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Abstract

Iron-sulfur clusters are ubiquitous cofactors required for various essential metabolic processes.
Conservation of proteins required for their biosynthesis and trafficking allows for simple

bacteria to be used as models to aid in exploring these complex pathways in higher organisms.
Cyanobacteria are among the most investigated organisms for these processes, as they are
unicellular and can survive under photoautotrophic and heterotrophic conditions. Herein, we report
the potential role of Synechocystis PCC6803 NifU (now named SyNfu) as the principal scaffold
protein required for iron-sulfur cluster biosynthesis in that organism. SyNfu is a well-folded
protein with distinct secondary structural elements, as evidenced by circular dichroism and a well-
dispersed pattern of 1H-15N HSQC NMR peaks, and readily reconstitutes as a [2Fe-2S] dimeric
protein complex. Cluster exchange experiments show that glutathione can extract the cluster from
holo-SyNfu, but the transfer is unidirectional. We also confirm the ability of SyNfu to transfer
cluster to both human ferredoxin 1 and ferredoxin 2, while also demonstrating the capacity to
deliver cluster to both monothiol glutaredoxin 3 and dithiol glutaredoxin 2. This evidence supports
the hypothesis that SyNfu indeed serves as the main scaffold protein in Synechocystis, as it

has been shown to be the only protein required for viability in the absence of photoautotrophic
conditions. Similar to other NFU-type cluster donors and other scaffold and carrier proteins, such
as ISCU, SyNfu is shown by DSC to be structurally less stable than regular protein donors,
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while retaining a relatively well-defined tertiary structure as represented by 1H-15N HSQC NMR
experiments.

1. Introduction

Iron-sulfur (Fe-S) clusters are critical cofactors that are required for a myriad of biochemical
processes, including electron transport, transcriptional and translation regulation, enzymatic
activity, DNA repair, and replication.l: 2 Several distinct cluster species have been found
with [2Fe-2S], [3Fe-4S], and [4Fe-4S] forms being most prevalent, and the typical cluster-
coordinating environment contains the cysteine thiol-group in addition to other amino acids,
such as histidine in the Rieske-type clusters.3 4 Substitution of amino acid ligands at
iron-sulfur cluster binding residues invariably leads to disruption of cluster trafficking and
enzymatic function, and natural mutations often lead to lethal disease phenotypes.>~" Their
universal and ubiquitous nature in biochemical systems underscores the importance of Fe-S
cluster cofactors, as they are present in all kingdoms of life, and highly conserved pathways
exist for their synthesis and delivery to target proteins.8

In higher organisms, pathways involving Fe-S cluster biosynthesis and their concomitant
trafficking are much more complex; therefore, cyanobacteria are regarded as excellent model
systems for the elucidation of these pathways. This allows for subsequent comparison

to more complex systems, as cyanobacteria are also capable of completing oxygenic
photosynthesis but have much simpler genomic and cellular structures °. Furthermore,
cyanobacteria, such as Synechocystis PCC6803, have been fully sequenced,1? and databases
are readily available to investigate the complex web of protein-protein interactions.1!

In particular, Synechocystis contains the ubiquitously conserved gene clusters involved in
Fe-S cluster biosynthesis: the suf (sulfur utilization factor) operon, some of the isc (Fe-S
cluster) genes, and a single 77/f (nitrogen fixation) gene.! These gene clusters are utilized
throughout the kingdoms of life for the biosynthesis of Fe-S clusters, and the proteins
produced also demonstrate high levels of conservation in both sequence and function.®
Although all three gene clusters are present in Synechocystis, only the gene products from
the nifand sufoperons are required for survival under photoautotrophic conditions, while
only the nifgene is required under heterotrophic conditions.12: 13

In cyanobacteria, the sufpathway for Fe-S cluster biosynthesis has been implicated in the
response to oxidative stress and iron starvation, in addition to Fe-S cluster biosynthesis
related to photosynthesis.}® The SUF pathway consists of sufABCDE, sufS, and sufR
genes.14 15 SufA has been shown to be involved in remediating oxidative stress, or as an
Fe-S cluster carrier protein, and is not required for viability.12: 15 SufE and SufS both act in
the liberation of sulfur, as SufS is a cysteine desulfurase and SufE enhances its activity.14-16
The other gene products from the SuBCD operon have been characterized extensively in £.
coli, as they have been shown to act as a scaffolding protein, which is able to donate Fe-S
clusters to downstream apo proteins.14 15 17 Despite this, the role of the SufBCD complex
as a scaffold has yet to be investigated at the protein level in Synechocystis.
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The only nifgene reported for Synechocystis PCC6803 is ss/2667and corresponds to the
formerly named NifU (SyNfu). The SyNfu protein is composed of 76 amino acids and was
initially studied based on its sequence homology with the C-terminal domain of Azotobacter
vinelandii NifU.18 Both proteins contain a conserved C-X-X-C motif that is utilized in
[2Fe-2S] cluster binding.18: 19 Furthermore, SyNfu was able to transfer its [2Fe-2S] cluster
to apo ferredoxin.18 The requirement for SyNfu and its Fe-S cluster binding and transfer
capabilities to maintain cellular viability suggest that Nfu could act as an Fe-S cluster
scaffold in Synechocystis PCC6803.

SyNfu also demonstrates homology to the NFU family of proteins that are characterized
by the same C-X-X-C Fe-S cluster binding motif. However, many of these proteins

are more complex than SyNfu, in that they are comprised of additional domains, the
functions of which are not completely clear. The similarity between the cluster binding
C-terminal domain of human NFU and SyNfu is 46%, and therefore higher than the
extent of conservation between SyNfu and the C-terminal domain of A. vinelandii NifU,
which is 43% (Fig. 1). This striking degree of similarity and the conservation of cluster
binding residues suggest that the Fe-S cluster binding properties may be similar; therefore,
we set out to investigate the functional, spectroscopic, and biochemical characteristics of
Synechocystis PCC6803 NifU to more completely reveal its role in Fe-S cluster biosynthesis
in cyanobacteria and gain additional insight into the function of the NFU domain.

2. Material and Methods
2.1 Cloning of SyNfu

Synechocystis PCC6803 gene ss/266718, encoding the only NifU-like protein in this
cyanobacterium, was synthesized by GenScript. The gene was amplified by PCR to
introduce the restriction sites of Ndel and Hindlll using the forward primer 5’- CCA ATC
ATA TGG AAC TGA CCC T -3’ and the reverse primer 5’- CCA ATA AGC TTT TAC
AGC ACT TGT TCC -3’. The PCR product was purified via gel extraction and ligated
into the pET28(b+) vector between the above-mentioned restriction sites to generate the
expression vector for SyNfu in £. co/iBL21 (DE3) cells.

2.2 Expression and Purification of SyNfu

Synechocystis PCC6803 NifU cells were grown overnight in 10 mL of Luria-Bertani (LB)
broth media with kanamycin (30 mg/mL) at 37 °C. The overnight cultures were diluted
1:1000 in LB media containing kanamycin until the ODggq reached 0.6. Protein expression
was induced with 100 mg/L of isopropyl p-D-1-thiogalactopyranoside (IPTG), and cultures
were incubated overnight at 37 °C. Cell pellets were collected by centrifugation at 4,330g
for 15 min at 4 °C, and resuspended in 30 mL of 50 mM HEPES, 100 mM NaCl, pH 7.5.
Resuspended pellets were incubated with 30 mg lysozyme and 0.6 mg DNase | for 30 min
at 4 °C and lysed by use of a dismembranator. Cell lysate was centrifuged at 28,982¢ for
50 min at 4 °C, and the supernatant was applied to a Ni-NTA column. Protein was eluted
with a buffer containing 50 mM HEPES, 100 mM NacCl, 250 mM imidazole, pH 7.5 and
concentrated by Amicon ultrafiltration over a 10 kDa membrane. Protein purity was assayed
by a 12% SDS-PAGE gel that was visualized with Coomassie Blue staining. Imidazole was
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removed with dialysis at 4 °C against a buffer containing 50 mM HEPES, 100 mM Nacl,
pH 7.5. Purified SyNfu was lyophilized and resuspended in buffer to a known concentration
to determine the e,gp = 865.5 M1 cm™1. The sequence alignment view was generated using
Clustal Omega.?°

2.3 Protein Expression and Purification of Tm NifS and Additional Cluster Acceptor

Proteins

Purification of Thermatoga maritima ( Tm NifS) was performed as previously reported.21-23
The expression vector for human ferredoxin-1 (Hs FDX1) was kindly provided by J.
Markley and protein was expressed and purified according to literature procedures.24
Purification of human ferredoxin-2 (Hs FDX2) was performed as previously reported.2>

The ferredoxins purified as holo proteins and were then subsequently converted to apo forms
by treatment with 100 mM EDTA, 5 mM DTT and 8M urea in a buffered solution, pH 7.5.

A construct of human GLRX2 (comprising residues 56-161) with a tobacco etch virus
cleavable N-terminal Hisg tag in expression vector pNic-Bsa4 was kindly provided by
Drs. Kavanagh, Muller-Knapp and Oppermann and protein was expressed and purified
as previously reported.28 The yeast Grx3 (Q03835, residues 36—285) open reading frame
containing both the Trx-like and Grx-like domains, but lacking the first 35 amino acids
(A1-35), was purified as previously reported.2’

2.4 Thermodynamic Investigation of SyNfu by DSC and VT-CD

Both 0.3 mM and 0.7 mM solutions of apo SyNfu were dialyzed against 50 mM HEPES,
100 mM NaCl, pH 7.5 at 4 °C. The resulting dialysis buffers were used as reference for
DSC. Reference buffers and protein samples were thoroughly degassed using a MicroCal
Thermovac2 (Malvern Instruments Inc.) prior to analysis on a MicroCal VP-DSC (Malvern
Instruments Inc.).28 The data were obtained using a differential mode at a rate of 1.0 °C

per min from 10 °C to 100 °C and analyzed using OriginPro software (Origin Labs) and

fit to either two-state or non-two-state models. A 0.3 mM solution of apo-SyNfu was buffer
exchanged into PBS buffer, pH 7.5. VT-CD experiments were performed on a JASCO J-815
CD spectrometer in a quartz 1 cm cuvette. The wavelength at 222 nm was monitored which
is indicative of secondary structure in proteins. The protein was heated at a rate of 1.0 °C
per min from 25 °C to 95 °C. Data was analyzed and fit to a two-state model with OriginPro
software

2.5 15N-labeling and *H-1°N HSQC Characterization

Apo SyNfu was uniformly 1°N-labeled using conventional techniques. Briefly, cells were
grown in M9 minimal media supplemented with 1°NH,CI. Cells were grown, and protein
was purified as mentioned above. Apo SyNfu was then buffer-exchanged by a PD-10
desalting column and equilibrated into 40 mM phosphate buffer, pH 6.5, 10% D,0 at 298
K. 1H-15N HSQC spectra were acquired on a Bruker 800 MHz spectrometer, equipped with
a TXI cryoprobe, and an Avance 111 HD Console. Standard water suppression and 1H-15N
HSQC pulse sequence was performed for collection of data. Apodization, zero-filling and
Fourier Transform were performed followed by phase correction. Data was visualized with
NMRFAM Sparky version 3.115.29
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2.6 Structural Analysis by Circular Dichroism (CD) and Secondary Structure Prediction

Secondary structure prediction was performed using 150 uM apo SyNfu in PBS buffer

pH 7.5. Scans from 240-200 nm were performed in a 1 cm cuvette and data processed
using JASCO Spectramanager 11 Analysis software. Secondary structure prediction program
K2D330 was then utilized to obtain estimates of % a-helix and B-sheet. All spectra were
represented in Origin 7.0.

2.7 Reconstitution of SyNfu

A mixture of approximately 200 uM purified SyNfu, 2 pyM 7m NifS, 5 mM DTT, and 2
M urea was alternatively degassed, and argon-purged for 1 h. Degassed solutions of ferric
chloride and L-cysteine were added separately and dropwise to the mixture to have final
concentrations of 0.6 M for each. The solution was incubated for 45 min with stirring,
and an additional 180 pL of 10 mM FeClz and L-cysteine were added. After another 45
min of stirring, excess iron and sulfide were removed by separation on a PD-10 column,
equilibrated with an argon-purged solution of 50 mM HEPES, 100 mM NaCl, pH 7.5.
Reconstituted protein was eluted with 3.5 mL of the equilibration buffer. The protein
concentration was determined by absorbance on UV-Vis with e450 = 10,000 M~1 cm™1,
and the success of the reconstitution was determined by absorbance at 330 nm and 415
nm. Protein reconstitution was also completed in the absence of 7/m NifS with degassed
solutions of ferric chloride and sodium sulfide (final concentrations of 0.6 M).

2.8 EPR Characterization

A 200 pM solution of SyNfu was prepared in 50 mM HEPES buffer. Samples were reduced
with 2 mM dithionite and frozen in liquid nitrogen prior to analysis. Samples were analyzed
with an X-band EMXPIlus EPR with ColdEdge Cryostat. Sample temperature was varied
from 10-60 K, microwave frequency of 9.4 GHz and a microwave power of 30 dB. Data
were analyzed with OriginPro software and g-values extracted using EasySpin software.

2.9 Oligomeric State Determination

Apo and holo SyNfu were analyzed for the oligomerization state via dynamic light
scattering. Samples at 2 mg/mL in 50 mM HEPES, 100 mM NacCl, pH 7.5 were degassed
and filtered through a 0.2 um filter and added to a Héllma quartz cuvette in a Malvern
Zetasizer Nano Zen3600 Dynamic Light Scattering (DLS) instrument. Samples met the
criteria of a poly dispersity index (PDI) of less than 0.2 and derived count rate of greater
than 2000. Data were converted to natural logarithm to determine the aggregation state.

2.10 [Fe»S7](GS)4] Synthesis

The cluster used was synthesized as previously reported.31 Briefly, ferric chloride (20 mM)
and sodium sulfide (20 mM) was added to 10 mL 40 mM glutathione solution, pH 8.6.

A volume (40 mL) of ethanol was added to the mixture and mixed by vortexing. The
precipitate was collected by centrifugation at 13,000 rpm for 10 min, washed twice with
ethanol and dried under vacuum.
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2.11 Fe-S Cluster Uptake Monitored by CD

The ability of SyNfu to take up an Fe-S cluster from [2Fe-2S](GS)4 was examined by
circular dichroism (CD). CD scans were recorded on a JASCO J-815 CD spectrometer in a
quartz 1 cm anaerobic cuvette from 600 — 300 nm at a scan rate of 200 nm/min at 25°C with
a 2 min interval between each accumulation. SyNfu (50 uM) in 50 mM HEPES, 100 mM
NaCl, pH 7.5, was thoroughly degassed in the presence of 5 mM DTT and transferred to the
anaerobic cuvette. Solid [2Fe-2S](GS),4 was resuspended in degassed 50 mM HEPES, 100
mM NaCl pH 7.5 and added to the argon-purged anaerobic cuvette via a gas-tight syringe
to a final concentration of 100 uM to initiate the reaction. Spectra were processed using
JASCO Spectramanager Il Analysis software and were represented in Origin 7.0.

2.12 Kinetics of Glutathione Extraction of the Fe-S Cluster in Holo SyNfu

Glutathione has previously been shown to extract the [2Fe-2S] cluster from holo proteins to
form the [2Fe-2S](GS)4 complex by monitoring the change in the charge transfer bands at
330 nm and 415 nm.31 Holo SyNfu demonstrated a larger change in absorbance at 330 nm
than at 415 nm, so transfer of the cluster from SyNfu to glutathione was monitored at that
wavelength. Degassed, reconstituted holo SyNfu in 50 mM HEPES, 100 mM NaCl, pH 7.5
was incubated with 1 mM GSH in an anaerobic cuvette and the absorbance at 420 nm on

a Cary WinUV spectrophotometer was monitored every 2 min over the course of 1 h. The
change in absorbance at 330 nm was plotted against time and fit to an exponential decay to
obtain the kqps. A control reaction of holo SyNfu in the absence of excess GSH was carried
out under the same conditions.

2.13 Cluster Transfer Reactivity

Kinetic studies of cluster transfer experiments were performed based on the experimental
design of Johnson and coworkers.32:33 Reactions were performed on a JASCO J-815 CD
spectrophotometer in a quartz 1 cm anaerobic cuvette from 600 — 300 nm at a scan

rate of 200 nm/min at 25°C with a 2 min interval between each accumulation. Reactions
that reached completion within the first 10 min were analyzed over a 10 nm wavelength
scale based on the peak of interest, with 10 sec intervals between accumulations. Spectra
were processed using JASCO Spectramanager Il Analysis software and were represented in
Origin 7.0.

Reactions in 50 mM HEPES, 100 mM NaCl, pH 7.5 were prepared by degassing a mixture
of 40 pM apo protein, and 5 mM DTT, and were then transferred to an anaerobic cuvette via
a gas tight syringe. Degassed holo protein at 20 uM was added to the cuvette to initiate the
reaction. The concentration of [2Fe-2S] in the reaction for each holo protein was determined
via standard iron quantitation methods.34

The kinetic rate constants for cluster transfer were obtained by monitoring and converting
the change in CD signal to the percentage of cluster transferred over time. The plot of time
versus percent cluster transfer was fit to an exponential to obtain an observed first-order rate
constant Kqps that was used to obtain the second-order rate constant.
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3. Results

3.1 1H-15N HSQC NMR Characterization of SyNfu

Sequence alignment of SyNfu to the related C-terminal domains of NFU and NifU proteins
shows that NifU from A. vinelandii shares 43% similarity, while human NFU is 46%
similar. Given this level of sequence similarity it was of interest to examine the overall
structural properties of apo SyNfu to determine if it displayed characteristics of a well-
folded protein with defined secondary structural elements. To this end, cells containing

the SyNfu expression plasmid were grown, and the protein was 1°N-labeled for use in
1H-15N heteronuclear single quantum coherence (HSQC) NMR spectroscopy experiments.
The chemical shift is not only sensitive to pH, temperature, and salt, but also to the chemical
environment; therefore, a simple 1H-15N HSQC experiment was conducted to yield insight
into how well the protein is folded and structurally defined in solution.

The Biological Magnetic Resonance Bank (BMRB) contains a vast database of experimental
data concerning chemical shifts and can facilitate comparisons for this purpose.3® If a
protein is unfolded or denatured, most of the observable resonances fall within a narrow
1H chemical shift window centered between 8.1-8.4 ppm, while for a well-folded protein
with distinct secondary structural features, the observed chemical shifts are resolved and
well-dispersed.36-38 The experimental HSQC spectrum (Fig. 2) shows that the expressed
apo protein is folded and contains defined secondary structural features, given the chemical
shifts observed to span from 6.5 — 9.5 ppm.3> A comparison of these results to those
obtained previously for the N- and C-terminal domains of human NFU shows similarity in
the degree of peak dispersion,3° and also display resonances in the ranges characteristic of
a-helices and p-sheets, which have been noted in the solved C-terminal NMR structure for
human NFU.40

3.2 Secondary Structure Estimation via Circular Dichroism

The high degree of signal dispersion in the 1H-1®N HSQC spectrum (Fig. 2) suggests that
the protein contains distinct secondary structural elements, consistent with the C-terminal
structure of human NFU, which shows the presence of a-helices and B-sheets,*? and so we
further investigated the structural characteristics of SyNfu. Circular dichroism (CD) is an
efficient technique for predicting secondary structure, using the chirality of the backbone
in the far UV region. Coupled with experimental data and known protein structures from
the PDB, algorithms such as K2D3 can yield insight into the secondary structural motifs
of proteins with unknown structures.30 To that end, apo SyNfu was buffer exchanged into
PBS pH 7.5 to remove the background observed from more traditional buffer components,
such as HEPES, and scanned from 240-200 nm. From the K2D3 algorithm, SyNfu is
estimated to contain similar amounts of a-helical and -sheet character with 28.7 and 24.5
percent respectively (Table 1 and Fig. 4a). The significant presence of large amounts of
secondary structure, as evidenced by CD and well-dispersed peaks in the 1H-15N HSQC
NMR spectrum, shows that despite its small size, SyNfu is well-structured in the apo state.
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3.3 Stability and Thermodynamics of Apo SyNfu

SyNfu consists of a single Nfu domain that has high homology to the C-terminal domain
of the human NFU protein. Previous thermodynamic studies on the isolated C-terminal
NFU domain have demonstrated that the protein exhibits molten globule character, as
shown by both differential scanning calorimetry (DSC) and NMR experiments.28 Given
the high level of evolutionary conservation, we decided to further examine the stability and
thermodynamic properties of apo SyNfu. DSC thermal melt experiments were performed
with apo SyNfu at two concentrations. At 0.3 mM two unfolding events occurred, one

at 45.5 °C and another at 66.6 °C, while at 0.7 mM a much broader melting curve was
observed (Fig. 3 and Table 2). The thermodynamic properties were also confirmed via
VT-CD at 0.3 mM, which obtained a similar melting temperature and enthalpy of unfolding
(Fig. 4 and Table 2). At both concentrations, the melting transitions are broad suggesting

a molten globule conformation; however, at higher concentrations, the first transition is
missing, consistent with protein aggregation. Interestingly, the unfolding event is similar
to that observed for the C-terminal construct of human NFU and is supportive of a
conformationally dynamic domain.3% 41

3.4 Spectroscopic Characterization of the [2Fe-2S] Cluster of SyNfu

Previous reports have indicated that SyNfu purifies primarily in the holo state with a bound
[2Fe-2S] cluster;18 however, under our purification conditions SyNfu is purified entirely in
the apo form. This may be due to the placement of the His-tag as our construct utilizes an
N-terminal His-tag, while the previous authors utilized a C-terminal His-tag. Nevertheless,
the functional holo protein, with bound cluster, SyNfu was successfully reconstituted, both
chemically and enzymatically, with sodium sulfide and 7/m NifS/L-cysteine, respectively
(Fig. 5). Both reconstitution methods produced the desired holo SyNfu that yielded Fe-S
cluster bound UV spectra with characteristic peaks at 330 nm and 415 nm (Fig. 5A),
matching previously reported spectra for this protein.1® The holo protein also provided a
CD signal, yielding the holo spectrum shown in (Fig. 5B) that resembles that obtained for
holo human NFU.34 Reconstitution yields were in the range of 40% as determined from
UV-Vis measurements and overall protein measurements. These yields are in the range for
the reconstitution of other NFU systems that have been documented previously.

3.6 EPR Characterization of [2Fe-2S] SyNfu

NifU and NFU proteins can vary in cluster nuclearity, depending on the organism; for
example, E. coli NfuA is reported to contain a [4Fe-4S] cluster cofactor, while the C-
terminal region of A. vinelandii contains a [2Fe-2S] cluster and human NFU appears to
primarily bind a [2Fe-2S] cluster.19: 34.42. 43 previous reports of SyNfu have shown that
the protein binds one [2Fe-2S] cluster, which was thought to bridge two SyNfu monomers
to form a dimer,1 and was able to deliver that cluster and produce an active form of
Synechocystis PCC6803 Fdx. To confirm the presence of a [2Fe-2S] cluster bound to SyNfu,
X-band EPR spectroscopy was performed. Dithionite-reduced holo-SyNfu showed EPR
spectra shown below (Fig. 6a), with g-values similar to those observed for the human holo-
BOLA3 homodimer of 2.01 and 2.00. 44 Temperature dependent measurements, showed an
inverse linear relationship between temperature and integrated peak area (Fig. 6b), which is
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indicative of the relaxation properties of a 2Fe-2S cluster. If a 4Fe-4S cluster is expected, a
more exponential decay in the integrated peak area would be expected as the temperature is
increased. These results further confirm previous reports that SyNfu binds a [2Fe-2S] cluster
in its holo form.

3.7 Oligomeric State Determination

A previous report on SyNfu speculated that the holo form is a dimer, likely bridged by

a [2Fe-2S] cluster, as evidenced by non-denaturing PAGE and iron-staining.18 We were
therefore interested in examining both the apo and holo protein with dynamic light scattering
(DLS) to confirm the oligomeric states of the apo and holo SyNfu. Aliquots of apo SyNfu,

a reconstitution mixture after 1 h, and a reconstitution mixture after 2 h were analyzed.
Analysis of the elution profile for apo SyNfu showed that the protein was found mainly in a
monomeric form, while the reconstitution mixture after 1 h also showed a similar trace with
a small peak forming at approximately twice the size (Fig. 7). After the full reconstitution
time of 2 h, a peak corresponding to a complex twice the size of that found for the apo
protein was observed, indicating that the holo-form of SyNfu is dimeric.18

3.8 Transfer of the [2Fe-2S] Cluster from Holo SyNfu

Our laboratory has previously reported a hydrolytically stable glutathione-complexed Fe-S
cluster that is likely of physiological relevance and has been shown to reconstitute apo
Fe-S proteins, such as the Fe-S cluster scaffold 1SU,3! and serves as a substrate for the
mitochondrial ABCB7 exporter.4> Furthermore, we have previously demonstrated that the
[2Fe-2S](GS)4 cluster can be formed by the addition of excess GSH to holo proteins, as the
cluster is extracted from the protein by the glutathione.

Given its role in organism viability, SyNfu is believed to function as the primary scaffold

in Synechocystis, and so we sought to examine the exchangeability of cluster between the
apo protein and glutathione ligands, as well as the ability of the holo protein to transfer the
bound cluster to apo target proteins. We found that SyNfu cannot be reconstituted by the
[2Fe-2S](GS), cluster (data not shown). However, GSH is able to extract the cluster from the
holo protein at a rate of 158 + 5.2 M~Imin~1 as monitored by the decrease in the absorbance
at 330 nm on UV-Vis, resulting from the lower extinction coefficient of the [2Fe-2S](GS),
complex3! (Fig. 8A). The rate of GSH-induced cluster extraction is linearly dependent on
the concentration of GSH, consistent with a mechanism requiring pre-oligomerization of
glutathione prior to cluster extraction,’® and/or rate-limiting substitution of the protein Cys
— Fe3* bonds. There is no significant loss of cluster in the absence of GSH, demonstrating
that the holo protein is relatively stable and that the observed decrease in absorbance

does not derive from cluster degradation (Fig. 8B). Interestingly, the role of glutathione in
Synechocystis PCC6803 appears to be more important in the oxidative stress response, while
the glutathione precursor gamma-glutamylcysteine appears to be sufficient under optimal
growth conditions.®: 47 This suggests that in Synechocystis the role of glutathione may be
less important in the trafficking of iron-sulfur clusters given that another small molecule
thiol can help mediate cellular functions in this cyanobacterium.
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Previous work on SyNfu has shown the ability of the holo protein to transfer the [2Fe-2S]
cluster to Synechocystis Fdx and to a yeast mitochondrial Fdx18. We were further able to
demonstrate transfer from SyNfu to human FDXs 1 and 2 by use of circular dichroism
(CD), since each Fe-S cluster bound protein generates a unique CD spectrum particular to
their cluster binding environment in the range of 300 — 600 nm; these transfer reactions

also reflect the high conservation of these Fe-S cluster proteins across different organisms.*8
Following addition of holo SyNfu to an apo FDX1 or FDX2, a peak centered around 440
nm was observed to increase with time as the cluster was transferred (Fig. 9). Based on the
initial concentration of the [2Fe-2S] cluster, a second-order rate constant was determined for
each reaction.32: 33 For transfer to FDX1 from holo SyNfu, a rate constant of 2015 + 416
M~Imin~1 was calculated, and for the transfer to FDX 2, it was determined as 5642 + 84
M~min~1 (Table 3).

Since no other cluster transfers from SyNfu PCC6803 havePCC6803 has been demonstrated,
we examined the ability of SyNfu to transfer its Fe-S cluster to another potential target
family: the glutaredoxins. Glutaredoxins are also highly conserved proteins and exist in
either monothiol or dithiol forms, depending on the number of cysteines in their active
site.4 Typically, glutaredoxins function in electron transfer, catalyze disulfide reduction,
iron sensing and regulation, and Fe-S cluster transfer and delivery.50 In Synechocystis, they
have not been fully characterized, but the glutaredoxins are known to be required for stress
adaptation 51 and arsenate reduction.52 Transfer to the glutaredoxins was monitored by CD
(Fig. 10), as mentioned above, to obtain an observed rate (kqps) constant for the reaction.
The Kqps and the initial concentration of [2Fe-2S] were used to calculate the second-order
rate. Transfer to glutaredoxin 2 (GLRX2) was somewhat slow, requiring 2 h for the CD
signal to begin to level off, which resulted in a second-order rate of 1220 + 320 M~ min~1.
For glutaredoxin 3 (Grx3), the CD spectrum looked like glutaredoxin 3 initially, with no
trace of the initial holo SyNfu peaks. Hence, we monitored the reaction on the interval of
10 sec, which resulted in a very fast but measurable transfer to yield a second-order rate of
21821 + 4736 M~Imin~L.

4. Discussion

While many Fe-S cluster proteins are highly conserved, some variations in cluster nuclearity
and potential function have been observed, depending on the organism under study. This

is particularly evident for proteins that contain NifU or NFU domains. As shown in (Fig.

1), the cluster binding motif is highly conserved from cyanobacteria to humans, but these
proteins can have additional domains beyond the cluster binding domain, which are thought
to confer additional functional specificity and perhaps determine the cluster nuclearity.>3
For example, NFU proteins have been shown to bind either [2Fe-2S] or a labile [4Fe-4S]
cluster /n vitro, depending on the source of the organism, and they are capable of donating
to downstream trafficking proteins and other enzymes such as aconitase.34 40. 42,43 |
contrast, the C-terminal domain of NifU and the NfuA construct in A. vinelandii ligate

a [2Fe-2S] and a [4Fe-4S] cluster, respectively.19 54 Further, NfuA from Synechococcus
sp. 7002 has been shown to ligate a [4Fe-4S] cluster, which can donate further to the apo
PsaC component in photosystem |, albeit at an elevated pH of 10.0.5° The SyNfu protein
from PCC6803 has been previously reported to contain a [2Fe-2S] cluster, which can be
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subsequently transferred to Fdx1 to create a fully active ferredoxin protein.18 56 Despite this
heterogeneity, the NifU and NFU domains share similar functions in cluster biosynthesis and
trafficking and are required for viability, highlighting evolutionary conservation in the role
of these Fe-S cluster proteins.

To this extent, cyanobacterial Fe-S cluster proteins serve as models for understanding these
pathways, as they are simple unicellular organisms that contain all of the Fe-S cluster genes
reported in higher organisms. While the model organism Synechocystis PCC6803 contains
all of these genes, only some of the sufgenes and the single nifgene are required for
viability.12 The typical IscU scaffold found in other organisms is absent in Synechocystis
and the /scA gene is not required.12: 15 Further characterization of the sufgenes have shown
that SufA is dispensable.12 15 The other sufgenes, corresponding to the SufBCD, SufsS, and
SufR proteins, have been shown to be important for optimal growth under photoautotrophic
conditions; however, these same knockdown experiments also showed that they were not as
vital under heterotrophic conditions.® Given that the only other Fe-S protein required for
viability corresponds to the product of the n/fgene, SyNfu, the preponderance of evidence
suggests that this protein may act as the main scaffold in Synechocystis PCC6803.

Accordingly, we were interested in determining the overall structural characteristics of apo
SyNfu via IH-15N HSQC experiments. The as-purified 15N-labeled protein was indeed
folded, given the well-resolved and dispersed signals observed (Fig. 2). The protein was
shown to have a wide range of resonances from 6.5-9.5 ppm, consistent with secondary
structural elements that correspond to a-helices and B-sheet structures 35-37.57.58 and they
were similar to those shown in the NMR structure of the C-terminal construct of human
NFU.%0 CD experiments were also performed to estimate the percentage of secondary
structural elements via the analysis program K2D3. Results show that the protein contains
similar levels of a-helical and p-sheet character (Table 1), showing that this small single
domain protein is well structured in the apo state.

Both thermodynamic and 1H-15N HSQC NMR experiments have been performed on the
full-length and N- and C-terminal constructs of human NFU,3% 41 and the structures for

the N- and C-terminal constructs have also been determined.*% These experiments show
that the structural and thermodynamic properties of the specific domain(s) in question

vary depending on the particular construct, and specifically whether the isolated domain

or complete protein is considered. Apo SyNfu displayed similar behavior to that of the
C-terminal construct of human NFU in thermal melt experiments, indicative of a less

stable conformation in the apo state, and most likely reflecting conformational isomerism
as previously described.>® The transition from a two-state melting curve to a one-state
transition suggests aggregation at higher concentrations with stabilization. This would also
be consistent with stabilization of the human C-terminal NFU domain following contacts
with the N-terminal domain.?! The combination of molten globule-like DSC behavior, but
well-defined TH-15N HSQC spectral signatures is reminiscent not only of the behavior of
the human C-terminal NFU domain (particularly in the presence of the N-terminal domain),
but also of the behavior of 7hermatoga maritima IscU, which exhibited properties consistent
with a molten globule, but well-defined H-1°N HSQC spectra,® and is a paradigm for
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dynamic conformational interchange between distinct well-defined conformers, as is human
ISCU1.60-63

As-purified apo SyNfu was successfully reconstituted by use of both NifS/L-cysteine and
inorganic sulfide as the sulfur source, resulting in the formation of holo SyNfu with
characteristic Fe-S cluster charge transfer peaks observed in UV-Vis and CD spectra (Fig.

5) that are consistent with prior reports.18: 56 The CD spectrum for SyNfu closely resembles
that of the full-length holo human NFU, further indicating that the cluster environment

for these two proteins is very similar.3* EPR characterization of holo SyNfu also suggests

a [2Fe-2S] cluster bound form (Fig. 6), as evidenced by the comparison to that of holo
BOLA3 homodimer and inverse linear relationship between temperature and integrated peak
area, which is indicative of a [2Fe-2S] cluster.*4

Previous reports have suggested that the nature of holo SyNfu is that of a dimeric complex
based upon native PAGE and iron-staining techniques. To confirm the nature of the
interaction, apo SyNfu and reconstitution mixtures at 1 and 2 h were analyzed by DLS.
Analysis of these aliquots shows that apo SyNfu is monomeric, while the reconstitution
mixture at 1 h shows a slight increase in a peak approximately double the size, suggesting
that a dimer complex is beginning to form. At 2 h, the mixture contains a peak at twice
the size of that of apo SyNfu, showing that the holo protein forms a dimeric complex.
This follows previous reports of NifU and NFU proteins forming dimers, in addition to
other Fe-S cluster protein complexes, such as Grx5-Bola3, Grx5-Bolal, and the Bola3
homodimer.34 42, 44, 64, 65

Our laboratory has previously reported a glutathione-based [2Fe-2S] cluster that most likely
exists in the cellular labile iron pool and is readily formed by glutathione extraction of the
[2Fe-2S] core from the 1SU scaffold protein.3L: 6 This provides a biosynthetic pathway for
the formation of [2Fe-2S](GS), that can then be consequently utilized to reconstitute other
downstream Fe-S cluster proteins. SyNfu did not show reconstitution via the glutathione
complexed cluster, consistent with the requirement for a structurally well-defined ligand set,
where in this case, it would be the required positioning of a pair of Cys residues to affect
the rapid chelation of a terminal iron in the cluster. It is also consistent with previous
observations for apo ferredoxins and glutaredoxins, reflecting a need for a structured

pocket or partial coordination motif 34 to accept cluster from a donor due to the need

for rapid consecutive ligand substitutions to prevent the formation of hydrolytically unstable
intermediates.3!

We also investigated the ability of free GSH to extract the bound cluster from holo
reconstituted SyNfu to form the [2Fe-2S](GS)4 complex. GSH was able to slowly remove
cluster from SyNfu as evidenced by the observed rate constant, which is significantly lower
than any protein-protein transfers examined thus far, but it is also within the same range

as that for human NFU 34, This suggests that in this organism, the equilibrium between
Fe-S cluster-bound SyNfu and the pool of the [2Fe-2S](GS)4 complex lies toward the
cluster-bound protein. This also confirms prior reports showing that glutathione is required
under oxidative stress conditions, while the precursor gamma-glutamylcysteine is able to
mediate cellular function under normal growth conditions.*8: 47
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Synechocystis PCC6803 contains nine Fdx proteins in total, which account for a variety of
functions within the cell. Fdx1 is most important and is involved in photosynthesis, while
Fdx1 also participates in ferredoxin-glutaredoxin-thioredoxin crosstalk pathways, along with
Fdx7 and Fdx9. The other FDX proteins are expressed under oxidative stress or heavy metal
conditions.®” Given the large number of Fdx proteins within this cyanobacterium, and the
conservation of this protein throughout many species, it is encouraging that holo SyNfu

can successfully reconstitute both apo human FDX1 and FDX2, in agreement with prior
reports'8: 56 and further supports SyNfu’s role as a scaffold capable of delivering cluster

to ferredoxin proteins with various functions. Cluster delivery to FDX2 was approximately
3-times faster than that of FDX1; however, both of these transfer reactions demonstrated
larger rate constants relative to the transfers to A. vinelandii Fdx from either IscU or
Grx5.58. 69 The relatively fast transfer from SyNfu supports a role for SyNfu in the delivery
of Fe-S clusters to apo protein targets, and differences in the rate constants between FDX1
and FDX2 most likely reflect minor differences in the cluster binding pocket.” 71

Another important, and conserved group of proteins involved in Fe-S cluster trafficking are
the glutaredoxins (GLRXs or Grxs). We examined the ability of holo SyNfu to transfer
cluster to both human GLRX2 and yeast Grx3. Cluster transfer to Grx3 was observed to

be approximately 20-times faster than the transfer to GLRX2 and most likely again reflects
differences in the cluster binding pocket: GLRX2 is a dithiol glutaredoxin and Grx3 is a
monothiol glutaredoxin. Previously we have shown that the transfer from holo human NFU
to apo Grx3 occurs quite quickly at second-order rate of 36,200 + 7700 M~1min=172
which is in the same range as what was observed for holo SyNfu.”2 Synechocystis
PCC6803 contains three glutaredoxins: two dithiol glutaredoxins, Grx1 and Grx2, and

a single monothiol glutaredoxin, Grx3. Synechocystis PCC6803 Grx1 and Grx2 have

been shown to help remediate sodium selenate and oxidative conditions, while also being
dispensable under normal growth conditions.” Synechocystis PCC6803 Grx3, however, is
a monothiol glutaredoxin containing the essential CGFS sequence required for iron-sulfur
cluster ligation, and it has been shown to rescue yeast deficient in the mitochondrial GLRX5
protein.” 75 This evidence supports a role for SyNfu as an early scaffold protein upon
which clusters are built, so that they can be subsequently transferred to other downstream
proteins such as the Grxs and Fadxs.

In summary, we have demonstrated that SyNfu can be both chemically and enzymatically
reconstituted as a [2Fe-2S] cluster protein. Further, it can donate its cluster to both human
FDX1 and FDX2 as well as monothiol yeast Grx3 and human GLRX2, albeit at an
attenuated rate. Accumulating evidence from studies of Synechocystis has shown that SyNfu
is indeed the scaffold protein by which clusters are built and subsequently shuttled to other
downstream apo proteins, as IscU is not present in Synechocystis and IscA is not required
for viability. Our current experimental evidence further supports this hypothesis as SyNfu
has been shown to be the only protein from the group of conserved Fe-S cluster genes
important for viability under both photoautotrophic and heterotrophic conditions.12 13 These
experiments provide further evidence for that proposal and elaborate on the complex Fe-S
cluster biosynthesis pathways present in cyanobacteria.
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Finally, these studies further demonstrate the dynamic conformational behavior and
flexibility that appear to be common features of iron-sulfur cluster scaffolding and
trafficking domains, presumably required for the molecular mechanism of cluster extrusion
and delivery. The observations on exchange chemistry with glutathione and glutathione-
complexed cluster again reinforce the key requirement for an at least partially structured
environment to accept cluster (or not) from the glutathione complex or glutathione ligand,
and the likely physiological role of such cluster complexes.
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Reactivity of SyNfu determined quantitatively against a variety of cluster
acceptors

New insights on structure-function details provided by NMR, DSC and VT-
CD experiments

Support for SyNfu as the major scaffold protein in Synechocystis
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LNNVETVLD-ELRPYLMADGGNVEVVELDGPIVKVRLOQGACGSCPSSTMTLKMGIERKLREMIPEIAEVEQVL
++ +LD +RP + DGG+V +  IVH++LQGH+C SCPSS +TLK GI+ L+ IPE+ VEQV+
IKELLDTRIRPTVQEDGGDVIYKGFEDGIVQLKLOGSCTSCPSSIITLKNGIQNMLOFYIPEVEGVEQVM

LNNVETVLD-ELRPYLMADGGNVEVVELDGPIVKVRLQGACGSCPSSTMTLKMGIERKLREMIPEIAEVEQVL
+ +ETVL +RP L D G+VE++++DG V V+L GAC C ++MTL GI+++L E
IRRIETVLAAIRPTLORDKGDVELIDVDGKNVYVKLTGACTGCOMASMTLG-GIQQRLIEELGEFVKV

Sequence alignment of Synechocystis PCC6803 NifU and the corresponding C-terminal
regions of NifU-like domains of human NFU and A. vinelandii NifU. The show 43%

seque

nce identity with A. vinelandii and 46% sequence identity with human NFU. Sequence

similarity is indicated by (+). The conserved C-X-X-C motif shown to ligate [Fe-S] clusters
is highlighted by bold underlined red Cys.
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1H-15N HSQC of 1°N-labeled SyNfu taken at 800 MHz in 40 mM sodium phosphate buffer,

100 mM NaCl, pH, 7.4 at 298 K.
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Fig. 3.

DSC profiles for A, 0.3 mM SyNfu and B, 0.7 mM SyNfu in 50 mM HEPES, 100 mM

Temperature (°C)

Temperature (°C)

80

NaCl, pH 7.5. Origin was used to fit the data to a one-peak non two-state model. Curves
shown in A represent both the individual and merged heats of unfolding.
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Fig. 4.
CD spectra and VT-CD melt of apo-SyNfu. A) Overlay of 150 uM Sy-NifU CD spectra

(black) and K2D3 prediction (red), B) VT-CD melt of 300 uM apo-SyNfu monitored at 222
nm in PBS buffer, pH 7.5.
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Reconstituted holo SyNfu spectra recorded on (A) UV-Vis and (B) CD. Apo SyNfu is
shown in (black). For (A), Holo SyNfu reconstituted with Na2S (green) and holo SyNfu
reconstituted with 7/m NifS and L-Cys (red). For (B), a representative holo spectrum is
shown in (red) and apo spectrum shown in (black).
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X-band EPR spectra of holo SyNfu. A) Temperature dependence spectra of holo SyNfu
reduced with 2 mM dithionite. B) Plot of integrated peak area as a function of temperature.
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Fig. 7.
Dynamic light scattering of apo (black), reconstitution after 1 h (cyan), and reconstitution

after 2 h (red) of SyNfu.
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Fig. 8.

E)?traction of the [2Fe-2S] cluster from reconstituted holo SyNfu to form the [2Fe-2S](GS)4
complex monitored by UV-Vis. a) Time course measurement showing a decrease in the
characteristic Fe-S cluster bands at 420 and 330 nm. b) Change in absorbance for SyNfu in
the absence (black) and presence (red) of 1 mM GSH. c) Linear dependence of observed rate
constant with GSH concentration.
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Fig. 9.
Time-dependent [2Fe-2S] cluster transfer from holo SyNfu to apo human FDX1 (A) and

apo human FDX2 (C) recorded by CD in 50 mM HEPES, 100 mM NaCl, pH 7.5ata 1:1
concentration ratio. Spectra were recorded every 2 min after the addition of holo SyNfu

and converted to percent cluster transfer, (B) or (D), to calculate the second-order rate
constant based on the concentration of the [2Fe-2S] cluster. The rate constants for cluster
transfer to apo FDX1 and FDX2 were calculated to be 2015 M~Imin~1 and 5642 M~min~1,
respectively. For both (A) and (C), the starting time (tjnitia) iS denoted by the (black) trace,
and the tfing is denoted by the (purple) trace.
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Fig. 10.
Time-dependent [2Fe-2S] cluster transfer from holo SyNfu to apo human GLRX2 (A) and

apo S. cerevisiae Grx3 (C) recorded by CD in 50 mM HEPES, 100 mM NacCl, pH 7.5 at

a 1:1 concentration ratio. Spectra were recorded every 2 min (A, B, and C) or 10 sec (D)
after the addition of holo SyNfu, and converted to percent cluster transfer, (B) or (D), to
calculate the second-order rate constant based on the concentration of the [2Fe-2S] cluster.
The rate constants for of cluster transfer to apo GLRX2 and Grx3 were calculated to be 1220
M~Imin~1 and 21821 M~Imin~1, respectively. For both (A) and (C), the starting time (tinitial)
is denoted by the (black) trace, and the tn, is denoted by the (purple) trace.
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Percentages of Secondary Structural Features from the K2D3 Algorithm.

Secondary Structural Element

% Secondary Structure

a-helix

28.7

B-sheet

245
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Table 2.

DSC Melting Transitions and Enthalpies of Melting

[Sy-Nifu] (Technique) | Tma (°C) | Tm2 (°C) | AH; (kcal/mol) | AH; (kcal/mol)
0.3 mM (DSC) 66.6 +0.3 455 8.2+0.6 54+0.7
0.7 mM (DSC) 782+1.0 N/A 932+1.0 N/A
0.3 mM (VT-CD) 60.6 +0.2 N/A 9.3+0.2 N/A
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Table 3.

Second-order rates for the transfer of the [2Fe-2S] cluster from holo SyNfu to various apo target proteins and

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

to GSH for formation of the [2Fe-2S](GS)a.

cluster transfer reaction | rate constant (M~tmin~1)
SyNfu to human FDX1 2015 + 416
SyNfu to human FDX2 5642 + 84
SyNfu to human GLRX2 1220 + 320
SyNfu to S. cerevisiae Grx3 21821 + 4736
SyNfu to [2Fe-2S](GS), 158 +5
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