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ABSTRACT. The Yapl oxidative stress signal transduction pathway four@8httharomyces cersiae is
redox-regulated. We have examined the thermodynamic basis of the disulfide/dithiol couples that are
involved in the regulation of this pathway. The oxidized form of the Yapl redox domain (Yapl-RD)
fragment, derived from the Yapl transcription factor, contains two disulfide bonds, one between Cys303
and Cys598 and one between Cys310 and Cys629. Oxidatgatuction titrations reveal the presence of

two separate two-electron redox couples in Yapl-RD, with redox midpoint potergigl®{ —155 and

—330 mV, respectively, at pH 7.0. We measukgdvalues of—275 and—265 mV for the two cytoplasmic

S. cereisiae thioredoxins, Trx1 and Trx2, respectively, both at pH 7.0. Last, we measurgg salue

of —255 mV for the Cys36 Cys82 disulfide bond at pH 6.0 in the glutathione peroxidase-like enzyme,
oxidant receptor protein (Orpl). We were unable to obtain satisfactory redox titration data for Orpl at pH
7.0, but if the redox-active disulfide of Orp1 exhibits th&9 mV per pH unit dependence fa, typical

of protein disulfides in this pH region, &, value of—315 mV can be estimated for Orpl at pH 7.0 by
extrapolation. Together, these data suggest that, at physiological ratios.@fThq the reduction of

both theE,, = —315 mV disulfide of Orpl and thE,, = —330 mV disulfide of Yapl by either Trx1 or

Trx2 would be thermodynamically possible.

Oxidative stress is a result of increased levels of reactive mechanism that organisms have evolved against oxidative
oxygen species (ROSkuch as superoxide anion, hydrogen stress involves a class of ROS-sensing proteBs1().
peroxide (HO,), and hydroxyl radicals. ROS indiscriminately These proteins are part of signal transduction pathways that
damages cellular macromolecules such as proteins, nucleiovhen activated by increased ROS levels result in the
acids, and lipids when they are left unchecked by cellular
defense system4& {4). ROS have been implicated in several ! Abbreviations: c-CRD, C-terminal cysteine-rich domain; RiET

degenerative diseases and the aging pro&s@(A defense reduced dithiothreitol; DTJ, oxidized dithiothreitol; GSH, reduced
glutathione; GSSG, oxidized glutathiong;, ambient potentialEn,

midpoint potential; HSQC, heteronuclear single-quantum coherence;
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expression of genes involved in oxidative stress defense. mechanism that involves a Cys3€ys82 intramolecular
The budding yeastaccharomyces cerisiaehas provided disulfide bond, suggesting that Orpl has dual functions

a valuable eukaryotic model for understanding the molecular vizo. Both functions involve the formation of transient

and biochemical mechanisms involved in oxidative-stress- intracellular disulfide bonds, and their redox midpoint poten-

induced signal transduction pathways. The major oxidative tials are unknown. Interestingly, thioredoxin proteins and not

stress response pathwaySn cereisiae involves the trans-  glutathione reduce the Orpl Cys36ys82 disulfide bond.

cription factor Yapl {1). Other proteins involved in this The thioredoxin family of proteins catalyzes the reduction
signal transduction pathway include an oxidant receptor of disulfide bondsn vivo, and their negative redox potentials
protein (Orpl), the Yapl accessory protein (Ybpl), and contribute to the overall reducing environment of the cyto-
thioredoxin (Trx1 and Trx2){2—14). The Yapl oxidative  plasm and nucleug). TheS. cereisiae genome contains
stress response pathway is regulated by a reversible disulfidetwo cytoplasmic thioredoxin geneSRX1and TRX2 TRX2
dithiol-relay cascade and controls the expression~@D was one of the first identified gene targets of the Yapl
genes in response to hydrogen peroxide treatmks)t (n transcription factor and is among the most highly induced
unstressed cells, Yapl exists in its reduced form and is genes in response to oxidative stre®S)( There are strong
distributed equally throughout the cytoplasm and nucleus genetic and biochemical data that suggest faX1and
because it contains both nuclear localization and nuclear TRX2have overlapping roles in the reduction of the Yapl
export signals (NES)I6—18). In response to oxidative stress, disulfide bonds that transiently form in response to oxidative
Yapl rapidly forms two disulfide bonds, resulting in the stress. A GFPYap1 fusion protein is constitutively localized
inhibition of the Yapl interaction with the nuclear export to the nucleus irS. cereisiae strains, where botffRX1and
protein, Crm1 {8). This leads to Yapl nuclear accumulation TRX2have been deleted3). In addition, purified Trx2 from
and consequently increased Yapl target gene expressions. cereisiae and TrxA fromEscherichia coliare both able
Over the course of approximately 30 min, the Yap1 disulfide to reduce Yapl and Orp1 disulfide bondsvitro (19, 20).
bonds are reduced and the Yapl protein redistributes backTherefore, thioredoxins are responsible for the negative
into the cytoplasmX9). regulation of the Yap1l transcription factor activity and are

The Yapl transcription factor forms reversible and tran- also participants in the catalytic cycle of Orp1, which is itself
sient disulfide bonds between conserved cysteine residuesa positive regulator of Yap1l activity.

in response to increased levels of®4. Individual cysteine The disulfide bonds involved in the Yapl oxidative stress
to alanine point mutations in four Yapl cysteine residues, signal transduction pathway B cereisiaeare well-defined.
Cys303, Cys310, Cyss98, and Cys629, are each defectivegwever, it is not clear how the redox midpoint potential
in their response to 0, (19). Biochemical and structural  of each disulfide bond contributes to the regulation of the
data demonstrated that disulfide bonds exist between. Cys303 signal transduction pathway. Particularly in the case of Yap1,
Cys598 and Cys31eCys629 and are located within @ it is not understood how, when once formed, the disulfide
protease-resistant domain of Yap1 known as the Yap1 redoxponds are transiently stable for 30 min in the overall
domain (Yap1-RD)Z0). The protein structure of Yap1l-RD  yequcing environment of the cytoplasm and nucleus. In this
revealed that these two d|sulf|d_es connect two distant regionsstydy, we have systematically investigated the thermo-
of Yap1 known as the N-terminal cysteine-rich domain (n- gynamic basis of the disulfide bond relay pathways that
CRD) and the C-terminal cysteine-rich domain (c-CRE))(  yegulate Yap1 transcriptional activity and Orpl enzymatic
The disulfide-mediated interactions stabilize the tertiary activity in response to increased,® levels. We have
structure of Yap1-RD, resulting in a masked and inhibited prified components of the Yap1 signal transduction pathway
Yapl NES. Reduction of Yap1-RD disulfide bonds results anq measured their redox midpoint potentials. These mea-
in a considerable loss of secondary and tertiary structure andg,rements provide a starting point for the development of a

unmasks the Yapl NES. One question that the Yap1l-RD thermodynamic model for the 4, response pathway in
structure did not answer is how the disulfide bonds are stableg .grgisiae

in the reducing environment of the cellular cytoplasm and
nucleus. MATERIALS AND METHODS

Both glutathione- and thioredoxin-dependent peroxidase
enzymes catalyze the reduction of hydrogen peroxide and Protein Expression, Purification, and Characterization.
alkyl hydroperoxides to water or alcohol, respectivedy. (  Yap1-RD was expressed and purified as previously described
These enzymes have been the subjects of increased attentiof?l). Recombinant Trx1 and Trx2 proteins were over-
lately because of their putative roles in signal transduction €xpressed ifE. coli using the pET vector system (Novagen).
pathways that respond to oxidative stre2®)(TheS. cere- The TRX1andTRX2genes were polymerase chain reaction
visiae genome contains three glutathione peroxidase-like (PCR)-amplified fromS. cereisiae genomic DNA and
enzymes that share sequence homology with mammaliansubcloned into the pET-15b vector using tiigd andBanH|
phospholipid glutathione peroxidase3). Of these, gluta- restriction sites, resulting in an open-reading frame with an
thione peroxidase 3 (Orpl) has an additional biological @mino-terminal histidine tag. Recombinant Orp1 protein was
function associated with initiation of 4, signal transduction ~ Ooverexpressed ifE. coli using the pRSET vector system
(12). There is genetic and biochemical evidence tha@H  (Invitrogen). TheORP1gene was PCR-amplified fror8.
activated Orpl catalyzes the formation of the Cys303 cerevisiae genomic DNA and subcloned into the pRSET-B
Cys598 disulfide bond of YapDRP1deletedS. cereisiae vector using théBarHI and Ncd restriction sites.
strains are hypersensitive ta,®: and do not induce Yapl Trx1, Trx2, and Orpl proteins were overexpressed in the
disulfide bond formation in response to peroxid&®)(Orpl E. coli BL21(DE3) pLysS strain. Cell pellets were resus-
can also catalyze the reduction of peroxides through a pended in buffer containing 50 mM BRO,, 300 mM NaCl,
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10% (v/v) glycerol, and 5 mM MgGlat pH 8.0 and were  quantified by labeling the protein thiols with monobromo-
lysed by either two passages in a French pressure cell atoimane (mBBr) as described previousB8( 29). After the
18 000 psi or sonication. Cell debris was cleared from the mBBr-treated protein was separated from low-molecular-
supernatant by centrifugation at 28@0fbr 30 min. The mass compounds by TCA precipitation of the protein, the
clarified supernatant was loaded onto a?'Nthelating fluorescence of the redissolved, mBBr-labeled protein was
column (GE Healthcare or Qiagen) attached to a fast proteinmeasured and plotted as a functiorEgf Fluorescence was
liquid chromatography (FPLC) system and washed with 150 measured, at 1.0 nm spectral resolution, using an Aminco-
mL of buffer containing 50 mM N#&0O,, 300 mM NaCl, Bowman Series 2 luminescent spectrometer with an excita-
and 10% (v/v) glycerol. &Histidine-tagged (His tag) tion wavelength of 380 nm and an emission wavelength of
proteins were eluted from the Nicolumn using the same 450 nm. TheE,, values were calculated by fitting the data
buffer with the addition of 150 mM imidazole. The Trx1 to the Nernst equation for a two-electron redox process. All
and Trx2 N?* eluates were washed and concentrated in 30 E,, values reported represent the average from three replicate
mM N-2-hydroxyethylpiperazin®-2-ethanesulfonic acid titrations. For Yap1-RD and Orpl, nonreducing SEFAGE
(Hepes) and 100 mM NaCl at pH 7.0 using Millipore Amicon was used to confirm thE,, values. For nonreducing SBS
Ultra 15 mL centrifuge filtration tubes. Concentrated Trx1 PAGE analysis, Yapl-RD samples were incubated in 100
and Trx2 Nt eluates were loaded onto a Superdex 75 uL of solution poised at defineHl, values fa 4 h at 25°C.
column for further purification. Orpl Ni eluates were  The samples were mixed with nonreducing SEFAGE
dialyzed against 20 mM Hepes and 100 mM NaCl at pH loading buffer at ambient temperature prior to the separation
7.0, loaded on a Mono-S column (GE Healthcare), and elutedon a 16-20% gradient acrylamide gel. All gels were stained
with a linear NaCl gradient. with colloidal Coomassie blue (Pierce).

The identities of purified Trx1, Trx2, and Orpl proteins
were confirmed by sodium dodecyl sulfatgolyacrylamide RESULTS
gel electrophoresis (SDFPAGE). Molecular masses were Measurement of Yapl-RD Redox Midpoint Potentials.
measured by matrix-assisted laser desorption ionization Previous observations suggest that full-length Yapl under-
time of flight (MALDI—TOF) mass spectrometry as de- goes structural changes in response to oxidation and reduction
scribed previously, where external calibration was carried (20). The intrinsic tryptophan fluorescence emission intensity
out using chicken egg lysozyme @€6). Orpl peroxidase increases~20% upon reduction of Yapl disulfide bonds.
activity was monitored as previously describ&g)( Oxidized There are three tryptophan residues in Yap1, of which only
Orpl was generated by the treatment of reduced Orpl withTrp602 is conserved (Figure 1A). Trp602 is also the only
stoichiometric amounts of ¥, under anaerobic conditions. tryptophan located within Yapl-RD. Nuclear magnetic
The disulfide bonds formed in the OrpH,0, reactions were  resonance (NMR) structure and dynamic studies indicate that
trapped by precipitation of the oxidized protein with 20% in oxidized Yap1-RD Trp602 is partially buried in the Yapl-
trichloroacetic acid (TCA). The Orp1 redox state was verified RD hydrophobic core, interacts directly with Tyr611, and is
with nonreducing SDSPAGE. Initial Yap1l-RD fluores-  well-ordered. Upon reduction of Yapl-RD, the helix on
cence measurements were performed using a Fluoromax-3wvhich Trp602 is located becomes unstructured and Trp602
(Johin Yeon Horida). Yap1-RD samples were excited at 280 likely becomes exposed to the solvent. Therefore, we hypoth-
nm, and the fluorescence emission spectra were collectedesized that intrinsic tryptophan fluorescence could be used

from 280 to 400 nm. to measure the redox midpoint potentials of the Yap1l-RD
Measurement of Disulfide Bond Redox Midpoint Poten- disulfide bonds.
tials. The redox midpoint potentiak,) titrations for Yap1l- We tested whether the intrinsic tryptophan fluorescence

RD, Orpl, Trx1, and Trx2 were carried out by incubation of Yapl1l-RD changes as a functioni&fand if these changes

of the protein samples at defined ambient redox potential could be used to quantitatively measure Eygevalue of each

(En) values as described previousB7j. Briefly, solutions disulfide bond in Yapl1-RD. Oxidized Yapl-RD was incu-
with definedE;, values were prepared using mixtures of either bated in solutions with define#;, values of—100, —230,
oxidized and reduced glutathione (GSH) or oxidized and or —360 mV, and the fluorescence emission spectra were
reduced dithiothreitol (DTT) (depending upon tGerange), measured. The fluorescence emission spectra red-shifted from
at a total combined concentration of 2 mM. Samples were a Amax 0f 339 nm at—100 mV to almax 0f 353 nm at—360
incubated fo 4 h at 25°C prior to redox-state analysis. The mV (Figure 1B). Thelna fluorescence emission intensity
titrations presented below were obtained under these condi-increased 1.4- and 8-fold upon the change of the ambient
tions, but other titrations in which the total DTT or gluta- redox potential from-100 to—230 mV and—100 to—360
thione concentration was varied from 2 to 5 mM and the mV, respectively (Figure 1B). Large changes in the intrinsic
redox equilibration time was varied from » ¥4 h gave tryptophan fluorescence are consistent with the structural
essentially identical titration curves. It should also be pointed changes previously observed in Yapl-RD as measured by
out that identicak, values for both redox components were H-1°N heteronuclear single-quantum coherence (HSQC)
obtained regardless of whether the titrations were carried outNMR, circular dichroism, and size-exclusion chromatography
aerobically or anaerobically. The redox state of Yapl-RD (21). In addition, the increases in the intrinsic tryptophan
was quantitated by measuring changes in the intrinsic fluorescence were consistent with the changes that occurred
tryptophan fluorescence as a functionEf Fluorescence in full-length Yapl upon reductior2(). We concluded that
was measured using an Aminco-Bowman Series 2 lumines-intrinsic tryptophan fluorescence could be used to quantify
cence spectrometer, at 1.0 nm spectral resolution, with anthe E,, values of the Yap1-RD disulfide bonds.

excitation wavelength of 275 nm and emission wavelength  TheE, values for the two disulfide bonds present in Yap1-
of 337 nm. The Orpl, Trx1, and TrxE, values were RD were measured (at pH 7.0) using GSH/oxidized glu-
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Ficure 1: Determination of the redox midpoint potential of the Yap1-RD disulfide bonds. (A) Alignment of the c-CRD regions of six
Yapl homologues. Within the c-CRD, there are three conserved cysteine residues (yellow) and one conserved tryptophan residue (blue).
(B) Samples of Yap1-RD in 100 mM Hepes at pH 7.0 were incubated in solutions with ambient redox potentiBl®pf 230, and—360

mV for 4 h. A constant total glutathione or DTT concentration of 2 mM was used. After incubation &,2He intrinsic tryptophan
fluorescence emission spectra were measured. (C) Yapl-RD was incubated at ambient redox potentials-tiétvaed—380 mV; and

the intrinsic tryptophan fluorescence emission was measured at 337 nm; and the change in intensity was plotted as a fEnciioa of

solid line represents best-fih = 2 Nernst curves for the-100 and—180 mV and—290 and—370 mV components of the Yap1l-RD

titration. The resultings, values from the Nernst equation fits werd 55 and—330, respectively.

tathione (GSSG) redox buffers to poise samples at defined—370 mV. These two portions of the titration were each fitted
En values ranging from—100 to —240 mV and reduced to the Nernst equation for a two-electron redox component.
dithiothreitol (DT Teg)/oxidized dithiothreitol (DT T) redox The resultingEn, values from the fit were-155+ 3 and
buffers to poise samples Bf, values ranging from-220 to —330+ 2 mV (Table 1). These results are consistent with
—380 mV. Fluorescence emission spectra of the intrinsic a protein that contains two disulfide bonds, and we believe
tryptophan fluorescence were normalized and plotted as athat the measuref,, values can be assigned to the Cys303
function of E,. Figure 1C shows that the magnitude of the Cys598 and Cys310Cys629 disulfide bonds in Yap1-RD.
tryptophan fluorescence increases in two stages, one between Data from redox titrations performed at pH 6.0 also show
—100 and—180 mV and the second betweer290 and two separate redox components that each fit well tontke
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Table 1: Oxidatior-Reduction Midpoint Potentials

pH 7.0 pH 6.0
proteins  Emi(mMV) Emz2 (MV) Em1 (MV) Emz (MV)
Orpl ND* —255+ 8
Yap-RD —155+3 —330+ 2 —100+ 3 —270+ 2
Trx1 —2754+ 10 —2054+ 10
Trx2 —2654 10 —2154+ 10

a|f we calculate the midpoint potential value at pH 7.0 based on
the value observed for ORP1 at pH 6.0, then the value would315
+ 8 mV.

2 Nernst equation (data not shown). Tlg values at pH
6.0 were—100 &+ 3 and —270 + 2 mV (Table 1). The

Biochemistry, Vol. 45, No. 45, 2006.3413

for the more reducing dithiol/disulfide couple obtained with
SDS-PAGE analysis agrees, within the experimental un-
certainties of the combined measurement, withBEhealue
obtained using intrinsic tryptophan fluorescence.

Measurement of S. celisiae Thioredoxin Redox Midpoint
Potentials. Previous work suggests that the cytoplasmic
thioredoxins, Trx1 and Trx2, reduce the oxidized forms of
Yapl and Orplin vivo (13). To determine whether these
reductions would be thermodynamically favorable, it was
necessary to measure thg values for Trx1 and Trx2 and
compare them withe, values measured for Yapl-RD and
Orpl. TheTRX1 and TRX2 genes were cloned frors.
cerevisiae and were expressed iB. coli with N-terminal

differences in the measurdg, values between pH 7.0 and  HiSs tags. Each protein was purified to homogeneity using
6.0 for both of the disulfide/dithiol couples present in Yap1- Ni?*-affinity resin, and the molecular masses were confirmed
RD are equal, within the experimental uncertainties present With MALDI —TOF mass spectrometry. The redox potentials
in the measurements, to the value-669 mV per pH unit, of Trx1 and Trx2 were measured at both pH 6.0 and 7.0.
expected value for an uptake of 2.0 protons per disulfide The results of Trx1 and Trx2 redox titrations at pH 7.0 gave
bond reduced30). good fits to the Nernst equation for a single two-electron

We used a nonreducing SB®AGE separation technique  component (parts A and B of Figure 3). The average values
for Trx1 and Trx2 at pH 7.0 were-275 + 10 and—265

4+ 10 mV, respectively (Table 1). These data agree very well
with previously reportedE,, values ranging from-275 to

to provide support for our measurds, values and to
corroborate our conclusion that eaER redox component
corresponded to a Yapl1-RD disulfide/dithiol couple. Yap1l-

peptides can be resolved from Yapl-RD using SIPAGE

Trx1 and Trx2 at pH 6.0 were-205+ 10 and—215+ 10

under reducing conditions because of their lower molecular MV, respectively (Table 1). As discussed above for the two
weight (Figure 2A). The c-CRD peptide migrates faster than redox components present in Yap1-RD, the differences in
Yapl_RD, with an apparent molecular mass of 10 kDa (F|g_ the mea.SUreEm values between pH 7.0 and 6.0 for both of

ure 2B). Titration over a range &, potentials and separation
with nonreducing SDSPAGE showed that the second

the thioredoxins are equal, within the experimental uncer-
tainties present in the measurements, to the value 59

disulfide bond in Yap1-RD becomes fully reduced between MV per pH unit, expected value for an uptake of 2.0 protons

—320 and—340 mV (Figure 2B). While it is not possible to
measure th&, values of both disulfide bonds in Yap1-RD
using this technique, th&, value of the more reducing
disulfide bond can be estimated in this fashion. Bhevalue

per disulfide bond reducecB().

Measurement of the Orpl Redox Midpoint Potenfldde
Orpl protein was recently identified to function as g0
sensor that catalyzes disulfide bond formation in Yal#).(

c-CRD

€ Yap1-RD
€ c¢-CRD

Ficure 2: SDS-PAGE confirmation of the Yap1-RD redox midpoint potentials. (A) Structural model of the changes that occur upon
reduction of each Yap1-RD disulfide bond. Reduction of b5 mV disulfide bond results in a slight change in the overall Yap1-RD
structure, which is indicated with the yellow oval. Reduction of both disulfide bonds results in the separation of the Yapl n-CRD and
c-CRD peptides and exposure of Trp602. (B) Samples of Yap1-RD were incubated in 100 mM Hepes at pH 7.0 containing 2 mM mixtures
of oxidized and reduced glutathione or DTT at defined redox potentialsr Afteat 25°C, samples were mixed with either nonreducing

or reducing SDSPAGE loading buffer, separated on-120% acrylamide gels, and stained with Coomassie blue. Intact Yap1-RD and
Yapl c-CRD are observed and can be separated, but the Yapl n-CRD did not stain with Coomassie blue. (C) Yap1-RD samples incubated
over a—100 to—370 mV range of ambient redox potentials and separated by nonreducing FSREE.
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Ficure 3: Determination of the redox midpoint potential of tBe
cerevisiae thioredoxins. Samples of purified Trx1 (A) or Trx2 (B)
were incubated in 100 mM Hepes at pH 7.0 containing mixtures
of oxidized and reduced DTT at defined redox potentials. Redox
equilibrium was carried out fo4 h prior to the addition of mBBr.
The solid lines represent the best-fit= 2 Nernst curves, witlEy,
values of—275 (Trx1) and—265 mV (Trx2).
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In addition, Orpl has a thiol peroxidase enzymatic activity.
This thiol peroxidase reaction mechanism involves an
intramolecular disulfide bond intermediate between Cys36
Cys82, which is reduced by Trx1 or Trx2 vivo. TheORP1
gene was cloned fror8. cereisiaeand expressed iB. coli

with an N-terminal Histag. The Orpl protein was purified
to homogeneity using Ri-affinity resin, and its molecular
mass was confirmed with MALBDITOF mass spectrometry.
We first measured the thiol peroxidase activity of Orp1 using
a NADPH-coupled assayl ®). In the absence of ¥D,, there
was no observed decrease in the NADPH concentration.
Upon addition of HO,, the N-terminally Hig-tagged Orpl
showed full peroxidase activity (data not shown). We
checked for the ability of Orpl to form the Cys36ys82
disulfide bond upon addition of #D,. These reactions were
performed with reduced Orpl in an anaerobic hood. A 2-fold
molar excess of kD, was added to Orpl, and the reaction
was terminated 30 s later by the addition of 20% TCA. These
conditions were designed to trap any disulfide bonds that

formed in Orpl, and the reactions were separated on non-

reducing SDSPAGE. HO,-Treated Orpl migrates faster
on nonreducing SDSPAGE, with a lower apparent molec-
ular weight, because it contains the Cys¥8/s82 disulfide
bond (Figure 4A) 12). When HO,treated Orpl was
separated with reducing SB®AGE, it reverted back to the

Mason et al.
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Ficure 4: Determination of the redox midpoint potential of the
Orpl Cys36-Cys82 disulfide bond. (A) Oxidation of reduced Orpl
was carried out anaerobically by the addition of a 2-fold molar
excess of HO,. The reactions were stopped by the addition of TCA,
and precipitated Orpl was separated with nonreducing-S2&E.
Orpl containing the Cys36Cys82 disulfide bond migrates faster
than reduced Orpl. (B) Samples of purified Orpl were incubated
in 100 mM MES at pH 6.0 containing mixtures of oxidized and
reduced DTT at defined redox potentials ranging frerh70 to
—325 mV. Redox equilibrium was carried outrfé h prior to the
addition of mBBr. The solid line represent the bestHit 2 Nernst
curves, with argp, values of—255 mV. (C) Orpl incubated over
a —161 to —341 mV range of ambient redox potentials and
separated by nonreducing SBBAGE.

apparent molecular mass with SBBAGE as Orpl oxidized
with H,O, (data not shown). Therefore, air-oxidized Orpl
was used the same as for all of the subsequent redox potential
measurements.

The redox midpoint potential of Orpl was measured at
pH 6.0 using two complementary techniques (for reasons
not well-understood, we were not able to obtain reproducible
titration data for Orp1 at pH 7.0). Figure 4B shows the results
of a redox titration carried out using redox equilibration
followed by labeling of protein thiols by mBBr treatment
and measurement of the fluorescence of the mBBr-labeled
protein. The titration fit well with the Nernst equation for a
single two-electron component wit, = —255+ 8 mV
(Table 1). TheEy, value of Orpl Cys36Cys82 at pH 6.0
was also measured by monitoring the gel mobility of Orpl
at variousk, values (Figure 4C). As previously shown in
Figure 4A, the gel motilities of oxidized and reduced Orpl
are significantly different. A transition from a slowly migrat-
ing reduced species to a faster migrating oxidized species
was observed between ambient redox potentiats2§1 and
—241 mV. This indicates that the Orp1l Cys3Bys82 redox
midpoint potential is between these two values and supports
the redox midpoint potential 0f255 + 8 mV measured
with mBBr titrations.

DISCUSSION

more slowly migrating species. We were also able to prepare The goal of this study was to investigate the redox

oxidized Orpl by dialysis under aerobic conditions. Under
these conditions, oxidized Orpl migrated with the same

midpoint potential of the disulfide bonds found in the Yapl
oxidative stress signal transduction pathway. We have
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measured the redox midpoint potentials of the regulatory Previously,S. cereisiae Trx1 and Trx2 were purified, and
disulfide bonds in Yapl and in the components of the Yapl the redox midpoint potential of Trx2 was measured by
activation (Orpl) and deactivation pathways (Trx1 and Trx2). Reichard and colleague34). They obtained ai, value of
We prepared the Yapl-RD fragment of Yapl, which is —240 mV at pH 7.0 for Trx2, using an assay based on the
comprised of the n-CRD and c-CRD peptides linked by thioredoxin reductase-catalyzed reduction of this thioredoxin
disulfide bonds. Redox titrations showed that two separate by NADPH. This value is 25 mV more positive than the
two-electron redox couples are present in Yapl-RD, eachdata collected in this study. The reasons for this difference,
with a well-defined redox midpoint potential value. We which are small and may well be within the combined
interpret these two redox midpoint potentials to correspond experimental uncertainties in the two sets of measurements,
to the Yapl-RD disulfide bonds. We purified Orpl and are unclear.
measured the redox potential of the Cys&8/s82 disulfide Our data suggests that under equilibrium conditions Trx1
bond that forms during its thiol peroxidase catalytic cycle. or Trx2 reduction of the-330 mV Yap1 disulfide bond is
Finally, we purified two cytoplasmic thioredoxins, Trx1 and not a thermodynamically favorable reaction. Howeuer,
Trx2, and measured their redox potentials. Altogether, theseuvivo, the concentrations of oxidized and reduced Trx1 and
measurements provide the first opportunity to examine the Trx2 are not equal. Therefore, at physiological ratios of
thermodynamic framework for redox regulation of Yapl oxidized thioredoxin (Trx)/reduced thioredoxin (Texy), the
activity and the Orpl peroxidase catalytic cycle. reduction of the—330 mV Yapl disulfide bond could be
Our E,, measurements add further support to the observa-thermodynamically favorable. Because Trx2 is thought to
tion that Yapl contains two disulfide bonds. The first and be the physiological reducing agent for Yap1, this discussion
more oxidizing disulfide bond has redox midpoint potentials will focus on it. Previous studies demonstrate that Trx2 is
of —100 and—155+ 3 mV at pH 6.0 and 7.0, respectively. kept exclusively in its reduced form vivo (35). This occurs
The second and considerably more reducing disulfide bondthrough the continuous reduction of the Trx2 disulfide bond,
has redox midpoint potentials 6f270 and—330+ 2 mV which is catalyzed by thioredoxin reductase with reducing
at pH 6.0 and 7.0, respectively. These measurements weresquivalents coming from NADPH. THg, value shown for
made using a highly sensitive intrinsic tryptophan fluores- Trx2 in Table 1 corresponds to conditions where Fpehd
cence assay that was based on the previously establishedrx2,4 are present at equal concentrations. In experiments
correlation between the redox state of the disulfide/dithiol designed to measure Trg2and Trx2eqin vivo using TCA-
couples with the structure of Yapl-RD. At ambient redox based disulfide trapping assays and immunoblotting, no
potentials between-180 and—270 mV, there is a single  Trx2,x was observed3b). It is only when the cytoplasmic
two-electron reduction of a disulfide bond in Yap1-RD. The thioredoxin reductase gene is deleted, can quantifiable
slight yet reproducible 1.4-fold increase in the intrinsic amounts of Trxg be observed35). The Nernst equation
fluorescence emission suggests that there is little overallcan be used to estimate the redox potential of Trx2 under
change in the Yap1-RD protein structure over this range. At nonstandard conditions. Ratios of [Te2[Trx2,ed of 1072,
ambient redox potentials lower tharB30 mV, the intrinsic 1073, and 10 result in redox potentials of-324, —354,
fluorescence changes dramatically, indicating large changesand—384 mV, respectively. Therefore, under physiological
in Yap1-RD conformation and structure. This interpretation conditions, where the concentration of Tigg2 much greater
is supported by circular dichroism, size-exclusion chroma- than Trx2,, the effective reducing potential of Trx2 is
tography, and NMR data2(). The structural changes that substantially more negative than the€265 mV E, value.
result from disulfide bond reduction expose the Yapl NES This lower potential makes Trx2 reduction of th€30 mV
and allow the Crm1 nuclear export protein to interact with Yapl-RD disulfide bond thermodynamically possible. In

Yapl. wild-type S. cereisiae strains, the GSH/GSSG ratio is
Prior mutagenesis suggests that Cys30$s598 is more  approximately 1636). Therefore, even under physiological
important for the function of Yap1 in response te®4 (19). GSH/GSSG ratios, where the effective redox value associated

For this reason, we believe that it is likely the disulfide bond with the GSH/GSSG couple is only slightly more negative
with the —330 mV redox midpoint potential. In addition, than—270 mV, GSH would be incapable of reducing the
mutagenesis data for the n-CRD provide additional support —330 mV Yapl1-RD disulfide bond in a thermodynamically
for this conclusion 21). Phe302 and Met306, which flank favorable reaction37).
Cys303, provide a majority of the hydrophobic contacts It is not known how the disulfide bonds in Yapl remain
between n-CRD and c-CRD. In Yap1-RD, mutation of either oxidized over the course of 30 min in the overall
of these residues to alanine results in a protein that is lessreducing environment of the cytoplasm and nuclel8}. (It
responsive to kD, and that cannot form stable disulfide is probable that a combination of both redox midpoint
bonds. In contrast, the mutation of Val309, which is adjacent potentials and the reaction rates of disulfide bond oxidation
to Cys310 and makes few hydrophobic contacts to the and reduction allow for transient stability of the Yapl
¢c-CRD, has no effect on Yapl functio1). Therefore, disulfide bonds. Because variations in the [T&J2Trx2 ed
oxidation and reduction of the Cys368ys598 disulfide ratios can affect the effective reducing potential of Trx2, it
bond appears to be the main regulation point controlling tempting to speculate that this could be used to regulate the
Yap1-RD structure and function. It thus seems likely that lifetime of oxidized Yap1l in the cell. For example, if the
the major effects associated with changes in the redox statdTrx2,/[Trx2eq ratios were to increase in response to
of Yapl will occur over the ambient redox potential range oxidative stress, oxidized Yap1 could survive in the cell until
where this disulfide bond becomes reduced. the [Trx2,]/[Trx2d ratio was restored back to nonstressed
The Trx1 and Trx2 redox midpoint potentials are very levels. Full restoration of the nonstressed [T3}2TrX2 ed
similar to those of other thioredoxins from various organisms. ratio may not occur until Yapl has activated the expression
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of antioxidant genes required to protect against oxidative 10
stress. Thus, this time frame would give Yapl a20 min
window to remain oxidized and activate antioxidant gene ;4
expression.

Orp1 was originally annotated as a glutathione peroxidase
based on protein-sequence homology. Delaunay et al. showed

that the Orpl Cys36Cys82 disulfide bond is essential for  12.

its thiol peroxidase activity and that this specific disulfide
bond was reduced by Trx# vivo (12). We have measured
the Orpl Cys36:Cys82 redox midpoint potential of255

mV at pH 6.0 (as indicated above, unexplained problems
prevented measuring &, value at pH 7.0). If one assumes
that Orp1 does not contain any redox-linked acid/base groups
with pKj, values between 6.0 and 7.0, one can extrapolate
from the value measured at pH 6.0 to a likely value-&f14

mV at pH 7.0 (i.e., assuming tHg&, versus pH profile has
the —59 mV per pH unit value expected for a process in
which the uptake of two protons accompanies the reduction

[N

of a disulfide bond). AnE, value of —314 mV is too 16.

negative for reduction by the GSH/GSSG couple. Using the
same reasoning as we did for Yap1 reduction, a sufficiently 17
low [Trx2ux)/[Trx2.ed ratio would create conditions where
Cys36-Cys82 reduction would be thermodynamically favor-
able. In the future, the redox midpoint potential of the ;g4
Cys36-Cys598 mixed disulfide bond between Orpl and
Yapl needs to be examined to provide a thermodynamic
explanation for Orpl catalysis of the Yap1l disulfide bonds.
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