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ABSTRACT

Lipoyl synthase (LipA) sacrifices its auxiliary 4Fe-4S cluster to insert two sulfur atoms at
carbons C6 and C8 of an octanoy! peptide substrate. This step completes the biosynthesis of lipoic
acid, an essential enzyme cofactor for aerobic metabolism. In principle, the sacrificial nature of
LipA’s mechanism limits its ability to perform multiple turnovers. However, another iron sulfur
carrier protein, NfuA, reassembles LipA’s auxiliary cluster to enable multi-turnover activity in
Escherichia coli (Ec). Moreover, the N-terminal domain of Ec NfuA has been shown to be
essential for tight interaction with E. coli LipA, thereby facilitating multiple turnovers. NfuA’s
conserved C-terminal Fe-S cluster binding motif, CXXC, facilitates the regeneration of the
auxiliary Fe-S cluster in LipA. In the human NfuA homolog, NFU1, a glycine to cysteine mutation,
G208C, near the CXXC motif is lethal. This mutation impairs lipoic acid synthase (LAS) and the
activity of the pyruvate dehydrogenase complex (PDHC). Here, we seek to understand the
mechanism of NfuA-mediated cluster transfer via characterization of a thermophilic homolog from
Thermosynechococcus elongatus (Te). Unlike Ec NfuA (21 kDa), Te NfuA (12 kDa) doesn’t carry
an A-type N-terminal domain. To study the LipA-NfuA interaction via activity and binding assay,
we used four T. elongatus proteins including LipA wild-type (wt), NfuA wt, a fusion of Ec NfuA
N-term/ Te NfuA, and Te NfuA G55C. We also propose Mdossbauer spectroscopy and
crystallography studies of Te NfuA to address a long-standing gap in knowledge about this
important iron-sulfur cofactor chaperone. Achieving these objectives will be useful to studying the

properties of clinically relevant variants.
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Chapter 1: Introduction

1.1 Lipoyl Synthase Structure and Function
Significance of Lipoic Acid (LA)

Aberrations in the biosynthesis of LA can yield a plethora of harmful health outcomes such
as mitochondrial diseases, prompting the holistic review of the key factors in such pathways.?%3!
LA is a virtually ubiquitous sulfur-containing enzyme cofactor among organisms capable of
undergoing aerobic metabolism. Two pathways exist for the cofactor’s biosynthesis: a salvage
pathway and a de novo biosynthetic route. Many organisms, ranging from simple bacteria
[Escherichia coli (E. coli)] to higher eukaryotes [Homo sapiens (H. sapiens)], possess both
pathways.?! In the two-step salvage pathway, scavenged free lipoic acid is then activated via
adenylation to generate lipoyl-AMP and inorganic pyrophosphate. The lipoyl group is transferred
to a lipoyl carrier protein (LCP) with the release of AMP (Figure 1). In E. coli (Ec) and many other
bacteria, both reactions are carried out by one polypeptide, lipoate protein ligase A (LplA).?" In
mammals and some prokaryotes, these functions are split between a lipoate-activating enzyme and
a lipoyl transferase. The de novo pathway involves a two-step process that branches from the type
Il fatty acid biosynthetic pathway. The first step, catalyzed by octanoyl transferase (LipB), is the
transfer of an n-octanoyl chain from octanoyl-acyl carrier protein (ACP) to an LCP.}* % The
second enzyme, LipA, catalyzes the stepwise insertion of sulfur at C6 and C8 of the octanoy! chain,
yielding the final cofactor (Figure 1). The LA created from these pathways has antioxidant
properties and is a key regulator of cell signaling pathways (i.e., regulation of the transcription
factor NF-xB).3! Given its essentiality, LA is a prominent target in the treatment of disorders
induced by oxidative stress such as diabetic neuropathy, multiple sclerosis, and Alzheimer’s
disease.

The LA salvage pathway is notably absent in Mycobacterium tuberculosis (M.
tuberculosis), the bacterium that causes tuberculosis. This feature of M. tuberculosis (Mt)
motivates detailed study of the de novo pathway because the enzymes involved could be exploited

as drug targets, given that this pathway is the sole source of the essential LA cofactor. Genomic
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analysis reveals that LA is attached to three distinct Mt metabolic protein complexes: the H protein

(GevH) of the glycine cleavage system, and the E2 subunits of the a-ketoglutarate (KDH) and
pyruvate dehydrogenase (PDH) complexes.'®?6 The H-protein catalyzes the reductive amination
of glyoxylate to glycine, a constituent of the peptidoglycan layer in the bacterial cell wall. The
lipoyl groups of KDH and PDH act as a 14 A appendage to catalyze oxidative decarboxylation of
their respective substrates.*® These reactions produce NADH, the initial electron source to generate
ATP through the electron transport chain. Thus, genes involved in LA de novo biosynthesis are
vital for M¢’s survival in the early stages an infection that according to the World Health
Organization has affected one-third of the world’s population. Consequently, their protein products
may serve as efficacious drug targets against extensively drug-resistant strains of Mt. One such
target is the LipA enzyme as it is the source of the sulfurs which provide the oxidative features of
the metabolic multi-enzymes. Hence, an appropriate understanding of LipA’s structure and
function is imperative in the development of antituberculosis drugs. Specific questions to answer
would be the mechanism of sulfur insertion into LA, how the sulfur source in LipA is recycled to

promote LipA activity, and the effect that mutations in lipoic biosynthesis have on LipA activity.
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Figure 1. De novo and salvage pathways of lipoic acid biosynthesis.

Background

LipA is a radical SAM (RS) enzyme.® RS enzymes constitute a superfamily of structurally
and mechanistically related metalloproteins that use SAM to initiate a multitude of radical-
dependent transformations. All characterized RS enzymes (ie. LipA, BioB, and MiaB) that
catalyze sulfur insertion have at least two iron-sulfur (Fe-S clusters).® 1° A significant body of
evidence indicates that the one of these clusters are degraded during catalysis to supply the attached

sulfur atoms. In the absence of other components to reconstitute the cluster, this strategy limits
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these proteins to catalyzing only a single turnover. Given the therapeutic value of LipA mediated

LA biosynthesis, we aim to build on current knowledge to characterize LipA’s multi-turnover
activity. Here, we review previous studies of LipA structure and function in which spectroscopic,
biochemical, and structural experiments were used to characterize LipA’s generation of LA. These
prior projects employed the bacterial Ec, Mt, and Thermosynechococcus. elongatus (T. elongatus)

LipA systems.
Determining the source of the sulfur atoms in LA biosynthesis

Ultraviolet-visible (UV-VI1S) and Méssbauer spectroscopy reveal two distinct [4Fe-4S]%*
clusters per Ec LipA polypeptide.® UV-Vis spectroscopy uses UV-vis electromagnetic radiation
(800-200 nm wavelengths) to excite electrons from the ground state to the first singlet excited state
of the compound to quantitively determine different analytes, such as transition metal ions and
biological macromolecules.! The UV-Vis spectrum of the as-isolated (Al) and reconstituted Ec
LipA wild-type (wt) enzymes show the expected 415-400 nm shoulder of a 4Fe-4S cluster
containing protein (Figure 2a). Mossbauer spectroscopy employs gamma (y) radiation and a
detector the measure the intensity of the beam transmitted through the sample. The atoms in the
source emitting the y rays must be the same isotope as the atoms in the sample absorbing them
allows the nuclear transition energies of the source and sample to be equal. However, if the sample
isotope is in a different chemical environment, the nuclear levels shift on a scale of micro-
electronvolts (MEv).'? 32 To bring the two nuclei back into resonance it is necessary to change the
energy of the y ray as the source is accelerated through a range of velocities. The resulting spectra
plots y ray intensity as a function of the source velocity. At velocities corresponding to the resonant
energy levels of the sample, a fraction of the gamma rays is absorbed, resulting in a drop in the
measured intensity and a corresponding peak in the spectrum. The number, positions, and
intensities of the peaks provides information regarding the oxidation states, spins (correlated to
bond length), and ligand information of the sample isotope. This technique requires use of *>'Fe
labeling for analysis of Fe/S cofactors. It has been reported that the Al wt LipA enzyme contained
6.9 = 0.5 irons and 6.4 + 0.9 sulfides per polypeptide. Mdssbauer spectroscopy of the %'Fe and
sodium sulfide reconstituted wt enzyme contained 9.2 £ 0.4 irons and 8.8 £ 0.1 sulfides
corresponding to two [4Fe-4S]?* clusters per polypeptide, with the remainder of the iron occurring

as adventitiously bound species (Figure 2B). One cluster is ligated by the cysteine amino acids in
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the CX3CX2C motif that is common to all radical SAM enzymes, while the other is ligated by the

cysteine amino acids residing in a CX4CXsC motif, which is conserved only in lipoyl synthases.®
The C68A-C73A-C79A triple variant, expressed and isolated under identical conditions, contained
3.0+ 0.1irons and 3.6 + 0.4 sulfides per polypeptide, while the C94A-C98A-C101A triple variant
contained 4.2 = 0.1 irons and 4.7 £ 0.8 sulfides per polypeptide. Mdssbauer spectroscopy of the
as-isolated wild-type protein and the two triple variants indicates that greater than 90% of all

associated iron is found in the two [4Fe-4S]?* clusters.’
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Figure 2. A) UV-visible spectra of Wt LipA; B) Mdssbauer spectra of Wt AI LipA recorded at
4.2 K in an externally applied field 40 mT (top panel), 8 T (middle panel) reconstituted Wt
LipA at 4.2 K and 40 mT.®

LA’s sulfurs are derived from Ec LipA

Once it was established that each LipA harbors two [4Fe-4S]?* clusters, researchers used
33 labelling to determine if the dithiolation originates from sulfide ions associated with the iron-
sulfur clusters in LipA.2 To answer this question, Ec LipA was grown in minimal medium with
Naz3*S as the only sulfur source for comparison to samples grown in solely in natural NazS.
Enzymatic turnover experiments were performed in the absence of extraneous sources of sulfur
and equimolar concentrations of 34S- and 32S-labelled Ec LipA. Liquid chromatography coupled
to mass spectrometry (LC-MS) indicate similar relative intensities of lipoyl cofactor containing
either two atoms of 32S or of 34S, which is consistent with the notion that both sulfurs originate

from the same polypeptide without release of monothiolated intermediates.® If alternative
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mechanisms were in play, the isolated lipoyl cofactor should contain a 1:2:1 ratio of 32S-32S, 32S-

33, and **S-34S, respectively. This finding provides the basis to structurally characterize LipA’s

mechanism.®

As a metalloenzyme, one of LipA’s Fe-S clusters provides an electron to cleave SAM into
L-methionine and a 5’-deoxyadenosyl radical (5'-dA«).> In previous studies, activity assays using
100 uM deuterium labelled [octanoyl-dis]H protein (OHP) substrate, 50 uM Ec LipA, and 700 uM
SAM showed that the 5'-dA- acts directly on the octanoyl substrate to abstract the deuterium and
produce a [lipoyl]H protein (LHP). This finding aligns with the predetermined model that removal
of hydrogen atoms from carbons 6 (C6) and 8 (C8) of the octanoyl chains is a prerequisite for
sulfur insertion. Subsequent studies, in which only C8 is specifically labeled with deuterium in
significant suppression of lipoyl product formation and that sulfur insertion at C6 always precedes
insertion at C8, even with an unlabeled substrate. Moreover, an unlabeled reaction screening for
the formation of 5’-dA and LHP suggested that 2 equivalents of SAM are cleaved to produce 1
equivalent of LHP (Table 1, Figure 3).” The amplitudes of each plot reveal the maximum amount
5'- dA formed was 50.5 uM which corresponds to 1.01 equiv with respect to 50 uM LipA, and
18.4 uM LHP, which corresponds to 0.378 equiv. The product concentrations of 5’-dA to LHP
range from 2.38 at early time points to 2.71 at later time points. These ratios can be rationalized
by a mechanism in which 2 equivalents of both SAM and LipA are required to synthesize LHP

from OHP if a given fraction of 5'-dA results from nonproductive cleavage of SAM.’
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Figure 3. Stoichiometry ratios of 5’-dA to LHP support the model in which 2 equivalents of
AdoMet and Ec LipA are required to synthesize LHP from OHP.’” Time-dependent formation
of lipoyl product (solid line) and 5’-dA (dashed line).

LipA uses radical chemistry for sulfur insertion

The intramolecular reductive cleavage of SAM and the subsequent abstraction of the
substrate’s C6 hydrogen yields a radical intermediate.}” 8 Incorporating deuterium at C8 of a
target (N6-octanoyl)-lysyl residue in a synthetic tripeptide substrate significantly impeded
formation of the lipoyl group and chemically supported an intermediate in which sulfur insertion
at C6 precedes insertion at C8.1” Given the slow rate of insertion of the second sulfur atom, use of
only 1 equivalent of SAM with respect to enzyme concentration in a reaction with excess peptide
substrate should result in the formation of an intermediate that cannot proceed to product.
Mossbauer characterization of the trapped intermediate shows formation of a species with
spectroscopic properties similar to those of other well-studied [3Fe—4S]° clusters.3? The proposed

structure of the intermediate (Figure 4) offers insight into how LipA’s catalytic mechanism
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proceeds. In the first half-reaction, SAM bound to the [4Fe—4S]?* cluster ligated by the CX3CX2C

motif, noted as the radical SAM (RS) cluster, is reductively cleaved to a 5’-dAe, which is used to
abstract an He from C6 of the octanoyl chain. The resulting carbon radical attacks an activated
form of the sulfide of the [4Fe—4S] cluster ligated by the CX4CXsC termed as the auxiliary
cluster.® 1! In the second half-reaction, another equivalent of 5'- dA« is similarly generated, but it
abstracts an He from C8 of the octanoyl chain. The carbon radical at C8 attacks a second form of
activated sulfide, presumably from the same auxiliary cluster. ®! Upon addition of two protons,
the lipoyl cofactor is formed in its two-electron reduced state. This mechanism is consistent with
the finding that the protein itself is the source of the inserted sulfur atoms and that both sulfurs

derive from the same polypeptide.!!

Fé—S’,’ L-methionine

S N
o
‘ ‘ HO'
S i re , .
Fe s 5' deoxyadenosyl radical
Aux cluster

Figure 4. Proposed structure of LipA monothiolated intermediate.

Crystallographic experiments support the proposed LipA mechanism

Until recently, the aforementioned mechanism was only validated via spectroscopic and
biochemical experiments. Crystallographic snapshots of Mt LipA’s resting and intermediate states
provided additional support for the proposed reaction pathway.?® Figure 5a shows the substrate-
free Mt LipA x-ray structure, in which the auxiliary cluster is sandwiched between N and C

terminal domains of the polypeptide.?® Three irons of the cuboidal cluster are coordinated by the
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three cysteines (C) in the N-terminal CX4CXsC and the fourth iron attached to the C-terminal

domain by serine 292 (S292) in a conserved RSSY motif.?> Arginine 290 in this motif, although
not bound to iron, blocks access to the auxiliary cluster. A six-stranded partial TIM barrel fold,
common to most radical SAM enzymes, binds the RS cluster by the CX3CX.C motif and is
responsible for radical generation. The two clusters are separated by a 15 A. The octanollysine
peptide substrate is primarily anchored to the N- terminal domain by hydrogen bonding to insert
itself into cavity between the two 4Fe-4S clusters.?® In the intermediate structure, the S292 ligand
no longer binds the 4™ Fe, which is presumably lost as Fe?*. The N-terminal extension and auxiliary
cluster move closer to the barrel to decrease the distance between the clusters to 11.8 A.% With
the substrate bound, R290 hydrogen bonds to the carbonyl of the peptide to expose the auxiliary
cluster active site. The peptide is positioned for the reaction through additional hydrogen binding
between the peptide’s acyl amide, alanine 58’s backbone amine, and glycine 58’s carbonyl oxygen.
In this structure, the L-methionine, 5’-dA« and substrate are situated ideally for the reaction at C6
to occur. The second thiolation at C8 requires another reductive SAM cleavage to generate the C8
radical. With the loss of the first Fe?*, the formation of a 3Fe-4S cross-linked intermediate species
allows the C8 radical to access the closest remaining sulfur atoms. Figure 6 summarizes the overall

mechanism.

A B
AdoMet radical domain

AdoMet radical
cluster

\ auxiliary
cluster

C-terminal extension



C

auxiliary
cluster

Figure 5. A) (top left) Substrate free Mt LipA in
ribbon representation with the (B/o)s AdoMet
radical domain (green), N-terminal extension
(red), and C-terminal extension (blue). B) (top
right) The auxiliary cluster of Mt LipA with
octanoyl-H peptide substrate (yellow), 5’-dA and
methionine (blue). Simulated annealing omit
density (2Fo.—Fc) is contoured at 2.0c in black
mesh. C) (bottom left) Intermediate bound Mt
LipA. The R290 residue is displaced allowing
access to the auxiliary cluster.?®
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Figure 6. Mechanistic model LipA directed sulfur insertion in C6 and C8 of octanollysine

peptide substrate.
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This model of LipA catalysis shows that upon one complete turnover of C6 and C8
thiolation, four Fe?* and two S? ions of the auxiliary cluster are released. Cannibalizing the
auxiliary cluster renders LipA inactive, prompting the need to explore how the extra ions are
handled and how the inactive form of LipA could be reactivated.?® Possible explanations include
the repair or replacement of the cluster - or simply accepting the system as single turnover with
uncontrolled release of the free ferrous and sulfide ions. The last option could lead to inefficiency
as well as iron and sulfide toxicity. It is thus unlikely. Alternatively, the regeneration of the
auxiliary cluster by could be accomplished by the cellular iron sulfur cluster assembly machinery.
The roles of proteins linked to this process in LipA catalysis were explored next.

1.2 NfuA reforms LipA’s auxiliary cluster
Significance of NFU1

A missense mutation in exon 7 (c.622G>T) of the gene encoding human NfuA homolog,
NFU1, was identified in ten individuals with pulmonary hypertension and neurological
regression.?® Unfortunately, these patients started exhibiting symptoms such as metabolic acidosis
with variable acidemia and hyperglycemia and did not survive beyond 15 months.® Multi-
sequence alignment of the conserved part of NFUL protein shows that the missense mutation
causes of a replacement of conserved glycine at 208 to cysteine. G208 is 2 residues upstream of
the conserved Fe-S cluster binding CXXC motif.?° The biochemical phenotype of the mutated
individuals was consistent with aberrations in LA dependent pathways. Immunostaining with a
lipoic acid specific antibody showed a 60% decrease in the E2 subunit of PDH due to defective
lipoylation of octanoic acid substrate by LipA. These observations are consistent with an
impairment of lipoic acid biosynthesis in NFU1 mutated individuals.?® Given that NFU1 functions
as a vital maturation factor for a subset of mitochondrial Fe-S proteins, it was proposed that NFU1
might facilitate reassembly of the auxiliary cluster in LipA.

Size exclusion chromatography (SEC) analysis of NfuA suggests that one 4Fe-4S cluster
bridges two monomers to create an active homodimer of NfuA.?? To assess the stoichiometry of
LA production when NfuA is included in the LipA reaction, activity assays were performed using
100 uM *S-labeled Ec NfuA, 20 mM Ec LipA (32S), 600 mM peptide substrate analog, 0.5 mM
SAH nucleosidase, 2 mM dithionite (DTT), and 1 mM SAM. More than 50% of lipoyl product

contained two 32S atoms which suggests that the remaining two sulfides of the auxiliary cluster
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were used in a second turnover.?? Formation of lipoyl product containing two 3*S atoms was

detected after some lag. This observation suggests that NfuA’s 4Fe-4S cluster was used to

reconstitute LipA’s auxiliary cluster.?? When the reaction was replicated using excess *S-labeled
Ec NfuA (400 mM), 1.5 equivalents of the 32S-labeled lipoyl product was observed followed by
production of multiple equivalents of the 3*S-labeled lipoyl product.?? In another experiment, the

addition of 5 mM citrate, a natural chelator of free iron, had no effect on NfuA’s ability to enhance

LipA turnover. These results indicate that NfuA directly reconstitutes LipA’s auxiliary cluster.??
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Figure 7. (A) Formation of lipoyl product in the presence
of NfuA reconstituted with 3*S-labeled sulfide. Circles,
(3?S,%25)—; triangles, (**S,%S); squares, (%%S,%4S)-
containing lipoyl product. (B) Formation of lipoyl product
in the presence of NfuA reconstituted with *S-labeled
sulfide and under catalytic conditions. The reaction
conditions were as described above, except that the
concentration of LipA was 10 mM and the concentration
of 34S-labeled NfuA was 400 mM. Circles, (*°S,*%S);
triangles, (3*S,3*S)- containing lipoyl product. (C) Effect
of citrate on NfuA’s enhancement of LipA catalysis. Open
squares, 100 mM LipA,; solid squares, 100 mM LipA + 5
mM citrate; open circles, 100 mM LipA + 1 mM NfuA,
solid circles, 100 mM LipA + 1 mM NfuA + 5 mM
citrate.?
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1-MIRISDAAQAHFAKLLANQEEGTQIRVFVINPGTPNAECGVSYCPPDAVEATDTALKFDLLTAYVDELSA
| A-Type N-terminal Domain |
71-PYLEDAEIDFVTDQLGSQLTLKAPNAKMRKVADDAPLMERVEYMLQSQINPQLAGHGGRVSLMEITED
| | | |
141-GYAILQFGGGCNGCSMVDVTLKEGIEKQLLNEFPELKGVRDLTEHQRGEHSYY

| Nfu-like C-terminal Domain

Figure 8. E. coli NfuA monomer sequence and domain structure.

The exact molecular mechanism of the NfuA-mediated cluster regeneration remains
elusive however. Sequence comparisons show that Ec NfuA is composed of two distinct domains:
a “degenerate” A-type N-terminal domain and an Nfu-like C-terminal domain. Both domains play
arole in NfuA’s function.?® Site-direct mutagenesis and kinetic assays revealed that four cysteines,
two in the N-terminal domain (C39 and C44) and two in the C-terminal domain (C149 and C152
of the CXXC motif) could coordinate the cluster transfer (Figure 8). While UV-vis absorption
analysis of Ec NfuA’s N-terminal domain alone showed no sign of Fe-S cluster interaction,
mutating either C39 or C44 to an alanine (A) on the N-terminal domain resulted in reduced NfuA
functionality. In fact, LA production was greatest when Ec LipA was combined with full-length
wt Ec NfuA and lowest when Ec LipA was supplemented with just the Ec NfuA N-terminal
domain. Experiments with two additional bacterial systems provide further support for the
importance of NfuA’s N-terminal domain.?® With an 89% amino acid sequence similarity, Mt
NfuA shares similar domain structure with Ec NfuA. As expected, Ec LipA has identical peptide
production when coupled with Mt NfuA. Staphylococcus aureus (S. aureus) NfuA is homologous
to Ec NfuA’s C-terminal domain and when genetically fused with the Ec NfuA N-terminal domain,
the fusion protein exhibited greater peptide production relative to wt S. aureus NfuA.Z Expanding
on this work, we sought to further characterize NfuA, its cofactors interaction with LipA, and the
properties of clinically relevant NfuA variants.

1.3 Exploratory Questions Addressed in this Thesis
Given that robust multi-turnover activity has only been observed in the Ec LipA-NfuA

system, we hope to identify other homologs that exhibit similar activity. Similarly, it was
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established that some NfuA proteins lack an N-terminal domain. We want to understand whether

these NfuAs are functional as LipA [4Fe-4S] cluster donors. One system that suits the
aforementioned objectives is the LipA-NfuA system from a thermophilic cyanobacterium, T.
elongatus (Te). Te NfuA lacks the N-terminal domain of NfuA (Figure 10). Presently, neither
NfuA nor its interaction with LipA has been structurally characterized. Thermophilic proteins
crystallize more easily and are more well-behaved. In fact, the Te LipA (PDB accession code
4UO0P) crystal structure has been successfully solved already by another research group (Figure
9),% but its activity and interaction with NfuA are unknown. We will also evaluate the
crystallization propensity of Te NfuA, both alone and in complex with LipA. Finally, we will
examine the effects of a G—>C substitution upstream of the C-terminal CXXC motif in NfuA on
protein/cofactor structure. This variant has been reported in human patients and direct
measurement of protein-bound lipoic acid in individual tissues showed marked decreases.
Comparative structures of the wt and variant NfuA could offer therapeutic value. Four proteins
will be cloned and purified to study the LipA-NfuA interaction. Wt Te LipA and Te NfuA will be
used to assess activity and crystallization propensity. Te NfuA G55C will serve as the G208C
analog. A commercial synthetic construct was created by fusing the Ec NfuA N-terminal domain
to the Te NfuA wit.

1-MNDRPRTVTMAATLELSQENVEKVLDELRPYLMADGGNVELVEIEGPVVRLRLOQGACGAC
NfuA-like C-terminal Domain

71-PSSTMTLRMGIERKLKESIPEIAEVQQVL

Figure 9. Te NfuA monomer sequence.
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Figure 10. Te LipA crystal structure (1.6 A resolution), including 2 [4Fe-4S]?* clusters at
opposite ends of the TIM barrel. In addition to the three cysteine residue ligands, the auxiliary
cluster is bound by a serine residue PDB accession code 4UQP.
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Chapter 2: Te LipA-Te NfuA Interaction

The work in this chapter aims to identify another system in which wild-type LipA and
NfuA can execute multiple turnovers of lipoic acid. We found such a system in the Te LipA-NfuA
pair sourced from a thermophilic bacterium. Identification of a functional LipA and NfuA with
increased thermal stability could allow us to develop an ideal platform for distinguishing the exact
mode of NfuA-mediated regeneration of LipA’s auxiliary cluster.

The aforementioned gene constructs were purchased commercially from Invitrogen and
amplified using the polymerase chain reaction (PCR), restriction digestion, bacterial
transformation, plasmid purification, bacterial expression, and harvest. The proteins were soluble
and successfully purified (Appendix B) with full occupancy of iron-sulfur clusters. Iron-sulfur
cluster content was characterized using UV-vis spectroscopy and inductively coupled plasma -
atomic emission spectroscopy (ICP-AES) analysis. Through activity assays, we showed that Te
NfuA-LipA is the first biochemically characterized lipoic acid biosynthesis system identified to
date in which an NfuA lacking the A-type N-terminal domain facilitates multi-turnover activity in
LipA. And it is the second system after Ec NfuA-LipA to exhibit multiple turnovers. Our Se-
labeled NfuA activity assay showed that NfuA enables incorporation of additional selenium into
the lipoic acid product. However, selenium labeling of the auxiliary cluster slows down catalysis,
hindering subsequent cluster transfers from NfuA to LipA. To determine the mechanism of LipA
auxiliary cluster regeneration by NfuA in the Te system, we propose activity assays using S Te
NfuA wt and Se-labeled Te NfuA wt to track selenium cluster transfer from NfuA to LipA using
X-ray crystallography.

2.1 Experimental Methods

Construction of expression vectors for LipA and NfuA proteins

The DNA sequences for the Te LipA, Te LipA NfuA wt, and Ec N-term NfuA-Te NfuA
fusion were codon-optimized for expression in E. coli (Appendix A) and synthesized in a generic
vector, PCR was used to amplify specific fragments of DNA using compatible forward and reverse
primers in order to obtain sufficient amounts of the genes encoding Te LipA and NfuA to clone
into an appropriate overexpression vector. The primers in Appendix A were designed as

complementary to the template DNA sequence, and each primer contained the sequence of a
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specific restriction endonuclease cutting site for digestion. We used this process to clone each gene

into a pET28a expression vector using Ndel and Xhol restriction sites (Invitrogen Gene Art Gene
Synthesis, ThermoFisher). The DNA sequences for all cloned genes were verified by Sanger
sequencing (Genomics Core Facility, the Pennsylvania State University).

Overexpression and purification of LipA and NfuA proteins

The overexpression constructs in pET28a confer kanamycin resistance to transformed cells
and gene expression is modulated by the strong T7 promoter, allowed for overproduction of the
respective LipA and NfuA gene products. A second plasmid, pDB1282, encodes the isc operon
from Azotobacter vinelandii. This vector confers ampicillin resistance, making it compatible for
coexpression along with the LipA and NfuA encoding plasmids. Both plasmids were
cotransformed into the E. coli BL21(DE3) expression system. The transformants were plated on
Luria-Bertani (LB) plates containing kanamycin (50 pg/mL) and ampicillin (100 pg/mL). A single
colony was selected and used to inoculate a culture of LB medium containing the same
concentration of the aforementioned antibiotics and grown overnight at 37 °C at 250 rpm.
Simultaneously, four 6 L flasks containing M9 minimal medium (Appendix C Table C1) were
placed in a shaker overnight at 37 °C to warm the culture medium. Prior to inoculation, the M9
minimal medium was supplemented with D-glucose as the carbon source and antibiotics. The
cultures were incubated at 37 °C shaking at 180 rpm. At an ODeoo, ~0.3 0.2% (w/v) L-arabinose
was added to induce pDB1282 expression. At an ODegoo ~0.6-0.8, the flasks were placed in an ice
bath for 30 minutes, FeClz was added to a final concentration of 50 uM and the incubation
temperature was adjusted to 18 °C. After being cooled down, overexpression was induced by
addition of 200 uM isopropyl-p-D-thiogalactopyranoside (IPTG) overnight at 18 °C with shaking
at 180 rpm. The following day, the bacterial cells were harvested by centrifugation at 75009 for
12 minutes and the resulting cell pellets were flash-frozen in liquid nitrogen.

Iron-sulfur cluster proteins can undergo oxidative damage in the presence of oxygen,
presenting challenges in isolation of holoenzymes. For this reason, all NfuA and LipA proteins
were purified and characterized anaerobically. LipA is also sensitive to repeated freeze—thaw
cycles. Purifications of this enzyme were therefore completed without interruption using chilled
buffers, and the resulting pure proteins were stored in small aliquots to minimize damage. The
general procedure for isolating oxygen-sensitive iron-sulfur-cluster-containing proteins has been

previously described in detail.®®
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The cell pellets were resuspended in lysis buffer (Appendix C, Table C2) supplemented

with lysozyme (1 mg/mL), DNase I (0.1 mg/mL), and PMSF (45 pg/mL). Once the solution was
homogenized, the sonication cup was placed in an ice-water bath on a stir plate and the cells were
lysed by sonic disruption in 10 second intervals for 50 minutes at 50% amplitude. Following
sonication, the lysate was transferred to an autoclaved centrifuge tube and sealed with vinyl table
to avoid oxygen contamination. The tube was removed from the anaerobic glove box and
centrifuged at 22,0009 for 70 minutes at 4 °C. Simultaneously, affinity resin was regenerated using
ethylenediaminetetraacetic acid (EDTA) and CoCl, hexahydrate and equilibrated using a chilled
lysis buffer. After equilibration, the supernatant was loaded onto the column and a flowthrough
sample was collected. The column was washed with chilled wash buffer to remove unbound and
nonspecifically bound proteins. The desired protein was eluted using chilled elution buffer.
Collection started when the dark brown colored band began to elute and stopped once the color of
the eluate returned to clear. The protein was concentrated using an Amicon® Ultra Centrifugal
Filter. Once the protein was concentrated to ~2.5 mL, it was exchanged into a chilled gel filtration
buffer using a PD-10 column. Concentrated protein was injected onto a HiLoad 16/600 Superdex
200 (S200) gel filtration column connected to an AKTA Pure FPLC system (GE Healthcare)
Protein containing fractions were concentrated, flash-frozen in liquid N2, and stored at -80 °C for
future studies. Protein concentrations were determined via the Bradford method using bovine
serum albumin as a standard.*
Activity Assays

Reactions were performed in a Coy vinyl anaerobic chamber at room temperature.
Reactions are typically prepared in a total volume of 200uL and contain the following: buffer (50
mM HEPES, pH 7.5, 200 mM KCl, 8% glycerol), 200 uM peptide substrate (Glu-Ser-Val-[N®-
octanoyl] Lys-Ala-Ala-Ser-Asp), 25 uM LipA, 0.5 puM S-adenosylhomocysteine (SAH)
nucleosidase (to prevent product inhibition), and 1 mM SAM. An additional and identical reaction,
but containing 500 uM NfuA, was also prepared. A 500 uL of a quench solution containing 100
MM H2SO4, 20 uM AtsA (peptide internal standard, Pro-Met-Ser-Ala-Pro-Ala-Arg-Ser-Met) and
4 mM TCEP was prepared and aliquoted into 8 microcentrifuge tubes. The reaction was initiated
by adding 2 mM of the low potential reductant, sodium dithionite, and quenched by adding 20 puL
of the reaction mix into 20 pL of quench solution at the appropriate time intervals. The reaction
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tubes were centrifuged at 140009 x g for 30 min to remove precipitated protein. The supernatant

from each time point sample was collected to quantify the lipoyl product by LC-MS.
Binding Assays

Qualitatively, molecular-sieve chromatography can be used to determine if in vitro
mixtures of proteins coelute as a complex rather thanas individual components. A standard curve
can be generated using a suite of standards in order to estimate the molecular weight of the
complexes. The elution volume of Blue Dextran indicates the experimentally deter-mined void
volume (Vo), and the elution volumes (Ve) of each of the additional standards, which will be used
to generate a standard curve. Separately, samples of LipA and NfuA were loaded onto the column
and eluted at a rate of 0.6 mL/min. Their elution volumes were recorded. A sample mixture
containing both LipA and NfuA protein was incubated at room temperature for 5 minutes, loaded
onto the column and eluted at 0.6 mL/min. Based on the observed peak in the chromatogram,
protein containing fractions were collected and their elution volumes recorded. The fractions
corresponding to each protein peak were concentrated and analyzed by SDS-PAGE to confirm the
identity of the protein in each fraction. The experimentally determined elution volume of each of
the peaks in the chromatograms of each sample were divided by the void volume of the column
(Ve/Vo). The linear equation from the standard curve was used to solve for the logarithmic

molecular weight of the individual proteins and the protein complexes.

2.2 Results and Discussion
Activity Assays of Te LipA with Te NfuA and the Ec N-term/Te NfuA fusion

All proteins were successfully purified with full iron-sulfur cluster occupancy (Appendix
B). To ensure full reconstitution of cofactors, all purified protein samples were chemically treated
with iron (I11) chloride and sodium sulfide before they were subjected to size exclusion
chromatography (SEC). Selenium labeled Te NfuA was generated by expressing Te NfuA wt apo
and chemically reconstituting with iron (II1) chloride and sodium selenite dissolved in
dithiothreitol. SEC analysis reveal that Te LipA wt and Te LipA S283C eluted as monomers. Te
NfuA eluted as a monomer and Ec N-term/Te NfuA’s retention volume was between a monomer
and a dimer (Figure 15, 16). NfuA is hypothesized to form a homodimer with a [4Fe-4S] cluster
at the dimeric interface.?? The oligomeric state of NfuA will be explored in the future with other

techniques such as dynamic light scattering. The UV-vis spectrum of Te LipA, Te LipA S283C,
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Te NfuA and Ec N-term/Te NfuA each showed a pronounced absorption shoulder at 400 nm which

is a distinctive characteristic of [4Fe-4S]?* cluster containing proteins and gives a qualitative
estimated of cluster occupancy (Appendices B7, B7, B8, and B6 respectively).?? ICP-AES analysis
showed Te LipA wt had 5.77 irons/protein (Appendix B7), Te LipA S283C had 6.76 irons/protein
(Appendix B7), Te NfuA wt had 1.32 irons/monomer (Appendix B8) and Ec N-term/Te NfuA had
0.96 irons/protein (Appendix B6).

Our first experimental objective was to establish that Te LipA and NfuA were capable of
multi-turnover activity. Mass spectrometry analysis of enzyme activity shows that Te LipA
produces lipoic acid (996.5 m/z) (Figure 11). The magnitude of lipoic acid formation (996.5 m/z)
was greatest for Te LipA wt + Te NfuA wt (blue trace) with clear evidence of multiple turnovers,
with approximately a four-fold increase in the amount of product obtained with Te LipA wt (red
trace). Surprisingly, addition of the Ec N-term-Te NfuA fusion (green trace) rendered LipA less
active than wt NfuA, producing, at maximum, a two-fold increase in the amount of product
compared to that formed with Te LipA wt. From these results, we have shown that Te system is
the first system in which an A-type N-terminal domain lacking NfuA is able to facilitate multi-
turnover activity in its native LipA and the second system after Ec system to facilitate multi-
turnover activity in general. The ability of the Te system to operate as a robust multi-turnver
enzyme with a short NfuA is surprising because it has been shown that the A-type N-terminal
domain in Ec NfuA is absolutely necessary for multi-turnover activity in Ec LipA.%

Another interesting observation from this activity assay was that the Ec N-term/Te NfuA
fusion was less efficient than Te NfuA in facilitating multi-turnover activity in Te LipA. Previous
studies with S. aureus NfuA, which lacks the N-terminal A-type domain as in Te NfuA, was shown
to have no effect on the activity of Ec LipA. However, fusing the Ec NfuA N-terminal domain to
the S. aureus NfuA facilitated multi-turnover activity in Ec LipA.2% Te LipA has adapted to use an
NfuA that lacks an N-terminal A-type domain for multi-turnover activity.

We mutated Te LipA’s conserved S283 in the RSSY motif to a cysteine (black trace) and
found that this variant fails to form significant amounts of product. In wt LipA, the serine
coordinates the fourth iron in the auxiliary cluster. This more labile ligand likely enables auxiliary
cluster disassembly necessary for sulfur donation to the substrate. We predict that mutating the
weaker serine ligand to a cysteine strengthens the bond to the iron thereby perturbing the reaction
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kinetics since this iron is ejected into the solution after C6 sulfur insertion in wt LipA. Analogous

mutations in Ec and Mt LipA have similar effects on enzyme activity.
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Figure 11. Te LipA lipoic acid formation (996.5 m/z). Each assay was performed using Te LipA
or S283C (25 uM), NfuA wt or Ec N-term-Te NfuA fusion (500 uM), substrate (200 uM), and
SAM (1 mM) at room temperature under anaerobic conditions. Data points represent the average
product concentration at each time point across three datasets. Error bars represent the standard
deviation of these values. Te LipA + Te NfuA wt production formation (blue trace closed
squares). Te LipA + Ec N-term-Te NfuA product formation (green trace closed diamonds). Te
LipA wt product formation (red trace open circles). Te LipA S283C product formation (black
trace closed triangles).

Monothiolated Intermediate Detection

We screened for the transient formation of the 964.5 m/z monothiolated intermediate using
the same combination of proteins described in the previous section. Each sample displayed a
unique pattern of intermediate formation. Te LipA alone and Te LipA with Ec N-term-Te NfuA
exhibited an initial burst of the intermediate with a subsequent decline and plateau. Te LipA with
Ec N-term-Te NfuA had a higher amount of intermediate formation compared to Te LipA alone
which is correlated with the fact that Ec N-term-Te NfuA facilitates extra turnovers of lipoyl
product. Te LipA with Te NfuA exhibited an initial burst of the intermediate with a subsequent
decay and plateau. The plateaus occurs around 13 uM intermediate which is close to the amount

of lipoyl product Te LipA alone makes directly, revealing a correlation with the amount active Te
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LipA enzyme in this activity assay. This phenomenon has been observed in the Ec system. The

other interesting finding is that Te LipA S283C, which barely makes any lipoyl product makes the
same level of monothiolated intermediate when compared to Te LipA wt. This observation
suggests that while the unique serine ligand is important for Te LipA catalysis, mutating it to a
cysteine does not affect the first half of the reaction, namely C6 sulfur insertion. The role of this
serine ligand will be studied extensively in the future via site directed mutagenesis. From the
activity data, we can infer that the second sulfur insertion (second half of the reaction) occurs once
a sizeable amount of the monothiolated intermediate is formed and C8 sulfur insertion is the rate
limiting step.

15+

Te LipA + Te NfuA
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5 \ Te LipA + Ec N-term--Te NfuA

+ Te LipA
—— Te LipA 5283C

0 5 100 150 200 250 300
Time (min)

Figure 12. Te LipA monothiolated intermediate formation 964.5 m/z. Each assay was
performed using Te LipA (25 uM), NfuA wt or Ec N-term-Te NfuA fusion (500 uM), substrate
200uM, SAM (1 mM), and Citric Acid (ImM) at room temperature in anaerobic conditions.
Error bars were generated using product concentrations across three datasets at corresponding
times points. Te LipA + Te NfuA wt intermediate formation (blue trace closed squares). Te
LipA + Ec N-term-Te NfuA intermediate formation (green trace closed diamonds). Te LipA wt
intermediate formation (red trace closed circles). Te LipA S283C intermediate formation (black
trace closed triangles)

Activity assays of Te LipA with Fe-Se Te NfuA

The goal of this experiment is to label NfuA with an iron-selenium cluster and track cluster

transfer from NfuA to LipA. Ultimately, this approach could allow us to determine the identity of
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the residual auxiliary cluster after a single turnover via X-ray crystallography. To perform the

initial characterization of this system, we performed an activity assay with Te LipA and Fe-Se
labeled Te NfuA to determine whether selenium-labeled Te NfuA is a compatible partner for LipA
in the activity assay. Selenium-labeled Te NfuA was generated by reconstituting apo Te NfuA wt
with iron and selenium. The reconstitution was successful and was confirmed by UV-vis
spectroscopy (Appendix B8). The 280/400 nm ratio of Fe-Se Te NfuA was comparable to the
sulfur-reconstituted Te NfuA. ICP-AES analysis of Fe-Se Te NfuA showed it had 1.22
iron/monomer and 0.101 selenium/monomer (Appendix B8). Activity assays were performed and
reaction mixtures were screened for formation of the lipoic acid and seleno-lipoic acid products.
Citric acid chelates free Fe?* in solution, and its inclusion in the assay ensures that all product
formation is due to direct cluster transfer from NfuA to LipA. Figure 13 shows that both Te LipA
alone and Te LipA in the presence of Fe-Se Te NfuA produce one equivalent of lipoic acid.
Screening for the seleno-lipoic acid formation, Figure 14, shows that Fe-Se Te NfuA promotes
roughly an additional 0.75 equivalents of selenolipoic acid. This result was surprising because Fe-
S NfuA (Figure 11) yields many more equivalents of product in that time frame. The difference in
outcome suggests that the selenium-labeled auxiliary cluster slows down catalysis and perhaps
blocks subsequent cluster transfers from NfuA to LipA. The overall finding in the Te system is
subtly different from the previously characterized Ec system.?? In the Ec system, Ec LipA in the
presence of Fe-Se Ec NfuA produced two turnovers of lipoic acid and roughly one turnover of
selenolipoic acid. Ec NfuA is able to help Ec LipA use the residual sulfurs in the auxiliary cluster
for one extra turnover, thereby more efficiently using the entire auxiliary cluster for catalysis. In
Te system, from our work, Te LipA cannot use the residual auxiliary cluster for an additional
turnover of lipoic acid. This difference could be due to the lack of the N-terminal domain in Te

NfuA and corresponding binding determinants for this domain in LipA.
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Figure 13. Te LipA activity assay screening for
the thiolated product 996.5 m/z. Activity assays
were performed using Te LipA (25 uM), Fe-Se
Te NfuA (325 uM), substrate (200 uM), SAM
(1 mM) and citric acid (1 mM). Te LipA (red
trace closed circles), Te LipA + Fe-Se Te NfuA
(blue trace closed squares).
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Figure 14. Te LipA activity assay
screening for the selenated product
1090.5 m/z. Activity assays were
performed using Te LipA (25 uM), Fe-
Se Te NfuA (325 uM), substrate (200
uM), SAM (1 mM) and citric acid (1
mM). Te LipA (red trace closed circles)
Te LipA + Fe-Se Te NfuA (blue trace
closed squares).



Te LipA-NfuA Binding Assays “

The goal of these experiments was to determine whether Te LipA- Te NfuA would form a
stable complex and if it does, we can employ X-ray crystallography to elucidate the structure of
this interaction. Analytical size exclusion column (SEC) chromatography was used to determine
whether Te LipA wt and/or Te NfuA wt/Ec Nterm-Te NfuA form a complex. Protein content of
each fraction was determined by SDS-PAGE. Fractions 22-26 correspond to Te LipA wt and
fractions 22-28 correspond to Te NfuA. Despite an overlap in elution fractions, the gel shows
individuals bands for the two proteins, suggesting they do not form a stable complex. If they
instead formed a protein-protein complex, we would have observed a leftward shift in elution
volume for the LipA peak, with bands for both proteins present on the gel. Previous studies in the
Ec system have shown that Ec NfuA’s N-terminal domain binds tightly with Ec LipA.% Te LipA
and NfuA do not appear to bind tightly and this distinction, again, could be due to lack of an N-

terminal A-domain in Te NfuA.
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2.3 Conclusion and Future Directions *
Conclusions

With Te LipA-NfuA system, we were able to identify the first system characterized to date
in which a truncated NfuA facilitates optimal turnover rates with its native LipA. Te LipA, in the
presence of Fe-Se Te NfuA, produces one equivalent of lipoic acid, suggesting that Te LipA is not
using the residual auxiliary cluster most efficiently for an additional turnover of lipoic acid. Size-
exclusion chromatography of the Te LipA-NfuA complex, and SDS-PAGE analysis of the protein-
containing fractions, shows weak binding affinity between the two proteins. The property is also
unique in contrast to Ec LipA and Ec NfuA, which bind tightly. These differences probably
ultimately arise from the ways in which Te LipA has adapted to use a NfuA lacking the N-terminal
A-type domain for multi-turnover activity
Future Directions

Now that we have established that NfuA promotes LipA’s multiturnover activity in the Te
system, we would next like to determine to the exact mode by which NfuA regenerates LipA’s
auxiliary cluster. We suspect two possible mechanisms after the first turnover: the hypothesized
residual auxiliary [2Fe-2S] cluster of LipA is used in a second turnover with the octanoyl substrate,
after which NfuA inserts a [4Fe-4S]?* cluster into the empty auxiliary site. Alternatively, the
hypothesized residual auxiliary [2Fe-2S] cluster of LipA is ejected into the solution, after which
NfuA inserts a [4Fe-4S]?* cluster into the empty auxiliary site. To distinguish between these two
options, we will perform an activity assay with **S-reconstituted NfuA and measure the ratio of
labeled/unlabeled sulfides in the lipoyl product for wt and variant enzymes. We will also continue
our efforts to use selenium, a common surrogate for sulfur, in reconstituting NfuA to regenerate
the auxiliary cluster in LipA. Selenium allows us to use x-ray crystallography to study the
intermediate state of the reaction. We will then collect anomalous diffraction datasets at the Se x-
ray absorption edge to track the location of Se in LipA crystals. This information could elucidate
the mechanism of auxiliary cluster transfer and assembly. The proposed methods are diagramed

in Figures 17 and 18 respectively.
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4S] auxiliary cluster regeneration.
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Chapter 3: Te LipA-Te NfuA G55C Interaction

Human NFU1 consists of two domains, an N- and a C-terminal domain. The latter contains
a highly conserved CXXC motif and is involved in the maturation of the iron-sulfur clusters on
the [4Fe-4S] target proteins such as LipA.2%% Homologs of human NFU1 have been implicated in
similar roles, involving both [2Fe-2S] and [4Fe-4S]?* cluster transfer, suggesting that both
functionalities are possible and potentially physiologically relevant.*® A G208C missense mutation
in the protein close to the iron-sulfur (Fe/S) cluster binding motif alters the region around the
cluster binding motif from GXCXXC to CXCXXC.?*4 Studies have demonstrated that the
mutation does not diminish the level of NFUL expressed inside the cell but the identification of
the global cellular effect of the NFU1 mutation shows marked decreases in protein-bound lipoic
acid in individual tissues.?® Despite the profound biological effects of this variant, we don’t
understand the influence of the mutation at the molecular level.*® Analytical ultracentrifugation
profiles for G208C NFU1 was monitored for sedimentation at 280 nm. Dimeric and higher order
structures constituted 65.5% of the total protein species suggesting that the variant increases the
propensity to oligomerize to impair downstream cluster trafficking.*® Since alternative in vivo
reconstitution pathways haven’t been identified, loss of LipA activity is most likely due to greater
protein oligomerization stemming from a minor structural change.

To understand the effects of this mutation on the structure and function of NfuA, we
generated a Te NfuA G55C variant and analyzed its properties and interaction with Te LipA wt as
it may offer insight into the requirement of for conserved glycine near the NfuA iron-sulfur cluster
binding motif for functional LipA-NfuA interaction. One concern with the G—>C variant is that it
simply results in misfolded protein that you can’t study biochemically. Given that NFU1 G208C
is implicated in defective maturation of mitochondrial Fe-S proteins, we performed spectroscopic
analysis, activity and binding assays to elucidate the variant’s cluster assembly, function, and
structure. We found that the G55C variant binds more iron per NfuA monomer, but it still promotes
additional lipoic acid production compared to the activity of Te LipA alone. Binding assays also
reveal separate elutions of Te LipA and Te NfuA G55C, suggesting weak binding, as found with
wt NfuA. To further validate the oxidation state and nuclearity of the iron-sulfur cluster in G55C

NfuA, we propose Mossbauer spectroscopic analysis in future work.
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3.1 Experimental Methods

Te NfuA G55C variant was purified as described for wt NfuA in Chapter 2. The Te NfuA
G55C variant was generated by site directed mutagenesis PCR by using pET28a Te NfuA wt as
the template (Appendix A.4). The variant was successfully expressed and purified (Appendix B4)
with the properties described below.
3.2 Results and Discussion

Prior to conducting any activity assays, we verified that introducing the G55C mutation
didn’t alter NfuA’s 4Fe-4S cluster. UV-vis spectroscopy and ICP were used to determine the
variant’s iron content. Figure 19 shows an overlay of Te NfuA wt and Te NfuA G55C UV-Vis
features. Both proteins share the characteristic 280 nm and 400 nm of other NfuA homologs. The
absorption peak at 400 nm corresponds to iron-sulfur cluster absorption bands. Observation of a
band at 400 nm in G55C NfuA indicates that this variant still contains NfuA’s Fe-S center,
however the variant has a more pronounced intensity. The 280:400 ratio for the wt is ~2 while for
the variant it is ~1.4. This pattern suggests that the variant assembles an Fe-S cluster with a greater
occupancy or different nuclearity than its wt counterpart. It is also possible that Te NfuA G55C
possess a different quaternary structure, which could be investigated further by x-ray
crystallography. An x-ray crystal structure of the variant protein could also shed light on the

requirement for a glycine at that position for protein/cofactor stability.
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UV-Vis Spectrum
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Figure 19. Te NfuA wt and G55C variant UV-vis spectra. ICP analysis reveals 2.29
Fe/monomer for Te NfuA G55C and 1.32 Fe/monomer for Te NfuA wt. UV-vis spectra were
normalized at 276 nm to best illustrate differences around 400 nm.

Activity Assay: Te LipA with Te NfuA G55C

Figure 20 compares the activities of the variant and wt NfuA with LipA wt. Te LipA alone
formed 3 uM lipoyl product. In the presence of Te NfuA wt, Te LipA formed 41 uM of lipoyl
product, which corresponds to ~14 turnovers. In the presence of Te NfuA G55C, Te LipA showed
22 UM of lipoyl product which corresponds to ~7 extra turnovers. This result was surprising
because the same mutation in human NFU1 leads to lethality. We expected Te NfuA G55C to
show no enhancement of activity on Te LipA, or perhaps to even inhibit LipA activity entirely.
Instead, our results show that Te NfuA G55C is still able to facilitate multi-turnover activity in Te
LipA albeit at a slower rate than the wt NfuA. Product formation by Te NfuA G55C supplemented
Te LipA was comparable to the levels observed with Ec N-term/Te NfuA fusion. This observation
also supports the idea that the Ec NfuA’s N-terminal domain has an inhibitory effect on Te NfuA
wit activity. We note that these activity results were based on single assay. Additional experiments

will need to be performed to validate our findings. In subsequent experiments, we also hope to
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address the low levels of overall activity observed in this assay. Of the 30 uM of Te LipA wt used,

only 3 uM product was observed. Because only 10% of the wt LipA enzyme fraction was active,

we will repeat the activity assays with fresh preparations of protein.
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Figure 20. Te LipA activity assay with different NfuA constructs showing lipoyl product (996.5
m/z) formation. Each assay was performed using Te LipA (25 uM), NfuA wt, Ec N-term-Te
NfuA fusion, or Te NfuA G55C (500 uM), substrate (200 uM), and SAM (1 mM) at room
temperature under anaerobic conditions. Te LipA + Te NfuA wt production formation (blue
trace closed squares). Te LipA + Ec N-term-Te NfuA product formation (green trace closed

diamonds). Te LipA wt product formation (red trace closed circles). Te LipA + Te NfuA G55C
product formation (black trace closed triangles).

Te LipA-NfuA Binding Assays

0 50

Size-exclusion chromatography analysis of Te NfuA G55C and LipA shows no leftward
shift in retention volume (Figure 21). We therefore conclude that no significant complex formation
occurs between Te LipA wt and G55C. Interestingly the variant NfuA elutes at 65 mL (30.5 kDa)
while the wt elutes at 77 mL (11.8 kDa) suggesting that the variant NfuA exists in a higher-order
oligomeric structure (Figure 21). When the elution profiles of 7e NfuA wt and G55C were
superimposed upon each other, both 7e NfuA wt and G55C have peaks at 65 mL and 77 mL, but
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the intensities differ. We speculate that 7e NfuA exists in a dynamic equilibrium between a

monomer and a higher-order oligomer, such as a dimer or trimer. 7e NfuA wt tends to mainly stay
in the monomer form which elutes at 77 mL and 7e NfuA G55C tends to stay in a higher oligomeric
form which elutes at 65 mL.(Figure 22). The difference in the partition between different
oligomeric forms could explain why 7e LipA + G55C NfuA gives a reduced rate of lipoic acid
product formation compared to 7e LipA wt + Te NfuA wt. If human G208C NfuA exibits similar

properties, this phenomenon could explain why the G=>C mutation leads to the lethality in vivo.

Te LipA | Te NfuA G55C binding assay
40+

35 / Te LipA + Te NfuA G55C

Te LipA
304 P

254

20+

15+

10

Absorbance (mAU)

Te NfuA G55C

50 55 60 65 70 75 80 85 90
Volume (mL)
Figure 21. Elution profiles of Te LipA and Te NfuA G55C binding assay using wt and G55C
Te NfuA. Retention volumes and calculated molecular weights on S200 column: Te NfuA wt
77 mL (11.8 kDa) and Te NfuA G55C 65 mL (30.5 kDa) compared to the theoretical 12.0 Kda)
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Figure 22. Superimposed elution profiles of Te NfuA wt and Te NfuA G55C.
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3.3 Conclusions and Future Directions

Conclusions

Te NfuA G55C variant exists in a higher-order oligomeric structure with a stable [4Fe-
4S)?* cluster. As in wt NfuA, the variant displays weak affinity towards Te LipA wt. The Te NfuA
G55C variant also facilitates multi-turnover activity in Te LipA wt, albeit at a slower rate than Te
NfuA wt.

Future Directions

In order to understand the form of iron bound to G55C NfuA and the basis for increased
retention of metal, we will analyze this protein by Mdssbauer spectroscopy. This method is
particularly useful for this objective because adventitiously bound Fe will have a different
characteristic spectrum than the Fe liganded by sulfurs in a [4Fe-4S] cluster, for example. Going
forward, I will generate ®'Fe- labelled Te NfuA G55C to accurately deduce the iron-sulfur cluster

composition using Mdssbauer spectroscopy. The proposed method is diagrammed in Figure 23.

Mossbauer Spectroscopy of Te NfuA G55C

>’Fe-S reconstitution 4 3’Fe{4S
g clustek
Apo Te NfuA Apo Te NfuA
wt/G55C wt/G55C

Figure 23. Proposed generation of *'Fe labeled Te NfuA G55C. The protein will be flash
frozen in liquid nitrogen and characterized by Mossbauer spectroscopy.
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Appendix A

Codon-Optimized Gene Sequences of Protein Constructs

1. Te LipA wt | Vector: pET26b
CATATGGCACTGAGCCGTCCGCTGCCGAGCTGGCTGCGTAAACCGCTGGGTAAAGCAAGCGAAA
TTAGCACCGTTCAGCGTCTGGTTCGTCAGTATGGTATTCATACCATTTGTGAAGAAGGTCGTTG
TCCGAATCGTGGTGAATGTTATGGTCAGAAAACCGCAACCTTTCTGCTGCTGGGTCCGACCTGT
ACACGTGCATGTGCATTTTGTCAGGTTGAAAAAGGTCATGCACCGGCAGCAGTTGATCCGGAAG
AACCGACCAAAATTGCAGCAGCCGTTGCAACCCTGGGTCTGCGTTATGTTGTTCTGACCAGCGT
TGCACGTGATGATCTGCCGGATCAAGGTGCAGGTCAGTTTGTTGCAACCATGGCAGCAATTCGT
CAGCGTTGTCCGGGTACAGAAATTGAAGTTCTGAGTCCGGATTTTCGTATGGATCGTGGTCGTC
TGAGCCAGCGTGATTGTATTGCACAGATTGTTGCAGCACAGCCTGCATGCTATAATCATAATCT
GGAAACCGTTCGTCGTCTGCAGGGTCCTGTTCGTCGTGGTGCAACCTATGAAAGCAGCCTGCGT
GTTCTGGCAACCGTTAAAGAACTGAATCCGGATATTCCGACCAAATCAGGTCTGATGTTAGGTC
TGGGTGAAACCGAAGCAGAAATTATTGAAACCCTGAAAGATCTGCGTCGTGTTGGTTGTGATCG
TCTGACCCTGGGCCAGTATCTGCCTCCGAGCCTGAGCCATCTGCCGGTTGTGAAATATTGGACA
CCGGAAGAATTTAACACCCTGGGTAATATTGCCCGTGAACTGGGTTTTAGCCATGTTCGTAGCG
GTCCGCTGGTTCGTAGCAGCTATCATGCAGCAGAAGGTGGTCATCATCACCATCATCATTAANN

Forward Primer
5’-TGTCCAGAGCTCCATATGGCACTGAGCCGTCCGCT-3’

Reverse Primer:
5’-GCTCCAGGTACCIIBBREB T TAATGATGATGGTGAT-3’

2. Te NfuA wt | Vector: pET28a
CATBFGAATGATCGTCCGCGTACCGTTACCATGGCAGCAACCCTGGAACTGAGCCAAGAAAATGTTGAAA
AAGTTCTGGATGAACTGCGTCCGTATCTGATGGCAGATGGTGGTAATGTTGAACTGGT TGAAATTGAAGG
TCCGGTTGTTCGTCTGCGTCTGCAGGGTGCATGTGGTGCCTGTCCGAGCAGCACCATGACACTGCGTATG
GGTATTGAACGTAAACTGAAAGAAAGCATTCCGGAAATTGCAGAAGT TCAGCAGGTTCTGTAA IS

Forward Primer:
5’-AAAAAAAAACATATGAATGATCGTCCGCGTACCGTTACC-3’

Reverse Primer:
5’-GCTCCAGGTACCIHIIBEAEB T TACAGAACCTGCTGAAC-3’
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3. Ec N-term NfuA-Te NfuA fusion | Vector: pET28a

CATATGATTCGCATTAGTGATGCAGCACAGGCACATTTTGCCAAACTGCTGGCAAATCAAGAAGAGGGCA
CCCAGATTCGTGTTTTTGTTATTAATCCGGGTACACCGAATGCAGAATGTGGTGTTAGCTATTGTCCGCC
TGATGCAGTTGAAGCAACCGATACCGCACTGAAATTTGATCTGCTGACCGCCTATGTTGATGAACTGAGC
GCACCGTATCTGGAAGATGCAGAAATTGATTTTGTTACCGATCAGCTGGGTTCACAGCTGACCCTGAAAG
CTCCGAATGCAAAAATGCGTAAAGTTGCAGATGATGCACCGCTGATGGAACGTGTTGAATATATGCTGCA
GAGCATGAATGATCGTCCGCGTACCGTTACCATGGCAGCAACCCTGGAACTGAGCCAAGAAAATGTTGAA
AAAGTTCTGGATGAACTGCGTCCGTATCTGATGGCAGATGGTGGTAATGTTGAACTGGTTGAAATTGAAG
GTCCGGTTGTTCGTCTGCGTCTGCAGGGTGCATGTGGTGCCTGTCCGAGCAGCACCATGACACTGCGTAT
GGGTATTGAACGTAAACTGAAAGAAAGCATTCCGGAAATTGCAGAAGTTCAGCAGGT TCTGTAA-
GGTACCTGGAGCACAAGACTGGCCTCATGGGCCTTCCGCTCACTGC

Forward Primer
5’-TGTCCAGAGCTCCATATGATTCGCATTAGTGATGCA-3’

Reverse Primer
5-GCTCCAGGTACCEIBERE T TACAGAACCTGCTGAAC-3’

4. Te NfuA G55C | Vector: pET28a

BEGAATGATCGTCCGCGTACCGTTACCATGGCAGCAACCCTGGAACTGAGCCAAGARAATGTTGARAAAG
TTCTGGATGAACTGCGTCCGTATCTGATGGCAGATGGTGGTAATGTTGAACTGGTTGAAATTGAAGGTCC
GGTTGTTCGTCTGCGTCTGCAGEGEGCATGTGGTGCCTGTCCGAGCAGCACCATGACACTGCGTATGGGT
ATTGAACGTAAACTGAAAGAAAGCATTCCGGAAATTGCAGAAGTTCAGCAGGTTCTGTAA IS

Forward Primer G55C mutant:
5’-GTTCGTCTGCGTCTGCAGTGTGCATGTGGTGCCTGTCCG-3’

Reverse Primer G55C mutant:
5’-AACCGGACCTTCAATTTCAACCAGTTCAACATTACC-3’



36

Appendix B

Induction and Purification SDS-PAGE Gels and UV-VIS Spectra

1. pET26b Te LipA wt Induction and Purification Gels
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Appendix B1. Induction (Left) and Purification (Right) of pET28a Te LipA wt (32.55 kDa).
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2. pET28a Te NfuA wt Induction and Purification Gels
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Appendix B2. Induction (Left) and Purification (Right) of pET26b Te NfuA wt (12.00 kDa).
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pPET28a Ec Nterm- Te NfuA wt fusion Induction and Purification
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Appendix B3. Induction (Left) and Purification (Right) of pET28a Ec Nterm-Te NfuA wt
(24.82 kDa).
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2. pET28a Te NfuA G55C Induction and Purification
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Appendix B4. Induction (Left) and Purification (Right) of pET28a Te NfuA G55C
(Theoretical weight: 12.00 kDa).
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3. pET28a Te LipA S283C Induction and Purification
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Appendix B5. Induction (Left) and Purification (Right) of pET28a Te LipA S283C
(Theoretical weight: 32.55 kDa).
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Appendix B7. Superimposed Te LipA wt and Te LipA S283C UV-vis spectrum (Normalised at
280 nm to see difference features at 400 nm). ICP-AES analysis reveals 5.77 Fe/protein for Te
LipA wt and 6.76 Fe/monomer for Te LipA S283C
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Figure B8. Se Te NfuA wt UV-VIS spectrum (red trace) superimposed with Apo Te NfuA (blue
trace) and Fe-S Te NfuA (green trace). Normalized at 276 nm. Post Se-reconstitution of Apo
Te NfuA a prominent shoulder at 400 nm, comparable to Fe-S Te NfuA, appears. ICP-AES
analysis of Fe-Se Te NfuA showed it had 1.22 iron/monomer and 0.101 selenium/monomer.
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Appendix C

Growth Media and Purification Buffers

Table C1. M9

Minimal Media

20X M9 Salts (4L) pH 7.4 Per 6L Flask
NazHPO4 136 g | 20X M9 Salts 200 mL
KH2PO4 60 g | ddH.O 3700 mL
NaCl 10g
NH4CI 209 | 1M MgSOq4 8 mL
NaOH 6g | 1M CaCl, 400 pL
KOH 79 | 20% D-Glucose 80 mL
ddH20 (to1L) 100 mg/mL Ampicillin 4 mL
50 mg/mL Kanamycin 4 mL

Table C2. Lysis Buffer

Reagent [1] [F] VVolume

Hepes pH 7.5 1M 50 mM 125 mL

KCI 25 M 300 mM 30 mL

Imidazole 2M 20 mM 2.5mL

BME 14.3M 10 mM 0.175 mL

H20 197.5 mL
Total 250 mL

Table C3. Wash Buffer

Reagent [1] [F] VVolume

Hepes pH 7.5 1M 50 mM 10 mL

KCI 25M 300 mM 24 mL

Imidazole 2M 20 mM 2 mL

BME 14.3M 10 mM 0.14 mL

Glycerol 50% 10% 40 mL

H-0 115.36 mL

Total 200 mL

Reagent [1] [F] Volume

Hepes pH 7.5 1M 50 mM 12.5mL

KCI 25 M 300 mM 30 mL

Imidazole 2M 500 mM 62.5 mL

BME 14.3 M 10 mM 0.175 mL

Glycerol 50% 10% 50 mL

H-0 10% 87.33 mL
Total 250 mL




Table C5. Gel Filtration Buffer
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Reagent [1] [F] Volume
Hepes pH 7.5 1M 50 mM 125 mL
KCI 25 M 300 mM 30 mL
DTT 2M 5 mM 5mL
Glycerol 50% 15% 75 mL
H-0 120 mL
Total 250 mL
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