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ABSTRACT

Iron-sulfur (Fe-S) clusters are inorganic cofactors found throughout all domains of
life. These clusters are often ligated to proteins allowing Fe-S clusters to participate in a
variety of essential processes such as oxidative respiration and photosynthesis. In
eukaryotes, Fe-S clusters are assembled by a multi-subunit protein complex, and the
synthesized clusters are subsequently distributed to target apoproteins. Specifically, in
human mitochondria, the cysteine desulfurase, NFS1, catalyzes the conversion of cysteine
to alanine and sulfane sulfur, which is transferred as a persulfide intermediate to acceptor
proteins. Unexpectedly, NFS1 forms a tight complex with the LYRM adaptor protein
(ISD11) and with the mitochondrial acyl-carrier protein (ACP). This complex is
responsible for the transfer of persulfide sulfur to ISCU2 where a [2Fe-2S] cluster can be
synthesized. Prior to these studies, little was known about the structure of the biosynthetic
subcomplex consisting of NFS1, ISD11, and ACP and how structural differences between
the eukaryotic and prokaryotic cysteine desulfurases might be linked to the frataxin (FXN)
activation requirement in the human system.

A variety of biochemical and biophysical approaches were applied to determine
structure-function properties for the human Fe-S cluster biosynthetic subcomplex (NFS1-
ISD11-ACP). We found that the human Fe-S cluster biosynthetic subcomplex displays a
unique, open cysteine desulfurase architecture that provides a structural explanation for
the complex’s low activity and demonstrates clear roles for ISD11 and ACP within

eukaryotic Fe-S cluster biosynthesis. Additional crystallographic, functional, and mass



spectrometry studies suggest the NFS1-ISD11-ACP subcomplex exists as a mixture of
forms in solution with distinct quaternary structures. We show that multiple species can
be separated by cation exchange chromatography and that all species, including those
generated by treatment with the substrate L-cysteine, are in equilibrium with one another.
Cation-exchange coupled small-angle X-ray scattering was used to investigate the
conformational landscape of the NFS1-ISD11-ACP subcomplex. These studies
demonstrated a unique species that has an extended conformation in solution upon
treatment with the substrate. Taken together, our studies provide evidence for a
morpheein-like regulatory model in which FXN stimulates the cysteine desulfurase and
Fe-S cluster assembly activities by driving a subunit rearrangement for the NFS1-1SD11-

ACP-1SCU2 complex.
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Figure 11.2 The architecture of a mitochondrial cysteine desulfurase. (A) Ribbon
diagram of the SDA structural architecture displayed with NFS1 (light
green), ISD11 (wheat), and ACP¢c (salmon) in two orthogonal orientations.
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Figure 11.3 Secondary structure and sequence alignment for NFS1. Aligned sequences
are displayed for Homo sapiens (H.s.) NFS1, S. cerevisiae (S.c.) Nfsl, and
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The Lys that covalently attached to the PLP (K258 in NFS1) and the Cys in
the mobile S-loop (C381 in NFS1) are highlighted in violet and sky blue
boxes, respectively. Amino acid labels in red are fully conserved, while
those in blue are conserved in at least 50% of the compared organisms.......... 39
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Figure 11.4 Secondary structure and sequence alignment for ISD11. Secondary
structure elements for ISD11 were mapped (similar to Fig. 11.3) to a
sequence alignment containing H. sapiens (H.s.), S. cerevisiae (S.c.), Mus
musculus (M.m.), Yarrowia lipolytica (Y.l.), and Neurospora crassa (N.c.).
Asterisks indicate residues targeted by mutagenesis studies. The LYR-motif
is highlighted with a green box. Blue X’s indicate the position of the last
residues built into the most complete chain for ISD11. Amino acid labels
indicate conservation level (red is fully conserved, blue is >50%
(010 ST V=T | RSP R 42

Figure 11.5 Structural and sequence comparison of ACPe with eukaryotic homologs.
(A) Structural overlay of ACPe (chain L, salmon) with human
mitochondrial ACP (plum; PDB code: 2DNW), which have a Co rmsd of
1.3 A for 66 atoms. (B) Secondary structures for human and E. coli ACP
were mapped to sequence alignments similar to Figs. 11.3 and 11.4. The
conserved serine that covalently attaches to the 4'-PPT is highlighted with a
green box, and the ISD11 interacting region is highlighted with an orange
box. Blue X’s indicate the position of the last residues built into the most
complete chain for ACPec. Amino acid labels show conservation level (red
is fully conserved, blue is >50% cONSErVed). ........cccevveveiieieeie e 44

Figure 11.6 ISD11-acyl-ACP interactions are critical for the formation of the SDAec
complex. (A) Simulated annealing-omit mF, - DFc map (gray mesh)
contoured to 3.0c revealed a lipid-bound 4'-PPT inserted into the
hydrophobic core of ISD11. The map was displayed with a 5 A region
padding. (B) ACPec interacts with ISD11 using electrostatic contacts and
interactions with the LYR motif. Residues labeled in red in A and B were
targeted for mutagenesis experiments in S. cerevisiae. Purified
mitochondria from the indicated strains (WT or TetO7-1SD11) were either
resolved by SDS/PAGE (C and D) or solubilized in 1% digitonin and
resolved by BN-PAGE (E and F). Cells were grown for 18 h in the presence
10 pg/mL DOX. The indicated proteins and protein complexes were
assessed by immunoblot. Low and high exposure indicates the intensity of
light used to scan the blot. LYRAAA is the triple alanine variant (L15A
Y16A K17A) of the LYR motif. EV is empty vector control. Porin is
included as a loading control. IB, immunoblot...........cccccooeviveieiieiiecece 45

Figure I1.7 ldentification of 4'-PPT conjugated fatty acids associated with the SDAec
complex. (A) Representative raw total ion chromatogram (TIC) for isolated
FAMEs from a transesterified sample of SDAc. Inset displays the retention
time of standard FAMEs (n = 2). (B) Representative TIC filtered by m/z =
73.5-74.5, a high probability fragment from electron ionization (EI) of
FAMEs. (C) A representative EI fragmentation pattern of the peak at t =

XV
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16.29 min (corresponding to a chain length of 16 carbons). Analysis of
unknown transesterified SDAe. samples were conducted in triplicate. ............ 46

Figure 11.8 Arg residues are important for ISD11 stability and interactions with
ACPec. (A) R29 forms hydrogen bonds to the backbone carbonyl oxygen
atoms of the F23-containing loop. NFS1 and ISD11 are displayed in light
green and wheat, respectively. The PLP is displayed as spheres and the
acyl-chain is shown in purple. Residues targeted by mutagenesis
experiments are highlighted in red. Purified mitochondria from the
indicated S. cerevisiae strains were either resolved by SDS-PAGE (B) or
solubilized in 1% digitonin and resolved by BN-PAGE (C). Cells were
grown for 18 h in the presence 10 ug/mL doxycycline. The indicated
proteins and protein complexes were assessed by immunoblot. The R32D
R40D R44D variant (equivalent to human R29D R37D R41D) is labeled

Figure 11.9 Two distinct NFS1-1SD11 interfaces are important for forming the SDAc
architecture. (A) Global overview of the primary NFS1-ISD11 interface
(ACP and lipid are omitted for clarity). ISD11 packs against No9, Na12,
and No2 helices of NFS1. (B) Specific interactions of the primary NFS1-
ISD11 interface (ACP omitted for clarity). The acylated 4'-PPT is shown in
purple. (C) Global overview of the secondary NFS1-ISD11 interface. ISD11
a3 has an antiparallel orientation compared with NFS1 Na2. (D) Specific
interactions of the second NFS1-1SD11 interface. The PLP is shown in
spheres. (E) The 4-helix bundle core of the SDAe: complex. Residues
labeled in red were tested in vivo using analogous substitution in S.
cerevisiae. Arrows show the polypeptide direction for the a-helices.

Purified mitochondria from the indicated strains were solubilized from cells
similar to Fig. 11.6 and resolved by SDS/PAGE (F and G) and BN-PAGE (H
and 1). EV, empty vector; IB, immunoblot............cccccooeiiirinieneece e 50

Figure 11.10 Eukaryotic cysteine desulfurases have conserved interfaces for binding
ISD11. Eukaryotic (n = 64) and prokaryotic (n = 45) group | cysteine
desulfurase sequences were aligned separately and sequence conservation
was mapped onto NFS1 for eukaryotes and onto IscS (PDB code: 3LVM)
for prokaryotes. The C-terminal region of NFS1, which likely interacts with
ISCU2, is also highly conserved. The equivalent highly conserved C-
terminal region for IscS is in a different conformation that is not visible in
this orientation. Consurf scores, indicating relative conservation, are
displayed inthe scale bar. ... 51

Figure 11.11 IscS and NFS1 have different quaternary structures. Ribbon diagram for
the IscS structure (top left, PDB code: 3LVVM) with subunits displayed in
pink and cyan. The PLP cofactors are displayed as spheres. NFS1 (green)

XVi
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aligned with the cyan subunit of IscS is shown on the top right. ISD11

(wheat) added to NFS1 interface 1 does not overlap with IscS (bottom left).

In contrast, the addition of ISD11 to NFS1 interface 2 is sterically precluded
by the second subunit (pink) of the IscS dimer (bottom right)..........c..ccce.... 54

Figure 11.12 Single particle reconstruction of the SDAe. complex with EM supports
the crystallographic architecture. (A) SDAec was reconstructed from EM
images of negatively stained specimens (isosurface contoured with dark
gray mesh). The SDAe. crystal structure (chains C, D, E, F, I, and L) fit well
into the EM density map. Subunits are colored as in Fig. 11.2. (B) The 3D
EM reconstruction does not match well with the architecture of the E. coli
IscS structure (subunits shown in light and dark pink)...........cccccoevvniiniienenen, 56

Figure 11.13 EM images of a negative stained specimen of SDA¢ were of sufficient
quality to produce a reliable 3D reconstruction of the complex. (A) A
representative area from a micrograph showing suitable particle distribution
and contrast of the negative stained specimen. Scale bar represents 100 nm.
(B) 2D class averages from all windowed particles. Each average panel is
235 A wide. Comprised of more than half of the total windowed particles,
the 45 well-defined classes that were retained for further image analysis are
highlighted in green. (C) Initial model (isosurface contoured with gray
mesh) generated from a subset of the class averages marked with yellow
dots in panel B. (D) Particles show a preferred orientation but are
sufficiently distributed to produce a complete reconstruction. Height and
color of the bars indicates number of particles assigned to a particular view
relative to reconstruction (dark gray mesh, also shown in Fig. 11.12). (E)
Plot of Fourier shell correlation (FSC) between reconstructions that were
calculated from independently refined half-sets of particles suggests a
nominal resolution of approximately 15 A. (F) Difference maps (positive in
green mesh, negative in red mesh) calculated by subtracting the fit SDAec
structure (subunits colored as in Fig. 11.2) from the EM density map (gray
transparent mesh). (G) Difference maps after subtracting the fit E. coli IscS
(PDB code: 3LVM) from the EM map. Note the substantial negative
difference density in the center of the IscS dimer indicating a poor match
with the EM density, whereas the SDAe: has only minor patches of negative
(012 0] | PP PRSPPI 57

Figure 11.14 The SDA¢. complex is a dimer in solution. Representative data for S200
size exclusion analysis of the SDAec complex (10 uM, 500 pL injection).
Inset shows the average Kay for standards (thyroglobulin 669 kDa,
apoferritin 443 kDa, 3-amylase 200 kDa, alcohol dehydrogenase 150 kDa,
albumin 66 kDa, carbonic anhydrase 29 kDa) run in triplicate. Duplicate
runs of blue dextran were used to determine the void volume. ........................ 59
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Figure 11.15 NFS1-ISD11 variants result in the loss of FXN-based stimulation for the
cysteine desulfurase activity. The methylene blue assay was conducted for
cysteine desulfurase activity in the presence of 100 uM cysteine, 0.5 uM
SDA« (or corresponding variant), 4 mM D,L-DTT, 10 uM PLP, and 1.5
uM ISCU2 and FXN (when included). Reactions were quenched after 6
min, sulfide was quantified, and initial rates were determined. Standard
deviations represent the error in triplicate measurement. SDAecUF
corresponds to the SDAec complex that also includes ISCU2 and FXN. ......... 61

Figure 11.16 Comparison of the active sites for NFS1 and IscS. The NFS1 (A) and
IscS (B) active sites displayed in a similar orientation reveals comparable
intrasubunit interactions with the PLP. Intersubunit interactions (S40-N35
loop, green; GGG motif purple, other residues from second subunit
including T243, magenta) also contribute to the active site for IscS (PDB
code: 3LVM) that are not present in NFS1. Simulated annealing - omit mFo-
DFc map contoured to 3.0c (grey mesh) is shown for the PLP-K258 of
NFS1. The map was displayed with a 5 A region padding. ..........ccceceurvvevnnee, 63

Figure 11.17 The PLP is solvent exposed in the SDAe. complex and buried in the IscS
structure. (A) Surface view of NFS1 active site reveals that it is shallow and
solvent exposed. Inset shows a stereo view of the active site with the PLP
(yellow). (B) The formation of the IscS dimer buries the PLP between the
monomeric units. (C) Stereo view of the IscS substrate tunnel (top right),
and a surface clip of the dimer interface displaying the depth of the
substrate tunnel (BOttOM Fight).......ccooviiii e, 64

Figure 11.18 Hydrogen bonding network between the acyl-chain and PLP active site
for the SDAec complex. Conserved residues on NFS1 provide a relay of
hydrogen bonds that propagate between the Lys-bound PLP cofactor
(carbons in yellow) and the acyl-chain of the 4'-PPT (magenta). The
cysteine substrate (carbons in magenta) was modeled into the active site
based on a substrate bound SufS structure (PDB code: 5DB5). Residues
connecting disordered mobile S-loop are shown in hot pink. ..........c..ccoeenneen 66

Figure 11.19 Modeling suggests the relative positions of the scaffold subunits are
different in the NFS1-1SD11-ACPe-ISCU2 and IscS-IscU structures. The
interactions between the NFS1 subunit of the SDAe. complex and ISCU2
were modeled (left) based on the analogous interactions in the IscS-IscU
structure (PDB code: 3LVL, FIgNt). ....ccooiiiiiieiiiiieeeeee e 70

Figure 11.20 Proposed assembly pathways for generation of the IscS and NFS1-
ISD11-ACP¢ architectures. IscS (PDB code: 3LVM) assembles as a tight
homodimer (left). NFS1-ISD11-ACPec assembles via a monomeric pathway
utilizing two NFS1-1SD11-ACPec units to produce the final complex (right). 72
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Figure 11.21 LYR-ACP interactions identified in the SDAec complex appear
conserved for the LYR superfamily of proteins. (A) Structural overlay of
ISD11-ACP(wheat and salmon) with LYRM3-ACP (limon and deep
salmon) and LYRM®6-ACP (sand and warm pink) from bovine complex |
(PDB ID code 4UQ8).(B) Sequence conservation of the 11 human LYR
proteins mapped onto ISD11-ACP of the SDAe. structure. Similar sequence
conservation of ACPec and human mitochondrial ACP is also mapped to
ISD11-ACP. Consurf scores, indicating relative conservation, are displayed
INThE SCAIE DA, ..o 74

Figure 11.22 Anomalous data identifies positions of selenium atoms in the structure of
NFS1. Regions near the (A) PLP (yellow spheres) and (B) 4'-PPT (purple
spheres) are displayed for the SDAe complex. Ribbon diagrams for NFS1
(light green), ISD11 (wheat), and ACPe¢c (salmon) are displayed with
anomalous difference electron density contoured at 6.0c (black mesh)........... 80

Figure 111.1 Comparison of open (SUSR.pdb) and closed (5SWGB.pdb) architectures
of NFS1-I1SD11-ACPec. (A) Monomeric assemblies of 5USR.pdb and
S5WGB.pdb were aligned in Chimera using MatchMaker. The following
colors were used for specific subunits: ISD11 (tan), ACP (salmon), NFS1
(5USR.pdb, light green), and NFS1 (5SWGB.pdb, turquoise). Cofactors were
colored as follows: pyridoxal 5’-phosphate (yellow) and S-dodecanoyl-4’-
phosphopantheine (purple). (B) Display of the open architecture
(5USR.pdb). (C) Display of the closed architecture (5SWGB.pdb). (D) The
two dimeric architectures from B and C were aligned in Chimera using
MatchMaker to demonstrate clear clashes amongst subunits of the overlaid
STTUCTUTES. ..ttt ettt ettt et e ke et e e et e e s e e ennneeennes 91

Figure 111.2 Michaelis-Menten kinetic plots for cysteine turnover by different
preparations of SDAe in the presence of ISCU2, FXN, and Fe?". (A) SDAec
prepared by the Barondeau method. (B) SDAec prepared by the Cygler
method. All assays were conducted at pH = 7.5 and 37 °C using 0.5 uM
SDAec, 1.5 UM ISCU2, 1.5 uM FXN, and 5 UM Fe?*.......ccovovvvrcereeererenne. 95

Figure 111.3 Small-angle X-ray scattering data processing for SDAec. (A) Overlay of
average buffer (100 mM sodium phosphate, 500 mM NacCl, 2 % glycerol, 2
mM TCEP, pH = 8.0) and a single frame from a 1 mg/mL SDA in the
corresponding buffer. Inset demonstrates overlap of buffer and sample at
high g. (B) Overlay of subtracted scattering curves. Inset demonstrates
concentration dependent oligomerization. Negative intensities are not
shown. (C) Kratky plots for SDAec at multiple concentrations. Inset displays
Guinier plots demonstrating concentration dependent oligomerization. (D)
Pair distribution functions for SDAec samples. Low g region was truncated
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based on Guinier analysis, and the high g region was truncated to 8/Rg prior
to pair distribution analysiS...........ccocveiiiieieee e 97

Figure I11.4 Comparison amongst published scattering curves. Intensities are plotted
on a logarithmic scale. Comparison between the scattering curve published
by Markley et al and our preparation SDAec in 100 mM sodium phosphate,
500 mM NacCl, 2 % glycerol, 2 mM TCEP, pH =8.0. .....ccccovevvvieiieircien 100

Figure I11.5 Comparison of previously determined negative stain electron microscopy
envelope to the scattering curve of SDAec. (A) Theoretical scattering curve
(red) derived from EM2DAM by varying threshold level of map with
following refinement in DAMMIN. Fit of the refined dummy atom model
to the experimental scattering curve (black, X? = 2.93, Qrange = 0.0153 —
0.217). Negative intensities are not shown. (B) Fit of 5USR.pdb to the
refined dummy atom model contoured to 20 A in Chimera. Model is
colored as described in Fig. I11.1. (C) Fit of 5WGB.pdb to the refined
dummy atom model contoured to 20 A in Chimera. Model is colored as
described in Fig. HELL. ..o 102

Figure 111.6 3D ab initio reconstructions from experimental SAXS data. Models for
open (5USR.pdb) and closed (5WGB.pdb) were superimposed with the map
(contoured to 20 A) using Chimera with the fit in map command. (A)
Overall reconstructions using 20 models provided a normalized spatial
discrepancy of 1.308 implying significant differences amongst models. (B)
Overall reconstructions using a clustering approach. When 15 models were
averaged a normalized spatial discrepancy of 0.912 was achieved. The
remaining 5 models were also averaged providing a normalized spatial
discrepancy of 0.753. The fits are ambiguous. Models are colored as
described in Fig. HLL. ..ot 105

Figure 111.7 Atomic modeling of SDAe SAXS data using FoXS. (A) Fits of SDA«c
dimers from available crystal structures to the experimental data. (B) Fits of
SDAec dimers from the available cryoEM structure of SDAeUF. Open
SDAec was generated by Ca alignment of the two NFS1 subunits available
in the cryoEM model to the two NFS1 subunits in SDAec dimer available in
5USR.pdb. (C,D) AllosMOD-FoXS simulations at 300K that remain close
t0 the INPUL T0 the STTUCTUNE. ...c..oiviiiiiecee e 108

Figure 111.8 Various crystal forms of SDAec prepared by different methods.................. 111

Figure 111.9 Cysteine desulfurase activities from isolate crystals in the open and
closed forms. Single crystals of both open and closed architectures were
isolated. The ability of the isolated crystals to turnover cysteine was
evaluated both in the presence and absence of ISCU2, FXN, and Fe?*. ........ 114
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Figure 111.10 Native ion-mobility mass spectrometry analysis of SDAec. (A) Kinetic
exchange of tagged “*N-SDAec dimer (**N*N) and °N-SDAec (*°*N*°N)
dimer using a 1:1 ratio. The Y axis is shown as the amount of exchanged
dimer (**N**N) divided by the sum of unexchanged dimer (**N**N and
BNN). (B) Native IM-MS spectrum of SDA.: shows two major species.
The high/low arrival time (extended/compact) species are circled by
white/yellow dashed lines respectively. (C) Native IM-MS spectrum of
SDA¢cU shows two major species. The high/low arrival time
(extended/compact) species are circled by white/yellow dashed lines
respectively. (D) Native IM-MS spectrum of SDAUF shows single major
SPIECIES. .ttt etttk b bbbt bbb 116

Figure I11.11 lon mobility of all SDAe/SDAU/SDAUF species. (A) IM plot of all
species. The high/low arrival time (extended/compact) species are circled
by white/yellow dashed lines respectively. (B) IM spectra of all species.
SDAec shows two major species (untagged SDAec shows only extended/high
arrival time species); SDAeU shows two major species, with potential
intermediates not resolvable. SDA«.UF shows a single dominant species.....119

Figure 111.12 Two conformations of SDAec exist after charge reduction. IM-MS
spectrum of tagged SDA¢c in (A) 200 MM ammonium acetate, pH = 8.5 (B)
200 mM ammonium acetate, 20 mM triethylammonium acetate, pH = 8.5
are shown. The charge reduced (high m/z) species in (B) still retains two
conformations. The high/low arrival time (extended/compact) species are
circled by white/yellow dashed lines respectively...........ccocoorniiniiinnen, 121

Figure I11.13 Part 1 of engineering of an enhanced closed SDAec dimer. (A) Q64 on
subunit A of 5USR.pdb (open SDA) participates in a hydrogen bonding
network which produces a unique N-terminus conformation. (B) S10
participates in a hydrogen bond with Q183 of IscS (3LVM.pdb) to generate
a compact N-terminus conformation. (C) The unique N-terminus
conformation in the open SDAe: generates clashes with the second subunit
of IscS (white) in an overlay of the two structures in A and B. Residues
NFS1 (light green) are shown in salmon that would participate in the clash
with an IscS (white) like dimer. NFS1(Q64S) is predicted to alleviate the
clash present at the N-terminus of a closed (IscS-like) architecture. ............. 123

Figure 111.14 Part 2 of engineering of an enhanced closed SDAec dimer. (D) In the
closed SDA¢ structure (5WGB.pdb), P299 and L300 form vanderwaals
interactions at the dimer interface. (E) In the IscS structure (3LVM.pdb),
H247 and Q248 form strong hydrogen bonding interactions at the dimer
interface. NFS1(P299H, L300Q) is predicted to stabilize a closed
ATCNITECTUTE. L.t 124
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Figure 111.15 S(Q64S, P299H, L300Q)DAe: (SHQ) variant has inherently higher
activity than SDAec. (A) Michaelis-Menten kinetics (Km = 15.9 + 0.6 pM,
Keat = 2.02 + 0.02 min™) of the SHQ variant. (B) Variation of the
concentration of SHQ while keeping cysteine concentration at 1 mM leads
to a linear increase (R?- 0.9977) of the activity with a slope of 2.16 + 0.03.
The plot is shown on a lin-log scale in order to provide an even distribution
of SHQ concentration points within the visual. The determined slope is
consistent with the determined kcat value (2.02 £ 0.02). (C) Comparison of
Kcat OF SDAc and the SHQ variant. (D) FXN in the presence of ISCU2
activates the SHQ variant to the SDAecUF level but FXN binds weakly to
the SHQ variant (Kp = 3.8 £ 0.6 compared t0 0.22 £ 0.05).........cccoovrvvvenne 125

Figure 111.16 IscS and (IscS-IscU)2 have single conformation. Single major species of
(A) IscS (B) (IscS-IscU): (circled by white dash line) are observed using
NALIVE IM-IVIS ... o ae e 127

Figure 111.17 Morpheein model for the Fe-S cluster biosynthetic subcomplex. ............ 130

Figure 1V.1 Cation exchange chromatography of SDAec in the absence and presence
of L-cysteine. All 280 nm traces are show in red. Buffer B gradient is
displayed in grey dashed lines. (A) 30 uM injection of SDAec onto a Mono
S 5/50 GL column and elution by step gradient identifies three speceis. (B)
Peak 3 in panel A was isolated and concentrated to approximately 400 puL
and diluted to 1 mL with buffer A prior to re-injection. All species
identified in panel A re-appear. (C) 30 uM injection of SDAg in the
presence of 10 mM L-cysteine shows a re-distribution of peaks in
comparison to panel A. (D) Peak 2 in panel C was isolated and concentrated
to approximately 400 uL and diluted to 1 mL with buffer A prior to re-
injection. All species identified in panel C re-appear...........cccccovvvrirnnnennnn, 153

Figure 1V.2 Cation exchange chromotagraphy of various SDA¢c variants on the
beamline setup. Buffer B gradient is shown in grey dotted line. (A)
Injection of 1 mL, 30 uM SDA« in the absence and presence of L-cysteine
shows identical distribution observed in Figure 1V.1. (B) Injection of 1 mL,
30 uM R68L in the absence and presence of L-cysteine displays a single
species and no population re-distribution in the presence of L-cysteine. (C)
Injection of 1 mL, 30 uM SHQ in the absence and presence of L-cysteine
shows similar behavior to wild-type in panel A. (D) Comparison of wild-
type and SHQ in the absence of substrate shows an enhancement in peak 2
and depletion in peak 3 suggesting a population change in the SHQ variant. 155

Figure 1V.3 lon-mobility mass spectra of SDAec and corresponding variants used in
this study. (A) Spectra of 10 uM wild-type shows two clear species. (B)
Spectra of 10 uM SHQ shows two clear species with an enhancement in the
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species with smaller arrival time in comparison to wild-type. (C) Spectra of
10 UM R68L SNOWS ONE SPECIES. ...c.vverveerreirieieeiesiee e steeste e sre e srae e 157

Figure 1V.4 Integrated intensity versus frame for the cation exchange coupled small-
angle X-ray scattering setup prior to blank subtraction show identical
distribution of species eluting from the column with respect to UV-visible
tracking in Figure 1V.2. (A) Comparison of wild-type to blank runs before
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CHAPTER |
INTRODUCTION AND LITERATURE REVIEW
Iron-Sulfur Clusters: Early Discovery

The first report of a possible iron-sulfur (Fe-S) protein was published in 1949 by
Otto Warburg in which the carbon-monoxide (CO) inhibited photoactivation spectrum of
hydrogenase was measured.® 2 This spectrum had a uniquely lower extinction coefficient
(10°) at 436 nm which was typical of other small molecule Fe-S species and unlike the
typically observed extinction coefficient for CO treated heme compounds (10%).1:2 While
this work was not immediately pursued, it laid the ground work for the possibility of
additional inorganic based protein cofactors. Subsequent reports of unique enzymes which
could aid in the reduction of substrates in the absence of heme or flavin cofactors appeared
in the late 1950s and early 1960s.>° These reports crucially identified early ferredoxins
which provided the foundation for the identification of Fe-S clusters as not only
biologically relevant, but also essential protein cofactors that function in a variety of
different pathways including photosynthesis and oxidative respiration.® ’

As research progressed in the Fe-S cluster field, the chemistry of Fe-S cluster
ligand spheres, geometries, and stoichiometries was defined, and the widespread use of
these cofactors in different metabolic and biosynthetic pathways was uncovered. In
addition to the roles of these Fe-S proteins, there was great interest in the acquisition of
the cofactor itself by the target protein. While Fe-S enzymes can be reconstituted in vitro
by the addition of inorganic sulfide, ferrous/ferric iron, and free thiols,® 8 ° the

concentration of these reagents in vivo would be toxic to the host organism and would lead

1



to oxidative stress via Fenton chemistry’® or inhibition of respiratory complex IV.}
Therefore, the investigation of a unique biosynthetic system for the synthesis of Fe-S
clusters was thoroughly sought-after by many labs starting in the early 1990s.

Here we aim to broadly cover different types of Fe-S clusters and their synthesis.
We will cover the three major Fe-S cluster biosynthetic pathways. We will first cover the
early discoveries of the nitrogen fixation (NIF) and iron-sulfur cluster (ISC) pathways in
prokaryotes. Next, we will address the SUF pathway in prokaryotes. Finally, our primary
focus will be on the ISC pathway in eukaryotes with an in-depth discussion on the
individual protein components involved in mitochondrial Fe-S cluster biosynthesis.
Forms and Function

Fe-S clusters are protein cofactors formed by iron and inorganic sulfide. These
clusters are often ligated to proteins by cysteine or histidine sidechains (Figure 1.1).
However, there are instances where these clusters can be ligated by other amino acid side-
chains such as serine!? and aspartic acid!® or even by the protein backbone amide
nitrogen.'* Fe-S clusters are also present in a variety of different iron-to-sulfide
stoichiometries. Given the wide range of Fe-S cluster forms and ligation environments,
the delocalization of electron density over the iron and sulfide atoms primes these clusters
for a wide range of physiological functions such as electron transfer and substrate

activation.



[2Fe-2S] Rieske
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Figure 1.1 Structures of classical iron-sulfur clusters. Figures were prepared using
PyMOL v 1.3 using the following PDB I1Ds 3WCQ, 3DQY, 5D8V, and 1PC4. Atoms
are colored in the following way: iron (orange), sulfur (yellow), and carbon (green).
Coordinate covalent bonds are shown as white sticks, and backbone protein atoms have

been removed for clarity.



Classical Iron-Sulfur Clusters

The most common forms of Fe-S clusters are [2Fe-2S]*?*, [3Fe-4S]*, and [4Fe-
4S]*2*B3* where Fe?*®* jons are tetrahedrally coordinated by protein sidechains and
bridging sulfide ligands (Fig. 1.1).1>*8 The variability in geometric form, electronic state,
first coordination sphere, and surrounding protein environment tunes the redox and
binding properties of the cluster for their physiological purpose. One of the classical
examples of Fe-S cluster function is within ferredoxins. Ferredoxins often contain [2Fe-
2S], [3Fe-4S], or [4Fe-4S] clusters. Ferredoxins with [2Fe-2S] clusters with redox
potentials centered around -320 mVv?Z 1% 2 can be found in a variety of different
biosynthetic pathways including Fe-S cluster and steroid biosynthesis in humans.?! These
clusters are often ligated by cysteine residues; however, the Rieske type ferredoxin
coordinates one of the iron atoms in the cluster with two histidine ligands (Fig. 1.1). This
shifts the redox potential of the cluster from about -50 to +400 mV/2% 22 where, for example,
it is used in the oxidation of ubiquinol and reduction of cytochrome ¢ within respiratory
complex 11 for oxidative phosphorylation.?? 2 On the other hand, [4Fe-4S] containing
ferredoxins have reduction potentials centered around -500 mV for the +2 to +1 couple
and +300 mV for the 3+ to 2+ couple.? 1% 2024 Interestingly, there are also polyferredoxins
which can reach redox potentials close to -700 mV.? 1% 25 |astly, there exist unique
situations where ferredoxins contain [3Fe-4S] clusters shifting the reduction potential of
these clusters towards -100 mV.? ¥ Although ferredoxin is the prototypical electron
transfer example for these cluster types, these cluster forms can also be found within a

variety of different enzymes such as hydrogenase,?® acetyl-CoA synthase carbon



monoxide dehydrogenase,?’ sulfite reductase,?® and respiratory complexes?® where they
function as electron wires to the active site cofactor.

While classical Fe-S clusters can function in electron transfer, they can also
function in substrate binding. Aconitase is a prime example where one iron atom in its
[4Fe-4S] cluster does not have a cysteine ligand donated from the protein, but instead,
directly ligates its substrate citrate for isomerization to isocitrate.>® 3! In mammals, an
additional form of aconitase, otherwise named iron-regulatory protein 1 (IRP1), can be
found in the cytosol. Under iron deplete conditions, IRP1 no longer contains an Fe-S
cluster and binds to iron regulatory elements on mRNA.3? This IRP1 binding stabilizes
MRNA for receptors involved in cellular iron import and represses translation of mMRNA
for proteins such as the iron storage protein ferritin.® 3

An additional example of [4Fe-4S] cluster enzymes is the radical S-adenosyl
methionine (SAM) superfamily. These enzymes utilize an open coordination position on
an iron atom of the cluster to coordinate SAM via the carboxylate and amine moieties of
the methionine. Upon reduction of the cluster, the donated electron is injected into SAM
causing a homolytic cleavage between the S-C(5’) bond generating a deoxy-adenosyl
radical, which can act as a powerful oxidant and commonly functions in hydrogen atom
abstraction either on the parent protein or the target substrate.®® Fascinatingly, some
members of the radical SAM family, biotin synthase (BioB)** and lipoyl synthase
(LipA),*2 have been shown to use an additional auxiliary Fe-S cluster as a sulfur donor to

the substrate after hydrogen atom abstraction by the deoxy-adenosyl radical. The radical



SAM family of enzymes is a clear example of the richness in chemistry that can be
achieved by utilizing Fe-S clusters.

Finally, classical Fe-S clusters can function in regulation and structure
stabilization. Proteins such as SoxR and IscR utilize [2Fe-2S] clusters as sensors for
regulatory purposes. For example, under oxidative stress, the cluster on SoxR becomes
oxidized, a conformational change occurs, and the transcription of SoxS follows.® SoxS
is a transcriptional activator of the superoxide response regulon in Escherichia coli.®® The
function of IscR will be discussed later in the text. Another intriguing form of regulation
occurs within fumarate nitrate reduction regulator (FNR) in which reversible degradation
of its [4Fe-4S] cluster under oxygen-rich conditions generates both the [2Fe-2S] and apo-
forms of the enzyme. The active form of the enzyme contains a [4Fe-4S]%* cluster which
binds to DNA and turns on the expression of anaerobic metabolic genes. Degradation of
this cluster causes the loss of FNR activity and subsequent activation of aerobic metabolic
genes.3”* In reference to structural based regulation, endonuclease 111 and MutY utilize a
[4Fe-4S] cluster to place a specific set of basic residues for their interaction with the
negatively charged phosphate backbone of DNA.*% 4! While initial work suggested that
the cluster undergoes no oxidation or reduction and serves no catalytic role in these cases,
work by the Barton lab has suggested that these types of enzymes utilize the Fe-S cluster
to localize and repair DNA damage via a charge transport mechanism that is dependent
on the redox state of the cluster.*?

Clearly, classical Fe-S clusters serve a variety of catalytic purposes from electron

transfer to substrate binding and activation. In addition, these clusters can use their redox



properties to activate or inactivate the parent proteins’ regulatory purposes. Lastly,
enzymes can also use Fe-S clusters as structural motifs to facilitate binding interactions.
Therefore, these clusters are valuable cofactors in the context of their host organisms.
Unique Iron-Sulfur Clusters

Fe-S clusters also come in more complex stoichiometric and geometric forms.
Sulfite reductase (Fig. 1.2A) utilizes a [4Fe-4S] cluster to transfer electrons directly to a
siroheme for the six electron reduction of sulfite to hydrogen sulfide.?® Carbon monoxide
dehydrogenase (Fig. 1.2B, figure generated prior to structural determinations)’ utilizes a
[3Fe-4S-Ni] cluster coupled to a dangling iron atom to achieve the oxidation of carbon
monoxide to carbon dioxide.?” 4> 4 Lastly, nitrogenase uses two multi-nuclear Fe-S
clusters for the reduction of nitrogen to ammonia (Fig. 1.2C,D)." ** While these complex
reactions all require the presence of complex Fe-S clusters, how these clusters are
synthesized and delivered to targets in vivo generated a large amount of interest within the
bioinorganic community. The remainder of this chapter will discuss Fe-S cluster

biosynthetic pathways.
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Figure 1.2 Structures of unique iron-sulfur cluster active sites. Cofactor structures
are represented by ball and stick for the following enzymes (A) sulfite reductase (B)
carbon monoxide dehydrogenase (C-cluster) prior to structure determinations (C)
nitrogenase (Mo-Fe cofactor), and (D) nitrogenase (P-cluster). From “Iron-Sulfur
Clusters: Nature's Modular, Multipurpose Structures” by Beinert, H., Holm, R. H., and
Munck, E., 1997. Science, 277, 653-659. Reprinted with permission from The
American Association for the Advancement of Science. Copyright 1997 by The
American Association for the Advancement of Science.



Nitrogen Fixation (NIF) Iron-Sulfur Cluster Biosynthetic Pathway

The first discovery of an Fe-S cluster biosynthetic pathway was reported in 1989
by Dennis Dean and co-workers when attempting to elucidate the maturation of
nitrogenase cofactors. Key sequencing experiments and genetic knockouts in Azotobacter
vinelandii revealed fifteen genes specific to the nif operon that could play a potential role
in the maturation process.*® The first indication that these genes were involved in Fe-S
cluster biosynthesis and maturation of nitrogenase came from genetic knockouts of nif
specific genes, nifS and nifU, which generated iron (Fe) and molybdenum-iron (MoFe)
nitrogenase proteins containing lower levels of activity.*® 4’ Recombinant production of
NifS revealed a homodimeric enzyme that contained a pyridoxal 5’-phosphate (PLP)
cofactor and was capable of converting L-cysteine to L-alanine and hydrogen sulfide in
the presence of the reductant dithiothreitol (DTT).*® Further enzymology, including
inactivation studies by alkylating agents, and structural studies demonstrated that NifS
contains a catalytic mobile-loop cysteine that is required for the desulfurization of cysteine
and generation of a persulfide intermediate.*¢->

In order to achieve maturation of the Fe and Mo-Fe proteins in nitrogenase, the
persulfide sulfur from NifS would need to be delivered to a downstream acceptor protein
where an Fe-S cluster could ultimately be synthesized. The idea that NifU could be an Fe-
S cluster scaffold was plausible as it had already been shown that the MoFe-cofactor was
synthesized separately from the target polypeptide.>! %2 Subsequent robust spectroscopic
and functional characterization of NifU demonstrated that it was capable of forming a

[2Fe-2S]°% > and that the NifS persulfide sulfur was the source of the inorganic sulfide.*



In fact, when in the presence of NifS and NifU, the Fe-protein of nitrogenase could be
activated thereby demonstrating the potential implications of an Fe-S cluster assembly
system and intermediate scaffold.>®

Iron-Sulfur Cluster (ISC) Biosynthetic Pathway in Prokaryotes

Biochemical studies on A. vinelandii cells grown under conditions not requiring
nitrogen fixation (nifS deletion) and small sequencing efforts revealed the presence of an
additional cysteine desulfurase that could participate in Fe-S cluster biosynthesis.>” These
genes were proposed to be the general house-keeping proteins involved in the biosynthesis
and delivery of Fe-S clusters to targets not involved in nitrogen fixation. Significant
breakthroughs in genome sequencing then allowed for the further identification of these
house-keeping genes in E. coli,®® Hemophilus influenza,®® Saccharomyces cerevisiae,®
and Homo sapiens.®” % There are eight genes (Fig. 1.3)% within the isc operon of E. coli,
many of which have been thoroughly characterized.

The first gene in the operon encodes for the transcriptional regulator IscR which
binds a [2Fe-2S] cluster and represses the isc operon. However, under oxidative stress or
iron limiting conditions, the apo form of IscR transcriptionally activates the suf Fe-S
biosynthetic operon to protect Fe-S assembly under high O conditions (to be discussed
below).53-% The second gene in the isc operon encodes for the PLP dependent cysteine
desulfurase 1scS.%¢ IscS is a group | cysteine desulfurase and shares high sequence
similarity with NifS.%" %7 Like NifS, IscS delivers persulfide sulfur to the next gene product
IscU where [2Fe-2S] cluster assembly occurs.®® % An additional gene product from this

operon, ferredoxin (Fdx), has been proposed to be the electron donor for this process.’®"
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Interestingly, this operon contains two additional gene products with relatively unknown
functions, IscA and IscX. IscA has been proposed to be an iron donor’*™ and an
intermediate scaffold which can functionally reconstitute ferredoxin’s [2Fe-2S] cluster.”®
8 On the other hand, IscX has been proposed to be an iron donor.” & Additionally, this
operon features two chaperones HscB and HscA which play a role in cluster transfer from
IscU to target proteins via an unknown structural perturbation mechanism.88% An
additional gene, CyaY, which does not appear in the isc operon, has been shown to interact
with I1scS® & and act as an inhibitor of Fe-S cluster biosynthesis in vitro.8 8 87

Additionally, CyaY has also been suggested to be an iron donor.”* 84
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Figure 1.3 Depiction of the isc operon of E. coli including x-ray crystal structures.
Reprinted from “Hybrid Methods in Iron-Sulfur Cluster Biogenesis” by Prischi, F., and
Pastore, A., 2017. Front. Mol. Biosci. 4, 1-13. Copyright 2017 by Prischi and Pastore
which is covered under the open-access terms of the Creative Commons Attribution
License (CC BY 4.0). The original work can be found here:
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Sulfur Assimilation (SUF) Iron-Sulfur Cluster Biosynthetic Pathway

While some [2Fe-2S] clusters are oxygen stable undergoing a single oxidation
event, [4Fe-4S] clusters tend to degrade rapidly in the presence of oxygen. Some
prokaryotic organisms utilize a specialized Fe-S cluster biosynthetic pathway to generate
clusters in these instances. An additional Fe-S cluster biosynthetic pathway in E. coli was
discovered upon mutation of the sufD and sufS genes.®® SufS is a group Il cysteine
desulfurase featuring a shorter mobile loop and an additional B-hairpin at the dimer
interface of the functional homo dimer.8® % These mutants showed defects in the ferric
iron reductase FhuF which is a [2Fe-2S] cluster containing protein.®® Unlike the isc
operon, the suf operon is not essential under normal growth conditions and serves as a
redundant method for the generation of Fe-S clusters.®® The operon is activated under
oxidative stress conditions®? and features a unique Fe-S cluster assembly scaffold in which
persulfide sulfur on SufsS is transferred to an intermediate persulfide scaffold, Sufg,® %
and then to the assembly complex composed of SufB, SufC, and SufD.** % SufA has been
proposed as an intermediate cluster scaffold/transfer protein.®® Mechanistic work focused
on the SUF system will not be described in detail here.
Iron-Sulfur Cluster (ISC) Biosynthetic Pathway in Eukaryotes
Preface to Eukaryotic Fe-S Cluster Biosynthesis

A large amount of research conducted on the eukaryotic ISC pathway was
supplemented by early experiments conducted on the prokaryotic system. Here we will
describe in detail the specific functions of each of the proteins within the eukaryotic [2Fe-

2S] cluster assembly pathway. Given the high homology between the eukaryotic and
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prokaryotic ISC systems, we will also describe key experiments pertaining to the
prokaryotic systems that have provided valuable insights into the difference in functions
of the respective proteins in the pathways.
Eukaryotic Fe-S Cluster Biosynthetic Subcomplex

In the late 1990s, work by the Culotta, Dancis, and Lill groups identified and
characterized genes involved in the synthesis of Fe-S clusters in Saccharomyces
cerevesia.”"% Eukaryotic Fe-S cluster biosynthesis occurs within the mitochondria matrix
(Fig. 1.4)1% and is an essential process.® %! Clusters are synthesized by a multi-protein
complex and are transferred downstream to [2Fe-2S] targets using a scaffold-
glutaredoxin-chaperone coupled system or to a potential [4Fe-4S] biosynthetic machinery
consisting of ISAL, ISA2, and IBA57.192 103 These clusters are then transferred to their
destination using NFU and BOL targeting factors.X® This discussion will be restricted to
the [2Fe-2S] cluster biosynthetic machinery. In addition, nomenclature between yeast and
humans is different, and a legend has been provided in Figure 1.4 to clarify the differences.

The human nomenclature will be utilized throughout the remainder of the text.
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Figure 1.4 Cartoon schematic representation of mitochondrial Fe-S cluster
biosynthesis and transfer. Here the nomenclature for S. cerevisiae is used where the
following are all equivalent in humans: Nfsl (NFS1), Isd1l (ISD11), Acpl
(NDUFABL or ACP), Isul (ISCU2), Yfhl (FXN), Yahl (FDX2), Arh1 (FDXR), Isal
(ISCA1), Isa2 (ISCA2), and Iba57 (IBA57). Journal of Biological Chemistry by
American Society for Biochemistry and Molecular Biology Inc. Reproduced with
permission of American Society for Biochemistry and Molecular Biology Inc. in the
format Thesis/Dissertation via Copyright Clearance Center. Reprinted with permission
from “Iron-sulfur cluster biogenesis and trafficking in mitochondria” by Braymer, J. J.
and Lill, R., 2017, J. Biol. Chem., 292, 12754-12763. Copyright 2017 by American
Society for Biochemistry and Molecular Biology.
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At the center of this biosynthetic pathway is the group | PLP-dependent cysteine
desulfurase, NFS1. This enzyme is essential to eukaryotic organisms and is localized in
both the cytosol and mitochondria,'® but its primary function appears to be in the
mitochondria.® NFS1 catalyzes the conversion of L-cysteine to L-alanine and persulfide
sulfur on a mobile loop cysteine. The mechanism of PLP dependent conversion of cysteine
to alanine has been well established by the Dean and Bollinger groups using both group |
and group 1l cysteine desulfurases (Fig. 1.5).2% In this mechanism, the amine of cysteine
nucleophilically attacks the Schiff base formed between the enzyme’s lysine and PLP to
generate a Cys-aldimine species. A base of unknown origin deprotonates the Ca carbon
of cysteine and electrons are then cycled down into the PLP to generate a Cys-quinonoid
species. Electrons are then recycled through the PLP ring, and deprotonation of the mobile
loop cysteine occurs to generate a nucleophilically activated cysteine residue and the Cys-
ketimine intermediate. The mobile loop cysteine then participates in C-S bond cleavage
to generate a mobile loop-based persulfide. Acid-base chemistry follows to generate the
product alanine. Much of this mechanism has been validated by functional studies of site-
directed mutants, X-ray crystallographic structures, hydrogen-deuterium exchange, and

stopped-flow ultraviolet-visible spectroscopy experiments,*8-50. 8 106, 107
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Figure 1.5 Cysteine desulfurase mechanism. Reprinted (adapted, numbering changed
to NFS1 residues) with permission from “Kinetic Analysis of Cysteine Desulfurase
CDO0387 from Synechocystis sp. PCC 6803: Formation of the Persulfide Intermediate”
by Behshad, E. and Bollinger, M. J., 2009. Biochemistry, 48, 12014-12023. Copyright
2009 American Chemical Society. This figure was adapted from Zheng et al. and
requires additional permission. Reprinted (adapted) with permission from “Mechanism
of the Desulfurization of L-Cysteine Catalyzed by the nifS Gene Product” by Zheng,
L., White, W. H., Cash, C. L., and Dean, D. R., 1994. Biochemistry, 33, 4714-4720.
Copyright 1994 American Chemical Society.
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While the basic principles of this mechanism are universal for cysteine
desulfurases, there are substantial differences between NFS1 and previously characterized
group I cysteine desulfurases. A prime example is a direct comparison between the E. coli
IscS and human NFS1, which exhibit a 60 % sequence identity. E. coli IscS is a strong
homodimer!®: 1% for which the structure has been determined (Fig. 1.6).2% %0 Although
early analytical size exclusion chromatography experiments described NFS1 as a
homodimer,*!! experiments conducted on NFS1 isolated from S. cerevisiae and more
recent experiments characterizing human NFS1 suggest that there is also a monomeric
fraction,!2114 which has not been reported for E. coli IscS. In addition to the oligomeric
state, the activity profiles of these enzymes are vastly different. Activities of cysteine
desulfurases are typically measured using the methylene blue assay in which an external
reductant, often DTT, is used to cleave the persulfide on the cysteine desulfurase to
generate free sulfide. The reaction is then quenched with acid. N,N-dimethyl-p-
phenylenediamine and ferric chloride are added to synthesize methylene blue, which can
be quantified by its absorbance at 670 nm. E. coli IscS exhibits a Keat Of 7.5 + 0.1 min™
and a Kw for cysteine of 17 + 2 uM.#” Whereas, human NFS1 was reported to be only
capable of performing a single turnover and is unstable often resulting in precipitation of

the enzyme.!!!
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IscS
I

Figure 1.6 X-ray crystal structures of E. coli IscS and IscS-IscU. The IscS dimer
(1P3W.pdb) is colored teal and light blue. The PLP cofactor is show in yellow spheres
with heteroatoms colored by common notation. The IscU subunits (3LVL.pdb) are

colored green and pink.
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Clearly, there exist distinct differences between NFS1 and IscS with regard to
oligomeric state and activity. However, an additional difference is the presence of the
eukaryotic-specific adaptor protein ISD11 which was discovered in the mid to late 2000s.
ISD11 appears to trace back to an a-proteobacteria endosymbiotic event consistent with
the acquisition and presence of Fe-S cluster assembly proteins within the mitochondria.t®
Knockout of ISD11 in S. cerevisiae and suppression of ISD11 using siRNA in human cells
resulted in growth defects and loss of activity for classical Fe-S cluster containing
enzymes such as aconitase.!'? 116 117 pyll-down experiments and size-exclusion
chromatography demonstrated that ISD11 tightly interacts with NFS1 and generates an
azf2 complex with drastically improved stability.!'t 112 117 However, the cysteine
desulfurase activity of NFS1 is still quite low in the NFS1-1SD11 complex, called SD,
compared to IscS. SD exhibits a keat 0f 1.9 + 0.1 min™ and a K for cysteine of 340 + 60
UM, 1L 118 gpecific residues on I1SD11 have been targeted to show their importance,
including the N-terminus.t** 119 In fact, one clinical mutation, R68L, results in oxidative
phosphorylation deficiency and a loss of in vitro activity for the SD complex. This mutant
still forms a complex with NFS1 clearly demonstrating there are critical interactions
between 1ISD11 and NFS1 that are required for cysteine desulfurase activity.!** ° This is
consistent with the notion that NFS1 in S. cerevisiae is incapable of forming a persulfide
in the absence of ISD11 as demonstrated by experiments using [*S]-cysteine.!?® The
structure-function relationship between NFS1 and ISD11 was only recently discovered
when structures of NFS1 in complex with ISD11 were determined.*?! 122 These structures

will be discussed in depth in later chapters.
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The next protein involved in Fe-S cluster biosynthesis was recently discovered to
be the mitochondrial acyl-carrier protein (ACP). Mitochondrial ACP is involved in the
generation of an octanoyl-ACP species in which an eight-carbon long acyl-chain is
tethered to its 4’-phosphopantetheine (4’-PPT) cofactor via a thioester bond, which is used
as a substrate for lipoic acid biosynthesis.'?® 12 The substrate for fatty acid synthesis is
acetyl-CoA. Knockdowns of mitochondrial ACP in mammals results in a decrease in
lipoic acid content on proteins requiring the cofactor and loss of function in respiratory
complex 1.1% Defects in other respiratory complexes which utilize ACP for assembly are
also observed.'?® Interestingly, in vitro assays utilizing human p-ketoacyl synthase showed
the efficient synthesis of mitochondrial ACP containing acyl chains up to fourteen carbons
long,*?” and additional in vivo biochemistry studies suggest that these species are essential
for mitochondrial biogenesis.'?8

Remarkably designed experiments by the Winge and Rutter groups used S.
cerevisiae to narrow down its function in 2016. Due to the non-essential nature of lipoic
acid biosynthetic genes in this organism, the essential function of mitochondrial ACP in
S. cerevisiae was directly investigated. Using ACP knockdowns, the group demonstrated
depletion of the NFS1-ISD11 complex and loss of aconitase activity, which suggests the
mitochondrial ACP plays a direct role in Fe-S cluster biosynthesis. In fact, mitochondrial
ACP interacts directly with the NFS1-ISD11 complex, called SDA, and improves its
stability.?®

Intriguingly, ISD11 is a member of the LYRM superfamily that contain a

conserved Leu-Tyr-Arg motif. At least eleven LYRM proteins have been identified in
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human cells with primary localization in mitochondria.**® Structural*3'33 and interaction
studies suggest all of these LYRM proteins interact with ACP.126: 134136 A recently
published cryo-electron microscopy (cryoEM) structure of respiratory complex | from
Ovis aries showed discrete interactions between mitochondrial ACP and the two LYRM
proteins of the complex. In this structure, ACP threads its lipid, often 3-
hydroxymyristoyl,®*"*¥ bound cofactor into the three-helix bundle of the LYRM
proteins.!3 Mutations in the LYRM protein’s LYR-motif, which directly interact with
ACP, or mutation of an invariant phenylalanine that stabilizes the acyl 4’-PPT cofactor
result in the loss of the ACP association and complex | activity.**? This appears to be the
same case for the NFS1-1ISD11 complex where acyl-ACPs ranging from eight to fourteen
carbons long with variable modification have been observed in isolation with the SDA
complex from Neurospora crassa.'®® Additionally, upon the construction of S. cerevisiae
strains incapable of generating acyl- or holo-ACP, by mutation of the invariant serine that
covalently links 4’-PPT, loss of the NFS1-1SD11 complex and aconitase activity were
observed.!? It is expected that these interactions between ACP and LYRM proteins are
similar in different complexes. Recent papers have utilized E. coli Acp as a functional
replacement for recombinant studies using human NFS1-1SD11.1%% 121122 There appears
to be no functional difference in the complex using human ACP.1*° This was shown to be
true in structures of NFS1 in complex with ISD11 which will be discussed in depth in
Chapter Il and Il1. Additionally, while Acp has been shown to be associated with IscS in
E. coli this interaction was reversible in the presence of an external reductant. The

interaction appeared to be a disulfide linkage between the mobile loop cysteine on IscS
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and the 4’-PPT thiolate on Acp and was likely an artifact of aerobic isolation.!** The
physiological relevance of this interaction is still unknown.
Fe-S Cluster Biosynthesis on the Scaffold ISCU2

In order to synthesize an Fe-S cluster in vivo, a scaffold protein is required. This
process requires two cysteine substrates, two ferrous iron atoms, and two electrons. The
scaffold protein in human Fe-S cluster biosynthesis is ISCU2. In E. coli, the bacterial
homolog of ISCU2, IscU, binds to the C-terminal a-helix of IscS and is capable of directly
accepting the persulfide sulfur (Fig. 1.6).8° Given the high degree of homology between
the prokaryotic and eukaryotic ISC systems, the function of ISCU2 and its interaction
interface with NFS1 were hypothesized to be the same. ISCU2 forms a stable complex
with the SDA complex that has been named SDAU.'® The predicted interaction interface
was independently validated by the Craig group in 2012 by the construction of a C-
terminal truncation of S. cerevisiae NFS1. Upon co-immunoprecipitation a substantial loss
of binding to the scaffold protein, ISCU2, was observed in addition to increased instability
in vivo due to a regulatory protease called Pim1.1%? Additionally, recent x-ray crystal and
cryoEM structures of the human enzymes have demonstrated the interaction interface
between the C-terminus of NFS1 and ISCU2.122 143

The mechanism by which clusters are synthesized on ISCU2 is poorly understood.
ISCU2 has three conserved cysteines, and significant evidence exists for persulfide or
polypersulfide formation on these residues in both prokaryotes and eukaryotes,5% 144-146
However, the question of the order in which substrates are incorporated, sulfur first or iron

first mechanisms, still exists. Extended X-ray absorption fine structure (EXAFS)
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spectroscopy data from the Stemmler group demonstrated iron binding to primarily
oxygen and nitrogen ligands on ISCUZ2; however, upon initiation of [2Fe-2S] cluster
formation, sulfur-based ligands to iron were observed.}*” Additionally, it has been shown
that persulfide can be generated on ISCU2 in the absence of iron.#* 14° Neither the iron
bound or persulfide bound scaffold protein have been shown to be kinetically competent
intermediates in Fe-S cluster biosynthesis. Additionally, for many years, the external
reductant, DTT, has been used in Fe-S cluster biosynthesis assays which plays a role in
persulfide cleavage,'! 118 thiol-exchange reactions,'*® and off-path Fe-S mineral assembly
as shown by low-temperature Mossbauer spectroscopic studies.'*® Based on work in
prokaryotes, it was postulated that the human system could synthesize [4Fe-4S] clusters
via a reductive coupling mechanism.4® However, this was demonstrated to not be the case
in studies that avoided the use of DTT in Fe-S cluster assembly assays. In this study, [2Fe-
2S]?* clusters were shown to be transiently synthesized by the SDU complex and
transferred to ferredoxin (FDX1), and [4Fe-4S] cluster synthesis could be observed in the
presence of DTT.1

Another question surrounding the synthesis of clusters on ISCU2 is the electron
donor. While DTT has been used in the past, evidence from prokaryotes suggests a
ferredoxin (Fdx) — ferredoxin reductase system is the physiological electron donor.’ 72
However, since two of the electrons required for cluster synthesis come from ferrous iron,
an additional two electrons must come from ferredoxin. This presents a mechanistic
problem as ferredoxin is a single electron donor, and no evidence has been presented that

the ferredoxin reductase system interacts with the entire complex. It has been proposed in
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the prokaryotic system that a radical persulfide anion intermediate is generated on IscS."
8 However, no direct evidence for this species exists. In humans, there are two
mitochondrial ferredoxins, FDX1 and FDX2.2% 1 Experimental evidence suggests that
both forms can cleave the persulfide on NFS1 and potentially participate in Fe-S cluster
biosynthesis.®21** FDX1 has an additional role in steroid biosynthesis.? > Assays which
utilize ferredoxins have yet to correlate the amounts or rates of NADPH consumption with
Fe-S cluster synthesis. In addition, these experiments have used UV-visible spectroscopic
methods to detect cluster synthesis by following the formation of oxidized [2Fe-2S]-
ISCU2.1%2 155 However, oxidized [2Fe-2S]-FDX has the same absorbance features. A
better detection assay would be to use circular dichroism (CD) spectroscopy as the [2Fe-
2S] cluster bound to these different proteins have distinct spectral features.
Allosteric Activator Frataxin

Frataxin (FXN) is a 210 amino acid protein which localizes to the mitochondria.t%
1571t was initially identified in 1996 as the protein responsible for the onset of Friedreich’s
ataxia. Identified on chromosome 9q13, patients with point mutations or unstable GAA
triplet nucleotide expansions in the first intron produce lower levels of the protein.’®® As
a result of this, defects in iron metabolism and iron overload in the mitochondria were
observed.® This lead to the early hypothesis that FXN functions as an iron storage
protein. However, this hypothesis was later challenged by a strain of S. cerevisiae
featuring the deletion of a mitochondrial iron transporter and overexpression of FXN.6°
In this strain, the deletion results in iron accumulation in the mitochondria with similar

phenotypes to FXN knockouts.'®® Based on the hypothesis that FXN could sequester and
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store iron, overexpression of S. cerevisiae FXN was predicted to alleviate the iron
accumulation phenotype. However, upon a 4.5 times overexpression of FXN, in
comparison to wild-type, no alleviation of iron accumulation in the mitochondria was
observed.'®® Given the prevalence of this disease, a large amount of research has been
conducted to understand the function of FXN.

Upon import into the mitochondria, the mitochondrial targeting peptide is cleaved,
and an additional post-processing event occurs to form the functional form of FXN(81-
210).161.162 The function of this processed protein was validated by the rescuing of a lethal
frataxin deletion in murine fibroblasts by complementation with a form of human FXN
only capable of generating FXN(81-210) in the mitochondria.'®® While FXN(42-210) does
exist in the mitochondria, it does not appear to be essential and possibly functions in
mitochondrial import.28® Therefore we will limit the discussion to FXN(81-210).

Early studies focused primarily on the iron-binding properties of FXN. Like its
structural homolog in E. coli (CyaY),”* monomeric FXN has been shown to bind up to
seven iron atoms per monomer with Kp values ranging from 10 to 55 uM¥* and
oligomerize in the presence of ferric iron.1®® These results may be an artifact of the acidic
patch on FXN that has been recently shown to form discrete interactions with an arginine-
rich region at the dimer interface of NFS1 that is far from the cluster synthesis site of
|SCU2.143’ 166

While FXN is capable of binding iron, genetic studies suggest that FXN has a
direct role in Fe-S cluster biosynthesis.!®” 18 In fact, FXN has a unique effect on the

activity of the SDAU complex. In 2010, a report from the Barondeau group demonstrated
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the capability of FXN to form a complex with SDU, called SDUF, and to activate the
cysteine desulfurase activity of SDU and accelerate Fe-S cluster biosynthesis. Here the
group demonstrated a ket increase from 0.89 + 0.04 min to 5.2 + 0.4 min™ and a Kw
decrease from 590 + 50 uM to 11 + 3 uM for cysteine when analyzing the SDU complex
in the context of FXN.8 Follow-up studies have further validated an increases in cysteine
desulfurase activity, persulfide formation and transfer, and Fe-S cluster formation on
ISCU2. 144, 145, 148, 149, 154, 166, 169-171 Thege results all appear to be consistent with the
hypothesis that frataxin plays a role in the early stages of Fe-S cluster biosynthesis in
humans.!®® In fact, Friedreich's ataxia mutants either result in the reduction in the binding
of FXN to the biosynthetic complex or in its ability to stimulate the cysteine desulfurase
activity 172173

Interestingly, there are some unique features of FXN when compared to the
prokaryotic 1ISC system. For example, the structural homolog of FXN, CyaY, has been
shown to be an inhibitor of in vitro Fe-S cluster assembly assays that include IscS and
IscU.8 8 Unexpectedly, CyaY can be used as an activator of the human SDU complex in
Fe-S cluster assembly assays, which suggests the primary functional differences between
the two systems existed at the cysteine desulfurase level.®” In addition, CyaY and Fdx
compete for binding on IscS;’® ™* whereas, FXN and FDX2 appear to bind to the SDU
complex simultaneously.*® These functional differences have strongly enforced the need
for atomic resolution structures of the SDA, SDAU, and SDAUF complexes in order to

establish the mechanism of FXN-based activation.
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Cytosolic Fe-S Cluster Assembly

In humans, NFS1 and ISCU1 can be found in the cytosol. NFS1 appears to act as
a player in molybdopterin biosynthesis.!'! Recent evidence suggests that ISCU1 is a
component of cytosolic Fe-S cluster biosynthesis in humans.}’* However localization of
these components to the cytosol in S. cerevisiae has yet to be observed and suggests
differences in their assembly pathways. In fact, radiolabeling experiments from the Dancis
and Pain labs have shown that both Fe-S and sulfur-based intermediates are exported from
S. cerevisiae mitochondria through the use of the Atm1 transporter and used in cytosolic
Fe-S cluster assembly.1™ 176 A discrete set of assembly proteins in a very different Fe-S
cluster biosynthetic pathway also operates in the cytosol but is outside the scope of this
discussion.t”’
Regulation of the Eukaryotic Fe-S Cluster Assembly Complex

Along with FXN being an allosteric activator, evidence suggests that ACP may
also play a crucial role in regulating the activity of the Fe-S cluster assembly complex.?®
The requirement for long-chain acyl-ACP species for respiratory complex maturation
suggests the use of ACP and the mitochondrial fatty acid synthesis pathway for acetyl-
CoA level sensing.'?® 1® At high concentrations of acetyl-CoA, the TCA cycle can be
used to generate reducing equivalents in the form of FADH2 and NADH for oxidative
respiration. Simultaneously, long-chain acyl-ACP species would be synthesized turning
on both Fe-S cluster biosynthesis and respiratory complex assembly. An additional report
has provided evidence for post-translational modifications in the form of phosphorylation

which can regulate NFS1 activity in S. cerevisiae.'’
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Comments Regarding the Structures of the Eukaryotic Fe-S Cluster Assembly Complex
Up until 2017, there were no atomic resolution structures of the SDA, SDAU, or
SDAUF. The Barondeau, Cygler, Yue, and Han groups have made significant
advancements in these areas. In 2017, two different structures of the SDA complex!?! 122
were published along with additional structures of SDAU.22 Advancements in cryoEM
have also made it possible to determine the structure of the SDAUF complex.*® The
results of these findings and their implications will be discussed in chapter 1l and Il of

this dissertation.
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CHAPTER II
STRUCTURE OF HUMAN FE-S ASSEMBLY SUBCOMPLEX REVEALS
UNEXPECTED CYSTEINE DESULFURASE ARCHITECTURE AND ACYL-ACP-
ISD11 INTERACTIONS”

Overview

In eukaryotes, sulfur is mobilized for incorporation into multiple biosynthetic
pathways by a cysteine desulfurase complex that consists of a catalytic subunit (NFS1),
LYR protein (ISD11), and acyl carrier protein (ACP). This NFS1-1SD11-ACP (SDA)
complex forms the core of the iron-sulfur (Fe-S) assembly complex and associates with
assembly proteins ISCU2, frataxin (FXN), and ferredoxin to synthesize Fe-S clusters.
Here we present crystallographic and electron microscopic structures of the SDA complex
coupled to enzyme Kinetic and cell-based studies to provide structure-function properties
of a mitochondrial cysteine desulfurase. Unlike prokaryotic cysteine desulfurases, the
SDA structure adopts an unexpected architecture in which a pair of ISD11 subunits form
the dimeric core of the SDA complex, which clarifies the critical role of ISD11 in
eukaryotic assemblies. The different quaternary structure results in an incompletely
formed substrate channel and solvent-exposed pyridoxal 5'-phosphate cofactor and

provides a rationale for the allosteric activator function of FXN in eukaryotic systems. The

“ Reprinted with permission from “Structure of human Fe-S assembly subcomplex reveals
unexpected cysteine desulfurase architecture and acyl-ACP-ISD11 interactions” by Cory,
S. A, Van Vranken, J. G., Brignole, E. J., Patra, S., Winge, D. R., Drennan, C. L., Rutter,
J., and Barondeau, D. P., 2017, Proc. Natl. Acad. Sci. U.S.A., 114, E5325-E5334, For the
individual article: Copyright 2017 by the authors listed above.
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structure also reveals the 4'-phosphopantetheine-conjugated acyl-group of ACP occupies
the hydrophobic core of ISD11, explaining the basis of ACP stabilization. The unexpected
architecture for the SDA complex provides a framework for understanding interactions
with acceptor proteins for sulfur-containing biosynthetic pathways, elucidating
mechanistic details of eukaryotic Fe-S cluster biosynthesis, and clarifying how defects in
Fe-S cluster assembly lead to diseases such as Friedreich’s ataxia. Moreover, our results
support a lock-and-key model in which LYR proteins associate with acyl-ACP as a
mechanism for fatty acid biosynthesis to coordinate the expression, Fe-S cofactor
maturation, and activity of the respiratory complexes.
Significance Statement

Prokaryotic and eukaryotic organisms use analogous pathways to synthesize
protein cofactors called iron-sulfur clusters. An unexplained difference between pathways
is the functional requirements of the respective cysteine desulfurases. In eukaryotes, the
cysteine desulfurase NFS1 requires additional accessory subunits for function. The lack
of structural information has limited mechanistic insight into the role of these accessory
proteins in mitochondrial Fe-S cluster biosynthesis. Here we determined crystallographic
and electron microscopic structures of the NFS1-1ISD11-ACP subcomplex. These results
reveal an unexpected cysteine desulfurase architecture that reconciles mechanistic
differences between the prokaryotic and eukaryotic systems, reveals the basis of control
of iron-sulfur cluster assembly through fatty acid synthesis, and serves as a structural

foundation for investigating human diseases related to iron—sulfur cluster assembly.
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Introduction

Iron-sulfur (Fe-S) clusters are protein cofactors and are required for critical
biological processes such as oxidative respiration, nitrogen fixation, and photosynthesis.
The iron-sulfur cluster (ISC) biosynthetic pathway, which is found in most prokaryotes
and in the mitochondrial matrix of eukaryotes, is responsible for the synthesis of Fe-S
clusters and distribution of these cofactors to the appropriate target proteins. Despite the
homology between analogous components of the prokaryotic and eukaryotic ISC
pathways, there are key unexplained differences, such as the requirement of the LYR
protein ISD11 and acyl carrier protein (ACP) for function in eukaryotic but not
prokaryotic I1SC systems.129: 180

Mitochondrial LYR proteins are members of a recently identified superfamily that
are characterized by their small size (10-22 kDa), high positive charge, invariant Phe
residue, and eponymous Leu-Tyr-Arg (LYR) motif near their N terminus. % LYR proteins
function as subunits or assembly factors for respiratory complexes I, I1, 111, and V. Human
LYRMA4, also known as ISD11, is critical for the function of the Fe-S assembly
complex, 12 116, 117,119,120, 181 \y hereas L YRMS, a key maturation factor for mitochondrial
complex Il, interacts with the HSC20 chaperone,*8? which is important for Fe-S cluster
delivery to apo targets. Despite their vital roles in Fe—S cluster cofactor biogenesis and
oxidative respiration, structure-function details for these LYR proteins are poorly
understood.

An emerging theme for LYR proteins is their interaction with ACP.1% 18 ACP

operates in the mitochondrial fatty acid synthesis (mtFAS) pathway to synthesize fatty
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acids using a 4'-phosphopantetheine (4’-PPT) prosthetic group covalently attached to a
serine residue on ACP. Acyl intermediates are linked by a thioester bond and shuttled
between fatty acid biosynthetic enzymes to generate medium and long-chain fatty
acids.1?% 124,128,184 One of the best known functions of the mtFAS pathway is to generate
octanoyl-ACP, which is required for lipoic acid biosynthesis. However, mitochondrial
ACP also functions as a required subunit for respiratory complex | and is predominately
associated with the long-chain fatty acid 3-hydroxytetradecanoate, 31-133, 137, 138, 185-187
More recently, ACP has been identified as an essential functional component of the
eukaryotic Fe-S cluster biosynthetic complex.'?® Currently, there are no X-ray crystal
structures that detail interactions between ACP and LYR proteins that provide insight into
the eukaryotic adaption of ACP for these moonlighting functions.

In eukaryotes, Fe-S clusters are synthesized by a multicomponent assembly
complex.11® 163188 At the center of the complex, the pyridoxal 5’-phosphate (PLP)-
dependent cysteine desulfurase NFS1 forms a tight complex with 1ISD11,111: 112,116,117 The
NFS1-1SD11 complex catalyzes the conversion of L-cysteine to L-alanine and generates a
persulfide intermediate on a cysteine of the mobile S-transfer loop of NFS1 (S-loop).18
189 The terminal sulfur of this intermediate is transferred to the scaffold protein ISCU2,
where it is combined with ferrous iron and electrons, from a ferredoxin,*>* 1> to form Fe-
S clusters. In humans, a low-activity Fe-S assembly complex consisting of NFS1-1SD11
and the catalytic subunit ISCU2 can be activated by binding of the allosteric activator
frataxin (FXN).}*® NFS1 also provides sulfur for other processes including tRNA

190

synthesis!® and molybdenum cofactor biosynthesis.*'* Importantly, clinical mutations of
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NFS1 (R72Q)'*! and ISD11 (R68L)!" result in deficiencies in multiple oxidative
respiratory complexes, whereas mutations of ISCU and FXN result in myopathy with
exercise intolerance!®? and Friedreich’s ataxia'®®, respectively. The lack of structural data
for eukaryotic cysteine desulfurase and Fe-S assembly complexes has limited the
mechanistic understanding of these critical biosynthetic processes, the role of the essential

proteins ISD11 and ACP, and insight into how clinical mutants compromise function.
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Results
Structure of the Cysteine Desulfurase Subcomplex for Eukaryotic Fe—S Cluster
Biosynthesis

We identified recombinant coexpression conditions that allowed the purification
of a complex between human NFS1-1SD11 and native Escherichia coli ACP (ACPec, 44%
identical to human mitochondrial ACP) (Fig. 11.1), consistent with a recent report.1%® An
X-ray crystal structure of the NFS1-1SD11-ACPec (SDAec) complex was determined using
molecular replacement-single wavelength anomalous dispersion (MR-SAD) and refined
to a resolution of 3.09 A (Rwork/Riree Of 21.2/25.9 %) with excellent geometry (Table 11.1).
The SDAg. structure exhibited an overall azf2y2 assembly (Fig. 11.2A) with two a2p2y2
assemblies in the asymmetric unit. The NFS1 fold is highly similar to E. coli IscS (Fig.
11.2B)10 and shares 60% sequence identity (Fig. 11.3). NFS1, like IscS, contains a larger
domain that includes a PLP active site and a smaller domain that likely interacts with
ISCU2. The primary differences between NFS1 and IscS include a small extension in
NFS1 a-helix 2 (Na2), larger disordered region for the mobile S-loop, and disorder in a
triple glycine-containing segment (GGG motif; see Subunit Orientation and Assembly of
SDA&cc). In addition, some subunits display a different conformation for the equivalent C-
terminal o-helix that is used by IscS (Sa13) to interact with IscU.% 19 Surprisingly, this
mitochondrial cysteine desulfurase crystal structure also revealed an ACP-lipid-1ISD11
motif and a fundamentally different oligomeric architecture for NFS1 compared with its

bacterial orthologs.
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Figure 11.1 Human NFS1-1SD11 co-purifies with E. coli ACP. A 14% SDS-PAGE
gel shows the presence of NFS1, ISD11, and E. coli ACP (ACPe). ACPec(apo-MW =
8.6 kDa with pl = 4, 4'-PPT MW = 358 Da) stains poorly with Coomassie Blue and
migrates to a position larger than its predicted molecular weight.
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Table 11.1 Crystallographic data collection and refinement statistics.

NFS1-ISD11-ACP. NFS1-1SD11-ACP,,

(Se-met)? (Native)
PDB code 5USR
Data collection SSRL 7-1 SSRL 7-1
Space group P2,2,2; P2,2,2,

Cell dimensions

a, b, c(A) 125.53, 147.69, 168.09 125.48, 147.78, 168.45

o, B,y () 90, 90, 90 90, 90, 90
Wavelength (A) 0.9776 1.12709
Resolution (A)° 50.00 - 3.68 50.00 - 3.09

(3.74 - 3.68) (3.14 - 3.09)

Reym (%)° 14.1 (>100)° 6.7 (>100)°
Rineas (%)° 14.4 (>100)° 6.9 (>100)°
CCyjp (%) N.A. (85.7) N.A. (61.9)
<llo(l)>° 39 (3.4) 40 (2.0)
Completeness (%)° 99.9 (99.0) 99.4 (88.6)
Redundancy” 28.9 (26.9) 8.0 (7.4)
Refinement
Resolution (A) 47.83-3.09
Total reflections 58013
Ruork/Riree 0.212/0.259
No. atoms

all 15666

N'-pyridoxyl-lysine-5'-monophosphate (LLP) 96

S-dodecanoyl-4'-phosphopantetheine (8Q1) 136
B-factors

average 127.2

LLP 107.7

801 109.3
R.m.s deviations

Bond lengths (A) 0.002

Bond angles (°) 0.547
Ramachandran outliers (%)

Favored 95.2

Outliers 0.4
Rotamer outliers (%) 1.2
Clash Score 7.2

®Bijvoet pairs were kept separate during data processing

®Values in parentheses reflect the highest resolution bin
“Values greater than 100% were reported as 0.000 by the version of HKL200/Scalepack used.

dAverage CC,j, was not reported by the version of HKL2000/Scalepack used.
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Figure 11.2 The architecture of a mitochondrial cysteine desulfurase. (A) Ribbon
diagram of the SDAe structural architecture displayed with NFS1 (light green), ISD11
(wheat), and ACP¢ (salmon) in two orthogonal orientations. The K258-PLP (yellow)
and lipid-bound 4’-PPT (magenta) cofactors are shown as spheres. (B) NFS1 and IscS
(light pink; PDB ID code 3LVM) subunits displayed in similar orientations. Residues
connecting disordered mobile S loop are shown in hot pink, whereas those connecting
the GGG loop are in plum. The rmsd for 277 NFS1 (chain A) and IscS (chain A) Ca
atoms is 0.84 A.
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Secondary structure and sequence alignment for NFS1. Aligned sequences are displayed for Homo
sapiens (H.s.) NFSL1, S. cerevisiae (S.c.) Nfs1, and E. coli (E.c.) IscS. Secondary structure elements for NFS1 (light
green) were determined by removing helix and sheet records provided by Phenix and allowing Pymol to provide
the assignment. Secondary structure elements for IscS (light pink) were assigned based on the PDB header. Blue
X’s indicate the position of the last residues built into the most complete chain for the NFS1 and IscS (PDB code:
3LVM) structures. Light grey sections between secondary structure elements indicate disordered regions. The Lys
that covalently attached to the PLP (K258 in NFS1) and the Cys in the mobile S-loop (C381 in NFS1) are highlighted
in violet and sky blue boxes, respectively. Amino acid labels in red are fully conserved, while those in blue are
conserved in at least 50% of the compared organisms.
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Identification of the ACP-Lipid-ISD11 Motif

The electron density revealed a 3-helix bundle fold for ISD11 that included most
of the highly conserved residues (Fig. 11.4 and Table 11.2). ACPe. displays a conformation
similar to both uncomplexed bacterial ACP** and human ACP structures (Fig. 11.5) with
large B-factors (Table 11.2), consistent with the reported high flexibility and dynamic
properties of ACP.1% ACPe interacts with 1ISD11 through two distinct interfaces. The first
interface is mediated by a 4’-PPT-conjugated fatty acid covalently attached to ACPe,
which is threaded into a groove on ISD11 (Fig. I1.6A). To generate this groove and
accommodate the fatty acid, ISD11 adopts an unusual 3-helix bundle conformation in the
SDA«c structure that lacks a traditional hydrophobic core and contains remarkably few
side-chain interactions between ISD11 a-helices Ia2 and Ia3. At least 12 carbons in the
acyl-chain (dodecyl-ACP) were evident in the electron density (Fig. 11.6A), but longer
acyl-chains could also be accommodated in the ISD11 core. In fact, we determined
recombinant SDAec contains primarily a 16-carbon acyl-chain by performing gas
chromatography-mass spectrometry (GC-MS) on isolated fatty-acid methyl esters
(FAMEs) that were obtained from SDAec through a transesterification procedure (Fig.

[1.7). The aliphatic portion of the 4'-PPT cofactor is stabilized by hydrophobic interactions
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contributed by invariant residues on ISD11 including F40, which packs against the lipid
cofactor, and F23, which is near the tip of the acyl-chain (Fig. 11.6A). The functional
importance of F40 was verified using a chromosomally ISD11-depleted Saccharomyces
cerevisiae strain covered with an ISD11 plasmid to test mutants. S. cerevisiae
mitochondria with 1sd11 containing the F43A variant (equivalent to human F40A) showed
comparable expression levels to native Isd11 but decreased amounts of the Nfsl-Isd11l
complex (Fig. 11.6C,E). A similar result is observed for mitochondria either depleted in
Acpl (yeast ACP homolog) or with an Acpl variant incapable of attaching the 4'-PPT

prosthetic group.?°
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Figure 11.4 Secondary structure and sequence alignment for ISD11. Secondary
structure elements for 1ISD11 were mapped (similar to Fig. 11.3) to a sequence
alignment containing H. sapiens (H.s.), S. cerevisiae (S.c.), Mus musculus (M.m.),
Yarrowia lipolytica (Y.l.), and Neurospora crassa (N.c.). Asterisks indicate residues
targeted by mutagenesis studies. The LYR-motif is highlighted with a green box. Blue
X’s indicate the position of the last residues built into the most complete chain for
ISD11. Amino acid labels indicate conservation level (red is fully conserved, blue is
>50% conserved).
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Table 11.2 Residues modeled in the X-ray crystal structure of SDAec.

Chain Protein r(ess?dteés Residues not modeled B_?;/;(rjg(zz)
A NFS1  56-457 283-293, 368-384, 446-457 112.2
B ISD11 1-91 1-3, 80-91 110.4
C NFS1 56-457 87-95, 283-294, 373-388, 445-457 149.7
D ISD11 1-91 1-3, 84-91 113.5
E NFS1 56-457 87-94, 276-294, 360-401,437-457 99.1
F ISD11 1-91 1-3,79-91 97.1
G NFS1 56-457 61-65, 87-97, 276-294, 367-402, 441-457 111.7
H ISD11 1-91 1-2, 80-91 110.9
I ACPg¢ 1-78 1,78 153.6
J ACP¢ 1-78 1-2,78 193.7
K ACP,. 1-78 1-4,74-78 202.4
L ACPg¢ 1-78 1-2,74-78 211.1
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Figure 1.5 Structural and sequence comparison of ACPe with eukaryotic
homologs. (A) Structural overlay of ACPe (chain L, salmon) with human

mitochondrial ACP (plum; PDB code: 2DNW), which have a Ca. rmsd of 1.3 A for 66

atoms. (B) Secondary structures for human and E. coli ACP were mapped to sequence
alignments similar to Figs. 11.3 and 11.4. The conserved serine that covalently attaches
to the 4'-PPT is highlighted with a green box, and the ISD11 interacting region is
highlighted with an orange box. Blue X’s indicate the position of the last residues built
into the most complete chain for ACPe.. Amino acid labels show conservation level

(red is fully conserved, blue is >50% conserved).
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Figure 11.6 1SD11-acyl-ACP interactions are critical for the formation of the
SDAec complex. (A) Simulated annealing-omit mF, - DFc map (gray mesh) contoured
to 3.0c revealed a lipid-bound 4'-PPT inserted into the hydrophobic core of ISD11. The
map was displayed with a 5 A region padding. (B) ACPe interacts with 1SD11 using
electrostatic contacts and interactions with the LYR motif. Residues labeled in red in
A and B were targeted for mutagenesis experiments in S. cerevisiae. Purified
mitochondria from the indicated strains (WT or TetO7-1SD11) were either resolved by
SDS/PAGE (C and D) or solubilized in 1% digitonin and resolved by BN-PAGE (E
and F). Cells were grown for 18 h in the presence 10 pg/mL DOX. The indicated
proteins and protein complexes were assessed by immunoblot. Low and high exposure
indicates the intensity of light used to scan the blot. LYRAAA is the triple alanine
variant (L15A Y16A K17A) of the LYR motif. EV is empty vector control. Porin is
included as a loading control. 1B, immunoblot.
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Figure 11.7 lIdentification of 4'-PPT conjugated fatty acids associated with the SDAec
complex. (A) Representative raw total ion chromatogram (TIC) for isolated FAMEs from a
transesterified sample of SDA... Inset displays the retention time of standard FAMEs (n = 2).
(B) Representative TIC filtered by m/z = 73.5-74.5, a high probability fragment from electron
ionization (El) of FAMEs. (C) A representative El fragmentation pattern of the peak at t =
16.29 min (corresponding to a chain length of 16 carbons). Analysis of unknown transesterified

SDA.: samples were conducted in triplicate.
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Conserved residues on ISD11 have key roles in stabilizing the 3-helix bundle by
providing a second, primarily electrostatic, interface with ACPec. The phosphate linker of
the 4'-PPT is stabilized in the SDA¢c structure through interactions with side chains of
conserved R6 and K44 residues on ISD11 (Fig. 11.6B). R29 interacts with backbone
carbonyls of the F23-containing loop of ISD11 (Fig. 11.8A), whereas R37 and R41 form
salt bridges with ACPe residues E42 and D39, respectively (Fig. 11.6B). The residues of
the characteristic ISD11 LYR motif contribute L12 hydrophobic interactions to an
interface between ISD11 helices, Y13 forms a hydrogen bond to ACPec E42, and R14
forms a salt bridge with ACPe. E48 (Fig. 11.6B). S. cerevisiae mitochondria containing
R32D, R40D, and R44D ISD11 point mutations (equivalent to human ISD11 R29D,
R37D, and R41D, respectively) or substitution of the LYR motif had decreased levels of
Isd11 and loss of the Nfsl-Isd11 complex (Figs. 11.6D, 11.6F, 11.8B, and 11.8C). These
results are consistent with a role for these residues in Isd11 stability and/or association
with Acp1.'?® The residues on ACP. that interact with ISD11 in the SDAec structure are
also conserved between E. coli and human mitochondrial ACP (Fig. 11.5B) and suggest
similar interactions will likely contribute to the interface between NFS1-1SD11 and human
ACP. Together, these results provide insight into the unexpected role of ACP in eukaryotic
Fe-S cluster biosynthesis by identifying ACP-lipid interactions that promote the stability

of ISD11 and function of the Fe-S assembly complex.
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Figure 11.8 Arg residues are important for ISD11 stability and interactions with
ACPe. (A) R29 forms hydrogen bonds to the backbone carbonyl oxygen atoms of the
F23-containing loop. NFS1 and ISD11 are displayed in light green and wheat,
respectively. The PLP is displayed as spheres and the acyl-chain is shown in purple.
Residues targeted by mutagenesis experiments are highlighted in red. Purified
mitochondria from the indicated S. cerevisiae strains were either resolved by SDS-
PAGE (B) or solubilized in 1% digitonin and resolved by BN-PAGE (C). Cells were
grown for 18 h in the presence 10 pug/mL doxycycline. The indicated proteins and
protein complexes were assessed by immunoblot. The R32D R40D R44D variant
(equivalent to human R29D R37D R41D) is labeled RRRDDD.
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Subunit Orientation and Assembly of SDAec

ISD11 forms two different interfaces with NFS1 that stabilize the SDAec
subcomplex. In the first and larger interface, the Io2 helix and acyl-chain are positioned
in a pocket that is formed between the No2, Na9, and Na12 helices of NFS1 (Fig. 11.9A).
The NFS1 residues in this ISD11-binding pocket are highly conserved in eukaryotes;
whereas the analogous residues for bacterial IscS are more variable (Fig. 11.10). Notable
interactions in this interface include NFS1 residue R72, which forms a hydrogen bond
with invariant Y31 on ISD11, as well as the highly conserved NFS1 P71 and ISD11 F23,
and appear to cap the end of the acyl-chain (Fig. 11.9B). Interestingly, the R72Q NFS1
variant is associated with a Fe—S cluster disease, infantile mitochondrial complex [1/111
deficiency,®! suggesting that these interactions are functionally important. In the second,
smaller, interface, the adjacent Ia3 helix of ISD11 lays across the Na2 helix in an
antiparallel orientation (Fig. 11.9C). In contrast to IscS, the NFS1 residues in this second
interface with ISD11 are often conserved (Fig. 11.10). A hydrophobic pocket is generated
by residues L75 and 172 of ISD11 and L74, M77, L78, L81, and 182 of NFS1 (Fig. 11.9D).
This pocket is bridged by hydrogen bonding residues on ISD11 to residues and backbone

carbonyls on a loop between NFS1 Na2 and Na3.
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Figure 11.9 Two distinct NFS1-1SD11 interfaces are important for forming the
SDA«c architecture. (A) Global overview of the primary NFS1-1SD11 interface (ACP
and lipid are omitted for clarity). ISD11 packs against Na9, Na12, and No2 helices of
NFS1. (B) Specific interactions of the primary NFS1-ISD11 interface (ACP omitted
for clarity). The acylated 4'-PPT is shown in purple. (C) Global overview of the
secondary NFS1-ISD11 interface. ISD11 Ia3 has an antiparallel orientation compared
with NFS1 Na2. (D) Specific interactions of the second NFS1-1SD11 interface. The
PLP is shown in spheres. (E) The 4-helix bundle core of the SDAe complex. Residues
labeled in red were tested in vivo using analogous substitution in S. cerevisiae. Arrows
show the polypeptide direction for the a-helices. Purified mitochondria from the
indicated strains were solubilized from cells similar to Fig. 1.6 and resolved by
SDS/PAGE (F and G) and BN-PAGE (H and I). EV, empty vector; IB, immunoblot.
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Figure 11.10 Eukaryotic cysteine desulfurases have conserved interfaces for
binding ISD11. Eukaryotic (n = 64) and prokaryotic (n = 45) group | cysteine
desulfurase sequences were aligned separately and sequence conservation was mapped
onto NFS1 for eukaryotes and onto IscS (PDB code: 3LVVM) for prokaryotes. The C-
terminal region of NFS1, which likely interacts with ISCU2, is also highly conserved.
The equivalent highly conserved C-terminal region for IscS is in a different
conformation that is not visible in this orientation. Consurf scores, indicating relative
conservation, are displayed in the scale bar.

ISD11
Interface 1
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Interestingly, when two SDAec a1f1y1 assemblies come together to form the a2f2y2
architecture (Fig. 11.2A), the NFS1-1SD11 interfaces generate an unusual, interlocking 4-
helix bundle core made up of two copies of the ISD11 Ia3 helices and two copies of the
NFS1 Na2 helices (Fig. 11.9E). A cluster of hydrophobic residues consisting of 1SD11
(I72) and NFS1 (L78 and I82) from each of the two ai1f1y1 assemblies stabilizes the 4-
helix bundle. The interactions between the four subunits appear to be facilitated by an
extension of Na2 (compared with Sal of IscS; Fig. 11.2B and Fig. 11.3) and a kink induced
by conserved P79. Moreover, hydrogen bonds across the ISD11-I1SD11 interface between
side chains of Q69 and Y76, and salt bridge interactions between ISD11 R68 and NFS1
D75 appear to further stabilize the SDAec complex (Fig. 11.9E). The importance of these
interactions was tested through the introduction of single Y79A, double Q72A Y79A, and
triple Q72A 175D Y79A (equivalent to human Q69A 172D Y76A) ISD11 point mutants
along with the R71D ISD11 substitution (equivalent to human R68D) into S. cerevisiae.
Isolated mitochondria showed Isd11 variants exhibit comparable expression levels to
native Isd11 but decreased amounts of Nfsl-1sd11 complex (Fig. I1.9F-I). These cell-
based results coupled to the sequence conservation for interfacial residues (Fig. 11.3 and
Fig. 11.4), previous pull-down experiments,'® and involvement of variant ISD11 (R68L)
with a mitochondrial genetic disorder'!® support the functional importance of these core
SDA&c interactions and explain the requirement of ISD11 for eukaryotic Fe—-S cluster
biosynthesis.112 116,117

The positions of the two NFS1 subunits in the SDAec complex are fundamentally

different compared with previous cysteine desulfurase structures. The limited,
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hydrophobic interactions between the No2 helices are the only contacts between NFS1
subunits (122 A? of buried surface area) in the SDAe complex. This observation is in stark
contrast to all previously determined structures of cysteine desulfurases, which exhibit
common homodimeric architectures (Fig. 11.11) and extensive buried surface area (2,351
AZ for E. coli IscS).% 1% The first NFS1-1SD11 interface in the SDAec complex would not
exclude a bacterial-like dimer, possibly explaining the recent discovery that ISD11 can
interact but not influence the activity of bacterial 1scS.1%® However, the second NFS1-
ISD11 interface in the SDAec complex is not compatible with the IscS dimer. Overlay of
an IscS molecule from the bacterial dimer with a NFS1 subunit reveals the second IscS
molecule would spatially overlap with ISD11 (Fig. I1.11). Interestingly, NFS1 and IscS
use interactions on orthogonal faces of the equivalent helices (Na2, Sal) to generate the

different oligomeric arrangements.
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IscS aligned with
a single NFS1 molecule

Addition of ISD11 Addition of ISD11
from Interface 1 from Interface 2

Figure 11.11 IscS and NFS1 have different quaternary structures. Ribbon diagram
for the IscS structure (top left, PDB code: 3LVM) with subunits displayed in pink and
cyan. The PLP cofactors are displayed as spheres. NFS1 (green) aligned with the cyan
subunit of IscS is shown on the top right. ISD11 (wheat) added to NFS1 interface 1
does not overlap with IscS (bottom left). In contrast, the addition of ISD11 to NFS1
interface 2 is sterically precluded by the second subunit (pink) of the IscS dimer
(bottom right).
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To further evaluate the protein assembly architecture of the complex, we used
negative stain electron microscopy (EM) (Fig. 11.12 and Fig. 11.13A). A total of 128 class
averages were generated from the data (Fig. 11.13B), 36 of which were used in an ab initio
reconstruction (Fig. 11.13C). This reconstruction was refined using 11,481 particles to
yield a structure of the SDAe complex to ~15 A resolution (Fig. 11.13C-E). This
reconstruction matched well with the overall arrangement of the SDA¢c crystal structure
(correlation coefficient, 0.70) (Fig. 11.12A and Fig. 11.13F). On the other hand, the 3D EM
reconstruction was incompatible with the canonical E. coli IscS dimer (Fig. 11.12B and
Fig. 11.13G; correlation coefficient, 0.56). Overall, the crystal and EM structures for the
SDAec complex reveal a rare situation in which orthologs with high sequence identity and
the same protein fold exhibit distinct oligomeric architectures that result in dramatically
different functional properties (see Biophysical and Functional Properties of SDAec

Complex).

55



Figure 11.12 Single particle reconstruction of the SDAe complex with EM
supports the crystallographic architecture. (A) SDAec was reconstructed from EM
images of negatively stained specimens (isosurface contoured with dark gray mesh).
The SDA crystal structure (chains C, D, E, F, I, and L) fit well into the EM density
map. Subunits are colored as in Fig. 11.2. (B) The 3D EM reconstruction does not match
well with the architecture of the E. coli IscS structure (subunits shown in light and dark
pink).
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Figure 11.13 EM images of a negative stained specimen of SDA. were of sufficient quality to produce a reliable 3D
reconstruction of the complex. (A) A representative area from a micrograph showing suitable particle distribution and
contrast of the negative stained specimen. Scale bar represents 100 nm. (B) 2D class averages from all windowed particles.
Each average panel is 235 A wide. Comprised of more than half of the total windowed particles, the 45 well-defined classes
that were retained for further image analysis are highlighted in green. (C) Initial model (isosurface contoured with gray
mesh) generated from a subset of the class averages marked with yellow dots in panel B. (D) Particles show a preferred
orientation but are sufficiently distributed to produce a complete reconstruction. Height and color of the bars indicates
number of particles assigned to a particular view relative to reconstruction (dark gray mesh, also shown in Fig. 11.12). (E)
Plot of Fourier shell correlation (FSC) between reconstructions that were calculated from independently refined half-sets
of particles suggests a nominal resolution of approximately 15 A. (F) Difference maps (positive in green mesh, negative
in red mesh) calculated by subtracting the fit SDAec structure (subunits colored as in Fig. 11.2) from the EM density map
(gray transparent mesh). (G) Difference maps after subtracting the fit E. coli IscS (PDB code: 3LVM) from the EM map.
Note the substantial negative difference density in the center of the IscS dimer indicating a poor match with the EM density,
whereas the SDAe has only minor patches of negative density.
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Biophysical and Functional Properties of SDAec Complex

Crystallographic and EM structural analysis revealed that adaptor proteins (ISD11
and ACP) incorporated into the eukaryotic system support an unprecedented structural
framework for the cysteine desulfurase reaction and Fe-S cluster biosynthesis.
Incorporation of ISD11-ACP¢ generates a SDAe. complex less prone to aggregation with
increased solubility compared with the NFS1-ISD11 complex, consistent with the recently
discovered Acpl requirement for Nfsl-Isd11 stability and function in S. cerevisiae.'?® In
fact, the SDAec complex elutes from an analytical size-exclusion column with a mass
consistent with a (SDAec)2 stoichiometry with no evidence of monomeric or oligomeric
species at the concentration analyzed (Fig. 11.14). Steady-state kinetic analysis on SDAec
revealed a significantly lower Ku for L-cysteine (Table 11.3) in comparison with the
previously characterized complex that evidently lacked ACPe!t 113 118 and exhibited
similar FXN binding and ket activation phenomena (Table 11.3) that are hallmarks of
mitochondrial cysteine desulfurases.’®* Moreover, we found that SDA. variants
reproduce the kinetic profiles of previously identified NFS1 (RRR/AAA is analogous to
human R272A R275A R277A)¢ and 1ISD11 (R68L)3 substitutions that lack FXN-based
activation (Fig 11.15). Interestingly, these results indicate that NFS1 requires the
association of four additional functional proteins (ISD11, ACPe¢, ISCU2, and FXN) to
mimic the stability and steady-state kinetic parameters of the bacterial cysteine desulfurase

ortholog IscS.
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Figure 11.14 The SDAec complex is a dimer in solution. Representative data for S200
size exclusion analysis of the SDAec complex (10 uM, 500 uL injection). Inset shows
the average Kay for standards (thyroglobulin 669 kDa, apoferritin 443 kDa, 3-amylase
200 kDa, alcohol dehydrogenase 150 kDa, albumin 66 kDa, carbonic anhydrase 29
kDa) run in triplicate. Duplicate runs of blue dextran were used to determine the void
volume.
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Table 11.3 Michaelis-Menten kinetic parameters for cysteine turnover by Fe-S cluster
assembly complexes.

Complex K (UM) K oo (Min™) K calKyy (M 57 Reference
NFS1-ISD11 (SD) 340 £ 60 19+01 93+20 118
SD + FXN (SDF) 330 £ 60 1.7+01 86 +20 118
SD + ISCU2 (SDU) 590 + 50 0.89 £ 0.04 25+2 118
NFS1-ISD11-ACP¢. (SDAcc) *1.3+0.3 0.60 £ 0.04 8000 + 2000 This work
SDA, + ISCU2 (SDA..U) *0.82 £0.3 0.62+0.11 13000 + 5000 This work
SDUF 11+£3 52+04 7900 + 2000 118
SDA.UF 10.1+0.2 11.6+0.9 19100 + 2000 This work
IscS 17+2 75+0.1 7400 + 900 87
*Due to the insensitivity of the methylene blue assay at these concentrations of sulfide production,

Ky parameters should observed as estimates rather than exact values.
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Figure 11.15 NFS1-1SD11 variants result in the loss of FXN-based stimulation for
the cysteine desulfurase activity. The methylene blue assay was conducted for
cysteine desulfurase activity in the presence of 100 uM cysteine, 0.5 uM SDAec (Or
corresponding variant), 4 mM D,L-DTT, 10 uM PLP, and 1.5 uM ISCU2 and FXN
(when included). Reactions were quenched after 6 min, sulfide was quantified, and
initial rates were determined. Standard deviations represent the error in triplicate
measurement. SDAeUF corresponds to the SDAe. complex that also includes ISCU2
and FXN.
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The active sites were compared to understand the lower cysteine turnover rates for
eukaryotic NFS1 complexes compared with prokaryotic IscS. Inspection of the NFS1
active site revealed that most of the interactions with PLP are similar to IscS (Fig. 11.16).
One notable difference between the NFS1 and IscS active sites is the substrate channel;
NFS1 has a shallow substrate-binding pocket and solvent-exposed PLP (Fig. 11.17). In
contrast, one subunit of the IscS dimer contributes to the active site of the other subunit
via interactions from the N35-S40 loop and a second loop that contains the GGG motif
and T243, which forms a hydrogen bond to the phosphate of the PLP cofactor (Fig. 11.16
and Fig. 11.17B,C). These contributions to the active site are precluded by the different
oligomeric architecture for the eukaryotic complex and may explain the low activity for

the SDAe. complex as well as the activator requirement in the eukaryotic system.
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Figure 11.16 Comparison of the active sites for NFS1 and IscS. The NFS1 (A) and
IscS (B) active sites displayed in a similar orientation reveals comparable intrasubunit
interactions with the PLP. Intersubunit interactions (S40-N35 loop, green; GGG motif
purple, other residues from second subunit including T243, magenta) also contribute
to the active site for IscS (PDB code: 3LVM) that are not present in NFS1. Simulated
annealing - omit mF,-DF¢ map contoured to 3.0c (grey mesh) is shown for the PLP-
K258 of NFS1. The map was displayed with a 5 A region padding.
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Figure 11.17 The PLP is solvent exposed in the SDAe. complex and buried in the IscS structure. (A) Surface
view of NFS1 active site reveals that it is shallow and solvent exposed. Inset shows a stereo view of the active site
with the PLP (yellow). (B) The formation of the IscS dimer buries the PLP between the monomeric units. (C) Stereo
view of the IscS substrate tunnel (top right), and a surface clip of the dimer interface displaying the depth of the

substrate tunnel (bottom right).
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The SDA crystal structure reveals a connection between the acylated 4'-PPT and
PLP cofactors in which changes in the ACP cofactor could propagate to the NFS1 active
site. Although ACPec does not directly interact with NFS1, the acyl-chain attached to 4'-
PPT is threaded into the 1ISD11 hydrophobic core and is ~18 A from the PLP (Fig. 11.18).
The PLP is covalently attached to K258 and anchored by interactions between the
phosphate moiety and the backbone amides and side chains of T128, S255, and H257,
which are invariant residues in eukaryotic cysteine desulfurases. Interestingly, the
backbone carbonyl of H257 forms a hydrogen bond to the side chain of T67 of the N-
terminal loop that, in turn, packs against ISD11. The N terminus and additional adjacent
hydrogen-bonding residues appear to function as a relay between the acyl-chain and PLP.
Moreover, NFS1 residue R412, which is downstream of the presumed cysteine interacting
residue R407, forms backbone interactions with ISD11 R34 and NFS1 Y260 and
participates in a salt bridge network with NFS1 residues D70 and the clinical mutant R72.
These invariant residues provide a possible link between the substrate-binding site and the
acyl-chain that may contribute to the altered Kwm for cysteine in the presence of ACPec

(Table 11.3).
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Figure 11.18 Hydrogen bonding network between the acyl-chain and PLP active
site for the SDAec complex. Conserved residues on NFS1 provide a relay of hydrogen
bonds that propagate between the Lys-bound PLP cofactor (carbons in yellow) and the
acyl-chain of the 4'-PPT (magenta). The cysteine substrate (carbons in magenta) was
modeled into the active site based on a substrate bound SufS structure (PDB code:
5DB5). Residues connecting disordered mobile S-loop are shown in hot pink.
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Discussion

Eukaryotes synthesize Fe-S clusters in the mitochondrial matrix using a
biosynthetic pathway that contains the same basic components as the prokaryotic ISC
system. However, key, unexplained functional differences exist for the Fe-S assembly
complexes that center on the respective cysteine desulfurases. First, two additional
proteins, ISD11 and ACP, are required for the stabilization and function of NFS1 in the
eukaryotic system, 111 112,116,117, 119.129 "1 contrast, there is no evidence for a role of ACP
in prokaryotic Fe-S cluster assembly, and the ACP interactions appear limited to a
disulfide bond that would inactivate 1scS.%® 14 Second, despite sharing 60% sequence
identity with IscS, NFS1 is inactive on its own.''! 13 Third, in vitro assays reveal that
FXN stimulates the cysteine desulfurase and Fe-S cluster biosynthetic activities in the
eukaryotic system,87 113, 118, 144,145,148, 166, 169 \yhereas the prokaryotic FXN homolog CyaY
inhibits Fe-S cluster assembly on the scaffold protein IscU.8% 87 Unexpectedly, the cysteine
desulfurases and not the FXN homolog control the mode of activation/inhibition in these
assays for the respective systems.®” Despite these functional differences, analogous
residues for the eukaryotic (Fig 11.15)'% and prokaryotic® cysteine desulfurases appear to
contribute to the binding of FXN homologs. Lastly, the electron donor for cluster
assembly, ferredoxin (FDX2), appears to bind simultaneously with the FXN homolog in
yeast'™ but to compete for binding with CyaY in the prokaryotic system.”® * To help
explain these functional differences, we determined crystallographic and EM structures of

the SDAe. complex and demonstrated that the SDAe. complex has a fundamentally
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different architecture compared with all previously determined cysteine desulfurase
structures.

The unexpected architecture and incompletely formed substrate-binding channel
for the SDAe. complex provide a rationale for the differences in prokaryotic and
eukaryotic cysteine desulfurase function and their interactions with accessory proteins for
Fe-S cluster biosynthesis. Although the residues that interact directly with and tune the
chemistry of the PLP cofactor are largely the same (Fig. 11.16), the different quaternary
structure of SDA. results in the loss of intersubunit interactions that line a tunnel to the
active site in IscS (Fig. 11.17). We hypothesize that FXN functions as an allosteric activator
by promoting a conformation that replaces these interactions. In doing so, FXN guides the
NFS1 sulfur-transfer loop trajectory, increasing the efficiency and rate of sulfur transfer
chemistry, which results in the observed FXN-based stimulation in the cysteine
desulfurase, interprotein sulfur transfer, and Fe-S cluster assembly kinetics. 118 144, 145, 148,

149,154, 166, 169, 170 Moreover, the cup-like architecture for the SDAec complex, in contrast to
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the prokaryotic system, results in the two active sites facing one another and opens up the
prospect of subunit interactions across the dimeric interface. A model (Fig. 11.19) positions
the ISCU2 subunits adjacent to one another in the complex and suggests the possibility
that [2Fe-2S]-ISCU2 units may be able to reductively couple their clusters to form a [4Fe-
4S]-ISCU2 species, consistent with uncomplexed bacterial 1scU®® and a previous report
on the mammalian Fe-S assembly complex.*® Overall, the SDA:. complex provides a
framework for comprehending the differences in function compared with the prokaryotic
system and understanding the binding of accessory proteins to the eukaryotic cysteine

desulfurase.
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Figure 11.19 Modeling suggests the relative positions of the scaffold subunits are
different in the NFS1-ISD11-ACPe-ISCU2 and IscS-IscU structures. The
interactions between the NFS1 subunit of the SDAec complex and ISCU2 were modeled
(left) based on the analogous interactions in the IscS-IscU structure (PDB code: 3LVL,

right).
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We propose the cysteine desulfurase architecture provides a mechanism to
integrate activity control elements into the eukaryotic system. In our monomer-based
association model (Fig. 11.20), a heterotrimeric SDA species is first formed from
interactions of monomeric NFS1 with ISD11-ACP. In the second stage, the heterotrimeric
SDA species dimerize to form the stable 4-helix bundle core of the SDA¢c architecture.
Consistent with this model, NFS1-NFS1 interactions appear to be significantly weaker
than IscS-IscS interactions and result in a population of monomeric NFS1,112-114 which
has a tendency to aggregate in the absence of either member of the ISD11-ACP pair.!1?
129 In contrast, the SDAc dimeric architecture is the predominant species that elutes from
a size exclusion column (Fig. 11.14) and is the major species present in EM samples (Fig.
[1.12 and Fig. 11.13), which are conducted at submicromolar concentrations similar to Fe-
S assembly protein levels measured in mitochondria.'"*® Additional EM studies of a
much larger and functionally distinct oligomeric form of the eukaryotic Fe-S assembly
complex are also consistent with an NFS1 quaternary structure different from IscS.2%
Another PLP-containing enzyme, ornithine decarboxylase, also uses quaternary structure
differences to modulate activity.2°? Overall, we propose that eukaryotes have adopted a
cysteine desulfurase architecture that allows FXN and ACP to control Fe-S cluster

biosynthesis.
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Figure 11.20 Proposed assembly pathways for generation of the IscS and NFS1-
ISD11-ACPec architectures. IscS (PDB code: 3LVM) assembles as a tight homodimer
(left). NFS1-1SD11-ACP¢ assembles via a monomeric pathway utilizing two NFS1-
ISD11-ACPec units to produce the final complex (right).
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In addition, the SDAec structure provides another portrait of LYR-ACP
interactions. Although the incorporation of ACP is a recently discovered component for
the eukaryotic Fe-S cluster assembly machinery, its inclusion follows an emerging
paradigm for interactions between mitochondrial ACP and LYR proteins.®*? Previous
studies demonstrate that ACP, in addition to its central role in mtFAS, forms a complex
with LYRM3 and LYRMG6 of Respiratory Complex 1.13% 133, 185187 Similar to the SDA«c
complex, the LYR motif and invariant Phe residue are required to anchor ACP to LYRMG6
and to produce a functional complex.®> Overlay of ISD11-ACP with previously
determined LYR-ACP structures reveals that all three LYR proteins have the same relative
orientation to ACP (Fig. 11.21A). Mapping the sequence conservation of all 11 human
LYR proteins, which include components implicated in Fe-S cluster insertion!®? and
assembly factors of respiratory complexes 11,292 111, and V,2%* onto 1SD11 reveals a
common interface and invariant Phe that could be used to interact with ACP (Fig. 11.21B).
Recent affinity capture MS studies further support this hypothesis by providing evidence
that ACP interacts with at least 7 of the 11 human LYR proteins,®*> ¥ including LYR
proteins that also interact with HSC20 and are implicated in the Fe-S cluster delivery
mechanism.!82 2% These results suggest that the LYR superfamily forms lock-and-key
interactions with ACP-associated 4'-PPT-conjugated fatty acids that influence or control

their maturation and function.
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Figure 11.21 LYR-ACP interactions identified in the SDAec complex appear
conserved for the LYR superfamily of proteins. (A) Structural overlay of 1SD11-
ACP(wheat and salmon) with LYRM3-ACP (limon and deep salmon) and LYRMG6-
ACP (sand and warm pink) from bovine complex | (PDB ID code 4UQ8).(B) Sequence
conservation of the 11 human LYR proteins mapped onto ISD11-ACP of the SDAec
structure. Similar sequence conservation of ACPec and human mitochondrial ACP is
also mapped to ISD11-ACP. Consurf scores, indicating relative conservation, are
displayed in the scale bar.
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The connection between ACP and Fe-S cluster biosynthesis is consistent with a
previously proposed model in which mtFAS plays a regulatory role in oxidative
respiration.?® 128 Experimental evidence supports a role of ACP-associated fatty acids in
the processing of mitochondrial RNA and expression of the respiratory complexes, 28 206
synthesis of Fe-S cluster cofactors,'?® and achieving the mature protein assembly and
active conformation for the respiratory complexes.® 1 Thus, it appears from our results
and the work of others that the evolutionarily conserved pathways of Fe-S cluster
biosynthesis, oxidative phosphorylation, and mtFAS have been connected by LYR
proteins and their respective acyl-ACP associations. The mechanistic role for the acyl-
chain is still unclear; however, it is possible that acyl-ACP acts as a metabolic sensor for
the mitochondria by reporting the abundance of acetyl-CoA, as proposed previously,?3
and allowing mtFAS to coordinate the expression, Fe-S cofactor assembly, and activity of
the respiratory complexes. Overall, the cross-communication between biosynthetic and
primary metabolic pathways through the utilization of LYR-acyl-ACP interactions is a
potential and exciting avenue of regulation that warrants further investigation.

Materials and Methods
Protein Expression and Purification

Plasmids containing the genes for NFS1 (pET-15b) and the natural S11A
variant?®” of 1SD11 (pACYDuet-1) were transformed into BL21(DE3) cells'!® and
expressed using autoinduction media.?’® Cultures were grown to an ODsggo of 1-2 at 37 °C,
the temperature was reduced to 18 °C, and the cells were collected after overnight growth.

The cell pellet was resuspended in buffer A [50 mM Hepes, 500 mM NaCl, 5 mM
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imidazole, and 5% (vol/vol) glycerol, pH 7.8], and the cells were ruptured with six rounds
of sonication. The cell lysate was combined with a buffered PLP solution (final
concentration, 100 uM) and brought into an anaerobic Mbraun glovebox (~12 °C, <1 ppm
02 monitored by a Teledyne model 310 analyzer). The lysate was loaded onto a 5 mL Ni-
NTA (GE Healthcare Life Sciences) column and eluted using a linear gradient of buffer
A and buffer B [50 mM Hepes, 250 mM NaCl, 500 mM imidazole, and 5% (vol/vol)
glycerol, pH 7.8]. The resulting yellow fractions were pooled, diluted with buffer C (50
mM Hepes and 10% glycerol, pH 7.5), and combined with EDTA, DTT, and PLP at final
concentrations of 2 mM, 5 mM, and 100 uM, respectively. The sample was loaded onto a
27-mL cation exchange (POROS 50HS, Applied Biosystems) column and eluted using a
linear gradient of buffers C and D [50 mM Hepes, 1 M NaCl, and 10% (vol/vol) glycerol,
pH 7.5]. Yellow fractions were pooled and combined with 2 mM EDTA, 5 mM DTT, and
100 uM PLP (final concentrations). The sample was then concentrated under argon using
an amicon (10 kDa cutoff) and loaded onto a HiPrep 26/60 Sephacryl S300 HR (GE
Healthcare Life Sciences) column equilibrated in buffer E [50 mM Hepes, 250 mM NacCl,
and 10% (vol/vol) glycerol, pH 7.5]. The SDA fractions were pooled, concentrated using
the amicon to 280 uM (Amax = 420 nm, £ = 10.9 mM'.cm™), frozen in liquid nitrogen,
and stored at —80 °C. For selenomethionine (SeMet)-labeled protein, proteins were
expressed using a PASM-5052 medium as described by Studier,?® and the same
purification strategy described above was used. SeMet containing proteins were
concentrated to 215 puM, frozen in liquid nitrogen, and stored in a —80 °C freezer until

further use. Site-directed mutants of NFS1 and ISD11 were constructed following the
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QuikChange protocol (Agilent). The resulting variants were expressed and purified as
described above except that the cation column was skipped for the RRR/AAA variant.
ISCU2 and FXN were expressed and purified as previously described.!!8 ISCU2 and FXN
concentrations were determined using extinction coefficients at 280 nm of 8,250 and
26,030 Mt-cm™, respectively.
Crystallization and X-Ray Data Collection

SDA& aliquots, which were stored in buffer E, were thawed and diluted to 177 uM
with 50 mM Hepes, 150 mM NaCl, pH 8.0, for crystallization. Optimized crystallization
conditions were identified using the hanging drop vapor diffusion method in which 2 pL
of 177 uM SDAec was combined with 2 pL of a well solution produced by mixing a 450-
uL crystallization solution of 0.1 M Citrate BIS-Tris propane (CBTP), pH 6.4, 0.3 M CsCl,
0.2 M allylglycine, 5 mM Tris(2-carboxyethyl)phosphine (TCEP), and 8% (wt/vol) PEG
3350 with 50 uL of 40% (vol/vol) acetone. Single crystals grew within 1 week at 22 °C.
SeMet-labeled SDAec crystals were grown under similar conditions with a modified
crystallization solution [0.1 M CBTP, pH 6.4, 0.3 M CsCl, 0.2 M allylglycine, 6 mM
TCEP, and 4% (wt/vol) PEG 3350], which was also mixed with a 40% (vol/vol) acetone
solution to provide a final well solution containing 4% (vol/vol) acetone. Crystals were
harvested and cryoprotected by removing most of the liquor surrounding the crystal and
gradually increasing the PEG 400 concentration in 5% (vol/vol) increments (30-s soaks)
until the final concentration reached 25% (vol/vol). Crystals were then removed from the
mother liquor/cryoprotection mixture using 0.3-0.4 mm loops (Hampton Research) and

plunged into liquid nitrogen. All data sets were collected at SSRL beamline 7-1 (ADSC
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Q315R) at 100 K. A wavelength of 1.12709 A was used for native data collection, and a
wavelength of 0.9776 A was used for SeMet data collection. The selenium peak for the
SeMet containing crystals was determined by an X-ray fluorescence scan. Diffraction data
were integrated, scaled, and merged using HKL2000.2%° Statistics are in Table I1.1.
Crystallographic Structure Determination and Refinement

Initial phases were determined by the MR-SAD method using Phaser-EP?L in
Phenix?!! using a monomer of IscS [Protein Data Bank (PDB) ID code 3LVM]® as a
search model. A total of 46 SeMet sites were found with an initial figure-of-merit (FOM)
of 0.47 at a resolution of 3.72 A. Phenix fast chain tracing was used to build an initial
model that was improved by the Phenix autobuild GUI. Phases were then extended to the
native resolution using RESOLVE?#? for further model building and refinement.
Phenix.refine?'® was used to randomly select the Rfree set, which corresponded to 3.4%
of the total reflections and perform initial rounds of rigid body and Xxyz-coordinate
refinement using 3LVM as a reference model to generate dihedral restraints.?!* A partially
sequenced NFS1-1SD11 pair was built using Coot?® and subsequently used for MR in
Phaser against the native dataset to generate four partially sequenced NFS1-1SD11 pairs
in the asymmetric unit. Iterative rounds of model building and refinement were performed
in Coot?!® and phenix.refine, respectively. Anomalous difference maps were used to aid
in the sequencing of ISD11 and ACP (Fig. 11.22). Due to high B factors in ACP regions,
a high resolution model of apo-ACP (1T8K.pdb)'** was docked into the electron density
for refinement. Ligand restraints from the Phenix library for the lys-PLP (LLP.pdb)

cofactor were used during refinement. The acylated 4'-PPT cofactor was built using
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JLigand,?® and restraints were generated using ReadySet and eLBOW.2!" The initial Rfree
reflections selected included reflections between 3.09 A and 3.07 A corresponding to the
edges of the detector. Thus, the Rfree set was truncated to 3.09 A, and 26 reflections were
added to the set using Phenix to generate a set corresponding to 2,000 reflections (3.4%)
within refinement resolution. The B factors were reset to 103 A? (Wilson B factor
calculated by Xtriage), and several rounds of Cartesian-simulated annealing were used to
remove bias from the addition of these reflections by refining to convergence.?'® The final
model was refined by applying xyz-coordinate, group B factor (one per residue), TLS (one
group per chain), and individual B-factor refinement. Stereochemistry, secondary
structure, ADP, and torsion angle NCS restraints were applied. Figures were generated in
PyMOL.2!® Data refinement statistics are listed in Table 11.1. Chain details are listed in

Table 11.2. The final model was evaluated using Molprobity.??°
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Figure 11.22 Anomalous data identifies positions of selenium atoms in the
structure of NFS1. Regions near the (A) PLP (yellow spheres) and (B) 4'-PPT (purple
spheres) are displayed for the SDAe. complex. Ribbon diagrams for NFS1 (light green),
ISD11 (wheat), and ACPe (salmon) are displayed with anomalous difference electron
density contoured at 6.0c (black mesh).
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Acyl-Chain Isolation

The acyl-chain associated with ACP in SDAec recombinant material was identified
by transesterification to FAMEs??* and GC-MS. Briefly, 1 mL of 110-150 uM SDAc was
prepared by thawing frozen aliquots and diluting them with anhydrous methanol. A 10-
mL solution of 10% (vol/vol) H2SO4 in anhydrous methanol was added to the 1 mL protein
sample in a 25 mL screw cap vial. The sample was mixed vigorously and brought to reflux
in a water bath (70-80 °C). Anhydrous sodium sulfate (1-1.5 g) was added to the mixture,
incubated under reflux conditions for 2 h, and then cooled to room temperature. A small
amount of anhydrous methanol was added to resuspend the white precipitate.
Approximately 15 mL of hexane (mixture of isomers; Sigma-Aldrich) was added to this
suspension. For best results and to maximize FAME extraction, the phases were allowed
to mix vigorously on a shaker at 37 °C overnight. The organic phase was then extracted
the following morning, transferred to a 15-mL glass screw cap vial, and evaporated under
N2. Two additional 15-mL extractions with hexane were conducted with vigorous mixing
at 37 °C for 1 h each. After all of the hexane had been evaporated, small portions of hexane
were used to rinse the vial for transfer of the isolated product to a small 1-mL screw cap
vial. The solvent was completely evaporated from the 1-mL vial under N2, and finally,
100 pL of hexane was added to the vial to prepare the sample for GC-MS analysis.
GC-MS Analysis of FAMEs

GC-MS was performed on an Ultra GC/DSQ (ThermoElectron) using electron
impact ionization (EI). An injection volume of 1 uL, inlet temperature of 225 °C, and Rxi-

Sms (60 m length, 0.25 mm i.d., 0.25 um film thickness; Restek) column were used.
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Helium was used as the carrier gas at a constant flow of 1.5 mL/min. For sample analysis,
the oven temperature was initially held at 50 °C for 5 min, increased to 320 °C at a rate of
20 °C/min, and then held at 320 °C for 5 min. All standards were prepared at a
concentration of 1 mg/mL in hexanes. Identification of standards and samples were based
on both retention time and EI fragmentation.
Yeast Strains and Growth Conditions

S. cerevisiae R1158 (BY4741 derivative; MATa, URA3::CMV-tTA, his341
leu240 met1540) was used as the wild-type strain. Mutants were generated using standard
methods by homologous recombination of PCR-amplified fragments. Yeast
transformations were performed by the standard lithium acetate method, and transformed
cells were recovered and grown in synthetic complete glucose (SD) medium lacking the
appropriate amino acid(s) for selection purposes. S. cerevisiae cells were grown in YPA
(rich media containing yeast extract, peptone, and adenine) or synthetic minimal medium
supplemented with 2% glucose, 2% raffinose, or 2% glycerol. ISD11 mutants were tested
with an 1ISD11 knockdown strain (R1158 plus isd11::KanrTetO7-CYC1TATA-ISD11) and
a plasmid (ISD11-V5) previously constructed.'?® To suppress 1ISD11 expression from the
TetO7-1SD11 allele, overnight cultures were used to inoculate synthetic media containing
either 2% glucose or 2% raffinose and 10 pg/mL doxycycline (DOX) to an approximate
ODg0o 0f 0.05 and were incubated for 16-24 hours as indicated.
Isolation of Yeast Mitochondria and Analysis of Steady-State Protein Levels

Cell pellets were washed once with ddH20 and incubated in TD buffer (100 mM

Tris-SO4, pH 9.4 and 100 mM DTT) for 15 min at 30 °C. Spheroplasts were obtained by
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incubating cells in SP buffer (1.2 M sorbitol and 20 mM potassium phosphate, pH 7.4)
supplemented with 0.3 mg/mL lyticase for 1 h at 30 °C to remove the cell wall.
Spheroplasts were gently washed once and homogenized in ice-cold SEH buffer (0.6 M
sorbitol, 20 mM Hepes-KOH, pH 7.4, 2 mM MgCl, 1 mM EGTA) using a Dounce
homogenizer applied with 30-40 strokes. Crude mitochondria were then isolated by
differential centrifugation (1,500 x g for 5 min, 4,500 x g for 5 min, 10,000 x g for 10
min). Yeast mitochondria were solubilized in Laemmli buffer. Samples were resolved by
SDS/PAGE and assessed by immunoblot. Blue native polyacrylamide gel electrophoresis
(BN-PAGE) was performed as described previously.??? Mitochondria were resuspended
in lysis buffer (Invitrogen) and solubilized with 1% digitonin. Lysates were resolved on a
4-16% gradient native gel (Invitrogen). The steady-state levels of each indicated complex
was assessed by immunoblot. Porin was used as a loading control.
Single-Particle EM of the SDAec Complex

The SDAe complex (5.0 pg/uL) was diluted to 15 ng/ul in 50 mM Hepes, pH 7.2,
200 mM NacCl, and 1 mM TCEP. A 5-uLL sample was applied to a freshly glow-discharged
carbon film supported by a 300 mesh copper EM grid (Electron Microscopy Sciences).
After ~1 min the protein solution was blotted from the grid and replaced with 5 pL 1%
uranyl acetate. The blot and stain wash were repeated two more times. The final drop of
stain was allowed to stand on the grid for ~1 min before blotting slowly from the grid,
leaving a thin film of stain that was air-dried.

SerialEM??® was used to operate a Tecnai F30 microscope (FEI) at 300 kV

equipped with a Falcon 11 direct electron detector (FEI) at a magnification of 59,000%,
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resulting in a pixel size of 1.833 A at the specimen level, and acquire 109 images of the
specimen with exposures of 42 e/A? (Fig. 11.13A). Defocus of each image was estimated
with CTFFIND4.2%* In RELION-1.4,% an initial set of 4,167 particles were manually
selected and windowed from 17 images, and a preliminary set of class averages were
generated. Three averages with well-defined but dissimilar features were used to
automatically select particles fromall 109 images in RELION, the selections were visually
assessed, and 21,973 particles were windowed. After an initial sorting procedure in
RELION,?® 21,276 particles remained and these were further cleaned by 2D
classification, yielding 128 class averages (Fig. 11.13B). Sixty-three classes of incomplete
complexes roughly the size of an NFS1 monomer and 20 classes of poorly defined
aggregates or particles with encroaching neighbors were removed with 11,822 particles
remaining (Fig. 11.13B). In total, 36 class averages were input to eZ2initialmodel.py
(EMAN2 version 2.12) to generate initial reconstructions with imposed C2 symmetry
(Fig. 11.13C).?" Among the resulting initial models, a 3D map with projections that
matched well with the averages was selected to initiate 3D refinement with 11,481
particles that remained following an additional round of 2D classification. The 3D
classification within RELION into four classes failed to further separate the particles into
meaningfully different groups, and therefore, the 11,481 particles were considered to be
structurally homogenous and without further cleaning were used for refinement of the
initial reconstruction in RELION with a strict high-resolution cutoff of 12 A to prevent
overfitting (Fig. 11.13D). Fourier shell correlation calculated within RELION from

independently refined maps of half of the data indicates that the final resolution of the map
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is ~15 A (Fig. 11.13E). The final reconstruction was fit with atomic models of the SDAec
crystal structure or an E. coli IscS dimer (PDB ID code 3LVM)® and was rendered with
UCSF Chimera.?® Difference maps (Fig. 11.13F,G) and correlation coefficients were
calculated with the “measure correlation” and “vop subtract” commands in Chimera.
Analytical Size Exclusion Chromatography

Standards (Sigma Aldrich) including albumin (2.5 mg, 66 kDa), apoferritin (2.5
mg, 440 kDa), thyroglobulin (2 mg, 669 kDa), alcohol dehydrogenase (1.25 mg, 150 kDa),
B-amylase (1 mg, 200 kDa), and carbonic anhydrase (1.25 mg, 29 kDa) were dissolved in
500 uL of 50 mM Hepes, 250 mM NaCl, pH 7.2. Approximately 250 uL of this standard
mixture was loaded into a 500-uL sample loop that contained the same buffer as
mentioned above. The entire sample loop (500 pL) was injected onto a Superdex 200
10/300 GL (S200, GE Healthcare Life Sciences) analytical size exclusion column. This
procedure was conducted in triplicate. To determine the void volume of the column, 1 mg
of blue dextran (Sigma Aldrich) was dissolved in 500 pL of 50 mM Hepes, 250 mM NacCl,
pH 7.2. The entire sample was loaded into the sample loop and injected onto the S200
column. This experiment was conducted in duplicate providing a void volume (Vo) of 7.26

+ 0.10 mL. The factory provided column volume was 24 mL. The K,y for each standard

was then determined using the following equation: K, = —etien=ve  samples of 4-10

column=Vo

uM SDAec were prepared by diluting frozen protein stock in the same buffer as mentioned
above. Volumes of 500 pL were loaded into a 500-pL sample loop and the entire sample
loop injected onto the S200 column. The Kay for the elution peak was determined as

described above, and the molecular mass was estimated using a plot of the Kay for the
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standards versus log of molecular mass. An average of five runs provided a molecular
mass of 123 + 7 kDa. Protein was monitored at 280 nm.
Cysteine Desulfurase Activity Measurements

The methylene blue assay for cysteine turnover was conducted as previously
described!!® with minor modifications. Briefly, 800-pL reactions containing 0.5 pM SDA,
4 mM D,L-DTT, and 10 uM PLP in 50 mM Hepes, 250 mM NacCl, pH 7.5, were incubated
for 15 min at 37 °C with and without three equivalents of the designated accessory
subunit/subunits (Table 11.3). Reactions were initiated with up to 600 uM L-cysteine and
were quenched as previously described after 6 min. The absorbance at 670 nm was
converted to the concentration of sulfide using a standard curve generated from a sodium
sulfide standard. Kinetic experiments were conducted in at least triplicate and fit to the
Michaelis-Menten equation with KaleidaGraph (Synergy software). The errors in Table
11.3 represent errors in the fit.
Supplemental Description of Activity Measurements

For the activity assays described within this chapter, sulfide standards of 800 puL
ranging from 5 to 60 uM were quenched with 200 pL of a 1:1 mixture of 20 mM N,N-
dimethyl-p-phenylenediamine in 7.2 N HCl and 30 mM FeClz in 1.2 N HCI. The synthesis
of methylene blue was allowed to proceed for 20 minutes at 37 °C prior to removal of the
samples from the glovebox, centrifugation, and analysis at 670 nm. The absorbance at 670
nm was plotted against sulfide concentration in order to produce a standard curve for
quantification of sulfide produced in cysteine desulfurase activity measurements. For

SDAc activity measurements, concentrations of L-cysteine ranging from 0.5 to 32 uM
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were used to initiate the reaction. The amount of sulfide produced within these assays was
less than the lowest concentration of our standard curve, which we assumed to be linear
within this range. Measurements were conducted in at least triplicate. Due to the
insensitivity of this assay, the reaction time of 6 minutes was chosen in order to remain
within the linear region of sulfide production at saturating amounts of cysteine while
simultaneously generating sufficient sulfide for detection within these assays. The DTT
concentration was chosen based on previously conducted experiments in our lab, which
have shown this concentration of DTT to be saturating at saturating amounts of L-
CySteine.87’ 118,172,173
Sequence and Structural Alignments

The cysteine desulfurases, 1SD11, and ACP were aligned using Clustal Omega
default parameters®?® and displayed with Boxshade. Mitochondrial targeting sequences
were truncated based on the Uniprot database. Alignments of human mitochondrial ACP
and ACPe: were conducted in Clustal Omega using default alignment parameters.?2° All
11 human LYR proteins were aligned in a similar fashion. The sequence of LYRM6 was
manually shifted, as previously described,®*® using MEGA6.2 The results of the
alignment were visualized using the ConSurf server with default parameters.?3! For the
alignment of human and E. coli ACP (Fig. 11.21B), identical residues are shaded magenta
and different residues are shaded based on the similarity of the amino acids. Structures

were aligned in Pymol.
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CHAPTER Il
ARCHITECTURE-SWAPPING OF THE HUMAN FE-S CLUSTER BIOSYNTHETIC
SUBCOMPLEX: A NEW MORPHEEIN

Overview

Iron-sulfur (Fe-S) cluster assembly is a complex process requiring a myriad of
protein subunits for the synthesis of a single [2Fe-2S] cluster. Due to the toxic nature of
substrates, S* and Fe?", but the essential requirement of clusters for processes such as
oxidative respiration and DNA replication and repair, the Fe-S cluster biosynthetic
subcomplex appears to be highly regulated both at the activity level by frataxin (FXN) and
metabolic level by acyl-carrier protein (ACP). Interestingly, recent structures of the
subcomplex, consisting of NFS1, 1ISD11, and ACP, suggest that multiple assembly states
exist in solution opening a new avenue for regulatory features in this pathway. These open
and closed forms of the subcomplex have the same mass but different quaternary
structures. Here we use activity measurements, small-angle X-ray scattering, X-ray
crystallography, and native ion-mobility mass spectrometry to demonstrate that both the
closed and open architectures of the NFS1-1ISD11-ACP complex are present in solution.
In addition, isolated crystals of both architectures can be activated by FXN. These results
suggest a new morpheein-like regulatory mechanism for the Fe-S assembly complex in
which architectural rearrangements facilitate FXN-based activation.
Introduction

Iron-sulfur (Fe-S) clusters are essential inorganic cofactors found in proteins and

enzymes amongst all domains of life. These cofactors function in a variety of processes
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such as oxidative respiration, DNA replication and repair, and catalytic transformations of
substrates. Pathways for Fe-S cluster synthesis are often found in the cytosol of
prokaryotic cells and mitochondria of eukaryotes.!? 18 Although these cofactors are
essential, the substrates required for their synthesis, S? and Fe?*, contribute to oxidative
stress through inhibition of respiratory complex IV! and Fenton chemistry,° respectively.
Therefore, the synthesis of clusters must be highly regulated. Examples of regulation
within the eukaryotic Fe-S cluster biosynthetic pathway include the use of the allosteric
activator protein frataxin (FXN),118 144145 the metabolite sensing acyl-carrier protein,!?t
122,129, 178 and post-translational modifications.'”® However, the mechanisms of these
modes of regulation are poorly understood.

Fe-S cluster synthesis within the eukaryotic mitochondria matrix is facilitated by
a large multi-protein assembly complex. The sulfur-hub of the assembly complex exists
as a stable subcomplex consisting of the cysteine desulfurase (NFS1),%: %1% YR protein
(1ISD11),112 116. 117 and acyl-carrier protein (ACP).12L: 122,129 Thjs subcomplex provides
persulfide sulfur to the scaffold protein, ISCU2, where Fe?* and 2 electrons, from FDX2
or FDX1,%52-1%4 can be combined to synthesize a [2Fe-2S]?* cluster.' These processes can
be accelerated by FXN.118 144 145, 148 ynfortunately, mutations in many of the genes
involved in Fe-S cluster biosynthesis result in debilitating diseases that lead to
cardiomyopathy and neurodegenerative ataxia (Friedreich’s ataxia).?*? A central theme in
studies involving eukaryotic Fe-S cluster biosynthetic genes involves determining the
mechanisms by which FXN accelerates persulfide formation and sulfur transfer!8 144 145

and Fe-S cluster biosynthesis®” 8 from both functional and structural perspectives.
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However, the structural mechanism by which FXN facilitates the activation of Fe-S cluster
biosynthesis remains unclear.

Recently, X-ray crystal structures of the human Fe-S cluster assembly sub-
complex consisting of NFS1-1SD11 in complex with E. coli ACP (ACPe) were
determined.'?: 122 Interestingly, both structures featured identical NFS1-1SD11-ACPec
(SDA) interaction interfaces amongst a single afy assembly (Fig. 111.1A) with a Ca
RMSD of 0.65 A (351 atoms). However, the dimeric architectures (02P2y2) of the NFS1-
ISD11-ACPec complex are extraordinarily different (Fig. 111.1B,C). In fact, overlay of both
architectures clearly display clashes amongst subunits demonstrating that the architectures
are unique assemblies (Fig. 111.1D). One dimeric architecture features an open state where
the active site is completely exposed to solvent and was supported by negative stain
electron microscopy reconstructions of the complex at near physiological concentrations
(Fig. 111.1B).*2! The second dimer architecture features a closed state similar to previously
determined crystal structures of prokaryotic cysteine desulfurases with support provided
by additional crystal structures in the presence of ISCU2 and small-angle x-ray scattering
(SAXS) (Fig. 111.1C).1%22 In addition, recent chemical crosslinking, SAXS, and cryo-
electron microscopy (cryoEM) data have provided additional evidence for the presence of

a closed architecture in solution.143 233
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Figure 11l.1 Comparison of open (5USR.pdb) and closed (5WGB.pdb)
architectures of NFS1-1SD11-ACPec. (A) Monomeric assemblies of 5SUSR.pdb and
5WGB.pdb were aligned in Chimera using MatchMaker. The following colors were
used for specific subunits: ISD11 (tan), ACP (salmon), NFS1 (5USR.pdb, light green),
and NFS1 (5WGB.pdb, turquoise). Cofactors were colored as follows: pyridoxal 5°-
phosphate (yellow) and S-dodecanoyl-4’-phosphopantheine (purple). (B) Display of
the open architecture (5SUSR.pdb). (C) Display of the closed architecture (5SWGB.pdb).
(D) The two dimeric architectures from B and C were aligned in Chimera using
MatchMaker to demonstrate clear clashes amongst subunits of the overlaid structures.
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Due to these recent discoveries, questions regarding the physiological relevance of
individual architectural assemblies have surfaced. While structures of the NFS1-1SD11-
ACPe. complex in the closed form with and without its adaptor proteins, ISCU2 and
FXN,!22:143 resemble prokaryotic cysteine desulfurase structures of IscS with and without
its scaffold,® 122 1% fynctional differences between the eukaryotic and prokaryotic
systems lack sufficient explanation. For example, the Escherichia coli FXN homolog,
CyaY, suppresses in vitro Fe-S cluster biosynthetic assays using IscS and IscU,%® 87 which
is the opposite effect of adding FXN to the eukaryotic system.8” 18 Interestingly, CyaY
can be used to activate the NFS1-ISD11-ISCU2 complex.®” This suggests that the
functional difference in the systems arises not from FXN/CyaY but from the differences
in the cysteine desulfurases NFS1 and 1scS®” and may be linked to the distinct subunit
interactions of the NFS1-1SD11-ACPe open architecture (Fig. 111.1B).12 Additionally,
evidence suggests FDX2 binds to NFS1 in a different position in comparison to Fdx with
IscS.”® ™1 15% This leads to competition between Fdx and CyaY’® " in prokaryotes but
simultaneous binding of FDX2 and FXN in eukaryotes.®* While these differences may
offer an explanation for the presence of an open subcomplex, the high homology amongst
subunits between the two systems provides support for a functional closed architecture
leaving the physiological significance of both structures unclear.

More recently, a single **F NMR spectrum of [*°F-Trp] NFS1-I1SD11-ACPec was
published suggesting multiple conformations in solution; however, it was unclear how
many conformations the resulting spectrum contained.?*® The lack of understanding in the

conformational landscape of the NFS1-1ISD11-ACPec dimer warrants additional studies to
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determine the functional significance of both the open and closed architectures. In order
to provide a clearer picture for accessory protein interactions and mechanistic steps in Fe-
S cluster biosynthesis, the relationship between open and closed architectures must be
elucidated. Here we use a variety of functional and biophysical approaches to interrogate
solution states of the NFS1-1SD11-ACPe. complex and provide key results contributing to
the potential of architecture swapping control mechanisms in human Fe-S cluster
biosynthesis.
Results
Method of SDAec Preparation Does Not Affect FXN-based Activation

Our initial goal with this study was to reproduce the expression and purification of
the NFS1-ISD11-ACPe (SDAec) complex as described by the manuscripts featuring the
X-ray crystal structure determinations of the open and closed forms of the complex. The
expression constructs for the two studies were identical, but there were differences in
expression conditions. The open form was generated using a rich, auto-induction media
which maximizes ACPec association and stability of the SDAe complex.'?! The closed
form was generated using a rich media, Terrific broth, to obtain a similar result.!?? In
addition, the preparations of the open form of the SDAe. complex featured additional
purification steps. Although these differences may seem minute, preparation methods
seemed like a plausible explanation for the differences in assembly. However, activity
measurements of the SDAe. complex prepared by these different methods did not suggest
major differences in the activity of the complex in the presence of adaptor proteins and

Fe?* (Fig. 111.2A,B). SDAc prepared under the Barondeau conditions displayed a keat of
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9.3 + 0.5 min and a K for cysteine of 22 + 5 uM. Additionally, SDAc prepared under
the Cygler conditions displayed a kcat 0f 11 * 0.4 min™ and a Kwu for cysteine of 20 + 3
MM. In fact, these activities are similar to those we have reported in the past when

examining the activation feature of FXN in S?" detection assays.®” 118 121
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Figure 111.2 Michaelis-Menten Kinetic plots for cysteine turnover by different
preparations of SDAec in the presence of ISCU2, FXN, and Fe?*. (A) SDA«
prepared by the Barondeau method. (B) SDAec prepared by the Cygler method. All
assays were conducted at pH = 7.5 and 37 °C using 0.5 uM SDA¢, 1.5 uM ISCU2, 1.5
UM FXN, and 5 pM Fe?*,
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Small-angle X-ray Scattering Suggests Multiple Conformations in Solution

Although small-angle x-ray scattering (SAXS) data has been published on this
system previously, these studies either ignored one of the architectures, suffered from
inconsistent fitting methods, or utilized incomplete models.1?> 23 In particular, we were
interested in whether or not the scattering curves generated from our preparations were
consistent with the scattering curves of SDAec presented in other publications. To do so,
we screened several buffer conditions in order to identify a composition which maximized
stability and reduced concentration-dependent oligomerization. We found that a high ionic
strength buffer achieved this best. Averaged frames of multiple buffer wells with identical
composition to our target sample were subtracted from sample frames (Fig. 111.3A) prior
to sample averaging. We then identified time points at which radiation damage set in and
decided where to establish a sample average (Fig. 111.3B). The resulting samples were
fully folded (Fig. 111.3C) but suffered from minor concentration-dependent
oligomerization as can be seen from the low g region of the scattering curve (Fig. I11.3B,
inset), the Guinier analysis (Fig. 111.3C, inset), and pair distribution functions (Fig. 111.3D).
Due to these observations, we chose to continue our analyses with the lowest concentration
sample, which provided a smooth pair distribution function and a molecular weight within

error?®* of the expected molecular weight (Table 111.1).
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Figure 111.3 Small-angle X-ray scattering data processing for SDAec. (A) Overlay
of average buffer (100 mM sodium phosphate, 500 mM NaCl, 2 % glycerol, 2 mM
TCEP, pH = 8.0) and a single frame from a 1 mg/mL SDA« in the corresponding
buffer. Inset demonstrates overlap of buffer and sample at high g. (B) Overlay of
subtracted scattering curves. Inset demonstrates concentration dependent
oligomerization. Negative intensities are not shown. (C) Kratky plots for SDA¢c at
multiple concentrations. Inset displays Guinier plots demonstrating concentration
dependent oligomerization. (D) Pair distribution functions for SDAec samples. Low g
region was truncated based on Guinier analysis, and the high q region was truncated to
8/Rg prior to pair distribution analysis.
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Our first analysis of the SAXS data included a comparison of our data to published
results that were publicly available on SASBDB?2 2 and generously provided from
Cygler et al.1?2 We treated and processed data in a similar fashion to our scattering curves.
Specifically, we truncated data within the Guinier region which featured significant
aggregation?? or interference from the beamstop.?® It appears that data collected by
Cygler et al. features a large population of a concentration-dependent oligomer as can be
seen by the increase in scattering at low g (data not shown for permission reasons). This
conclusion was further confirmed by inspecting Supplementary Figure 5D within Cygler
et al’s 2017 manuscript, which shows a poor fit of the crystal structure to the low q portion
of the scattering curve. Additionally, our analysis of the data (data not shown for
permission reasons) closely resembles the reported Rg of 54.7 A and Dmax of
approximately 180 A.*?? In fact, data collected on our purified complex in conditions
similar to Cygler et al. provided scattering curves nearly identical to those presented by
Cygler et al. (data not shown for permission reasons). Alternatively, data collected by
Markley et al.?®® closely resembles the data we collected under high ionic strength
conditions (Fig. 111.4). Given the similarities amongst scattering curves (Fig. 111.4), we
believe that the solution samples are quite similar in conformation. The differences
observed between datasets are primarily due to concentration dependent oligomerization.
Additionally, we suspect this may be the reason the published SAXS parameters by
Markley et al. on SDAec in a 2017'% manuscript are substantially different from the

manuscript published in 2018.2%
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Figure 111.4 Comparison amongst published scattering curves. Intensities are
plotted on a logarithmic scale. Comparison between the scattering curve published by

Markley et al and our preparation SDAec in 100 mM sodium phosphate, 500 mM NacCl,
2 % glycerol, 2 MM TCEP, pH = 8.0.
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For further analyses, the remainder of the data was truncated at high q of 8/Rg.
Scattering above 8/Rg is specific to internal scatterers and is background in the
measurements analyzed here. Given our previous determination of the negative stain
electron microscopy structure of SDAec, we used the electron microscopy map to generate
a dummy atom model to evaluate whether our previous low resolution structural
determinations from EM match our solution scattering profile from SAXS. We used
EM2DAM?Z® to screen for threshold levels which provided a dummy atom model that fit
the experimental scattering curve in FoXS.2" A threshold of 0.07 provided a reasonable
fit to the experimental data (X? = 2.93); however, the resulting low resolution envelope
did not provide any discriminatory information regarding the architecture type present

(Fig. I1I5A-C and Table 111.2).
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Figure 111.5 Comparison of previously determined negative stain electron
microscopy envelope to the scattering curve of SDAec. (A) Theoretical scattering
curve (red) derived from EM2DAM by varying threshold level of map with following
refinement in DAMMIN. Fit of the refined dummy atom model to the experimental
scattering curve (black, X2 = 2.93, Qrange = 0.0153 — 0.217). Negative intensities are not
shown. (B) Fit of 5USR.pdb to the refined dummy atom model contoured to 20 A in
Chimera. Model is colored as described in Fig. Il1l.1. (C) Fit of 5SWGB.pdb to the
refined dummy atom model contoured to 20 A in Chimera. Model is colored as
described in Fig. 111.1.
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Table 111.2. Threshold levels and their respective fits to the experimental
scattering curve of SDA«c.

Threshold Level Dummy Atoms Cy Co X*
0.1 36737 1.04 3.93 21.33
0.09 42681 1.00 2.57 8.67
0.08 48301 1.00 3.30 3.55
0.07 53938 1.00 3.50 2.93
0.06 59269 1.00 3.96 5.60
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Additionally, upon conducting ab initio shape analysis, it was clear multiple
shapes could be fit to this scattering curve. In fact, AMBIMETER?® suggested 10
compatible shape categories, and after 20 independent shape reconstructions using
DAMMIF?* and averaging in DAMAVER?* the reported normalized spatial discrepancy
(NSD) was 1.308 £ 0.266 suggesting several different classes of shapes. The resulting
shape was refined in DAMMIN,?*! and the available crystal structures were superimposed
(Fig. 111.6A). We then utilized DAMCLUST?* to identify groups of shapes that were most
similar. Using this strategy, DAMCLUST identified 2 clusters. The structures within the
clusters were then averaged in DAMAVER. The averaged model from Cluster 1 contained
15 models (NSD = 0.912) from the DAMCLUST analysis, and the averaged model from
Cluster 2 contained 5 models (NSD = 0.753). These averages were then subjected to
DAMSTART to produce models with fixed cores which were then refined in DAMMIN
(Fig. 111.6B). While neither the open nor the closed dimer structures provide a satisfactory
fit to either cluster, this analysis does demonstrate the ambiguity in shape analysis for this
system (Fig. 111.6B). We also performed an identical analysis on the pair distribution
function published by Markley et al. AMBETER suggested 25 classes of shapes and
clustering analysis generated 5 clusters (Data not shown). Therefore ab initio shape
reconstruction is not the best method to confirm architecture state in solution in this

system.
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15 models
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Figure 111.6 3D ab initio reconstructions from experimental SAXS data. Models
for open (5USR.pdb) and closed (5WGB.pdb) were superimposed with the map
(contoured to 20 A) using Chimera with the fit in map command. (A) Overall
reconstructions using 20 models provided a normalized spatial discrepancy of 1.308
implying significant differences amongst models. (B) Overall reconstructions using a
clustering approach. When 15 models were averaged a normalized spatial discrepancy
of 0.912 was achieved. The remaining 5 models were also averaged providing a
normalized spatial discrepancy of 0.753. The fits are ambiguous. Models are colored
as described in Fig. 111.1.
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The final analysis which demonstrated the possibility of a mixture of architectures
in solution was atomic modeling. We started our analysis by a simple comparison of the
scattering curves to the published crystal structures of the open and closed architectures
including the closed SDAe. subcomplex from the SDAecU crystal structure (SWKP.pdb)
which contains a completely closed dimeric conformation.?? Initially, it appeared that the
SDAec unit from 5WKP.pdb fit the data best (Fig. I11.7A and Table 111.3); however, all
models are lacking a significant number of total scatterers (protein, non-H atoms): SUSR
(17.2 %), SWGB (31.6 %), and 5SWKP (12.6 %). This made comparing the quality and
accuracy of the fits difficult as these missing scatterers, and their conformations have a
significant effect on the theoretical scattering curve. A simple demonstration of this was
done by generating an open architecture (5USR.pdb) using the available cryoEM structure
of SDAUF (6NZU.pdb)*3 by mapping the NFS1 subunits using a Ca alignment method
in PyMOL on the open architecture dimer. The newly constructed open dimer was only
missing 6.5 % of the total scatters. Fits for the open architecture reconstructed from SDAec
subunits of 6NZU.pdb generated a X? = 3.13 while the closed SDAe sub-complex of
6NZU.pdb generated a X2 = 1.43 (Fig. 111.7B). Each of these fits was an improvement
from the original crystal structure inputs (Table 111.3). Because of the effect of these
scatters we sought more complete methods for evaluating the crystal structures as solution
scatterers. To do this, we utilized the AllosMod-FoXS?" 243 webserver which uses
MODELLER?* to generate complete models. In addition, the large amount of flexibility
that has been observed in the available crystal structures*?* 122 suggests a highly dynamic

complex; therefore, we applied molecular dynamics simulations to the generated

106



MODELLER structures at 300 K which were restrained to be close to the input structure.
This methodology was used on all models used in previous fitting analyses (Fig. 111.7A,B).
This resulted in improved models in all cases (Fig. 111.7C,D and Table 111.3) that were
almost indistinguishable in the context of the error of the experimental SAXS curve.
Ultimately, it appears SAXS may not be the best biophysical method for resolving the two
architectures primarily due to its low resolution, and in this case, the available models are

missing a number of flexible scatters which directly affects atomistic modeling results.
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Figure 111.7 Atomic modeling of SDAec SAXS data using FoXS. (A) Fits of SDAec
dimers from available crystal structures to the experimental data. (B) Fits of SDAec
dimers from the available cryoEM structure of SDAeUF. Open SDA¢. was generated
by Ca alignment of the two NFS1 subunits available in the cryoEM model to the two
NFS1 subunits in SDAe: dimer available in 5USR.pdb. (C,D) AllosMOD-FoXS
simulations at 300K that remain close to the input to the structure.

108



oLL} ON 6v0'+ 559G ON 1290 ON ON ve8ES ON () 1owip (n3SI) apd" d¥MS OoF GSWa DO
€52°G ON 62L'S €160 ON 192G ON ¥8€'S ON ON (y) Jowip apd GOMS 0} ASWY PO
ON 099'} ON ON ves't ON 558°0 ON ON ON (y) Jownp apd-ySNS 0} ASWY PO
£€°0 '66'0 1E'1- 20 80'L 660 SELI0'L 88°0- V0L 00700k 6£0- 'S0} 00 v’} 00 'S0k £LL'SOL 2y
[N 182 8Lt W €51 et €he 291 98'G ¥5'e X
LL1Z0-€S100  LZIZ0-€5L00  LZLZO0-€SL00  LLLZO-€SL00  LZIZ0-ESL00 12120 €5L0°0 LL1Z0-€SL00  LZIZO-€SL00  LZIZ0-ESLO0 L2120~ €540°0 (,.y) 6ues b
(pasop -®yas)  (uado->vas) (*vas) apd g9MG apd-¥sns (pasopd - *vas) (uado -*yas) (*vas) apd' 8OMS apd-ysng 19PON
apd'nzNg apd'NZNg apd' dIMS apd'nNzNg apd'NZNg apd' MM

(3 00€ “ainjons yndul 0} 3500 SUOHEINWIS 01) SXOF-PONSOIIV

‘sJa1aweaed Bumiy Buljjspow 21WO0IY £'111 9|geL

109



Crystallization of SDAec Prepared by Different Methods

Our previous activity and SAXS measurements lead us to the hypothesis that
different preparation methods generate a mixture of both open and closed architectures of
SDAec. We tested this hypothesis by buffer exchanging different preparations of the SDAec
complex into opposing crystallization buffers and crystallizing the complex in the
alternate crystal forms (Fig. 111.8). We further verified the presence of the different crystal
forms by screening the crystals on a home-source X-ray diffractometer. After indexing the
screened images (Table 111.4), it was clear that regardless of the preparation method, a

mixture of open and closed architectures are present in solution and can be crystallized.
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Preparation Method

Barondeau Cygler

Crystal Form
Open

Closed

Open - allylglycine

Figure 111.8 Various crystal forms of SDAec prepared by different methods.
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Table 111.4 Indexing results from the different crystal forms of SDAec prepared

by different methods.

Unit Cell Parameters

Preparation Method Crystal Form ad bA c@A) a) B (") vy (®)
Barondeau Open 125.8 1479 168.1 90 90 90
Barondeau Open (-allylglycine)  122.1  144.1  163.6 90 920 90
Barondeau Closed 139.2 139.2 200.5 90 90 120

Cygler Open 1252 146.8 166.7 90 90 90
Cygler Closed 139.8 139.8 200.6 90 90 120

Preparation Method Crystal Form Published Unit Cell Parameters

Barondeau Open (5USR.pdb) 1255 147.8 1685 90 90 90
Cygler Closed (5WGB.pdb) 140.8 140.8 203.3 90 90 120
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Both Closed and Open SDA¢c Crystals Can Be Activated by FXN

Based on our SAXS and crystallographic results, both SDAec architectures appear
to be in-solution simultaneously regardless of preparation method. Therefore, we sought
a method to “freeze-out” individual architectures and test their activity. In order to do so,
we picked single crystals of each architecture and separately measured their activity with
and without the activator subunit FXN. Interestingly, both open and closed crystals could
be activated by FXN (Fig. 111.9), which suggests two possible hypotheses. Both forms of
SDA&c, open and closed, can be activated, or the presence of FXN and possibly, in concert
with substrate causes a subunit rearrangement to a single activated architecture.
Interestingly, SAXS measurements and chemical-crosslinking mass spectrometry results
on SDAeU and SDAcUF from Markley et al. support the presence of the closed
architecture bound to ISCU2 and FXN in solution.?*® However, the study did not attempt
to generate additional open SDAe.U models for SAXS analysis and utilized a crosslinking
reagent that was unable to screen for the presence of the open architecture. The maximum
Ca-Ca distance for the crosslinker was 27.4 A; whereas, the shortest lys-lys, Ca-Co inter-
subunit NFS1 distance in the open form of 5USR.pdb is 32.2 A. Clearly, specially
designed structural and biophysical assays need to be utilized in order to test these

hypotheses.
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Figure 111.9 Cysteine desulfurase activities from isolate crystals in the open and
closed forms. Single crystals of both open and closed architectures were isolated. The
ability of the isolated crystals to turnover cysteine was evaluated both in the presence
and absence of ISCU2, FXN, and Fe?".
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SDAec. Dimers Can Freely Exchange in Solution

To test the above hypotheses, we generated °N labeled SDA.: for exchange
reactions. If °N labeled complex were capable of exchanging with unlabeled complex,
this would suggest that the SDAec 023272 species was capable of readily disassociating to
to ofy units which could then re-associate to form the open and closed forms of the
complex. Native mass spectrometry was used to monitor the exchange. Interestingly, upon
mixing equimolar amounts of labeled and unlabeled SDAe. a clear exchange (83.3 %) was
observed over 120 minutes between SDAec units to generate a *N*N-SDA mixed
species (Fig. I111.10A and Table 111.5). Addition of ISCU2 or FXN to SDAe under
saturating conditions prior the initiation of the exchange reaction resulted in an inhibition
of this exchange process (Table 111.5). Interestingly, mixing of tagged IscS with un-tagged
IscS resulted in 31.1 % exchange over 120 minutes. Inhibition of this exchange was
observed in the presence of IscU (Table 111.5). The exchange reaction for un-tagged SDAec
was slower than the tagged material and required 24 hours 78.7 % exchange (Table I11.5).
We then tested whether un-tagged SDA¢c can also be activated by FXN in the presence of
1 mM L-cysteine and Fe?* and found similar activation (1.3 + 0.01 pM S%/min - pM NFS1
unactivated, 7.88 + 0.34 uM S%/min - pM NFS1 activated) to the tagged SDAe'?!
suggesting that while the exchange process is slow the activation remains the same
regardless of the presence of the tag. These results indicate that a dissociative and
reassembly process for the SDAec complex occurs in solution that may lead to

interconversion between the open and closed forms of the complex.
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Figure 111.10 Native ion-mobility mass spectrometry analysis of SDAec. (A) Kinetic
exchange of tagged *N-SDAc dimer (2*N**N) and °N-SDA<: (**N*°N) dimer using a
1:1 ratio. The Y axis is shown as the amount of exchanged dimer (**N**N) divided by
the sum of unexchanged dimer (**N**N and ®N**N). (B) Native IM-MS spectrum of
SDA-.c shows two major species. The high/low arrival time (extended/compact) species
are circled by white/yellow dashed lines respectively. (C) Native IM-MS spectrum of
SDAeU shows two major species. The high/low arrival time (extended/compact)
species are circled by white/yellow dashed lines respectively. (D) Native IM-MS
spectrum of SDAeUF shows single major species.
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Table 111.5 Kinetic exchange of N/**N-SDAec or tagged/untagged IscS dimer
species at a 1:1 ratio. The values in the table are shown as the amount of exchanged
dimer (**N**N) divided by unexchanged dimer (**N**N and °>N*°N) in percentage or as
the amount of exchanged IscS divided by the unexchanged dimer (tagged and
untagged).

Time 2 mins 6 mins 10 mins 15 mins 23 mins
tagged SDA.. 7.0+£0.8 149+1.6 153+1.3 22.8+2.8 40.4+£3.3
tagged SDA..U 0.0 0.0 0.0 0.0 0.0
tagged SDA..UF 0.0 0.0 0.0 0.0 0.0
untagged SDA 0.0 0.0 0.0 04+04 0.3+0.5
untagged SDA..U 0.0 N/A N/A N/A N/A
untagged SDA..UF 0.0 N/A N/A N/A N/A
IscS 1.6+0.0 N/A N/A N/A N/A
IscS-IscU 0.0 N/A N/A N/A N/A
Time 35 mins 55 mins 80 mins 120 mins 24 hrs
tagged SDA.. 448+28 640134 71.3+5.2 83.31+4.1 N/A
tagged SDA..U 0.0 0.0 0.0 0.0 N/A
tagged SDA..UF 0.0 0.0 0.0 0.0 N/A
untagged SDA.; 1.1+0.8 15+1.1 25+0.9 3.9+0.7 78.7 £ 0.6
untagged SDA..U 0.0 N/A 0.0 0.0 N/A
untagged SDA..UF 0.0 N/A 0.0 0.0 N/A
IscS 78+1.2 14.1+0.2 N/A 31.1+£0.7 N/A
IscS-IscU 0.0 0.0 N/A 0.0 N/A

N/A = not applicable
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The SDAec Dimer Exists in Two Conformations in Solution and Can Be Driven to a
Single Conformation in the Presence of Additional Subunits

In order to investigate the conformational landscape of the SDAec dimer with and
without its accessory subunits, we utilized native ion-mobility mass spectrometry (IM-
MS). Upon analyzing SDAc by itself, we could clearly identify two major species with
different collisional cross-sections corresponding to the SDAec dimer (Fig. 111.10B, Fig.
[11.11A,B, and Table I11.6). We preliminarily assigned the larger collisional cross-section
to the open conformation and the smaller collision cross section to the closed conformation
based on the approximated collisional cross-sections provided by projection superposition
approximation calculations (Table I11.6). Upon further inspection of the ion mobility mass
spectra, it was clear that in the tagged and un-tagged SDAec analysis the dominant species
was the open architecture in solution (Fig. 111.11A,B) consistent with previous negative
stain electron microscopy experiments.'?* To further validate the presence of these two
conformers, we performed a charge reduction analysis in triethylammonium acetate which

also showed two clear conformations (Fig. 111.12A,B).
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Figure 111.11 lon mobility of all SDAec/SDAeU/SDAeUF species. (A) IM plot of all
species. The high/low arrival time (extended/compact) species are circled by
white/yellow dashed lines respectively. (B) IM spectra of all species. SDAec shows two
major species (untagged SDAec shows only extended/high arrival time species);
SDAeU shows two major species, with potential intermediates not resolvable.
SDAeUF shows a single dominant species.
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Table 111.6 Collision cross section () of tagged SDAcc species. Measured Q using
synapt G2 and calculated Q using the projected superposition approximation method.
Experimental and calculated Q show the same overall trend.

Qpsa (AY) Relative error (%)
m/Da z Qc,, (A% PSA
e (A) Models from 6NZU Allosmod CCSeyp— CCSpsa
Closed tagged SDA.; 134 k 22 6835+ 135 7598 51 Unable to calculate -10 NIA
23 6928 + 109 -9 N/A
Open tagged SDA,, 134k 2 7088£155 8161+ 38 8982 + 34 -13 21
23 7203 + 159 12 20
Closed tagged SDA,U 165 k 26 8194 +140 8921 + 54 8
27 8390 + 81 6
Open tagged SDAU 165 k 26 8737 +48 9086 + 42 -4
27 8802 + 21 3
Closed tagged SDA,UF 193 k 2 9333 +22 9684 + 79 4
28 9370 + 52 3
Open tagged SDA,.UF 193 k 27 N/A 10070 + 64 N/A
28 N/A N/A
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Figure 111.12 Two conformations of SDAec exist after charge reduction. IM-MS
spectrum of tagged SDA¢c in (A) 200 mM ammonium acetate, pH = 8.5 (B) 200 mM
ammonium acetate, 20 mM triethylammonium acetate, pH = 8.5 are shown. The charge
reduced (high m/z) species in (B) still retains two conformations. The high/low arrival
time (extended/compact) species are circled by white/yellow dashed lines respectively.
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To supplement our architecture assignments in the ion-mobility experiments, we
designed NFS1(Q64S, P299H, L300Q)-ISD11-ACPe which is predicted to have an
enhanced presence of a closed architecture by the reduction of clashes generated by the
N-terminus and inclusion of hydrogen bonding residues at the dimer interface (Fig.
[11.13A-C and Fig. 111.14A,B). These residues are conserved in prokaryotic cysteine
desulfurases and provide stabilizing interactions at the dimer interface. In fact, this variant,
called SHQ, had enhanced cysteine desulfurase activity in the absence of FXN (Fig.
[11.15A-C). This variant still activates by FXN but has a reduced FXN binding affinity
(Fig. 111.15D) potentially due to the restriction of beneficial conformations at the NFS1
dimer interface as a result of the inclusion of the new hydrogen-bonding interactions. As
expected, the SHQ variant had an enhancement in the smaller collisional cross-section
species consistent with its assignment as a closed architecture (Figure 111.11 and Table

111.6).
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Figure 111.13 Part 1 of engineering of an enhanced closed SDAec dimer. (A) Q64
on subunit A of 5USR.pdb (open SDA«c) participates in a hydrogen bonding network
which produces a unique N-terminus conformation. (B) S10 participates in a hydrogen
bond with Q183 of IscS (3LVM.pdb) to generate a compact N-terminus conformation.
(C) The unique N-terminus conformation in the open SDAec generates clashes with the
second subunit of IscS (white) in an overlay of the two structures in A and B. Residues
NFS1 (light green) are shown in salmon that would participate in the clash with an IscS
(white) like dimer. NFS1(Q64S) is predicted to alleviate the clash present at the N-
terminus of a closed (IscS-like) architecture.
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Figure 111.14 Part 2 of engineering of an enhanced closed SDAec dimer. (D) In the
closed SDA structure (5SWGB.pdb), P299 and L300 form vanderwaals interactions at
the dimer interface. (E) In the IscS structure (3LVM.pdb), H247 and Q248 form strong
hydrogen bonding interactions at the dimer interface. NFS1(P299H, L300Q) is
predicted to stabilize a closed architecture.
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Figure 111.15 S(Q64S, P299H, L300Q)DAec (SHQ) variant has inherently higher
activity than SDAec. (A) Michaelis-Menten kinetics (Km = 15.9 + 0.6 UM, Kcat = 2.02
+ 0.02 min) of the SHQ variant. (B) Variation of the concentration of SHQ while
keeping cysteine concentration at 1 mM leads to a linear increase (R?- 0.9977) of the
activity with a slope of 2.16 = 0.03. The plot is shown on a lin-log scale in order to
provide an even distribution of SHQ concentration points within the visual. The
determined slope is consistent with the determined kcat value (2.02 + 0.02). (C)
Comparison of kcat of SDA¢c and the SHQ variant. (D) FXN in the presence of ISCU2
activates the SHQ variant to the SDA«UF level but FXN binds weakly to the SHQ
variant (Kp = 3.8 £ 0.6 compared to 0.22 £ 0.05).
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However, upon addition of ISCU2, two species, regardless of tag, are observed in
the ion mobility analysis suggesting the presence of an open SDA.cU architecture that has
not been captured in high resolution structures (Fig. 111.10C and Fig. I11.11). For the SHQ
variant, in the presence of ISCU2, this variant displayed a higher population of closed
SDAeU (Fig. 111.11) further supporting our architecture assignments of these species.
Conversely, ion mobility analysis of IscS and IscU showed only a single conformation
(Fig. 11.16A,B). Interestingly, under saturating ISCU2 and FXN conditions, only a single
species is identified (Fig. 111.10D and Fig. 111.11). Based on SAXS and cryoEM data,**
233 this species is likely a closed, fully activated SDA:.UF species. These results in
combination with the crystal activation and exchange assays suggest a dynamic exchange
between open and closed cysteine desulfurase architectures, which drives the FXN

activation phenomenon.
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Figure 111.16 IscS and (IscS-1IscU)2 have single conformation. Single major species
of (A) IscS (B) (IscS-IscU)2 (circled by white dash line) are observed using native IM-
MS.
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Discussion

The atomic level details of FXN-based activation of the eukaryotic Fe-S assembly
subcomplex have remained highly sought after but have been difficult to obtain. In vitro
assays have suggested that the basis for FXN activation relies on the cysteine desulfurase.
This was explicitly demonstrated through the activation of SDU by both FXN and its
bacterial homolog CyaY. However, the NFS1 homolog, IscS, was inhibited by both CyaY
and FXN.®” Although these cysteine desulfurases are 60 % identical, they appear to act
differently in the presence of their adaptor proteins. The first evidence for the differences
between eukaryotic and prokaryotic cysteine desulfurases was revealed by the
determination of the SDAec crystal structure in the open architecture.*?! Interestingly,
different structures of SDAe, SDAeU, and SDAeUF followed shortly which closely
resembled structures of the prokaryotic cysteine desulfurases.!?? 143 This posed the
question of physiological relevance regarding the structures. While the open structure
seemed to clearly demonstrate the essential nature of ISD11 and to provide a rationale for
FXN-based activation within the eukaryotic system, the precedent for closed cysteine
desulfurase architectures within ISC pathways had already been firmly established.®® 8
110, 193

Some of these studies and those that followed attempted to utilize solution
techniques to evaluate the architecture in solution. However, these studies either
completely disregarded the open architecture!?? or did not utilize the appropriate probes
to test for both open and closed architectures in solution.?®® We have shown here that our

complex has a nearly identical conformation to the complex prepared by other laboratories
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(Fig. I11.4). In addition, we clearly demonstrate that both open and closed architectures are
present in solution through crystallographic trapping studies (Fig. 111.8 and Table 111.4).
Because FXN can activate both crystal forms (Fig. 111.9), this generates two
models. Either both architectures can be activated to the same extent, or the architectures
are in equilibrium, and a single, activated form is generated in the presence of all adaptor
proteins. We tested these hypotheses with native ion-mobility mass spectrometry which
lead to an equilibrium model (Fig. 111.17). In this model, the SDAec architectures are in
equilibrium with one another, and FXN, in combination with ISCU2, drives the formation
of an activated cysteine desulfurase species (Fig. 111.17). Exchange experiments with
tagged SDAec demonstrated that interconversion could occur through a monomeric
disassembly proceses; however, the exchange between un-tagged SDAec is slow (Table
I11.5). Interestingly, the un-tagged SDAec also displays only a single conformation for
SDAecUF suggesting the possibility of an open to closed tethered dimer transition that is
unexchangable (Fig. 111.11). Additionally, the ion-mobility data suggested that ISCU2 can
bind to both the closed and open SDA. forms, and only in the presence of FXN, does a
single conformational state form (Fig. 111.10D and Fig. I11.11A, B). This observation is
consistent with low activity properties of SDAecU and activation only occurring within the

SDAeUF complex.t?
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Figure 111.17 Morpheein model for the Fe-S cluster biosynthetic subcomplex.
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These data in combination with the crystal activation experiments support a global
rearrangement of SDAec in the presence of ISCU2 and FXN with a low activity open
architecture being the dominant species in solution in the absence of these additional
subunits. While the recent cryo-EM structure suggested that the mechanism of FXN
activation is driven by the loss of the NFS1 mobile loop cysteine (C381) coordination to
zinc bound ISCU2 which alleviates inhibition,'*® this model does not explain why the
cysteine desulfurase activity of SDAec by itself is low. Therefore, we hypothesize that
driving the equilibrium towards a fully closed cysteine desulfurase is the primary
structural basis for FXN based activation of the human Fe-S assembly subcomplex.

This type of global re-arrangement is, to our knowledge, uncommon. The closest
model that describes this situation is the morpheein model. Morpheeins are enzymatic
systems that are in a dynamic equilibrium with a variety of different oligomeric or
architectural states. The equilibrium between states is allosterically regulated, and in order
for one oligomer or architecture to convert to the other, the system must dissociate,
undergo a conformational change, and then re-associate,?*> which is also described in our
model with the designation of State 1 and State 2 of the SDAe monomer (Fig. 111.17).2%°
Examples of human morpheeins are phenylalanine hydroxylase,?*® porphobilinogen

247 and cystathionine B-synthase.?*® Typically, these systems are regulated by

synthase,
small molecule effectors; however, in Fe-S cluster biosynthesis, this regulation appears to
occur via a protein (FXN) dependent regulation mechanism. Interestingly, clinical
mutations can have an effect on these systems’ oligomeric distributions and activities.?*%

248,249 Therefore, it is not out of the question that the human Fe-S cluster assembly sub-
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complex could be regulated in a similar manner. Further studies will require thoughtfully
designed biochemical probes and high resolution structural analysis to determine the
mechanistic relationship between the open and closed architectures of SDAc. In fact, these
studies will provide key information on the basis of FXN activation.
Materials and Methods
Protein Expression and Purification

Glutathione S-transferase (GST) was subcloned using the MEGAWHOP
protocol®? into a pET-30a(+) vector containing ISCU2(A1-35) to generate a C-terminally
tagged construct designated ISCU2-tev-GST with or without a Hise tag following the GST
tag. The resulting vector was transformed into BL21(DE3) for expression. Cells were
grown at 37 °C to an ODsoo Of 0.5. Protein expression was induced with 0.1 mM isopropyl
B-D-1-thiogalactopyranoside (IPTG) at 18 °C. Cells were grown overnight, harvested by
centrifugation the following morning, and stored in a -80 °C freezer until use. The cell
pellet from a 9 L culture was thawed and re-suspended in GST A buffer (50 mM Hepes,
150 mM NaCl, pH = 7.8). Lysozyme (20 mg, Sigma-Aldrich) and protease inhibitor
cocktail (20 mg, Sigma-Aldrich) were added to the suspension. The cells were lysed by 2
cycles of French press as 18,500 psi. Cell debris was cleared by centrifugation at 10,000
rpm for 30 minutes. The clarified lysate was loaded onto a manually packed GST-column
(Prometheus) at 4 °C. Bound protein was eluted with GST buffer B (50 mM Hepes, 150
mM NaCl, 10 mM glutathione (GSH), pH = 7.8). A tobacco etch virus (TEV) protease
digest was conducted overnight at 4 °C. The digested product was loaded onto a 5 mL Ni-

NTA column (GE Healthcare) in order to remove TEV. The flow-through from the Ni
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column was concentrated to 20 mL, diluted to 150 mL with Cation A buffer (50 mM
Hepes, pH = 7.8), and loaded onto a 27-mL cation exchange (POROS 50HS, Applied
Biosystems) column and eluted with a linear gradient of NaCl (0 — 1 M). In the case of the
Hiss tagged construct, the cation exchange step was skipped. The fractions containing
ISCU2 were concentrated, brought into an anaerobic Mbraun glovebox (~ 12 °C, <1 ppm
O as monitored by a Teledyne model 310 analyzer), and supplemented with 5 mM D,L-
dithiothreitol (DTT) prior to loading onto a HiPrep 26/60 Sephacryl S100 HR (GE
Healthcare Life Sciences) column equilibrated in size exclusion buffer (50 mM Hepes,
150 mM NaCl, pH = 7.5). The fractions corresponding to monomeric ISCU2 were
collected, concentrated, and flash frozen in liquid nitrogen for storage at -80 °C until use.
Concentration was determined using an extinction co-efficient of 9970 M cm™ at 280
nm as estimated by ExXPASy ProtParam.?!

FXN(A1-81) was subcloned into a pET-28a(+) vector containing Hise-GST-tev-
CyaY?® using the MEGAWHOP??® protocol to generate a Hisg-GST-tev-FXN construct.
Protein expression was conducted in a similar fashion to ISCU2-tev-GST. The cell pellet
from a 3 L culture was thawed and re-suspended in GST A buffer (50 mM Hepes, 150
mM NaCl, pH = 7.8). Lysozyme (10 mg) and protease inhibitor cocktail (10 mg) were
added to the suspension. The cells were lysed by 2 cycles of French press as 18,500 psi.
Cell debris was cleared by centrifugation at 10,000 rpm for 30 minutes. The initial GST
column, TEV cleavage, and Ni column clean-up steps were performed similarly to the
ISCU2-tev-GST preparation. The flow-through fractions were collected, concentrated,

and loaded onto a HiPrep 26/60 Sephacryl S100 HR column equilibrated in size exclusion
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buffer (50 mM Hepes, 150 mM NacCl, pH = 7.5). Fractions containing FXN were pooled,
concentrated, frozen in liquid nitrogen, and stored at -80 °C until use. Concentration was
determined using an extinction co-efficient of 26930 M cm™ at 280 nm as estimated by
ExPASy ProtParam.?*!

The NFS1(A1-55)-ISD11(S11A)-ACPec (SDAe) was prepared by two methods.
The methods, including construct design, expression media, and purification protocols, of
Barondeau (open)!?! and Cygler (closed)'?? were followed as described in the previous
manuscripts. Concentration was determined using an extinction co-efficient of 10.9 mM"
1 em? at 420 nm. Cleavage of the N-terminal Hiss tag on NFS1 was performed by
introducing a TEV cleavage site by mutagenesis of the original NFS1 plasmid. After
cleavage, NFS1 contains a single glycine residue prior to residue 56 in the construct.
Purification of the cleaved NFSI1(A1-55)-1SD11(S11A)-ACPe. was conducted as
previously described!?! with a TEV cleavage step after a cation exchange column and a
follow-up Ni-NTA column to remove cleaved tag and TEV.

E. coli proteins IscU and IscS were expressed and purified as previously
described.?” The extinction coefficient of 6.6 mM "t cm - at 388 nm was used to estimate
the concentration of PLP cofactor, which represented the concentration of active IscS, in
0.1 M NaOH. The extinction coefficient of 11460 M cm™* at 280 nm was used to estimate
the concentration of IscU.

Expression and Purification of °N Labelled SDAec
Proteins containing *°N were expressed by inoculating 2 — 6 liters of N-5052 auto

induction media®® with 8 mL of overnight LB starter culture. The complexes were
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purified as previously described in the section above. However, the purified complexes
were never supplemented with external pyridoxal 5’-phosphate throughout the
preparation.
Activity Measurements of Purified Complexes

The methylene blue assay was conducted as previously described in assay buffer
(50 mM Hepes, 250 mM NaCl, pH = 7.5).12! Reaction mixtures of 800 pL containing the
following components: 0.5 pM SDAg, 1.5 uM ISCU2, 1.5 yM FXN, 4 mM D,L-DTT, and
5 UM (NHa)2Fe(SO4)2 - 6H20 were incubated at 37 °C for 15 minutes prior to addition of
varying amounts of L-cysteine. Reactions were quenched as previously described after 6
minutes. Sulfide quantification was conducted as previously described. The rate for each
L-cysteine concentration was measured at least in triplicate. Data was fit using
KaleidaGraph (Synergy Software) to a traditional Michaelis-Menten equation. The errors
in the Michaelis-Menten parameters represent errors in the fit to the experimental data.
FXN binding was evaluated as previously described.1’2
Preparation of the SDAec Complex for Small-angle X-ray Scattering

Purified SDAec was injected onto a Superdex 200 10/300 GL (5200, GE Healthcare
Life Sciences) equilibrated in 50 mM Hepes, 250 mM NaCl, pH = 7.2 to remove any
aggregates from the freeze/thaw cycle of the sample. Yellow fractions were collected,
pooled, and concentrated to approximately 10 mg/mL. Dialysis buttons (Hampton
Research) were loaded with 50 pL of sample and sealed with a 3.5 kDa dialysis membrane
disc (Hampton Research, Spectrum) that had been washed thoroughly with Milli-Q H20.

Samples were then dialyzed in a variety of buffers within 50 mL falcon tubes overnight at
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4 °C prior to dilution within a 96-well plate. The 96-well plate containing samples was
sealed and shipped wrapped in ice packs to the SIBYLS beamline (12.3.1) at the Advanced
Light Source (ALS). The plate was stored at 4 °C and was centrifuged at 3700 rpm for 10

minutes prior to data collection. Data collection parameters can be found in Table I11.7.
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Table 111.7. Small-angle X-ray scattering data collection parameters.

SDA,

Organism
Source
Source of Data

Theoretical Mw, excluding cofactors (kDa)

Sample concentrations (mg/mL)

Sample buffer

Instrument/data processing

q range (A

Wavelength (A)

Cell thickness (mm)

Sample to detector distance (m)
Temperature (°C)

Exposure time (sec)

Delta/time slicing

Total frames

H. sapiens, E. coli
Recombinant
This work
133 kDa
1,2, 4
100 mM phosphate
500 mM NacCl
2% glycerol
2 mM TCEP
pH =8.0

SIBYLS ALS 12.3.1

0.011-0.565
1.27
15
15
10
10
Every 0.3 seconds
32

137



Small-angle X-ray Scattering Data Analysis

Individual buffers and frames were analyzed for consistency. Buffers with the
same composition and scattering profile were averaged using the ATSAS 2.8.4% package
to generate an average buffer scattering curve. Sample frames were then individually
subtracted from the averaged buffer in the RAW 1.5.1 package.?? 2°3 Subtracted frames
were then averaged in RAW at different time points in order to determine the onset of
radiation damage. Exposure times which included the least amount of radiation damage
were used for further analysis. Additional information regarding Guinier analysis, pair-
distribution function analysis, and curve fitting can be found in Table I11.1. A list of

software used can be found in Table 111.8.
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Table 111.8 Small-angle X-ray scattering analysis software.

SAXS data reduction

ATSAS 2.8.4/RAW 1.5.1
Basic analyses: Guinier, P(r), Mw ATSAS 2.8.4/RAW 1.5.1 - GNOM

. ATSAS Online/ATSAS 2.8.4/RAW 1.5.1 - DAMMIF, DAMCLUST,
Shape/bead modelling

DAMAVER, DAMSTART, DAMMIN EM2DAM
Reconstruction settings Slow, P2, 20 reconstructions
Refinement settings Slow, P2
Atomic struture modelling FoXS
Missing sequence modelling AllosMod-FoXS Webserver, 10 simulations 300 K

139



Crystallization of Alternate Crystal Forms from Different Preparation Methods
Crystallization of the open and closed forms of SDAe were performed as
previously described? 122 using the Barondeau and Cygler preparation methods
respectively. All screens were setup using the hanging-drop vapor diffusion method with
500 pL crystallization solution in the well and a 4 pL drop (2uL protein : 2pL
crystallization solution) on the coverslip. To crystallize SDAec prepared by the Barondeau
method in the closed form, the protein complex was buffer exchanged into 10 mM BIS-
TRIS (pH 5.5), 200 mM NaCl, 20mM KCI, 2 mM NaH:POs, 2 mM Na;HPO4, 5 %
(vol/vol) glycerol, 1 mM D,L-DTT, and 75 mM imidazole by multiple rounds of
concentration and dilution using a Vivaspin 500 100 kDa spin concentrator (GE
Healthcare). To crystallize SDA¢c prepared by the Cygler method in the open form, the
protein complex was either buffer exchanged into 50 mM Hepes, 250 mM NacCl, 10 %
glycerol, pH = 7.5 or injected onto a Superdex 200 10/300 GL (S200, GE Healthcare Life
Sciences) equilibrated in 50 mM Hepes, 250 mM NacCl, 10 % glycerol, pH = 7.5. Final

crystallization conditions and protein concentrations can be found in Table I11.9.
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X-ray Data Collection, Indexing, and Unit Cell Determinations

Single crystals of SDAe: Iin the open architecture were harvested and cryo-
protected as previously described!?! using a final concentration of 20 % (vol/vol) PEG
400. Crystal trays of SDAec in the closed architecture were transferred to a 17 °C room
where single crystals were harvested and cryo-protected as previously described.!?2
Diffraction data was collected using a rotating anode Cu K-a source and a Rigaku R-AXIS
IV detector. Specifically, two images for each crystal form were collected at 26 = 0°and
90° at a temperature of 120 K with an exposure time of 6 minutes, detector distance
ranging from 200 to 250 mm, and an oscillation angle ranging from 0.5° to 0.2° depending
on the diffraction quality. Indexing was performed with iMosfIm?** version 7.2.2 from the
CCP4%® package. The unit cell parameters were automatically chosen by iMosfim.
Activity Analysis of Single Crystals

The methylene blue assay was conducted in a similar manner as described above.
Crystals of SDAec, in either form, were harvested from four separate drops. Each drop had
an individual 10 pL wash drop containing assay buffer before the crystal was transferred
to a 200 pL drop of assay buffer. The 200 pL drop containing single crystals was
transferred to a seeding tool where they were crushed to generate a slurry. The slurry was
brought into an anaerobic glovebox where the activity measurements were conducted. A
total of six alternating reactions (150 pL) with and without the additional subunits and
Fe2* were performed by mixing 20 pL of crystal slurry, additional subunits (3 uM), Fe?*
(10 uM), and D,L-DTT (4 mM) together and incubating at 37 °C for 15 minutes. The

reactions were initiated by addition of L-cysteine to a final concentration of 1 mM. A
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quench solution of 37.5 pL of a 1:1 mixture of 20 mM N,N-dimethyl-p-phenylenediamine
in 7.2 N HCI and 30 mM FeClz in 1.2 N HCI was added to the mixture after 10 minutes.
Sulfide concentration was determined as described previously in the manuscript. A total
of two independent triplicate runs were conducted totaling six measurements for each
sample.
Native Mass Spectrometry Experiments

Native mass spectrometry (Native MS) was performed on two instruments for
different purposes: an Exactive Plus with extended mass range (EMR) Orbitrap MS
(Thermo Fisher Scientific, San Jose, CA) for high resolution measurements or a Synapt
G2 instrument (Waters Corporation, U.K.) equipped with a 8k RF generator for ion
mobility measurements. Gold-coated tips prepared using a Sutter 1000 were used for
nano-electrospray ionization experiments.?® Fresh protein samples including SDAc,
ISCU2, FXN, IscS, and IscU were buffer exchanged into 200 mM ammonium acetate (pH
= 8.5) using Micro Bio-Spin 6 Columns (Bio-Rad). Experimental and expected masses

can be found in Table I11.10.
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Table 111.10 Calculated and measured masses for SDAec species used in this study.
All calculated masses excluding the N-terminal methionine (if present in the sequence).
The calculated masses of SDAe and SDAec complexes included the mass of the
covalently attached PLP and the assumed mass of the acyl-4’PPT ACPec was 523 Da.
Masses of SDAec/SDAeU/SDAUF/ISCU2/FXN were measured under native
condition (200 mM ammonium acetate, pH = 8.5). Masses of SDAec subunits were also
measured under denaturing conditions (1% formic acid). All masses are measured
using EMR.

Speices Calculated Mass (Da) Measured Mass (Da) Measured Mass range
14N-untagged SDA. 129097 129265 + 64 129201-129329
15N-untagged SDA.. 130693 130838 + 70 130768-130908

14N-untagged SDAecU 159521 159708 + 99 159609-159807
15N-untagged SDA..U 161117 161285 + 130 161155-161415
14N-untagged SDAecUF 187997 188175 + 97 188078-188272
15N-untagged SDA.UF 189593 189770 + 124 189646-189894
14N-tagged SDAec 134135 134235 + 76 134159-134311
15N-tagged SDA.. 135809 135892 + 72 135820-135964
14N-tagged SDAecU 164559 164880 = 193 164687-165073
15N-tagged SDA..U 166233 166596 + 181 166415-166777
14N-tagged SDAecUF 193035 193329 + 212 193117-193541
15N-tagged SDA..UF 194709 195004 + 155 194849-195159

SHQ 134149 134259 + 69 15203-15219

ISCU2 + Zn 15212 15211 +8 14231-14245
FXN 14238 14238 + 7 134190-134328

Speices Subunit

14N-untagged SDA.. S 44717 44716 £ 17 44700-44734

D 10611 10610 + 12 10599-10623

15N-untagged SDA. S 45273 45262 +18 45255-45291

D 10760 10757 £ 11 10749-10771

14N-tagged SDA, S 47197 47194 + 18 47179-47215

D 10611 10610 + 12 10599-10623

15N-tagged SDA.. S 47792 47785+ 18 47774-47810

D 10760 10758 + 11 10749-10771

SHQ S 47211 47208 + 28 47183-47239

D 10611 10611 + 13 10598-10624
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Subunit Exchange of SDAec/SDAcU/SDAcUF/IscS/IscS-1scU Using Native Mass
Spectrometry

Subunit exchange experiments were performed on an EMR Orbitrap MS. The high
resolution of EMR gives resolved peaks between subunit mixtures for quantification
purpose. Instrument parameters were tuned to minimize collisional activation, while
retaining reasonable signal to noise. The mass spectrometer parameters used were set as:
m/z range 3000-10000, capillary temperature 200-300 °C, S-Lens RF level 200, source
DC offset 25 V, injection flatapole DC 16 V, inter flatapole lens DC 12 V, bent flatapole
DC 7-12 V, transfer multipole DC offset 7-10 V, C-trap entrance lens tune offset 0 V,
trapping gas pressure setting 7, in-source dissociation voltage 0 eV, HCD collision energy
10 eV, FT resolution 8750-35000, positive ion mode, and ion maximum injection time
50-200 ms. For SDAe dimer exchange experiments, the dimer concentration was
determined based on the relative abundance of the dimer in the mass spectrum. The protein
concentration was scaled to achieve a final dimer concentration of 10 uM. To initiate
exchange of N and “N-SDA« a 1:1 ratio of ®N-SDA¢ and *N-SDAe dimer
concentration (10 uM) were mixed. For subunit exchange of SDAeU, 1’N-SDA¢ and *4N-
SDAec were mixed with ISCU2 separately using a 1:3 ratio, and incubated for 30 minutes
to get 1°N-SDAeU and “*N-SDA:.U complexes (02B2y252). These complexes were mixed
at room temperature to initiate exchange. For exchange of SDAeUF, ®N-SDA and 4N-
SDAec were mixed with ISCU2 and FXN separately using a 1:3:3 ratio and incubated for
30 minutes to get **N-SDA«UF and **N-SDA«UF complexes (azBzy282¢2). °N-SDAeUF

and *N-SDA.cUF were mixed using a 1:1 ratio at room temperature to initiate exchange.
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Exchange of tagged IscS and untagged IscS was investigated using a 1:1 dimer ratio at
room temperature. Dimer concentration was determined in a similar fashion as described
for the SDA¢c exchange experiments. For subunit exchange of IscS-IscU, tagged IscS and
untagged IscS were mixed with IscU separately using a 1:3 ratio and incubated for 30
minutes to get holo untagged IscS-IscU and tagged IscS-1scU complexes (a2p2). Exchange
was initated by mixing untagged IscS-IscU and tagged IscS-IscU complexes at a 1:1 ratio
at room temperature. At various time points, aliquots (4 uL) were taken for native MS
analysis. Each spectrum was taken for 20 seconds. The initial MS data was collected using
the Thermo Exactive software under the RAW format. The RAW data files were converted
into text files using a custom Python script making use of the Python library multiplierz.
The protein species were deconvoluted and converted into mole fractions by processing
the text files with the software program UniDec.?’ Percent exchanged for a random
distribution is defined as (abundance of exchanged species having two different
subunits)/(sum of abundance of unexchanged species). For a complete random exchange,
the expected percent exchange is 2/(1+1) x 100 = 100%.
lon-mobility Mass Spectrometry of SDAec/SDAecU/SDAUF

Native ion-mobility mass spectrometry (Native IM-MS) was performed on a
Synapt G2 instrument. The instrument was set to a capillary voltage of 1 kV, source
temperature of 30 °C, sampling cone voltage of 10 V, extraction cone voltage of 1 V, trap
and transfer collision energy off, and backing pressure (5.07 mbar), trap flow rate at 8
ml/min (4.36 x 102 mbar), He cell flow rate at 200 ml/min (1.37 x 10° mbar), IMS flow

rate at 50 ml/min (6.82 mbar). The T-wave settings for trap (310 ms/6.0 V), IMS (250
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ms1/9-12 V) and transfer (65 ms'1/2 V), and trap bias (25.0 V). MassLynx 4.1 (Waters)
and Pulsar were used to deconvolute all recorded mass spectra.?®® These parameters were
chosen in order maximize the intensity of detected ions and retain the native-state of the
folded protein. A sodium iodide solution was used to externally calibrate mass spectra.
Experimental collisional cross section (CCS) of “N tagged SDA. (134.2 kDa), N
untagged SDAec (129.3 kDa), SDAU (using N tagged SDAec, 164.9 kDa), SDA:UF
(using **N tagged SDAec, 193.3 kDa) were calibrated using solutions of transthyretin (55.6
kDa), concanavalin A (103.0 kDa), and pyruvate kinase (237 kDa) as previously
described.?® 260 parameters for calculating the CCS using the online projected
superposition approximation (PSA) webserver (psa.chem.fsu.edu) were set as follows:
buffer gas of nitrogen, temperature of 298 K, projection accuracy of 0.01, projection
integration accuracy as 0.009, shape accuracy as 0.01, shape maxiter as 25, and shape
meshfactor as 1.261-26% The models used for calculating CCS were generated as described
in the main text for atomistic modeling of the SAXS data.
Additional Software and Figure Generation

Plots were generated in either Excel (Microsoft) or Kaliedegraph (Synergy
Software). Structural figures were generated using Chimera 1.11.2.%%* Ca RMSD
calculations were conducted in PyMOL 1.3.2*° High resolution artboards and figures were

developed using Inkscape (https://inkscape.org/) and GIMP (https://www.gimp.org/).
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CHAPTER IV
CATION-EXCHANGE COUPLED SMALL-ANGLE X-RAY SCATTERING
ANALYSIS OF SUBSTRATE TREATED HUMAN FE-S CLUSTER ASSEMBLY
SUBCOMPLEX

Overview

Iron-sulfur clusters are synthesized by a multi-subunit protein complex in
eukaryotic mitochondria. The subcomplex containing the cysteine desulfurase (NFS1),
ISD11, and acyl-carrier protein (ACP) provides sulfur for this process. In chapter 111, we
described a morpheein model for this subcomplex. However, this model did not include
the effects of substrate addition. Here we describe a methodology for isolating specific
conformations of the subcomplex which are generated upon L-cysteine addition by cation
exchange chromatography. We investigated the clinical variant ISD11(R68L) and
enhanced closed dimer variant NFS1(Q64S, P299H, L300Q) in the context of the
subcomplex using cation exchange chromatography and native ion-mobility mass
spectrometry. Lastly, we preliminarily characterize the species eluted from a cation
exchange column using in-line small-angle X-ray scattering.
Introduction

Iron-sulfur (Fe-S) cluster biosynthesis is an essential process which occurs in the
mitochondria of eukaryotic organisms. In fact, a specific protein complex is required for
the synthesis and distribution of [2Fe-2S] clusters to their downstream targets such as
respiratory complexes.’®® At the center of this complex is the functional sulfur

mobilization subcomplex consisting of the cysteine desulfurase (NFS1),% 9 111
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eukaryotic specific adaptor protein (ISD11),112 116.117 and acyl-carrier protein (ACP).1%%
121,122,129, 140 This complex binds additional adaptor proteins such as the electron donor
(FDX1 or FDX2),2t 151154 the [2Fe-2S] scaffold (ISCU2),148 50 and allosteric activator
(FXN).87: 118,144,145, 148, 130, 172, 173 NMytations in many of these proteins result in debilitating
diseases such as oxidative phosphorylation deficiency, ISCU2 myopathy, and Freidrich’s
ataxia.*® 22 In chapter 111, we described a unique situation for this sulfur mobilization
subcomplex, in which the architecture of the subcomplex changes in the presence of
ISCU2 and FXN to generate a fully closed, activated cysteine desulfurase. This type of
transition has never been described before and most closely resembles morpheeins.

Morpheeins are a subset of proteins which undergo oligomeric or architectural
transitions in the presence of effector molecules.?® In fact, there are several human
proteins which have been described to feature morpheein behavior. Examples include
cystathionine [B-synthase,?#® 2662688 farnesyltransferase,?®® 2 mitochondrial malate
dehydrogenase,?’* 22 phenylalanine hydroxylase,2*® 23-280 pyryvate kinase,?% 282 B-
tryptase,?® tumor necrosis factor-a,2%* and porphobilinogen synthase.?4’: 249 285-287 The
most well characterized morpheeins which are conserved across several species are
phenylalanine hydroxylase and porphobilinogen synthase.

Phenylalanine hydroxylase is a monooxygenase which uses tetrahydrobiopterin
(BH4) to catalyze the hydroxylation of L-phenylalanine to L-tyrosine. This enzyme
contains three domains: a regulatory N-terminal domain, a catalytic domain, and a C-
terminal domain which plays a role in tetramer stabilization.?4® 278 27° |n this system, L-

phenylalanine binding, at a site distinct from the active site, induces tetramerization,
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activity, and cooperative behavior.246: 273 275 277 |nterestingly, in the absence of substrate,
there exists a dimer to tetramer equilibrium, and the conformation of this tetramer is
distinctly different from the conformation of the substrate activated tetramer which has
been demonstrated by size-exclusion coupled small-angle x-ray scattering (SAXS).278 27

Porphobilinogen synthase catalyzes the condensation of two 5-aminolevulinic acid
molecules in the second step of porphyrin biosynthesis. This system features two distinct
dimer conformations. One dimer leads to hexamer formation, and the other leads to
octamer formation.?® 285287 |n order to convert from hexamer to octamer, the larger
oligomeric species must first dissociate to a dimer species, and the dimer requires a distinct
conformational switch at the N-terminus in order to participate in hexamer formation.*"
287 The octamer is the high activity species.?8’

The situation described for porphobilinogen synthase closely resembles the
morpheein model we described in Chapter Ill (Fig. 111.17) for the human Fe-S cluster
assembly subcomplex. In this situation, the open NFS1-I1SD11-ACPe (SDAec) 02f2y2
species is the low activity form and must disassociate to ofy unit and undergo a
conformational switch in order to reassemble into the high activity closed SDAec 02272
species. The process appears to also occur through a dimer tethering processes based on
slow exchange rates for untagged SDA.c. Furthermore, we showed that this transition does
not occur completely unless ISCU2 and FXN are present which drives the FXN-based
activation phenomena.

Here we utilize cation-exchange chromatography, native ion-mobility mass

spectrometry, and cation-exchange coupled SAXS to isolate and characterize
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conformationally distinct populations of species of purified SDAe: with and without
substrate. We first show that there is a distribution of species with different charge
densities based on cation-exchange chromatography. The distribution of these species
changes upon substrate, L-cysteine, addition, and these species appear to be in equilibrium
with one another. We then use native ion-mobility mass spectrometry to correlate these
species with the open and closed architectures. Lastly, we characterize the conformation
of these species with cation-exchange coupled SAXS measurements.
Results
Species Isolation by Cation-Exchange Chromatography

Based on our previous observations of morpheein like behavior of the SDAec
complex, we were particularly interested in the effect of substrate treatment. Studies on
porphobilinogen synthase have shown that distinct oligomeric states can be isolated on an
anion exchange resin and can interconvert between hexamer and octamer upon dialysis in
the presence of substrate. Upon treatment with substrate there appears to be an observable
exchange going from hexamer to octamer in this system.?® 28 We utilized a similar
approach for SDAec in which we injected wild-type onto a high resolution cation exchange
resin and were capable of separating three species. Species 1 is likely the result of the
premature elution of peak 2 due to the inability remove all salt from the injected sample
for stability purposes (Fig. IV.1A). Upon isolation of the major species (peak 3),
concentration, re-dilution with buffer A, and re-injection onto the column, all three peaks
re-appear suggesting a dynamic equilibrium amongst all three species (Fig. 1V.1B).

Interestingly, after addition of 10 mM L-cysteine and a 10 minute incubation period, peak
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3 decreases in intensity, and peak 1 and 2 increase in intensity. However, the primary
absorbance in peak 1 comes from generated cysteine persulfides flowing through the
column which absorb at 280 nm (Fig. IV.1C). This suggested a conformational change
occurring within the species that alters its chromatographic behavior. We then re-isolated
peak 2, concentrated the peak, and diluted it with buffer A prior to re-injection. Elution of
this sample revealed all three peaks once again suggesting that even the substrate treated
sample is in equilibrium with the original species observed in the non-substrate treated
wild-type sample (Fig. IV.1D). Peak 2 in the substrate treated sample is likely substrate
bound, and upon re-equilibration of this peak in buffer A, substrate dissociates from the

SDAec complex resulting in the re-population of the original peaks (Fig. IV.1D).
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Figure IV.1 Cation exchange chromatography of SDAec in the absence and
presence of L-cysteine. All 280 nm traces are show in red. Buffer B gradient is
displayed in grey dashed lines. (A) 30 uM injection of SDA¢c onto a Mono S 5/50 GL
column and elution by step gradient identifies three speceis. (B) Peak 3 in panel A was
isolated and concentrated to approximately 400 pL and diluted to 1 mL with buffer A
prior to re-injection. All species identified in panel A re-appear. (C) 30 uM injection
of SDAec in the presence of 10 mM L-cysteine shows a re-distribution of peaks in
comparison to panel A. (D) Peak 2 in panel C was isolated and concentrated to
approximately 400 pL and diluted to 1 mL with buffer A prior to re-injection. All
species identified in panel C re-appear.
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Cation-Exchange Chromatography and lon-mobility Mass Spectrometry of SDAec
Variants

To gain additional conformation information on these species, we turned to site-
directed variants, native ion-mobility mass spectrometry, and cation-exchange coupled
SAXS. We first compared the chromatographic behavior of wild-type to Al-
55NFS1(Q64S, P299H, L300Q)-ISD11-ACPe, called SHQ, and Al1-55NFS1-
ISD11(R68L)-ACP¢, called R68L. Using the cation-exchange coupled SAXS setup, we
were capable of monitoring both the absorbance due to the pyridoxal 5’phosphate cofactor
of NFS1 and the integrated scattering intensity of the peaks coming off of the column. We
were capable of observing an identical peak behavior with wild-type as described in our
original experiments (Fig. IVV.1A,C and Fig. 1VV.2A). However, upon analysis of R68L
which is an inactive form,'® 2! only a single species is observed in the absence and
presence of L-cysteine (Fig. IV.2B). This is consistent with the observation that R68L is
inactive, and the observed chromatographic change in wild-type is required for activity.
When analyzing SHQ, we observed identical chromatographic behavior in comparison to
wild-type in the absence and presence of L-cysteine (Fig. IV.2C). However, we did
observe an enhancement in peak 2 without substrate (Fig. 1VV.2D). Based on previous
prediction and observation that SHQ is enhanced in the closed architecture (see Chapter

[11), we preliminarily assigned peak 2 to the closed architecture.
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Figure 1V.2 Cation exchange chromotagraphy of various SDAec variants on the
beamline setup. Buffer B gradient is shown in grey dotted line. (A) Injection of 1 mL,
30 uM SDA in the absence and presence of L-cysteine shows identical distribution
observed in Figure IV.1. (B) Injection of 1 mL, 30 uM R68L in the absence and
presence of L-cysteine displays a single species and no population re-distribution in the
presence of L-cysteine. (C) Injection of 1 mL, 30 uM SHQ in the absence and presence
of L-cysteine shows similar behavior to wild-type in panel A. (D) Comparison of wild-
type and SHQ in the absence of substrate shows an enhancement in peak 2 and
depletion in peak 3 suggesting a population change in the SHQ variant.
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To further support this assignment, we utilized native ion mobility mass
spectrometry to investigate the different variants used in this study. For wild-type, we
observed two distinct species as described in Chapter 111 (Fig. 1V.3A). For SHQ, we
observed an enhancement in the population of the lower arrival time species previously
assigned as the closed architecture (Fig. 1VV.3B) consistent with our experiments in Chapter
I11. Additionally, this is consistent with the population shifts observed in the cation-
exchange chromatography experiments when comparing wild-type to SHQ (Fig. IV.2D).
Lastly, for R68L, we observed a single species (Fig. 1VV.3C), albeit at a lower arrival time
in comparison to the observed species in wild-type and SHQ experiments, but this
observation is consistent with the chromatographic behavior of this variant (Fig. 1V.2B).
This suggests that R68L has a more compact conformation in solution, and this

conformation is non-productive for cysteine turnover.
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Figure 1V.3 lon-mobility mass spectra of SDAec and corresponding variants used
in this study. (A) Spectra of 10 uM wild-type shows two clear species. (B) Spectra of
10 uM SHQ shows two clear species with an enhancement in the species with smaller
arrival time in comparison to wild-type. (C) Spectra of 10 UM R68L shows one species.
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Cation-Exchange Coupled Small-angle X-ray Scattering of SDAec and Functionally
Distinct Variants

To further analyze the conformation of these species which feature unique
chromatographic behavior, we coupled the experiments conducted in Figure IV.2 to in-
line SAXS. SAXS measurements require an accurate buffer subtraction from the sample.
It has been demonstrated previously that ion-exchange coupled SAXS experiments can be
conducted using either a linear gradient or a step-wise gradient and that buffer subtraction
can be achieved either by measurement of background before and after peak elution with
following background interpolation through the eluted peak, frame by frame background
subtraction from an independent buffer run, or by generation of sufficient mixing ratios of
buffers to provide a satisfactory background subtraction to individual frames.?®® Due to
the equilibrium present between the individual peaks, we were unable to generate
sufficient separation of these species using a shallow, linear gradient of NaCl (data not
shown), and instead utilized a step gradient (Fig. IV.2). In order to effectively conduct this
experiment, we utilized blank injections prior to and after sample injection and performed
a frame by frame subtraction. Because, NaCl is a contrast agent in SAXS, the background
scattering increases as the NaCl concentration changes. This can be observed in blank
injection runs (Fig. 1V.4). The integrated intensity of non-background subtracted frames
was consistent with the chromatrographic peak population distributions (Fig. V.2 and Fig.

IV.4).
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Figure 1V.4 Integrated intensity versus frame for the cation exchange coupled small-angle X-ray
scattering setup prior to blank subtraction show identical distribution of species eluting from the
column with respect to UV-visible tracking in Figure 1V.2. (A) Comparison of wild-type to blank runs
before and after sample run. (B) Comparison of wild-type in the presence of 10 mM L-cysteine to blank runs
before and after sample run. (C) Comparison of R68L to blank runs before and after sample run. (D)
Comparison of R68L in the presence of 10 mM L-cysteine to blank runs before and after sample run. (E)
Comparison of SHQ to blank runs before and after sample run. (F) Comparison of SHQ in the presence of 10
mM L-cysteine to blank runs before the sample run.
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Blank runs were evaluated against sample runs, and blank runs with consistent
baseline within the comparison were used for a frame by frame background subtraction
against the sample runs. All profiles provided a flat baseline except for wild-type in the
presence of cysteine in which a linear baseline correction was applied to account for a
slight over subtraction (Fig. IV.4B, Fig. IV.5B, Fig. 1V.6B). Given the baseline
consistency we moved forward with the analysis. Automated Guinier (Fig. 1V.5) and
molecular weight analysis (Fig. 1V.6) was applied to the subtracted frames in order to
investigate the eluted species.

Based on inspection of the automated Guinier (Fig. 1\VV.5) and molecular weight
analysis (Fig. IV.6), it was obvious that more than one species was present in each isolated
peak. For example, in the Guinier analysis of wild-type of peak 3, the radius of gyration
(Rg) ranges from approximately 38 to 43 A (Fig. IV.5A). In addition, the molecular weight
of this peak varies from approximately 122 to 156 kDa with up to a 10 % error in this
measurement based on the volume of correlation method®* (Fig. IV.6A). This type of
behavior is observed in almost all peaks analyzed both in the absence and presence of
substrate. We attempted singular value decomposition and evolving factor analysis to
isolate specific scattering curves; however, evolving factor analysis appeared to be

unstable and did not provide reliable scattering curves.?’®
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Figure IV.5 Subtracted integrated intensity versus frame featuring an automated
radius of gyration (Rg) analysis. Rg is displayed in grey dots. (A) Wild-type. (B)
Wild-type in the presence of L-cysteine. (C) R68L (D) R68L in the presence of L-
cysteine (E) SHQ (F) SHQ in the presence of L-cysteine.

161



A B 1.25E-05

1.25E-05
2 280 2> 280
g 255 g 255
£ 8.50E-06 r-‘ 230 £ 8.50E-06 230
£ ‘ £
b 205 2 205
g I T g 7
o [ 180 Q I 180 2
D 450606 | = D 450606 =
2 fme| 155 3 2 155 3
£ ! £
= 130 = 5 130 =
j f ( X @
S s00e07 |/ N £, J [ 1% G 500807 105
s 80 = 80
Q Q
F 55 a 55
-3.50E-06 30 -3.50E-06 30
0 200 400 600 800 1000 0 200 400 600 800 1000
Frame Frame
c 2.05E-05 D 205E-05
2 280 > 280
§ 1.65E-05 255 g 165605 255
£ 230 € 230
T 1.25E-05 205 — T 125605 205 —
] © 3 ©
g 180 Q % 180 Q
B 8:50E-00 ] 155 ; 8 8008 155 ;
= | 3 s s
130 130
T 4.50E-06 T 4.50E-06
< 105 < 105
s s
£ 50007 N |80 £ 500E-07 80
(3 55 ,g 55
-3.50E-06 30 -3.50E-06 30
0 200 400 600 800 1000 0 200 400 600 800 1000
Frame Frame
E 1.25E-05 F 8.50E-06 255
> >
2 280 2 230
g 255 5
‘€ 8.50E-06 230 E 205
b 205 = T 450E-06 180 =
2 2
[ 180 2 [ 155 2
D 4.50E-06 = = ! =
I [
= 195 3 € \ A 130 3
> 130 = 5 PR =
- -l ¥
% /k /k o5 % 5.00E-07 \__.J A [ 105
S 500807 S 80
= 1t s0 =
k=] e
a 55 2 %
-3.50E-06 30 -3.50E-06 30
0 200 400 600 800 1000 0 200 400 600 800 1000
Frame Frame

Figure 1V.6 Subtracted integrated intensity versus frame featuring an automated
molecular weight analysis. Mw is displayed in grey dots. (A) Wild-type. (B) Wild-
type in the presence of L-cysteine. (C) R68L (D) R68L in the presence of L-cysteine
(E) SHQ (F) SHQ in the presence of L-cysteine.
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To circumvent this challenge, we used existing knowledge about our system to
individually assign the species present and estimate their scattering parameters. To do this,
we specifically isolated and averaged scattering curves based on minimal changes in Rg
and reasonable signal to noise via manual inspection of the automated Rg assignments
(Fig. IV.5). In most cases, the front side and back side of an elution peak was not evaluated
as the radius of gyration and molecular weight appears to be changing too rapidly to isolate
specific species. Therefore, we often analyzed the top of a peak and the tail ends of peaks
which stabilized with respect to Rg change. Based on our previous work (Chapter I11), we
know that concentration dependent oligomerization occurs in SDAec samples. Samples
with minimal concentration dependence by either analysis at low concentration or high
ionic strength and, in the absence of substrate, appear to result in a Rg of approximately
37 A and a Dmax ranging from 112 to 122 A.2** We used this information to make
assumptions about isolated, averaged scattering curves. In addition, we were unable to
extract reliable information from peak 1 as it is mixture of sample buffer and buffer A,
and in the case of L-cysteine addition, it is a mixture of sample buffer, buffer A, L-cysteine,
and cysteine persulfides making buffer subtraction estimations impossible. Therefore,
only peaks 2 and 3 of the elution phase were analyzed.

In wild-type peak 2, we identified a single species that is likely an apo form
(substrate free) with a Rg of 40.08 A, Dmax 0f 116 A, and estimated molecular weight of
139 kDa (Fig. IV.5A and Table IV.1). In peak 3, we identified two species: a larger form,
likely a concentration dependent oligomer, and an apo form with SAXS parameters (Fig.

IV.5A and Table IV.1) consistent with our previously determined SAXS parameters
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mentioned above. Upon addition of substrate, peak two now contained at least three
species (Fig. IV.5B and Table 1V.1). The first species appears to be a substrate bound
oligomer. This assumption is made based on the analysis that integrated scattering
intensity increases as protein concentration increases. The maximum peak intensity of
peak 2 in the wild-type plus L-cysteine is less than that of the maximum peak intensity of
peak 3 in the wild-type alone sample. Therefore, we would expect that any observed
concentration dependent oligomer in peak 2 of the wild-type plus L-cysteine would have
Rg and Dmax parameters that are smaller than that of the concentration dependent oligomer
observed in peak 3 of wild-type alone given that it would be present in a lower
concentration, and a SAXS curve is a weighted average favoring larger species in a multi-
component mixture. However, this is not the case. The scattering parameters of this
species are much larger than that of any species observed in the wild-type alone sample.
In addition, there is a large change in radius of gyration as a function of elution peak decay
likely due to a mixture of a variety of species (Figure IV.5B and Table 1V.1). The third
species in this peak exhibited a Rg consistent with an apo species; however, the noise in
the scattering curve made Dmax and molecular weight difficult to estimate.

In both analyses of R68L in the absence and presence of L-cysteine, two species
were observed in both peak 2 and 3 (Figure 1VV.5C,D and Table 1V.1). These species were
assigned as concentration dependent oligomer and apo. Consistent with the
chromatographic behavior, R68L is incapable of generating the substrate bound species in
peak 2, and this is clearly shown in the estimated SAXS parameters of isolated species as

the same species observed in wild-type in the presence of L-cysteine is not observed.
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In samples containing SHQ, we observed similar behavior to wild-type SDAec
(Fig. 5E,F and Table 1VV.1). However, we did not identify an apo species in peak 2. This
species could potentially be present at the back end tail of peak 2 but has a large variability
in Rg in this region due to low signal to noise (Fig. IV.5F). Instead, we observed species
consistent with the substrate bound oligomer observed in the wild-type, and an additional
species with low population but a larger radius of gyration and observed molecular weight
slightly larger than previously observed apo species. We preliminarily assigned this
species as substrate bound (Table 1V.1). In addition, we observed a mixture of the substrate
bound oligomer and substrate bound species, but the large changes in Rg and molecular
weight during the elution phase of this peak made it difficult to extract scattering
parameters. In peak 3 we observed a mixture of concentration dependent oligomer and
apo species which was assigned based on the larger Dmax (150 A) and molecular weight
(157 kDa). Moreover, we also observed an apo species which had similar scattering
parameters to other apo species that had been previously identified in this peak (Table

IV.1).

165



‘g|qelaiun Aj@x1 ale ybiam Jejnosjow pue *¥q se yons sisAjeuy 2)jewsa 0} Jnoyp siajeweled SxyS apew ayosd Buuapeos ul asioN,

ody ovl 71078088 ¥el  €20726.¢ z o
ody/sewoBiQ Juspuadaq UORENUSOUDD /G| 9L'0F80Ly  0SL  E£L0FL9OY ) € +DHS
punog s)ensang ZLL IC0TVISr  obL  $S0T 965 3
punog sjelisqn
._QEOW__O punog NHN.WMQDw VN 4 4 sko * c—-_m
JoWoBIIQ punog S1ensans 992 0v07 0885 06l 89078985 !
ody 06 ZZ0TGLZE 6L VEO0FI898 2
JowoByIO Juspuadaq UONEAUBIUOD 151 600FLLLY  SPL  BOOFLLLb ) ¢ OHS
ody 051 70 9168 ZZh  190F 92 6% z . OHS
JoWoBIQ JuspuBdag UONEBAUBIUOD 8L 6YOTLOOF  SYL  £0'L TGOV l
sowob10 E%CMMMQ UOHEUS0UOD MMW NW.M r mwmw mm" mw.m : mmmm w ¢ sk+7s0d
ody 151 V0T 128 02  €C0FGE8E z
JowoBIIO Juspuadaq UOKBAUSIUOY 56l £L0F9S8F  G8L  0LOF659F | € 1894
uooaL0) ody z6l €Z07€08€  SZL  6Z0TE0SE z
aulaseg e sfo + 1M
Jeour] J2WOoBQ Juspuadag UONRAUSIUOD €61 60072€6E  ¥Zl  ZLOTP6E L
ody 0Ll L0710V S2k _0Z076v0v %
—._O_u—om.h._oo punog sjeljsqng
auljaseqg ._NEOD__O uC&UC@Q@D uolelJjuaduod YN r4 r4 WHU + 1M
Jeaul .._@Ecm__o punog ajesnsqns
JOWoBIIO punog S)eNsans e IC07 6075 /8L 98078V S !
ody 621 10789/ 82l  €60Fze i z
J2WoBIIQ Juspuadag UOHBAUSOUOD 691 ZL'0T OV Er 9L LL'0F99Zp l € 1M
ody 6EL 8L0F226E 9Lk OV0F800F | z M
Buissasoudaig awaubissy (eq) mw ad wouy (y) [}¥] (y) xewq (w) by paynuap] Jequny 9dwesg
|euonippy Aeuiunjaug saadg yead

sigjaweled SXVYS pajewnsy

‘sa10ads paje|os! Ajjenuew wouy sislaweded Bulisneds Aea-x ajbue-|jews pajoeaix3 T'Al 9|gelL

166



While signal to noise is a challenge with these datasets, we isolated extracted
scattering parameters for species identified (Table IV.1). Due to the noise of these
scattering curves above 0.08 A, it was difficult to assess the fold of the isolated species
via Kratky analysis (data not shown); however, based on our equilibrium experiments
(Fig. 1V.1) we expect the isolated species to be fully folded and functional. In wild-type
samples containing substrate, the substrate bound oligomer identified features a distinctly
different conformation in comparison to apo, and the identified concentration dependent
oligomer. In fact it features a flatter scattering profile in the 0.03 to 0.06 A g-range and
a larger radius of gyration (Table IV.1 and Fig. IV.7A). In the SHQ sample, we were
capable of isolating a species which appeared at lower concentrations within the elution
peak but displayed elongated scattering parameters (Table 1V.1). We compared this
species to the SHQ apo species identified in peak 2 and the assigned substrate bound
species which featured, again, a flatter scattering profile in the 0.03 to 0.06 A g-range

and a larger radius of gyration (Table 1.1 and Fig. IVV.7B).
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Figure IV.7 Comparison of substrate bound oligomer and substrate bound
extracted small-angle X-ray scattering curves to concentration dependent
oligomer and apo extracted scattering curves. (A) Scattering curves of apo,
concentration dependent oligomer, and substrate bound oligomer in wild-type samples
were scaled and compared in Scatter. (B) Scattering curves of apo and substrate bound
were scaled and compared in Scatter.
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Discussion

Given our previous establishment of a morpheein model for SDAc we attempted
to analyze the effects of substrate on the complex. In our previous model, only adaptor
protein binding influenced population distribution. However, in typical morpheein
models, allosteric transitions are often driven by binding of a substrate or allosteric
effector molecule. Here we utilized cation exchange chromatography, native ion-mobility
mass spectrometry, and chromatography coupled SAXS to preliminarily characterize
substrate driven transitions.

Using cation exchange chromatography, we were capable of observing
chromatographic behavior changes of active species upon addition of substrate (Fig. IV.1
and Fig. IV.2). Interestingly, these species, regardless of substrate presence, appeared to
be in equilibrium with one another (Fig. IV.1). In addition, the populations of species,
presumably open and closed architectures, observed during elution corresponded well
with ion mobility analysis of wild-type, R68L, and SHQ (Fig. IV.3). Interestingly, R68L
is unaffected by substrate addition and features a single conformation in both the ion
mobility spectra (Fig. 1V.3C) and cation exchange experiments (Fig. 1VV.2B) indicating a
non-productive conformation that is incapable of undergoing a conformation change
required for substrate turnover.

Taken together, we were able to isolate and preliminarily characterize these species
using chromatography coupled SAXS. In samples capable of substrate turnover, a larger
species is always identified indicated by Rg, Dmax, and molecular weight analysis (Table

IV.1). These species have unique scattering curves (Figure IV.7), and this species is not
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identified in R68L samples (Table 1V.1) consistent with the chromatographic analysis of
this variant (Fig. IV.2B).

Unfortunately, as we have shown before, SAXS appears to be incapable of
distinguishing open and closed architectures. Given the challenges associated with SDAec
including concentration dependent oligomerization and the presence of multiple
architectures, obtaining unique structural information with respect to independent species
becomes difficult. However, this methodology of isolating individual species appears to
be promising for further experiments attempting to characterize conformational changes
of SDAc in the presence of substrate.

Some strategies which could improve this analysis would be the identification of
variants which do not undergo concentration dependent oligomerization which has been
done for other systems featuring challenging sample requirements.?®®  Additionally,
cation-exchange chromatography could be coupled to the ion mobility instrumentation to
analyze the conformation populations with an additional degree of separation in a time
resolved fashion.?® Moreover, time-resolved cryoEM setups are currently being
developed and may be particularly useful in this situation where individual particles
featuring distinct conformational changes could be selected and analyzed to achieve high
resolution structural information.?%2
Materials and Methods
Protein Expression and Purification

Site-directed mutagenesis using the QuickChange protocol (Agilent) was

performed to generate A1-55NFS1(Q64S, P299H, L300Q). ISD11(R68L) was generated
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as previously described.? The NFSI1(A1-55)-ISD11-ACPec complex and the
corresponding variants were co-expressed and co-purified as described previously.?!
Cation-Exchange Chromatography

For un-treated samples, protein was thawed rapidly and diluted to 60 uM with 50
mM HEPES, 250 mM NacCl, 10 % glycerol, pH 7.5. The sample was diluted in half with
Buffer A (50 mM HEPES, 20 mM NacCl, 2 % glycerol, pH 8.0) to a final concentration of
30 uM. For samples containing L-cysteine (Sigma-Aldrich), a 100 mM stock solution of
L-cysteine was prepared by dilution of 12.1 mg of powder in 1 mL of Buffer A. A portion
of this stock was used to dilute a 60 uM protein sample along with additional Buffer A to
produce a sample containing 30 uM protein and 10 mM L-cysteine. The substrate treated
sample was allowed to incubate for approximately 10 minutes prior to analysis.

Samples (1 mL) were injected onto a Mono S 5/50 GL (GE Healthcare) column
using a BioRad Quest FPLC and eluted using a step gradient of Buffer B (50 mM Hepes,
1 M NacCl, 2 % glycerol, pH 8) with steps at 15 %, 30 %, and 100 %. For equilibrium
experiments, the peak selected for isolation was concentrated to ~400 — 500 pL using a
100 kDa cutoff Vivaspin 500 (GE Healthcare) by centrifugation at 10,000 rcf. The
remaining sample was diluted to 1 mL with Buffer A and reinjected and eluted using the
same procedure. All experiments were performed at room temperature.

Cation-Exchange Coupled Small-Angle X-ray Scattering

Cation-exchange coupled SAXS was conducted at BioCAT (beamline 18ID at the

Advanced Photon Source). Sample injections, runs, and gradients were conducted as

previously described using an AKTA Pure FPLC (GE Healthcare Life Sciences). During
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elution, sample was passed through a UV-visible monitor and into a SAXS flow cell
consisting of a 1.5 mm ID quartz capillary with 10 um walls. Scattering intensity was
measured using a Pilatus3 1M (Dectris) detector at a distance of 3.634 m from the sample
providing a g-range of 0.0049 A to 0.3166 A%, Exposures of 0.5 seconds were recorded
every 2 seconds during elution. Buffer A was used in the sheath with an inlet flow rate of

1.05 mL/min. SAXS data collection parameters can be found in Table IV.2.
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Table 1V.2 Small-angle X-ray

scattering instrument and data collection

paramete IsS.

Instrument BioCAT 18ID APS
Detector Pilatus3 1M
Wavelength (A) 1.033

Beam size (Hm?) 150 (h) x 35 (v)
Sample to Detector Distance (m) 3.634

g-range (A™) 0.0049 - 0.3166
Absolute scaling method N/A

Basis for normalization to constant counts
Method for monitoring radiation damage
Exposure time, number of exposures
Sample configuration

Sample temperature (°C)

To incident intensity, by ion chamber counting

Automated frame-by-frame comparison of relevant regions

0.5 s exposure time with 2 s total exposure (0.5 s on, 1.5 s off)
Cation-exchange coupled charge separation by AKTA Pure with
a Mono S 5/50 GL column. SAXS data measured in a 1.5 mm ID
quartz capillary.

20
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Small-Angle X-ray Scattering Data Processing

All data was analyzed using RAW 1.6.0%% %3 coupled with ATSAS 2.8.4.2%
Frame series for each sample were inspected in RAW along with the corresponding blank
injections. For most runs, the blank before or after the run was used for buffer subtraction
with exception of the use a different blank run for the subtraction of SHQ with 10 mM L-
cysteine. Frame by frame buffer subtraction was achieved utilizing RAW and a custom
python script. An additional linear baseline correction was applied to the dataset
containing wild-type with 10 mM L-cysteine to correct for a small over subtraction.
Automated radius of gyration and molecular weight analysis (V. method)?3* was applied
to the subtracted profiles to inspect the homogeneity of the elution peaks. Singular value
decomposition and evolving factor analysis (EFA) was attempted in RAW. However,
given the changes in radius of gyration as a function of frame due to concentration
dependent oligomerization made EFA unstable and the deconvolution of individual
species unreliable. Peaks were then manually inspected and regions with consistent radius
of gyration were pursued for further analysis. Frames were extracted, scaled, and only
similar scattering curves (evaluated by CorMap) were averaged in order to estimate
scattering parameters. All scattering parameters were determined in RAW. Pair
distribution functions were calculated using GNOM.?%
lon-Mobility Mass Spectrometry

Native ion-mobility mass spectrometry (Native IM-MS) was performed on a
Synapt G2 instrument in a similar fashion as described in Chapter Il with the following

parameters: capillary voltage of 1.5 kV, source temperature (30 °C), sampling cone
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voltage of 20 V, extraction cone voltage of 1 V, trap and transfer collision energy off, and
backing pressure (4.91 mbar), trap flow rate at 4 ml/min (2.95 x 102 mbar), He cell flow
rate at 200 ml/min (1.38 x 10® mbar), IMS flow rate at 50 ml/min (7.03 mbar). The T-
wave settings for trap (310 ms%/6.0 V), IMS (250 ms%/9-12 V) and transfer (65 ms™/2
V), and trap bias (40 V). Sample preparation, data post-processing, and calibration were
conducted as described in Chapter I11.
Additional Software and Figure Generation

Plots were generated in Excel (Microsoft) or  Scatter 3.1r
(http://www.bioisis.net/tutorial/9). Artboards and high resolution figures were prepared

using Inkscape (https://inkscape.org/) and GIMP (https://www.gimp.org/).
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CHAPTER V
CONCLUSIONS AND FUTURE DIRECTIONS

Over the past thirty years, a significant effort has been made to find Fe-S cluster
biosynthetic pathways and elucidate the cysteine desulfurase and Fe-S cluster synthesis
mechanisms. Unfortunately, in humans, several diseases are linked to defects in Fe-S
cluster biosynthetic pathway proteins.?*? The most prominent disease is Friedreich’s ataxia
which is caused either due to a GAA triplet repeat expansion or point mutations in the
FXN gene.!®® Early studies on FXN showed its capability of activating the human cysteine
desulfurase subcomplex consisting of NFS1-1SD11-1SCU2 (SDU).1!8 Following reports
showed that point mutations on FXN, which result in Friedreich’s ataxia in patients
carrying the mutation, compromise FXN binding to SDU and loss of activity stimulation
proprerties.}’2 173 However, when FXN is utilized in the context of the 60 % identical
cysteine desulfurase from E. coli (IscS) and homologous scaffold (IscU), FXN inhibits the
Fe-S cluster assembly process on the scaffold.®” Additionally, the structural homologue of
FXN from E. coli (CyaY) was shown to be capable of activating the SDU complex.®’
These observations lead to the hypothesis that there are fundamental differences between
the cysteine desulfurases in both human and E. coli ISC pathways. In fact, these results
drove the need for structural information regarding the human Fe-S cluster assembly
subcomplex.

In the past two years, substantial gains have been made in the structural biology of
the human Fe-S cluster assembly complex. Here we showed the first crystal structure of

the NFS1-1SD11-ACPe. complex.'?! This structure (5USR.pdb) showed a remarkable re-

176



arrangement of the cysteine desulfurase subunits with respect to one another when
compared to the highly homologous IscS structure. This unique, open cysteine desulfurase
architecture clearly demonstrated the essential natures of ISD11 and ACPe¢ in stabilizing
NFS1. Additionally, this was the first X-ray structure to capture the ACP-lipid-LYR motif
at high resolution directly demonstrating how ACP provides additional support to the three
helix bundle protein ISD11. In fact, just prior to the structure, studies showed that ACP
was essential for eukaryotic Fe-S biosynthesis,'?® and the human NFS1-1SD11 complex
co-purifies with E. coli ACP (ACPe) under recombinant conditions.® In combination
with observations of ACP in complex with respiratory complex LYR proteins in similar
orientations to the Fe-S cluster assembly subcomplex, 31133187 these structures opened up
the possibility of an intertwined regulatory network governed by acyl-ACP and LYR
proteins for the biogenesis of mitochondria and activation of oxidative phosphorylation
through Fe-S cluster assembly and respiratory complex maturation. This model has
recently been supported by demonstration that acetyl-CoA and acyl-ACP species are
required for the activation and assembly of respiratory complexes in S. cerevisiae.’®
Given the open architecture of SDA.c, it was clear that the lack of an additional
subunit providing a substrate tunnel was a likely explanation of the low activity of the
SDAec and SDAU complexes. We proposed a model in which FXN acts as an activator
by participating as the second half of the substrate tunnel in the open architecture.
However, additional structures of SDAe (5WGB.pdb) and SDAeU (5WLW.pdb and
5WKP.pdb)*?? were determined shortly after the open architecture structure of SDAec and

featured a closed cysteine desulfurase architecture reminiscent of IscS and IscS-IscU.8>
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110,193 Wwhile the closed architecture is to be expected for a cysteine desulfurase sharing
such high homology to its prokaryotic counterpart, it did not fully explain the lack of
activity in the human enzyme. Following these X-ray crystal structure determinations, a
cryo-electron microscopy structure of SDAeUF was determined which presented the
cysteine desulfurase in a closed architecture, and the dimer interface of the cysteine
desulfurase was stabilized by interactions with FXN.'* While the authors proposed a
model in which FXN activates the cysteine desulfurase by preventing the active site
mobile loop cysteine from coordinating a zinc ion bound to ISCU2, this model directly
contradicted their previous results where SDAeU in which zinc had been removed from
the complex still exhibited low activity.?** Therefore, even though the structure of
SDAecUF had been determined, it still did not provide enough mechanistic information to
reveal the structural basis of FXN-based activation. We hypothesized that FXN-based
activation could possibly be due to the presence of two different subcomplex architectures
and an equilibrium between low and high activity architectures that could be modulated
by FXN.

To help provide a clearer picture of FXN-based activation, we investigated the
architecture of SDAgc in solution. We first showed that SDAec prepared by our lab displays
the same activity properties and conformation, using SAXS, as other SDAc prepared by
alternate labs. We followed this up by crystallizing different preparations of SDAec in both
open and closed architecture crystallization conditions. Upon isolation of both open and
closed architecture crystals, we were able to activate the cysteine desulfurase in both cases

in the presence of ISCU2, FXN, and Fe?*. This presented the possibility that either both
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architectures were capable of being activated, or there is an equilibrium between low and
high activity architectures and that FXN drives the architecture equilibrium towards a high
activity form. We were able to demonstrate this by native ion-mobility mass spectrometry
and that this transition can occur through either SDAec dimer dissociation or through a
tethered dimer transition using *°>N/*N-SDA.. dimer exchange Kinetics. Here we observed
two discrete conformations of SDAec which we assigned to open and closed architectures
and upon binding ISCU2 both open and closed SDAeU architectures could be identified.
This observation is consistent with the low activity of SDAe and SDAeU.*? However,
upon binding of FXN, only a single architecture is observed which we preliminary
assigned to a closed architecture based on the available chemical crosslinking, SAXS, and
cryoEM models.}*® 23 These data allowed us to construct a morpheein model in which
FXN drives an architecture transition to a closed, fully activated SDAe«UF species. This
morpheein model is unique because a protein is used as an equilibrium effector instead of
a small molecule.?*

Based on our proposed morpheein model, we hypothesized that the substrate, L-
cysteine, of the SDAe complex could also modulate conformational changes. We were
able to isolate different conformations of SDAec on a cation exchange column using a step
gradient method. Upon analysis of variants either designed to contain an enhancement in
the population of the closed architecture or an inactive conformation, we were able to
correlate population changes in our chromatography experiments with ion-mobility
population changes. Upon treatment with substrate, we observed a chromatographic

behavior change suggesting a conformational change within SDAec. Upon isolation of
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individual species eluting from the column, concentration, dilution, and re-injection, all
species reappear in the cation-exchange chromatography experiment suggesting that all
conformers are in equilibrium with one another. We attempted to characterize the species
eluting from the cation-exchange column using an in-line SAXS setup. However, the
presence of a concentration dependent oligomer made the isolation of scattering curves
specific to individual species unreliable. In addition, based on our previous analysis,
SAXS appears to not be a reliable technique for differentiating open and closed
architectures in solution given the conformational diversity of SDAec in solution and the
low resolution structural information achieved from SAXS measurements. However, we
did identify a method for isolating specific conformations that could be parlayed into
higher resolution structural methods or alternate biophysical techniques.

The SDAe: subcomplex presents a unique challenge to the structural biology
community where traditional solution structure techniques for evaluating protein
conformations such as SAXS or NMR are limited by either resolution and experimental
error or size of the complex respectively. There are still several questions to address about
this system even though the structure of SDAeUF has been determined. The structure of
open SDAecU is unknown, and the structural populations of the SDAec and SDAecU need
to be determined using a high resolution technique such as cryo-electron microscopy to
corroborate our ion-mobility mass spectrometry experiments. In addition, the structural
determination of SDAeUF only utilized 20 % of the total identified particles which did

143

not sufficiently rule out the presence of an open SDAeUF structure.** We also believe

that looking at architecture populations as a function of cell life cycle will help determine
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the reason for the presence of multiple architectures of the Fe-S cluster assembly
subcomplex; however, these experiments will require advanced chemical probes and
genetic manipulations which may leave the interpretation of in vivo results difficult.
Moreover, the rates of architecture transitions in vitro could be measured using either
carefully designed double electron electron resonance (DEER) or fluorescence resonant
energy transfer (FRET) experiments in which real time measurements could be utilized to
measure probe to probe distances that could be correlated to architectural transition events.
The rate of transition between open and closed architecture should be equal to that of the
FXN-based activation event in an activity assay. Lastly, it is possible that ion-mobility
mass spectrometry could be used as an architecture screening method in drug discovery
efforts. Addition of small molecules that drive the same conformation transition observed
in our experiments could be used for further therapeutic development coupled with activity
assays in order to find an appropriate treatment for Friedreich’s ataxia.

Taken together, these results and the future experiments to be conducted on this
system will provide insight into why multiple architectures of the Fe-S cluster assembly
subcomplex exist, and how these architectures play a role in FXN-based activation. We
believe that the presence of these architectures is an evolutionarily designed mechanism
for controlling the activity of the Fe-S cluster biosynthetic system during the early stages
of mitochondrial biogenesis when the requirement for the Fe-S clusters is low. However,
during the later stages of development and respiratory complex maturation, the need for
Fe-S clusters is high. Coupled with acyl-ACP based regulation and tied to respiratory

complex maturation, FXN-based conformational transitions to a high activity Fe-S cluster
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assembly complex provide a tightly regulated system for mitochondrial biogenesis and
activation of oxidative phosphorylation. However, the control of FXN expression levels
as a function of mitochondrial life cycle will need to be thoroughly investigated to support

this model.
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