Supplementary Appendix

Generating a curated pathway model using expert knowledge

After an analysis of the relevant literature, the following detailed information

was considered to build the networks shown in Figure 2. Bold letters shown

parenthetically identify which part of Figure 2 is described:

i)

Iron is imported into the mitochondrial matrix. Once at the mitochondrial
matrix, iron is loaded directly into the enzyme ferrochelatase [1, 2] and is
directed for heme synthesis and ISC biogenesis. Some results show that, in
vitro, Fe can also be stored by frataxin (Yfh1) for posterior usage [3, 4]. The
in vivo relevance of this is disputed. To a first approximation one can
simplify the reaction network by assuming that a mitochondrial iron pool
exists and that the iron from this pool is used for both heme A synthesis and
for ISC synthesis. We also consider a production flux that accounts for iron
import into that mitochondrial pool and a sink flux that accounts for any
other usage or export of iron from the mitochondria. According to the
available information, possible alternative roles for Yfthl in Fe processing
are: a) Regulation of Fe import and usage (1) and b) Regulation of ISC
synthesis (S), transfer (T) and repair (R) through the regulation of Fe supply
[5, 6].

ISC initially assemble in the Isul, Isu2, Isal, Isa2, and Nful scaffold dimers,
represented by ISS in Figure 2 (e. g. [7]). Scaffolds form homodimers where
the initial ISC assembly takes place [6, 8]. ISC synthesis (S) is catalyzed by
cysteine desulfurase Nfs1 [9-11] and requires electron balancing. One
possible role for Arh1-Yahl in the ISC synthesis (S) process is that of

electron transfer regulation. Recent evidence suggests that, in E. coli, the



iii)

Vi)

Isal/Isa2 homologue protein IscA is important in providing Fe to the
Isul/Isu2 homologue protein [12-15]. In our model, for simplicity’s sake, we
will not differentiate between different types of scaffold proteins.

Once a 2Fe-2S ISC is assembled in the scaffold it can be transferred (T) to
2Fe-2S apo-proteins[12, 13, 16-21], represented in Figure 2 by Apo-P1 and
Apo_Arhl_Yahl. There is also the possibility that 2Fe-2S clusters are
transferred (T) to 4Fe-4S apo-proteins [16, 18, 19]. Two transfer steps would
then lead to the formation of the appropriate 4Fe-4S ISC on the apo-protein.
The affinity of the clusters for the scaffolds (and thus the transfer of the ISC)
is modulated by the reduction state of the cluster [22]. Herein lays another
possible role for Arh1-Yahl in ISC biogenesis. These proteins could provide
electrons to regulate the process of ISC transfer (T) to Apo-proteins.

If the ISC remains on the scaffold proteins, it can be transformed into a 4Fe-
4S ISC [8, 23]. Roles for Yfhl, Nfs1, and Arh1-Yahl in this additional ISC
synthesis (S) step are similar to those described before.

Although we know of no direct evidence for this, one can not rule out the
possibility that the 4Fe-4S ISC can be transferred directly to 4Fe-4S apo-
proteins, represented in Figure 2 by Apo P2. Arh1-Yahl could have a role in
providing electrons to regulate cluster affinity and transfer (T).

There is a natural turnover of ISC, both in scaffold proteins and in the ISC
proteins, for example due to oxidative stress [e. g. [24, 25]]. Nfsl
homologues are able to repair (R) damaged ISC directly in situ [23, 26]. A
role for Arh1-Yahl in providing electrons to facilitate this repair (R) is

possible.



vii)  Finally, once assembled in the scaffold proteins, the ISC can be transferred
to the cytoplasm [27, 28], most likely through Atm1.

viii))  Grx5 is a monothyolic reductase that catalyzes the reaction
P—SSG +GSH <> PSH +GssG [29]. Because ISC are coordinated between cysteine
residues, glutathionylation of such residues would prevent formation of ISC
and thus disturb normal ISC biogenesis and ISC dependent protein activity.
Thus, Grx5 could be active in regulating the glutathionylation state of
cysteine residues in Arhl, Yahl, scaffold or Nfs1 proteins. Grx5 could also
be involved in regulating the formation/destruction of disulfide bridges in
these proteins [29]. These two modes of action are lumped into one by
defining for each ISC assembly protein an inactivated pool that can be
reactivated by GrxS5.

1X) There is a possibility that Grx5 protein-protein disulfide bridge reducing
activity could act upon such bridges formed between different ISC proteins.
There have been reports that, in the absence of iron on the scaffold dimers,
such a bridge forms between Isu and Nfs1 homologues, leading to a dead
end complex between the two proteins [30-32]. Grx5 could be active in
reducing these bridges and returning both proteins for active duty in ISC
assembly.

X) The HSP70-type protein chaperone Ssql is important for proper folding of
the proteins involved in ISC biogenesis pathway and for the proper
functioning of the pathway. Mgel is used by Ssql as a nucleotides
exchanging factor. Jacl is a HSP40-type co-chaperone homologue that is
important for the appropriate functioning of Ssql in the ISC biogenesis

pathway. Ssql, Mgel and Jacl work together and are activated by Isu



homologues [7, 33-39], which suggests that these proteins may be involved
in: a) stabilizing (St) ISC assembly in the scaffolds until a productive
transfer occurs [7, 40], b) in initial folding (F) of scaffold proteins or other

ISC proteins or ¢) in both processes.
Derivation of the GMA Model
a) The power-law approximation:

If the flux of a given process is regulated by species X, Xy, ..., X, but the functional
form of the rate expression is unknown one can write the following equation to describe

its rate.
v, = FJ. (XI,XZ,...,XH) Eq. 1

In general, the exact form of F is unknown. If one assumes that this function is a
rational function [7, 40-42], one can write the same equation in logarithmic space and
approximate that function using a Taylor series. Then, by truncating the series in the
first order term and returning to a Cartesian space, the unknown form of the function

can be approximated by a power-law function [43, 44]:
v, ;;/jHka‘* Eq. 2
k=1

Where v; is an apparent rate constant and fjx an apparent kinetic order:

Vi :Vj,OH ka(jfk
k=1
_ diog]v, |
M dLog[ X, ] )



In the case of the ISC biogenesis, the reproduction of experimental results requires that

the concentration of several dependent variables decreases steadily until it ultimately is

zero, for example when reproducing a Grx5 knock-out cell line. Many of the rate

expressions approach zero as the concentrations of different species decrease, which

suggest that the Generalized Mass Action (GMA) representation is more adequate for

our models. By using such a representation, we ensure that as one protein is knocked

out of the model it will affect only the process it is supposedly involved in.

b) Reactions that constitute a base model for ISC biogenesis

The reactions used in the model, together with rate expressions are shown in

Supplementary Table 1. The assemble model and differential equations are given as

supplementary material in an SBML file. This model is obtained in the following way.

First, the mass balance equations for each internal variable are written. For instance, in

the case of the pool of scaffold proteins (ISS in Figure 2), we have the following

Processes:

Biogenesis of the Fe2S2 cluster
Loss of the Fe2S2 cluster
Unfolding of the scaffolds
Folding of the scaffolds
Transfer of the Fe2S2 cluster
Transfer of the Fe4S4 cluster
Transfer of the Fe2S2 cluster
Transfer of the Fe2S2 cluster

Transfer of the Fe2S2 cluster

Glutathionylation of Scaffold
Deglutathionylation of Scaffold

Loss of Fe4S4 cluster from
scaffold

2 Fe + ISS — ISSFe2S2
ISSFe2S2 — 2 Fe + 1SS
U_ISS — ISS
ISS — U_ISS

ISSFe2S2 + Apo P1 —
ISS +P1

ISSFe4S4 + Apo P2 —
ISS + P2

ISSFe2S2 + Apo P2 —
ISS + Apol P2
ISSFe2S2 + Apol P2 —
ISS + P2

ISSFe2S2 +
Apo_Arhl_Yahl — ISS +
Arhl Yahl

ISS — ISS_SG

ISS_SG — ISS

ISSFe4S4 — 1SS + 4 Fe

f34 f35

f31. _f32 f33
V3 =73 Fe 1SS [Arhl _ Yahl 1INfs1 1IR%i! ]
41

f f42
v4:y4ISSFe252 [Ssqdac ]

f71 f72

Vv, = y7IS8 [SsgqJac ]

vg = a8ISS

94

f9l1 f92 f93 f
Vg = ygApo _ Pl ISSFe, S, [Arh1 _ Yahl 10Yfhi ]

101 f102 f103 f104

Vig = 710AP0 _P2 ISSFe, S, [Arh1 _Yahl J[Yfhl ]

f111 f112 f113 f114
Vi1 = 71 AP0 _P2 ISSFe, S, [Arh1 _Yahl 1[Yfhl 1

21 f122 f123 f124
V]p = 71pApol _P2 ISSFe, S, [Arhl _ Yahl JYfhl ]
f131 f132 f133 f134
Vi3 = 713Ap0 _ Arhl _Yahl ISSFe, S, [Arhl _Yahl 1[Yfhl
f221

Voy = 79,188

f231 232
Vo3 = 723ISS _SG [Grx5 ]

V35 =735 ISSFe4S4



Thus, the mass action term for ISS is:

dISS
ot =V, =V, + Vo = Vg + Vg + V) +V,, +Vp, + V3 = Vo, + V,y + Vi

Then, each velocity is substituted by its power-law form according to the
information provided in the Supplementary Table 1. Protein and metabolite levels
are considered at their basal steady-state. Then, the apparent rate constants are also

normalized. This allows for a more appropriate comparison of the different results.

¢) Scanning procedure

The scanning procedure considers different values for the parameters as indicated in
Supplementary Table 2. A value of 0 in the corresponding kinetic-order removes the
considered variable from the model. Results are computed using Mathematica©.

The values for the scanned parameters are given in Supplementary Table 2. Due to the
combinatorial explosion of possibilities some simplifying assumptions were made for
the scanning. Rate constants for similar processes are scanned as being the same. The
same applies to the kinetic orders. This is all indicated in Supplementary Table 2.
Another simplifying assumption that we made was that while scanning for the role of
one protein, the kinetic orders for the remaining proteins remained constant. Thus, for
example when studying the role of Arh1-Yahl, the kinetic orders that regard the role of
Grx5 were left untouched and with a value of 1. The rate constant for the sink reaction
of Arh1 was set to 0.1 while the rate constants for all other sink reactions were zero.
The values for the rate constants of reactions in which Arh1-Yahl was not involved

were left at their basal values which are reported in the SBML file supplied as



supplementary material. We performed in excess of two and half million simulations

curves for the scanning.



Supplementary Table 1: Set of Reactions in the complete model

Reaction

1

e > Y, e N VS N \S )

—_ = = =
W NN = O

14
15
16
17
18

Description
Iron entry into the mitochondria

Iron sink for other processes and export
Biogenesis of the Fe2S2 cluster
Loss of the Fe2S2 cluster
Biogenesis of the Fe4S4 cluster
Loss of the Fe4S4 cluster
Unfolding of the scaffolds
Folding of the scaffolds
Transfer of the Fe2S2 cluster
Transfer of the Fe4S4 cluster
Transfer of the Fe2S2 cluster
Transfer of the Fe2S2 cluster

Transfer of the Fe2S2 cluster

Partial degradation of the Fe2S2 cluster
Repair of the Fe2S2 cluster
Partial degradation of the Fe2S2 cluster
Repair of the Fe2S2 cluster

Loss of inactive Fe2S2 cluster

Chemical Equation *
— Fe

Fe —

2 Fe + ISS — ISSFe2S2
[SSFe2S2 — 2 Fe + 1SS
ISSFe2S2 + 2 Fe — ISSFe4S4
ISSFe4S4 — ISSFe2S2 + 2 Fe
U_ISS — ISS
ISS — U_ISS
ISSFe2S2 + Apo P1 — ISS +P1
ISSFe4S4 + Apo P2 — ISS + P2
ISSFe2S2 + Apo_P2 — ISS + Apol P2
ISSFe2S2 + Apol P2 — ISS + P2

ISSFe2S2 + Apo_Arhl_Yahl — ISS +
Arhl_Yahl
Arhl_Yahl — D_Arhl_Yahl

D _Arhl Yahl — Arhl_Yahl
P1—-D P1
D P1 - Pl
Apol P2 — Apo P2 +2Fe

Rate Expression °

v =7 [th]f“]
f21
vy = 72Fe
f
vy = y3Fe
41

f f42
v4:y4ISSFe282 [Ssqdac ]

51 f52 f53
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f71
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f13
Vi3 = 713Ap0 _ Arhl - Yahl

Vig = 714Arhl _Yahl

f151 f152
Vig = ;/15D7Arhl _ Yahl [Nfs1
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Vi7 = 77D _P1 [Nfsl J[Arhl _ Yahl
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f55

5
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Jyiht
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f124
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133
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19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Loss of inactive Fe2S2 cluster
Loss of inactive Fe2S2 cluster
Loss of inactive Fe4S4 cluster
Glutathionylation of Scaffold
Deglutathionylation of Scaffold
Glutathionylation of P1
Deglutathionylation of P1
Glutathionylation of P2
Deglutathionylation of P2
Glutathionylation of Arhl_Yahl
Deglutathionylation of Arh1_Yahl
Formation of dead-end complex
Recovery of the dead-end complex
Glutathionylation of Nfs1
Deglutathionylation of Nfs11
Loss of Fe4S4 cluster from scaffold
Partial degradation of the Fe4S4 cluster
Repair of the Fe4S4 cluster
Export of Fe2S2 cluster to the cytoplasm
Export of Fe4S4 cluster to the cytoplasm
Formation of Heme

Destruction of Heme

D _Arhl _Yahl — Apo_Arhl Yahl +2 Fe
D P1 — Apo P1+2Fe
D P2 — Apo P2 +4Fe
ISS — ISS SG
ISS_SG — ISS
Apo P1 —P1 SG
P1 SG — Apo Pl
Apo P2 —» P2 SG
P2 SG — Apo P2
Apo_Arhl Yahl — Arhl_Yahl SG
Arhl Yahl SG — Apo Arhl Yahl
Nfsl + ISS — Nfs1 _ISS
Nfsl ISS — Nfsl +ISS
Nfsl — Nfsl_SG
Nfsl SG — Nfsl
ISSFe4S4 — ISS + 4 Fe
P2—-D P2
D P2 —» P2
ISSFe2S2 —
[SSFe4S4 —
Fe — Heme Fe

Heme Fe — Fe

Vig = 719D _ Arhl _Yahl

Vog = 79D _ Pl

Vyp =79 D_P2

f221
Vyp = 790188

f231 f232

V3 = 793158 SG T [GiXS ]
f241
Voy = 794AP0_PI

f251 f252

Vys = 75sP1_SG  [GIXS ]

261
Vog = VAP0 _ P2

f271 f272
5

Vo7 = ;/27P2 _SG [Grx ]

f 281
Vog = 7gAPO _ Arhl _Yahl

f291 f292
5

Vog = 7p9Arhl _Yahl _SG [Grx ]

V3o = 73oNfs1 1SS

f311 f312
Grxs

Vyy = 73 Nfsl_ 1SS [Grx ]

V3r =735 Nfs1

f331 332
5

Vi3 =733 Nfsl _ SG [Grx 1

Vys = 735155Fe,S,
V35 = 735P2
361 £362 £363 f364
Vyo = 736D P2 [Nfs;  JArhI _Yahl - J[¥fl
371

1[Ssqdac

f
V37 =737 ISSFe, S,

381
V3g = 73g1SSFe, S,
391 f392 393
Vig = r39Fe [Arhl _Yahl 10Yfhl ]
f 401

V4o = 740Heme _ Fe

f365

]



41 Depletion of Yth1 for Ayfhl cells Yth,— v,, =7,Yfhl

42 Depletion of Arhl_Yahl for Aarhl and Apo_Arhl_Yahl— V,, =7, Arhl _Yahl
Ayahl cells
43 Depletion of scaffold for Assql and Ajacl SsqJac— V,, = 7,,55qJac
cells
44 Depletion of Nfs1 for Anfs1 cells Nfsl— v,, = 7,,Nfsl
45 Depletion of Grx5 for Agrx5 cells Grx5— V5 =7,:Grx5

a ISS — Scaffold for initial ISC assembly; ISSFe2S2, ISSFe4S4 — Scaffold with a Fe2S2 and a Fe4S4 ISC cluster assembled, respectively; Fe — Mitochondrial iron; P1 — generic protein that needs a Fe2S2 ISC
to be functional; P2 — generic protein that needs a Fe4S4 ISC to be functional; Arhl_Yahl — electron donor (either Arhl or Yahl; see text for an explanation); Apo_P1, Apo_P2, Apo_Arhl_Yahl —apo forms
of P1, P2 and Arhl_Yahl respectively; P1_SG, P2_SG, Arhl_Yahl SG, Nfsl_SG, Isu_SG — glutathionylated forms of P1, P2, Arhl_Yahl, Nfsl and Isu, respectively; D_P1,D P2, D Arhl Yahl, - Forms of
P1, P2 and Arhl_Yahl, respectively, with a damaged and repairable ISC; Apol P2 — P2 form with an intermediate Fe2S2 cluster assembled; Heme — heme molecules synthesized in the mitochondrial matrix;
Heme_Fe — Heme molecules with iron.

b Species in parenthesis and brackets in the equations are modifiers and 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

10



Supplementary Table 2: Parameters that were scanned and ranges of values for the
scanning. A total of 5647152 simulations were done.

Parameters
73 =75

Y4 T V6 T V35
78

Y9 =70 =711 =72 =73

723 =725 =727 =729 731 =733

737

fo3=fi03=fi13

fo4 = floa = fi1a = floa = f134

738

=53

=55

f2 = T2
fis2 = fi72
fis3 = fin3
fisq = fi74
fiss = fi7s
o

5o

55

foo

12

f332

11

=t

362
f363
f364

f365

=f

133

Type of parameter

Rate constant

Rate constant

Rate constant

Rate constant

Rate constant

Rate constant

Rate constant
Rate constant
Rate constant
Rate constant
Rate constant
Kinetic order
Kinetic order
Kinetic order

Kinetic order

Kinetic order
Kinetic order
Kinetic order
Kinetic order
Kinetic order
Kinetic order
Kinetic order
Kinetic order
Kinetic order
Kinetic order
Kinetic order

Kinetic order

Scanning Range

107 -10?

7 samples uniformly distributed
in Log space

107 -10°

7 samples uniformly distributed
in Log space

107 -10?

7 samples uniformly distributed
in Log space

107 -10°

7 samples uniformly distributed
in Log space

107 -10?

7 samples uniformly distributed
in Log space

107 -10°

7 samples uniformly distributed
in Log space

0,0.1
0,0.1
0,0.1
0,0.1
0,0.1
0,1,2
0,1,2
0,1,2
0,1,2
0,1,2
0,-1
0,1,2
0,1,2
0,1,2
0,1,2
0,1

0,1

0,1

0,1

0,1

0,1

Controlled processes
Assembly of ISC in scaffold

Loss of ISC from scaffold

Rate of appropriate folding for scaffolds

ISC transfer to Apo-Proteins

Recovery of glutathionylated proteins

Export of ISC to the cytoplasm

Depletion of Ythl
Depletion of Arhl Yahl
Depletion of Ssql and Jacl
Depletion of Nfs1

Depletion of Grx5
Assembly of ISC in scaffold
Assembly of ISC in scaffold
Correct folding of scaffolds

Transfer of ISC to apo-proteins

Transfer of ISC to apo-proteins
Stability of ISC in scaffolds

In situ Repair of damaged clusters
In situ Repair of damaged clusters
In situ Repair of damaged clusters
In situ Repair of damaged clusters
Deglutathionylation of scaffold
Deglutathionylation of P1
Deglutathionylation of P2
Deglutathionylation of Arh; Yabh;,
Recovery of dead-end complex

Deglutathionylation of Nfsl
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