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ABSTRACT: The oxidative folding mechanism in the
intermembrane space of human mitochondria underpins a
disulfide relay system consisting of the import receptor
Mia40 and the homodimeric FAD-dependent thiol oxidase
ALR. The flavoprotein ALR receives two electrons per
subunit from Mia40, which are then donated through one-
electron reactions to two cytochrome c molecules, thus
mediating a switch from two-electron to one-electron
transfer. We dissect here the mechanism of the electron
flux within ALR, characterizing at the atomic level the ALR
intermediates that allow electrons to rapidly flow to
cytochrome c. The intermediate critical for the electron-
transfer process implies the formation of a specific inter-
subunit disulfide which exclusively allows electron flow
from Mia40 to FAD. This finding allows us to present a
complete model for the electron-transfer pathway in ALR.

Mia40 traps proteins in the intermembrane space (IMS) of
mitochondria via an oxidative folding mechanism.1−3 A

large share of the IMS proteins, produced by the ribosome in
the cytosol, reach the IMS in a largely unfolded state and are
folded through the Mia40-catalyzed formation of disulfide
bonds,4−7 thereby becoming trapped in the IMS. Mia40 has
been therefore defined as a hub for protein oxidation.8 After
interaction with its substrates, the active site of Mia40 protein, a
CPC motif, becomes reduced.9,10 Its oxidized, functional state
is then restored by a flavin adenine dinucleotide (FAD)-
dependent sulfhydryl oxidase, named augmenter of liver
regeneration (ALR) in humans.11 ALR takes electrons from
Mia40, which is thus reoxidized, and delivers them to
cytochrome c (cyt c)12,13 (Figure 1).
ALR forms head-to-tail homodimers. Each subunit consists

of a core domain of 100 amino acid residues organized as a
four-helix bundle that binds a FAD molecule, and a flexible
segment of 80 amino acid residues at the N-terminus.13−16 A
conserved redox-active CX2C motif forms an active-site
disulfide located proximal to the isoalloxazine ring of the
FAD cofactor (called proximal disulfide). The flexible N-
terminal tail segment contains another conserved CX2C motif,
called distal disulfide.17 It has been shown previously that the
core domain of ALR containing only the proximal disulfide is

sufficient to oxidize small substrates like dithiothreitol.12 The
proximal disulfide receives electrons directly from the substrate,
transferring them to the nearby FAD moiety. From FAD, the
electrons are passed on to downstream electron acceptors, i.e.,
cyt c or oxygen.12 For larger molecules, like Mia40, both the
distal and proximal disulfides are required for their oxidation,
and the two subunits of the homodimer cooperate in an inter-
subunit electron transfer.11

As part of our efforts to characterize ALR in humans, we have
dissected here the route of electron flux from Mia40 to cyt c
through ALR at the atomic level. We have specifically
characterized the ALR intermediates that allow the electrons
to efficiently flow from the active CPC site of Mia40 to the
FAD moiety of ALR, passing through the distal and proximal
disulfides. To this end we have used either an ALR construct
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Figure 1. Redox centers of Mia40, ALR, and cyt c, shown within the
frame of their structures in the electron flow cascade responsible for
the oxidative folding mechanism in the IMS. The flavoprotein ALR
mediates the switch from two-electron to one-electron transfer,
receiving two electrons per subunit from Mia40 and donating them
one at a time to two cyt c molecules. The cysteines of the reduced
CPC active site of Mia40 as well as the distal and proximal disulfides of
ALR are shown in yellow; FAD and heme cofactors in ALR and cyt c,
respectively, are in green; and the His and Met axial ligands of the iron
ion (shown as a yellow sphere) of cyt c are in blue.
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(ALR 65−205) containing the distal disulfide but devoid of the
largely unfolded 1−64 N-terminal segment,13 or a shorter one
containing only the proximal disulfide (ALR 81−205).
The electron-transfer cascade from reduced Mia40 to

oxidized cyt c in a reconstituted system with purified
components is relatively fast, as cyt c is stoichiometrically
reduced in less than 1 min (Supporting Information (SI),
Figure S1). When the Cys residues of the distal and proximal
disulfides in each ALR subunit (Figure 1) are absent or mutated
to Ser (see methods in the SI), the electron transfer from
Mia40 to cyt c is kinetically impaired and occurs at the same
low level as when ALR itself is completely absent from the
reaction (Figure S1). We had already shown that the Cys71−
Cys74 disulfide bond (distal disulfide) of ALR is specifically
recognized by Mia40,13 and therefore it constitutes the entry
point for the two electrons flowing from the reduced CPC
motif of Mia40 to ALR. The electron-transfer mechanism
within ALR was then investigated by characterizing selected
Cys→Ser mutants of the distal and proximal disulfides. By
mutating Cys145 together with either Cys71 or Cys74, a
disulfide bridge between the other two remaining Cys, i.e., one
from each disulfide pair, is formed (Figure S2). If, however,
Cys142 is mutated together with either one of the cysteines of
the distal pair, no disulfide bond is formed (Figure S2). These
data indicate that the electron flow from the distal to the
proximal disulfide depends crucially on Cys142 and must
involve a transient disulfide pair between Cys142 and either
Cys 71 or Cys74, forming two possible intermediates indicated
as b and b′ in Figure 2.

Both of these intermediates contain oxidized FAD, as shown
from their corresponding electronic absorption spectra (Figure
3A). Furthermore, ALR with the distal disulfide in the reduced
state is the only intermediate (a in Figure 2) able to allow the
electrons to flow from Mia40 to FAD. In fact, no interaction is
observed between Mia40 and the two ALR mutants having a
disulfide bond between the distal and proximal motifs (Figure
S3). This also indicates that Mia40 recognizes the ALR N-

terminal segment containing the distal disulfide only when the
latter can freely move in solution without any restriction
imposed by any intersubunit disulfide bond, which also agrees
with the previous report that the N-terminal segment of Erv1,
the yeast homologue of ALR, can interact with Mia40, even
when added as an isolated peptide in trans.18

In order to describe the interaction between FAD and
Cys145 in the b and b′ intermediates, the crystal structure at
pH 7.2 of a construct containing only Cys145 (see methods in
the SI) was solved at 1.9 Å resolution. The structure is totally
superimposable with that of the wild-type protein (PDB ID
3O55), except for the mutated cysteine. This mutant shows the
absence of covalent bonds between Cys145 and the FAD ring.
However, the distance between Sγ of Cys145 and C4a of the
FAD ring (the reactive carbon of flavins19,20) is 3.0 Å, i.e.,
compatible with a charge-transfer interaction (Figure 4).
Indeed, electronic and circular dichroism spectra show a
charge-transfer band extending from 470 nm to beyond 550
nm, centered at about 490 nm, which accounts for the orange
color of this mutant and the mutants missing Cys142 (Figure

Figure 2. Electron-transfer mechanism in ALR, shown for only one
subunit for clarity. The substrate Mia40 reduces the distal disulfide of
ALR (the two ALR subunits are shown in green and blue), generating
the a intermediate, which evolves in the b and b′ intermediates, having
a disulfide bond between Cys142 and either one of the cysteines of the
distal pair, and Cys145 in a thiolate state. Nucleophilic attack of
Cys145 thiolate on the C4a of FAD generates the flavin C4a-Cys145
thiol intermediate c, which finally evolves into the intermediate d,
having FADH2. From FADH2, two electrons are passed, one at a time,
to two cyt c molecules.

Figure 3. UV−visible (A) and circular dichroism (B) absorption
spectra of ALR 65−205 mutants (in panel A,  Cys71/145Ser, ---
Cys74/145Ser, ··· Cys71/142Ser, -·- Cys74/142Ser, ... wild-type; in
panel B, ··· Cys145Ser, --- Cys142Ser). (C) pH titration of Cys142Ser
ALR 81−205. The absorbance at 520 nm is plotted as a function of
pH. The solid line shows the fit profile according to a single pKa
equation.
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3A,B). This charge-transfer band is absent in the yellow-colored
wild-type protein (Figure 3A), in which the Sγ of Cys145 is at a
distance of 3.3 Å from the C4a of FAD. Both crystal and
absorption spectral data therefore suggest the presence of a
thiolate state for Cys145 which interacts with the oxidized FAD
(b and b′ intermediates of Figure 2). As reported in the
literature,21−26 it appears indeed that only the thiolate state of a
cysteine can be a charge-transfer donor to oxidized FAD.
According to that, a pKa value of 5.95 ± 0.07 was calculated for
the Sγ of Cys145 (see SI and Figure 3C), in agreement with the
unusually low pKa values of a Cys thiolate in redox
communication to FAD in a number of flavoenzymes.27,28

The crystal structure of the mutant without both Cys142 and
Cys145 was also solved, showing that the distance between the
Oγ of Ser145 and C4a of FAD goes back to the wild-type-like
value (3.2 Å). As a result of the sulfur-to-oxygen substitution,
this mutant is yellow-colored, with no observable charge-
transfer absorption band. In both crystal structures, the oxygen
atom of Ser142 shows a very mobile side chain with at least two
conformers (Figure 4) and a poor electron density, while it also
becomes more solvent exposed due to the loss of the disulfide
bond with Cys145. This accounts for our finding that Cys142 is
the only cysteine of the proximal disulfide that is capable of
forming the disulfide bond with the distal pair (b and b′
intermediates of Figure 2).
In conclusion, we have shown that the electron flow from

Mia40 to the FAD moiety of ALR takes place through the
formation of a first ALR intermediate (a in Figure 2) released
from Mia40 with the distal cysteines in a fully reduced state.
This then evolves into two possible intermediates (b and b′ in
Figure 2) having a disulfide bond between Cys142 and any of
the distal pair, and with Cys145 in a thiolate state stabilized by a
charge transfer from Sγ of Cys145 to C4a of FAD. According to
all reported catalytic mechanisms of FAD-dependent reduc-
tases21,27 and dehydrogenase,29 the nucleophilic attack of
Cys145 thiolate to the C4a of FAD can generate the flavin C4a-
Cys140 thiol intermediate (c in Figure 2), which accounts for
the transfer of two electrons from the proximal cysteines to
oxidized FAD. FADH2 (d in Figure 2) then transfers one
electron at a time to two molecules of cyt c.
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