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Abstract
Overexpression, Putification and Characterization of Potential Iron-Trafficking
Proteins from a Phenol-degrading Pseudomonad

Amy Ho Yee Wong

Frataxin is a small protein implicated in intracellular and mitochondrial iron
trafficking. Some studies of frataxin have suggested that it can act as an iron donor for iron-
sulfur cluster assembly and heme assembly. We are interested in iron-binding proteins
involved in phenol degradation by Psendomonas sp. strain CF600, and the possible
involvement of frataxin and other proteins in their assembly.

One of the goals of this research was to overexpress, purify, and to characterize the
stability, metal iron binding properties, and subunit structure of CyaY, the frataxin
homologue from Pseudomonas sp. strain CF600. CyaY was successfully overexpressed and
CyaY purified to homogeneity using Fast-Flow DEAE-Sepharose, Sephacryl S-300HR Gel
Filtration, and High-Performance Phenyl Sepharose chromatographies. Analytical
ultracentrifugation studies indicated that CyaY exists mainly as 2 monomer and that it does
not aggregate in the presence of Fe(Il). Isothermal titration ﬁalorimetty results were
consistent with the binding of 1 Fe(Il) or 1 Mn(Il) per monomer of CyaY, with Fe(II)
binding with a higher affinity. These and other results were similar to the reported iron-
binding propetties of CyaY from E. coZ. Additional studies showed that CyaY significantly
retatded oxidation of Fe(II), helping to keep it available for incorporation into other Rroteins.

A second goal was to overexpress and purify a putative iron-sulfur protein (CyaZ)

that is encoded in the Pseadomonas putida genome adjacent to CyaY. This was successfully

iii



accomplished, and the resulting preparation appears to contain an iron-sulfur cluster. As was
demonstrated for CyaY, CyaZ significantly retarded oxidation of Fe(Il) in the presence of
both proteins. CyaY and CyaZ are currently being tested for their ability to affect assembly

of iron-containing proteins involved in phenol degradation.
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Introduction

The intracellular distribution of metal ions is an important process that is increasingly
found to be catried out'by proteins that sequester and disttibute metal ions to their ultimate
destinations. Although bacterial iron import and storage is reasonably well understood,b there
are many aspects that are unclear in the distribution of iron to sites in metalloproteins (7, 2).
Free iron in cells is problematic for a number of reasons. Fe(II) oxidizes to produce toxic
reactive oxygen species (ROS), and Fe(IIl) forms insoluble oxides (2, 3). Iron also has a
tendency to bind tenaciously to biomolecules, so that it has a hard time finding its way to
target proteins. E. ¢/ synthesizes a number of proteins, which have been implicated in
intracellular iron metabolism (4-6).

Dps, bacterioferritin and ferritin are known to sequester and regulate iron in bacterial
systems (4-6). They are composed of 12 (Dps) or 24 (ferritin and bacterioferritin) identical
subunits that assemble to form a 24-mer spherical protein shell which surrounds a central
cavity where iron is stored. These iron storage proteins take up ferrous iron and deposit the
iron in the ferric form in the central cote; bacterioferritin contains heme in addition to iron
oxides (2). The iron storage cavities of fetritin and bactegioferritin can accommodate up to
4500 iron atoms (7, §). Ferritin and bacterioferritin are both expressed in bacterial cells,
although bacterioferritin is more common than ferritin. They are synthesized to store iron
when there is 2 high iron concentration inside the cells and when iron is readﬂy accessible in
the environment (9). Ferritin and bacterioferritin both donate stoted iron when required,
although the donation process is not clearly defined. Mutants that lack ferritin and
bacterioferritin stop growing when iron is scarce, in contrast to cells expressing wild-type

ferritins which continue to grow (70). The mutants are also more sensitive to oxidant. Dps



proteins are non-specific DNA-binding proteins from starved bacterial cells that accumulate
to high levels under nutritional and oxidative stress conditions (77, 72). Dps proteins are
believed to play a central role in binding DNA and sequestering iron in response to oxidative
conditions.

Although iron storage proteins are quite well characterized, less is known about how
iron gets from storage into metallocenters that require it. A relative newcomer in the atea of
intracellular iron trafficking is a protein called frataxin. Frataxins are low molecular weight
proteins that have been demonstrated in the past few years to play important roles in

assembly of iron into metallocenters of various proteins.

I. In Vivo Studies of Frataxin
I.1. Defective Frataxin Causes Friedreich’s Ata?cia

It has been known for many years that defects in human frataxin, a small
mitochondrial protein, are associated with the progressive neurodegenerative disease,
Friedreich’s ataxia (FRDA) (73, 74). Frataxin normally is present in the highest
concentrations in the spinal cord, dorsal root ganglia and the heart, all tissues that are highly
dependent on oxidative respiration. Friedreich’s ataxia is the most commonly inherited
recessive ataxia, and strikes 1 in 50 000 people (75). The disease is associated with the
expansion of the GAA trinucleotide repeat in the first intron of the gene %25 on human
chromosome 9q13 (73, 14, 16-18). This repeat reduces the levels of frataxin available, leading
to problems such as degeneration of large sensory neurons and spinocerebellar tracts,
cardiomyopathy, progressive gait and limb ataxia, dysarthria, pyramidal weakness of the legs,
increased probability of diabetes and premature death (79-25). Numerous studies have

implicated human frataxin in iron homeostasis (27, 23).



1.2. Frataxin Deficiencies Have Been Studied in Human Cells, Mammals, Yeast and
Bacteria

Deficiencies in frataxin have been studied in several different cell types and linked to
mitochondtrial dysfunction and increased sensitivity to oxidative stress. FRDA-CH
individuals contain one allele with a GAA expansion and a point mutation on the other
allele. FRDA-CH lymphoblasts lacking frataxin expression were found to be more sensitive
to oxidative stress (26). Transfection with cDNA encoding human frataxin restored frataxin
to near-physiological levels and returned sensitivity towards oxidant to a normal level. In
mice, frataxin knockouts die during early embryonic life, indicating that frataxin is necessary
for notmal development (27-29). In yeast, the frataxin gene, YFH/7, was knocked out to
create a strain that showed a severe growth defect on fermentable carbon sources despite a
high iron concentration in the medium (30, 37). This strain, Ayfh1, was unable to gtow on
medium containing ethanol and glycerol as the carbon source which suggests that it cannot
carry out oxidative phosphotylation. The deletion of YFH7, resulted in an accumulation of
mitochondtial iron and in hypetsensitivity to oxidant (30). Together, these data indicate that
YFH]1 is involved in mitochondrial function (32-34).

The importance of frataxin to bacteria is less well established. CyaY is the frataxin
otthologue in E. ¢/, and the corresponding gene has been knocked out by homologous
recombination. Somewhat sutprisingly considering the results with yeast and human cells,
the ¢yaY knockout did not appeat to affect the intracellular iron concentration or sensitivity
to oxidants (35). This suggests that CyaY proteins in bacteria could have a different function

from other frataxin orthologues despite the fact that they share many structural similarities.



I.3. Phylogenetic Evidence Suggests CyaY is Involved in Iton-Sulfur Cluster
Assembly

Sequencing of genomes makes it possible to deduce the possible functions of a
protein using comparative genomic analysis (36). CyaY seems to have identical phylogenetic
disttibution as hseAd and hscB/[ACT (37). This suggests a tole for yaY in the assembly of
iron-sulfur proteins since Aeed and hseB/[ACT in bactetia are part of the iron-sulfur cluster
(45¢) assembly operon. In E. cof, this operon encodes nine proteins: IscA, IscS, IscU, HscA,
HscB, fdx (2Fe-2S ferredoxin), a hypothetical RNA methylase (EC2532), a hypothetical
helix-turn-helix containing transcriptional regulatory protein (EC2531), and a hypothetical
protein (EC2524) (36).

Biosynthesis of iron-sulfur proteins in eukaryotes is assisted by a cotresponding set
of conserved components located in mitochondria (39). The ISC-assembly machinery
requires Isul/Isu2 (scaffold protein), that bind Fe(II), and Nfs1 (cysteine desulfurase) which
supplies the sulfur for d¢ novo synthesis of iron-sulfur clusters. Other proteins such as
ferredoxin Yah1, ferredoxin reductase Arh1, DnaK, Dna], Ssql and Jacl also play essential
roles in the complex assembly machinery of the ISC. Interactions of the yeast frataxin
homologue with components of the ISC machinery have been studied using pure proteins

and will be discussed in more detail later (39).

I.4. Molecular Functions of Frataxin and its Orthologues

In addition to roles in iron-sulfur cluster assembly and repair, frataxin has also been
implicated in heme assembly as well as mainfaining mtracellular iron in a soluble, nontoxic
and bioavailable form (23, 40, 47). Much of the evidence for these functions comes from

experiments using purified proteins and their interaction(s) with iron in various forms.



Thus, the next section will review the structural properties of frataxin orthologues and
possible structural insights into iron binding properties and potential interactions with other

proteins.

I1. Structures of Frataxin Orthologues
I1.1. Primary Amino Acid Sequence Comparison of Frataxin Orthologues

Frataxins are proteins that are conserved throughout evolution, from bacteria to
humans (Fig. 1) (4245). The percent identities of CyaY from E. c/ to frataxins from
selected organisms are summarized as follows: CyaY from Yersinia pestis (711%) (46); CyaY
trom Yersinia intermedia (711%) (46); CyaY from Eirwinia chrysanthemi (68%) (47); CyaY from
Haemophilus influenzae (46%) (48); yeast frataxin (34%) (49); CyaY from Rickettsia prowazekii
(29%) (50); mouse frataxin (26%) (27); frataxin from Schigosaccharomyces pombe (26%) (57);
human frataxin (25%) (52). Frataxin has little amino acid sequence conservation with other

known proteins that ate involved in iron or heme metabolism.
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Figure 1: Sequence alignment of 10 members of the frataxin family generated using Pfam. Alignments were
created by Jalview. Orange: (G); yellow: (P); blue: small or hydrophobic amino-acids (A, V, L, I, M, F, W);
green: hydroxyl and amine amino-acids (S, T, N, Q); red: charged amino-acids (D, E, R, K)); cyan: (H) and (Y).
Dashes indicate gaps to better align the amino acids at these positions whereas dots correspond to absence of
amino acids at these positions.



I1.2. Three-Dimensional Structures of Frataxin Orthologues

There are three published three-dimensional structures of frataxin: E. o/ (43),
human (44) and yeast (53). The structures of E. /i (43, 45) and human (20, 44) frataxins
have been resolved using x-ray diffraction and NMR, whereas, only the NMR structure of
yeast frataxin has been determined (53). Nuclear magnetic resonance (NMR) spectroscopy
revealed well-defined resonances and dispersioned in the spectra for CyaY (E. co/) and Hfra
(human) which indicates well-folded globular proteins in solution (43, 44). However, NMR
studies of the yeast orthologue, Yfh1, indicated that well-dispersed, sharp resonances coexist
with a dense ovetlapping cluster of poorly dispersed broad peaks at values that are expected
for random coil conformations (76). Consequently, the solution structure of Yfhl has

regions that are not well resolved as compared to the other known structures of frataxins.

I1.2.1. E. coli Frataxin (CyaY): The crystal structure of E. co/f CyaY has been determined
at 1.4 A resolution (43, 54). It consists of 6 consecutive anti-patallel -strands ((S1) residues
30-35, (S2) residues 38-43, (S3) residues 48-53, (S4) residues 60-63, (S5) residues 69-73, and
(S6) residues 78-80), flanked by a long N-terminal a-helix and a shorter C-terminal o-helix
(Fig. 2) (49)

Knowledge of the tertiary structure makes it possible to locate the positions of
conserved residues and possible iron binding sites. Compatison of the primary amino acid
sequences of three frataxin orthologues (Hfra, Yfhl and CyaY) shows that there are 17
invariant residues (43). The invatiant residues are: Ala10, Asp31, Gly37, Val38, Thr40, Ile51,
Asn52, GIn54, Pro56, Gln59, Trp61, Leu62, Gly67, Asp72, Trp78, Gly84 and Leu91 (using
the numbeting of the CyaY sequence) (43). When CyaY is aligned with 10 members of the

frataxin family (Fig. 1), seven of the seventeen residues are conserved: Asp31, Ile51, Asn52,



Gln54, Trp61, Gly67, and Trp78. Of these, the hydrophobic cote contains residues Ile51
and Trp78 while the other 5 conserved residues are located on the sutface and exposed to

the solvent.

Figure 2: Ribbon structure of CyaY (PDB code: 1EW4), helix red and strand blue (left). Electrostatic potential
sutface of CyaY (right). Acidic residues are red and basic residues are blue. Structures were created using Swiss-
PDB (55) and WebLab Viewers (56) .

NMR spectroscopy was used to probe the potential binding site of iron to CyaY
(45). The amide resonances of Arg20, Leu21, Asp22, and Asp23 vanished at an Fe’":CyaY
ratio of 1:1 (45). When the ratio was increased from 1:1 to 2:1, more peaks shifted and
broadened. The strong perturbation of resonances for residues 20-23 suggested the
occupancy of the Fe(IT) binding sites and perturbations seen in other areas indicate the
transient population of secondary Fe(I) binding sites. When the Fe’:CyaY ratio was
increased to 6:1, the spectrum was perturbed further with disappearance and broadening of
additional residues. Upon titrating CyaY with Fe(III), the same three amino acid residues
(Arg20, Asp22 and Asp23), were affected. The peaks continued to broaden upon addition of
higher amounts of Fe(IIl). It thus can be deduced that CyaY can bind both Fe(II) and

Fe(IIT) using the same region on the protein surface. The surface of the protein is mostly



negatively charged with an overall pI of 4.2, and therefore can mediate the role in binding to
the positively charged iron ions (Fig. 2).

The CyaY fold has no significant similarity to any other known iron binding protein
(45). A unique attribute of the CyaY structure (Fig. 2), shared with other frataxin orthologues
is that, unlike some other non-heme iron binding proteins, it does not appear to enclose any
cavities ot hydrophilic pockets to which iron can be bound or stored. The CyaY structure is
highly asymmetric in charge distribution and although the a-helical side is negatively chatged,
there are no negative charges on the B-sheet side. This structural feature suggests that the §-

sheet of CyaY may be involved in protein-protein interactions (45).

I1.2.2. Human Frataxin (Hfra): Hfra is expressed in the cytoplasm as a larger precursor
that is cleaved upon entering the mitochondrion to generate a mature protein (mHfra,
residues 88-210) (44). The Hfra structure is a compact af sandwich (Fig. 3). It consists of
five antiparallel B-sheets flanked by two parallel a-helices and a second smaller B-sheet
between the C-terminus of g5 and strand; 86 and B7. Elements of secondary structure and
the core structure of Hfra are very similar to those of CyaY from E. co/. Hydrophobic side
chains such as Leul98, Leu200 and Leu203 of the C-terminal tail of Hfra point inwards
toward the hydrophobic core, probably playing a significant role in stabilizing the protein
(44). The hydrophobic core itself is dominated by aromatic residues (Ttp173 surrounded by
Tyr95, Trp168 and Tyr205). There is a grouping of twelve acidic amino acid on the surface
of Hfra that forms an anionic patch, with a pl of 4.72 for the complete structure (20, 44).
The clustering of the twelve acidic amino acids residues resembles the surface of the well-

known iton storage protein ferritin (8, 57). Since Hfra binds iron, it possibly does so by first



assembling with itself or other mitochondrial proteins to use the anionic patch as is observed
with ferritin (57).

Hfra crystals were soaked in ferrous sulfate and ferric chloride to establish whether
iron binds to Hfra. X-ray diffraction data revealed that one iron (Fe(Il) and Fe(IIl)) atom
can bind per Hfra via His177: the iron appears to have displaced a water molecule to form a
2.08 A bond to N° of His177 (44). The Fe(II) or Fe(I) is also bound very loosely (>4 A) to
the backbone carbonyl oxygen of Ala114, Asp115, and to the carboxylate side chain of
Asp115 of an adjacent molecule. The His177 is not a conserved residue in the CyaY protein
sequence and is not close to the potential iron-binding region of residues 20-23 in CyaY.
The His177 residue 1s highly exposed to the solvent and does not interact with the acidic
patch of twelve amino acids. The outer surface of the §-sheet is highly conserved among the
known eukaryotic frataxins and as with CyaY, 1s predicted to mediate protein-protein

interactions (44).

Figure 3: Ribbon structure of Hfra (PDB code: 1IEKG), helix red and strand blue (left). Electrostatic potential
surface of Hfra (right). Acidic residues are red and basic residues are blue. Structures were created using Swiss-
PDB (55) and WebLab Viewers (56).



I1.2.3. Yeast Frataxin (Ythl): The solution structure of yeast frataxin also shows an «3-
sandwich motif, with molecular dimensions very similar to those of CyaY and Hfra (Fig. 4).
Yfh1 has an overall acidic pI of 4.34, and the surface 1s mainly composed of acidic residues
such as Asp and Glu, which are particularly concentrated in the H1-S1 interface.

The addition of Fe(II) to NMR samples of Yfh1 under strict anaerobic conditions at
a ratio of 2:1 Fe(Il) to protein led to broadening of amide line widths, which indicated either
that protein oligomerization occurred or the iron bound nonspecifically to the protein (53).
These results are consistent with the observation that Yth1 assembles to a multimer of ~1.1
MDa in the presence of iron atoms (58). These analyses are also consistent with previous
obsetvations of weak iron binding affinity to both human and yeast frataxin with K of 55
uM and 3.8 puM, respectively (23). In summary, the acidic H1-51 interface gives the yeast
frataxin quite a negatively charged surface that makes it a good candidate to bind to
positively charged iron(Il). The iron-binding site thus appears to be different in all three
orthologues, which could be consistent with different mechanisms for regulating cellular

iron.

Figure 4: Ribbon structure of Yfh1 (PDB code: 1XAQ), helix red and strand blue (left). Electrostatic potential
surface of Yfh1 (right). Acidic residues are red and basic residues are blue. Structures were created using Swiss-

PDB (55) and WebLab Viewers (56).
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III. Structural Stabilities of Frataxin Orthologues

The three orthologues (Hfra, Yfhl and CyaY) have been characterized for their
thermal stability using circular dichroism to monitor unfolding. Although the three
orthologues have similar secondary and tertiary structures, they exhibit distinctive thermal
denaturation curves. Thus, CyaY, Hfra, and Yfh1 display melting points of 50.1 £ 0.7°C,
69.4 + 0.04°C and 35.8 £ 1.2°C, respectively (76, 42).

Structural contributions to the stabilities of the three frataxin orthologues have been
_ examined in some detail (76). The length of the C-terminal end of the protein appears to
have a significant effect on the stability. Mature human frataxin, the most thermally stable
frataxin orthologue, has the longest N- ar;d C-termini in comparison to the other two
orthologues: Hfra has the longest C-tetminus, followed by CyaY and Yfh1. As mentioned
above, the C-termini of Hfra and CyaY insert into the groove between helices 1 and 2,
wheteas the C-terminal tail of Yfh1 is too short to do so. Leul98 and Leu200 of Hfra are
two consetved hydrophobic residues near the C-terminus end of the protein that are missing
in the Yfh1 sequence. These two hydrophobic residues anchor the C-terminus of Hfra to the
groove by positioning directly into the hydrophobic core, thus providing a stabilizing effect
(76). By contrast, the amino-terminus of Hfra appears to be involved in subunit-subunit
interactions (59). CyaY from E. s/ is less stable than Hfra since additional stabilizing
hydrophobic residues Leu203 and Tyr205 ate missing from the CyaY sequence. However, 2
number of structural features help to stabilize the tertiary structure of CyaY (45). The last
seven C-terminal residues insert into the groove between H1 and H2 to help form a well
otdeted hydrophobic core. Salt bridges between Arg8 and Argll and between Arg106 and
Glu77/Asp89 contribute to additional stability of the overall fold. Trp14 and Trp88 also

form stabilizing interactions with nearby Arg53 and Arg20/Argl06. Yfhl lacks these
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hydrophobic residues in this region, which renders it the least stable structure among the

three orthologues.

IV. Quaternary Structures of Frataxin Orthologues in the Absence of Iron

Frataxin homologues exist in different oligomeric forms that ate cotrelated with the
ptesence or absence of iron. In the absence of iron, the monomer usually predominates.
Sedimentation velocity/equilibtium measurements of CyaY in the absence of iton showed a
molecular mass of 12.5 kDa, consistent with a monomer (40). A molecular weight of 17
kDa for the mitochondtrial (mature) form of Hfra (m-Hfra) was estimated using SDS-PAGE.
The protein was purified using ion-exchange chromatography, which yielded two different
m-fxn fractions, of which one (~17 kDa, as estimated by Superdex 200 gel filtration) eluted
at low salt concentration and the other (>60 kDa, as estimated by Superdex 200 gel
filtration) at high salt concentration (relative amounts of each forms were not reported) (23,
60). Electrospray ionization mass spectrometry (ESI-MS) confirmed that the predominant
species is 17 252 Da in the low molecular weight pool (does not assemble), which is
consistent with the ﬁlﬂ—length mature form of Hfra with the N-terminal methionine cleaved
off during expression in E. coli. ESI-MS detected a second species of 14 663 Da in the low
molecular weight pool, indicating some proteolysis of m-Hfra. The high molecular weight
pool is an assembled form of Hfra. Yfh1 is originally translated in the cytoplasm as a larger
precutsor protein, which is then imported into mitochondria to yield the mature Yfh1. The
putified protein expressed in E. o/ had a molecular mass of ~20 kDa, as estimated by SDS-
PAGE, but microelectrospray ionization mass spectrometry indicated a mass of 13 783 Da
which is the molecular mass expected for mYthl (67). Superdex-200 gel filtration column

chromatogtaphy indicated a molecular mass of ~18 kDa, consistent with a monomer.
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V. Iron Binding Properties of Frataxin Orthologues

Extensive studies have been catried out on different frataxin orthologues using
isothermal titration calorimetry (ITC) and ultrafiltration techniques to examine iron binding.
It was shown using anaerobic ITC that CyaY monomer binds two ferrous ions/monomer
with a dissociation constant of 3.8 uM (40). Additional weak binding sites for Fe(I) on
CyaY have been detected in ultrafiltration experiments, but the much weaker binding
affinities make it difficult to accurately determine stoichiometry and binding affinity for
Fe(II) (40). Nonetheiess, CyaY is believed to bind Fe(III) with a stoichiometry of 1:6 protein
to iron ratio at the first stage of iron oxidation, which could probably lead to the
sequestration of up to 26 Fe(IlI) atoms per monomer of CyaY (40).

Iron binding to Hfra has been quantitated using ITC, yielding K;=10.2 uM (6.5
Fe*":Hfra), and using fluorescence titration, yielding K,=11.7 pM (6.4 Fe’":Hfra) and
K,=55.0 uM (6.4 Fe*":Hfra) (23, 62).

Isolated mYfhlp (mature yeast frataxin) monomers contained no iron, but the
addition of fetrous iron resulted in assembly of a multimer (1.1 MDa) that can take up over
3000 atoms of iton in a nonspecific, soluble and stable form (67). The yeast frataxin
orthologue thus displays ferritin-like behaviour zz i in the presence of a large excess of
iton (67). Iron binding is observed only at very low 1onic strength and is competed out at salt
concentrations that are close to physiological conditions (76). Therefore, the ability to bind

iron and the stability of the structure is influenced by ionic strength.

V.1. Quaternary Structure Changes in the Presence of Iron
Gel filtration and other experiments have been conducted to mvestigate quaternary

structute changes accompanying iron binding to the three frataxin orthologues, CyaY, Hfra
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and Yfh1 (42). In the absence of iron, the three proteins showed a single peak at a position
that corresponded to a monomer. After incubating under aerobic conditions with
Fe*":protein at a ratio of 20:1, Hfra showed no tendency to aggregate except under exf.reme
conditions such as incubation at 57°C in the presence of 20-fold excess of ferrous
ammonium sulfate (42). On the other hand, Yfh1 and CyaY formed high molecular weight
aggregates in the presence of a 20-fold excess of ferrous ammonium sulfate (56, 67).

The CyaY samples exhibited three peaks: a monomer, intermediate and high-
molecular weight species depending on the relative ratio of iron to protein. At a ratio of 1:1
Fe’":CyaY, CyaY was mainly in the monomer form with a minute amount of intermediate
species being detected. When the ratio of Fe’":CyaY increased further to 40:1, the high
molecular weight peak sharpened with the disappearance of both the monomer and
intermediate species. CyaY precipitated out of solution at a ratio of 60:1 of Fe*":CyaY. When
CyaY was titrated with FeCl, instead, the formation of the high molecular weight aggtegate
was detected, but the titration lacked the intermediate species, suggesting that a different
kinetic mechanism occuts in the presence of fetric ions (42). Although aggregation occurred
upon addition of Fe(Il) and Fe(lll) to CyaY, it did not seem to affect the secondary ot
tertiary structutes of CyaY, as monitored using far-ultraviolet CD spectroscopy (42).

Another quesﬁon of interest is whether other cations can bind and compete with
iron for CyaY. Ca(ll) was found to reduce CyaY aggregation, suggesting that Ca(I) can
compete with Fe(Il) for the same binding site on CyaY (76, 40). There was also a strong
stabilizing effect of Ca(I) on the thermal stability of CyaY. Aggregation itself seems to be
iron-specific, although AI(III) and Co(Il) appeared to have a minor ability to cause
aggregation (42). Aggregation was also studied using competition expetriments with citrate

and EDTA, two known chelators of Fe(Il) (42). When citrate was incubated with Fe(II) at
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the same time, the protein remained as a monomer which implies that aggregation can be
competed out with chelators.

Recombinant yeast frataxin (mYfh1) was incubated with excess Fe(II) and analyzed
on a Superdex-200 gel filtration column (67). Recombinant yeast frataxin existed in a
monomer form in the absence of Fe(II), but converted into a high-molecular weight species
in the presence of excess Fe(Il) under aerobic conditions. This obsetvation was seen with
Fe(NH,),(SO,),. Incubation with CaCl,, CoCl,, MgCl, or MnCl, did not cause any self-
association of mYfh1. As the concentration of Fe*":mYfh1 was increased from 1:1 to 20:1,
‘the monomer peak intensity decreased and the high-molecular weight species (~1.1 MDa)
increased. Analytical ultracentrifugation experiments (sedimentation equilibrium) confirmed
the presence of two predominant forms, which contain 6 and 60 mYfhl subunits per
macromolecule, respectively (67). Electron micrographs and atomic force spectroscopy
showed that the 1.1 M Da multimer is a regular spherical particle (67). It has been proposed
that the iron-dependent self-assembly of mYfhl suggests a physiological role in

mitochondrial iron sequestration and bioavailability (67).

V.2. Yeast Frataxin Couples Protein Assembly with Iron Oxidation

In 7n vitro studies, the mature forms of yeast ffataxin homologues have a distinctive
mechanism to regulate iron oxidation and availability. It has been suggested that there is
stepwise assembly of mYfh1 into a multimer with the following mechanism: o;— ot;—> ot;,—>
O In this mechanism, Yfhlp assembly is first driven by a ferroxidase reaction (x — o),
followed by a slower autoxidation reaction that is associated with the assembly of oligomers
(ot4e) (63, 64). The following mechanism is the summary of yeast frataxin activation by Fe(II)

and O, (Equation 1-2) (65):
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Ferroxidation 2Fe** + O, + 2H" — 2Fe”* + H,0, 1)
Autoxidation 4Fe* +0, + 4H" — 4Fe’" +2H,0 @
The assembled Hfra is believed to also have ferroxidase activity (66) but ferroxidase

activity is absent in CyaY (40).

V1. Mutagenesis for Characterization of Surface and Iron-Binding Properties in CyaY
V1.1. Mutant Designed to Affect the Electrostatic Surface Potential of CyaY (CyaY-
_181922): Site-ditected mutants have been used to help identify the surfaces responsible for
~ both aggregation and iron binding. Four variants of CyaY wete designed and studied. In one
variant, Glu18, Glu19, and Asp22 (CyaY_181922 triple mutant, the numbers represent the
residue being changed) wete changed to lysines with the intention of altering the electrostatic
property of the protein surface (42). These mutations did not affect the tertiary structure of
CyaY and this mutant was primarily in the monomeric form up to a protein to iron ratio of
1:20. Mutant CyaY_181922 had a thermodynamic stabilizing effect. This could be due to the
introduction of the positively charged lysine residues in a negatively charged environment,
thus triggering the formation of salt bridges (data not shown). This mutant remained
monomeric up to an Fe*':protein ratio of 20:1 though a small amount of aggregation was
observed at 10:1 estimated using calorimetry on column fractions. It was concluded from
these observations that the consetrved negatively charged patch involving Glul8, Glul9, and

Asp22 is involved in iron binding and aggregation.

V1.2. Mutants Designed to Mimic Hfra Behavior and Iron Binding (CyaY_1833 and
CyaY 776): Two other mutants were designed to affect residues that ate common only to

CyaY and Yfhl. Glul8 and Glu33 were converted to Ala and Ser (CyaY_1833) (42). The
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purpose of introducing these two mutations was to try to mimic the behavior of the human
protein, which has Ala and Ser at positions 18 and 33, respectively. Mutant CyaY_776
involved converting of His7 and Asp76 to lysines. These two residues are believed to be
involved in iron binding (secondary iron binding site) (Fig. 5). The stabilities of Cya_776 and
CyaY_1833 were lower than the stability of the wild-type protein. However, CyaY_1833
showed similar behaviour to CyaY_181922 such that aggregation was strongly diminished
but not completely abolished. CyaY_776 had a propensity to aggregate even at low
iton:protein ratio (1:1). The alteration of Glul8 and Glu33 seems to be adequate to eliminate
the aggregation that was characteristic of Hfra. Mutant CyaY_776 incorporated the highest
amount of iron among all the mutants, thus, this mutant appears to have affected the iton

binding property.

VIL.3. Mutant Designed to Affect a Conserved Residue in CyaY (CyaY 61): Mutant
CyaY_61 was designed to convert Trp61 to an arginine. An American patient with
Friedreich’s ataxia was found to have a WI155R mutation (67). This residue is highly
consetved and exposed at the centre of the B-sheet surface. Mutant CyaY_61 (W61R), which

is equivalent to W155R in Hfra, causes disruption of m-interactions between a positive |
charge and aromatic ring caused by the proximity of Arg, and also electrostatic repulsion
between the two positively charged amino acids (42, 67). The properties of aggregation are
indistinguishable between mutant CyaY_61 and the wild-type frataxin. It can be deduced
from these observations that aggregation cannot be achieved by formation of an
unstructuted aggregate in which each monomer is surrounded by the others. There is an
otdered spherical assembly of frataxin in the presence of iron, a property that is reminiscent

of ferritin (68).
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Figutre 5: Sequence comparison of the primary and secondary iron binding sites of Yfh1, Hfra and CyaY using
CLUSTALX (69). Primary binding sites (based on perturbation of resonances in NMR) are bolded and shaded.
Secondaty binding sites are bolded and italicized. It is clear that the iron binding sites are different for all three
orthologues.

V1.4. Common Mutations in FRDA Patients

Clinically important mutants associated with Friedreich’s ataxia have been studied to
provide insight into the biochemical function of Hfra. The mutants D122Y, W155R and
R165C are at the surface sites that affect severely the conserved surface residues of Hfra.
Hfra with point mutations I154F or W155R were expressed in E. co/. The melting points of
these variants were found to be lower than that of the wild-type protein, which suggests that
these mutants were destabilized (20). I154F is the most common mutation occurting in
several families and the mutation introduces steric hindrance at this position (70, /7). The
[154F mutation significantly feduced the thermodynamic stability and refolding ability of the
protein. These properties may lead to reduced amounts of functional Hfra in the cell due to
the inability of the I1154F mutant to refold propetly after inipbrt into mitochondria. W155R

was chosen because Ttp155 is an exposed and extremely conserved residue. Both the
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refolding pathway and ligand binding site has been disrupted in the W155R mutant, which

could possibly eXplain the cause of the disease FRDA.

VIIL. Roles of Frataxin in Iron-Sulfur Cluster Assembly, Heme Biosynthesis, Iron
Detoxification and Iron Bioavailability

Biochemical studies using purified proteins have provided evidence that frataxins
play important roles in iron-sulfur cluster assembly, heme biosynthesis, and iron
bioavailability. Defects in these processes would be expected to result in the kinds of
symptoms observed iz vivo (see above), such as mitochondrial dysfunction, iron
accumulation and increased oxidative stress. For example, two non-related FRDA patients
with hypertrophic cardiomyopathy exhibited complete cellular aconitase and mitochondrial
iron-sulfur dependent respiratory chain (Complex I, II and III) enzyme deficiency in

endomyocardial biopsies (72, 73).

VIL.1. Iron-Sulfur Cluster Assembly: IscU for prokaryotes and ISU for eukaryotes are
homologous families of proteins involved in assembly of [2Fe-2S] centers, which can then
deliver the [2Fe-2S] centers to apo forms of iron-sulfur proteins. Complex formation
between holo-Hfra (human frataxin with Fe(IIl) bound) and apo-human ISU was
demonstrated using ITC and fluorescence quenching experiments (23). Holo-frataxin was
obtained by addition of at least a 10-fold excess of ferric 1on to the apo-protein, with excess
iron removed by gel filtration chromatography. A K, of ~0.15 uM between holo-frataxin
and apo-human ISU was estimated using ITC. Apo-Hfra did not bind to apo-ISU, so it
appears that the interaction is associated with delivery of iron from holo-Hfra to apo-ISU.

The fluorescence emission of the three tryptophan residues in Hfra was strongly quenched
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by the presence of both Fe(Il) and Fe(IIl). Assembly of the iron-sulfur cluster on purified
human ISU was achieved using holo-frataxin (6Fe(Il) or 6Fe(IIl)) as the iron source and
inorganic sulfide, resulting in formation of ~70% holo ISU.

Aconitase, which contains an iron-sulfur cluster, is a citric acid cycle enzyme that
catalyzes the stereo-specific isomerization of citrate to isocitrate via cs-aconitase (74).
Frataxin deficiency leads to accumulation of iron in mitochondria and reduced activity of a
vatiety of mitochondrial iron-sulfur proteins including aconitase (75, 76). The [4Fe—4S]2Jr
cluster of aconitase reacts directly with the enzyme substrate (75, 76). Purified aconitése is
vulnerable to oxidant-induced inactivation due to the release of solvent-exposed Fe-o and
formation of inactive [3Fe-4S]"" containing enzyme. Frataxin plays a role in protecting and
stabilizing aconitase from cluster disassembly and acts as a donor of iron to the [3Fe-4S]'"

cluster during pro-oxidant induced modulation of the aconitase activity.

VIL.2. Heme Biosynthesis: Human frataxin was shown to donate iron to ferrochelatase
and mediate the terminal step in mitochondrial heme biosynthesis (62, 77, 78). Human
ferrochelatase is the terminal enzyme in the heme biosynthetic pathway, catalyzing the
insertion of Fe(Il) into protoporphyrin IX (62, 74). ITC experiments indicated complex
formation between human ferrochelatase and human holo-frataxin (Fe(Il)) with K; = 17
nM. Fluorescence quenching experiments also showed that there is high affinity binding of
holo-frataxin and fertochelatase (62). Together, these experiments suppott a role for frataxin

in recruiting iron and mediating its delivery to ferrochelatase.

VI1.3. Iron Detoxification: EPR expetiments were performed in order to determine the

ability of CyaY to efficiently manage the toxicity of Fe(Il) and H,0, (Fenton chemistry) and
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in protection against oxidative stress (40). The spin trap EMPO was used. Control
experiments with EMPO + Fe(II) + H,O, showed a stoichiometry of 1:1 H,O,/Fe(Il) with
an intense signal from trapped OH’ radical being observed. An intense EPR spectrum was
also observed for another control experiment with albumin + EMPO+ Fe(Il) + H,O, with
6 Fe(Il) binding per albumin (40). These results imply that iron(IT) oxidation by H,O, in the
presence of albumin occurs via a two step process in which in the OH' is trapped with

EMPO before further Fe(Il) can react (Equations 3-5):

Fe*" + H,0, — Fe* + OH + OH (3)
Fe’" + OH — Fe’" + OH )
Overall reaction: 2 Fe** + H,0, — 2Fe*" + 20H" 5)

On the other hand, upon incubation of CyaY with 6 Fe(Il) or 20 Fe(II), the hydroxyl radical

production was attenuated compared to buffer with 6 Fe(I) and albumin with 6 Fe(II) (40).

VI1.4. Iron Bioavailability and Detoxification: The previous sections have reviewed
evidence that frataxin interacts with proteins to which it apparently donates iron. Mote
generally, different forms of frataxin appear to interact with iron and maintain it in a form
that keeps it available for cellular processes and not non-specific side-reactions (66). Mature
human frataxin assembles into a regular homopolymer duting expression in E. o/ and
purified mature frataxin monomer is stable and does not associate into a multimer upon iron
addition. Assembled mature frataxin (isolated from high-salt fraction when overexpressed in
E. wlh (60)) and monomer mature frataxin were analyzed for the ability to make Fe(II)
bioavailable in the presence of oxygen and at neutral pH: these conditions normally promote
the oxidation of Fe(Il) to insoluble iron oxides (66). Calmodulin, a calcium binding protein,

and apo-fetritin, a 24-subunit shell that promotes iron oxidation and mineralization were
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used as controls. Bipyridine (BIPY) is an iron-chelator that preferentially binds to Fe(II) and
forms a colored complex, allowing it to be used to monitor the stability and availability of
Fe(Il). At an Fe(II):subunit ratio of 10:1, the monomeric and assembled mature frataxin kept
Fe(I) available to BIPY or ferrochelatase more efficiently than compared to the two
controls and buffer alone (64).

Oxidative damage to DNA was also studied upon exposure to Fe(II) in the presence
of assembled or monomeric mature frataxin to see if frataxin could protect against oxidative
damage (66). Supercoiled DNA was converted to an open circular form upon addition of
Fe(II), but the amount of residual supercoiled DNA was higher in fractions containing
increased levels of assembled mature frataxin in comparison to buffer only. Thus, assembled
mature frataxin, which exhibits ferroxidase activity, exhibited a protective effect against the
oxidative damage of DNA (Fig. 6). The protective effect of the assembled mature frataxin is
probably due to its ability to sequester Fe(Il) from the solution and formation of a stable

mineral core similar to that of ferritin,

1. Excess Fe2*
eI,

Figure 6: Proposed mechanism of human frataxin in high Fe(Il) flux. Step 1: Assembled Hfta is incubated in
the presence of excess Fe(Il). Step 2: An Fe(Il)-ligand (protein) can form a complex and accept Fe(IT) (Step 3).
Step 4: Excess iron will be stored in the form of Fe(III) (oxidation) (66)
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VI1.4.1. Similarity of Assembled Human Frataxin to Ferritin: Ferritin is an iron-storage
protein that releases iron in a controlled fashion. Ferritins have 24 protein subunits arranged
as a hollow shell with an 80 A-diameter cavity that can acquite up to 4500 Fe(III) atoms.
Iron is stored in the protein shell of ferritin as a hydrous ferric oxide nanopatticle that
resembles ferrihydrite. Ferritin acquires Fe(Il) from solution, catalyzes its oxidation
(“ferroxidase activity”) and induces mineralization within the cavity (8, 57).>Assembled
frataxin resembles ferritin in function in that it stores iron and releases it in time of need.
Human frataxin assembles during expression in E. ¢/ to form individual patticles of ~1
MDa, and rod-shaped polymers of these particles. After purification, the assembled human
protein exhibits ferroxidase activity, which is characteristic of ferritin. Spectroscopic studies
indicate that the iron core of human frataxin is composed of fetric iron that is coordinated
by six oxygen atoms (65).

Unlike monomer Hfra, the assembled Hfra exhibits ferroxidase activity and the
ability to limit oxidative damage to DNA. Though there is ferroxidase activity in assembled
Hfra, it is much slower than that of mammalian ferritin (minutes vs. seconds). It is
hypothesized that Hfra (monomeric and assembled forms) serve different physiological roles

depending on the level of the mitochondrial iron flux (Fig. 6 & 7).

3. Iropetegnsfer

»

2. Fe(II)-ligand ST

£ b 4. Release of Hfra

4

1. Fe(lI) binding
RS LTI

ST
®EB g

Figure 7: Proposed mechanism of human frataxin in kmited Fe(II) flux. Step 1: Monomeric Hfta is incubated
with limited Fe(II). Step 2: An Fe(II)-ligand (protein) can form a complex and accept Fe(II) quickly to prevent
oxidative damage (Step 3). Step 4: Hfra is released and available to bind more Fe(II) (66).
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VIII. Thesis Objectives

The aim of this research was to putify, and to characterize the stability, metal iron
binding properties, subunit structure, and function of CyaY, the frataxin homologue from
Pseundomonas sp. strain CF600. Iron binding properties were examined under aetobic and
anaerobic conditions using a combination of techniques, and compared with the reported
iton-binding properties of frataxin from E. c/i. The iron binding stoichiometry of frataxin
under aerobic and agaerobic conditions was determined using a colourimetric assay and ITC.
CyaY was tested for the ability to make Fe(II) available to iron-containing proteins involved
in phenol degradation. Interaction of CyaY with a putative iron-sulfur protein (CyaZ)
encoded just upstream of CyaY in the Psexdomonas sp. strain CF600 genome was also

examined.
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Materials and Methods
I. Materials
Oligonucleotide primers were synthesized by BioCorp (Montreal, Que.). Restriction enzymes
wete purchased from Promega or MBI Fermentas. The Wizard Genomic DNA Purification
and Wizard Plus Miniprep DNA Purification kits were from Promega. The High Pure PCR

Product Putification Kit and Rapid DNA Ligation Kit, purchased from Roche-Applied

Science, and the Qiaex II Agarose Gel Extraction Kit from Qiagen were used in DNA

extraction and purification. DNA sequencing was petrformed by Bio S&T (Montreal, Que.).

All chemicals wete reagent grade or of the highest available purity.

Strain or Plasmid Properties References
Strains
E. coli X1.2-Blue *endATrecAT Stratagene
E. co/i DH50 (79) rm’ recAl (79-81)
E. /i BL21 (DE3) (80) Protease strain expressing T7 RNA (80)
Polymerase under the control of the far
promoter
Pseudomonas sp. strain Phenol, 3,4-dimethyl phenol degrader (82
CF600 B
Plasmid (vector)
pET3a Ampicillin resistant T7 promoter expression 87
vector Novagen
pGEM-T Easy Cloning PCR products Promega
T7 and SP6 RNA polymerase promoters
flanking a multiple cloning region
Blue/white screening for recombinants
pGEM-T(gyaY) Cloning construct This study
pET3a(yaY) Expression construct This study
pGEM-T(¢yaZ) Cloning construct This study
pET3a(cyaZ) Expression construct This study
Luria Broth (83)
M9 minimal medium (83)

Table 1: Strains, plasmids, and media used in this study. r and m refer to host restriction and modification

systems respectively (7).
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I1. Agarose Gel Elgctronhotesis

Agarose gel electrophoresis was used to separate and analyze DNA (84). For a 0.8% gel,
agarose (0.24 g) was weighed and dissolved by heating gently in 30 mL 1x TBE buffer,
followed by addition of ethidium bromide (1.67 pg/mL) (85). Samples wete diluted using 6x
(4 uL) blue/orange loading dye (Promega) and loaded into wells. Electrophoresis was carried
out at 80-100V until the loading dye reached near the end of the gel. Gels wete then soaked
in a solution of ethidium bromide (1.67 pg/ml) in water for 30 min with agitation to
improve visualization of smaller bands. Bands wete visualized using a UV-transilluminator.
The standard marker used was the Gene Ruler 1 kb DNA ladder (MBI Fermentas). The
DNA Ladder contains the following 14 discrete fragments (in base pairs): 10 000, 8000,

6000, 5000, 4000, 3500, 3000, 2500, 2000, 1500, 1000, 750, 500, and 250.

II1I. Genomic DINA Extraction from Pseudomonas sp. Strain CF600

Pseudomonas sp. strain CF600 from .a permanent cultute was grown on minimal medium (M9)
agar with 3 mM phenol at 30°C for 24 h. Single colonies were picked and inoculated into
Lutia broth (LB) or LB (3-5 mL) containing 3 mM phenol, and then grown for 12-16 h at
37°C with shaking (200 rpm). The Wizard Genomic DNA Purification Kit was used for the
isolation of DNA from the overnight culture, following the manufacturer’s instructions. The
genomic DNA was analyzed for concentration and purity using the A,y /A, ratio and by

agarose (0.8%) gel electrophoresis.
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II1.1. PCR Amplification of cyaY from Pseudomonas sp. Strain CF600

CyaY was amplified using PCR following the protocol suggested by the Pfx polymerase
manufacturer (Stratagene). The primers were (undetline represents Ndel or BamHI sites, the
start codon is italicized):
Frataxinl -1G1094: ’GGTTCCTCATATGAGTTTGAGTGAAGC-3’ (Forward)
Frataxin2 -1G1095: 5’CTTAGGATCCGCTACTCATGTCAGATTTCG-3’ (Reverse)
PCR teactions were prepared with the following components: native Pfy DNA polymerase
(2.5 U/pL, 1 pL), 10x native Pfx buffer (10 pL), dNTPs (10 mM each NTP, 2 uL), DNA
template (0.92 pg), forward primer (2.5 ug), reverse primer (2.5 ug) and distilled water (to a
final volume of 100 pL). Conditions of PCR were: segment 1: 1 cycle (95°C) for 45 sec;
segment 2: 16 cycles of denaturation (95°C) for 45 sec, annealing (55°C) for 45 sec and
extension (72°C) for 2 min; segment 3: 1 cycle (72°C) for 10 min.

The PCR amplification product was purified using the High Pure PCR Product

Purification Kit, and the putified DNA was stored at -20°C until ready for ligation.

I11.2. Construction of pET3a(cyvaY) Expression Plasmid

Construct pVI203 was digested with BazHI and Ndel to remove the dmpK fragment (87).
After electrophoresis on an agarose gel (0.8%), the pET3a vector (Novagen) fragment was
putified from the gel using the High Pure PCR Purification Kit. The PCR-amplified gaY
fragment was first ligated into the pGEM-T Easy vector (Promega) with the addition of A
tails to the gaY fragment end, using the protocol suggested by the manufacturer, and then
cut out of this vector using BanHI and Ndel: fragments were separated using agarose gel
electrophotesis. The 350 bp fragment was extracted from the agarose gel and ligated into

Ndel-BamH1-digested pET3a vector. The ligation reaction was performed using the Rapid
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DNA Ligation Kit. The molar ratio of vector DNA to insert DNA in a final volume of 10
pL was 1:10-1:20.

Ligation mixtures were used to transform DHb5a competent cells. Transformation
mixtures were plated onto LB agar containing carbenicillin (100 pg/mL) (83). After
overnight incubation at 37°C, single colonies were picked and grown overnight in LB (5 mL)
containing catbenicillin (100 pg/mL). The Wizard Plus Miniprep DNA Putification Kit was
used to isolate plasmid DNA from these cultures. Plasmid DNA was digested with Hinell
and electrophotesed on an agarose gel (0.8%) to check that the correct plasmid DNA was

obtained. This was also confirmed by sequencing of the insert (Bio S&T).

I11.3. Expression of CyaY in F. coli

The pET3a(yaY) construct was transformed into E. /i BL21(DE3) (Novagen).
Transformation mixtures were spread onto LB agar containing carbenicillin (100 pg/mL)
and grown overnight at 37°C. Cells were scraped from these plates and used to inoculate LB
(4 L) containing ampicillin (100 ug/mL). Cultutes were grown for 2-3 h until an ODgy, of
0.8-1.0 was reached. At this point, IPTG (0.5 mM) was added to each flask and cultures were
grown for an additional 3 h. Cells were harvested by centrifugation at 14 300 x g at 4°C for
15 min. Cell pellets were washed with 20 mM Tris-HCl, pH 8.0, containing 50 mM NaCl.
The supernatant was discarded and the cell pellet (~6 g from 4 L culture) was stored at —

80°C until ready for purification.
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IV. Gel Electrophoresis

IV.1. SDS-PAGE Electrophoresis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was used to analyze the purity of
protein preparations and to estimate the molecular masses under denaturating conditions.
The gel system included a separating gel (12% acrylamide) and a stacking gel (3.9%
actylamide) (86). Proteins were visualized by staining with a solution containing 50%
methanol, 10% acetic acid and 0.1% Coomassie Blue G250 (&5). Destaining was cartied out
with 7% acetic acid in 50% methanol. Sample buffer and 'sample preparation were identical
in all cases unless stated otherwise (86). The standard protein markers (Low Molecular
Weight, Amersham Biosciences) used were: phosphorylase b (97 400 Da), serum albumin
(66 200 Da), ovalbumin (45 000 Da), carbonic anhydrase (31 000 Da), trypsin inhibitor (21
500 Da) and lysozyme (14 400 Da).

A Tris-Tricine gel electrophotesis system was used to separate proteins in the range
of 5-20 kDa at a higher resolution (§7). Samples were prepared by diluting with an equal
volume of 2x Tricine sample buffer (§8). The stacking and separating gels (30%
acrylamide/0.8% bisacrylamide) were prepared according to procedures described in Current
Protocols in Molecular Biology (88). Sepatate cathode and anode running buffers were used.
Electrophotesis was performed at 30 V for 30 min and then at 150 V for ~120 min ot until
the tracking dye reached the bottom of the separating gel. Proteins were visualized by
staining with a solution of 10% (v/v) acetic acid, containing 0.025% (w/v) Coomassie Blue
G250. Destaining was carried out with 10% (v/v) acetic acid. The standard protein marker

(LMW, as above) was used, with the addition of aprotinin (6500 Da, 2.4 pg) to the mixture

(10 L.
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In some cases, gels were silver-stained. The procedure was based on that of the
modified Mottisey protocols (§9). Gels were fixed for 30 min in 50% methanol containing
12% TCA. The gels were then thoroughly rinsed with distilled water (3 times, 60 min). The
gels were then agitated in water containing dithiothreitol (5 ug/mL) for 30 min. The DTT
solution was removed and replaced with a solution of 0.2% silver nitrate without rinsing the
gels. After 30 min, the gels were briefly rinsed with distilled water followed by a rinse with
3% sodium catbonate. Colour was developed by continuous agitation in a solution of 3%
sodium carbonate containing 37% formaldehyde (50 pL/100 ml). Development was
stopped by immersing the gel in a solution of 15% acetic acid followed by gentle agitation.

Gels were stored in 10% ethanol containing 3% glycerol.

IV.2. Native or Non-Denaturing Gel Electrophoresis

The procedure for non-denaturing discontinuous electrophoresis was to omit SDS and DTT
from the standard Laemmli SDS-PAGE protocol. Samples and sample buffers did not

contain SDS or DTT and wete not heated (86, §8).

V. UV-Visible Spectrophotometry

A Cary50 spectrophotometer was used to measure all absorbances.

VI. Purification of CyaY

VI.1. Preparation of Crude Extract: A suspension of cells in 20 mM Tris-HCL, pH 8.0
containing 50 mM NaCl (“IN50 Buffer”) (~2 mL of buffer/1 g weight of cell paste) was
sonicated for ten butsts of 15 sec each with cooling in an ice/saltwater bath. The

temperature was not allowed to rise above 8°C. This was followed by centrifugation at 70
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500 x g for 60 min. The supernatant (“crude extract”) was decanted and used for further
putification.

V1.2. Fast-Flow DEAE-Sepharose Column Chromatography: A Fast-Flow DEAE-
Sepharose (GE Healthcare) ion-exchange column (30 x 2.6 cm) was equilibrated with TIN50
Buffer. The crude extract from the previous step (~22.5 mL) was loaded onto this column
which was then washed with TN50 Buffer (~150 mL). Proteins was eluted using a linear
gradient (1000 mL) of 50-550 mM NaCl in 20 mM Tris-HCI pH 8.0 buffer, and absorbance
of the fractions (9 mL) at 280 nm was monitored. A prominent peak detected near the
middle of the gradient was found using SDS-PAGE to contain large quantities of a 12.6 kDa
ptotein. These fractions were combined and concentrated to ~3-5 mL via ultrafiltration with
an Amicon YM-10 membrane. The protein was exchanged into 50 mM HEPES-KOH
buffer, pH 7.4, via repeated ultrafiltration with an Amicon YM-10 membrane before loading
onto a gel filtration column.

VL1.3. Sephactyl S-300HR Gel Filtration Column Chromatography: The concentrated
sample from the previous étep was loaded (1.0 mL/min) onto a Sephacryl S-300HR (GE
Healthcare) gel filtration column (78 x 2.6 cm) that was equilibrated with 50 mM HEPES-
KOH, pH 7.4, containing 50 mM NaCl. Fractions (10 mL) were collected and monitored for
the presence of protein by SDS-PAGE and absorbance at 280 nm. Fractions from a latge
peak containing a 12.6 kDa protein were pooled and brought to 1 M ammonium sulfate.
This sample (150 ml) was then loaded onto the Phenyl-Sephatose High Performance
column for further purification.

V1.4. Phenyl-Sepharose High Performance Column Chromatography: The preparation
from the previous step was loaded (2.0 mL/min) onto a Phenyl-Sepharose High

Performance column (36 x 2.5 cm) that was equilibrated with 50 mM HEPES-KOH, pH

31



7.4, containing 1 M ammonium sulfate. The column was then washed with 50 mM HEPES-
KOH, pH 7.4, containing 1 M ammonium sulfate (50 mL). Proteins were eluted using a
decteasing linear gradient (500 mL) of 1-0 M ammonium sulfate in 50 mM HEPES-KOH,
pH 7.4. Fractions (7 mL) wete collected and proteins were detected using SDS-PAGE and
the absorbance at 280 nm. The 12.6 kDa protein did not bind to this column, and eluted in
the wash and first few fractions of the gradient. These fractions were pooled, desalted, and
concentrated to a final volume of ~3-5 mL using repeated ultrafiltration over an Amicon
YM10 membrane with 50 mM HEPES-KOH pH 7.4. The putified pfotein was stored in

aliquots at -80°C until use.

VIIL. PCR Amplification of cvaZ from Pseudomonas sp. Strain CF600

CyaZ was amplified using PCR following the protocol suggested by the Pf# polymetase
manufacturer (Stratagene). The primers were (underline represents Ndel and BamHI sites and
the start codon is italicized):

Iron-Sulfur Forward: JH2313 5-CGAAATCTCATATGAGTAGCGCCCAGGCCCG-3
Iron-Sulfur Reverse: JH2314 5-CTTAGGATCCCCTGCGCTCAGTGTGCCTTAGCC-3
PCR reactions were prepared with the following components: native Pfx DNA polymerase
(2.5 U/pL, 2 ul), 10x native Pfx buffer (10 pL), dNTPs (10 mM each NTP, 2 pL), DNA
template (0.92 pg), forward primer (2.5 ug), reverse primer (2.5 ug) and distilled water (to a
final volume of 100 pL). Conditions of PCR were: segment 1: 1 cycle (95°C) for 45 sec;
segment 2: 30 cycles of denaturation (95°C) for 45 sec, annealing (55°C) for 45 sec and

extension (72°C) for 2 min; segment 3: 1 cycle (72°C) for 10 min.
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The PCR amplification product was purified using the High Pure PCR Product

Putification Kit, and the purified PCR amplified DNA was stored at -20°C until teady for

ligation.

VIL.1. Construction of pET3a(cvaZ) Expression Plasmid

Construct pET3a(gyaY) was digested with BamHI and Ndel to remove the ¢yaY gene from
this construct. The digest was run on an agarose gel (0.8%), and the pET3a vector fragment
was putified from the gel using the Qiaex II Gel Extraction Kit. The PCR-amplified ¢jaZ
fragment was first ligated to the pGEM-T Easy vector with the addition of A tails to the
¢yaZ fragment ends, using the protocol suggested by the manufacturer, and then cut out of
this vector using BamHI and Ndel. Fragments were separated using agarose gel
electrophoresis. The 250 bp fragment was extracted from the agarose gel and ligated to the
Ndel-BamH1-digested pET3a vector fragment. The ligation reaction was performed using
the Rapid DNA Ligation Kit. The molar ratio of vector DNA to insert DNA in a final
volume of 10 ulL. was 1:10-1:20.

Ligation mixtures were used to transform XI.2-Blue competent cells. Transformation
mixtures were plated onto LB agar containing catbenicillin (100 pg/ml) (83). After
overnight incubation at 37°C, single colonies were picked and grown overnight in LB (5 mL)
containing catbenicillin (100 ug/mL). The Wizard Plus Miniprep DNA Putification Kit was
used to isolate plasmid DNA from these cultures. Plasmid DNA was digested with Nzl or
Bg/Il and run on an agarose gel (0.8%) to check that the correct plasmid DNA was obtained.

This was also confirmed by sequencing of the insert.
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VIL.2. Exptession of CyaZ in E. coli

The pET3a(gyaZ) construct was transformed into E. w/ BL21(DE3). Transformation
mixtures were spread onto LB agar containing carbenicillin (100 ug/ml) and grown
overnight at 37°C. Cells were scraped from these plates and used to inoculate LB (6 L)
containing ampicillin (100 ug/mL). Cultures wetre grown for 3-4 h until an OD,, of 0.8-1.0:
IPTG (1 mM) was added to each flask and cultures were gtown for an additional 16 h at
20°C. Cells were harvested by centrifugation at 14 300 x g at 4°C for 15 min. Cell pellets
were washed with 50 mM HEPES-KOH, pH 7.0. The supernatant was discarded and the

cell pellet (~12.9 g from 6 L culture) was stored at —80°C until ready for putification.

VIII. Purification of CyaZ

VIIL1. Preparation of Crude Extract: A suspension of cells in 50 mM HEPES-KOH, pH
7.0 (~2 mL of buffer /1 g weight of cell paste) was sonicated for ten bursts of 15 sec each
with cooling in an ice/saltwater bath. The temperature was not allowed to rise above §°C. A
spatula tip of DNasel was added to the mixture before sonication. This was followed by
centrifugation at 70 500 x g for 60 min. The supernatant (“crude extract”) was decanted and
used for further purification.

VIIL.2. CM-Sepharose Fast Flow Column Chromatography: A Fast-Flow CM-
Sepharose (GE Healthcare) ion-exchange column (38 x 2.6 cm) was equilibrated with 50
mM HEPES-KOH pH 7.0. The crude extract from the previous step (~30 mL) was loaded
onto this column and then washed with 50 mM HEPES-KOH pH 7.0 (~200 mL). Proteins
was eluted using a linear gradient (1000 mlL) of 0-500 mM NaCl in 50 mM HEPS-KOH pH
7.0 buffer, and absorbance of the fractions (8 ml.) at 280 nm was monitored. A prominent

peak detected near the middle of the gradient was found to contain an 8.5 kDa protein using
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Tris-Tricine gel electrophoresis. These fractions were combined, precipitated using 65%
ammonium sulfate, and centrifuged at 15 344 x g at 4°C for 20 min. The pellet was
redissolved into 50 mM HEPES-KOH buffer, pH 7.0 to ~3-5 mL, centrifuged at the same
speed for 10 min before the supernatant was loaded onto a gel filtration column.

VIIL.3. Sephacryl S-300HR Gel Filtration Column Chromatography: The concentrated
sample from the previous step was loaded (1.0 mL/min) onto a Sephacryl S-300HR (GE
Healthcare) gel filtration column (78 x 2.6 cm) that was equilibrated with 50 mM HEPES-
KOH, pH 7.0. Fractions (10 mI,) were collected and monitored for the presence of protein
by Tris-Tricine gel electrophorests, and absorbance at 280 nm. Fractions containing an 8.4
kDa protein were pooled, desalted, and concentrated to a final volume of ~3-5 ml. using
repeated ultrafiltration over an Amicon YM3 membrane with 50 mM HEPES-KOH pH 7.0.

The purified protein was stored in aliquots at -80°C until use.

IX. Biophysical Techniques Used to Characterize CyaY and Fe(II) Binding Property

IX.1. Circular Dichroism Spectroscopy

IX.11. Far UV: The CD spectra of all samples were collected using a Jasco J-710
spectropolatimeter that was putged with nitrogen gas (5 L/min). Spectta were acquired in
the region of 180-260 nm with a 0.1 cm path length cell (300 pL), using the following
settings: step tesolution, 0.2 nm; scan speed, 50 nm/min; accumulation, 1 (buffer) or 5
(samples); tesponse time, 1.0 sec; bandwidth, 1.0 nm; and sensitivity, 50 mdeg. Data
obtained when detector voltages were above 700V were disregarded. The CyaY sample
concentration was 0.5 mg/mlL (40.1 uM) in 5 mM or 50 mM HEPES-KOH pH 7.5 buffer
with varying concentrations of guanidine hydrochloride. The pH was adjusted accordingly.

Samples were centrifuged briefly before incubating at room temperature for 24 h ptior to
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taking scans. The guanidine hydrochloride stock solution was diluted with 5 mM or 50 mM
HEPES-KOH, pH 7.5. Samples containing MnSO,4H,O (1 mM) or TCEP (0.802 mM)
wete prepared in a similar fashion. Data were analyzed using the Jasco Standard Analysis
software ot Sigma Plot 8.0.

IX.1.2. Thermal Denaturation: Thermal denaturation was monitored using circular
dichroism spectroscopy. Samples were contained in a water-jacketed circular cell, with a
pathlength of 0.1 cm, connected to a vatiable-temperature water bath. Samples were
monitored at 222 nm as the temperature was changed from 10-85° C. The following
patameters were used: step resolution, 0.2 nm; wait time, 2 min; temperature slope, 15°C/h;
response time, 0.25 sec; bandwidth, 1.0 nm; and sensitivity, 50 mdeg. CyaY sample
concentration was 0.5 mg/mlL (40.1 uM) in 50 mM HEPES-KOH, pH 7.5. Temperature
scans took approximately 5 h. Samples with added 1ron were prepared in an anaerobic
chamber (MBraun Model Unilab 1200/780 with <2 ppm oxygen). CyaY (0.5 mg/ml),
Fe(NH,),(SO,),6H,O (1:1—1:6 CyaY:Fe’") and buffer were mixed in the anaerobic chamber,
loaded into a circular CD cell, stoppered, and removed from the chamber for analysis by CD

sp ecttoscopy.

IX.2. Fluorescence Spectroscopy

Fluotrescence measurements wete cattied out on an Aminco Bowman series 2 Fluorimeter.
Samples were excited at 280 nm or 295 nm and emission spectra were collected between 300
and 400 nm (Cuvette holds 400 plL of sample With a pathlength of 1 cm). Bandwidths of 2
nm were used for both excitation and emission. For denaturation experiments, protein
samples were mixed with guanidine hydrochloride, centrifuged briefly before incubation, and

then incubated at room temperature for 24 h before the spectra were taken. Samples
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containing 0.045 mg/mL (3.61 uM) CyaY, with an absorbance at 280 nm of 0.066, were
ptepared in 50 mM or 5 mM HEPES-KOH, pH 7.5, with varying concentrations of
guanidine hydrochlotide. Samples containing NATA/NAYA standards (concentrations of
modeled compounds were measured using UV-vis), MnSO,4H,O (1:1-1:10 CyaY:Mn*") or
TCEP (70.6 uM) were prepared in the same fashion. There were no differences observed in
the fluotescence spectra for samples in either 50 mM or 5 mM HEPES-KOH, pH 7.5. For
expetiments for determining reversibility of CyaY denaturation, guanidine hydrochloride

‘containing samples wete diluted 3-fold with 5 mM or 50 mM HEPES-KOH, pH 7.5, and

incubated overnight ptior to recording fluorescence spectra.

IX.3. Isothermal Titration Calotimetry

Isothermal titration calotimetry data were collected using a VP-ITC MicroCalorimeter.
Calorimetric data for exothermic binding of cytidine 2’-monophosphate ( 2.29 mM 2’-CMP
in titrating syringe) to ribonuclease A from bovine pancreas (0.0292 mM) both in 50 mM
potassium acetate, pH 5.5, were collected and used as a control. The cytidine 2’-
monophosphate has an E_; of 8.9 in 0.1 mM potassium phosphate buffer at pH 7.0 at 270
nm (Sigma Chemical Company). The ITC runs were obtained for 25 automatic injections of
5 pL at 28°C. Experimental data for CyaY kSO pM) titrated with excess MnSO,4H,O (1 mM
in the titrating syringe) were collected using the same instrament. CyaY was dialyzed
ovetnight against 50 mM HEPES-KOH, pH 7.5, and the Mn(Il) stock solution was
ptepared in the same buffer. The raw data were collected for 25 automatic injections of 10
ul, at 25°C. Anaetobic ITC was performed using CyaY (50 puM) titrated with ferrous
ammonium sulfate hexahydrate (1.50 mM in the titrating syringe) in 50 mM HEPES-KOH

pH 7.0, containing NaCl (150 mM) and Na,S,0, (2 mM) in both protein and iron solutions.
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The raw data were collected for 30 automatic injections of 10 pL at 25°C. The following
experimental control settings were used for CyaY titrations with Fe(Il): total number of
injections, 30; cell temperature, 25°C; reference power, 10 uCal/sec; initial delay, 60 sec; and
stirring speed, 300. Injection parameters were: 10 uL./injection; duration, 20 sec; spacing 240
sec; and filter period, 2 sec. The data were analyzed using MicroCal Origin 5.0 software

supplied with the instrument.

IX.4. Analytical Ultracentrifugation

CyaY solutions were brought to a concentration of 0.22-1 mg/mL in 50 mM HEPES-KOH,
pH 7.5. Samples and buffer blanks were centrifuged at 203 893 x g at 15°C using a 60-Ti
rotor in Beckman Optima XI-1 analytical ultracentrifuge. In some experiments, CyaY (35.28
wM) was prepared with TCEP (0.35-1.41 mM), GuHCl (0-2.5 M), MnSO,4H,O (353 uM) ot
Fe(NH,),(SO,),6H,0 (1:1-20:1 Fe*":CyaY). Iron samples were prepared and cells were
assembled in the anaerobic chamber at 15°C with <2 .ppm oxygen. Scans at 280 nm were
used to follow the sedimentation process. Distribution plots were constructed using Sedfit

version 8.9 software (http://www.analvticalultracentrifugation.com) by Peter Shuck fitting

7the raw data to the c(s) and c(M) models (90). V-bar, density and viscosity values were
calculated using UtraScan 7.1 as follows: varying [CyaY], different stoichiometry of
Fe?":CyaY and CyaY in 50-fold TCEP: 0.717 ml/g, 1.0004 g/ccm, 1.0131 cp; CyaY in 50
mM KCL: 0.717 ml/g, 1.0020 g/ccm, 1.0124 cp; CyaY in 150 mM KCL 0.717 ml/g, 1.0067
g/ccm, 1.0110 cp. These values were obtained using 50 mM Ttis as the buffer because the
data were not available for HEPES. All protein samples were run by Peter Ulycznyj from the

Centre for Structural and Functional Genomics.
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X. Determination of Protein Concentrations

Protein concentrations were determined using the BCA (bicinchoninic acid) Protein Assay
kit with BSA (bovine serum albumin) as a standard, according to the manufacturer’s
instructions for the 60°C protocol (Pierce). When interfering substances such as EDTA,
ammonium sulfate or DTT were present, an alternative protocol involving trichloroacetic
acid (TCA) was used (97). TCA precipitates protein away from these interfering substances.
In some cases protein concentration was determined using a spectrophotometric
method. The protein concentration for RNaseA was calculated using an E,,, of 7.1 at 280
nm. A molar extinction coefficient at 280 nm was calculated from the primary amino acid
sequence of CyaY using equations 6-11 (92, 93). The calculated molar extinction coefficient
was determined to be 17 990 M cm™ for the denatured protein. The native molar extinction

coefficient was determined to be 17 320 M c¢cm™. The following equations used were (92):

A=exlxc (6)
8y = a8y, T beyry, T Coygys M
&0 M'em™) = 2(1490) + b(5500) + ¢(125) (8)
AbSgarna/ e aanna = Caensured &)
Absyyive/ Eyaive = Cpasve (10)
EntNaive = (APSxaid) (En Gannc)/ (ADSGanme) 11)

XI. Purification of Iron-Complexed CyaY

A stock iron solution of 50 mM ferrous ammonium sulfate hexahydrate was prepatred in
0.050 N HCL CyaY (4.4 mg/mL) was incubated with excess (20-fold) ferrous ammonium
sulfate hexahydrate diluted in 20 mM Tris-HCI pH 7.5 (200 pL) for 1 h at 25°C under

aerobic or anaerobic conditions (glove box). The protein was purified from the mixture
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using a mini-spin column packed with Fast-Flow DEAE-Sepharose resin (500 pL). This
column was equilibrated with 20 mM Tris-HCl containing 50 mM NaCl pH 8.0. After
loading the column, it was washed with the same buffer to remove unbound iron, and 20
mM Ttis-HCI containing 500 mM NaCl pH 8.0 to elute the bound protein. Fractions of 100
plL was collected. The fractions that contained both iron and CyaY were combined (fractions
11 and 12) and passed through a NAP5 desalting column that was equilibrated with 50 mM
HEPES-KOH pH 7.5 (Amersham Biosciences). The iron content of the fractions eluted

from this column was determined using Ferrozine, see below (94).

XII. Iron Quantitation Using a Ferrozine-Based Assay

An aliquot (~100 pL) of desalted sample from the iron-complexation expetiment was
transferred to a microcentrifuge tube (1.5 mL) and 30% (w/v) trichloroacetic acid was added
to obtain a final concentration of 5% TCA (w/v). After centrifugation for 5 min at 16 000 x
g, an aliquot of the supernatant (50 pl) was transferred to a clean tube. Saturated
ammonium acetate (133 uL), 0.12 M ascorbic acid (166.7 uL), 0.25 M Ferrozine (83.3 uL)
and MilliQ water (567 ul) were added to a final volume of 1.0 ml.. After 30 min, samples
wete centrifuged for 1 min at 16 000 x g and the absorbance at 562 nm was measured. A

standard cutve was constructed using ferrous ammonium sulfate hexahydrate (94).

XTIII. Chemical Cross-Linking With EDC

An EDC stock solution was made fresh in 50 mM HEPES-KOH pH 7.5. CyaY (17.86 uM)
was incubated with EDC (8.93 mM) in the ptresence or absence of CyaZ (17.86 uM) for
various times between 0-30 min in 50 mM HEPES-KOH pH 7.5. EDC was added to the

protein solutions to initiate the reaction at room temperature, and the reactions were
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quenched with SDS-PAGE sample buffer at the indicated time. The samples were run on
SDS-PAGE Tus-Tucine gels, which were subsequently stained with 0.025% (w/v)
Coomassie Blue G-250 containing 10% (v/v) acetic acid, and destained with 10% (v/v)
acetic acid. Reactions containing BSA (6.45 uM) and CyaY (17.86 pM) were prepared as a
control. The effects of including NaCl (0.1 M), KCI (0.15 M) and/or Fe(II) (193.5 uM) were
also exémined. In addition, cross-linking reactions between apo-catechol 2,3-dioxgyenase
(16.29 uM) or holo-catechol 2,3-dioxygenase (16.29 pM) including Fe(Il) with and without

KCl1(0.15 M) were examined.

XIV. a,o’-Bipyridine Assay to Determine the Availability of Fe(IT)

This assay has been used to monitor the effects of CyaY on the availability of Fe(I) under
aerobic conditions (63, 64, 66). CyaY (3 uM), BSA (3 uM, Sigma-Aldrich), holo-fetritin (0.3
uM, Sigma-Aldrich), DmpK (3 M, microcon to concentrate and buffer exchange to temove
DTT from DmpK) ot buffer alone were incubated at 30°C with ferrous ammonium sulfate
hexahydrate (30 uM) in a total volume of 4 mL. The buffer used was 10 mM HEPES-KOH,
pH 7.3, and a 10 mM ferrous ammonium sulfate hexahydrate stock solution in 0.01 N HCl
was used as the iron source. Aliquots (500 pL) were withdrawn at the indicated time points
and BIPY was added to a final concentration of 2 mM. After 5 min at room tempetature,
the concentration of Fe[x,o’-BIPY];”" was determined from the absorbance at 520 nm (e=9,

000 M'cm™®).

XV. Preparation of Apo-Catechol 2,3-Dioxygenase

Holo-catechol 2,3-dioxygenase (3.7 mg/mlL) was dialyzed against 50 mM Ttis-Acetate

containing 1 mM EDTA and 1 mM phenanthroline (pH 7.5). The dialysis solution was
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changed daily for a period of three days (1 L). The chelators were removed using 50 mM

Tris-Acetate pH 7.5 for two additional days (1 L) (95, 96).

XV.1. Reconstitution of Catechol 2,3-Dioxygenase with Fe(IT)

Reconstitution of apo-catechol 2,3-dioxygenase (which is inactive in activity assays) involves
the incubation of apo-catechol 2,3-dioxygenase (0.4 pM) and ferrous ammonium sulfate
hexahydrate with CyaY (0.4 uM), BSA (0.4 uM), KCI (0.15 M) or buffer alone. Buffer used
in the reconstitution procedure was 50 mM Tris-HCI pH 7.0. The assay was initiated upon
addition of Fe(NH,),(SO,), 6H,O (1 mM), aliquots were removed at various time points, and
assayed for activity. The activity assay included 10 pL of the reconstituted sample, 8 ul. of
catechol (45 mM) and 982 pL. 50 mM potassium phosphate buffer pH 7.5, and reaction was
monitored at 375 nm for 2 min. One unit is defined as the amount of enzyme that produces
1 pmol of 2-hydroxymuconate semialdehyde per minute under this standard assay (for 2-

hydroxymuconic semialdehyde at pH 7.5) (6=4.4x10*M"em™) (95-97).

XVI. Electrospray Ionization Mass Spectrometry

The molecular masses of CyaY and CyaZ were determined by direct-injection on a Q-TOF 2
mass spectrometer (Micromass). CyaY was buffer-exchanged into 18 M2 Milli-Q water
using a Microcon YM-10 centrifugal device. In preparation for injection into the mass
spectrometer, samples were diluted to 1 uM in 50% acetonitrile: 0.1% formic acid pH 3.01.
CyaZ was buffer exchanged into 50 mM Tris-Cl pH 8.0 using 2 Microcon YM-3 centrifugal
device. Final CyaZ concentration (6.73 uM) was achieved by diluting with 0.027% formic
acid with 13 mM ammonium formate, pH 3.97. The diluted samples were directly

introduced into the spray soutce at a flow rate of 1.0 uL/min. Alternatively, CyaY was
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diluted in 50 mM HEPES-KOH pH 7.5 and to a final concentration of 10 uM, injected onto
a Symmetry-300 C18 OPTI-PAK column and then washed with Millipore watet, followed by
elution with a 10-90% ACN gradient containing 0.1% formic acid. Instrument parameters
were: capillary voltage, 3800 V; cone voltage, 45 V; multiplier, 550 V; MCP, 2100 V; and
TOF, -9.1 V. Raw spectra were deconvolved using MéssLynx software (Micromass). All
protein sample analysis was performed by Alain Tessier of the Centre for Biological

Applications of Mass Spectrometty.
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Results

I. PCR Amplification of cyaY and pET3a-Based Exptession Plasmid Construction

Since Pseudomonas sp. strain CF600 is a strain of Pseudomonas putida (V. Shingler,
personal communication), the genome sequence of Pseudomonas putida KT2440 was used as
the starting point for ¢yzY amplification (Fig. 8A). CyaY is located at positions 5960296 to
5960628 of the Pseudomonas putida 12440 chromosome, and is predicted to encode a
protein of 110 amino acids (98). Primers based on the 5’ and 3’ terminal sequences of gaY
from Pseudomonas putida K12440 were used for PCR amplification (see Materials and Methods).
A 364 bp fragment was amplified from Psendomonas sp strain CF600 genomic DNA using
these primers (Fig. 8B) and inserted in the pGEM-T Easy vector at the T-ovethangs (Fig.

8C).
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Figure 8: PCR amplification of gaY from the Pseudomonas sp. strain CF600 genomic DNA. A. Segment of
Psendomonas purida KI2440 genome containing ¢yaY and cyaZ genes (98). B. Agarose (0.8%) gel electrophoresis
of PCR reactions using genomic DNA from three independent cultures of Psendomonas sp. strain CF600. Lane 1:
1 kb ladder (MBI Fermentas); Lane 2: PCR product from genomic DNA from colony 1; Lane 3: PCR product
from genomic DNA from colony 2; Lane 4: PCR product from genomic DNA from Pseudomonas sp. strain
CF600 grown in the presence of phenol. C. Vector diagram of pGEM-T Easy vector map (Promega Corp).
The pGEM-T Easy Vector has been lineatized with EwRV at base 60. The DNA Ladder contains the
following 14 discrete fragments (in base paits): 10 000, 8000, 6000, 5000, 4000, 3500, 3000, 2500, 2000, 1500,
1000, 750, 500, and 250.
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An Ndel site was inserted at the 5-end of the ¢yaY gene and a BawHI site was
inserted at the 3’-end of the ¢yaY gene in the PCR primers. A unique NZ site is located at
position 97 of the pGEM-T Easy vector (Fig. 8C). Consequently, the digestion of the
desited ¢gaY fragment from the pGEM-T Easy construct with BazHI and Ndel can yield
several different band patterns. Depending on the orientation of the insert, restriction
enzyme digestion with BawHI and Ndel can generate the following fragment sizes. In the
forward orientation (anticlockwise), it can generate fragment sizes of 38 bp, 346 bp and 2983
bp. In the reverse orientation (clockwise), it can generate two possible combinations of 346
bp and 3033 bp or 383 bp and 2996 bp depending on which INdel had digested the
recombinant DNA (Fig. 9). A mixture of these band patterns may appear if both N4l site
had propetly digested the recombinant DNA. There are 2 small bands in lanes 2 and 6 (350
bp and 385 bp), wheteas there is only one band in lanes 3 and 5. The band at ~350 bp was
cut out from lane 5 (Fig. 9) and the DNA was extracted from the agarose gel and used for
further expetimentation. This single band was due to a missed INdel cut site in the reverse
orientation. In lane 6, it was clear that there was an intense band at ~3000 bp and two other
fragments at ~350 bp and ~385 bp which represented incomplete digestion by Ndel. This
can be explained by the generation of both combinations of BazHI and Ndel digested

fragments in the reverse orientation in the pGEM-T Easy vector (partial digestion).
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Figure 9: Agarose (0.8%) gel electrophoresis of BamHI and Ndel digested pGEM-T(¢aY) from 5 different
transformants (Col. 1-Col. 5). Lane 1: 1 kB ladder; Lane 2: Col. 1; Lane 3: Col. 2; Lane 4: Col. 3; Lane 5: Col. 4;
Lane 6: Col. 5. DNA Ladder contains the following 14 discrete fragments (in base pairs): 10 000, 8000, 6000,
5000, 4000, 3500, 3000, 2500, 2000, 1500, 1000, 750, 500, and 250.

The 350 bp BamHI-INdel fragment was ligated into the BazHI and Ndel sites in
pET3a (4600 bp, Fig. 10). The resulting pET3a(¢yaY) plasmid was digested with HincIl ( Fig.
11A) to verify that the correct plasmid with insert was obtained. Hznell cuts at 1237 bp and
4493 bp in the vector, and 822 bp in the ¢aY fragment: a plasmid map for the correct
construct is shown in Fig. 11B. Complete digestion of this plasmid with Himdl would
generate 3 fragments of 3256 bp, 1276 bp and 415 bp. If incorrect plasmid had been

obtained, fragment sizes of 3256 bp, 1276 bp, 385 bp and 68 bp would have been generated
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Figure 10: Construction of pET3a(cyzY) expression plasmid. A. Agarose (0.8%) gel electrophotesis of pET3a
vector and insert fragment for ligation. Lane 1: 1 kb ladder; Lane 2: pET3a vector obtained as described in
Materials and Methods; Lane 3: ¢yaY fragment. DNA Ladder contains the following 14 discrete fragments (in base
pairs): 10 000, 8000, 6000, 5000, 4000, 3500, 3000, 2500, 2000, 1500, 1000, 750, 500, and 250. B. pET3a vector

map (Novagen).
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Figure 11: Vetification of plasmid construct by digestion with Hindl. A. Agarose (0.8%) gel electrophozesis of
pET3a(cyaY) plasmids for 4 transformants (Col. 1-Col. 4) digested with Hindl. Lane 1: 1 kb ladder; Lane 2: Col.
1; Lane 3: Col. 2; Lane 4: Col. 3; Lane 5: Col. 4. B. Recombinant plasmid with Hincl sites are shown. Diagram
generated using Nebcutter (99). DNA Ladder contains the following 14 discrete fragments (in base pairs): 10
000, 8000, 6000, 5000, 4000, 3500, 3000, 2500, 2000, 1500, 1000, 750, 500, and 250. ORF box provides a table
of the genes shown on the display with their coordinates, polypeptide lengths, protein IDs at GenBank and
flanking, single-cutter restriction enzymes (99).
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That the correct plasmid with insert had been obtained was confirmed by DNA
sequence analysis (Fig. 12). Nucleotide sequencing of the insert revealed 97% sequence
identity at the nucleotide level with Pseudomonas putida IK12440: however, the amino acid

sequence is identical with that of CyaY from Pseudomonas putida KT2440 genome (Fig. 12).

T A TGAGTTTGAGTGAAGCGCGTTTCCATGACCTGGTCGACGCGACCCAACAG
CCCTGGAAGATCTGTTCGACGAGAGCGGTCTGGACCTGGACATGGAGAACTCCGCTGGTGTCCTGACCGT
CAAGTTCGAGGGCGGCGCCCAGCTGATCTTCAGCCGTCAGGAGCCACTGCGCCAGTTGTGGCTTGCCGACT
GCTCCGGTGGTTTCCACT TCGATTACGACGARGACAGCGGCAAGTGGGTGTGCGARAAGAGCGAAGAGTTA
CTGGGTGARATGCTTGAGCGTATCGTCTGGGAGCGGGCCGGCGAGARGCTGGACT TCGACGARATC TCARH

Protein Sequence of CyaY (110 amino acids)

M 3 L §S E A R F H D L V D AT Q O A L E D L F D
E $ 66 L b. D MENS A G VL T V K F E G G A Q
L I ¥ SR O E P L R O L WL A D R S G G F H F D
Y b E DS G KWV ¢ E K S E E L L G E ML E R I
vV W E R A G E K L. D F D E I Stop

Figure 12: DNA sequence of CyaY from Pseudomonas sp. strain CF600 (top). Primary amino acid sequence of
CyaY from Psendomonas sp. strain CF600 (bottom). Start and stop codons are italicized and bolded. The
nucleotide sequence upstream and downstream (part of the pET3a vector sequence) of the start and stop
codons are italicized and shaded.

I.1. Purification of CyaY from Pseudomonas sp. Strain CF600 Expressed in E. coli
First, the plasmid pET3a(paY) was transformed mto E. wi BL21(DES3).
Putification of CyaY from crude extracts of these transformants was achieved using Fast-
Flow-DEAE Sepharose, Sephacryl S-300HR Gel Filtration and High Performance Phenyl
Sepharose column chromatographies. Proteins present at each stage of the purification
process may be seen on the SDS-PAGE gel shown in Fig. 13. Approximately 150 mg of
pute CyaY (Fig. 13 lane 7) was obtained from 4 L of bacterial culture. The apparent
molecular weight of the purified CyaY was estimated to be ~13 kDa from SDS-PAGE gels.
A minor band at ~25 kDa was also present in several CyaY preparations (e.g. Fig. 13, lane

8), which may represent a dimer form or a contaminant.
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Figure 13: SDS-PAGE (12%) gel electrophoresis showing samples at vatious steps of the putification of CyaY
from E. cok. Lane 1: LMW molecular marker (phosphotylase b: 97 kDa, albumin: 66 kDa, ovalbumin: 45 kDa,
carbonic anhydrase: 33 kDa, trypsin nhibitor: 20.1 kDa and o-lactalbumin: 14.4 kDa); Lane 2: Crude extract of
CyaY; Lane 3: Pooled DEAE fractions; Lane 4: Concentrated DEAE fractions; Lane 5: Pooled Sephactyl S-
300HR gel filtration fractions; Lane 6: Concentrated S-300HR gel filtration fractions; Lane 7: Pooled Phenyl
Sepharose fractions; Lane 8: Concentrated Phenyl Sepharose fractions. Samples were diluted 1:1 with sample
buffer except crude extract which was diluted 1:4.

I.2. Sequence and Structural Analysis of CyaY

Genes encoding yeast (67) (NP_010163, Yfh1), human (23) (Q16595, Hfra) and E.
coli (40) (530697, CyaY) frataxins have been sequenced and exhibit between 28-39% identity
with the protein sequence of CyaY from Psexdomonas putida (Fig. 14). A model of the three-
dimensional structure of CyaY from Pseudomonas sp. strain CF600 was generated using Swiss-
PDB with CyaY from E. co/i (1IEW4) as the template (Fig. 15). The model consists of six-
antiparallel beta-sheets flanked by two parallel alpha-helices, with a negatively charged
surface that could be involved in Fe(Il) binding. Compatrison of the primary amino acid
sequences of CyaY from Pseudomonas sp. strain CF600 to the three frataxin orthologues (Hfra,
Yfhl and CyaY) shows that there are 13 invariant residues between the CyaY from

Psendomonas sp. strain CF600 and CyaY from E. w/i (Asp31, Gly37, Val38, Thr40, Gln54,
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Pro56, GIn59, Ttp61, Leu62, Gly67, Asp72, Trp78, and Leu91 using the numbering of the
CyaY sequence). All the conserved residues of CyaY are located on the $-sheet side of the
protein. The sole cysteine residue Cys83, is exposed on the sutface of the protein which

could allow it to form a disulfide bond between two CyaY monomets.

CYAY ECOLI & = s o e e e e e e e e e
CYAY PSEPK —mmmmm o o e e e e e e e e e e
FRDA_ HUMAN MWTLGRRAVAGLLASPSPAQAQTLTRVPRPAELAPLCGRRGLRTDIDATCTPRRASSNQR
FRDA_YEAST = = ~——r==—==————e———————o MIKRSLASLVRVSSVMGRRYMIAAAGGER-ARFCPAVTN
CYAY ECOLI =~ = =————=m——m—om— o o— e o e MNDSEFHRLADQILWLTIEERLDDW-~~-DGD
CYAY PSEPK -——r-——————mmsoommss oo MSLSEARFHDLVDATQQALEDLFD-——~—— BESG
FRDA_HUMAN GLNQIWNVKKQSVYIMNLRKSGTLGHPGSLDETTYERLAEETLDSLAEFFEDLADKPYTF
FRDA_YEAST RXNHTVNTFQRRFVESSTDGQVVPQEVLNLPLEKYHEEADDYLDHLLDSLEELS-EAHPD
CYAY ECOLT SDIDCEINGGVLTITFENGS-KIIINRQEPLHQVWLATKQGG-YHFDLKGD--EWICDRS
CYAY_PSEPK LDLDMENSAGVLTVKFEGGA-QLIFSRQEPLROQIWLADRSGG-FHFDYDEDSGKWVCEKS
FRDA_HUMAN EDYDVSFGSGVLTVEKLGGDLGTYVINKQTPNKQIWLSSPSSGPKRYDWTGK~-NWVYSHD
FRDA_YEAST CIPDVELSHGVMTLEIPAFG-TYVINKQPPNKQIWLASPLSGPNRFDLLNG--EWVSLRN
koo, koo HERE A S S JKorrk HEG

CYAY ECOLI GETFWDLLEQAATQQAGETVSFR———~—~——~

CYAY PSEPK EELLGEMLERIVWERAGEKLDFDEI-——————

FRDA_HUMAN GVSLHELLAAFRLTKALKTKLDLSSLAYSGKDA

FRDA_YEAST GTKLTDILTEEVEKAISKSQ-—-——————=~——

HE :

Figure 14: Primary amino acid sequence of frataxin orthologues using CLUSTALX (69). * indicate identity of
amino acids at these positions; : indicate strongly similar amino acids; . indicate weakly similar amino acids, and
— indicate gaps to better align the amino acid sequences.
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Figure 15: Structure of CyaY from Pseudomonas sp. strain CFG600 modeled using Swiss-Model. The
representation on the right shows the elements of secondary structute (helix red and strand blue) and positions
of conserved residues between CyaY from E. w/ and CyaY from Psendomonas sp. strain CF600. The electrostatic
potential surface of CyaY is shown on the left. Acidic residues are red and basic residues are colored in blue.
Structures wete created using Swiss-PDB (55) and WebLab Viewers (56).

I1. PCR Amplification of a Gene Encoding a Conserved Hypothetical Protein and
Expression Plasmid Construction

In the genome of Preudomonas putida K12440, ¢yaY is clustered together with a gene
located at positions 5960070 to 5960294 that potentially encodes a 74-residue protein
predicted to contain an iron-sulfur cluster (98) (Fig. 8A). This gene will be referred to as
yal. A similar arrangement of genes is found in the genome of Pseudomonas syringae (100) and
Pseudomonas fluorescencs PfO-1(107) but in E. col (102) and in Pseudomonas aeruginosa PAO-1
(103), ¢yaY 1s not clustered with such a gene. Since iron-sulfur cluster proteins could
participate in iron-trafficking, it was of interest to isolate and characterize the protein
encoded by ¢yaZ.

Primers were designed to amplify gaZ from the Psendomonas sp. strain CF600

genomic DNA and to msert BazHI and Ndel restriction sites on the 5 and 3’ ends of this
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gene. PCR reactions were carried out as described in Materials and Methods. The 244 bp PCR
product was ligated into the pGEM-T Easy vector (Fig. 16A). Digestion with Ba»HI and
Ndel of pGEM-T(¢yaZ) yielded three fragments with sizes of 3009 bp, 296 bp and 240 bp
(Fig. 16A). The fragment at 3015 bp is the pGEM-T Easy vector while that at 240 bp is ¢yaZ.
When the ¢yaZ gene was inserted into the pGEM-T Easy vector in the reverse otientation
(anticlockwise), and digested with N4l site in the pGEM-T Easy vector cloning site, it can
generate an additional f;:agment at 296 bp (Fig. 8C). The pGEM-T(¢yaZ) construct was then
digested with BazHI and Ndel and the 240 bp fragment was ligated into BazHI and Ndel
digested pET3a expression vector. The pET3a(¢yaZ) construct was then digested with Bgdl
to ensure that the correct plasmid was obtained. Bg/I digests at position 646 in pET3a and
176 in the insert. The pET3a(¢yaZ) construct was digested with BglI and generated two
fragments at 4562 bp and 272 bp (Fig. 16B). Subsequent sequencing of the DNA from this
construct for two separate transformants revealed silent mutations at some positions in the
Psendomonas sp. strain CF600 ¢yaZ sequence as compared to the Psexdomonas putida K12440
gyal sequence. CyaZ from Pseudomonas sp. strain CF600 showed 98% sequence identity at the
nucleotide level and 100% sequence identity at the protein level compared to CyaZ from

Psendomonas putida KI2440 (Fig. 17).
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Figure 16: PCR amplification of ¢yeZ and expression plasmid construction. A. Agarose (1.4%) gel
electrophoresis of pGEM-T(yyaZ) digested with BawHI and Ndel. The band circled tepresents the fragment
(~250 bp) that was cut out. Plasmid DNA from two different single colonies (2 or 5) wete used. Lane 1: 1 kB
ladder; Lane 2-4: Col. 2; Lane 5-7: Col. 5. The 250 bp from all Col. 2 (Col. 5) digests were pooled together and
concentrated before ligation. B. Agarose (0.8%) gel electrophoresis of pET3a(cyaZ) plasmid DNA from
diffetent colonies (Col. 1-Col. 4) digested with BglI. Lane 1: 1 kB ladder; Lane 2: Col. 1 digested with Nrul
(One Nrul cut site at position 3389 in pET3a); Lane 3: Col. 1; Lane 4: Col. 2; Lane 5: Col. 3; Lane 6: Col. 4.
The DNA Ladder contains the following 14 discrete fragments (in base pairs): 10 000, 8000, 6000, 5000, 4000,
3500, 3000, 2500, 2000, 1500, 1000, 750, 500, and 250.

DNAS f CyaZ

e A TGAGTAGCGCCCAGGCCCGGECCGCCCAAGCCECTTTACAGCAACGTCAGCCC
GGCAGTGCCGTCACCGTGCATCAGCGTATGCCGGCTGGACGAACAGCGGGTGTGCACCGGTTGCCATCGGC
ATGTCGAGCACATCCGCGAATGGCGCTCGGCCGATGACGAACGGCGCCGGCAGATCTGCCGCGAGGCCCAG

GTCTTGCGCGAGCAGGCTAAGGCACACTGA

Protein Sequence of CyaZ (74 amino acids)
MSSAQARPPKPLYSNVSPAV
TGCHRHVEHIREWRSADDER
A H Stop

PSPCISVCRLDEOQRYV
RROQICREAQVLREOQA

Figute 17: DNA sequence of CyaZ from Pseudomonas sp. strain CF600 (top). Amino acid sequence of the
translated product (bottom). The start and stop codons are bolded and italicized. The nucleotide sequence
upstream of the start codon is italicized and shaded. The downstream nucleotide sequence is not available.
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I1.1. Purification of CyaZ from Pseudomonas sp. Strain CF600 Expressed in E. col

The pET3a(¢yaZ) construct was transformed into E. w/ BL21(DE3) and crude
extracts of this strain were used for purification of CyaZ. Putification of CyaZ was achieved
by CM-Sepharose column chromatography followed by gel filtration chromatography on
Sephacryl S-300HR. Proteins obtained at various steps of the putification procedure are
shown in Fig. 18. A major band with an estimated molecular weight of 8 kDa was present
together with a minor band at ~16 kDa (Fig. 18). The minort species was observed in several
different preparations of CyaZ. Approximately 1.5 mg of pure protein was obtained from 6

L bacterial culture.

kDa
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33
20.1

14.
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Figure 18: Tris-Tricine gel electrophotesis of fractions from CyaZ. Lane 1: LMW molecular marker; Lane 2:
Crude extract of CyaZ; Lane 3: Pooled CM-Sepharose fractions; Lane 4: 65% Ammonium sulfate precipitated
CM-Sepharose fractions; Lane 5: Pooled Sephacryl S-300HR gel filtration fractions; Lane 6: Concentrated
Sephacryl S-300HR gel filtration fractions. All samples were diluted 1:1 with sample buffer, except crude
extract which was diluted 1:4.

I11. Electrospray Ionization Mass Spectrometry
Purified CyaY and CyaZ wete subjected to electrospray ionization mass spectrometty

to verify the molecular masses and compositions of the purified proteins. The molecular
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masses of the major species in the CyaY and CyaZ preparations wete found to be 12 472 Da
(Fig. 19A) and 8 397 Da (Fig. 20A), respectively. The expected molecular masses of CyaY
and CyaZ minus their N-terminal methionines are 12 472 Da and 8 402 Da, so this confirms
the identities of the purified proteins. An additional minor peak at 24 943 Da represents the
dimer form of CyaY (Fig. 19A), while the peak at 12 509 Da represents the potassium
adduct of CyaY. The peak at 12 710 Da repfesents a HEPES adduct of CyaY (Fig. 19B). The
peaks at 12 738 Da and 12 922 Da have not been identified. Similarly, a dimer peak of CyaZ
was obsetved at 16 79;1 Da (Fig. 20A). The additional peak at 8 429 Da represents a possible

sulfur adduct of CyaZ (Fig. 20B). Other peaks on the mass spectrum wete not identifiable.
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Figute 19: Mass spectra of CyaY. A. The top spectrum shows the main peak at 12 472 Da and a minor peak at
24 943Da (dimer). The bottom spectrum shows more detail around the main peak at 12 472 Da.
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Figure 20: Mass spectra of CyaZ. The top spectrum shows the main peak at 8 397 Da and a minor peak at 16
794 Da (dimet). The bottom spectrum shows the region atound the main peak at 8 397 Da. Sample was
exchanged into 50 mM Tris-HCl pH 8.0 and directly injected into the MS Q-ToF (see Materials and Methods).
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IV. Effects of Reductant on CyaY Indicate a Tendency to Dimerize

Both SDS-PAGE and mass spectrometry results indicated the presence of a dimer
form of CyaY. Dimers should be dissociated in SDS sample buffer and any disulfide-linked
dimers should be reduced by $-mercaptoethanol present n the sample buffer. However,
disulfide linked dimers are sometimes observed when gels are overloaded with proteins in
the presence of insufficient reductant (J. Powlowski, personal communication). To test this
possibility, CyaY was incubated with a 10-fold excess of reductant TCEP (0.353 mM). After
1 h incubation with TCEP at room temperature (lane 4) or on ice (lanes 3 and 5) the upper
band was only faintly visible (Fig. 21). After 24 h, both CyaY that was at room temperature
(lane 7) and incubated on ice (lane 8) were solely in the low molecular weight monomer
form.

The upper band thus appears to be a disulfide-bonded dimer. The stability of the
monomet form was examined after TCEP was removed using a NAP5 desalting column.
The presence of the monomer and dimer forms in samples kept on ice (Fig. 21, lane 10) or
at room temperature (Fig. 21, lane 11) was monitored using SDS-PAGE. The intensity of
the upper band increased significantly in samples kept at 4°C or room temperature after 4.5
h (Fig. 21, lanes 13 and 14) and 24 h (Fig. 21, lanes 16 and 17). The disulfide-bonded
monomet re-formed to some extent with more dimer formation at room temperature versus
4°C. Thus, it appears that CyaY can form disulfide-bonded dimers in the absence of excess

reductant. The dimer band of CyaZ also disappeared with excess TCEP (data not shown).
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Figure 21: SDS-PAGE (12%) gel electrophoresis for TCEP-CyaY treated samples. Lane 1, 6, 9, 12 and 15 are
LMW molecular markers. Lane 2: CyaY; Lane 3: CyaY-TCEP incubated on ice; Lane 4: CyaY-TCEP incubated
at room temperature (samples not boiled); Lane 5: CyaY-TCEP incubated on ice (samples not boiled); Lane 7:
CyaY-TCEP after 24 h at room temperature; Lane 8: CyaY-TCEP after 24 h on ice. Samples wete then run
though NAP5 column to remove excess TCEP. Lane 10: CyaY on ice at time 0; Lane 11: CyaY at room
temperature at time 0; Lane 13: CyaY on ice at 4 h 30 min; Lane 14: CyaY at room temperature at 4 h 30 min;
Lane 16: CyaY on ice at 24 h; Lane 17: CyaY at room temperature at 24 h. All samples were diluted 1:1 with
sample buffer, except lane 2 which was diluted 1:4. Protein concentrations for TCEP incubated samples were
17.64 uM and 441 pM for CyaY alone with no TCEP.
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V. Biophysical Techniques to Characterize CyaY
V.1. Circular Dichroism Spectroscopy of CyaY and Unfolding by Guanidine-HCl

Secondaty structure and thermal stability of CyaY were examined using circular
dichroism spectroscopy. The far-UV CD spectrum displayed features of a-helical and B-
sheet secondary structures (Fig. 22A). The model based on primary sequence (Fig. 15)
teveals a protein fold consisting of a six-stranded antiparallel B-sheet flanked by two parallel
a-helices. The CD spectrum shown in Fig. 22A suggests the presence of «-helix (peak of 208
nm & 222 nm), howevet, the double minimum indicates a mixture of both a-helical and §-
sheet structure (704).

The stability of CyaY from Psexdomonas sp strain CF600 was monitored using far-UV
CD in the presence of varying concentrations of guanidine hydrochlotide. As the
concentration of guanidine hydrochloride denaturant increased, the secondary structure was
lost (Fig. 23A). There was a dramatic change in the secondary structure of CyaY that
occurred in the region of 1.5-2.0 M guanidine hydrochloride, and unfolding appeared to be
complete with 3.0 M GuHCI. The presence of excess TCEP (0.802 mM) appeated to have a
slight stabilizing effect since CyaY starts unfolding at 1.5 M GuHC], but both CyaY samples
wete completely unfolded at 3.0 M GuHCI (Fig. 23B). In a separate experiment in which the
CD spectrum was monitored as a function of temperature, the melting point of CyaY was

estimated to be ~42°C (Fig. 22B).
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Figure 22: A. Far-UV CD spectrum of CyaY from Psendomonas sp. strain CF600 showing secondaty structute.
The spectrum is shown at the top, while the bottom’ graph shows the voltage (HT) duting the CD scan. The
sample contained 0.5 mg/mL (40.1 uM) CyaY in 50 mM HEPES-KOH pH 7.5 buffer. B. Thetmal
denaturation of CyaY from Psesdomonas sp. strain CE600 monitored at 222 nm. The sample contained 40.1 pM
in 50 mM HEPES-KOH pH 7.5 in a circular cell (0.1 cm).
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Figure 23: Denaturation of CyaY monitored using CD spectroscopy. A. Far-UV CD spectra of CyaY from
Psendomonas sp. strain CF600 with varying concentrations of GuHCL CyaY (40.1 uM) in 50 mM HEPES-
KOH pH 7.5 with guanidine hydrochloride concentrations of 0-6 M in 0.5 M increments. B. Unfolding of
CyaY and CyaY + 20-fold TCEP (0.802 mM) monitored at 222 nm.
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V.2. Fluorescence Spectroscopy of CyaY and Unfolding by Guanidine-HCI

CyaY has 3 tryptophan, 1 tyrosine and 6 phenylalanine residues which can contribute
to fluorescence. Fluorescence spectroscopy with varying concentrations of guanidine
hydrochloride was used to monitor CyaY unfolding. Fluorescence changes occutring in the
ptesence of 0-6 M GuHCI using excitation wavelengths of either 280 nm, or 295 nm are
shown in Fig. 24 A & B. The spectral changes were reversible, as indicated by the intensity at
any given wavelength. A sample of denatured CyaY (e.g. 6 M GuHCI) was diluted back to 2
M GuHCI, and the signal was the same as for the sample at 2 M GuHCI (data not shown).
Smaller increments of guanidine hydrochloride were used to more closely examine changes
occurting in the range of 0.5-2.0 M GuHCI, where the largest spectral changes wete
observed (Fig. 25 A & B). Denaturation appeared to be complete at 3.0 M GuHCL. A similar
experiment done in the presence of 10-fold excess of TCEP gave very similar results (data
not shown). The results of the GuHCl-induced unfolding of CyaY monitored by

fluorescence spectroscopy showed good agreement with results obtained using CD

spectroscopy (Fig. 26).
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Figute 24: Fluorescence spectra of CyaY in the presence of varying concentrations of guanidine hydrochloride
in 0.5 M increments. A. hex 280 nm. B. Aext 295 nm. Samples contained CyaY (0.45 mg/mL) in buffer 50 mM
HEPES-KOH pH 7.5 with varying [GuHCI].
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Figure 25: Fluorescence spectra of CyaY in the presence of varying concentrations of guanidine hydrochloride
in 0.1 M increments. A. Aex: 280 nm. B. Ae: 295 nm. Samples contained CyaY (0.45 mg/mlL) in buffer 50 mM

HEPES-KOH pH 7.5 with varying [GuHCI].
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Figure 26: Overlap of denaturation results of CyaY with GuHCI for CD and fluorescence. Circles represent
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The fluorescence spectra of CyaY were compared with those of model compounds
to obtain information about the environments of aromatic residues in the protein. Fig. 27
shows fluorescence spectta of a mixture of the tryptophan model compound, NATA (10.83
M), and the tyrosine model compound, NAYA (3.61 pM), in 5 mM HEPES-KOH pH 7.5
buffer (Fig. 27A) and in 6 M GuHCI (Fig. 27B). In compatison to the spectra of the model
compounds, it is evident that the CyaY spectra are blue shifted and decreased in
fluorescence intensity. This suggests that the aromatic residues are buried in native CyaY,
and are in a relatively nonpolar environment as well as being quenched. When spectra of
denatured CyaY in 6 M GuHCI were compared to those of the model compounds in 6 M
GuHC], the difference was in fluorescence intensities (Fig. 27B). Although CyaY was
completely denatured in 6 M GuHCI, the aromatic residues were still not completely
exposed or freely accessible to the environment in comparison to the standards and were

still quenched.
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Figure 27: Comparison of fluotescence spectra of CyaY with spectra of NATA/NAYA mixtures. A. NATA
(10.83 uM) & NAYA (3.61 uM) in 5 mM HEPES-KOH pH 7.5 compared to native CyaY. B. NATA (10.83

pM) & NAYA (3.61 pM) in 6 M GuHCl in the same buffer compared to 6 M GuHCI denatured CyaY.
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V.3. Analytical Ultracentrifugation to Determine Native Molecular Weight of CyaY in
the Presence and Absence of Fe(II)

As the oligomeric state of frataxins vary depending on the soutce and the presence
or absence of iron, it is important to determine the molecular weight of this newly-purified
CyaY and whether it changes in the presence of iron. Gel-filtration chromatography (data
not shown) and SDS-PAGE suggested purified CyaY was a mixture of both monomer and
dimer. Analytical ultracentrifugation can be used to determine the sedimentation coefficient
and native molecular weight of a protein (90). Sedimentation velocity measutements show
preparations contained mainly monomer (average molecular weight: 12 040 Da, compatred to
12 472 predicted from the sequence), as well as small amounts of dimer (average molecular
weight: 27 540 Da) and tetramer (average molecular weight: 43 920 Da) which cotrespond to
sedimentation coefﬁcienfs of ~1.44 s, ~2.48 s and ~3.46 s, respectively (Table 2). Changing
the concentrations of CyaY did not seem to influence the distribution of monomer and
dimer species indicating that these species did not equilibrate during the time of the
experiment (Fig. 28 & Table 2). The addition of excess TCEP or KCl up to 150 mM did not
appear to change the distribution of the species either (Fig. 29 & Table 3), not did addition
of Fe(Il) in ratios of 1:1-20:1 (F e’":CyaY) (Fig. 30 & Table 4). Sample runs containing CyaY
incubated with Fe(IIl) were also performed, but Fe(Ill) absotbed strongly at 280 nm and

interfered with the data analysis (data not shown).
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Samples 8.82 yM CyaY | 17.6 yM CyaY | 35.3 uM CyaY | 52.9 uyM CyaY¥ | 70.6 uM CyaY
[Loading] Signal 0.20 0.48 0.86 1.1 1.7
0.010 0.057 0.13 0.13 0.23
: 0.024 0.045 0.073 0.10
% Total 77 76 75 79 80
3.9 9.0 1 9.3 11
9.3 7.1 6.3 7.2
Weight (Signal) 1.5 1.5 1.4 14 1.4
Average 2.7 2.5 2.4 24 2.5
Svedbergs 3.5 3.5 34 34
Molecular Weight 13310 11900 11980 11190 11800
Da) 32300 26650 26410 24730 26910
46940 42790 44620 41350

Table 2: Summary of sedimentation velocity AUC data for varying [CyaY] for Fig. 28. Values were obtained
with Sedfit v. 8.9 (90).

Samples CyaY + 50-fold CyaY + 50 mM KCl1 | CyaY + 150 mM KC1
TCEP
[Loading] Signal 0.67 0.73 0.70
0.17 0.16 0.13
0.12 0.11 0.090
% Total 68 69 70
17 16 13
12 11 9.0
Weight (Signal) Average 1.5 1.5 1.4
(Svedbetgs) 2.3 22 23
34 3.5 3.3
Molecular Weight (Da) 13310 12980 12290
26130 24800 24850
48670 47270 43670

Table 3: Summary of sedimentation velocity AUC data for CyaY with 50-fold TCEP and varying [KCl] for
Fig. 29. Values wete obtained with Sedfit v. 8.9 (90).

Samples 1:1 Fe2t: CyaY 6:1 Fe2t: CyaY 20:1 Fe2t: CyaY
[Loading] Signal 0.60 0.60 0.51
0.080 0.11 0.15
0.096 0.097 0.088
% Total 72 71 62
9.6 13 18
12 12 11
Weight (Signal) Average 14 1.5 1.5
(Svedbergs) 2.3 24 2.4
3.3 3.4 3.5
Molecular Weight (Da) 11930 12990 13010
25430 28180 26570
42770 47690 48050

Table 4: Summary of sedimentation velocity AUC data for CyaY with different ratios of Fe(Il) for Fig. 30.
Values wete obtained with Sedfit v. 8.9 (90).
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Figure 28: Sedimentation velocity AUC data for varying concentrations of CyaY of 8.82 uM, 17.6 uM, 35.3
uM, 52.9 uM and 70.6 uM in 50 mM HEPES-KOH pH 7.5. Blanks contained the appropriate buffer minus the
CyaY. Graph A represents the c(s) model and graph B represents the c(M) model. All AUC runs were
monitored at Aggo at 203 893 x g at 15°C.
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Figure 29: Sedimentation velocity AUC data for CyaY (35.3 pM) in TCEP (1.76 mM), CyaY (35.3 uM) with
KCI (50 mM), CyaY (35.28 uM) with KCl (150 mM) in 50 mM HEPES-KOH pH 7.5. Blanks contained the
approptiate buffer minus the CyaY. Graph A represents the c(s) model and graph B reptesents the ¢(M) model.
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Figure 30: Sedimentation velocity AUC data for CyaY (35.3 uM) with varying [Fe?*] of 35.3 uM, 211 uM and
706 uM in 50 mM HEPES-KOH pH 7.5. Blanks contained the appropriate buffer minus the CyaY. Graph A
represents the c(s) model and graph B represents the ¢(M) model.

74



V.3.1. Native Gel Electrophotesis of CyaY in the Presence and Absence of Fe(II)

As it was not possible to determine the molecular weight of CyaY in the presence of
Fe(Ill) by AUC, non-denaturing gel electrophoresis was used to examine this question.
Similar experiments were done previously using Yfhlp, the yeast frataxin orthologue (67).
Non-denaturing gel electrophoresis indicates three bands for purified CyaY (Fig. 31A),
assigned to monomer, dimer and tetramer by comparison with AUC results. Addition of
different ratios of Fe(Il) to aerobic samples of CyaY did not alter the distribution of species
(Fig. 31B). Since Fe(Il) oxidizes to Fe(IlI) during mcubation for 30 min at room temperature
in native sample buffer, the sample probably consists of a mixture of both Fe(II) and Fe(III)
with CyaY. Native gels were also stained with an iron staining solution containing potassium
ferricyanide (data not shown) (60). No iron-containing aggregates were detected by this
method, in contrast to the yeast homologue Ythl, where aggregation was detected in the

presence of excess iron atoms (67) .

Figure 31: Non-denaturing gel electrophoresis of CyaY. A. Lane 1: CyaY (176 uM); Lane 2: CyaY (441 uM);
Lane 3: CyaY (882 uM). B. Lane 1: 1 CyaY:6 Fe?* (176 pM:1.06 mM); Lane 2: 1 CyaY : 12 Fe?* (176 uM:2.12
mM); Lane 3: 1 CyaY:24 Fe?* (176 pM:4.23 mM).
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V.4. Isothermal Titration Calotimetry of Metal Ion-Binding to CyaY

Frataxin from various sources has been shown to bind or associate with iron and
other metals. The objective of these experiments was to determine whether Fe(IT) or Mn(II)
bind to CyaY and if so, with what stoichiometry. First, a control ITC run was performed by
monitoring binding of cytidine 2’-monophosphate to ribonuclease A (bovine pancreas), a
reaction that has previously been well-characterized by ITC (705). The raw data were
integrated and the total cumulative heat was plotted against the total ligand concentration
(Fig. 32). The one binding site binding model was used to fit the calorimetric data to yield
the number of binding sites and thermodynamic parameters for this interaction. The control
run gave an n value of 0.73 £ 0.016, K, value 2.1 uM, and AH = -12+ 0.39 kcal/mol (Fig.
32B). These results were relatively close to the literature value of n = 0.95 + 0.001, K, value
4.0 uM and a AH = -13 * 0.02 kcal/mol (705). The explanation for the deviations in n
values could be error in the concentrations determined.

The difficulty of doing an ITC experiment with Fe(Il) is that it oxidizes rapidly
unless precautions are taken to prevent it. Consequently, a similar-sized divalent cation, Mn
(I1), was used as a substitute in these ITC experiments. Mn(II) is known to substitute for
Fe(II)-binding sites in iron-binding proteins such as ribonucleotide reductase from E. coli
(106). Titration of CyaY (50 uM) with Mn(Il) revealed an endothermic reaction (Fig. 33):
thetmodynamic parametets obtained by fitting to the one site binding model were: n = 1.1 &
0.073, Ky = 14 uM, and a2 AH = 0.99 * 0.091 kcal/mol. Thus, it appears that 1 Mn(II) binds
pet monomer of CyaY. This experiment was repeated with more than one preparation of
CyaY, and the results were identical to those of Fig. 33.

The titration of CyaY (50 uM) with ferrous ammonium sulfate hexahydrate was done

in the presence of sodium dithionite (2 mM) to maintain Fe(II) in the reduced state (Fig. 34).
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~ Fitting to a one site binding model yielded thermodynamic parameters of: n = 0.79 £ 0.0032,
K, = 0.60 pM and a AH = -140 % 0.90 kcal/mol. Thus, CyaY appears to bind Fe(Il) with a

1:1 stoichiometry and much more tightly than Mn(II) binding.
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Figure 32: Binding of 2’-CMP to RNaseA monitored with ITC. A. ITC data of RnaseA (0.0292 mM) titrated

with 22CMP (2.29 mM) in buffer containing 0.2 M K-acetate pH 5.5. The raw data were obtained for 25
automatic injections of 5 pL at 28°C. B. Titration plot derived from integrated heats of binding for RNaseA

(0.0292 mM) titrated with 2’CMP (2.29 mM). The line represents the nonlinear best fit data using the single-site
binding model.
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Figure 33: Binding of Mn(II) to CyaY. A. ITC data of CyaY (50 pM) titrated with MnSO4¢4H2O (1 mM) in 50
mM HEPES-KOH pH 7.5. The raw data wete collected for 25 automatic injections of 10 pL at 25°C. CyaY
was also dialyzed against 50 mM HEPES-KOH pH 7.5 overnight before loading onto the ITC apparatus. B.
Titration plot derived from integrated heats of binding for CyaY (50 uM) titrated with MnSOs4H,O (1 mM) in
50 mM HEPES-KOH pH 7.5.
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Figure 34: Binding of Fe(Il) to CyaY. A. ITC data of CyaY (50 pM) titrated with Fe(NH4)2(SOs)26HO(1.5

mM) in 50 mM HEPES-KOH pH 7.0 containing NaCl (150 mM) and NayS$;04 (2 mM) in both the protein and
iron solution. The raw data were collected for 30 automatic injections of 10 uL at 25°C. B. Titration plot

detived from integrated heats of binding for CyaY (50 pM) titrated with Fe(NH4)2(SO4)26H20 (1.5 mM) in 50
mM HEPES-KOH pH 7.0 containing NaCl (150 mM) and Na,5,04 (2 mM) in both protein and iron solutions.
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V.5. Mn(II) Binding to CyaY Monitored Using CD Spectroscopy

Binding of Mn(II) to CyaY was also studied using CD spectroscopy. Upon addition
of 1 Mn®*/CyaY, thete appeared to be a change in secondary structure (Fig. 35). After the
addition of 1 Mn(II), increasing the Mn(II) concentration further did not appeat to have an
effect on the secondary structure of CyaY. These results correlate with the findings of ITC
(Fig. 33). However, under the conditions of this experiment, and given the K, calculated in

Fig. 33, 100% complex formation is not expected with 1 Mn(IT)/CyaY.
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Figute 35: Far-UV CD spectra of CyaY (0.5 mg/mL) with varying [MnSO44H,0] in 5 mM HEPES-KOH pH
7.5.
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VI. Attempted Isolation of CyaY-Iron Complexes

In these experiments isolation of iron-containing complexes of CyaY were
attempted. CyaY (561 uM) was incubated with iron (11.22 mM) under either aerobic or
anaerobic conditions as desctibed in Materials and Methods. The reaction mixtures were then
run through a mini-spin column (incubated for 1 h at 25°C) packed with Fast-Flow DEAE
Sepharose tesin (aerobic or anaerobic) using NaCl (0.5 M) to elute CyaY from the column
after washing through excess free iron. Fractions that contained protein were then passed
through a NAP5 column equilibrated with 50 mM HEPES-KOH pH 7.5 to remove excess
salt. All fractions were then examined for protein concentration and for iron. Under
anaetobic conditions, the free iron and protein eluted near the same fractions and there were
no stable bound Fe”:CyaY complexes under these conditions (Fig. 36A). Conversely, a
Fe’":CyaY complex with a stoichiometty 1-3:1 eluted from the column under aerobic

conditions (Fig. 36B).
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Figute 36: Chromatograms for the elution of iron-complexed CyaY from DEAE-Sepharose columns. A. CyaY

(352.8 uM) was incubated with Fe?* (7.05 mM). B: CyaY (561 pM) was mcubated with Fe3* (11.22 mM).
Fractions wete sepatated using a DEAE-Sepharose column with 20 mM T1is-HCl containing 500 mM NaClL
Fractions were desalted using a NAP5 column and then analyzed for protein and iron content. Fraction
numbers ate different between A and B because a small-prep (500 pL resin) was used for A and a large-prep

(5.0 mL of resin) for B.
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VII. Roles of CyaY in Iron Bioavailability and Iron Solubility
VIL1. CyaY Promotes Fe(II) Availability as Measured Using «,¢’-Bipyridine Assays

An iron(Il) chelator, a,o’-bipyridine, was used to study the ability of CyaY to
maintain Fe(II) in a reduced and bioavailable form as has been done previously for other
frataxin orthologues (63, 64, 66). CyaY (3 uM), DmpK (3 uM), holo-ferritin (0.3 uM), CyaZ
protein (3 uM) or buffer was incubated with a 10-fold excess of Fe(Il) (30 uM) in 10 mM
HEPES-KOH, pH 7.3. Aliquots of each sample were withdrawn at specific time points and
the concentration of Fe[o,o’-BIPY],”" was determined at 520 nm. Fe(I) in buffer alone
oxidized rapidly to Fe(IIl), holo-ferritin did not slow oxidation of Fe(Il) to Fe(IIl) (Fig.
37A), as expected from results reported in the literature (64, 66). CyaY significantly retarded
oxidation of Fe(I) to Fe(Ill) (Fig. 37A). Similar experiments with yeast frataxin indicated
that ionic strength affects this phenomenon (64). Therefore, the effects of increasing salt
concentrations on iron oxidation were examined in the absence and presence of CyaY (Fig.
37B). Although increasing [KKCI] alone retarded Fe(Il) oxidation, the effect was more
pronounced in the presence of CyaY.

The effects of two other proteins, CyaZ and DmpK were also examined. CyaZ is the
protein encoded adjacent to CyaY on the Psendomonas chromosome, and thus could be
involved in CyaY function, while DmpK is important for iron center assembly in phenol
hydroxylase (87). The combination of the CyaY and CyaZ slowed the oxidation almost
completely (Fig. 37C). Thus, CyaZ appeared to have a pronounced effect on the retardation

of oxidation of Fe(II) to Fe(IIl). DmpK had a similar effect to that of CyaY (Fig. 37C).
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Figure 37: Fe(ll) availability as determined by using «, o’-bipyridine assay. A. CyaY (3 pM), holo-ferritin (0.3
uM), or buffer alone was incubated with ferrous ammonium sulfate hexahydrate (30 uM). B. CyaY (2 uM) and
Fe(NH4)2(SO4)26H2O (100 uM) with varying concentrations of KCL C. CyaY (3 uM), CyaZ (3 uM), DmpK (3
uM) wete incubated with Fe?* (30 uM). Each sample (4 mL) was incubated at 30°C. Aliquots (500 pL) were
withdrawn at the indicated time points. BIPY was added to the aliquot to a final concentration of 2 mM. After
5 min at toom temperature, the concentration of Fe[o,o’-BIPY]32* was monitored at 520 nm. Buffer used was

10 mM HEPES-KOH pH 7.3.
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VIL2. CyaY from Pseudomonas sp. Strain CF600 Promotes Fe(II) Solubility

One of the potential roles of CyaY and other frataxin orthologues is to maintain iron
in a soluble form (67). A simple experiment examining this is to incubate Fe(Il) in the
presence and absence of CyaY to see its effect. Under aerobic conditions, both samples
turned yellow, which was an indication of iron oxidation. However, the oxidation of iron in
the presence of CyaY was slower as indicated by the light yellow coloration (Fig. 38A). A
visible pellet of ferric oxyhydroxide precipitate was formed in the sample that did not
contain CyaY, but there was no iron precipitation mn the sample that contained CyaY (Fig.

38B). Thus, CyaY does appear to have an ability to keep the Fe(II) i a soluble form.

Figure 38: CyaY promotes Fe(Il) solubility. Fe(NH})2(SO)26H20 (320 puM) incubated in the presence or
absence of CyaY (8 uM). The samples were incubated at room temperature for 1 h (left). Samples were
centrifuged at 16 000 x g for 5 min to sediment the precipitate (visible in tubes on right).
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VIL3. Reconstitution of Apo-Catechol 2,3-Dioxygenase by Fe(II) in the Presence of
CyaY

Catechol 2,3-dioxygenase (C2,3-D) is an Fe(I) dependent enzyme that catalyzes the
conversion of catechol to a-hydroxymuconic s-semialdehyde (95-97). Active site Fe(Il) can
be readily removed, and the resulting apoenzyme can be reconstituted with Fe(II) (95, 96).
Given the effect that CyaY appears to have on maintaining Fe(IT) in a soluble form, the
effect of CyaY on this apo-C23-D reconstitution by Fe(II) was monitored. Conversion of
apo-C2,3-D to holo-C2,3-D was achieved upon addition of Fe(Il), and there was a
significant increase in the kinetics for rate of reactivation and extent of reactivation of C2,3-
D in the presence of CyaY (Fig. 39). These observations are consistent with CyaY playing a
role in majntaining iron in a bioavailable form during the reactivation reaction (Fig. 39).
Addition of KCI to a reconstitution mixture containing CyaY and C2,3-D almost completely

inhibited reactivation (data not shown).

Activity [uM/min] at 375 nm

—&— Apo-C2,3-D
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Figure 39: Reconstitution of catechol 2,3-dioxygenase with Fe(If) in the presence and absence of CyaY. Apo-
catechol 2,3-dioxygenase (0.4 uM), CyaY (0.4 uM and 4 uM) were mixed with Fe(NH)2(SO4)26H20 (1 mM) in
50 mM Tris-HCl pH 7.0 and samples were assayed for activity at the indicated times.
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VIII. CyaZ is an Iron-Sulfur Protein

The function of CyaZ is not known: when the protein sequence was compated to
the database at NCBI using BLAST, results such as “hypothetical protein”, “protein of
unknown function”, or “predicted [Fe-S] protein” emerged. CyaZ was expressed and
putified as described earlier, and was found to enhance the ability of CyaY to keep Fe(II) in
a bioavailable form (page 85). The UV-visible spectrum of the protein indicates the presence
of an [Fe-S] cluster (Fig. 40). Biological [2Fe-2S]*'centers have characteristic visible
absorption bands centered around 330 nm (e = between 11 000-16 000 M cm), 375 nm
(literature value not found) and 460 nm (¢ = between 6 000-10 000 M'cm™) (707). The
peaks at ~330 nm, 375 nm and 460 nm observed in Figure 40 are characteristic of [2Fe-25]
cluster (708). Extinction coefficients for CyaZ were estimated to be 11 900 M'cm™ (330
nm), 7 249 M'em™ (375 nm) and 6 097 M'cm” (460 nm) which are within the ranges
obsetved in other [2Fe-2S] centers. The iron stoichiometry was found to be 1.8 per CyaZ,
using the ferrozine assay as described in Materials and Methods. Thus, CyaZ is in fact an iron-

sulfur protein (709).

0.6
Cys ’&3 £ e 1
B @y
05 - e Fé
:Sx“ \;;;;l"" s, "
Cys—8 - S—Uys
0.4
[0]
% Purified CyaZ
L 03 -
[o]
[}
Ke]
<
02
0.1
0.0 T T T T T T T
200 300 400 500 600 700 800 900

Wavelength (nm)
Figure 40: UV-visible spectrum of CyaZ. The samples contained CyaZ (0.35 mg/mlL) in 50 mM HEPES-
KOH 7.0.
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IX. Chemical Cross-Linking of CyaY with CyaZ

Chemical cross-linking is a technique commonly used to detect protein-protein
interactions. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) is a
catbodiimide that couples carboxyl groups to primary amines via an amide bond (770). Itis a
zero-length cross-linker (no spacer between molecules being coupled) in which both
proteins must be in close proximity for a bond to form. EDC was used to probe for an
interaction between CyaY and CyaZ. No cross-linked product was observed in samples
containing CyaY alone plus EDC, or CyaZ alone plus EDC (Fig. 41A, lanes 5-8). A band at
~20.1 kDa was obsetved in EDC cross-linking reaction mixtures containing both CyaZ
(~8.4 kDa) and CyaY (12.5 kDa) (Fig. 41A, lanes 9-10) consistent with formation of a 1:1
CyaY-CyaZ complex. In otder to help rule out collision-induced cross-linking, these
reactions wete tepeated with 10-fold lJower concentrations of CyaY and CyaZ. A 20 kDa
cross-linked product was still observed using these lower concentrations (Fig. 41B). The
addition of Fe(Il) (194 uM) to cross-linking reactions gave similar results to these shown in
Fig. 41A (data not shown). In the CyaY-CyaZ cross-linking experiment, bands were visible at
33 kDa which could represent the combination of a dimer of CyaY with a monomer of
CyaZ (25 kDa + 8.4 kDa), or a dimer of CyaZ protein with a monomer of CyaY (16.8 kDa
+ 12.5 kDa). A minor band at ~40 kDa also appeared and could represent an interaction
between a dimer of Cy';1Y and a dimer of CyaZ (16.8 kDa + 25 kDa). A faint band at ~60
kDa could represent an interaction between a trimer of CyaY and a trimer of CyaZ (25.2
kDa + 37.5 kDa). The high molecular bands become more pronounced as the incubation
time inctreases (Fig. 42B). The plot of log MW versus R, generates molecular weight similar

to those described above.
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Figute 41: Cross-linking by EDC between CyaY and CyaZ. Tris-Tricine Gel A and B. Lane 1: LMW +
aprotinin; Lane 2: CyaY alone; Lane 3: CyaZ alone; Lane 4: CyaY+CyaZ; Lane 5: CyaY+EDC (15 min); Lane
6: CyaY+EDC (30 min); Lane 7: CyaZ+EDC (15 min); Tane 8: CyaZ+EDC (30 min); Lane 9:
CyaY+CyaZ+EDC (15 min); Lane 10: CyaY+CyaZ+EDC (30 min). Protein and EDC concentrations used
were 19.35 uM and 9.68 mM in 50 mM HEPES-KOH pH 7.5 at room temperature for Gel A. Protein
concentrations were diluted 10-fold for Gel B. Gel A. was stained with Coomassie blue, and Gel B was stained
with silver staining solution (see Mazerials and Methods). Molecular weight matker contains phosphorylase b: 97
kDa, albumin: 66 kDa, ovalbumin: 45 kDa, carbonic anhydrase: 33 kDa, trypsin inhibitor: 20.1 kDa, a-
lactalbumin: 14.4 kDa and aprotinin: 6.5 kDa.
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Cross-linking reactions were cartied out with BSA and CyaY as an additional control.
A band appears at ~78 kDa indicating an interaction between CyaY and BSA (Fig. 42A).
The time coutses shown in Fig. 42 A and B indicate that while the interaction between CyaY
and CyaZ is almost immediate (Fig. 42B, lane 2), that between BSA and CyaY was much
slower (Fig. 42A, lane 2).

The effects of high salt concentrations on the cross-linking interactions were also
examined. The addition of sodium chloride to the CyaY + CyaZ cross-linking reactions did
not disrupt the protein-protein interactions between these proteins (Fig. 43A). However, the
presence of salt did abolish the appearance of the band at ~78 kDa in the BSA + CyaY
mixtures (Fig. 43B). This suggests that the interaction between CyaZ and CyaY was not
electrostatic in nature, and that of BSA and CyaY interaction may be due to non-specific
electrostatic interactions.

The chemical cross-linking reaction between catechol 2,3-dioxygenase and CyaY was
also examined. These gels suggests that there were no interactions between them (Fig. 44, gel
A & B). Thus, the improvement in reconstitution of catechol 2,3-dioxygenase in the
presence of CyaY, shown in Fig. 39, may not involve a physical interaction between the two

proteins.
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Figure 42: Time course of EDC-dependent cross-linking between CyaY and BSA (A) or CyaY and CyaZ (B).
Trs-Tricine Gel A. Lane 1: LMW+aprotinin; Lane 2: 0 min; Lane 3: 2 min; Lane 4: 4 min; Lane 5: 6 min; Lane
6: 8 min; Lane 7: 10 min; Lane 8: 15 min; Lane 9: 30 min. Samples contained BSA (5.95 uM) with EDC (8.93
mM) in 50 mM HEPES-KOH pH 7.5. Gel B. Lane 1: LMW+aprotinin: Lane 2: 0 min; Lane 3: 2 min; Lane 4:
4 min; Lane 5: 6 min; Lane 6: 8 min; Lane 7: 10 min; Lane 8: 12 min; Lane 9: 15 min; Lane 10: 15 min at 4°C.
Samples contained CyaY and CyaZ at 17.86 uM and EDC at 8.93 mM.
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Figure 43: Cross-linking by EDC between CyaY and CyaZ in the presence of salt. Tris-Tricine Gel A. Lane 1:
LMW + aprotinin; Lane 2: CyaY alone; Lane 3: CyaZ alone; Lane 4: CyaY+CyaZ; Lane 5: CyaY+EDC (15
min); Lane 6: CyaY+EDC (30 min); Lane 7: CyaZ+EDC (15 min); Lane 8: CyaZ+EDC (30 min); Lane 9:
CyaY+CyaZ+EDC (15 min); Lane 10: CyaY+CyaZ+EDC (30 min). Protein and EDC concentrations used
were 19.35 uM and 9.68 mM. All samples contained 0.1 M NaCl Time course cross-linking between CyaY,
BSA and 0.15 M NaCl. Tris-Tricine Gel B. Lane 1: LMW-+aprotinin; Lane 2: 0 min; Lane 3: 2 min; Lane 4: 4
min; Lane 5: 6 min; Lane 6: 8 min; Lane 7: 10 min; Lane 8: 15 min; Lane 9: 30 min. Samples contained BSA
(5.95 uM) with EDC (8.93 mM).
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Figute 44: Cross-linking by EDC between catechol 2,3-dioxygenase and CyaY. SDS-PAGE (12%) Gel A.
Lane 1: LMW: Lane 2: CyaY + Apo-C23D + Fe2*; Lane 3: CyaY + Holo-C23D; Lane 4: Apo-C23D + Fe?* +
EDC (30 min); Lane 5: Holo-C23D + EDC (30 min); Lane 6: CyaY + Apo-C23D + Fe?* + EDC (15 min);
Lane 7: CyaY + Apo-C23D + Fe* + EDC (30 min); Lane 8: CyaY + Holo-C23D + EDC (15 min); Lane 9:
CyaY + Holo-C23D + EDC (30 min). Gel B contains the same contents as Gel A with the addition of KCl in
each sample. Concentrations used were: CyaY (16.29 uM), apo-catechol 2,3-dioxygnease (16.29 pM), holo-
catechol 2,3-dioxygenase (16.29 uM), Fe?* (1 mM), EDC (8.145 mM) and KCI (0.150 M).
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Discussion

Frataxins are proteins expressed in organisms from bacteria to humans that have
recently been implicated in important iron-trafficking reactions. The objective of this thesis
was to overexpress and charactetize the Pseudomonas sp. strain CF600 frataxin orthologue,
CyaY, focusing on its iron-binding properties and potential roles i donation of iron to
enzymes of the dmp operon encoded phenol degradative pathway. It was also of interest to
identify a possible accessory role for a putative iron-sulfur protein (CyaZ) that is encoded
upstream of ¢yaY in the Psendomonas sp. strain CF600 genome.

Both the cyaY and ¢yaZ genes from Psendomonas sp. strain CF600 were PCR-amplified
successfully from genomic DNA and cloned into the T7-polymerase dependent pET3a
expression vector. BLAST results for the Psendomonas sp. strain CF600 CyaY sequence
showed identity of 39% to E. co/i CyaY (CAA47281), 29% to yeast Ythl (1XAQA), and 28%
to human Hfra (Q16595) at the protein level. Conservation between CyaY from E. o and
Pseudomonas sp. strain CF600 1s mostly with the Glu and Asp residues and in the negative
patch between residues 20-23 of E. w/ CyaY. The protein sequence alignment did not
exhibit any sequence identity towards other known iron binding proteins outside this family.

Molecular weight measurements using mass spectrometry confirmed that the cotrect
proteins had been purified. The molecular weight of the CyaY from Psexdomonas sp. strain
CF600 was estimated to be 12 472 Da using Q-ToF mass spectrometry corresponding to the
exact mass deduced from the gene sequence of CyaY, but with the N-terminal methionine
group cleaved off (MW: 12471.75 Da). A small peak at 24 943 Da observed in the mass
spectrum indicated the presence of dimer (Fig. 19A): a similar conclusion was made on the

basis of SDS-PAGE experiments which also suggested that the dimer is disulfide-bonded.
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The band at ~25 kDa disappeared upon addition of the reductant, TCEP, and the removal
of the reductant resulted in its reappearance (Fig. 21). The modeled three-dimensional
structure of CyaY from Psendomonas sp. strain CF600 indicted that the sole cysteine residue,
Cys83, was relatively exposed to the surface, allowing the possibility of disulfide bond
formation (Fig. 45). A peak at 12 509 Da m the mass spectrum (Fig. 19B) represented a

potassium adduct of the CyaY protein and a few other very minor peaks were not assigned.

Figure 45: Modeled 3-D structure of CyaY from Pseudommonas sp. strain CF600 showing the surface-exposed
Cys83 (structure generated with Swiss-PDB) (55).

In the genome of Pseudomonas putida 12440, ¢yaY is clustered together with a gene
that we have called ¢yaZ, which potentially encodes a 74 amino acid protein predicted to
contain an iron-sulfur cluster. According to the literature, ¢yaY and ¢yaZ possesses their own
transcription and translation control factors (46). Iron-sulfur clusters are cofactors of
proteins found in all organisms, and they are important in redox reactions, catalysis, and they
also carry out some regulatory functions (for a recent review, see (777)). Since CyaY was

predicted to be an iron-binding protein, it is possible that an associated redox protein may
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influence its iron-trafficking properties. Results from sequence comparisons of the gyaZ-
encoded protein revealed the highest sequence identities with a MutT/nudix family protein
from Pseudomonas syringae (14%, AAZ35858), a protein of unknown function DUF1289
(72%, YP233290), followed by sequences of many hypothetical and conserved protein of
unknown function. An interesting aspect of the DUF1289 family is that it consists of a
number of hypothetical bacterial proteins, in which the aligned tegion includes
approximately 56 residues, and contains 4 highly conserved cysteine residues towards the N-
- terminus. CyaZ homologues were clustered with ¢y#Y homologues in Pseudomonas syringae
(100) and Pseudomonas fluorescens PfO-1 (101), but not in E. ¢/ (102) and in Pseudomonas
aeruginosa PAO-1(703). 1t is very possible that the cluster of ¢aY and ¢uZ gene may heip
explain how metal 1ons are distributed to their final destination in bacterial systems.

As no CyaZ orthologues has been putified and shown to contain an iron-sulfur
cluster, it was important to purify and characterize it. The theoretical molecular weight of
CyaZ is 8402.50 Da and the molecular weight of the purified protein was determined to be 8
397 using electrospray ionization mass spectrometry (Fig. 20A). The discrepancy in
molecular weight may be explained by the formation of disulfide bonds between 4 cysteine
residues, resulting in loss of 4 hydrogens, a mass loss of 4 Da. A minor peak at 16 794 Da
suggested the presence of a dimeric form of this protein, which is consistent with the
observation of a band at ~17 kDa SDS-PAGE (Fig. 20B). An additional peak in the
electrospray ionization mass spectrum at 8 429 Da could represent an adduct with sulfur that
was part of the iron-sulfur cluster.

The presence of peaks at ~330 nm, 425 nm and 460 nm on the UV-visible spectrum
of CyaZ indicates the presence of a [2Fe-2S] cluster. Similar UV-visible spectra have been

repotted for ferrochelatase from S. pombe, C. crescentus, and M. tuberculosis as well as other
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proteins that contain a [2Fe-2S] cluster (708, 709). The presence of 2Fe’*/CyaZ was
confirmed using a colourimetric assay for iron. These data show that, as predicted by the
presence of conserved cysteine residues in the amino acid sequence, CyaZ does in fact
contain an iron-sulfur cluster.

CD spectroscopy was used to probe the secondary structure and stability of CyaY.
The CD spectrum was consistent with a structure with an o, fold. This is consistent with
the known 3-D structure of CyaY from E. co/i which comprises a six-stranded antiparallel -
sheet flanked by two parallel a-helix. The CD spectrum was also used to probe the stability
of CyaY to denaturation by heat or guanidine hydrochloride. The thermal denaturation
cutves of CyaY (Pseudomonas. sp. strain CF600), CyaY (E. col), Hfra, and Yfh1 indicated
melting temperatures of 42°C, 50.1£0.7°C, 69.4+0.04°C and 35.8%1.2°C, respectively (76).
The length of the C-terminus was one of the variables that affected the stability of the
frataxins. Yeast frataxin lacks additional hydrophobic residues Leu198, Leu200, Leu203, and
Tyt205 that are present in Hfra. This renders this structure less stable than human frataxin
since the function of these hydrophobic residues is to anchor the C-terminus to the groove
by pointing precisely into the hydrophobic cote for additional stability in structure. Although
Tyr205 is absent in CyaY from Psexdomonas sp. strain CF600, Leul98 is conserved in CyaY.
Residues Leu200 and Leu203 of Hfra is replaced by Phe200 and Ile203 in CyaY from
Pseudomonas sp. strain CF600. Although Phe200 and I1e203 are both hydrophobic residues,
the larger size of these two amino acids could have a destabilizing effect on the overall
structure.

Upon addition of the reductant TCEP, there was only a small shift in the CD
GuHCl induced denaturation cutve. This is consistent with the fact that a disulfide-bonded

dimer is 2 minor species in the CyaY sample. The addition of Fe(Il) to CyaY from E. co/,
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Hfra, or Yfhl has been reported to increase the relative stabilities of these frataxin
orthologues (76). However, the addition of Fe(Il) to CyaY from Psexdomonas sp. strain CF600
quenched the CD signal, so it was impossible to conclude if stability was affected.
Fluorescence spectroscopy was also used to monitor the unfolding of CyaY from
Psendomonas sp. strain CF600 by guanidine hydrochloride. The 3 tryptophan, 1 tyrosine and 6
phenylalanine residues are the fluorophores (Fig. 46). As the concentration of GuHCI
increased, there was a small increase in fluorescence intensity at 1.0 M GuHCI followed by a
progressive decrease until, at 3 M GuHCI, CyaY was completely denatured (Fig. 26). Similar
results were obtained using the integrated area under the fluorescence emission spectrum
which takes into account both the red shift and a dectrease in fluorescence intensity (data not
shown). These results were essentially identical to those observed when denaturation was
monitored by CD spectroscopy (Fig. 26). The addition of the reductant TCEP to samples
did not affect the denaturation results (data not shown). The main transition from 1-3 M

follows the shape of a curve expected for a single transition without intermediates.

Figure 46: Spacefill model of the 3-D structure of CyaY from Pseudomonas sp. strain CF600 with Cys83, Tyr74,
Trp62, Trp81 and Ttp99 (Swiss-PDB) (55).

100



The emission spectrum of CyaY was significantly blue-shifted and decteased in
fluorescence intensity compared to tryptophan and tyrosine model compounds. This
indicates that the Trp and Tyr are in a more nonpolar environment compared to the model
compounds or to the unfolded state, strongly suggesting that they are buried. Unfolding
relieved most of the quenching, but comparisons with model compounds suggest that there
is still some structure even at 6 M GuHCI. Alternatively, it is possible that the differences in
fluorescence intensity between completely unfolded CyaY and the equivalent concentration
of model compounds is caused by errors in the determination of concentration of protein,
model compounds, or both. The predicted three-dimensional structure of CyaY suggests
that the fluorophores are exposed to the environment in the native structure (Fig. 46). This
is not consistent with the unfolding data and the simplest explanation is that the model
generated for CyaY from Pseudomonas sp. strain CF600 is incorrect in the placement of these
residues at the surface. The alternative explanation that they are buried at a dimer interface is
not an alternative as the major form of CyaY is the monomer (see below).

The quaternary structure of CyaY was examined carefully, using analytical
ultracentrifugation. The major species observed was always the monomer. Small amounts of
dimer and tetramer were observed under all conditions and with all preparations of protein.
Varying the concentration of CyaY over a range of 8.82-70.6 pM did not shift the
equilibrium significantly. This indicates that the different species did not equilibrate
significantly during the time course of the run (90). These results were similar to those
reported for CyaY from E. cofi (40), although there were small differences in molecular
weight and sedimentation coefficient. Small quantities of dimer and tetramer species were
obsetved under all conditions: for CyaY from E. w/, tetramer species were also reported. In

addition, only the monomer appeared to be present in the E. co/f CyaY preparations (40).
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A sedimentation velocity tun was done in the presence of reductant, TCEP, to see if
the multimeric species disappeared (Fig. 29); this would indicate that the multimer was
disulfide bonded. A similar distribution curve was observed for CyaY in the absence of
TCEP. The CyaY preparation from E. co/i contains two cysteine residues and experiments
indicatéd that multimers of this protein were not disulfide-bonded either (40). Thus, the
dimeric and tetrameric forms obsetved for CyaY from Pseudomonas sp. strain CF600 appear to
be non-covalent complexes. Small amounts of multimeric species were observed for CyaY
from E. co/i in the presence of Fe(Il) and an oxidant (40). The amounts formed were
dependent on salt concentrations. These conditions were not used for the experiments
reported here, but the effects of Fe(Il) under anaerobic conditions, and of salt alone, were
examined separately. The addition of Fe(II) under anaerobic conditions did not affect the
distribution of species, nor did the addition of salt in the absence of iron. Addition of Fe(III)
gave uninterpretable data since the absorbances in the cell were too high. These results
indicate that CyaY from Psendomonas sp. strain CF600 does not form a multimer in response
to the presence of Fe(II). The effects of Fe(Il) on aggregation under aerobic conditions were
examined using gel electrophoresis.

Native gel electrophoresis has been used to demonstrate aggregation of the yeast
frataxin homologue, Yfh1, in the presence of iron under aerobic conditions (67). Native gel
electrophoresis showed three distinct bands consistent with monomer, dimer and tetramer
forms of CyaY from Pseudomonas sp. strain CF600 (Fig. 31). The addition of Fe(II) under
aerobic conditions where Fe(Il) can oxidize to Fe(II) did not result in any aggregation.
These findings indicate that Psexdomonas sp. strain CF600 CyaY does not behave like the yeast

orthologue which assembles into large complexes around an iron core.
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Iron-binding stoichiometry for CyaY was examined by a variety of methods. ITC
binding expetriments were performed to examine binding of Fe(Il) and Mn(II) to CyaY.
Mn(II) was used as substrate for Fe(II) since it does not oxidize readily and it can often
substitute into binding sites for iron, as i ribonucleotide reductase (706). One binding site
binding models yielded acceptable values for all the calotimetric data. Mn(II) bound with a
stoichiometry of 1.1 & 0.073, while Fé(H) bound with a stoichiometry of 0.79 * 0.0032 (Fig.
33 and 34), consistent with 1:1 binding. The disso;iation constant for Fe(II) was estimated to
be 0.6 uM, while that for Mn(II) was much weaker with a K; of 14 pM. A similar expetiment
with CyaY of E. w/ showed a binding stoichiometry of two ferrous ions/monomer with a
dissociation constant of K;=3.8 uM (40). Thus, the Psexdomonas hofnologue binds one fewer
iron, but more tightly. As the sequence identities of Pseudomonas and E. coli CyaY ate only
39%, this is perhaps not unexpected. However, since the iron binding site for E. co/i CyaY is
only relatively broadly defined (see Intfoduction for a review), it is difficult to pinpoint
specific substitutions that might be responsible for Fe(II) binding.

Attempts were also made to examine Mn(II) binding using fluorescence and CD
spectroscopies. During titration with Mn(II), a small change was observed in the CD
specttum upon the addition of 1 Mn*"/ CyaY, but no significant changes were observed after
a ratio of 10 Mn*'/CyaY (Fig. 35). This is qualitatively consistent with what was observed
during the ITC titration. Changes in the fluorescence properties of CyaY upon titration with
Mn(II) wete vety small so it was difficult to conclude anything from these experiments.

Attempts were made to isolate iron-CyaY complexes for use in metalloproteins
reconstitution assays. Using DEAE column chromatography, it was possible to isolate an
Fe(I)-CyaY complex, but not an Fe(II)-CyaY complex (Fig. 36). It was pethaps not

surptising that a stable Fe(II)-CyaY complex could not be obtained since Fe(II) must be
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loosely bound if CyaY acts as an iron-chaperone, binding iron loosely so that it can readily
adsotb ot release iron depending on availability. The ability to isolate an Fe(III)-CyaY
complex was initially of less interest since the apo proteins we ate interested in reconstituting
requite Fe(I[). However, given the observation that CyaY interacts with the iron-sulfur
protein, CyaZ, the Fe(II[)-CyaY complex may be useful in further studies of the interaction
with CyaZ; for example, reduced CyaZ might be able to reduce Fe(III)-CyaY to Fe(I[)-CyaY.

Chelators specific for Fe(II) have been used to monitor the ability of yeast and
human frataxin orthologues to prevent iron oxidation and improve its availability (64, 66).
Similar experiments were done using CyaY from Psexdomonas sp. strain CF600, with
apptoptiate controls (Fig. 37). As was shown previously (64, 66), the buffer alone and holo-
fetritin had no effect on the retardation of oxidation of Fe(II). As has been reported for the
yeast and human frataxin orthologues, CyaY and CyaZ significantly hindered the oxidation
of Fe(Il) to Fe(Ill) allowing iron to become mote bioavailable to BIPY. Interestingly, the
combination of both CyaY and CyaZ had an enhanced effect on keeping the iron in a
bioavailable form (Fig. 37C). This is the first indication that CyaZ might play a role in
promoting iron bioavailability. The rate of spontaneous Fe(Il) oxidation is also influenced by
the ionic strength of certain anions (772, 713), explaining why addition of increasing KCl
concentrations retatded oxidation of Fe(Il) to Fe(IIl) in the experiments reported here (Fig.
37B). The effects of CyaY and KCI were cumulative, indicating that the interaction of CyaY
with Fe(Il) is not simply a nonspecific electrostatic interaction. Interestingly, DmpK, which
has been repotted to be involved in assembly of the binuclear iron center of phenol
hydroxylase (87), also had the ability to retard Fe(II) oxidation.

Retarded Fe(Il) oxidation kinetics were also observed for E. cwk CyaY (40). A

difference of approximately 2-fold in retardation of Fe(II) oxidation was observed, which is
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a considerably smaller difference that that seen in Fig. 37A. Thus, it appears that the
Pseudomonas CyaY might be a more effective protein in this regard, especially when it is
accompanied by CyaZ.

One of the expected roles of frataxin is to maintain iron in a soluble form (67). A
graphical demonstration of this ability was obtained by incubating Fe(II) in the presence or
absence of CyaY, and observing the appearance of fetric oxyhydroxide precipitate in the
samples (Fig. 38). Oxidation of iron in the presence of CyaY was slower, as shown by the
lighter yellow coloration and the absence of precipitate (Fig. 38). This is a convincing
demonstration that CyaY from Pseadomonas sp. strain CF600 can help maintain Fe(Il) in a
soluble form.

There are several iron-containing proteins that are part of the dmp-operon encoded
phenol degradative pathway (774-777). It is possible that CyaY could play a role in
assembling the iron centers of these proteins. DmpP and DmpQ both contain iron-sulfur
clusters which, in other organisms, have been shown to involve the participation of frataxin
otthologues in their assembly (778, 779). Catechol 2,3-dioxygenase (DmpB) is an Fe(Il)-
containing enzyme that catalyzes the conversion of catechol to o«-hydroxymuconic e-
semialdehyde (95-97). The apo form of this enzyme can be generated easily by dialysis
against chelators, and the holo form can be regenerated using ferrous iron salts, albeit slowly
(95-97). The reconstitution of catechol 2,3-dioxygenase was therefore a simple system that
could be used to monitor the effects of CyaY on iron insertion.

Thete was a significant influence on the rate and extent of reconstitution of apo
catechol 2,3-dioxygenase by Fe(Il) in the presence of CyaY (Fig. 39). This result is consistent
with the results obtained for BIPY assays, which indicated that CyaY kept Fe(Il) in a

reduced form for a much longer period. No interaction between the proteins was detected
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using EDC cross-linking (Fig. 44), but this does not rule out the possibility of complex
formation, which has been observed in other frataxin mediated reactions (66).

Given the combined effects of CyaY and CyaZ on retarding Fe(II) oxidation, it was
of interest to examine whether these two proteins mnteract. Cross-linking using EDC results
in the appearance of a species with a molecular weight of ~20.1 kDa, which likely represents
the bond formation between CyaZ (~8.4 kDa) and CyaY (12.5 kDa) (Fig. 41). This species
was observed even using dilute solutions, suggesting that it is not the result of collision-
induced cross-linking. Furthermore, the kinetics of the appearance of the ctross-linked
product wete faster in comparison with a control reaction between BSA and CyaY (Fig. 42).
Although the BSA-CyaY interaction was disrupted upon addition of NaCl (Fig. 43B), the
addition of sodium chloride to the CyaY plus CyaZ mixture did not disrupt the protein-
protein interaction. This result indicates that the interaction is not due to non-specific

electrostatic interactions, and that it is not primarily electrostatic in nature.
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Future Work

Mote studies must be done on CyaZ to determine its possible involvement in iron-
trafficking in bacterial systems. Additional characterization of CyaZ using biophysical
techniques is necessary. Furthermore, it would be of interest to examine whether CyaZ. can
participate in redox reactions with CyaY or CyaY-Fe(IIl). Finally, a CyaZ knockout may be
helpful in trying to establish a physiological role for this protein

We have been intetested for a number of years in the assembly of iron into the apo
form of phenol hydroxylase from Pseuxdomonas sp. strain CF600 (87). The assembly of the
oxo-btidged binuclear iron center appeared to be aided by a small protein, DmpK. Iz vitro
studies of this process have been carried out using Fe(NH,),SO,,6H,O but it would be
preferable to use a biological iron donor. One potential donor is CyaY, possibly in
combination with CyaZ. It would be of interest to observe the effect of CyaY on the
reconstitution of apo-phenol hydroxylase.

Site-directed mutagenesis would be useful in studying the Fe(II) binding properties
of CyaY. If the crystal structure of CyaY from Pseudomonas sp. strain CF600 was available, the
selection of mutants would be simpler. On the basis of previous work done with E. co/i
homologue, the following 13 residues could be targets: Asp31, Gly37, Val38, Thr40, Gin54,
Pro56, Gln59, Trp61, Leu62, Gly67, Asp72, Trp78, and Leu9l (43). Site-directed
mutagenesis of these residues may assist in finding potential binding sites for Fe(I) or
Fe(ITT). Random mutagenesis could be useful in finding residues that mediate the interaction

between CyaY and CyaZ.
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