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ABSTRACT: The sulfhydryl oxidase augmenter of liver regeneration (ALR) binds FAD in a helix-rich domain
that presents a CxxC disulfide proximal to the isoalloxazine ring of the flavin. Head-to-tail interchain disulfide
bonds link subunits within the homodimer of both the short, cytokine-like, form of ALR (sfALR), and a
longer form (IfALR) which resides in the mitochondrial intermembrane space (IMS). IfALR has an 80-residue
N-terminal extension with an additional CxxC motif required for the reoxidation of reduced Mia40 during
oxidative protein folding within the IMS. Recently, Di Fonzo et al. [Di Fonzo, A., Ronchi, D., Lodi, T.,
Fassone, E., Tigano, M., Lamperti, C., Corti, S., Bordoni, A., Fortunato, F., Nizzardo, M., Napoli, L.,
Donadoni, C., Salani, S., Saladino, F., Moggio, M., Bresolin, N., Ferrero, 1., and Comi, G. P. (2009) Am. J.
Hum. Genet. 84, 594—604] described an R194H mutation of human ALR that led to cataract, progressive
muscle hypotonia, and hearing loss in three children. The current work presents a structural and
enzymological characterization of the human R194H mutant in If- and sfALR. A crystal structure of human
sfALR was determined by molecular replacement using the rat SfALR structure. R194 is located at the subunit
interface of sSFALR, close to the intersubunit disulfide bridges. The R194 guanidino moiety participates in
three H-bonds: two main-chain carbonyl oxygen atoms (from R194 itself and from C95 of the intersubunit
disulfide of the other protomer) and with the 2’-OH of the FAD ribose. The R194H mutation has minimal
effect on the enzyme activity using model and physiological substrates of short and long ALR forms.
However, the mutation adversely affects the stability of both ALR forms: e.g., by decreasing the melting
temperature by about 10 °C, by increasing the rate of dissociation of FAD from the holoenzyme by about
45-fold, and by strongly enhancing the susceptibility of sSTALR to partial proteolysis and to reduction of its
intersubunit disulfide bridges by glutathione. Finally, a comparison of the TROSY-HSQC 2D NMR spectra
of wild-type sfALR and its R194H mutant reveals a significant increase in conformational flexibility in the
mutant protein. In sum, these in vitro data document the major impact of the seemingly conservative R194H
mutation on the stability of dimeric ALR and complement the in vivo observations of Di Fonzo et al.

Augmenter of liver regeneration (ALR;' also abbreviated as
GFER, HPO, and HSS) is a representative of a group of small
sulthydryl oxidases whose founding member, Ervlp, was first
recognized as a protein essential for respiration and vegetative
growth in yeast (/, 2). Since that time a number of Erv/ALR
family members have been characterized including yeast Erv2p
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and ALR analogues from certain double-stranded DNA viruses
and from plants and animals (3). These proteins share a common
flavin binding fold in which the isoalloxazine ring is inserted into
the mouth of a bundle of four helices (3). This novel flavin
binding mode, first recognized for yeast Erv2p (4) and then for rat
ALR (5) and yeast Erolp (6), is found in all of the well-
characterized sulfhydryl oxidases including the larger multi-
domain quiescin-sulfhydryl oxidase (QSOX) enzymes (7—10).
Mammalian ALR is a covalent homodimer and is found in two
splice variants (//—16). The short form (sfALR, 15 kDa, starting at
MS]1 of the human long form, IFALR, sequence depicted in Figure
1A) is a circulating growth factor (11, 12, 15, 17, 18) and interacts
with specific receptors on the cell surface (19, 20). Receptors for
sfALR stimulate the mitogen-activated protein kinase cascade
leading to enhanced liver regeneration (19, 21) and recovery of
renal tubular cells from ischemic/reperfusion injury (22). sSFALR is
also found in the cytosol and in the nucleus and interacts with
Bcl-2/adenovirus E1B 19 kDa interacting protein 2-like (23) that
confers protection against the effects of viral infection and proa-
poptotic stimuli (24). sfALR also binds to Jun activation domain-
binding protein 1 of the mammalian COP9 signalosome (25). While
interest in SfALR is increasing, specific details concerning its
enzymatic activity, locale, and mode of action remain unclear.
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FiGcure 1: Comparison of sequences of human and rat ALR with yeast Ervlp and a depiction of the role of ALR in oxidative folding in the
mitochondrial intermembrane space. Human, rat, and yeast sequences are indicated by Hs, Rn, and Sc prefixes, respectively, in the alignment
shown in panel A. All cysteines are highlighted in yellow. The N-terminal (distal) and C-terminal (proximal) redox-active CxxC motifs are
enclosed within red dotted boxes. The cysteine residues forming intersubunit disulfide bonds are denoted by orange circles. The two cysteine
residues in human ALR that are mutated to prevent aggregation are shown in lower case. The methionine residue highlighted in black represents
the N-terminus of the short form of mammalian ALR. The position of the R194 mutant in human ALR is highlighted in red. Panel B: Proteins
undergoing oxidative folding in the IMS transfer electrons to Mia40 which then transmits them to long form ALR (or ErvIp in yeast). The
terminal electron acceptor is either cytochrome ¢ or molecular oxygen.

Long-form ALR (23 kDa), like its yeast counterpart, Ervlp,
populates the intermembrane space (IMS) of the mitochondrion,
where it participates in a chain of disulfide exchange reactions
that generate disulfide bonds in a number of resident proteins
with twin Cx;C and CxoC motifs (26—37) (Figure 1B). ALR is
currently classified as a flavoprotein oxidase catalyzing the
generation of disulfides with the stoichiometry:

2R-SH+0, - R—S-S—-R+H,0,

However, cytochrome ¢ is a much better electron acceptor than
oxygen for both sf- and IFALR in vitro (38, 39). This finding led us
to suggest that reduction of cytochrome ¢ could minimize the
generation of reactive oxygen species associated with generation
of disulfides in the IMS (Figure 1B (38)). Subsequent in vivo
studies of the yeast mitochondrial IMS have confirmed that
Ervlp and cytochrome ¢ can interact productively during oxida-
tive folding (37, 40). Alternatively, any hydrogen peroxide
liberated from these flavoprotein sulfhydryl oxidases could
reoxidize cytochrome ¢ catalyzed by cytochrome ¢ peroxidase
within the IMS (41).

In an interesting recent communication, Comi and col-
leagues (42) describe the first human ALR mutation to be

recognized. Three children from consanguineous parents devel-
oped cataract, progressive muscle hypotonia with developmental
delay, and hearing loss. Di Fonzo et al. identified the missense
mutation which results in the substitution of an arginine for a
histidine at position 194 (42). While this R194H mutation did not
affect the levels of mRNA, it appeared to impact the import and/or
stability of the mutant protein in the mitochondrial IMS. Primary
myoblasts from an affected sibling showed an approximately
2-fold increase in doubling time, again consistent with a significant
impact of the mutant on cell function (42). Di Fonzo et al. further
sought to characterize the mutant by generating the analogous
mutation (RI182H) in yeast Ervlp. In this background, the
mutation significantly impacted cytochrome oxidase biosynthesis
because Ervlp is involved in the folding of the copper chaperones
required for metal insertion into this respiratory chain compo-
nent (43). However, the focus of their study was neither an
enzymological characterization of the human mutant nor a
discussion of the molecular environment of R194 and the inter-
actions it might make with neighboring residues.

Herein we characterize the R194H mutation in the context of
our continuing enzymological studies of human ALR (38, 39, 44).
While the yeast Ervlp analogue of ALR proved a useful starting



Article

point for evaluation of the behavior of the R194H mutation (42),
there are significant differences between the yeast and mamma-
lian orthologues. For example, the distal CxxC disulfide respon-
sible for shuttling reducing equivalents from Mia40 to the
proximal disulfide that is in redox communication with the flavin
is placed some 40 residues distant in the primary structure of the
two proteins (Figure 1A) (3, 39, 45). Further, an initial examina-
tion of the location of R194 using the published structure of rat
ALR (PDB: 10QC (5)) suggests that it is placed close to an
interchain disulfide bond in the mammalian proteins and is
involved in H-bonding interactions across the subunit interface
(see later). Not only does Ervlp lack these interchain disulfides,
but there are further significant differences between the sequences
of yeast and mammalian orthologues in the vicinity of R194
(Figure 1A). It is therefore important to assess the impact of the
R194H mutation with the cognate human protein.

Since a structure of human ALR was unavailable, we have
determined a high-resolution crystal structure of the short-form
ALR, intending to pair this with a companion structure of the
R194H mutant. Although we have been unsuccessful in obtain-
ing crystals of the R194H mutant, we have utilized 2D NMR
methods to document a marked increase in protein mobility
compared to the corresponding wild-type protein. While the
mutant flavoprotein remains fully active in a variety of assays, the
resulting protein appears to be less stable, prone to loss of FAD
cofactor, susceptible to reduction of its intersubunit disulfide
bonds, and sensitive to partial proteolysis. Our findings suggest
that R194 is an important participant in a web of molecular
interactions that link the binding of flavin to the stability of the
intersubunit disulfide bonds. These results support the observa-
tions of Di Fonzo et al. (42) that the pathology of this ALR
mutant reflects, in part, the stability of the protein in vivo.

EXPERIMENTAL PROCEDURES

Materials. Reagents were obtained as described previously (39).
Polyethylene glycol 8000 was from Thermo Fisher. Zinc acetate
was from Allied Chemical and sodium cacodylate from SPI-
Chemical.

Mutation, Expression, and Purification of ALR and
Arg194 Mutants. The numbering of amino acid residues for
sfALR followed that of IFALR. The full sequence of the His-
tagged constructs of If- and sfALR is shown in Figure S1,
Supporting Information. Primers for site-directed mutagenesis
(obtained from IDT) are listed in Supporting Information.
Mutagenesis was performed as described previously (38, 39)
and confirmed by sequence analysis (Genewiz Inc.). As before,
the two nonconserved and nonessential cysteines (C154 and
C165) were mutated to alanine residues to avoid pronounced
oxidative aggregation that was encountered in the early stages of
work on human ALR (38). While two earlier papers (38, 39)
designated these double mutants as ALR’, we adopt the simpler
abbreviation “ALR” here and refer to the former C154A/C165A
protein as “wild type”.

The Mia40 construct used in this work had a shorter N-
terminal His tag/linker than used in the earlier work (39). The
amino acid sequence of this shorter construct is shown in
Supporting Information (Figure S1). Expression and purification
of Miad0, IfALR, and the corresponding R194H mutant fol-
lowed the procedures described earlier (39). Similarly, wild-type
and mutant forms of sfALR were obtained as outlined pre-
viously (38), except that riboflavin was not added to the culture
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media, and the protease inhibitor cocktail tablets were replaced
with 1 mM PMSF, and 1 4M leupeptin. Expression of '*N-
labeled human sfALR (using "NH,CI, 99%; Cambridge Isotope
Laboratories) followed the protocol of Marley et al. (46).

UV—Vis Spectra. Where necessary, spectra of If- and sfALR
and their R194 mutants were corrected for slight light scattering
by using a turbidity correction using software supplied with the
HP8453 diode array spectrophotometers. An extinction coeffi-
cient for the bound FAD of the R194H mutants of IfALR was
determined to be 11.4 mM ™! cm ™! at 456 nm, after release of
flavin using 0.1% (w/v) SDS as described earlier (39). The
comparable value for wild-type IFALR is 11.7 mM ™" ecm ™" (39).

Sulfhydryl Oxidase Assays. Assays of ALR, monitored by
the consumption of oxygen in a Clarke-type oxygen electrode, by
reduction of cytochrome ¢, and by the oxidation of reduced
human Mia40, were conducted as described previously (38, 39).

Crystallization and Data Collection. Protein crystalliza-
tion conditions were screened by hanging-drop vapor diffusion
using Hampton Research crystal screening kits. Drops were
generated at 25 °C by mixing | uL of the protein stock solution
(8 mg/mL in 50 mM phosphate buffer, pH 7.5) with 1 uL of
crystallization well solution. Promising conditions were refined to
optimize crystal quality. The crystals used here (Figure S2,
Supporting Information) were grown using a solution of 18%
(w/v)PEG 8000, 210 mM zinc acetate dihydrate, and 100 mM
sodium cacodylate, pH 6.5, that had been filtered through a
0.2 um disposable filter unit (Nalgene). Crystals were dipped in a
cryoprotectant mixture of the well solution containing 20%
xylitol before flash-cooling in liquid nitrogen. Diffraction data
were collected using in-house equipment (Rigaku RUH3R and
R-AXIS IV). The crystal to detector distance was 100 mm, and
the Cu radiation X-ray wavelength was 1.541 A. Crystals were
maintained at —180 °C, and data were collected for 15 min per 1°
oscillation from a single crystal yielding a total of 180 diffraction
images. The data were indexed, integrated, and scaled with the
program HKL2000 (47).

Crystal Structure Solution and Refinement. The human
sfALR structure was solved by molecular replacement using the
coordinates for the rat sSFALR dimer (PDB: 10QC). Molecular
replacement was carried out using the program MOLREP from
the CCP4 suite of programs (48). Automated model building of
human ALR employed ARP/WARP (48), and 30 cycles of
refinements utilized REFMACS and COOT (49). Water mole-
cules were placed during successive cycles of model building and
refinement. The final human sfALR model (residues 81—205)
had three subunits comprising of one covalent dimer and half of
another covalent dimer whose dimer interface resided on a
crystallographic symmetry axis. The N-terminus of each subunit
was disordered, with the final model including residues 94—205
from each subunit. A final 2F, — F, electron density difference
map (Figure S3, Supporting Information) confirmed the quality
of the final model. The final Ryqrking and Rgyee values were 0.189
and 0.235, respectively.

In Silico Modeling. The R194H mutation of sfALR was
modeled using the human sfALR structure using the program
MODELER (50—352), optimized with variable target function
and molecular dynamics (5/), and further minimized using the
CNS program (53, 54). A total of 50 models were generated for
the mutant R194H, and the structure with the lowest discrete
optimized protein energy (DOPE) (55) was further minimized
with CNS. DOPE values for the R194H model and the wild-type
structure were comparable. The minimized model has rmsd of
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0.013 A and 1.74° pre- and post-CNS minimization, indicating
good convergence. Solvent accessibilities for amino acid side
chains and atoms were calculated using the NACCESS pro-
gram (56).

Flavin Dissociation. If- and sfALR were diluted to a con-
centration of 10 uM in 900 uL of 50 mM phosphate buffer, pH
7.5, 25 °C, containing 0.3 mM EDTA and 4.44 M guanidine
hydrochloride. Flavin release was followed in an HP8453 diode
array spectrophotometer by the decrease in absorbance at 496 nm.

FAD Association Rates. Apoproteins for sfALR wild type
and the R194H mutant were prepared by incubating the sSFALR
holoprotein while bound to a Ni-NTA column (Invitrogen
ProBond) with 10 mL of 50 mM phosphate buffer, pH 7.5,
containing 6 M guanidine hydrochloride for 2 h followed by
10 mL of the same buffer without denaturant. The column was
then immediately reequilibrated with denaturant and the treat-
ment repeated three more times to ensure complete release of
FAD. The column was developed using 5 mL aliquots of 50, 200,
and 500 mM imidazole, and apo-ALR was desalted on a PD10
column equilibrated with 50 mM phosphate buffer, pH 7.5,
containing 0.3 mM EDTA. Absorbance changes were monitored
by stopped flow (SF-61 DX2 double mixing instrument;
Hi-Tech) and analyzed using KinetAsyst 3 software.

Thermal Stability. The thermal stabilities of wild type and
R194H mutants of If- and sfALR were assessed using a JASCO
810 CD spectrophotometer. Far-UV (260—205 nm) CD spectra
were collected at 2 °C increments every 10 min from 2 to 94 °C, in
| mm path length cells using 10 uM ALR proteins. Mean residue
ellipticities (deg cm” dmol™') were plotted as a function of
temperature and used to calculate midpoint values.

NMR Data. The '"H-""N TROSY-HSQC NMR spectra
were recorded at 25 °C using a Bruker AV600 MHz spectrometer
equipped with a cryoprobe operating at 600.13 and 60.81 MHz
for 'H and "N, respectively. '’N-Labeled wild-type and R194H
sfALR proteins were expressed and purified as described above.
NMR samples were prepared in 5 mm tubes containing 130 uM
protein in 10 mM potassium phosphate buffer, pH 6.9, in 90%
H,0/10% D50. Acquisition parameters are listed in Supporting
Information, and raw NMR data were processed using the
NMRpipe program (57).

Partial Proteolysis. Wild type and R194H mutant sfALR
(100 M in 100 uL of 50 mM phosphate buffer, pH 7.5, 0.3 mM
EDTA, 25 °C) were mixed with 1% (w/w) chymotrypsin.
Aliquots (5 uL) were periodically removed, mixed with an equal
volume of 2x nonreducing Laemmli buffer to arrest proteolysis,
and then analyzed using 12% cross-linked SDS—PAGE gels.

Reduction of Intersubunit Disulfide Bonds with Glutathione.
Wild-type and R194H sfALR (30 uM) were incubated in glass tubes
with 10 mM GSH in 50 mM phosphate buffer and 0.3 mM EDTA,
adjusted to pH 7.5. The tubes were sealed with serum caps, and the
gas space was flushed with nitrogen through entry and exit needles.
A narrow gauge needle could be threaded through the exit needle to
withdraw 50 uL aliquots prior to quenching samples to a final
concentration of 20 mM N-ethylmaleimide. Samples were then
analyzed using 12% nonreducing SDS—PAGE gels and stained
with Coomassie Brilliant Blue G-250. Bands for monomeric and
dimeric ALR were quantitated using ImagelJ (58).

RESULTS AND DISCUSSION

Location of R194 in Human ALR. Our previous studies of
human ALR (38, 39, 44) have used a homology model for the
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Table 1: Data Collection and Refinement Statistics of Human sfALR“

Data Collection

space group 2
unit cell dimensions
a, b, c(A) 112.719, 65.145, 63.767

90.0, 89.973, 90.0

o, f, v (deg)
50.0—1.85 (1.92—1.85)"

resolution (A)

completeness (%) 99.9 (100.0)
redundancy 3.6 (3.6)
1ol 36.54 (3.13)

Ruerge linear® 0.044 (0.366)

Refinement
resolution (A) 63.76—1.85
Rwork/Rfreed 0.1 89/0235
no. of atoms (non-hydrogen) 3429
mean B value 319
rmsd bond lengths (A) 0.017
rmsd bond angles (deg) 1.94
Ramachandran plot
most favored (%) 95.2

additionally and generously allowed region (%) 4.8

“Protein Data Bank accession code 3MBG. “Values in parentheses are
for the highest resolution shell. “Rierge = Y1 — LI/>(1,), where I, is the
observed intensity and 7, is the average intensity, the sums being taken over
all symmetry-related reflections. deorkmg = Y |F, = F.|/>(F,), where F,
is the observed amplitude and F, is the calculated amplitude. Ry, is the
equivalent of Ryqking, €Xcept it is calculated for a randomly chosen set of
reflections that were omitted (5%) from the refinement process.

short-form enzyme that was based on the rat sfALR dimer
structure of Wu et al. (5). This model suggests that the R194 side
chain of ALR would participate in several contacts, both with the
ribose moiety of the FAD and with main chain atoms at the
subunit interface (see later). This multiplicity of interactions
suggested that an evaluation of the effect of the R194H mutation
would be best undertaken with the cognate wild-type protein:
human ALR. While we have yet to be successful in crystallizing
human IfALR, with its 80-residue N-terminal extension
(Figure 1A), crystals of the short-form enzyme were readily
obtained (Figure S2, Supporting Information) and used for the
structural determination described below. Although it is possible
that some effects of the R194H mutant are unique to the
long form of human ALR, none of the data presented here
shows a selective impact between long and short versions of this
flavoenzyme.

Crystal Structure of Human sfALR. Human sfALR
crystallized rapidly without removal of the N-terminal His tag.
The initial structure was solved using the rat sSfALR (PDB:
10QC) as a molecular replacement search model. The asym-
metric unit consisted of three subunits: a disulfide-linked homo-
dimer and half of an adjacent dimer. In all subunits, the first 27
N-terminal residues of the sSfALR construct (Figure S, Support-
ing Information, comprising 14 residues of the tag and linker,
followed by 13 residues from the N-terminus of the cytokine form
of ALR) were disordered. A summary of the data collection and
refinement statistics for the crystal structure, encompassing
residues D94-D205, is presented in Table 1. The overall fold of
the covalent human sfALR dimer is shown in Figure 2. Figure S3,
Supporting Information, shows a difference electron density map
surrounding the bound FAD prosthetic group (2F, — F¢) of this
1.85 A structure. As would be expected from the level of protein
sequence identity between rat and human short-form proteins
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FIGURE 2: Overall chain fold of dimeric human sfALR. The two
C95—C204 disulfides that join the gray and green subunits of the
sfALR homodimer are shown in yellow, together with the redox-
active proximal disulfide (C142—C145) and the structural disulfide
(C171—C188) in the gray subunit. The FAD is depicted in yellow.

(85%), both dimers overlay very well (with an rmsd of 0.531 A;
Figure S4 in Supporting Information).

Figure 3A shows a stereoview of the human sfALR structure
centered around R194. The residue is nearly coplanar with W195
suggestive of a cation—z interaction. One of the terminal
guanidino amino groups of R194 forms H-bonds with two main
chain carbonyl oxygen atoms: one from R194 itself and the other
contributed by C95 of the other subunit. This particular cysteine
residue participates in the two interchain disulfides (C95—C204
and its counterpart, C204—C95) that maintain ALR as a co-
valent head-to-tail dimer (Figure 2). A third H-bond links the
o-nitrogen of R194 to the 2'-OH of the ribose moiety of the
bound FAD. This chain of interactions might reasonably be
expected to link FAD binding with the conformational stabiliza-
tion of the dimer interface in the vicinity of the interchain
disulfide bridges (see later).

Despite the expectation that the R194H mutation would prove
structurally conservative, numerous crystallization screening
attempts with the mutant protein proved unsuccessful. Indeed,
the mutation has an unexpectedly large effect on protein stability
and flavin binding (see below), and this probably contributes to
our inability to crystallize the protein over a wide range of
conditions. Hence, for comparison with the native protein, we
prepared an energy-minimized model of R194H (Figure 3B; see
Experimental Procedures). This model introduced very small
changes to the backbone (with a C, rmsd of 0.244 A) but
generated significant perturbations in the region of residue 194.
Here the imidazole ring of H194 is oriented at approximately
right angles to the indole ring of W195. The model shows that
H194 is now 3 A from the 2’-OH of the FAD ribose in an
orientation unfavorable for strong H-bond formation. While the
importance of this potential H-bond in the R194H protein
cannot be evaluated based on a modeled structure alone, the
other two H-bonding interactions identified for the wild-type
protein appear to be absent in the mutant (Figure 3B).

Comparison of UV—Vis Spectra of Wild Type and
RI194H Mutant. Since R194 makes H-bond contact with the
2'-OH ribose group of the FAD and participates in a network of

Biochemistry, Vol. 49, No. 31, 2010 6741

FIGURE 3: A stereoview surrounding R194 in human sfALR and a
minimized model of the R194H mutant. Panel A: R194 forms
H-bonds with the 2/-OH of the ribose moiety of FAD, with its own
main chain peptide carbonyl, and with the main chain carbonyl
oxygen contributed by C95 of the other (green) subunit. Panel B
represents a minimized model (see Experimental Procedures) of the
R194H sfALR mutant.

interactions around that region of the flavin prosthetic group, we
examined whether the mutation produced significant differences
in the spectrum of the bound isoalloxazine ring. First, it should be
noted that there is approximately 20% less FAD bound to the
R194H IfALR mutant than for the wild-type protein (for
comparison, the main panel in Figure 4 normalizes these spectra
at 280 nm). The inset shows that spectra of the bound flavin for
wild-type and mutant IfALR are very similar (with comparable
extinction coefficients for the bound flavin; see Experimental
Procedures). Comparable measurements for sSfALR show that
about 15% less FAD is bound to the mutant protein; again, the
normalized flavin spectra are comparable (Figure S5, Supporting
Information).

Influence of R194H Mutation on the Enzymatic Activity
of Human If- and sfALR. Di Fonzo et al. made no direct
assessment of the catalytic impact of the R194H mutant in
human ALR or of the effects of the corresponding yeast Ervlp
R182H mutant (42). Here we complement their studies using a
range of in vitro assays of the long and short human ALR forms.
Table 2 collects the steady-state catalytic parameters for these
experiments (see Experimental Procedures). In all cases ALR
concentrations of wild-type and mutant proteins were expressed
in terms of flavin content (see Experimental Procedures) to
normalize for the small differences in flavin loading mentioned
above. Assays for IfALR utilized reduced Mia40 as the electron
donor and either molecular oxygen or cytochrome ¢ as oxidants
(as described previously (39)). In terms of oxygen as an electron
acceptor (Table 2, part B), small compensating changes in kg,
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FIGURE 4: Comparison of UV—vis spectra of wild-type and R194
IfALR. Spectra were recorded in 50 mM phosphate buffer, pH 7.5,
containing 0.3 mM EDTA and normalized either at 280 nm (main
panel) or at 456 nm (inset). Spectra of wild type and the R194H
mutant are shown by solid and dashed lines, respectively.

Table 2: Enzyme Activity of Wild Type and R194H Mutants of If-
and sfALR“

donor/acceptor kear (min~ ") K, (mM) keat/ Ky M1 s7h
(A) DTT/O,
IfALR 61 £1.5 3403 330
IfALR R194H 7241 2240.1 550
sfALR 10847 1.6+04 1100
sfALR R194H 7343 1.6 £0.25 760
(B) Mia40”/0,
IfALR 4248 0.068 £ 0.021 10200
IfALR R194H 24+4 0.042 £ 0.014 9600
(C) Mia40°/Cyt ¢
IfFALR 48+6 0.045 £ 0.012 17600
IfALR R194H 4849 0.039 £ 0.015 20700

“Three assay systems were used: (A) oxygen consumption in the oxygen
electrode using DTT as a model substrate, (B) the oxygen-dependent
reoxidation of reduced Mia40 followed discontinuously with DTNB, and
(C) the reduction of cytochrome ¢ followed continuously in the presence of
reduced Mia40. “Kinetics determined with a shorter N-terminal linker for
Mia40 than used previously (see Experimental Procedures (39)).

and K, terms generate essentially the same catalytic efficiency of
approximately 10* M~" s™!. For cytochrome c there is again no
major difference between the k., /K, terms (Table 2, part C).
Using the model substrate DTT in the oxygen electrode, IFALR
R194H mutant shows a catalytic efficiency some 1.7-fold higher
than the native protein (Table 2, part A). In contrast, sSFfALR
gives an approximate 30% decrease in k.,/K,, values, again with
minor changes in turnover and K, parameters.

Opverall, these data show that the kinetic impact of the R194H
mutation in either human If- or sfALR forms is minor. Di Fonzo
et al. speculated that, in addition to the instability of IfALR
induced by the R194H mutation, the mutant protein might be less
efficient at transferring electrons to cytochrome ¢ (42). Our data
suggest that this latter possibility is unlikely to be a major factor
in the R194H phenotype. The impaired assembly of cytochrome ¢
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Table 3: Melting Temperature of Wild Type and R194H Mutant of If- and
sfALR“

construct T (°C)
IfALR 86
IfALR R194H 75
sfALR 86
sfALR R194H 78

“Measured by circular dichroism at 222 nm in 50 mM phosphate buffer,
pH 7.5, containing 0.3 mM EDTA (see Experimental Procedures).
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FIGURE 5: Comparison of rate of flavin release from wild type and
R194H mutants of ALR. The main panel monitors the absorbance at
496 nm after the addition of 4.44 M guanidine hydrochloride in 50
mM phosphate buffer, pH 7.5, 25 °C (black line). The gray line
represents the rapid release of FAD from the R194H IfALR mutant.
The inset presents the corresponding experiments with the short form
of ALR.

oxidase observed earlier in vivo (42) probably reflects compromised
folding of copper chaperones in the IMS deriving from a lowered
concentration of active IFALR. We now document the impact of
R194H on the stability and flavin binding of human ALR.

Thermal Stability. Human sfALR shows considerable ther-
mal stability with CD parameters only changing at temperatures
above 70 °C (59). Thermal denaturation experiments following
wild type and mutant If- and sfALR in the CD show that the
mutants have a T,, about 10 °C lower than wild-type proteins
(Table 3; see Experimental Procedures).

Flavin Dissociation. A striking demonstration of the impact
of the R194H mutation is provided in Figure 5. Both wild type
and the R194H mutants of If- and sfALR were challenged with
44 M guanidine hydrochloride, and the release of FAD was
evaluated by the decrease in absorbance at 496 nm. For wild-type
IfALR, the half-time required for release of FAD from the wild-
type protein is 900 s compared to about 20 s for the mutant. The
same relative susceptibility is observed for sfALR (inset,
Figure 5), again suggesting that the impact of the R194H mutant
can be appropriately assessed in the context of the shorter ALR
construct.

FAD Binding to Wild-Type and R194H ALR. Since all of
the studies mentioned above show comparable effects of the
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FIGURE 6: 2D '"H—"N TROSY-HSQC spectra of wild type and
R194H mutant of sSfALR. Wild type (red) and R194H (blue) spectra
were acquired in 10 mM phosphate buffer, pH 6.9 at 25 °C (see
Experimental Procedures).

R194H mutant on the long and short forms of ALR, we have
utilized the more readily accessible sSfALR in the following
sections. When FAD binding to apo-sfALR was evaluated in
the stopped-flow spectrophotometer by following the absorbance
increase at 490 nm, both wild type and mutant behaved compar-
ably (with closely superimposable kinetics; Figure S6 in Support-
ing Information).

In complementary experiments, we examined the return of
ALR activity using DTT as a substrate in the oxygen electrode
following the addition of FAD to the apo forms of If- and sfALR.
In both mutant and wild-type instances the oxygen traces
observed were the same as those observed with the corresponding
concentration of holo-sfALR (data not shown). While equilibra-
tion of the oxygen electrode requires several seconds, these results
suggest that flavin binding and activity return for wild-type and
mutant ALR are comparably rapid. Hence the weaker FAD
binding encountered with the mutant seems to largely reflect the
dissociation rate constant from the holoprotein.

Comparison between Wild Type and R194H Mutants by
TROSY-HSQC NMR. Figure 6 presents an overlay of 2D
NMR spectra of °N-labeled wild-type (red) and R194H sfALR
(blue) proteins acquired under identical conditions (see Experi-
mental Procedures). The dispersion of chemical shifts shows that
both proteins are well ordered, although the mutant shows
considerably fewer resonances over the range depicted in Figure 6
(approximately 40% less). These absences are consistent with
enhanced selective flexibility of the R194H mutant compared to
the native protein.

The R194H Mutant of Human ALR Acquires Protease
Sensitivity. One consequence of the increased protein mobility
noted above may be a corresponding increase in susceptibility to
intracellular proteases. Figure 7 shows that wild-type sfALR was
resistant to incubation with 1% (w/w) chymotrypsin over 2 h at
25 °C in potassium phosphate buffer, pH 7.5. This stability
extended to 5 h without significant change in the appearance of
bands in these nonreducing gels (data not shown). In contrast, the
mutant protein showed significant proteolysis after 1 min (with
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FiGure 7: The R194H mutant of sSfALR gains sensitivity to partial
proteolysis using chymotrypsin. Nonreducing SDS—PAGE gels were
run with protein standards (35, 25, and 15 kDa from the top of panel
A, lane 1; and panel B, lane 2). R194H (lane 1, panel B) reproducibly
runs slightly slower than wild-type protein (lane 2, panel A) on
SDS—PAGE. Proteins were treated with 1% (w/w) chymotrypsin
in 50 mM phosphate buffer, pH 7.5, 25 °C, containing 0.3 mM
EDTA, and samples were quenched in nonreducing Laemmli buffer
(for panel A, lanes 2—10 were quenched 0, 1, 3, 5, 10, 15, 30, 60, and
120 min after protease treatment of sSfALR). For the mutant in panel
B, lane 1 is at time zero, lane 2 is the protein ladder, and lanes 3—10
reflect the same time intervals as in panel A. For clarity, the dotted
lines on the gels define the limits of band migration.
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FIGURE 8: The R194H sfALR mutant is sensitive to reduction of
intersubunit disulfide bonds. Panel A: After 6 h of anaerobic
incubation of 30 uM wild-type sfALR with 10 mM GSH followed
by quenching with 20 mM NEM (see Experimental Procedures), the
protein runs exclusively as a dimer on nonreducing SDS—PAGE
(lane 1). Lane 2 represents molecular mass markers (from the top: 35,
25,and 15kDa). Lane 3 shows the R194H mutation in the absence of
GSH, and lanes 4—10 are 0, 18, 30, 45, 90, 180, and 360 min after the
addition of 10 mM GSH. Panel B: Time dependence of the integrated
intensities of the stained bands (square and circles represent dimer
and monomer bands, respectively; see Experimental Procedures).

the appearance of a band running slightly faster than the original;
Figure 7). Further incubation with chymotrypsin generated
additional truncation of R194H sfALR and disappearance of
the band corresponding to the original protein after 5 min.

The RI94H Mutant Is Susceptible to Reduction by
Glutathione. The sensitivity of the mutant protein to limited
proteolysis using chymotrypsin, and the pronounced flexibility
apparent from the TROSY-HSQC experiments, suggests that the
region surrounding R194 has a significant effect on both local



6744  Biochemistry, Vol. 49, No. 31, 2010

and global structure of human ALR. Hence we tested whether the
mutation might destabilize the unusual interchain disulfides
between the N-terminus of one subunit and the C-terminus of
the other (Figure 2). Specifically, we investigated whether these
cross-links in the mutant protein are prone to reduction by
realistic cellular concentrations of GSH. The reductive mono-
merization of wild-type sSFALR is very slow using 10 mM GSH at
25 °C; under anaerobic conditions no monomer was evident over
6 h (Figure 8). Samples were analyzed in this experiment by
nonreducing SDS—PAGE after quenching with excess NEM (see
Experimental Procedures). Reductive incubations were per-
formed anaerobically because, while GSH is an extremely poor
substrate of ALR (38, 39), GSSG might slowly accumulate over
prolonged aerobic incubation using micromolar concentrations
of the oxidase. In contrast to wild-type sfALR, reduction of the
C95—C204 disulfide bonds is clearly evident after 18 min incuba-
tion with the mutant protein (Figure 8A, lane 5). Figure 8B shows
a time course of the reduction of these interchain disulfide bridges
in the R194H sfALR mutant. Finally, the sensitivity of the
apoprotein forms of wild-type and mutant sfALR to the same
reductive conditions was investigated (see Experimental Proce-
dures). The wild-type apoprotein again remains resistant to
10 mM GSH (with 90% dimer retained after 5 h), compared to
only 16% with the mutant protein (data not shown).

The sluggish reduction of the wild-type protein by GSH is of
interest because the interchain C95—204 disulfides appear sig-
nificantly solvent-accessible in the holoprotein (the side chains of
C95 and C204 are 45% and 8% accessible, respectively; see
Experimental Procedures (56)). Nevertheless, in vitro these dis-
ulfides in the wild-type protein remain intact for hours under
anaerobic conditions in the presence of 10 mM GSH. While the
unusual topology of these disulfides, securing the N- and C-
termini within a homodimer, is suggestive of functional impor-
tance, their role is currently obscure. While such disulfides are
found in many eukaryotic ALR analogues (from Aspergillus to
humans), they are absent in both budding and nonbudding yeast.

Conclusions. These data show the unexpectedly severe impact
of R194H on the conformational stability of both long and short
forms of human ALR. They complement the studies of Comi and
co-workers (42) and provide strong in vitro corroboration of
their suggestions that the R194H mutant is significantly desta-
bilizing. Our studies provide a molecular rationale for this
marked loss of stability, evident by an increased rate of dissocia-
tion of FAD from the mutant ALR, an enhanced susceptibility to
partial proteolysis and to reduction of the interchain disulfide
bonds, and a major loss of order as measured by 2D NMR. The
unanticipated severity of these effects points to a strong influence
of the interchain disulfide bonds, the neighboring amino acid
residues, and the bound FAD on the stability of dimeric ALR. In
contrast, the catalytic activity of the mutant protein is not
compromised by the replacement of R194 by a histidine residue.
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