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Abstract

Iron-sulfur (Fe/S) cluster-containing proteins constitute one of the largest protein classes, with
highly-varied function. Consequently, the biosynthesis of Fe/S clusters is evolutionarily conserved
and mutations in intermediate Fe/S cluster scaffold proteins can cause disease, including multiple
mitochondrial dysfunctions syndrome (MMDS). Herein, we have characterized the impact of
defects occurring in the MMDS1 disease state that result from a point mutation (p.Gly189Arg)
near the active site of NFU1, an iron-sulfur scaffold protein. /n7 vitro investigation into the
structure-function relationship of the Gly189Arg derivative, along with two other variants, reveals
that substitution at position 189 triggers structural changes that increase flexibility, decrease
stability, and alter the monomer-dimer equilibrium toward monomer, thereby impairing the ability
of the Gly189X derivatives to receive an Fe/S cluster from physiologically-relevant sources.

Graphical Abstract

Proteins involved in iron-sulfur (Fe-S) cluster biosynthesis are critical for proper cellular function
and homeostasis. In the Multiple Mitochondrial Dysfunctions Syndrome 1 (MMDS1) disease
state, the Fe-S cluster protein NFU1 demonstrates a moderately severe G189R mutation that
appears to primarily impact protein structure and oligomeric state and impairs the majority of
cluster delivery pathways.
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Introduction

Characterization of novel proteins and their behavior in disease states has often aided in
elucidation of their /n vivo function. For example, an investigation of thiazolidinedione, a
member of a class of drugs used to treat type 2 diabetes, led to discovery of a novel integral
mitochondrial protein, mitoNEET that is now thought to have a key role in regulation of
electron transfer and oxidative phosphorylation and potentially contributes to the etiology of
the disease [10-12].

Similarly, a fatal mitochondrial disease, multiple mitochondrial dysfunctions syndrome 1
(MMDS1) has been shown to arise from point mutations in NFU1, an essential iron-sulfur
(Fe/S) protein implicated in multiple metabolic pathways and in energy production through
Fe/S cluster delivery and trafficking [13-19]. A number of recent studies have offered
insight into the natural cellular roles of this protein by investigating the downstream Fe/S
proteins affected by substitution of one disease-causing residue in close proximity to the
cluster binding site (p.Gly208Cys) [15, 16, 18, 20]. The reduced function of target Fe/S
proteins lipoic acid synthetase (LIAS) and succinate dehydrogenase (SDH) in the MMDS1
disease state suggests pathways that require proper function of the native NFU1 protein for
cluster delivery [17, 21]. However, the precise function of NFU1 in humans remains
unknown.

In previously documented MMDS1 patient cases, the disease was a result of a ¢.622G>T
mutation (p.Gly208Cys), which was either homozygous, or heterozygous in conjunction
with a deleterious frame-shift mutation (c.146delC null mutation). However, the
heterozygous mutation alone was insufficient to display the disease phenotype, as the
parents and siblings of the patients showed no symptoms [14, 15]. Analysis of the
Gly208Cys NFU1 derivative by our laboratory revealed an altered monomer-dimer
equilibrium /n vitro, which prevented reconstitution from physiologically-relevant sources,
suggesting the molecular basis for MMDSL1 is the inability of NFU1 to accept cluster in vivo
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[1]. Recently, a heterozygous p.Gly189Arg substitution in NFU1, present with either an
additional mutation or the frameshift mutation, has been shown to impact metabolic
pathways related to those affected by the Gly208Cys substitution, despite lying farther from
the cluster binding site (Fig. 1) [20, 22, 23]. Interestingly, patients with this substitution
experience milder symptoms and a later age of onset when compared with those with the
homozygous Gly208Cys substitution form or the heterozygous Gly208Cys/c.146delC null
mutation, suggesting a similar, yet less severe impairment of function. In order to understand
the molecular basis for the milder MMDS1 phenotype of the Gly189Arg derivative and
further elucidate the cellular role of NFU1, we have undertaken a detailed examination of
the effects of amino acid substitution at position 189 on the structure and function of NFU1,
in comparison to the previously documented native NFU1 and Gly208Cys variant [1].

Results and Discussion

Patient studies have reported a heterozygous genetic point mutation that converts a glycine at
position 189 to an arginine (p.Gly189Arg), and when combined with either the previously
discussed Gly208Cys substitution or a ¢.146delC null mutation, also results in the disease
condition known as MMDS1, but generally with milder symptoms [18, 22]. Although
position 189 is farther in sequence from the cluster-binding CXXC motif, the solution NMR
structure of the C-terminal domain (PDB ID: 2M50 [24]) suggests that the glycine at
position 189 lies in close proximity to the binding pocket (Fig. 1). Furthermore, the
Gly189Arg substitution introduces a significantly larger and positively-charged side chain in
place of a flexible, small aliphatic residue that could potentially affect the secondary Fe/S
coordination sphere and thus Fe/S cluster transfer behavior, in addition to possible disruption
of global protein structure. Given that the heterozygous Gly189Arg/Gly208Cys disease
phenotype is less severe than the homozygous Gly208Cys or heterozygous Gly208Cys/c.
146delC, yet still disease-causing, we sought to understand the molecular basis of the
disease introduced by the Gly189Arg NFU1 substitution by introducing 3 different amino
acid substitutions at this position (namely p.Gly189Arg, p.Gly189Lys, and p.Gly189Ala),
particularly with regard to how such substitutions can disrupt protein structure and/or
function.

Initial protein secondary structure characteristics were examined by circular dichroism (CD)
spectroscopy to illustrate potential changes to the distribution of secondary structural
elements. The values are summarized in Table 1 and demonstrate an overall increase in
random coil with a corresponding loss of secondary structural elements, most noticeably in
the Gly189Ala derivative. VTCD analysis shows that the overall increase in random coil
could be attributed to increased flexibility in the molten globular C-terminal domain [25,
26], consistent with the lowered Tp,1 and AH4 values, which most likely corresponds to the
unfolding of the C-terminal domain, relative to the native (Fig. 2; Table 2) [1, 25]. However,
the increase in random coil and decrease in a-helical content in the 189 variants relative to
the native protein contrasts with increased Ty, values, which most likely corresponds to the
unfolding of the N-terminal domain (Table 2). These results suggest that the 189 substitution
introduces increased flexibility in the C-terminal domain, via a potentially destabilizing
effect, that is then compensated by increased ordering in the N-terminal domain. All proteins

FEBS J. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wesley et al.

Page 4

exhibited reversible melting on VTCD (data not shown), indicating that the overall protein
folds are relatively stable.

Similar trends were observed in thermodynamic and structural characterization of Gly189X
NFU1 by differential scanning calorimetry (DSC), which revealed significant destabilization
of the C-terminal domain as reflected in T, and AH,,; values and a broadening of the peak
corresponding to the C-terminal domain unfolding (Fig. 3; Tables 3 and 4). N-terminal
domain melting temperatures (T3) are comparable to the native, although enthalpies of
unfolding (AH,3) are lower for the Gly189X derivatives, indicating that substitution has a
global destabilizing effect (Table 3). Unlike the DSC characterization of the Gly208Cys
derivative [1], only two melting events were observed in DSC for the 189 substitutions, most
likely due to the high percentage of monomer (> 85%) as observed by analytical
ultracentrifugation (Figs. 3 and 4; Table 5), whereas the native form displayed relatively
equal monomer and dimer percentages, and Gly208Cys demonstrated preference for dimer.
Together, these data indicate that substitution at position 189 increases the relative
abundance of random coil, enhancing the flexibility of the C-terminal domain and
marginally decreasing global stability, as evidenced by lowered melting temperatures and
enthalpies of unfolding, to result in a high population of monomeric NFUL.

Given that substitution introduces small changes in thermodynamic parameters and
noticeably affects oligomerization trends, we next sought to evaluate the effect of
substitution on functional behavior relative to the native. Similar to the native and
Gly208Cys variants [1], the Gly189 derivatives were capable of undergoing reconstitution /in
vitro through the use of FeCls and L-cysteine with 7772 NifS as a sulfide source. Following
reconstitution, both UV and CD spectra were similar to those reported for the native and
G208C forms [1], indicating the presence of a similarly bound [2Fe-2S] cluster. The cluster-
bound 189 derivatives also form as a dimer around the Fe-S cluster, as confirmed by
anaerobic AUC with monitoring at 420 nm (data not shown), with similar reconstitution
yields to those observed for the native and Gly208Cys forms [1], which is functional for
cluster transfer reactivity.

Our previous work with both native and Gly208Cys forms of NFU1 has shown that a
glutathione-coordinated [2Fe-2S] cluster ([2Fe-2S](GS),4) complex could be formed by Fe-S
cluster extraction from reconstituted [2Fe-2S] cluster-bound native NFU1 and also
Gly208Cys under conditions of excess GSH [1, 3]. Excess GSH is also able to extract the
[2Fe-2S] cluster from NFU1 derivatives of residue 189 with at least fifteen-fold greater
second-order rate constants for GSH extraction for Gly189X relative to the native and
Gly208Cys variant (Fig. 5; Tables 6 and 7). The dramatic increase in Fe/S cluster lability /n
vitro observed for the Gly189Arg and Gly189Lys derivatives suggests that substitution, in
addition to increasing flexibility of the C-terminal domain and preference for monomer,
could simultaneously be promoting cluster reactivity through the introduction of charge or
steric effects in the holo form.

As found for native and Gly208Cys human NFU1, [2Fe-2S] reconstituted G189X NFU1
could transfer cluster to ferredoxins 1 and 2 (Fdx1 and Fdx2) [3] and glutaredoxins 2 and 3
(Grx2 and Grx3) [5] (Fig. 6), as previously reported [3, 27-31]. In general, cluster transfer
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from holo Gly189Ala was in line with the second-order rate constants for native NFU1,
suggesting that the change from a glycine to an alanine has not perturbed this functional
property (Table 7); though a protein-protein interaction may be disrupted for transfer to apo
Grx2, as there is a slight decrease in the second-order rate constant for the transfer. For the
Gly189Arg substitution, cluster transfer reactivity is only perturbed for transfer to Fdx1,
which exhibits a three-fold larger second-order rate constant, and transfer to Grx2, which is
slightly decreased, similar to Gly189Ala (Table 7). Interestingly, this substitution has not
drastically impacted the ability to transfer cluster, other than an increased second-order rate
constant in delivery to Fdx1, and increased lability in the presence of excess GSH. Cluster
transfer from Gly189Lys was typically slower to downstream targets, except for transfer to
apo Fdx2, where the second-order rate constant increased five-fold compared to native
NFU1 (Table 7). Together, the kinetic data suggest that although transfer reactivity is not
drastically affected, substitution at position 189 has the ability to tune cluster reactivity and
affect /n vivo cluster transfer properties for the reconstitution of downstream target or
delivery proteins like LIAS and SDH.

However, although holo Gly189X NFU1 retained downstream cluster transfer reactivity, the
cluster uptake properties of the 189 derivatives were significantly limited. Despite being
largely monomeric, none of the 189 derivatives were able to accept cluster from the [2Fe-2S]
(GS)4 complex, though this has been shown to be a viable substrate for reconstitution of
proteins such as native NFU1 and the mitochondrial export protein ABCB7 (Table 7) [1, 3,
31-33]. Likewise, the Gly189Arg and Gly189Lys derivatives were unable to receive an Fe/S
cluster from the donor protein Isal (Table 7), a proposed Fe/S cluster scaffold protein,
indicating that one putative /7 vivo reconstitution pathway could be interrupted in the
Gly189Arg NFU1 MMDSL1 disease state. Interestingly, the Gly189Ala construct was able to
receive cluster from S. pombe Isal, albeit at an impaired rate constant of 1200 £ 70
M~1min~1 reflecting the greater functional similarity between the native and Gly189Ala
forms, also observed in the downstream cluster transfer rate constants (Table 7). However, in
contrast to the Gly208Cys derivative, all 189 derivatives were able to accept cluster from
human IscU, with transfer to Gly189Arg yielding a similar second-order rate constant to that
of transfer to the native protein, though the Gly189Ala and Gly189Lys constructs
demonstrated slightly slower uptake (Fig. 7; Table 7). In the heterozygous Gly189Arg/
Gly208Cys MMDS1 disease state, reconstitution of NFU1 /7 vivo is most likely impaired
due to the inability of the NFU1 derivative to receive an Fe-S cluster from the IscAl/2
assembly complex, yet not completely halted, due to the apparently viable IscU pathway for
the Gly189Arg protein. The partially-functioning Fe/S trafficking pathway could explain the
milder phenotype experienced by patients with the Gly189Arg substitution.

Our investigation into the Gly189Arg NFU1 substitution, as well as two other substitutions
at position 189 has elucidated key facts regarding the structural and functional changes of
NFU1 accompanying Gly189Arg substitution, and how these alterations could contribute to
the MMDS1 phenotype. Substitution at 189 increases the random coil content, leading to an
increase in flexibility and possible global protein destabilization, as evidenced by modestly
decreased thermodynamic parameters, such as AH and Ty, for the C-terminal domain in
particular. This change in structural characteristics significantly impacts the monomer-dimer
equilibrium, though in the opposite direction from the previously characterized Gly208Cys
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disease-causing substitution (Fig. 8), to promote monomer as the major species. As a result,
substituted NFU1 has an impaired, although not eliminated ability to receive cluster from
physiologically-relevant sources, and increased Fe/S cluster lability when present in near
cellular concentrations of GSH. The relatively unaffected cluster transfer kinetics from
NFU1 also suggest a problem with Fe/S cluster reconstitution or stability /n vivo as opposed
to an inability to transfer the cluster to downstream targets once bound, since transfer rates
were relatively similar to the native protein. Together, these results are consistent with a
milder phenotype, where substitution at 189 would still enable NFU1 function, albeit at
reduced levels. Nevertheless, it remains unclear as to how NFU1 interacts with other
potential target proteins in the MMDS1 disease state, such as LIAS and SDH, and the
connection between NFU1 mutation and impaired interaction with these targets remains
under investigation.

Materials and Methods

Protein preparation protocols

Stratagene QuikChange Mutagenesis was employed to introduce the p.Gly189Arg (c.,
p.Gly189Ala, and p.Gly189Lys point mutations into the full length human NFU1 gene in the
pET28b(+) plasmid [1]. Mutant and wild-type constructs in BL21 DE3 cells were over-
expressed in £. coli, and the proteins were purified using a TALON column as previously
described [3]. A construct of human Grx2 (comprising residues 56-161), with a tobacco etch
virus cleavable N-terminal Hisg tag in expression vector pNic-Bsa4, was kindly provided by
Drs. Kavanagh, Muller-Knapp and Oppermann and protein was expressed and purified as
previously reported [34]. Schizosaccharomyces pombe Isal protein was expressed and
purified as previously reported [35]. Yeast Grx3 (A1-35) in pET28b(+) £. coliBL21 (DE3)
was purified as noted [31]. Purification of HslIscU and Thermatoga maritima (Tm) NifS was
performed as previously reported [36—38]. Purified NFU1 constructs were reconstituted
anaerobically with FeClz and L-Cys as previously described, as were reconstitutions for Isal
and IscU with FeClz and NayS [1, 3]. Successful reconstitutions were confirmed by UV, CD
and iron quantitation [39, 40].

The expression vector for human ferredoxin-1 (Hs Fdx1) was kindly provided by J. Markley
and protein was expressed and purified according to literature procedures [41]. Purification
for human ferredoxin-2 (Hs Fdx2) was performed as previously reported [42]. The
ferredoxins purified as holo proteins and were subsequently converted to apo forms [3, 5].

Thermodynamic analyses and oligomeric state determination

Differential scanning calorimetry (DSC) was performed using a MicroCal VP-DSC
(Malvern Instruments, Inc.) on 200 pM samples using a differential mode of 0.1 °C per
minute from 10 °C to 100 °C, and analyzed using Origin software (Origin Labs) [1, 25]. For
variable temperature circular dichroism (VTCD), 10 uM protein samples were dialyzed into
40 mM phosphate buffer, pH 7.4 for acquisition via a JASCO J-815 CD spectrometer with
0.1 cm quartz cells. Variable temperature studies were performed at a rate of 0.4 ° C min~1
from 20 to 95 °C monitoring signal at 222 nm, and data processed with Origin 7 (Origin
Laboratories) to fit to equation 1 [1, 25]. Secondary structure prediction of 10 uM samples in
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phosphate buffer (40 mM, pH 7.4) were obtained using CD by scanning from 300 — 165 nm.
The resulting CD spectra were processed using the analysis program CDSSTR [7] using
reference set 7 [43] found on the online server Dichroweb [8, 9]. Analytical
ultracentrifugation (AUC) was employed to determine the oligomeric state of the NFU1
constructs. Apo proteins at 50 uM were monitored at 280 nm in the presence and absence of
1 mM TCEP, and the sedimentation profiles were fit to the Lamm equation using SEDFIT
[2, 4].

Equation 1

VTCD data were fit to equation 1 for a three-state model indicative of a two-phase transition
[25], where R is the ideal gas constant in calories per mole, T, is the melting temperature in
Kelvin, AHy, is the van’t Hoff enthalpy, and AC,, is the change of heat capacity from folded
to unfolded states. F and U represent the ellipticities () of the folded and unfolded protein,
respectively. It has been previously determined that the first observed transition can be
assigned to the secondary structure transition of the melting C-terminal domain, and the
second transition is indicative of the melting of the N-terminal domain [25]. The subscripts
on Ty, AHy, ACp and U denote the transition parameters on the separate protein domains,
with 1 for the C-terminal domain and 2 for the N-terminal domain.
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Kinetic analysis for second-order rate constant determination

Kinetic cluster transfer experiments were performed by use of CD and were based on the
cluster transfer experiments by Johnson and coworkers [44, 45], and refined by our own
group [3, 31]. All cluster transfer experiments were carried out on a JASCO J-815 CD
spectrometer with a 1 cm anaerobic quartz cuvette by scanning from 600 — 300 nm at 200
nm/min and 25 °C after introduction of the degassed holo protein or degassed glutathione-
complexed [2Fe-2S] cluster ([2Fe-2S](GS),4) complex. CD data were converted to the
percentage of cluster transferred based on the concentration of [2Fe-2S] cluster and fit by
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use of DynaFit [27] to determine the second-order rate constants by best-fit simulation to
second-order kinetics [5, 6].

Cluster extraction from holo NFU1 constructs was performed by UV-Visible
spectrophotometry by scanning from 800 - 200 nm at 600 nm/min and 25°C after the
addition of holo protein. Glutathione concentrations were varied from 0.2 — 2 mM, and the
reaction course monitored via the change in absorbance at 420 nm. The Kqps Was plotted
against GSH concentration and fit to equation 2 to obtain the apparent K and first-order rate
constant [3, 31]. The first-order rate constant was divided by K to determine the second-
order rate constant.

Equation 2

The plot of kg Versus the concentration of GSH for cluster extraction was fit to a saturation
kinetics model [31]. The values obtained from the fit were utilized to calculate the overall
second-order rate constant.

kObS =T <
K
1+ [GSH]
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Figure 1.
(A) Solution NMR structure of the C-terminal domain of the human NFUL1 protein (PDB ID:

2M50) with corresponding cluster ligating cysteines in yellow and the glycine at position
189 in red. Although only the C-terminal domain is shown, numbering corresponds to the
positions in the full length protein. (B) Sequence chain view to illustrate the residues near
the glycine at position 189. The coloring scheme matches part (A). The glycine at position
208 that is also implicated in MMDS1 is colored orange.
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Figure 2.

VTCD trace for the melting of (A) 10 pM Gly189Arg, (B) Gly189Ala and (C) Gly189Lys
human NFU1 in 40 mM phosphate, pH 7.4. Data were fit to a two-phase model (Eqg. 1) to
obtain T, and AHy,, which are shown in Table 2. CD units of ellipticity (mdeg) were used
directly without conversion to molar ellipticity, because the van’t Hoff enthalpies are

independent of such a factor [25].
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Figure 3.
Differential scanning calorimetry profiles for (A) 0.2 mM Gly189Arg, (B) 0.2 mM

Gly189Ala, and (C) 0.15 mM Gly189Lys human NFU1. The protein was in 50 mM HEPES,
100 mM NaCl, and pH 7.4. The data were fit using Origin 7.0 to obtain the Ty, and AHy,
values listed in Tables 3 and 4.

FEBS J. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wesley et al.

c(s)

23.7kDa
21.0 kDa

66.3 kDa
74.A4 kDa

c(s)

Page 15

7. A
6. 246 kDa
24.1 kDa
5
_ 4
e
o 3]
24
14 56.8 kDa
60.6 kDa
0= .
1 2 3 4
Sed Coefficient [S]
Figure 4.

2 3 4
Sed Coefficient [S]

1 2 3 4 5
Sed Coefficient [S]

AUC profile for (A) apo Gly189Arg, (B) Gly189Ala, and (C) Gly189Lys NFU1. Apo
protein was sedimented in the absence of TCEP (black) and in the presence of 1 mM TCEP
(red). Sedimentation was monitored at 280 nm. The AUC results were fit to the Lamm
equation [2, 4] using a continuous distribution model to obtain the peaks and molecular
weights shown above. The peak percentages are listed in Table 5.
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Figure 5.

GSH extraction of the [2Fe-2S] cluster from holo (A) 10 uM Gly189Arg NFUL1, (B) 10 uM
Gly189Ala NFU1, and (C) 10 uM Gly189Lys NFU1, to form the [2Fe-2S](GS)4 complex.
The change in absorbance at 420 nm was monitored over the course of one hour. The change
in absorbance at 420 nm was plotted against time for each of the different concentrations of
GSH and fit to an exponential to obtain the kg for each concentration. ko, data was plotted
against GSH concentration and fit to equation 2 to determine an apparent dissociation
constant K and a first-order rate constant kq for formation of the [2Fe-2S](GS), complex
(Table 6). kq was divided by K to determine an overall second-order rate constant of 4400

+ 630 M~Imin~1 for (A), 2000 + 330 M~Imin~1 for (B), and 2590 + 420 M~Imin~1 for (C)
[31]. Error bars are defined as + SD, with n=3.
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Figure 6.

Representative [2Fe-2S] kinetic cluster transfer reactions. (A) Time course of cluster transfer
from holo reconstituted human Gly189Arg NFU1 to apo human ferredoxin 1 (Fdx1). Time
course for cluster transfer to Fdx1 monitored by CD in 50 mM HEPES and 100 mM NacCl
(pH 7.5). Spectra were recorded every 2 min after the addition of holo Gly189Arg NFU1
and were converted to percent cluster transfer (B) to yield an apparent second-order rate
constant from DynaFit of 12,500 £ 1000 M—-1 min-1 based on the concentration of the
[2Fe-2S] cluster [27]. (C) Time course of [2Fe-2S] cluster transfer from holo reconstituted
human Gly189Arg NFUL1 to apo S. cerevisiae glutaredoxin 3 (Grx3) monitored by CD in 50
mM HEPES and 100 mM NaCl (pH 7.5). Spectra were recorded every 2 min after the
addition of holo Gly189Arg NFU1. However transfer was too rapid to monitor, so cluster
transfer was monitored from 465-455 nm every 10 sec and converted to percent cluster
transfer (D) to determine an apparent second-order rate constant using DynaFit of 39,500

+ 8000 M~1 min~1 based on the concentration of the [2Fe-2S] cluster [27].
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Figure 7.

Representative cluster transfer reaction for delivery of a [2Fe-2S] cluster into Nfu from a
physiologically relevant donor. Kinetics of [2Fe-2S] cluster transfer from holo reconstituted
human IscU to human Gly189Arg NFU1. (A) Time course for cluster transfer to human
Gly189Arg NFU1 monitored by CD in 50 mM HEPES and 100 mM NaCl (pH 7.5). Spectra
were recorded every 2 min following addition of holo IscU and were converted to (B)
percent cluster transfer to yield an apparent second-order rate constant from DynaFit of 5700
+ 1400 M-1 min-1 based on the concentration of the [2Fe-2S] cluster [27].
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Figure 8.
A schematic illustration, highlighting the distinct impact of Gly189Arg and Gly208Cys

substitutions on the NFU1 monomer-dimer equilibrium and uptake of [2Fe-2S] cluster to
form holo dimer. The Gly208Cys derivative is incapable of receiving cluster from any source
[1], while Gly189Arg accepts cluster from IscU.
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Table 1

Percentages of secondary structural elements measured by CD and analyzed using the analysis program
CDSSTR [7] on the online Dichroweb server [3, 8, 9].

a-helix | p-sheet | random coil

native NFU1 7% | 21% 33%
Gly189ArgNFUL | 37% | 19% 44 %
Gly189AlaNFUL | 23% | 20% 57 %
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Gly189Lys NFU1

40 %

17 %

44 %
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Table 2

Native NFU1 and Gly189X NFU1 at 10 uM were subjected to melting from 20 to 95 °C at 0.4 °C per min as
shown in Fig. 2. Table 2 shows the data fit to a three-phase melting process from fitting with equation 1.
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Tm1 (°C) | AHyq (kcal/mol) | Tio (°C) | AH,, (kcal/mol)
native NFU1 55+3 33%2 T4+£2 36+3
Gly189Arg NFUL | 38+1 16+1 792 34+4
Gly189Ala NFU1 40+3 21+1 80+3 321
Gly189Lys NFU1 42+4 24+4 T7£2 40+1
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Melting temperatures as determined from fits to the DSC data. The DSC profiles used for fitting are shown in
Fig. 3. Native and Gly208Cys data were previously reported [1].

Tm1 °C) | Tm2 (°C) | Tms (°C)

native NFU1 60+1 - 73%1
Gly208Cys NFU1 49+6 64 +2 744
Gly189Arg NFU1 52+5 -- 751
Gly189Ala NFU1 53+3 - 771
Gly189Lys NFU1 492 -- 80+4
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Table 4

Page 23

Enthalpies of melting determined by DSC. The DSC profiles used for data fitting are shown in Fig. 3. Native
and Gly208Cys data were previously reported [1].

AH,; (kcal/mol)

AH,, (kcal/mol)

AH, 3 (kcal/mol)

native NFU1 412 - 74+5
Gly208Cys NFU1 33+4 50+2 74+4
Gly189Arg NFU1 24+1 -- 65 + 20
Gly189Ala NFU1 29+2 - 55+3
Gly189Lys NFU1 28+6 -- 44 +6
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Table 6

Apparent dissociation constants K for the pre-reaction complex of holo protein and GSH and first-order rate
constants k; for formation of the [2Fe-2S](GS),4 complex during cluster extraction from holo proteins by free

glutathione as determined from equation 2. Overall second-order rate constants for cluster extraction were
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determined by dividing k; by K. The values are shown in Table 7.

Construct | K (M) | ki (min™)
G189R 0.00032 1.4
G189A 0.00009 0.18
G189K 0.00012 0.31
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