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ABSTRACT Adrenodoxin reductase homologue
(Arhl) and yeast adrenodoxin homologue (Yahl) are
essential Saccharomyces cerevisiae mitochondrial
proteins involved in heme A biosynthesis and in
iron-sulfur cluster (FeSC) assembly. Although the
role of Arhl and Yahl in heme A biosynthesis is
fairly well established, their systemic role on FeSC
synthesis is not well understood. Also, while it is
thought that the reductase Arhl provides electrons
for the ferredoxin Yahl, two hybrid experiments do
not show interaction between the two proteins. In
the first part of this article, we use structural bioin-
formatics methods to evaluate the possibility of
interaction between Arhl and Yahl. Using protein
model building and docking algorithms, we predict
a complex between Arhl and Yahl that is similar to
that of their bovine homologues (adrenodoxin reduc-
tase-adrenodoxin reductase), suggesting that Arhl
can indeed reduce Yahl. The predicted complex
allows us to suggest point mutations to either mole-
cule that could hinder Arhl1-Yahl interaction and
test the role of Arhl as the reductase for Yahl. In the
second part of this article, we investigate the physi-
ological role of Arhl1-Yahl on FeSC assembly by
deriving alternative mathematical models of the
process, based on published information. Compar-
ing the dynamical behavior of each model with that
observed in reported experiments emphasizes the
importance of Arh1-Yahl providing electrons for in
situ FeSC repair. Only when this mode of action of
either of the two proteins in FeSC synthesis is
considered can previously reported results be repro-
duced. Proteins 2004;56:354 -366.
© 2004 Wiley-Liss, Inc.
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INTRODUCTION

Iron—sulfur clusters (FeSC) are widespread cofactors in
proteins, working both as catalytic and electron transport
mediators and as sensors for the oxidation state of the
cellular environment.' Genetic and biochemical evi-
dence shows that a set of proteins is involved in the proper
functioning of FeSC-dependent cellular activity.? In Sac-
charomyces cerevisiae, these proteins include GRX5,6
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SSQ1,71° JAC1™'' ATM1,'%'® NFU1,%>'114 YAH1,'5
ARH1,*¢ISU1-2,2-1117 [SA1-2,'820 NFS1,'321 YFH1,%2:23
and ERV1.2* Deficiencies in one or more of these proteins
cause impaired FeSC-dependent enzyme activity and mito-
chondrial iron accumulation, and are connected with
Friedriech’s ataxia.?® The systemic role of many of these
proteins is not well understood. The goal of this series of
articles is to combine the use of different theoretical
methods and bioinformatics tools to determine the most
likely systemic roles for different FeSC biosynthesis pro-
teins. In this first article of the series, we start by
investigating the roles of the ferredoxin—ferredoxin reduc-
tase pair, Arh1 and Yah1, respectively.

Adrenodoxin reductase homologue (Arh1) is a mitochon-
drial essential reductase enzyme in the yeast S. cerevi-
siae.?® Arh1 is homologous to the mammalian adrenodoxin
reductase. Mutations in the latter are complemented by
Arhl, although they are involved in different cellular
processes.?”?® Repression of Arhl expression leads to
10-fold mitochondrial iron accumulation and a 6-fold de-
crease in FeSC-dependent enzyme activity.'® Additionally,
heme A synthesis is disrupted.®

Yeast adrenodoxin homologue (Yah1l) is a mitochondrial
2Fe-2S yeast ferredoxin that is homologous to the mamma-
lian adrenodoxin.?® Contrary to the complementation ob-
served between Arh1 and mammalian adrenodoxin reduc-
tase, Yahl mutants cannot be complemented by the
mammalian adrenodoxin.2® Two hybrid assays have failed
to recover a direct interaction between Arh1 and Yah1.2?
The failure may be due to the differences between the
nuclear environment of the two-hybrid assay and the
mitochondrial environment where the relevant interac-
tions should take place.° This negative result is at odds
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SYSTEMIC ROLE OF ARH1-YAH1

with different lines of evidence that support a role for Arh1
as the reductase for Yah1:

1. Repressing the expression of either of the genes—arhl1
or yahI—produces the same effects on mitochondrial
iron levels, FeSC-dependent enzyme activity, and heme
A biosynthesis. %2931

2. Heme A and FeSC biosynthesis takes place at the
mitochondrial matrix, co-localizing with Arhl and
Yahl 143233

3. A ferredoxin reductase—ferredoxin pair is thought to be
involved in FeSC synthesis in bacteria.>* This suggests
a similar role for the yeast homologues.

The role of Arhl as the reductase for Yahl is further
supported by their systemic effect in heme A biosynthesis,
which is fairly well understood.?!:3235 Heme A is a funda-
mental cofactor for cytochrome peroxidase. Near the end of
the heme A biosynthetic pathway, coproporphyrinogen III
is imported into the mitochondrial matrix and trans-
formed into heme O. Arh1 and Yah1 provide electrons for
the final transformation of heme O into heme A.3? After
this transformation, ferrochelatase inserts iron into the
protoheme, and the full heme is inserted into the cyto-
chrome peroxidase.

The systemic role of Arh1 or Yahl on FeSC synthesis is
not well understood, although the deletion of either of the
genes causes a similar phenotype. FeSC assembly is a
process that requires electrons at several different stages.
First, iron needs to be reduced to be imported to the
mitochondrial matrix.?® Arhl and Yahl could provide
electrons to ensure this reduction. However, it has been
shown that Yahl is not involved in mitochondrial iron
uptake.?*3® Second, FeSC clusters are assembled onto
scaffold proteins, with the assistance of the cysteine
desulfurase Nfsl. Electrons are needed at this stage for
the reduction of disulfide bridges and probably also to
change the affinity of iron toward the scaffold, thus
facilitating the coordination between sulfur and iron in the
cluster.'*37-38 Third, it has been suggested that the redox
state of the FeSC transiently assembled in the scaffold
proteins determines the affinity of the FeSC to the scaffold
and thus the rate of FeSC donation to apo-proteins. Arh1l
and Yahl could provide electrons to regulate this pro-
cess.®® Finally, and after transfer of the FeSC to the
apo-proteins, the clusters can be damaged. It has been
shown that the cysteine desulfurase can repair some of
these damaged clusters in situ, instead of reassembling a
cluster from the beginning.*® Arh1 and Yah1 could provide
electrons for this process.®

In this work we address two questions regarding the
Arh1 andYahl proteins. First, we use structural bioinfor-
matics techniques to investigate whether a protein com-
plex formed by Yah1 and Arh1 could sustain a sufficiently
large electron transfer flow to support their as of yet
unproven pairing. Our results suggest that this can be the
case, and we propose specific experiments to validate our
predictions. Second, we address the question of what the
direct role of Arhl and Yahl is in FeSC assembly by
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constructing and analyzing mathematical models of alter-
native networks of Arh1 or Yahl action on mitochondrial
FeSC metabolism. Only when Arhl or Yahl donates
electrons for the in situ repair of FeSC by Nfsl can we
reproduce previously published experiments. This does
not preclude electron donation to other parts of FeSC
biosynthesis metabolism but emphasizes the importance
of FeSC repair in the dynamics of the system.

METHODS
Structural Homology Modeling and Protein
Properties Calculations

If a target protein with undetermined structure has
sufficient sequence homology to another protein of known
structure, the latter protein can be used as a template to
thread the target sequence in three-dimensional (3D)
space (see review**?). We use this well-established tech-
nique, known as homology modeling, to predict the struc-
tures of Arhl and Yahl. Target and template sequences
are aligned using each of the following programs: 3DJIG-
SAW,*3 SWISSMODEL,***> BONSAI (http://calliope.
gs.washington.edu/software/), CLUSTAL,*¢ ITERALIGN,*’
and 3D-PSSM.*® A consensus alignment is then derived
(Supplementary Fig. 1). The template files for Arh1l and
Yahl were references 1LQT.pdb and 1E6E.pdb, respec-
tively, from the Protein Data Bank (PDB).*® These struc-
tures were selected because their sequences had the
smallest E-values of all candidates with known structures
upon alignment to the target proteins. The alignments
were submitted to the SWISS-MODEL and 3D-JIGSAW
servers for initial structure prediction, and the resulting
models were optimized by using DEEPVIEW**45 to recon-
struct loops and rearrange clashing residues. A full-energy
minimization of the models was performed using the
GROMACS97 force field.*® The program ProtParam (http:/
us.expasy.org/tools/protparam.html) was used to predict
in vivo half-life of proteins in yeast cells.

Protein Docking

Given the atomic coordinates of two proteins, docking
methods search for the bound complex between them in
which the surfaces of the two proteins fit best (see re-
views®%®1), Protein docking experiments were done using
GRAMM."2-%* This method is appropriate for the docking
of low-resolution model structures, because it scans the
entire protein surfaces against each other, averaging
structural details and predicting general features of the
ligand-receptor complex.?%%2754 We used HARLEM?®?-56 to
predict maximal rates of electron transfer between the
proteins of the docked complexes.

Evaluation of the Effect of Arhl and Yahl Activity
on Mitochondrial FeSC Metabolism

A simplified network describing possible alternative
roles for Arh1 and Yah1l in FeSC assembly and transfer is
shown in Figure 1. Accessory reactions and rate expres-
sions are presented in Table I. Experimental quantitative
data measuring the effect that regulating the gene expres-
sion of Arh1 or Yah1 has on FeSC metabolism is available
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Fig. 1. Alternative roles of Arh1 and Yah1 in the initial FeSC assembly
and transfer. Flux of material between different metabolite pools is
indicated by full arrows joining the source pool to the sink pool. The
catalytic role of a protein in a reaction is represented by broken, dotted,
hollow, or lighter shaded arrows, joining the catalytic protein to a full
arrow. Isu, pool of free scaffold proteins, where initial assembly of FeSC
takes place. IsuFe2S2, pool of scaffold proteins with an assembled
2Fe-2S cluster. IsuFe4S4, pool of scaffold proteins with an assembled
4Fe-4S cluster. 2Fe-2S Apo Protein, 2Fe-2S—dependent apo-protein.
2Fe-2S Holo Protein, fully functional 2Fe-2S—dependent protein. Dam-
aged 2Fe-2S Apo Protein, 2Fe-2S—dependent protein, with a damaged
FeSC. 4Fe-4S Apo Protein, 4Fe-4S—dependent apo-protein. 4Fe-4S
Holo Protein, fully functional 4Fe-4S—dependent protein. Damaged 4Fe-4S
Apo Protein, 4Fe-4S—dependent protein, with a damaged FeSC. Nfs1,
cysteine desulfurase, which is the enzyme responsible for FeSC assem-
bly and repair. AY1, Arh1 or Yah1. Clusters initially assemble at the Isu
scaffolds. They are transferred from the scaffold to FeSC-dependent
apo-proteins. Scaffold and protein FeSC have a natural turnover, and can
be damaged and/or lost. Under some conditions, the damaged FeSC can
be repaired in situ. Alternative roles that have been proposed for Arh1 and
Yah1 in the FeSC assembly metabolism are (1) electron providers for
initial FeSC assembly in the scaffold proteins (dotted arrows), (2) electron
providers to facilitate FeSC transfer from the scaffold proteins to the FeSC
dependent apo-proteins (hollow arrows), and (3) electron providers for in
situ repair of damaged FeSC clusters (lighter shaded arrows). For
additional reactions and details on rate expressions see the main text of
article and Table I.

ZFe-25 Apo Protein

in the literature.'®'® These experiments knock out the
genes for Arhl or Yahl, replacing them with the same
genes in a plasmid with controllable gene expression. To
study the effect of Arhl or Yahl, the activity of FeSC-
dependent enzymes, the mitochondrial iron levels and
heme A biosynthesis are monitored at different levels of
Arh1 or Yahl gene expression. To reproduce these experi-
ments in our models, we scan Arh1 or Yah1 activity levels
for three orders of magnitude above and below a normal-
ized reference point. We then compute the steady-state
relative amounts of FeSC-dependent proteins containing
FeSC (P1, P2, and AY1 in Table I) at various kinetic order

TABLE 1. Minimal Reaction Model for FeSC Biosynthesis in S. cerevisiae
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2Isu, scaffold for initial FeSC assembly; IsuFe2S2, IsuFe4S4, scaffold with a Fe2S2 and a Fe4S4 FeSC cluster assembled, respectively; Fe, mitochondrial iron; P1, generic enzyme needing a

Fe2S2 FeSC to be functional; P2, generic enzyme needing a Fe4S4 FeSC to be functional; AY1, electron donor (either Arh1 or Yah1, depending on the experiment; see text for an explanation);

Apo_P1, Apo_P2, Apo_AY1 -apo forms of P1, P2 and AY1 respectively; P1_1, P2_1, AY1_1-P1, P2 and AY1 forms with a damaged and repairable FeSC; P2Fe2S2 - P2 enzyme with an

intermediate Fe2S2 cluster assembled; Heme, heme molecules synthesized in the mitochondrial matrix; Heme_Fe, heme molecules with iron.

PSpecies in parenthesis and brackets in the equations are not represented in the flux diagram, because they contribute to the catalysis of the reaction but are neither produced nor consumed in

the reaction; bracketed species represent the scrutinized role of AY1.
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TABLE II. Experiments to Determine the Effect of Arh1
Donation of Electrons to Different
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and Yahl on the Dynamical Behavior of the Network Upon
Subprocesses Within FeSC Synthesis®

Tested combination Scanning intervals for the values of Arh1 or Yah1 kinetic orders in each of the

of subprocess(es) to subprocesses considered in FeSC synthesis

which Arh1 or Yahl . .

can donate electrons Synthesis Transfer Repair

in FeSC synthesis /54 f64 123 133 143 93 123 f143
Synthesis of FeSC(S) 5=f54=0 5=f64=0 23=0 33=0 f43=0 f93=0 f123 =0 f143=0
Transfer of FeSC (T) 54=0 f64=0 5=R3=0 5=f33=0 b5=£3=0 f3=0 f123 =0 f143=0
Repair of FeSC (R) 54=0 f64=0 23=0 33=0 fA3=0 5=03=0 5=f123=0 5=f143=0
Sand T 5=f54=0 5=4=0 5=f23=0 5=f33=0 5=f43=0 f93=0 f123=0 143 =0
SandR 5=f54=0 5=f64=0 £23=0 33=0 f3=0 5=f3=0 5=f123=0 5=f143=0
TandR 54=0 f4=0 5=R3=0 5=f33=0 5=f43=0 5=£93=0 5=f123=0 5=f143=0
S, T,and R 5=2f54=0 5=f4=0 5=f23=0 5=f33=0 5=f43=0 5=/93=0 5=f123=0 5=f143=0

2Each of these scans was done in three different models; (1) a model where only 4Fe-4S cluster transfer from scaffold proteins to 4Fe-4S
apo-proteins was considered; (2) a model where only 2Fe-2S cluster transfer from scaffold proteins to 4Fe-4S apo-proteins was considered (i.e., a
4Fe-4S cluster built in two steps of transfer); (3) a model where 4Fe-4S clusters could assmeble in 4Fe-4S apo proteins via either (1) or (2). See

Table III for details.

TABLE III. Experiments to Test the Different Possibilities for the Transfer and Assembly
of 4Fe-4S Clusters in 4Fe-4S Apo-Proteins

Values for the rate constants regulating each flux

4Fe-4S 1st 2Fe-2S 2nd 2Fe-2S
Mode of FeSC assembly in 4Fe-4S apo-proteins transfer flux transfer flux transfer flux
2 transfer steps of 2Fe-2S cluster from scaffold a, =0 Qg >0 a3 >0
1 transfer of 4Fe-4S cluster from scaffold a, >0 g5 =0 a3 =0
2 transfer steps of 2Fe-2S cluster from scaffold or 1 transfer
of 4Fe-4S cluster from scaffold a, >0 Qg >0 0y >0

values and at various ratios for the fluxes of the different
processes shown in Table I. Details on how the scanning of
parameters is performed are given in the appendix. The
various modes of Arh1 or Yahl action and the appropriate
values for the Arh1 or Yahl kinetic orders to be scanned
for each of the modes are described in Table II and in the
Appendix (Table AI), respectively.

Because the mechanism of transfer of a FeSC to
4Fe-4S apo-proteins is not clear, we tested the effects of
Arh1 and Yahl in all possible modes of 4Fe-4S cluster
assembly in 4Fe-4S apo-proteins. How the different
modes translate into parameter values is shown in Table
III. The total amounts of 2Fe-2S—dependent enzymes,
represented as P1 (P1 + Apo P1 + P1_I), and of
4Fe-4S—dependent enzymes P2 (P2 + Apo P2 + P2_I)
are considered to be constant. This assumption is justi-
fied because protein synthesis and degradation usually
takes place at a timescale (hours to days; approximately
20 h half-life for Arhl and Yahl) that is orders of
magnitude lower than that of FeSC turnover (minutes to
hours).

The published data'®1® that allow us to evaluate our
models needs to be transformed for direct comparison with
our simulations, so that iron levels and FeSC-dependent
enzyme activity can be plotted against Yahl levels. Be-
cause the transformation of the original data relies on
image analysis of bands on a gel, which is inaccurate, the
transformed data shown in Figure 2 can only be used as
indicative of the correlation between active Yahl levels

and the activities of FeSC-dependent enzymes or the
mitochondrial iron levels.

RESULTS
Structural Results

Arhl is a soluble membrane-associated protein and
Yahl is a soluble protein. Maximal superposition of the
backbone atoms between our model for Arhl and the
bovine homologue adrenodoxin reductase (AdR) shows a
total deviation of 17.75 A. Although this number is large, it
is due mostly to the reconstructed loops, with the purpose
of accommodating Arh1 residues that do not exist in the
AdR. Before this reconstruction, the deviation is less than
6 A, although gaps exist in the Arh1 model. Additionally,
there is almost perfect sequence and structural residue
conservation of the FADH and NAD(P) interacting resi-
dues between the two enzymes.?”*® The only residue that
is not conserved in the FADH binding site is the A17 of the
bovine enzyme, which in the yeast Arh1 is S26, while the
NAD(P) interacting residues Q153 and T373 in AdR are
replaced by N177 and Q413, respectively in Arhl (Table
IV). Furthermore, the conserved residues that are in-
volved in FAD and NAD(P) interactions can be almost
perfectly superimposed in space, with a root-mean-square
deviation (RMS) of less than 1 A.

Yah1 and bovine adrenodoxin (Adx) are almost identi-
cal, with a total RMS of 4.51 A between the backbone
atoms of both structures after maximal alignment. A
difference that is predicted from our model with respect to
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Fig.2. Qualitative effect of varying gene expression of Arh1 or Yah1 (x
axis) on mitochondrial iron accumulation and FeSC-dependent relative
enzyme activities (y axis). Plots are dimensionless. Active Yah1 levels
have been calculated assuming a first order decay of the concentration of
Yah1 and fitting the data in Figures 2, 3, and 6 of Lange et al.'® to this
process. The decay constant is found to be approximately 0.045 h~". (A)
Mitochondrial iron accumulation relative to the wild-type levels as a
function of Yah1 degradation. (B) FeSC-dependent enzyme activities
relative to the wild-type activity levels as a function of Yah1 degradation.
Squares, succinate dehydrogenase activity; triangles, aconitase activity.

the mammalian Adx is the orientation of the putative
binding site for the FeSC. Although model structures have
a much lower definition than crystallographic or NMR
structures, the difference in the spatial orientation of one
of the 4 cysteines coordinating the FeSC between bovine
and yeast ferredoxin is likely to be significant and not just
an effect of model resolution. While in the yeast ferredoxin
the 4 cysteine residues are within 10 residues of each other
in the sequence, in the bovine ferredoxin, one of the
cysteine residues is more than 50 residues away from the
other 3 cysteines. Although the yeast cysteine does not
superimpose with the bovine cysteine, it still allows for the
coordination of an undistorted FeSC.

R.ALVES ET AL.

The crystallized bovine AdR-Adx complex®” suggests
that the interaction between the two molecules follows a
lock—key model to a reasonable approximation [Fig. 3(A)].
As a control for our docking experiments, we uncoupled the
bovine proteins and subjected them to the same docking
procedure. We recovered a complex that is approximately
the same as the crystallized complex. The predicted Arh1-
Yahl complex is also similar to the crystal [Fig. 3(A and
3B)]. Figure 4 (see Supplementary Table I) shows the
surface residues in the interface between Arhl and Yahl
that are less than 6 A away from the opposing molecule.

The last 11 residues of Yahl are predicted to act as
physical anchors to the reductase, much in the same way
the Adx tail acts in the known AdR-Adx complex. Al-
though the overall electrostatic fields of the Yah1l molecu-
lar surface is negative, the Yah1 tail (Leu-Pro-GIln-Met-Thr-
Arg-Asn-Val-Asn-Asn-Asn) is likely to be more positively
charged than the adrenodoxin tail (Val-Pro-Asp-Ala-Val-
Ser-Asp-Ala-Arg-Glu-Ser). The arrow in Figure 3(B) shows
that there is a small negative patch of surface in the Arh1
molecule where the tail is anchored in the complex.

The minimal interprotein distance (< 7 A) in the pre-
dicted Arh1-Yahl complex allows for electron transfer
between the two molecules.?® Although our models have a
lower resolution than actual structures, we use HARLEM
to evaluate the maximal electron rates between the FADH
molecule in the reductase and the FeSC of the substrate
molecule. We have also explored possible structural expla-
nations for why Adx is unable to rescue yahl mutations.
We have calculated the best docking between Arhl and
Adx and between AdR and Yahl, which are similar to
those shown in Figure 4(A and B). The maximum rate of
electron transfer in the predicted Arh1-Adx complex is
calculated to be one order of magnitude less than that for
both the predicted complex Arh1-Yah1l and the Adx—AdR
complex (. a,n-age = 6.3 X 10%, k. arn1—vans = 1.2 X
107, kocndnr—ade = L2 X 107, ko avir—van = 1.2 X 107).
Point mutations in the residues predicted to be in the
electron transfer pathway are predicted to modulate both
the maximum rate of electron transfer and the pathway
itself. This is also true for homologous point mutations in
the AdR—Adx complex. The predicted maximum rate of
electron transfer, in either the Arh1-Yah1l mutated com-
plexes or the AdR-Adx mutated complexes, can increase or
decrease, depending on the substituting amino acid. The
change in the maximum rate of electron transfer is always
found to be smaller than an order of magnitude.

We have perturbed the Arh1-Yah1l docking configura-
tion to assess how that would affect the predictable
maximal rate of electron transfer. Small rotations of Yah1
about the axis shown in Figure 3(A) cause little change in
the maximal predictable rate of electron transfer between
Arh1 and Yahl. However, as the rotation angle increases,
the maximal predictable rate of electron transfer de-
creases and, for a rotation of II radians, &, . s, n1—ven1 =
1.527 x 10~ 3. Additionally, we have calculated maximal
rates of electron transfer for the different complexes in the
best docking cluster, and %, is always orders of magni-
tude lower than that of the best complex. Thus, combining
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our results with the available information regarding the
AdR-Adx complex, we feel that there is good reason to
admit that Yah1 is a substrate for Arh1, and that the later
provides electrons for FeSC biogenesis through the former.

A Minimal Network Model for the Action of Arhl
and Yahl on Mitochondrial Metabolism

Mounting evidence suggests the network of reactions
shown in Table I as a minimal model for the coordinated
action of the protein involved in FeSC biogenesis. A brief
description of the reactions follows:

1. For reasons of simplicity, we considered only one
electron donor species in our model (AY1, representing
either Arh1 or Yahl in Table I). This reproduces the
published experimental set up, in which only the effect
of either Arh1 or Yahl is studied. If Arh1 acts on FeSC
through Yahl, as appears to be the case, lumping the
two molecules together does not change the qualitative
results of our simulations. If Arhl acts on FeSC
biogenesis independently of Yahl, reactions v3, v14,
v15, and v28 have rate constants equal to zero when
scanning for Arhl action (because Arhl does not
contain a FeSC) and different from zero when scan-
ning for Yahl action. Qualitatively, the results are
similar in both cases.

2. Iron is imported into the mitochondrial matrix (v16). It
is not consensual how Fe it is stored in the mitochon-
drial matrix. We assume as a simplification that a
common mitochondrial iron pool is formed (Fe) and
used for both heme A synthesis and for FeSC synthe-
sis. We also consider a sink flux to account for any
other usage or export of iron from the mitochondria
(v18).

3. FeSC are thought to assemble initially in homodimers
of the scaffold proteins, Isul, Isu2, Isal Isa2, and
probably Nfulin S. cerevisiae.*17:18:39:60 A]] these are
lumped into one and represented by Isu. The FeSC
assembly onto the dimer is catalyzed by the cysteine
desulfurase Nfs1.1321:61 The dynamics of the cluster
assembly into the scaffold are described by v5 (2Fe-2S
cluster) and v6 (4Fe-4S cluster).

4. Once a 2Fe-2S FeSC is assembled in the scaffold, it can
be transferred to 2Fe-2S apo-proteins,®? represented
by Apo_P1 and Apo_AY1 (v2 and v3, respectively).
There is also the possibility that 2Fe-2S clusters are
transferred to 4Fe-4S apo-proteins®%%® (v22), repre-
sented by Apo_P2. A second 2Fe-2S transfer to P2Fe2S2
would lead to the formation of the appropriate 4Fe-4S
FeSC on the apo-protein (v23).

5. If the FeSC remains on the scaffold proteins, it can
convert over time into a 4Fe-4S FeSC3° (v6), repre-
sented by IsuFe4S4.

6. Although there is no direct evidence of this, one cannot
rule out the possibility that the 4Fe-4S FeSC can be
transferred directly to 4Fe-4S apo-proteins (v4).

7. There is a natural turnover of FeSC, both in scaffold
proteins and in the FeSC proteins (v1, v7, v10, v13,
v15, and v25), for example, due to oxidative stress.*°
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TABLE IV. Conservation of Protein Residues between

Arhl and Yahl
Cofactor binding the
Bovine adrenodoxin Corresponding residues in the
reductase residues Arh1 residues bovine enzyme
A17? S26 FADH
E38* E48 FADH
K39? K49 FADH
1462 L56 FADH
H552 H65 FADH
R134* R143 FADH
D159* D183 FADH
w3672 W407 FADH
1376 1416 FADH
T379* T419 FADH
E209° E235 NAD(P)
N155° N179 NAD(P)
V156° V180 NAD(P)
Q153° N177 NAD(P)
R197* R223 NAD(P)
R198® R224 NAD(P)
S328° S361 NAD(P)
Y331® Y364 NAD(P)
T373° Q413 NAD(P)
G374° G414 NAD(P)

2Ziegler et al.>®
bZiegler and Schulz®”

Proteins containing damaged FeSC are represented by
P1_1, P2_I, and AY1_I. Nfsl homologues reconstruct
damaged FeSC directly in situ*®®* (v9, v12, and v14).
Alternatively, the damaged FeSC can be destroyed
and lead to the formation of apo-proteins (v8, v11, and
v28).

8. Finally, the FeSC can be transferred from the scaffold
to the cytoplasm®®2* (v26 and v27), affecting both,
mitochondrial iron levels and FeSC dependent activity
levels.

9. Arh1 and Yahl are involved in the final steps of heme
A synthesis (Heme), prior to the introduction of
iron'6-26:29:31.32.35 (3,90) Heme turnover is accounted
for by v21. Alternative to being destroyed, Fe can be
inserted into the heme molecule (v19), forming
Heme_Fe. Turnover of this form of heme is also
considered in our model (v17).

10. The involvement of Arh1 and Yah1 on FeSC is not well
understood. We have described the possible modes of
action of Arh1 and Yah1 previously.

These 10 steps define a minimal network model to study
the action of Arh1 or Yah1l on mitochondrial FeSC assem-
bly and iron metabolism. Most of the considered reactions
exhibit nonlinear properties that make it impossible to
predict the integrated behavior of the whole system intu-
itively.

To investigate the influence of the activity of Arhl or
Yahl in the dynamical behavior of the network shown in
Table I for every possible electron donation configuration
from Arhl or Yahl to FeSC synthesis, we need to use
nonlinear mathematical models. Our mathematical model
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TABLE V. Simulating the Effect of Varying Arh1 or Yah1 Levels on Mitochondrial Iron Levels and on SDH and Aconitase
Activities for Different Modes of Arh1 or Yahl Action and Different Modes of 4Fe-4S Cluster Transfer: Comparison With

Experimental Results®
éra?lll or 4Fe-4S cluster mode of transfer to aconitase
mode of Full 4Fe-4S cluster transfer and
action 2-step 2Fe-2S cluster transfer Exclusive full 4Fe-4S cluster transfer Exclusive 2-step 2Fe-2S cluster transfer
STR Reproduces experimental results Does not reproduce experimental results® Reproduces experimental results
ST Does not reproduce experimental Does not reproduce experimental results® Does not reproduce experimental results®
results®
SR Reproduces experimental results®  Does not Reproduce experimental results®  Reproduces experimental results®
TR Reproduces experimental results®  Does not reproduce experimental results® Reproduces experimental results®
S Does not reproduce experimental Does not Reproduce experimental results®  Does not reproduce experimental results®
results®
T Does not reproduce experimental Does not reproduce experimental results® Does not reproduce experimental results®
results®
R Does not reproduce experimental Does not reproduce experimental results® Does not reproduce experimental results?
results?
Does not reproduce experimental Does not reproduce experimental results® Does not reproduce experimental results®
results®

2Reproduces experimental results, simulations show an inverse correlation between activity of the electron donor anf mitochondrial iron levels, as
well as a direct correlation between electron donor levels and FeSC-dependent enzyme activity. Does not reproduce experimental results,

simulations cannot reproduce at least one of the former correlations.

PFor rates of FeSC transfer from the scaffold proteins to the FeSC apo-proteins at least one order of magnitude larger than the rate of FeSC

synthesis on scaffold proteins.

“Mitochondrial iron levels increase upon decrease of Arh1 or Yah1 levels. SDH and aconitase activities either remain insensitive or increase with

decreasing levels of Arh1 or Yahl.

4SDH and aconitase activities decrease upon decrease of Arh1 or Yahl1 levels. Mitochondrial iron levels either remain insensitive or decrease with

decreasing levels of Arh1 or Yahl.

°Mitochondrial iron levels either remain insensitive or decrease with decreasing levels of Arhl or Yahl. SDH and aconitase activities either

remain insensitive or increase with decreasing levels of Arh1 or Yahl.

is based on a well-established power law mathematical
formalism.%°~%7 The derivation of this model, as well as the
mathematical model itself, is given in the Appendix.

The Role of Arh1 and Yahl in Mitochondrial FeSC
Assembly

The experimental depletion of Arhl or Yah1'%16 ig
reproduced in our models by decreasing the total amount
of AY1 and solving the equations at the different levels of
Arhl or Yahl, followed by computing the steady-state
percentage of each protein, P1, P2, and AY1, that is in its
holo form, as well as the mitochondrial iron levels. It is
assumed that FeSC-dependent enzyme activity is directly
proportional to the percentage of P1 and P2 in holo forms.
By working with normalized quantities and studying the
steady-state or dynamical behavior of the model, we are
able to determine the qualitative behavior that is most
common to alternative network models. By changing the
values for the kinetic orders of AY1 on the different
equations, we determine the dynamical behavior of the
system under all possible modes of action of Arh1 or Yahl
on FeSC synthesis. Although no clear data on the mecha-
nism or accurate estimates for the parameter values of the
system exist, using normalized quantities and the power
law formalism as a modeling framework, we overcome
these two concerns. Details on why this is so are given in
the Appendix and in the references therein. Examples of
how the use of this low-resolution modeling approach has
assisted in discerning between alternative roles of proteins

in different cellular networks can be found in the litera-
ture.58:69

Tables II and III describe the various kinetic experi-
ments and explain the nomenclature for the each possible
mode of action of AY1.

A qualitative description of the ability of our model to
reproduce the experimental results is shown in Table V.
Our simulations show a decrease in heme levels as the
activity of AY1 decreases for all modes of AY1 action,
which concurs with the observed experimental re-
sult!5:16:26.29.70 an( is therefore of no assistance in distin-
guishing between alternative networks. Table V discrimi-
nates the effect of varying AY1 levels on mitochondrial
iron accumulation and FeSC-dependent enzyme activity
according to different AY1 modes of action. It further
discriminates, for each mode of AY1 action, the effect of
varying AY1 on the mitochondrial iron levels and on the
activity of FeSC-dependent enzymes, according to the
different possible modes of transfer of 4Fe-4S cluster to P2
(i.e., allowing only the full 4Fe-4S cluster to be transferred,
allowing only a two-step transfer of 2Fe-2S clusters, and
allowing for both mechanism of transfer to coexist).

Only the STR mode of action in Table II can qualita-
tively reproduce the previously described'®'® mitochon-
drial iron accumulation and the decrease in FeSC-
dependent enzyme activity caused by AY1 depletion over
all tested parameter values. SR and TR electron transfer
modes can reproduce the same experiments as long as the
basal relative rate of FeSC transfer from the scaffold
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Fig. 3. Complex between ferredoxin (blue) and ferredoxin reductase
(yellow). (A) Complex on the left is the one that was crystallized for bovine
adrenodoxin and adrenodoxin reductase. Complex on the right is the one
predicted from our structural models of Arh1 and Yah1. (B) Left, bovine
complex; right, yeast complex. The electrostatic potential have been
calculated assuming a protein dielectric constant of 4, a solvent dielectric
constant of 80, and a solvent ionic strength of 0.1 M. Residues with a
surface charge calculated to be larger than 1.8 are colored blue. Residues
with a surface charge calculated to be smaller than —1.8 are colored red.
Remaining residues are in white. The ferredoxin surface that docks the
reductase is highly negative (red) and binds a pocket of positive residues
(blue). The white arrow indicates the surface patch where mutation of
three Arg residues into Asp residues is predicted to disrupt Arh1-Yah1
interaction.

Fig. 4. Backbones of the contact residues in the docking of Yah1
(brown) to Arh1 (blue). Shown residues are less than 6 A from the
other molecule. (A,B) Horizontal rotations of II radians with respect
to the paper plane. (C) Residues predicted to be in the electron
transfer pathway from FADH to the 2Fe-2S FeSC. The dotted line
shows the electron path from FADH to the 2Fe-2S cluster.
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proteins to the FeSC apo-proteins is at least one order of
magnitude larger than the rate of FeSC synthesis on
scaffold proteins. Previous interpretation of the experimen-
tal results downplayed the importance of Arhl or Yahl
electron transfer at the repair stage of mitochondrial FeSC
metabolism, because it was assumed that proteins with
damaged FeSCs did not retain iron ions to sustain Nfsl
action.®

DISCUSSION

In this work, we combine structural modeling with
protein docking of model structures to obtain structural
models of Arhl and Yahl, and predict the best docking
mode between the two molecules. We find that the pre-
dicted best complex between Yahl and Arhl is very
similar in spatial orientation to the experimentally deter-
mined complex between bovine Adx and AdR. Further-
more, although the sequence identity between Arhl and
bovine Adx is 33.9% (similarity 50.3%), there is almost
total sequence and spatial conservation of the residues
that bind NADP and FADH in AdR and the presumptive
NADP(H) and FADH binding residues in Arhl. All our
structural data, interpreted in light of the known Adx—
AdR complex, suggest that Arh1 can indeed be the reduc-
tase for Yahl.

Mutations in the Yahl C-terminal are predicted to
perturb the docking between Arh1 and Yah1, as well as the
maximal electron transfer rate between the two molecules.
Additionally point mutations of residues Arg268, Arg272,
and Arg273 to Asp residues may destroy potential salt
bridges between Arhl and Yahl, by analogy with the
AdR-Adx complex.”* With that, the interaction between
the two proteins may be disturbed. If this is so, Yah1 would
become a poorer substrate for Arh1 and potentially mimic
the effects of decreasing the levels of arhl or yahl gene
expression on FeSC-dependent enzyme activities and on
mitochondrial iron accumulation. When done in silico, any
combination of the proposed Arg to Asp point mutations
(including double and triple mutations) has little effect in
changing the best docking complex that is predicted be-
tween Arh1 and Yah1l. However, homologous mutations in
AdR have a similarly small effect on the predicted docking
between AdR and Adx, although they are known to form
salt bridges that stabilize the crystallized complex. A
repetition of the experiments reported by Lange et al.'®
and by Li et al.”? using the mutated forms of Yah1 or Arh1
would be a way to test the possible Arh1-Yah1 interaction.

Several processes have been proposed as the target for
Arh-Yahl electrons in FeSC biosynthesis, namely, (1)
import of reduced iron to the mitochondrial matrix, (2)
initial FeSC assembly in the scaffolds, (3) transfer of the
FeSC from the scaffolds to the apo-proteins, or (4) in situ
repair of damaged FeSC.!%"® Experimental results ex-
clude possibility (1).%¢ Our own dynamical modeling re-
sults agree with the experimental results because, if (1)
was the destination of Yahl electrons, mitochondrial iron
levels would decrease upon depletion of Arhl or Yahl
(data not shown), which is contrary to the observed
experimental results. 151636
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A direct correlation observed to occur between the iron
contents of immunoprecipitated mitochondrial FeSC-
dependent proteins and Yahl levels'® has been inter-
preted as indicating that Yahl acts mostly on de novo
FeSC synthesis.'® This interpretation rests upon several
assumptions that are not fully justified, the two most
relevant ones being:

1. It assumes that damaged FeSC’s do not retain iron.
However, it has been shown that, at least for bacterial
proteins, some damaged FeSC’s retain iron ions.*®

2. It assumes that a decrease in the iron contents of FeSC
proteins can only ensue from defective de novo FeSC
synthesis. Yet the decrease in iron levels can also ensue
from decreased in situ repair of FeSC, which allows
damaged FeSC’s to release their iron ions before being
repaired.

Our results suggest that Yah1 (Arh1) electron donation
to the repair of FeSC clusters is fundamental for the
correlation between Yahl (Arh1l) levels and FeSC-depen-
dent enzyme activity or mitochondrial iron levels. If Yah1l
(Arh1) does not donate electrons for FeSC repair, the
model is unable to reproduce the correlations. The results
shown in Table V suggest that the effect of Yah1 (Arh1) on
mitochondrial iron levels is most likely due to electrons
donated to the synthesis stage of FeSC. When an S mode of
action of Yahl (Arhl) is considered, mitochondrial iron
accumulates as Yahl (Arhl) activity decreases, while
FeSC-dependent enzyme activity is mostly independent of
Arh1 or Yahl levels. Similarly, our simulations suggest
that electron donation of Yah1 (Arh1) to the in situ repair
of FeSC clusters is likely to be responsible, in large part,
for the inverse correlation between Yah1 (Arh1) levels and
FeSC-dependent enzyme activity.

Our simulations exclude that only transfer of 4Fe-4S
cluster from FeSC scaffold proteins to 4Fe-4S—dependent
apo-proteins takes place. There must be at least some
2Fe-2S transfer to reproduce the experimental correlation
between Yahl (Arhl) levels and FeSC-dependent enzyme
activity. Nevertheless, we cannot distinguish between an
exclusive 2Fe-2S transfer and mixed transfer of 2Fe-2S
and 4Fe-4S clusters.

In summary, our results emphasize the importance of
electrons donation for the in situ FeSC repair process.
Previous interpretations of the experimental results based
solely on linear cause—effect reasoning discarded this
possibility. Thus, the modeling results emphasize the
importance of using mathematical models and a systems
biology perspective when interpreting results in experi-
ments involving nonlinear systems.
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APPENDIX: DERIVATION OF THE
MATHEMATICAL MODEL AND PARAMETER
SCANNING PROCEDURE

Mathematical Derivation

Two types of approximations were used to derive the

equations for Table I:

To simplify the model, in several cases, various reac-
tions and processes were lumped together in one flux.
This is the case, for example, of the heme A synthesis or
the FeSC assembly at the scaffold proteins.

Because the exact mathematical form of the rate expres-
sions is unknown, they were approximated using the
power law equations.®®~®7 This formalism is able to
describe an unknown target function around an operat-
ing point by using a Taylor series in logarithmic
space.56:74

We derive the power law equations that describe the
dynamical behavior of each of the molecular species of
interest as follows:

1.

Consider a molecular species of interest, for example,
heme, in Table I. The dynamical behavior of this species
results from the balance of different reactions: (a) The
flux corresponding to the lumped processes prior to
heme A synthesis (v20 in Table I); (b) the flux account-
ing for the decrease in free heme levels caused by iron
insertion (v19 in Table I); and (c) the flux accounting for
the aggregated processes of heme A depletion (v21 in
Table I). Although v20 is a function of many intermedi-
ate metabolites and enzymes, we are only interested in
the role of Arh1l and Yahl. Thus, we will assume that
the other metabolites and enzymes remain at approxi-
mately constant levels, which is the same assumption
that is made during the wet lab inhibition of Arh1 or
Yahl gene expression. Similar assumptions are made
for fluxes v19 and v21, and the resulting equations that
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account for the time evolution of the heme pool is

d Hemeldt = vy (AY1) — v, (Heme, Fe) — vy, (Heme)
(A1)

2. For each flux, we now write a power law description,
with as many terms as the number of species on which
the flux is considered to be dependent, multiplied by a
rate constant. For example, the power law that de-
scribes the flux v20 is oy, (AY1Y2°1. 020 is a multiplica-
tive parameter that includes all effectors that are
considered to be constant and it can be derived math-
ematically from Eq. (Al) by the formula oy, =
(vyo (AY1) ™1)|) where the subindex O indicates the
operating point for the derivation procedure. The expo-
nent f,y; is an apparent kinetic order of the flux v20
with respect to AY1 and is given by

fa01 = [d Log vy/dLog (AYl)]|o
= [(AYl)/Uzo]|o[dU20/d (AYl)]|o,

where the subindex 0 indicates the operating point for
the derivation procedure. Finally, the full power law
representation for the dynamic behavior of Heme in our
model is

dHemeldt = oy (AY1)™ — o gFe’* Heme'™?

— ag Heme™. (A2)
In order to write the complete set of equations for the
network shown in Table I, we only need to repeat this
procedure for each molecular species in the network. The
resulting mathematical model is a set of ordinary differen-
tial equations in GMA (generalized mass action) form. The
multiplicative parameters o, are rate constants, while the
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exponential parameters or kinetic orders (f;;) represent the
strength of the direct influence of a given molecular species
on a given flux. If there is no direct influence of species j on
flux i, then f;; = 0. If species j positively modulates or is a
substrate of flux i, then f;; > 0. If species j negatively
modulates or inhibits flux 7, then f;; < 0. This mathemati-
cal approximation is guaranteed to be accurate within a
given range about the operating point.%®

The system of ordinary differential equations (SODE)
that represents the network in Table I is the following:

dIsu/dt = vl + v2 + v3 + v4d + v22 + v23 + v25 + V26 +
v27 — vh

dIsuFe,Sy/dt = v5 + v7 —v 1 —v2 —v3 — v6 — V22 —
v23 — v26

dIsuFe,S,/dt = v6 — v4d — vT — V25 — V27

dApo P2/dt = v8 + v24 — v4 — v22

dP2Fe,S,/dt = v22 — v23 — v24

dp2/dt = v4 + v9 + v23 — v10

dP2_I/dt = — dApo P2/dt — dP2/dt — dP2Fe2S2/dt

dApo P1/dt = v11 — v2

dP1/dt = v2 + v12 — v13

dP1_l/dt = — dApo P1/dt — dP1/dt

dApo_AY1/dt = v28 — v3

dAY1/dt = v3 + v4d — v15

dAY_I/dt = —dApo_AY1/dt — dAY1/dt

dFeldt = v16 + v17 + 2(vl + v7 + vll + v24 + v28) +
4(v8 + v25) — v18 — v19 — 2(v5 + v6)

dHemeldt = v17 + v20 — v19 — v21

dHeme_Fel/dt = v19 — v17

Each vi (1 = i = 28) is given in detail in Table I.
Numerical solution of SODE in our work has been done
using the programs PLAS"® and GEPASI.”®

TABLE AL Parameter Constraints and Parameter Values®

Rate constant constraints

Kinetic orders constraints

al =a7=0.05 Al=f11=81=f111=/241=251=/281=1
02=a3=o0d=022=023=0.1 PRl=B1=A1=221=R231=1
o5 = a6 = 0.05 22 =132=[42=222=/32=1
0=/23=/33=/43 =223 =233 <5
a8:a11:a28:a24:a725:0.05 Al=f61=05
al0 = 13 = a15 = 0.05 52 =162=05
0.001 < a9 = 012 = al4 < 100 A3=3=1
al6=0.1 0=/HB4=f54=5
al7=0.1 1 =121 =f141=05
al8 = 0.01 92 =f122 =fl142=1
0.001 < 19 < 100 0=/93=/123=f143<5
220 = 0.1 Ffl01=/131=f151=1
21 =0.1 flll=1
0.001 < 026 = a27 =< 100 Fl181=1
F191=05
7192 =05
201=1
2l1=1
261=R71=1

0=/262=1212<5

2Parameter estimates have been calculated using information from references.

13,15,16,18,22,36,39,63,74,77—82
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Parameter Values and Scanning Procedure

All 28 rate constants are positive. Because no inhibitory
feedback is considered, all 52 kinetic orders are non-
negative. The available data do not allow the determina-
tion of actual concentrations and absolute rates for many
of the processes we need to consider. However, it does
allow for the estimation of relative rates with respect to
normal steady-state values of the different molecular
species being considered. The same is true regarding the
kinetic orders. Thus, by normalizing the equations with
respect to standard steady-state values of the variable, we
are able to study the qualitative behavior of the model. The
basal values for rate constants and kinetic orders are given
in Table Al

The parameter scanning was done as follows: Kinetic
orders have values that are bound by small integer num-
bers (between 0 and 5 in absolute value®®"#). Because of
the similarity between the two processes, it is reasonable
to assume that the kinetic order of AY1 for the scaffold
assembly of FeSC is the same in v5 and v6. Thus, we
calculate the steady states of our model by keeping f54 =
f64, and scanning for both between 0 and 5 at 0.5 intervals.
Similarly, we keep /93 = (123 = 143 (influence of AY1 on
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the repair of FeSC) while we scan their values between 0
and 5 at 0.5 intervals. The final kinetic orders we scan
measure the influence of AY1 on FeSC transfer from the
scaffold proteins. Again, we consider that f23 = f33 =
43 = 223 = f233 while we scan their values between 0
and 5 at 0.5 intervals. Because our estimates of rates come
from experiments done by different groups, under differ-
ent conditions and sometimes using different systems, we
also have sampled the ratio between different relative
rates. We have sampled the ratio between the rate of de
novo synthesis of FeSC and the rate of FeSC in situ repair,
the rate of FeSC transfer to the cytoplasm and the ratio of
Heme_Fe to FeSC synthesis, taking independent samples
at different values for each of the ratios (0.001, 0.01, 0.1, 1,
10, 100). Additionally, we have repeated this experiment
for the three different possible modes of FeSC transfer to
apo-proteins (see Table III) and for the possibility that
Arh1 does not act on FeSC through Yahl (a3 = «al4 =
al5 = a28 = 0). Compounding this scanning with that for
AY1 (0.001, 0.01, 0.1, 1, 10, 100), we calculated a total of
approximately 7 million steady states, of which only the
stable were used to compare with the experimental re-
sults.



