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ABSTRACT:. The FAD prosthetic group of the ERV/ALR family of sulfhydryl oxidases is housed at the
mouth of a 4-helix bundle and communicates with a pair of juxtaposed cysteine residues that form the
proximal redox active disulfide. Most of these enzymes have one or more additional distal disulfide redox
centers that facilitate the transfer of reducing equivalents from the dithiol substrates of these oxidases to
the isoalloxazine ring where the reaction with molecular oxygen occurs. The present study examines
yeast Erv2p and compares the redox behavior of this ER luminal protein with the augmenter of liver
regeneration, a sulfhydryl oxidase of the mitochondrial intermembrane space, and a larger protein containing
the ERV/ALR domain, quiescin-sulfhydryl oxidase (QSOX). Dithionite and photochemical reductions of
Erv2p show full reduction of the flavin cofactor after the addition of 4 electrons with a midpoint potential

of —200 mV at pH 7.5. A charge-transfer complex between a proximal thiolate and the oxidized flavin
is not observed in Erv2p consistent with a distribution of reducing equivalents over the flavin and distal
disulfide redox centers. Upon coordination with?Znfull reduction of Erv2p requires 6 electrons.?Zn

also strongly inhibits Erv2p when assayed using tris(2-carboxyethyl)phosphine (TCEP) as the reducing
substrate of the oxidase. In contrast to QSOX, Erv2p shows a comparatively low turnover with a range
of small thiol substrates, with reducétbcherichia colithioredoxin and with unfolded proteins. Rapid
reaction studies confirm that reduction of the flavin center of Erv2p is rate-limiting during turnover with
molecular oxygen. This comparison of the redox properties between members of the ERV/ALR family of
sulfhydryl oxidases provides insights into their likely roles in oxidative protein folding.

Over the past decade a number of eukaryotic flavin- Subunit A of the Erv2p homodimer is shown in the fore-
dependent sulfhydryl oxidases have been described thatground of Figure 1. The isoalloxazine ring is inserted at the

catalyze the net generation of disulfide bonds: end of a bundle of four helices in the A subunit with its
C2/N3 region exposed to solver®) ( The proximal disulfide
2R-SH+ O0,— R—-S-S—R + H,0, C121-124 is placed so that the sulfur of C124 is adjacent

(3.4 A) to the G, position of the flavin. This locus is

They include: yeast ERV1 (essential for respiration and consistent with its expected role in formation of @ @Tavin
vegetative growth) 1) and its mammalian counterpart adduct that serves as an intermediate in the transfer of
augmenter of liver regeneration, ALRR2—4); yeast Erv2p reducing equivalents between (di)thiols and flavids<23).
(5—7); an Arabidopsis homologue of these proteiBs9); This proximal C121+C124 disulfide is not believed to be
yeast Erolp10—14) and its vertebrate orthologues Erol  reduced by substrates direcily vivo, but rather receives
and Erop (15, 16); and finally larger multidomain sulfhydryl ~ reducing equivalents from a distal C}76178 motif located
oxidases, containing an ERV/ALR module fused to a redox on a conformationally mobile element at the C-terminus of
active thioredoxin domain, that are found principally in the B subunit §, 24).
multicellular organisms1(7—20). In vivo disulfide cross-linking has suggested that the

The ERV/ALR proteins and their larger cousins in the immediate reductant of Erv2p is protein disulfide isomerase
QSOX family all contain a diminutive helix-rich flavin ~ (PDI1p) (7). This has led to a scheme in which PDI serves
binding domain first reported for yeast Erv2p by Fass and as a general mediator between proteins undergoing oxidative
co-workers 6) and for rat ALR by Rose and colleague8.( folding in the yeast ER and the oxidase [where the arrows
indicate the movement of electron pairs, 24)]:
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washed using Amicon Centricon 30 ultrafiltration devices.
Visible and ultraviolet spectra were recorded on Hewlett-
Packard 8452A or 8453 diode array spectrophotometers.
Enzyme assays, using a Clarke-type oxygen electrode or
discontinuous sampling using DTNB, were performed as
described previously26, 30, 31). Anaerobic manipulations
and titrations were as described earli26,(32). Photore-
ductions were performed in semi-micro anaerobic cuvettes
immersed in ice-water using a 150 W flood lamp, in Tris
buffer containing 1.uM 5-deazaflavin and 1 mM EDTA.
Where appropriate, TCEP solutions were adjusted with
concentrated NaOH to the desired pH before assays. Stated
stoichiometries are on a per flavin (per subunit) basis.
Structures were visualized with DS ViewerPro (Accelerys).
Protein Expression and Purificatio’ truncated version
of Erv2p, without the N-terminal 34 residues, was cloned
into a pET24(a) plasmid carrying kanamycin resistance.
The construct encoded a hexahistidine tag at the C-terminus,
and was 4 residues shorter than the EAR-construct
initially employed by Fass et al. for crystallograpl§; 7).
The plasmid was maintained and amplified in OH5
Escherichia colistrain. Glycerol stocks were made and kept
at—80 °C for long-term storage. The protein was expressed
from theE. colistrain BL21(DE3) or BL21(DES3 star). Starter
e o o ) cpoun CULLTES were gfan overnight a 3T i § mL of LB
toward the front of the figure. The distal disulfide (1768788)  containing 30ug/mL of kanamycin, and used to inoculate
of the flexible C terminus of the B (gray) subunit interacts with €ach of four 500 mL of the same media2 L flasks. Cells
proximal disulfide C124124 of the A (blue) subunit via disulfide ~ were incubated at 200 rpm at 3C to an ORge0f 1.2—1.4,
exchange. Reducing equivalents are then transmitted to the flavinand then the media was supplemented with 1 mM isopropyl-
via a C124-flavin covalent adduct at the.£position (gray). A | _thjo-8-p-galactopyranoside and 1M riboflavin and
structural disulfide is shown at the top right of the A subunit . .
(C150-C167). shaking resumed at 2&. After o_vern|ght growth, cells were
harvested at 4000 g for 20 min at°€. Combined pellets

be the real physiological mediator for Erv2p, or a factor, (@bout20 g) were resuspended in 25 mL of 50 mM potassium
which facilitates the redox interaction between PDI and Phosphate buffer, pH 7.5, without EDTA but containing 300
Erv2p, may be missing from thegevitro experimentsZ4). mM NaCl, 0.1 mg/mL lysozyme, the manufacturer's recom-
Adding to the uncertainties concerning the catalytic specific- mended level of protease inhibitor (Sigma Protease Inhibitor
ity of Erv2p, we currently lack important basic information Cocktail P8849) and 5&M FAD. The suspension was
concerning the redox behavior of Erv2p to compare to the disrupted using two passes through a French press at 10 000
emerging data for human ALRS), the plant mitochondrial ~ PSi, and then treated with /5 s pulses of sonication to
AtErvip @, 9), and the avian QSOXL26—29). A compari- shear DNA. The lysate was .centrlfuged at 6608 30 min,

son of the properties of these three rather diverse representa@"d the supernatant was mixed foh at 4°C end-over-end

tives of the ERV/ALR family of sulfhydryl oxidases will with Invitrogen Probond res_in (8 mL extract per mL of resin).
help clarify the basic features of flavin-linked catalysis in "€ now yellow-brown resin was packed into a column and
all of them. washed with three 4 mL aliquots of 50 mM phosphate buffer

containing 300 mM NaCl and 10 mM imidazole at pH 7.5
MATERIALS AND METHODS followed by the same washes omitting NaCl. The column

was developed with 5 mL aliquots of phosphate buffer,

Materials. Dithiothreitol, reduced glutathione, cysteine, without added NaCl, but supplemented with 50, 200, and
B-mercaptoethanol, DTNB, ultrapure urea, superoxide dis- 500 mM imidazole respectively. Elution of the bright yellow
mutase, catalase, bovine pancreatic RNase, cytochmme ERV2p occurred in the 200 mM imidazole fraction. To
and high molecular weight SDS protein standards were ensure maximal FAD content, a 2-fold excess of FAD over
purchased from Sigma. Sodium dithionite was from the total concentration of subunits was incubated overnight at 4
Virginia Smelting Company. Hydrogen peroxide was ob- °C, or for 1 h at 25°C, followed by gel filtration into Tris
tained as a 30% solution from Fisher Scientific. Triscar- buffer over a PD10 column. Samples were concentrated by
boxyethylphosphine (TCEP) was from Pierce. Thioredoxin centrifuge ultrafiltration as needed. N-Terminal sequencing,
and thioredoxin reductase were generously provided by Dr. performed by Dr. Yu-Chu Huang on an Applied Biosystems
Charles Williams. SDSPAGE gels (4-15% and 18% Tris-  gas-phase Procise Sequencer (model 470A/120A/900A),
HCI) were purchased from Bio-Rad. PD-10 desalting col- confirmed the expected start of the protein sequence.
umns were purchased from Pharmacia Biotech. Determination of Extinction Coefficient of ERVZphe

General MethoddJnless otherwise stated, the buffer used extinction coefficient of FAD bound to ERV2p was deter-
here was 50 mM Tris-chloride, pH 7.5 (2&), containing mined by releasing the FAD cofactor upon the addition of
0.3 mM EDTA. Enzyme samples were concentrated and 0.5 mM cetyltrimethylammonium bromide (CTAB; from a
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Ficure 2: Sequences of Erv2p constructs. The full length sequen&@aotharomyces cersiae Erv2p (1) is shown with a putative
transmembrane sequence underlined. The constructs used are labi®&lext their C-terminii: 1, ref7; 11, this work; Il1, ref 5; IV, Gross
et al. @). The redox-active cysteines residues are underlined in bold, and those forming the structural disulfide are in bold italics.

50 mM solution made up in 50 mM phosphate buffer, pH a much reduced yield of proteirT)( truncated versions of
7.5, 1 mM EDTA). The spectrum of ERV2p was recorded Erv2p have been employed. The protein used here retains
before and after the addition of detergent, repeating the most of the sequence (Figure 1) between the transmembrane
measurements with free FAD. Using an extinction coefficient peptide and the ERV core domai6) (@and is terminated by
of 11.3 mMt cm for free FAD in the absence of detergent a hexahistidine tag. Bright yellow fractions containing ERV
(33), and correcting for dilution prior to the addition of the emerge from the Ni-NTA column and were freed of
detergent, yields a comparable value of 11.7 mhlem™! at imidazole by gel filtration (see Materials and Methods). The
450 nm for Erv2p. protein was~95% pure on SDSPAGE, and the N-terminal
Reduced Protein Substrate Preparati®®educed RNase  sequence, MTPGLIKAKS- was consistent with the construct,
(20 mg in 1 mL of Tris buffer containgn 6 M guanidine Il in Figure 2 (see Materials and Methods). ERV2p could
hydrochloride adjusted to pH 8.0 with KOH) was incubated be stored at 4C or frozen at-20 °C in Tris buffer, pH 7.5,
at 37°C for 1 h under nitrogen with a 50-fold molar excess containing 1 mM EDTA for more than 1 year without
of DTT over RNase disulfides. The mixture was adjusted to noticeable decline in activity in the standard assay system
pH 3.5 with glacial acetic acid and immediately gel-filtered (see Materials and Methods).
on a PD10 column pre-equilibrated with deoxygenated 0.1%  prior constructs of Erv2p were reported to contain slightly
acetic acid containing 3 mM EDTA. Small aliquots of each  gypstoichiometric (0-70.8) levels of flavin per subunis(
fraction were tested with DTNB to allow reduced RNase (0 7y and we therefore pretreated the purified protein with
be collected without contamination from the following peak eycess FAD (see Materials and Methods). After subsequent
of DTT. The combined RNase fractions were deoxygenated gej fijtration, Erv2p shows a comparatively unresolved flavin
by repeated evacuation and flushing with oxygen-free gpectrum with maxima at 450 and 380 nm, a comparatively
nitrogen z_and _could be stored for weeks without significant | trough at 300 nm, and no significant turbidity at longer
loss of thiol titer. wavelengths (Figure 3). Since prior quantitation of Erv2p
Stopped-Flow Spectroscap$topped-flow experiments  has used extinction coefficients for enzyme-bound flavin of
were performed at 25C in a Hi-Tech Scientific SF-61 SX2  ejther 10 mM* cm 2 [an assumed value5)] or 12.5 mM1
double-mixing stopped-flow system with the software pro- ¢m-1 (7), we redetermined this parameter by release of the
vided by the vendor. For anaerobic experiments, the entirefjayin using cetyltrimethylammonium bromide (see Materials
flow system, including the driving syringes and flow cells, and Methods). Two determinations gave identical values of
were soaked for hours with a solution of 10 mM dithionite. 177 mM2 cm 2 at 450 nm (Figure 3). The protein to flavin
Photoreduced ERV2p was prepared in a tonometer as(280/450 nm) absorbance ratio of the material used in Figure
described earlier3e, 34). 2 is 4.6, significantly lower than the value of 6.4 observed
earlier (7). A second gel filtration of this material, after
storage for several months at’@, yielded the same FAD/

Expression, Purification, and Visible Spectrum of/&p. protein ratio indicating insignificant loss of flavin (not
Figure 2 shows the sequence of full length Erv2p. It contains Shown).
a putative N-terminal transmembrane span tethering Erv2p Catalytic Actiity of ERV2p.Erv2p was first recognized
to the luminal surface of the ER). Because expression of as a sulfhydryl oxidase because it showed a turnover number
the full-length protein results in either lysis Bf coli (5) or of 4.5/min using a relatively low concentration of reduced

RESULTS AND DISCUSSION
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Ficure 3: Visible spectrum of Erv2p before and after denaturation.
The visible spectrum of Erv2p, incubated with free FAD before
gel filtration, was recorded in 50 mM Tris, pH 7.5, before (solid
line) and after the addition of 0.5 mM CTAB (dashed line; see
Materials and Methods).

400 600 700

Table 1: Substrates Specificity of Yeast Eré2p

monothiols
B-mercaptoethanol (10 mM SH)  <0.1/min
N-acetylcysteamine (10 mM SH) < 0.1/min
GSH (10 mM SH) <0.1/min
CoASH (10 mM SH) <0.1/min
dithiols
DTT (5 mM) 63/min
BAL: 2,3-dimercapto-1-propanol (5 mM) 58/min
bis-(2-mercaptoethyl)sulfone (5 mM) 34/min
proteins
reduced lysozymebj (50uM —SH) 2.3/min
RNaseuq (200uM —SH)  3/min
Trx E. coli (200uM SH) 2.5/min
phosphine
TCEP (5 mM) 96/min
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that was inspired by the CxxC motif of thioredoxin and
previously found to exhibit rapid turnover with avian QSOX
(35), showed a turnover number with Erv2p el/min (data
not shown).

Two protein substrates were tested here. Reduced RNase,
at 200uM thiols (25uM RNase protein; see Materials and
Methods), showed a turnover number of 3 disulfides formed/
min. Since reduced PDI1p has already been reported to be
a “much slower” substrate than small molecular weight thiols
(24), it was of interest to examine the much more reducing
(36, 37) E. colithioredoxin as a potential substrate of Erv2p.
Prior work has shown th&. colithioredoxin is an effective
substrate of QSOX13(); yeast Erolp 13) and an Ervl-
like sulfhydryl oxidase from plant mitochondri&)( Thio-
redoxin is only modestly reactive here (Table 1) confirming
recent studies on Erv2p under slightly different buffer
conditions (a turnover number of 0.8/min was reported by
Vitu et al. ©)). Finally the sulfhydryl oxidases QSOX and
Erolp have been shown to catalyze the oxidation of phos-
phines, such as TCEP, its methyl esters, and trishydroxy-
propylphosphine, to their corresponding phosphine oxides
(38). Of all the reductants selected in Table 1, TCEP (at 5
mM) is the best substrate. In termslf/Km TCEP K:a:60/s
andK,, 60 mM; not shown) is a marginally better substrate
than DTT (1000 M?!' s! compared to 580 M st
respectively). These catalytic efficiencies are some 100-fold
lower than the corresponding values recorded for QSEBX (
38). Overall, highly active substrates for Erv2p have yet to
emerge fromn vitro studies (see later).

Finally, we investigated whether preparations of Erv2p
which lack a full complement of FAD (with\xgo/Auso ratios

aAll turnover numbers are expressed as disulfides generated perof 9.0 vs 4.6) showed significant differences in steady-state
active site flavin. Protein substrates were evaluated by discontinuouskinetic behavior toward DTT. In principle disulfide bridges

assay with DTNB (see Materials and Methods, or Gerber et al. for
reduced lysozyme5)). The remaining substrates were assayed using
the oxygen electrode (see Materials and Methods).

lysozyme [7uM lysozyme; 55M thiols; (5)]. Neither GSH
nor DTT was reported to be a significant substrate of this
form of Erv2p §). Using a longer version of Erv2p (Figure
2), Sevier et al. also found that GSH is an insignificant
substrate of the enzyme at pH 74 énd a poor one (about
2/min) at pH 8.0 24). However, they observed significant
activity with DTT (Keat 239/min, Ky, 6.9 mM at pH 7.5 7).

In view of these differences, we first undertook a survey of
substrate specificity using our preparations of Erv2p.

in flavin-free “apo”-subunits could participate in redox-relays
with active FAD-containing subunits.

DTT — ERV2P,p00r0tein ™ ERV2Rgi0protein— O2

Such an effect could occur at the level of dimeric forms of
apo- and holo-ERV2p or between a mixed dimer of apo-
and holo-subunits. However, when normalized for flavin
content, there appeared no significant difference in steady-
state kinetic parameters for DTT between fully loaded Erv2p
and preparations containing substantial amounts of apoen-
zyme (data not shown). This suggests that the apo form did

Table 1 records turnover numbers for potential substratesnot significantly contribute to the overall activity under these
of Erv2p held at the fixed reductant concentrations indicated conditions.
in the table (see Materials and Methods). Our studies show Reductie Titrations of Ep2p. As shown in Figure 1,

that, at leasin vitro, Erv2p is a modest catalyst of disulfide
bond formation compared to QSOX. None of the monothiols

ERV2p has three potential redox centers: two disulfides
(C121-124 and C176178) and one FAD per subunit

(at 10 mM), including reduced glutathione, proved detectable [together with a conserved structural disulfide, C13@7;

substrates of this yeast oxidase at pH 7.5. In contrast, as(6)]. As expected, all of the 6 cysteine residues in Erv2p, as
observed by Sevier et al7,(24), dithiols are significant isolated fromE. coli, appear to be present in disulfide bonds,

substrates. At 5 mM DTT we observe a turnover number of and no reaction with DTNB is observed (not shown; see
63/min (with keot and Ky values of 206/min and 11.3 mM  Materials and Methods). Figure 4 shows a dithionite titration
for DTT respectively). These latter values are in reasonableof ERV2p at pH 7.5, 25°C. The spectral changes were

accord with the 239/min and 6.9 mM obtained previously recorded 12 min after each addition of titrant, to allow

(7). Two other dithiols were also effective substrates, 2,3- completion of the spectral changes. Complete reduction of
dimercapto-1-propanol (British Anti-Lewisite or BAL), and the flavin requires the addition of approximately 4 electrons
bis-(2-mercaptoethyl)sulfone (Table 1) together witms per flavin center (see inset, consistent with the additional
1,2-bis(2-mercaptoacetamide) recently reported by Vala etreduction of one disulfide equivalent). During this phase of
al. (24). A reduced dithiol peptide (VTWCGACKM-N, the titration an isosbestic point is seen at 341 nm (Figure 4).
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Ficure 4: Dithionite titration of Erv2p. A solution of 1&M 300 400 500 600 700

ERV2p in Tris buffer, pH 7.5, containing 0.3 mM EDTA (curve
1) was titrated anaerobically with 0.83, 1.5, 2.2, 2.8, and 4.5
electron-equivalents of sodium dithionite/mol of flavin (curvess2 FicUrRe 6: Reduction of ERV2p in the presence of zinc ions. Erv2p
respectively). Intermediate spectra are omitted for clarity. The inset (23 uM in Tris buffer, pH 7.5; containing 5@M Zn2*; curve 1)
plots absorbance changes at 318 nm (triangles), 450 nm (squares)yas titrated anaerobically with 2, 3, 4, 6, and 8 electron-equivalents

Wavelength (nm)

and 560 nm (diamonds) respectively. of dithionite/mol of flavin (curves 26 respectively). Intermediate
spectra are omitted for clarity. The inset plots the absorbance
0.30 0.30 changes at 318 nm (triangles), 450 nm (squares), and 560 nm
) 450 nm (diamonds) respectively.
0.25 0.25

(inset, Figure 5). Unlike all of the other titrants used in these
020 anaerobic titrations, ferricyanide reacts with Erv2p in the time
required for mixing the reagents in the anaerobic cuvette (see
later). The slightly sigmoidal regain of absorbance at 450

0.20

Absorbance
(=]
o
o

Absorbance
o
o
(4]

0.10 nm is comparable to that seen by retracing the dithionite

0.10 0.05, titration shown in the inset to Figure 4. Thus, these data are
again consistent with the delivery of reducing equivalents
0.05 both to the flavin and to an additional disulfide redox center
Electron Equivalents in each subunit of Erv2p. Again very small amounts of the

0.00°= 200 prs o s 300 blue semiquinone were observed at intermediate stages of

the ferricyanide back-titration (Figure 5). Anaerobic reduction
of Erv2p with up to 3 equiv of DTT showed the same general
FIGURE 5: Ferricyanide back-titration of photochemically reduced spectral appearance observed with dithionite and photo-
ERV2p. Photoreduced ERV2p (284 in Tris buffer, pH 7.5, see  chemical reductions, including the accumulation of small
Materials and Methods; curve 2) was ftitrated anaerobically with |65 of the blue semiquinone (data not shown). However
1.2, 2.4, and 4.4 equiv of ferricyanide/mol of flavin (curvess3 . . . . -
respectively). Curve 1 was ERV2p before photoreduction. Inter- "€d0x equilibration with DTT was so sluggish that stoi-
mediate spectra are omitted for clarity. The inset plots absorbancechiometries could not be reliably obtained from these titration
changes at 450 nm (squares) and 560 nm (diamonds) respectivelyattempts.
To place Erv2p in a thermodynamic context with respect

Thereafter, excess dithionite accumulation is notably evident to its potential thiol substrates (see later), it was important
by following the absorbance at 318 nm (see inset). The to assess the midpoint potential of this poorly understood
nonlinearity in the absorbance changes at 450 nm has beematalyst of oxidative protein folding. Using either anthra-
observed repeatedly, and suggests that the flavin ring inquinone-2-sulfonateH° = — 226 mV anthraquinone-2-
Erv2p is slightly more reducing than the disulfide redox sulfonate) or anthraquinone-2,6-disulfonaké®(= — 184
center which also undergoes reduction under these conditionsnV anthraquinone-2,6-disulfonate) we obtained midpoint
(see later). The observation that dithionite reduction does values for Erv2p o204 mV and—197 mV at pH 7.5, 25
not reveal all 3 redox centers of Erv2p has precedent in °C respectively.
experiments with native and truncated versions of avian  Zinc ions were recently shown to profoundly modulate
QSOX @26, 29). Interestingly, Figure 4 and all our other static the redox behavior of QSOX28), and so we wished to
and kinetic experiments with Erv2p show no evidence for examine whether the simpler Erv2p catalyst could be
the prominent thiolate to flavin charge-transfer spectrum seensimilarly perturbed by this divalent metal ion. Indeed, the
upon reduction of QSOX27, 31). While a small long  course of the dithionite titration in Figure 4 is markedly
wavelength feature is observed at the midpoint of the titration altered by zinc: now, the addition of the first two electrons
in Figure 4 (see inset), enlargement of this region of the led to a slight increase in absorbance and a slight blue shift
spectrum beyond 500 nm shows the clear resolved signaturen the main flavin absorbance envelope (curves 1 and 2;
of a blue semiquinone (see later). Figure 6). Such small blue shifts are suggestive of minor

Photoreduction of ERV2p with catalytic levels of 5-de- changes in the environment of the isoalloxazine rig§).(
azaflavin/EDTA B9) generates a similar progression of The second phase of the titration requires an additional 4
spectral changes to those seen upon dithionite titrationelectrons and results in reduction of the flavin and an
(Figure 5). Here, back-titration requires approximately 3.6 additional disulfide center. Thus a total of 6 electrons can
equiv of ferricyanide for complete reoxidation of the flavin be delivered to Erv2p in the presence of this thiophilic metal

Wavelength (nm)
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Scheme 1: Two Electron Reduction of Erv2p Generates a
Zr?* Binding Site and Modulates Reductive Titration of the
Proteir?

———
I:FADHZ
S
|
S
S FAD
1
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@ Only representative states for 2-electron reduced Erv2p are shown.
A redox-active CxC disulfide at the C terminus of the B subunit reacts
across the subunit interface of the homodimer with the proximal

Biochemistry, Vol. 46, No. 11, 2008251

0.15, 10 B
O]
[
g 0.10 2
: §e
$ 8
E-] O 34
< 0.05 g
14
2
0.00+ Os
0 1 2 0 100 200 300
Time (s) Oxygen (uM)

Ficure 8: Reoxidation of photochemically reduced Erv2p by
oxygen. Panel A shows the absorbance increase at 450 nm on
mixing reagents to give final concentrations of AWM reduced
Erv2p and 12QuM dissolved oxygen. Panel B plots the pseudo-
first-order rate constants determined at a range of oxygen concen-

trations.

disulfide of the A subunit (see also Figure 1).

Wavelength (nm)

absorbance at 450 nm) is rapidly observed followed by a
brief lag phase (clearly evident in inset A). These data show

0.20 — that the oxidized flavin component dominates in the steady
l" 8o ° state: the same conclusion was reached by Sevier ét)al. (
015 £ o]le monitoring absorbance va_lues at 454 nm and using a 16-
g | < 0osf a fold lower DTT concentration (Figure 7). One of the steps
3 o T e leading to reduction of the flavin prosthetic group clearly
5 0.10 Time(s)  Timels) limits overall turnover with DTT 7). In Figure 7, further
< bleaching of the flavin (curves -25) accompanies the
0.05 depletion of dissolved oxygen. Between curves 3 and 4 (at
N about 10 s; inset A) there is the comparatively abrupt
- appearance of significant levels of the blue semiquinone. This
00945 200 500 o 700 feature resembles the blue semiquinone encountered on

treatment of aerobic solutions of ALR with DTT but is

approximately 3-fold less intense. The appearance of the blue
aerobic conditions. Erv2p and DTT (in 50 mM Tris buffer, pH 7.5, radical species as reduction approaches completion is
25 °C, containing 24:M dissolved oxygen) were mixed in the  consistent with comproportionation via electron tunneling
stopped-flow spectroph.otometer to gjve final concentrations of 16 petween FIH and Fby bound on adjacent subunitd5, 40).

uM and 80 mM respectively. The main panel shows spectra taken However, in contrast to ALR in which the blue semiquinone

at 0.02, 0.34, 11, 23, 63, and 1900 s (curvessIrespectively). . table in th f DTT. th dical
Insets A and B record absorbance traces at 450 and 560 nm (curveé’S very stable in the presence of excess D11, Ihe radica
decays in Erv2p with a half-time of 6.5 min (Figure 7, inset

a and b respectively) over 100 and 2000 s.
panel B).

ion (Figure 6). It is plausible that zinc coordination involves  Reoxidation Kinetics of Photochemically ReducedZpr
the conformationally flexible C-terminus of Erv2p since it Figure 8 (panel A) shows the first-order absorbance changes
contains multiple potential ligands (e.g., in the sequence at 450 nm when the reduced enzyme is mixed with
EDYDCGCSDSD containing the distalGC (C176-178) air-saturated buffer (to give final concentrations of
motif). Scheme 1 is consistent with the data. Three of the enzyme and 12@M oxygen). Panel B shows the apparent
possible 2-electron redox states of Erv2p are shown (omitting first-order rate constants at several oxygen concentrations,
interchain disulfides between A and B subunits). The capture yielding a second-order rate constant of $.80* M1 st
of one of them by zinc coordination (Scheme 1) would lead at pH 7.5, 25°C. The linear dependence on oxygen is typical
to the observed 2-electron equivalent lag in the reduction of for flavin oxidases41—43). As expected for a flavoprotein
the remaining two redox centers (flavin and the proximal oxidase 41—44), reoxidation of Erv2p is not accompanied
disulfide: an additional 4 electrons). Further,?Ziproves by flavin radical intermediates (not shown). While Erv2p
to be a strong inhibitor of Erv2p when oxygen consumption behaves normally in this respect, its reactivity in Figure 8 is
is driven by the phosphine TCEP. Complete inhibition of more than 2 orders of magnitude slower than the corre-
the enzyme was achieved in 1 min at 240l Zn?" in Tris sponding second-order rate constants for reduced flavin in
buffer pH 7.5 without EDTA. The restoration of 1 mM avian QSOX 27). The molecular explanation for this
EDTA effects rapid recovery of 80% of the original activity relatively modest reactivity in such a small flavin-binding
(data not shown; see Materials and Methods). scaffold awaits further work4@), especially since there
Enzyme Monitored Turner of Erv2p. We next wanted appears to be a solvent channel accessing the flavin ring in
to monitor the flavin chromophore of Erv2p during aerobic Erv2p @). Mattevi has shown that solvent accessibility
turnover in the presence of DTT (Figure 7). After mixing in  deduced from crystal structures does not necessarily correlate
the stopped-flow, to give a final concentration of 80 mM with the reactivity of the reduced flavoprotein toward
DTT, a small decrease (of about 10% of the original molecular oxygen42).

FiGUrRe 7: Enzyme-monitored reduction of Erv2p by DTT under
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Table 2: Comparison of Selected Members of the ERV/ALR Family

TN/min
no. of electrons to max no. of flavin/thiolate blue with 5 mM with RNase.q
proteirt dihydroflavir? electrons CT compleX semiquinongé DTT (200uM —SH)
Erv2p 4 6 no yes 63 3
ALR short forn 2 4 no yes 46 ~0
QSOX-Erv domaif 2 6 no yes 20 ~0
QSOX complete 4 8 yes no 1005 630

aProteins sources: Erv2p frod. cereisiag, human ALR short form, QSOX Erv domain, and complete protein were from avian egg white.
b Denotes the number of electrons delivered during dithionite titrations when full reduction of the flavin is ob&&iestion equivalents derived
from multiplying the total number of known redox centers by 2 electrdiiiolate to oxidized flavin charge-transfer complex or blue semiquinone
observed during anaerobic reductive titrations of the protéifikis work.f Farrell and Thorpe25). ¢ Raje and Thorpe29). " Hoober et al. 26);
Raje and Thorpe29).

ScErv2p S-S -
121 124 176 178
HsALR short form s-s %)
[
142 145
Gg QSOX ERV/fragment s-s N S-S
1 1 L )
459 452 518 522
S-S Gg QSOX s-s 8 S-S
1 1 1 11
80 83 459 452 519 522
thioredoxin domain proximal distal

Ficure 9: Domain organization of selected flavin-dependent sulfhydryl oxidases.

THE ERV/ALR EAMILY OF SULFHYDRYL gck&emedZI:E Some of the Multiple Forms of 2-Electron
OXIDASES: A COMPARISON educed ErvZp

A major impetus for the present study was to collect basic ®
information concerning the redox behavior of Erv2p: not ®
only to get a better appreciation of this catalyst of oxidative
protein folding in the yeast ER but also for perspective on
all enzymes which contain an Erv/ALR domain. There is Form A Form B Form G Form D
now sufﬁClent data on four prOte'nS to allow meanlngful_ aThe forms B-D have an oxidized flavin ring and various redox
comparisons (Table 2). The location of the redox centers in states of cysteine-IV. CYS | is the one closest to the flavin and
these proteins is depicted schematically in Figure 9. could participate as a charge-transfer donor and C4a adduct formation.

The rical common feature among al of these example e om an i dsudebrdae iy e it vt
IS a flavin with a C!Osely InteraCtmg (pI’OXI_maI) dlsulfld_e. only occﬁr with the deprotgonated thiolate ?orm of CYS | ir? either of
Evidently catalytic interactions between thiols and flavins gtates B and C.
have evolved independently multiple times. Prior experience
with the pyridine nucleotide disulfide oxidoreductase family carrying an oxidized flavin (such as in Scheme 2). One
(23, 45) and with avian QSOXZ6, 27) led to the expectation  potential reason for the absence of a thiolate to oxidized
that a thiolate-oxidized flavin charge-transfer complex would flavin complex is that conformational changes accompanying
be observed on 2-electron reduction of Erv2p. Possible reduction of the proximal disulfide move CYS | out of
reasons why such absorbance bands have not been observagharge-transfer range of the flavin. While a crystal structure
in native Erv2p are outlined below. of reduced Erv2p has yet to appear, the rigidity of this small

First it should be noted that the ALR-short for25] and 4-helix bundle makes this possibility appear unlikely.
the ERV/ALR fragment of QSOX29) do not form detect- Furthermore, mutation of CYS Il to either SER or ALA in
able thiolate to oxidized flavin charge-transfer complexes ERV1 (46) and in ALR (Farrell and Thorpe, unpublished
because the flavin is reduced stoichiometrically (that is before observation) shows that the now-isolated CYS | can indeed
the disulfide redox centers; Table 2; form A, Scheme 2). form prominent charge-transfer absorbance at wavelengths

In these cases, a thiolate to flavin charge-transfer complex>530 nm. Another possible explanation is that thkevalues
would be impossible. However when the flavin and disulfide of CYS |in forms B or C in Scheme 2 are too high to observe
redox centers are similar in redox poise, as in Erv2p, then significant thiolate to flavin charge-transfer at pH 7.5. We
form A will be mixed with some combination of species therefore repeated the anaerobic dithionite reduction of Erv2p
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at pH 9.0 and also failed to generate noticeable charge-rapidly accumulate and any activities that rely on reduced
transfer absorbance (data not shown). In view of the abovePDI (for example its redox-neutral isomerase activity) would
arguments, a more likely explanation for the lack of a charge- be impaired. Second, an accumulation of oxidized PDI would
transfer feature is that the equilibrium between formsB lead to subsequent reduction by endogenous GSH levels, and
in Scheme 2 favors form D. This would divert reducing this could, in principle, drive further hydrogen peroxide
equivalents to the distal redox center, where they cannotgeneration and depletion of cellular reducing power. It seems
directly interact electronically with the flavin. Form C clear that, if oxidized PDI is the immediate physiological
(Scheme 2) has already been suggested as a catalytioxidant in the lumen of the ER, the pathways for its
intermediate in Erv2p § 9, 24). Further a series of generation need to be carefully modulated.

experiments using chimeras of the flexible C-terminus,
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