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ABSTRACT: Augmenter of liver regeneration (ALR; hepatopoietin) is a recently discovered enigmatic flavin-
linked sulfhydryl oxidase. An N-terminal His-tagged construct of the short form of the human protein has
been overexpressed inEscherichia coli. Several lines of evidence suggest that, contrary to a recent report,
human ALR is a disulfide-bridged dimer (linked via C15-C124) with two free cysteine residues (C74
and 85) per monomer. The C15-124 disulfides are not critical for dimer formation and have insignificant
impact on the dithiothreitol (DTT) oxidase activity of ALR. Although the crystal structure of rat ALR
shows a proximal disulfide (C62-C65) poised to interact with the FAD prosthetic group [Wu, C. K.,
Dailey, T. A., Dailey, H. A., Wang, B. C., and Rose, J. P. (2003)Protein Sci. 12, 1109-1118], only
flavin reduction is evident during redox titrations of the enzyme. ALR forms large amounts of neutral
semiquinone during aerobic turnover with DTT. This semiquinone arises, in part, by comproportionation
between flavin centers within the dimer. Surprisingly, cytochromec is about a 100-fold better electron
acceptor for ALR than oxygen when DTT is the reducing substrate. These data suggest that this poorly
understood flavoenzyme may not function as a sulfhydryl oxidase within the mitochondrial intermembrane
space but may communicate with the respiratory chain via the mediation of cytochromec.

Sulfhydryl oxidases catalyze the formation of disulfide
bonds at the expense of molecular oxygen (1-6):

Quiescin-like flavin-dependent sulfhydryl oxidase (QSOX)1

enzymes are found in all multicellular organisms investigated
to date (6-10). These proteins represent an ancient fusion
(9) of thioredoxin modules with a domain termed ERV
[essential for respiration and vegetative growth in yeast (11)]
or ALR [augmenter of liver regeneration (12, 13)]. A
comparison of several sequences of this domain is presented
in Figure 1.

Following the recognition that Quiescin Q6 was a flavin-
dependent sulfhydryl oxidase (10), yeast ERV1p and ERV2p
(14-18) and mammalian ALR (19) were found to be
diminutive FAD-linked sulfhydryl oxidases. Crystal struc-
tures of ERV2p (20) and ALR (21) revealed a new helix-
rich fold that houses the core sulfhydryl oxidase activity with
a FAD binding site and a conserved proximal CxxC motif
adjacent to the isoalloxazine ring. While ERV1p, ERV2p,
and ALR appear to be relatively weak stand-alone sulfhydryl
oxidases (14, 16, 18-20), the fusion with two thioredoxin

domains in QSOX generates a facile, direct, catalyst for
oxidation of a seemingly unlimited array of reduced proteins
and peptides (6, 22-24).

These sulfhydryl oxidases have a range of cellular loca-
tions. QSOX enzymes have been reported in the ER of
multicellular organisms (6, 7), within the Golgi (25), at the
plasma and nuclear membranes (7), and secreted from the
cell (6, 8, 26, 27). ERV2p is found largely in the ER of yeast
(15, 18, 28) where it participates in oxidative protein folding.
In contrast, ALR is located primarily in the mitochondrial
intermembrane space, as is its direct counterpart in yeast (the
essential protein ERV1p) (17, 29, 30). At this location,
ERV1p is involved in some aspect of the assembly or
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FIGURE 1: Sequence alignment of selected ALR, ERV, and QSOX
proteins. Representative sequences of proteins homologous to ERV/
ALR domains were chosen: human (Hs), rat (Rn), andCaenorhab-
ditis elegans(Ce) ALR,Saccharomyces cereVisae(Sc) ERV1p and
ERV2p, andGallus gallus(Gg) QSOX. Boxshade was used for
alignment. Cysteine residues in hsALR are highlighted with solid
circles. The structural disulfide C91-108 in hsALR is conserved
in ScERV1 and ScERV2 but not in QSOX (see later).
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trafficking in Fe/S centers destined for cytosolic Fe/S proteins
(17). Mammalian ALR has also been found in the cytosol
(31), in the nucleus (31, 32), and as a secreted growth factor
(33-36). ALR appears to have multiple roles in the
regulation of cell growth and differentiation (17, 19, 30, 33-
35, 37, 38).

This unusual diversity of proposed functions for ALR
makes it the most enigmatic of those sulfhydryl oxidases,
which show homology with QSOX. Here, we build upon
the pioneering work of Lisowsky and colleagues on the ALR/
ERV1p family with a further characterization of human ALR.
Our work on the fundamental redox behavior of ALR has
also uncovered an intriguing new activity of ALR of possible
relevance to some of its physiological functions.

MATERIALS AND METHODS

Materials. A pT7T3D plasmid containing the short-form
ALR sequence was obtained through the IMAGE Consor-
tium. The plasmid was amplified in Top10Escherichia coli
cells and harvested using a Qiaprep Spin miniprep kit. For
cloning the long His-tagged linker, the sense primer 5′-
CTGGAATTCATGCGGACGCA-3′, was used to incorpo-
rate anEcoRI restriction site at the 5′ end of the ALR
sequence. For the short-linker His-tagged enzyme, the sense
primer 5′-CTGGCTAGCATGCGGACGCA-3′ introduced an
NheI restriction site. In both cases, the antisense primer 5′-
CTGAAGCTTCTAGTCACAGG-3′ encoded aHindIII re-
striction site at the 3′ end of the ALR sequence. PCR
products were purified using a Qiagen PCR purification kit
and digested with appropriate restriction enzymes at 37°C.
PTrcHis (Invitrogen) was digested with the same restriction
enzymes. The DNA was ethanol precipitated, redissolved in
buffer, and ligated overnight with T4 Ligase at 4°C. The
plasmid was ethanol precipitated, suspended in water, and
used to transform BL21(DE3) chemically competent cells
(Invitrogen). Several colonies were picked for sequencing.
Glycerol stocks were made and stored at-80 °C.

General Methods. Unless otherwise stated, all buffers were
50 mM potassium phosphate, pH 7.5, containing 0.3 mM
EDTA. Visible and ultraviolet spectra were recorded on
Hewlett-Packard 8452A or 8453 diode array spectropho-
tometers. Concentrations of ALR were expressed using a
molar extinction coefficient of 11.6 mM-1 cm-1 at 456 nm
for the enzyme-bound flavin determined upon release of free
FAD with 0.5 mM cetyltrimethylammonium bromide (CTAB).
Anaerobic methods were as described previously (5). ALR
was photoreduced anaerobically 4 cm from a 150 W flood
lamp using 1.0µM 5-deazaflavin and 1 mM EDTA in
phosphate buffer. All stoichiometries reported are on a per
flavin (per subunit) basis. Gel filtration was performed at a
flow rate of 1.0 mL/min on a Superdex 200 HR 10/30
column from Pharmacia using an A¨ kta FPLC. A homology
model of human ALR was constructed using Swiss PDB
viewer with the rat ALR coordinates (1OQC). Structures
were visualized with DS ViewerPro (Accelerys).

Determination of Midpoint Potentials for ALR.Solutions
of 15 µM of the C74-85 double mutant short-form ALR in
0.8 mL of phosphate buffer containing 2µM methyl viologen
were deoxygenated in dim light in the presence of 15µM
of one of the following redox dyes: indigo disulfonate (-121
mV), anthraquinone-2,6-disulfonate (-184 mV), anthraquino-

ne-2-sulfonate (-226 mV), or phenosafranine (-252 mV).
After an initial spectrum was recorded, the mixture was
progressively reduced by the addition of aliquots of dithion-
ite. Subsequent spectra were recorded after redox equilibra-
tion (typically<6 min) and stored for analysis. Anthraquinone-
2,6-disulfonate had a redox potential which closely matched
the short-form ALR. Here, the 2-electron reduction of ALR
was followed at 456 nm and the dye at 341 nm. The resulting
linear plots of log [oxidized]/[reduced] enzyme versus log
[oxidized]/[reduced] dye yielded a midpoint potential for
ALR of -178 ( 2 mV (four determinations).

Assays.ALR was assayed in a Clarke-type oxygen
electrode (YSI 5331) and oxygen monitor (YSI 5300) in 2
mL of air-saturated 50 mM potassium phosphate (pH 7.5,
0.3 mM EDTA, 25°C). A background trace followed the
nonenzymatic oxidation of thiol before the addition of
enzyme. Thiol substrates were prepared freshly in distilled
water and were standardized using DTNB.

Protein Expression.Starter cultures (5 mL in Luria-
Bertani media containing 50µg of ampicillin/mL) were
grown overnight at 37°C and used to inoculate each of four
2 L flasks containing 500 mL of the same media supple-
mented with 5µM riboflavin. When the absorbance at 600
nm reached 0.6, the cells were induced with 1 mM IPTG
and incubated for an additional 5.5 h at 37°C. Cells were
harvested at 4000g for 30 min at 4°C.

Preparation of Extract.Cells (10 g) were resuspended in
25 mL of 50 mM potassium phosphate buffer, pH 7.5,
containing 300 mM NaCl, 0.1 mg/mL lysozyme, and general-
use protease inhibitor cocktail (Sigma). The cells were
disrupted with two passes through a French press at 10000
psi. After brief sonication to shear DNA, the cell lysate was
centrifuged at 6000g for 30 min.

Refolding of Long Peptide Linker ALR.ALR with the long
peptide linker (see above) forms inclusion bodies. After
centrifugation, the cell debris was resuspended in 25 mL of
50 mM phosphate buffer, pH 7.5, without EDTA but
containing 8 M urea, 10 mM DTT, and 2 mM FAD. The
resulting suspension was dialyzed for a total of 22 h against
two changes of the same buffer without additions and then
centrifuged at 6000g.

Purification of ALR with Long and Short Peptide Linkers.
The crude cell extract, or the reconstituted inclusion body
dialyzate, was made 10 mM inâ-mercaptoethanol and mixed
with Invitrogen probond resin (1 mL of resin for every 8
mL of solution). After mixing end over end for 1 h at 4°C,
the resin was loaded into a column and washed with 4 mL
aliquots of the following solutions: three washes of 50 mM
phosphate containing 300 mM NaCl, 10 mMâ-mercapto-
ethanol, and 10 mM imidazole, pH 7.5; three washes of the
same solution without NaCl; and one wash omittingâ-mer-
captoethanol. The column was then developed with single 5
mL aliquots of phosphate buffer without salt orâ-mercap-
toethanol containing 50, 200, and 500 mM imidazole. ALR
elutes as a bright yellow band in 200 mM imidazole and
was immediately desalted using PD-10 columns equilibrated
with 50 mM phosphate buffer, pH 7.5, containing 0. 3 mM
EDTA. ALR was stored routinely at 4°C. To ensure
maximal flavin loading, ALR was incubated before use at 4
°C in anaerobic buffer containing 5 mM DTT and an
equimolar concentration of free FAD. After at least 1 h,
excess unbound FAD was removed by gel filtration on a
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PD10 column equilibrated with aerobic phosphate buffer.
During gel filtration the blue semiquinone form of ALR
rapidly reverts to the bright yellow color of the oxidized
protein.

Mutation Studies of ALR.Cysteine to alanine mutations
used Quickchange site-directed mutagenesis (Stratagene).
The primers (Integrated DNA Technologies) were as fol-
lows: C15A, 5′-GTTTAGGGAGGACGCCCCGCCG-
GATCGCG-3′ and 5′-CGCGATCCGGCGGGGCGTCCTC-
CCTAAAC-3′; C124A, 5′-GGAAGGATGGCTCCGCT-
GACTAGAAGCTTGGC-3′ and 5′-GCCAAGCTTCTAGT-
CAGCGGAGCCATCCTTCC-3′; C74A, 5′-CCTAA-
GAAAAAGGCTGGCCAGGAACCACCCAGAC-3′ and 5′-
GTCTGGGTGGTTCCTGGCCAGCCTTTTTCTTAGG-
3′;C85A,5′-CCCGCACCCGGGCAGCCTTCACACAGTGGC-
3′ and 5′-GCCACTGTGTGAAGGCTGCCCGGGTGCGGG-
3′.

Isolation of ALR Peptides.ALR was alkylated at 25°C
in phosphate buffer containing 3 mM iodoacetic acid
following the thiol titer using DTNB. After 6 h, excess
iodoacetate was removed by washing the fully alkylated
protein with 20 mM ammonium bicarbonate in a Centricon
30 concentrator. The protein solution was made 0.1% in SDS,
boiled for 5 min, and digested at 25°C with 3% w/w trypsin.
Peptides were separated using a Hewlett-Packard series 1100
HPLC with a Phenomenex Jupiter C18 300A 250× 4.60
mm, 5µm column. Molecular weights were determined using
a Maldi Omniflex NT and TOF MS ESI.

Stopped-Flow Spectrophotometry.Reactions were fol-
lowed at 25°C in a Hi-Tech Scientific SF-61 SX2 double-
mixing stopped-flow system using software from Hi-Tech.
Prior to anaerobic experiments, the driving syringes and flow
cell were soaked for several hours with 10 mM dithionite
solution. Solutions of DTT were prepared in phosphate buffer
and standardized with DTNB. Two-electron reduced ALR
was prepared in a tonometer and mixed with aerobic
solutions made by mixing appropriate volumes of anaerobic
and oxygen-saturated buffer (39). Cytochromec turnover
experiments were performed in double-mixing mode in
aerobic solutions. ALR (syringe A) was first mixed with DTT
(syringe B) and after 50 ms mixed with cytochromec
(syringe C) and buffer or superoxide dismutase (syringe D)
to give final concentrations of 2.5µM ALR, 2 mM DTT,
0-50 µM cytochrome, and 0 or 10 units/mL superoxide
dismutase in phosphate buffer, 25°C. Initial rates were
determined andkcat and Km values estimated by nonlinear
regression.

RESULTS AND DISCUSSION

Construction, Expression, and Purification of Human ALR.
The majority of the published work on ALR, including the
recent crystal structure (21), has been performed with the
short form of the protein which lacks an 80-residue extension
at its N-terminus. For our initial characterization of the redox
behavior of ALR, we have chosen this form because it can
be readily expressed heterologously inE. coli (19) and it
allows a ready comparison with earlier work. In these prior
studies, His tags have been appended to either the N- or
C-termini of mammalian ALR (19). We have largely used
an N-terminal tag, MGGSHHHHHHGMAS, identical to that
chosen for crystallization trials of the rat ALR protein (40).

However, some preliminary experiments were conducted
with a longer N-terminal linker (see Materials and Methods).
To date, we have observed no significant differences in
catalytic or redox behavior between the two tagged forms.
The shorter construct typically gave 25-30 mg of >95%
purified protein/L of medium. Approximately 85% of the
protein induced by IPTG was found to be soluble under the
growth conditions used (see Materials and Methods). In
contrast, the longer linker ALR construct formed inclusion
bodies inE. coli and was refolded and reconstituted with
flavin before purification as described in Materials and
Methods. It proved very prone to reaggregation and was only
used in initial experiments.

Preliminary Characterization of Human ALR.Figure 2
shows a UV/vis spectrum of the short-linker recombinant
enzyme. The spectrum is weakly resolved in the flavin region
with peaks at 456 and 376 nm, somewhat different from the
450 and 360 nm reported earlier for the rat short-form ALR
(19). The molar extinction coefficient for the bound FAD
moiety in human ALR was experimentally determined to
be 11600( 100 M-1 cm-1 at 456 nm after the addition of
0.5 mM CTAB (see Materials and Methods). This value is
significantly larger than a previously assumed value of 10000
M-1 cm-1 (21). Release of flavin, judged by the reversion
to a spectrum of free FAD, was complete in less than 20 s
(not shown). The 280/450 nm absorbance ratio of freshly
prepared ALR was 4.8 (Figure 2). Human ALR shows
negligible flavin fluorescence, amounting to less than 0.5%
of an equivalent concentration of free FAD excited at 450
nm and emitting at 530 nm (not shown; see Materials and
Methods). As expected, ALR shows a typical protein
fluorescence exciting at 280 nm and emitting at 340 nm (not
shown).

Our short-linker human protein is prone to slowly increas-
ing turbidity upon storage under aerobic conditions. This does
not reflect global denaturation, because the precipitate is
bright yellow and none of the noncovalently bound flavin is
released into solution (see later). Precipitation can be largely
avoided by storing the protein under nitrogen, and it can be
reversed after incubation with excess DTT. Figure 2 was
recorded immediately after DTT pretreatment and gel filtra-
tion (see Materials and Methods). An alternate strategy to
avoid aggregation is described later.

FIGURE 2: UV/vis spectrum of recombinant human ALR. To
maximize flavin content and minimize turbidity, ALR was incubated
anaerobically for 1 h at 4°C in 50 mM phosphate buffer, pH 7.5,
25 °C, containing 0.3 mM EDTA, 5 mM DTT, and 100µM FAD.
The mixture was then gel-filtered and the spectrum of 18.3µM
ALR measured immediately at 25°C. The upper curve is amplified
10-fold to show details of the flavin spectrum.
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Homology Model and Disulfide ConnectiVity in Human
ALR.Since human and rat ALR show about 86% sequence
identity, a threaded minimized estimate of the structure of
the dimeric human protein based on the rat structure (21)
can be obtained with considerable confidence. This model
(focusing on the blue subunit in Figure 3) shows that the
conserved redox-active disulfide C62-65 is primed for
communication with the flavin ring with the sulfur of C65
(orange) at a distance of 3.2 Å from the C-4a position of
the isoalloxazine ring. A second disulfide (C91-108) is
conserved in ERV1p, ERV2p, and mammalian ALR (Figure
1) and forms an apparent structural disulfide bond between
a helix and a strand in the crystal structure of ERV2p (20)
and ALR (21) (Figure 3). The third disulfide bond forms
intersubunit links [C15-124 (21)] between the flexible N-
and C-termini of the ALR structure (Figure 3). These two
intersubunit disulfides (out of a total of six disulfide bridges
in the dimer) are unique to ALR: they are not found in either
its yeast homologue, ERV1p, or the ER-resident yeast
protein, ERV2p. Unlike the rat and mouse enzymes, each
subunit of human ALR contains two additional nonconserved
free cysteine residues (C74 and C85) depicted at the top left
of Figure 3 and, schematically, in Figure 4A.

A recent paper (38) proposed a pattern of disulfide bond
connectivity in human short-form ALR that conflicts with
that reported in the crystal structure of its rat counterpart
(21). This alternative connectivity (Figure 4, panel B) was
deduced from the mass of proteolytic peptides derived from
ALR that was not alkylated prior to digestion. Unfortunately,
confounding disulfide exchange reactions can readily occur
in the presence of free thiols during denaturation and

prolonged digestion. Notwithstanding this technical issue,
the new proposed disulfide pattern seems highly unlikely a
priori. First, a C85-91 disulfide bond could only apply to
human ALR because the counterpart of C85 is not found in
any other ALR sequenced to date. (For example, Figure 1
shows that this cysteine is replaced by a serine in rat ALR.)
Second, the rearranged pattern would remove the conserved
structural disulfide C91-108 in ERV/ALR family members
(Figure 1) and replace it with C85-91. Third, the homology
model in Figure 3 shows that the proposed C85-91 disulfide
could not be accommodated within theR-helix that runs from
residues 82-101 in ALR.

Experimental evidence is also inconsistent with the model
in Figure 4B. Figure 4A predicts a free thiol titer of 2 per
subunit (C74, C85), whereas panel B implies a total of four
reduced cysteine residues (C15, C74, C108, C124). The
reaction between 0.5 mM DTNB and short-linker human
ALR is complete in less than 15 s at pH 7.5 and yields a
stoichiometry of 2.0 free cysteines per monomer (see
Materials and Methods). This rapidity suggests that both
thiols are exposed to solvent; no further reaction occurs upon
denaturation of ALR with either 0.5 or 5 mM CTAB (not
shown). The facile reaction of two thiols is consistent with
the evident solvent accessibility of both C74 and C85 in
Figure 3 (solvent-accessible surface not shown). In accord
with their nonconservation in ALR sequences (see earlier)
the double mutant C74A/C85A gave fully active stable
protein (see later). In addition, the double mutant showed
essentially no reaction with DTNB (<0.2 reactive thiols per
subunit; not shown) whereas the corresponding double
mutant in Figure 4, panel B, would predict four free thiols
per subunit.

Finally, Figure 4, panel B, omits the interchain disulfide
bridges (C15-124) clearly evident in the crystal structure
of rat ALR (21) and reproduced in the homology model of
the human protein in Figure 3. Mutation of either C15 or
C124 in human ALR to alanine results in a fully active

FIGURE 3: Homology model of human short-form ALR based on
the crystal structure of rat ALR. The model was constructed using
Swiss PDB viewer, and the coordinates were viewed by DS
ViewerPro. Subunit A is shown in blue and subunit B in gray (with
N- and C-termini highlighted in green). Cysteine and half-cysteine
residues are numbered and shown in yellow. The FAD is in orange,
as is the sulfur atom of C65 which likely participates in C4a adduct
formation with the flavin. In subunit B the FAD is omitted, and
only C15(B) and C124(B) are depicted.

FIGURE 4: Cysteine residues and disulfide connectivity of human
ALR. Panel A represents the pattern inferred from the crystal
structure of rat ALR (see the text). Panel B is that proposed by
Chen et al. (38). The flavin ring is shown schematically next to
the proximal disulfide C62-65.
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enzyme (Table 1) that shows essentially the same visible
spectrum as wild-type ALR (see later). Like the wild-type
protein, both mutant proteins run on gel filtration under native
conditions as dimers (not shown; see Materials and Methods).
Both single mutant proteins show an approximate unit
increasein thiol titer (from 2 of wild type to 3.0 and 3.1 per
subunit for C15A and C124A, respectively; see Materials
and Methods). These data can only be accommodated if both
C15 and C124 participate in disulfide bonds.

Further, evidence supporting interchain bridges comes
from SDS-PAGE of the protein constructs as described in
Figure 5. Like a human ALR-GFP fusion reported by
Lisowsky and colleagues (19), wild-type human ALR is a
dimer in the absence of 2-mercaptoethanol but a monomer
in its presence (lanes 3 and 2 of Figure 5, respectively).
However, both C15A and C124A mutants run as monomers
in the presence or absence of reductant (lanes 6-9 of Figure
5). In summary, the structural and biochemical evidence
described above contradicts the model suggested by Chen
et al. (38) and is completely consistent with the connectivity
shown in panel A of Figure 4.

Finally, a general comment about the disulfide bonds in
ALR is relevant here. It is unusual that an intracellular, but
non-ER resident, eukaryotic protein contains structural
disulfide bonds. The short form of ALR has apparently four
per dimer. Surveys of disulfide bonds in proteins show that
they are typically buried (>70% of them are solvent
inaccessible) (41, 42). However, a number of the disulfides
of ALR appear solvent accessible (using a 1.4 Å probe
radius; not shown), and it will be interesting to learn their

redox state within the mitochondrial intermembrane space
(see later).

DTT Oxidase ActiVity of the Thiol Mutant of ALR.
Identification of the physiological substrate(s) for ALR
represents an important unresolved issue (see later). In prior
work, human ALR showed a turnover number of about four
disulfides generated per minute using reduced lysozyme in
2 M urea (43). We have used DTT here because it gives
turnover numbers in the 50-75/min range, is a convenient
substrate, and provides a number of interesting insights into
ALR catalysis. Table 1 shows that neitherkcat nor Km for
DTT oxidation shows large differences between wild-type
and single, double, or quadruple cysteine mutant proteins.
All of these constructs retain the active site CxxC motif.
Lisowsky and colleagues (19), Chen et al. (38), and Wu et
al. (21) have prepared both of these active site mutants and
report that they show undetectable sulfhydryl oxidase activ-
ity. Accordingly, they have not been pursued here.

Two of the constructs in Table 1 have the longer
N-terminal His tag (see above), but this makes little
difference to DTT oxidase activity. Clearly, the free cysteines
74 and 85 are not essential for enzymatic activity toward
DTT, consistent with their lack of conservation between rat
and human sequences and their distance from the isoallox-
azine ring (Figures 1 and 3). More significantly, the
interchain disulfide Cys15-124 (Figure 3) is also not
catalytically essential for the DTT oxidase activity measured
here. Evidently this disulfide bond does not serve in a chain
of disulfide bridges by relaying reducing equivalents to the
proximal disulfide (C62-C65) in the way that the mobile
CxC motif does in ERV2p (20).

Rationale for Using the C74A/C85A Double Mutant of
Human ALR.As mentioned earlier, C74 and C85 in human
ALR are not conserved in other ALRs and can both be
mutated to alanine residues without significant impact on
DTT oxidase activity. These two free surface-reactive
cysteines cause slow aggregation of human short-form ALR
under aerobic conditions. Thus the thiol titer drops from 2
per subunit to 1.1 over 1 day in aerobic buffer (pH 7.5, 0.3
mM EDTA, 4 °C), and progressive aggregation is evident
from gel filtration, SDS-PAGE under nonreducing condi-
tions, and light scattering experiments (not shown). While
we can reverse this tendency of human ALR to self-oxidize
using DTT or minimize the effect with storage under
nitrogen, it proved more convenient to perform subsequent
studies with the C74A/C85A double mutant (see Materials
and Methods).

Dithionite Titrations of ALR.Figure 6 shows a dithionite
titration of the human short-form double mutant ALR at pH
7.5 in the presence of methyl viologen to mediate transfer
of reducing equivalents between reductant and the various
redox forms of the protein. Complete reduction of the flavin
requires about 2.3 electron equivalents of dithionite (see
inset) with the clear intermediacy of significant levels of the
blue neutral semiquinone. Assuming that the fully formed
neutral semiquinone of ALR has an extinction coefficient
of 4.4 mM-1 cm-1 at 570 nm (see later), about 25% of the
flavin accumulates in the blue radical at the midpoint of
flavin reduction. The behavior of ALR is unusual, since
flavoprotein oxidases would be expected to form the red
anionic flavin semiquinone (44, 45). Comparable reductive
titrations of ALR up to pH 9.0 provide no significant

Table 1: DTT Oxidase Activity of Wild Type and Selected
Cysteine Mutants of Human ALR

ALR construct linker
kcat

(min-1)
Km

(mM)
kcat/Km

(M-1 s-1)

wild type short 66( 6 2.1( 0.5 520
C15A short 52( 2 1.3( 0.2 670
C124A short 54( 2 1.8( 0.2 500
C74A/C85A short 50( 3 2.0( 0.3 420
C15A/C124A long 57( 3 2.0( 0.3 475
C15A/C74A/C85A/C124A long 75( 3 1.7( 0.2 735

FIGURE 5: SDS-PAGE of recombinant wild-type ALR and selected
cysteine to alanine mutants. Samples were run using an 18% cross-
linked gel. All of the ALR samples ran in the 10-40 kDa region
of the gel shown here. Lanes 1 and 10 were markers. ALR samples
in even-numbered lanes from 2 to 9 were prereduced with
2-mercaptoethanol. Lanes: 2 and 3, wild-type ALR; 4 and 5, C74A/
C85A double mutant; 6 and 7, C15A ALR; lanes 8 and 9, C124A
ALR. The faint dimer formation in lane 9 may reflect a small
amount of disulfide cross-linking after SDS denaturation in the
absence of 2-mercaptoethanol.
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evidence of red anionic semiquinone (not shown). After the
addition of about 2.3 electrons, a stable methyl viologen
radical appears, as judged by a significant shoulder at 390
nm and new absorbance at 580 nm (not shown). Clearly,
only the flavin center of ALR and not, additionally, the
proximal disulfide is reduced under these conditions.

The midpoint potential for human short-form double
mutant ALR was established by repeating dithionite titrations
in the presence of a range of redox dyes (see Materials and
Methods). Four independent experiments with anthraquinone-
2,6-disulfonate (Em ) -184 mV) gave a midpoint potential
of -178 ( 2 mV for the 2-electron reduction of this form
of ALR. The redox-active disulfide (C62-65, Figure 3) must
clearly have a considerably more negative potential, since
we have been unable to reduce this center during the
reductive titrations of this study.

Photochemical Reduction.A similar picture to the dithion-
ite titration of Figure 6 emerges from catalytic photoreduction
using deazaflavin (see Materials and Methods). First, the
flavin of ALR was completely reduced (curve 1 of Figure
7); further anaerobic illumination had no apparent effect on
the visible spectrum of the enzyme (or the subsequent
stoichiometry of oxidative titrations; not shown). The solution
was then titrated with standardized anaerobic potassium
ferricyanide. Reoxidation was complete upon the removal
of 2 electrons per flavin (Figure 7, curve 8 and inset). At
intermediate stages of the titration very similar levels of blue
flavin semiquinone are encountered to those seen in Figure
6.

As observed in Figure 6, the redox potentials of the flavin
and of the proximal disulfide C62-65 appear widely
separated, allowing essentially stoichiometric reduction of
the flavin without significant accumulation of 4-electron
reduced protein. The long wavelength absorbance seen in
Figures 6 and 7 has the fine structure expected for a blue
neutral semiquinone radical (see later); the feature is clearly
not that of a charge-transfer interaction between oxidized
flavin and a proximal thiolate as observed with QSOX (5,
21, 23) or members of the pyridine nucleotide dependent
disulfide oxidoreductases (reviewed in ref46).

DTT Reduction under Anaerobic and Aerobic TurnoVer
Conditions.Figure 8 shows that 1 equiv of DTT (2 electron
equivalents per subunit; see inset) effects almost complete
reduction of the flavin prosthetic group of human ALR.
Unlike photochemical reduction (e.g., Figure 7, curve 1),
significant levels of the blue radical persist even upon the
addition of excess DTT (Figure 8, curve 7). However, much
higher levels of the blue neutral semiquinone are observed
during DTT turnover in aerobic buffer (Figure 9). Here,
oxidized ALR was mixed with 10 mM DTT at pH 7.5, and
the spectral changes were followed in the diode array
spectrophotometer. The inset in Figure 9 shows that the blue
semiquinone increases in a reaction that is half-complete
about 19 s after the addition of DTT. At this pH, bleaching
at 456 nm largely precedes the appearance of the blue
semiquinone. A somewhat smaller level of neutral radical
was observed at pH 7.0 by Wu et al. during their crystal-
lographic investigations of the structure of recombinant rat
ALR (21).

One explanation for the appearance of the radical upon
the addition of a formal 2-electron reductant (DTT) is that

FIGURE 6: Dithionite titration of the C74A/C85A double mutant
of human ALR. The double mutant (28µM in 50 mM phosphate
buffer, pH 7.5, containing 0.3 mM EDTA and 1µM methyl
viologen) was made anaerobic (curve 1; see Materials and Methods)
and titrated with 0.4, 0.8, 1.2, 1.6, and 2.8 electron equivalents of
dithionite per subunit (curves 2-6, respectively). Intermediate
spectra are omitted for clarity. The inset plots absorbance at 456
nm as the titration proceeds.

FIGURE 7: Reoxidation of photochemically reduced human ALR.
Curve 1: an anaerobic solution of 30µM ALR was photoreduced
with 5-deazaflavin (for 25 min; see Materials and Methods) and
titrated with 0.29, 0.57, 0.86, 1.15, 1.43, 1.72, and 2.00 electron
equivalents of ferricyanide (curves 2-8). The inset plots the
absorbance changes at 456 nm against titrant added.

FIGURE 8: Anaerobic titration of ALR with DTT. Oxidized ALR
(curve 1: 23µM in 50 mM phosphate buffer, pH 7.5, containing
0.3 mM EDTA) was titrated anaerobically at 25°C with 0.4, 0.8,
1.2, 1.6, 2.0, and 3.2 electron equivalents from DTT (curves 2-7,
respectively). Intermediate spectra are omitted for clarity. The inset
plots the absorbance change at 456 nm during the titration.
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it reflects a comproportionation reaction: either between two
separate ALR dimers or via electron transfer across subunits
within the same dimer (depicted as I or II):

To assess the rate of reaction I, we mixed 2-electron reduced
ALR (generated photochemically; see Materials and Meth-
ods) anaerobically with an equimolar concentration of
oxidized ALR. Comproportionation equilibration yields the
level of semiquinone seen in Figures 6 and 7 with a half-
time of 6.6 min at 25°C (not shown). This rate is too slow
to account for the comparatively rapid appearance of blue
semiquinone observed in the inset to Figure 9.

Dutton and colleagues have argued that electron transfer
rates between redox centers are comparatively little influ-
enced by the medium which separates them but strongly
influenced by driving force and edge to edge distance
between reacting groups (47, 48). In dimeric ALR the closest
distance between isoalloxazine rings A and B is about 19
Å, and this would correspond to an isopotential electron
transfer rate of about 10/s (48; this is roughly 10-fold faster
than catalytic turnover; Table 1). Even if this theoretical rate
were overestimated by 100-fold, it would still be fast enough
to account for the appearance of blue semiquinone in Figure
9. Thus comproportionation in ALR is likely dominated by
electron tunneling across the dimer interface because of the
relative proximity of the two flavin rings.

A New Enzymatic ActiVity for ALR.We considered another
possible explanation for the appearance of the flavin semi-
quinone in Figure 9: that it is the consequence of 1-electron
reduction of dioxygen during turnover of DTT. The experi-
ments described below show that this is not the case and
have led to the discovery of a new enzymatic activity of
ALR.

McCord and Fridovich and Massey et al. showed that a
number of flavoproteins are weak de facto cytochromec
reductases because they nonphysiologically leak traces of
superoxide during aerobic turnover (49-51). Two examples
from this early work are particularly relevant because they
are members of the pyridine nucleotide disulfide oxidoreduc-
tase family and contain flavin in close communication with

a redox-active disulfide (46). The NADH-dependent cyto-
chromec reductase activity of lipoamide dehydrogenase (2.7
mol of cytochromec reduced/min) was inhibited by 90%
on the addition of superoxide dismutase (SOD). Similarly,
glutathione reductase catalyzes the NADPH-dependent re-
duction of cytochromec (0.9/min) and is 92% inhibited by
SOD. The balance of noninhibitable cytochromec reductase
activity (about 10%) was also observed under rigorously
anaerobic conditions.

In contrast to these flavoproteins, ALR-mediated aerobic
reduction of cytochromec (Figure 10) is only slightly
inhibited by a concentration of SOD that was shown in a
separate experiment to completely inhibit the reduction of
cytochrome in the xanthine/xanthine oxidase superoxide
generating system (not shown; see Materials and Methods).
Reduction of cytochromec by reduced ALR was followed
in a double-mixing stopped-flow spectrophotometer to
facilitate the measurement of initial rates (see Materials and
Methods). The appreciable background contribution to these
rates (shown by the dotted line in Figure 10) is the well-
precedented nonenzymatic reduction of cytochromec by thiol
compounds (52-54).

Consistent with this small effect of SOD, anaerobic assays
(comparable to those shown in Figure 10) showed less than
10% difference in rates with their aerobic counterparts (not
shown). Using the Michaelis-Menten equation to fit the
SOD-independent heme reduction rates in the inset gives a
kcat of 270 cytochromec molecules reduced/min and aKm

of 10 µM. To evaluate whether oxygen or cytochromec is
a better electron acceptor for ALR, we needed to determine
the Km for oxygen using the DTT concentration (2 mM)
employed in Figure 10. Analysis of complete oxygen
electrode traces from air saturation to zero oxygen concentra-
tion allowed rates to be estimated by drawing tangents to
the curve for a range of oxygen concentrations (23). The
Km estimated from a Michaelis-Menten plot of the data is
about 240µM, consistent with a marked slowing of the

FIGURE 9: Enzyme-monitored turnover of DTT. ALR (38.5µM in
0.8 mL of phosphate buffer, pH 7.5, 25°C) was mixed at time
zero with 10 mM DTT. Only selected spectra are shown for clarity.
The inset plots absorbance changes at 456 and 580 nm.

I: ALRdimer‚Fl2e + ALRdimer‚Flox T 2ALRdimer‚Fl•

II: ALR subunit A‚Fl2e/ALRsubunit B‚Flox T

ALRsubunit A‚Fl•/ALRsubunit B‚Fl•

FIGURE 10: ALR-mediated reduction of cytochromec. In a double-
mixing experiment, cytochromec was first mixed with DTT and
subsequently with ALR and/or SOD. The main panel plots the
absorbance at 550 nm using 40µM cytochromec with 2.5 µM
ALR alone (solid line), with the additional presence of 10 units/
mL SOD (long dashed line), or including SOD, but omitting ALR,
to record the nonenzymatic reduction of cytochrome by DTT (short
dashed line). Concentrations are those after double mixing (through-
out 2 mM DTT in 50 mM phosphate buffer, pH 7.5, containing
0.3 mM EDTA at 25°C). Initial rates, corrected for nonenzy-
matic reduction, are plotted as a function of cytochrome concentra-
tion in the inset. The line is a fit to akcat of 270/min and aKm of
10 µM.
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oxygen electrode trace as oxygen is depleted. Thus, at least
in vitro, oxygen appears to be a poorer substrate than
cytochromec by about 100-fold (withkcat/Km values of 4.2
× 103 and 4.5× 105 M-1s -1, respectively). If this is the
case, oxidized cytochromec would be expected to suppress
the consumption of oxygen by ALR in the presence of DTT.
Indeed, Figure 11 shows a significant delay in oxygen
consumption (added to the approximate 6 s lag inherent in
the sensor electrode). This lag persists until cytochromec is
depleted (by direct reduction with ALR and nonenzymatic
reduction with DTT as in Figure 10).

Conclusions. This paper presents the first detailed exami-
nation of the redox behavior of ALR and shows that only 2
reducing equivalents can be easily delivered to the short form
of the human protein compared to the 4 electrons expected
from the additional presence of the proximal disulfide (C62-
65). Similarly, a proteolytic fragment of QSOX containing
the ERV/ALR domain was also found to only undergo
2-electron reduction using either dithionite or the deazaflavin
light method (55). In both examples, the flavin is clearly
the center with the most positive redox potential. In neither
case are thiolate to flavin charge-transfer complexes observed
on 2-electron reduction. Instead, both ALR and the QSOX
fragment yield the blue semiquinone during reductive titra-
tions, although only traces are seen in the latter case (55).

Identification of the physiological substrates for mam-
malian ALR is an important ongoing exercise (17, 19, 21,
38). In addition to a proposed role in Fe/S traffic (17), ALR
might contribute in some way to the introduction of disulfides
found in proteins residing in the intermembrane space,
including thionein (56, 57), TIM10 (58), TIM13 (59), and
superoxide dismutase (60). In terms of electron acceptors
for ALR, our work suggests that ALR may not necessarily
function as a sulfhydryl oxidase in the mitochondrial
intermembrane space. Thus, while cytochromec is often used
as a nonphysiological oxidant for flavoproteins in vitro, in
the present case ALR is located in the same cellular
compartment, as almost millimolar concentrations of cyto-
chromec (61, 62). A significant amount of this cytochrome
c is “free” (63) and in its oxidized form (64). This abundance
of an apparently preferred substrate of ALR contrasts with
the 2-10 µM levels of oxygen that prevail in the mitochon-

drion of respiring tissues (65). Even at air saturation (240
µM oxygen), 100 µM oxidized cytochromec strongly
suppresses oxygen consumption by ALR (evident from the
initial lag in Figure 11).

In sum, these data suggest that cytochromec should be
considered as a potential oxidant for ALR in vivo. In this
mode ALR-mediated oxidations could then be coupled to
the respiratory chain without the generation of hydrogen
peroxide observed in the oxidase reaction. Further work will
examine the long form of human ALR to see whether the
additional N-terminal CxxC motif modulates the redox
behavior and catalytic versatility of this interesting and
enigmatic flavoenzyme.
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