluster assembly in the bacterial ISC
system and substrate dependence and/or kinetic parameters were reported. Recently
developed fluorescent reporter methodology was utilized to understand the enzyme kinetic
of the bacterial Fe-S cluster biosynthetic machinery. Fluorescently labeled IscU was
quenched as the cluster was formed on IscUrno. The rate of [2Fe-2S]-IscUrno formation
was determined as a function of each individual substrate with the other substrates at high
or saturating conditions.

As the concentration of each of the substrates was varied, the relationship between
the rate of the reaction and the substrate concentration was determined. Surprisingly, some
of the substrates showed Michaelis-Menten behavior, whereas others showed a linear
relationship that did not appear to saturate. Based on our findings, the ferrous iron
incorporation only took place in cluster assembly on IscU step. Cysteine acts primarily as
a sulfur source for cluster assembly reaction at lower concentration range, while at higher
concentration range, it may also act as an electron source and/or as a trapping agent for
holo-IscU. Future studies will focus on better elaborating the role of cysteine by
investigating the apparent biphasic behavior in Figure 2-6 with additional measurements
in the 300 to 800 uM range.

The rate of the reaction was found to be first order with respect to apo-IscU, GSH,
and cysteine. These studies reveal that they may play other roles in later step from the

formation of holo-IscU. Additionally, evidence has been provided that the quenching
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reports not only the formation of complexed holo-IscU but also uncomplexed holo-IscU
trapped by other substances.

Importantly, this system can be further developed as a functional assay to evaluate
the function of various proteins such as CyaY, IscX, IscA, and Fdx in bacterial Fe-S cluster
assembly in the future. Each of these proteins with unknown function can be introduced
and the substrate dependency and/or the kinetic parameters can be compared based on our
findings. Furthermore, this fluorescent reporter methodology can also be used to study
transfer mechanism and better understand the roles of other proteins involved in cluster

transfer mechanism.
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