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ABSTRACT

In Saccharomyces cerevisiae, Yap1 regulates an H,0,-inducible transcriptional response that
controls cellular H,0; homeostasis. H,0; activates Yap1 by oxidation through the intermediacy of
the thiol-peroxidase Orp1. Upon reacting with H;0,, Orp1 catalytic cysteine oxidizes to a sulfenic
acid, which then engages either into an intermolecular disulfide with Yap1 that leads to Yap1
activation, or an intramolecular disulfide that commits the enzyme into its peroxidatic cycle. Of
these two competing reactions, how the former one, which is kinetically unfavorable, occurs? We
show that the Yap1-binding-protein Ybp1 brings together Orp1 and Yap1 into a ternary complex
that selectively activates condensation of the Orp1 sulfenylated cysteine with one of the six Yap1
cysteines, while inhibiting Orp1 intramolecular disulfide formation. We propose that Ybp1 operates
as a scaffold protein and as a sulfenic acid chaperone to provide specificity into the transfer of

oxidizing equivalents by a reactive sulfenic acid species.
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Reactive oxygen species (ROS), which include the superoxide anion (0;") and hydrogen
peroxide (H202), are toxic molecules that also operate in intracellular signaling. Both these effects
are due to ROS chemical reactivity, which enables them to oxidize biological molecules, thereby
causing either damage, or modifying the activity of regulatory proteins by covalent modification.
Whereas the toxicity of ROS is intuitively perceived, their signaling function has been more difficult
to grasp, owing to the paradox posed by the specificity required for signaling and the seeming

indiscriminate reactivity of ROS!.

ROS-responsive pathways that regulate ROS intracellular homeostasis in microorganisms
have provided, and still are, fundamental principles of how specificity can be achieved in ROS
signaling!. These pathways make use of sensors that “measure” the intracellular concentration of
ROS and proportionally set the expression of antioxidants, thereby maintaining ROS concentration
below a toxic threshold2. One such pathway is the S. cerevisiae H,0,-responsive transcription factor
Yap1, which activates most antioxidants, thiol-reductases, and other stress defense and detoxifying
activities?. Yap1 is primarily controlled at the level of nucleo-cytoplasmic shuttling3. H,0, oxidizes
Yap1 into two disulfides between Cys residues C303-C598 and C310-C6294-¢ (Supplementary
results, Supplementary Fig. 1). The conformation change resulting from this oxidation conceals a
nuclear export signal, which by inhibiting nuclear export promotes Yap1 accumulation into the

nucleus4738,

Yap1 oxidation by H,0; is mediated by the thiol-based Oxidant Receptor and Peroxidase
Orp1° (Fig. 1). Reaction of Orp1 catalytic Cys residue (C36) with H,0; yields a sulfenic acid (Orp1l—
SOH) (reaction 1)10.11, Once formed, the C36-SOH can engage into either an intermolecular disulfide
with Yap1 by condensation with Yap1 C598 yielding Orp1—S—S—Yap1 (reaction 2), which is then
transposed into the first intramolecular disulfide of active Yap1, or into an Orp1 intramolecular
disulfide by condensation with Orp1 resolving Cys residue (C82) (Orploxss, reaction 3), which

commits the enzyme into its peroxidatic cycle®. Of these two competing reactions, the unimolecular
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one that produces Orployss should be kinetically favored over the bimolecular one!? engaging Orp1
and Yap1, which raises the question of the mechanism that enable the latter to occur. The Yap1-
binding protein Ybp1 is required for the Orp1l-dependent oxidation of Yap1 by H,0,13-15. As it co-
precipitates with Yap1, Ybp1 could favor the Orp1/Yap1 redox interaction by bringing these
proteins together, and could also guide Orp1—SOH towards Yap1 C598, or prevent formation of the

competing Orp1 C36-C82 disulfide2.

We sought elucidating Ybp1 function by measuring the kinetics of Orp1-dependent oxidation
of Yap1 by H20, upon reconstitution of the redox relay in vitro, and by probing the interactions
between the redox relay partners. We found that Ybp1 brings together Orp1 and Yap1 into a ternary
complex, in which Orp1—S—S—Yap1 intermolecular disulfide formation is activated, while
Orploxss intramolecular disulfide formation is impeded, hence favoring H,0; signaling at the
expense of H,0; scavenging. Our data suggest a novel mechanism whereby by shielding and
canalizing the reactivity of the Cys-sulfenic acid, Ybp1 operate as a “sulfenic acid chaperone”, an
issue important in view of the emerging roles of thiol peroxidases!¢17 and sulfenic acid species7-19

in redox biology.
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RESULTS
Ybp1 brings Yap1 and Orp1 in a non-covalent 1:1:1 complex

We first assayed the interaction of Ybp1 and Yap1 in vitro. When alone in solution, Ybp1
eluted from a size-exclusion column as a single peak with an apparent mass of 100 kDa, close to the
calculated monomer mass (80 kDa), and Yap1 as a major peak of 470 kDa (calculated monomer
mass = 73 kDa), which suggested that Yap1 oligomerizes in solution and/or adopts a non-globular,
flexible conformation, in accordance with its sensitivity to proteolysis® (Fig. 2a). A small fraction of
Yap1 also eluted within the column-void volume, likely reflecting protein aggregation. When
present in an equimolar mix, the two proteins now eluted as one major species with an apparent
mass of 307 kDa, confirming the Ybp1-Yap1 interaction shown by co-immunoprecipitation from
crude lysates!3.14 and suggesting the presence of a 1:1 complex (calculated mass of 153 kDa) with a
non-globular conformation, or a 2:2 complex (306 kDa). Doubling the concentration of Yap1 relative
to Ybp1 produced an additional peak corresponding to free Yap1, thus confirming non-covalent
complex formation with a stoichiometry of 1:1 or 2:2 (hereafter referred to as Ybp1-Yap1).
Quantitative data of the Yap1-Ybp1 interaction were obtained from the change of fluorescence
anisotropy of fluorochrome-labeled Ybp1 (AF-Ybp1) upon Yap1 titration. A saturable 11%
anisotropy increase was observed, which after conversion to the fraction of bound AF-Ybp1, was
fitted to a single-site binding equation, yielding a dissociation constant of 1.6 + 0.3 uM (Fig. 2b).
Using Yap155sssS, a mutant with Ser substitution of all six Cys, gave a value close to the previous one
(0.7 £ 0.2 uM). Titration of labeled Yap1 (AF-Yap1) by Ybp1 produced a saturable 22% fluorescence
anisotropy increase and a dissociation constant of 1.3 + 0.2 pM, very close to the value obtained
using AF-Ybp1.

We next assayed the interaction of Orp1 with its two partners by isothermal titration
calorimetry (ITC). Yap15sSssS was used here to avoid any redox interferences. No significant signal
was observed when Orp1 was injected into a Yap15555Ss solution (Fig. 2c, left panel). In contrast,
injection of Orp1 into a Ybp1 solution produced a binding isotherm that fitted a single-site model],

5
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which yielded a dissociation constant of 0.8 + 0.1 uM and a stoichiometry of 0.8 + 0.1, indicative of a
1:1 stoichiometry (Fig. 2c, central panel, Supplementary Table 1). Calorimetric titration of the
Ybp1-Yapl complex by Orp1 also produced an isotherm corresponding to a single-site binding
interaction with a dissociation constant of 0.7 = 0.2 uM and a stoichiometry of 0.8 = 0.1 (Fig. 2c,
right panel, Supplementary Table 1), also indicative of a 1:1 stoichiometry, which indirectly
confirmed a Ybp1-Yap1 1:1 association. In the latter experiment, Orp1 binding to Ybp1 could have
dissociated the Ybp1-Yap1 complex, but predicted titrations that incorporated the Ybp1-Yap1 and
Orp1-Ybp1 dissociation constants did not reach complete saturation under the conditions used. No
significant signal was detected by titrating Ybp1 or the Ybp1-Yap15555sS complex with Orp1 in the
intramolecular disulfide form Orploxss (Supplementary Fig. 2). TAP-Tag-affinity precipitation of
Ybp1 from crude yeast lysates brought down both Yap1 and Orp1, thus establishing that the ternary
Orp1l-Ybp1l-Yapl complex is also formed in vivo, although we cannot totally rule out that Orp1
coprecipitates with Ybp1 by virtue of its disulfide linkage to Yap1 (Supplementary Fig. 3).

Ybp1 thus brings together Yap1 and reduced Orp1, but not Orp1loxss, into a non-covalent

ternary Orp1l-Ybp1-Yap1 complex of 1:1:1 stoichiometry.

In vitro reconstitution of the Orp1-Yap1 redox relay

To address the molecular function of Ybp1, we reconstituted the redox relay in vitro with
purified Yap1, Orp1, Ybp1, thioredoxin (Trx), Trx reductase and NADPH, and monitored the kinetics
of Yap1 oxidation by H;0; by the differential migration of Yap1 redox conformers by non-reducing
SDS-PAGE. As previously shown?, Myc-Yap1 from untreated cells migrates as a unique band
(Yap1lied); minutes after H,0, exposure, the C36-C598-linked Orp1—S—S—Yap1 complex and Yap1
intramolecular disulfide forms (Yap1.x) are both seen as two distinct bands that migrate above and
below reduced Yap1, respectively (Fig. 3a, Supplementary Fig. 4). A third H,0,-inducible Myc-
immunoreactive band was also seen just above Orpl1—S—S—Yap1, which also contains Orp1 and
possibly leads to formation of the second Yap1 intramolecular disulfide. Analysis of the

6
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reconstituted relay similarly identified reduced Yap1 and Ybp1 prior to addition of H,02, and then
three new Yap1 electrophoretic forms upon addition of H,0,, which correspond to the Yap1-
intramolecular disulfide forms and to the two Orp1-Yap1 disulfide-linked complexes (Fig. 3b). Yap1
oxidation was fast, occurring within seconds, and lasted a few minutes after which Yap1 returned to

its reduced form, closely reproducing the in vivo kinetics of Yap1 oxidation®.

Orp1 and Ybp1 are required for Yap1 oxidation in vitro

We next probed each of the components of the redox relay on Yap1 oxidation. When alone,
Yap1 (5 uM) became oxidized, but at very high doses of H,0,, much higher than those effective in
the fully reconstituted system (H202 > 500 uM vs < 100 uM), with appearance of Yap1 high
molecular weight disulfide-linked complexes, indicative of non-native disulfide bond formation
(Supplementary Fig. 5a). Excluding the Trx system from the reaction did not alter Yap1 oxidation,
except for a slower kinetics, likely due to the trapping of Orp1 in the Orploxss form (Supplementary
Fig. 5b). Excluding Orp1 however prevented Yap1 oxidation by H,0; at 100 uM (Supplementary
Fig. 5¢), thus confirming Orp1 absolute requirement for Yap1 oxidation®13. Similarly, excluding
Ybp1 prevented Yap1 oxidation by H20; at 100 uM (Supplementary Fig. 5b). Only at a very high
dose of H,0, (2 mM), a slow and weak oxidation of Yap1 was observed (Fig. 3c), which was partially
dependent upon Orp1 (10 uM), as indicated the presence of a very weak band corresponding to the
Orpl-Yap1 disulfide complex. Introducing Ybp1 led to a concentration-dependent stimulation of
Yap1 oxidation, and appearance of one, and then of the two Orp1-Yap1 disulfide-linked complexes
(Fig. 3c). The effect of Ybp1 reached a maximum at a Ybp1:Yap1 ratio of 1:1, thus confirming the

results of Fig. 2.

Ybp1 is required for the formation of Orp1—S—S—Yap1
As previously observed in vivo (Fig. 3a), Ala substitution of Yap1 C303 (Yap1¢3034) stabilizes

the Orp1-Yap1 C36-C598 intermolecular disulfide by preventing its transposition into the C303-
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C598 intramolecular Yap1 disulfide®. In Aybp1 cells that expressed Yap1¢303A however, the Orpl—
S—S—Yap1 complex did not form (Fig. 3a). Similarly, in the reconstituted system, Yap1¢303A formed
a stable Orp1—S—S—Yap1 complex with Orp1 in the presence, but not in the absence of Ybp1 (Fig.
3d). The peroxiredoxin Tsal was proposed to replace Orp1 in Yap1 oxidation in cells lacking
Ybp129, but no band corresponding to a Tsal-Yap1 adduct was detected in Aybp1, as also reported?0.
The reconstituted system thus faithfully reproduces the in vivo setting, thereby confirming
the requirement of both Orp1 and Ybp1 for efficient and sensitive Yap1 oxidation by H20..
Furthermore, both in vivo and in vitro data indicate that Ybp1 is required for the initial Orp1-Yap1

redox interaction (reaction 2, see Fig. 1).

Ybp1 activates formation of Orp1—S—S—Yap1

The Orp1-Yap1 redox relay can be deconstructed into three single reactions: formation of the
Orp1—SOH (reaction 1, rate constant kson); condensation of the former with Yap1 C598 (reaction 2)
or with Orp1 C82 (reaction 3, rate constant kss) (see Fig. 1). To test whether Ybp1 modulates
reactions 2, or 3 or both, we assessed its effect on their kinetics using a quench flow apparatus.

Reaction 2 was evaluated with an Orp1 mutant only retaining C36 (Orp1 C64S, C82A, Orp1¢sA)
to eliminate reaction 3, and a Yap1 mutant only retaining C598 (Yap1555¢ss), to avoid unwanted
redox reactions. In the absence of Ybp1, these two mutants engaged in the stable Orp1—S—S—
Yap1 disulfide by lack of Yap1 C303 (Supplementary Fig. 6, also showing that Orp1¢82S behaves as
Orp¢sA). We also used H;0; at concentrations low enough to avoid non-specific oxidation (100 pM)
which would still ensure fast enough Orp1—SOH formation, for the latter not to be rate limiting for
the overall reaction (ksou = 1.6 105 £ 0.1 M-1s-1, which gives a rate constant of 16 s-* at 100 pM H30.,
see Supplementary Fig. 7). Reactions were started by mixing H20; to a mixture containing excess
Orp1¢sA and either Yap15sS¢ss or the Ybp1-Yap15sS¢ss complex, and were stopped by acid quenching.
Prior to H,0; addition, reverse-phase chromatograms of the reaction mixtures lacking Ybp1
identified Yap15ss¢ss (peak 1) and Orp1¢sA (peak 4) (Supplementary Fig. 8 and Supplementary

8
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Table 2). Upon H;0; addition, the Yap1 and Orp1¢sA peaks gradually decreased over time, and three
additional peaks appeared with masses compatible with Orp1—S—S—Yap1 (peak 2), disulfide-
linked homodimeric Orp1 (C36—S—S—C36) (peak 5), and oxidized Orp1¢sA in the sulfenylamide
form (peak 3) (Supplementary Fig. 8 and Supplementary Table 2). The latter species likely forms
by Orp1—SOH intramolecular cyclization upon attack of the neighboring Gly37 amide nitrogen at
acidic pH?1-23. Chromatograms of reaction mixtures containing Ybp1 yielded the same products as
those observed in its absence (Fig 4a).

The Kkinetics of Orp1—S—S—Yap1 formation in the absence and presence of Ybp1 were
deduced from the evolution of peak-2 area, yielding respective observed rate constants of 0.3 + 0.03
and 2.6 £ 0.4 s1, which indicated a significant stimulatory effect of Ybp1 (Fig. 4b). Reacting H202in a
mixture containing wild-type (Wt) Orp1 and the Ybp1-Yap15sS¢sS complex led again to a decrease of
Yap15ssCss (peak 1) and Orp1 (peak 8), and the appearance of Orploxss (peak 7) and of a species with
mass compatible with Orp1—S—S—Yap1 (peak 6) (Fig. 4c, Supplementary Table 2). The latter
appeared at an observed first-order rate constant of 4.6 + 0.2 s-! (Fig. 4d). This value did not change
by increasing Orp1 concentration up to near saturation (10 to 80 uM) (mean 5.6 + 1.0 s-1), further
demonstrating that Orp1 operates within the Orp1-Ybp1-Yap1 ternary complex (Fig. 4d, inset), and
hence that the reaction should obey saturation kinetics, in contrast to the bimolecular one measured
in the absence of Ybp1 (Orp1 and Yap1 do not form a pre-complex).

The kinetics of Orp1—S—S—Yap1 formation in the absence of Ybp1 (Supplementary Fig. 8,
Fig. 4b) was analyzed by directly fitting data to a two-step model, which comprises reaction 1 (kson
=1.6 105+ 0.1 M-1s-1, Supplementary Fig. 7) followed by reaction 2 (Supplementary Fig. 9a). This
analysis yielded a second order rate constant Kpimolecular fOr reaction 2 of (7.4 £ 4.9)103 M-1s-1, To
interpret the kinetics obtained in presence of Ybp1 (Fig. 4a,b), we directly fitted data to a similar
reaction scheme that was now preceded by the formation of the ternary complex, assumed to be a
rapid equilibrium characterized by the K affinity constant between Ybp1-Yap1555¢ss and Orp1 of 0.7

UM (Supplementary Fig. 9b). This analysis yielded a first order rate constant for reaction 2 in the

9
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complex keompiex 0f 3.5 £ 0.7 s-1, close to the observed value of 2.6 s-1. We then compared the value of
kmm% (5.0 106 M-1s-1 for Orp1¢sA) to the Kbimolecular value of 7.4 103 M-1s-1 obtained in the absence of

Ybp1l. The 700-fold ratio between these two parameters reveals the actual impact of Ybp1 on
reaction 2, which becomes particularly significant when considering the low in vivo concentrations
of Orp1 and Yap1 (Supplementary Fig. 9¢). Reacting oxidized Orp1 (Orploxss) under the same
conditions yielded an observed rate constant of 0.026 + 0.006 s-1, nearly 200-times slower relative
to the reaction with reduced Orp1 (Fig. 4e,f).

These data indicate a strong increasing effect of Ybp1 on the rate of reaction of Yap1 C598
with Orp1—SOH, akin to enzyme catalysis, which is accounted for by Ybp1-dependent pre-complex
formation and possibly also by a chemical activation of the reaction within the Orp1-Ybp1-Yap1

ternary complex. They also confirm that Orployss is not competent for Yap1 oxidation.

Orp1loxss formation is impeded in the ternary complex

We next explored whether Ybp1 could also favor reaction 2 by inhibiting reaction 3. We first
evaluated the effect of Ybp1 and Yap1 on Orp1 peroxidase activity, as measured by the rate of
NADPH consumption under multiple turnovers, i.e. in the presence of Trx and Trx reductase. In the
presence of Yap15ss5sS —used here and below to prevent reaction 2— or Ybp1, Orp1 activity was
not altered. In contrast, in their presence in equimolar amounts, Orp1 peroxidase activity was
strongly inhibited up to 88% and 97%, at 1 and 20 uM of added proteins, respectively
(Supplementary Fig. 10a). This effect was not due to inhibition of the Trx system since Yap1 and
Ybp1 did not alter Trx-dependent recycling of a peroxiredoxin and methionine sulfoxide reductase
(Supplementary Fig 10b).

Inhibition of the Orp1 peroxidatic cycle might occur at reaction 1 or 3 (Fig. 1). We thus
evaluated the impact of Ybp1-Yap15555SS on reaction 1, using Orp1¢s4, which accumulates as a
sulfenylamide at acidic pH upon conversion of the Orp1—SOH form (see above), and in the absence

of Trx. Reaction products of Orp1 with excess H,0; were analyzed as in Fig. 4. The major

10
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chromatographic peaks observed were those of Yap155s5sS (peak 9), the Orp1¢s4 sulfenylamide (peak
3) and reduced (peak 4) forms (Fig. 5a). Evolution of peak 3 area yielded first-order rate constants
of 29 = 7 s-1in the absence of Yap15555sS and Ybp1, and of 32 + 7 and 24 + 7 s-1 in their presence at a
1:1 ratio, and at 15 and 75 uM (Fig. 5b), respectively, which indicated that Orp1—SOH formation is
not altered within the ternary complex (see also Supplementary Fig 7d).

We similarly measured the effects of the Ybp1l-Yapl complex on reaction 3, using Wt Orpl,
and setting its catalytic cycle to single turnover to accumulate Orployss, i.e. in the absence of the Trx
system. Chromatographic analysis of the reaction mixtures identified Yap1555s5s (peak 9), Orploxss
(peak 7), reduced Orpl (peak 8), and a small amount of a species with a mass that could not be
determined (peak 10) (Fig. 5c, Supplementary Table 2). With Orp1 alone, evolution of peak 7 gave
an observed rate constant of 32 £ 6 s-1, close to the value measured for Orp1—SOH formation,
which indicates that reaction 1 is limiting Orploxss formation under these conditions (Fig. 5d). In
contrast, in the presence of a 1:1 ratio of Yap 15555 and Ybp1, evolution of peak 7 area now yielded a
value of 10 £ 2 s-1at 15 pM, and of 6 + 2 s-1at 75 pM of added proteins, indicating that in the ternary
complex the rate-limiting step for Orployss formation switches from reaction 1 to reaction 3 (Fig.
5d). To further evaluate this effect, we determined reaction 3 intrinsic rate constant (kss) by
monitoring the change of enzyme Trp fluorescence associated with C36-C82 disulfide formation,
under single turnover conditions. We increased the concentration of H20, up to levels ensuring that
reaction 1 is not rate-limiting relative to reaction 3 (Supplementary Fig. 7). The deduced value of
kss for Orp1 alone, 507 * 4 s-1, was 80-fold higher than the 6 s-! measured in the presence of Ybp1
and Yap15sssss, Accordingly, reaction 3 rate constant (kss) is > 1000-fold higher than the observed
value of reaction 2 in the absence of Ybp1 (0.3 s-1) (Fig. 4). In the presence of Ybp1 alone, the value
of kss decreased to 22 s-1, indicating a large contribution of Ybp1 to the slowdown of reaction 3
within the ternary complex (Supplementary Fig. 7d).

We therefore enquired whether eliminating the Orp1 resolving Cys residue would make Ybp1

dispensable for Yapl oxidation. In cells that express Orp¢s8zs, oxidation of Yapl by H;0: is not

11
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altered?. In Aybp1 cells, Orp1¢82s did not allow Yap1 oxidation, even when overexpressed, although
in the latter condition a very faint band corresponding to the Orp1-Yap1 disulfide-linked complex
could now be seen (Fig. 6a,b, Supplementary Fig. 11). In vitro also, Orp1¢82s did not allow Yap1
oxidation in the absence of Ybp1, but instead totally shifted Yap1 into several high molecular weight
(HMW) species (Fig. 6¢). These species were formed by the independent attachment of more than
three Orp1¢82Smolecules to Yap1, as deduced from the presence of a unique such attachment when
OrplcsA was reacted with Yap1ssscss (Supplementary Fig. 6a). These Orpl-Yapl HMW species
decreased upon reintroducing Ybp1 (Fig. 6c¢), with the very few remaining caused by excess free
Orp1l that had reacted with Yap1 in an Ybpl-independent manner, as shown by the titration of
Ybp1l-Yap1l by Orpl (Supplementary Fig. 6b).

We lastly enquired whether glutathione (GSH) at physiological concentrations would compete
with Yap1 for condensation with Orp1—SOH. In the absence of Ybp1, GSH totally prevented the
reaction between Orp1¢5A and Yap15ssCss, and in its presence, it prevented this reaction only when
Orp1¢sA, but not Wt Orpl was used (Supplementary Fig. 12). This effect of GSH most probably
occurs on the free unassembled fraction of Yap1l. Hence, a competition between GSH and Yap1 for
condensation with Orp1—SOH C598 is prevented by ternary complex formation, which explains
why GSH does not interfere with Yapl activation in vivo, and why the Orp1¢82S mutant has a Wt
phenotype with regards to Yap1 activation®.

Hence, within the ternary complex, reaction of the Orp1—SOH with one (C598) out of the five
others Yapl Cys residues is specified, which adds to the activation of reaction 2 and to the
impediment of reaction 3 within this complex, and the accessibility of GSH is prevented. In
conclusion, the different levels at which Ybp1-dependent ternary complex formation improves H,0;

signaling from Orp1 to Yap1 explain why Ybp1 cannot be made dispensable under any conditions.
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DISCUSSION
Since the identification of Orp1 as the H,0; receptor in Yap1 activation?, other thiol-

peroxidases-based redox relays have been recognized 16.17.24-26, Due to the high reactivity of its
peroxidatic Cys residue, Orp1 confers to the Yap1 redox relay H,O; specificity and sensitivity, i.e. the
ability to detect very low doses of peroxide and to remain unreactive to other oxidants2. How then is
achieved the functional coupling between Orp1 and Yap1 and what are the mechanisms ensuring
absolute precision in the transfer of H,0; oxidizing equivalents? Formation of a sulfenic acid at the
Orp1 catalytic Cys residue upon its reaction with H,0; initiates the first step of the redox relay, i.e.
formation of the Orp1—S—S—Yap1 species. Based on estimates of the cellular concentrations of
Orpl of ~ 0.5 uM, and of Yap1 below 0.1 uM27.28, and on the bimolecular rate constant measured
here (7.4 103 M-1.s-1), formation of the Orp1—S—S—Yap1 complex would require > 10 min, which
is not consistent with Yap1 fast oxidation in vivo. Furthermore, Orp1 peroxidatic turnover involves
formation of an intramolecular disulfide between the same Cys-sulfenic acid and the Orp1 resolving
Cys residue at a rate that should totally impede formation of the Orp1-Yap1 intermolecular
disulfide. We show here, that Ybp1, a protein identified as a Yap1-binding partner with no
recognizable functional domains, and then as required for its oxidative activation3, enables the
redox coupling between Orp1 and Yap1 at several levels. By recruiting these two proteins within a
ternary complex, Ybp1 raises their local concentration, thereby increasing the rate constant for their
reaction from the predicted value in the 10-3 s-1 to the 1 s-1, even for the estimated low in vivo
concentrations of the three partners (see details in Supplementary Fig. 9). In vitro reconstitution
also shows that by enabling the recruitment of the peroxide-sensitive Orp1 factor, Ybp1 decreases
by more than 50-fold the concentration of H,0; needed to oxidize Yap1 (100 uM vs. >5 mM,
Supplementary Fig. 5).

The previously described Orp1-dependent proximity-based oxidation of the redox protein
roGFP2 by H,0, was made possible by the fusion between these two proteins?. Ybp1 similarly

enables Orp1-Yap1l redox coupling by ternary complex formation, but may also improve its
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efficiency. Ternary complex formation might create a molecular environment that either stabilizes
the C598 thiolate and/or provide the means of acid catalysis to activate the release of a water
molecule, which is akin to an enzyme active site. In the absence of Ybp1, the Orp1-SOH could react
with any of the Yap1 Cys residues (see Fig. 6¢, and Supplementary Fig. 6b), which indicates that
within the ternary complex both selection of C598 over the other five Yap1 Cys residues and its
alignment with C36—SOH might also be favored. In addition, ternary complex formation appears
also to prevent the attack of glutathione on the C36—SOH by impeding access of GSH to the sulfenic
acid (Supplementary Fig. 12).

Lastly, our data indicate that the rate of attack of the resolving C82 thiolate on the Orp1—
SOH that leads to Orp1loyss formation is decreased by 20-fold within the Orp1-Ybp1 binary complex,
and by > 80-fold within the Orp1-Ybp1-Yap1 complex, which are values in the range of those of
reaction 2 (6 vs 5 s-1). Therefore, within the ternary complex, the reaction between the Orp1—SOH
and Yap1 C598 is activated, and the competing reaction between the Orp1-SOH and Orp1 C82
inhibited, which also favors the former. The failure of the Orp1 C82S mutant to activate Yap1 in the
absence of Ybp1 underscores the fact that the inhibition of Orp1 intramolecular disulfide formation
is just one of the means by which Ybp1-dependent ternary complex formation enables the redox
relay. The Orp1l domain that comprises the C82 residue is highly flexible3?, which might allow it to
be constrained within the ternary complex into a conformation preventing its reaction with the C36-
SOH. Structural reorganization of Orp1 upon its interaction with Ybp1-Yap1 and Ybp1 is consistent
with the significant entropic change associated with complex formation, as measured by ITC
(Supplementary Table 1), and with the inability of Orploxss to interact with Ybp1-Yap1 and Ybp1.
Since Orp1 C82 residue is dispensable for Yap1 activation and since Orp1 peroxidase activity does
not contribute to cellular H,0; tolerance?, why has evolution maintained the C82 residue? Based on
the in vivo protein concentration estimates and on the dissociation constants for Orp1-Ybp1-Yap1l
complex formation, a large fraction of Orp1 exists as a free protein. Therefore, free Orp1 fast

disulfide formation might shield the reactivity of the Orp1—SOH, a hypothesis that is corroborated
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by the in vivo identification of disulfide crosslinks between Orp1¢82S and several proteins3?, while
ensuring the availability of reduced Orp1 for Yap1 activation upon recycling of Orp1oxss by Trx.

In summary we propose that Ybp1 acts as signaling scaffold, akin to the signaling scaffolds of
GTPases, protein kinases and phosphatases3?, since it binds to two signaling proteins and helps
guiding the flow of information between them. By shielding a protein Cys—SOH, and selectively
activating its condensation into a disulfide with one over other thiolates, Ybp1 scaffolding function
also incorporates the function of a “sulfenic acid chaperone”, principles that may apply to other

sulfenic acid-dependent signaling pathways.
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Figure 1 | Schematics of the dual function of Orp1 as the H,0; receptor of the Yap1 regulator
and as a peroxidase (adapted from ref. 1). The Orp1-Yap1 redox relay is depicted at the right:
reaction of Orp1 catalytic Cys (C36) with H,0; leads to reduction of the latter into H,0 and to
formation of the C36-sulfenic acid (C36-SOH) (reaction 1), which condenses with Yap1 C598 to
produce the Orp1—S—S—Yap1 intermediate (reaction 2). The latter is transposed into a Yap1
intramolecular disulfide by attack of Yap1 C303. Yap1 full activation requires further oxidation
reactions. Once formed, the C36-SOH condenses with Orp1 C82 into an intramolecular disulfide
(Orploxss) (reaction 3), which is then reduced by thioredoxin (Trx), completing the cycle. Reaction 2

and 3 are in competition.

Figure 2 | Ybp1 brings together Yap1 and Orp1 into a ternary complex. (a) Yap1 (30 pM, solid
line), Ybp1 (30 uM, dashed line), or both at a 1:1 (dotted line) or 2:1 (dashed-dotted line)
stoichiometry were resolved on a Superdex 200 gel filtration column equilibrated in 20 mM
Na;HPO4, 300 mM NaCl buffer pH 7. (b) Fluorescence anisotropy titration of AF-Ybp1 by Yap1
(square), AF-Yap1 by Ybp1 (circle) or AF-Ybp1 by Yap15sssss (triangle). The fraction of bound-
labeled protein is plotted against unlabeled protein concentration and fitted to a single-site binding
equation (solid, dashed and dotted lines, respectively). The TCEP reducing agent had no effect on
the dissociation constant. (c) Isothermal titration calorimetry of Yap155ssss (50 uM, left), or Ybp1 (20
1M, center) or both at 1:1 stoichiometric amounts (50:50 uM, right) by Orp1. In the latter
experiment, 85 % of Ybp1 and Yap155555s are bound together. Thermodynamic parameters
describing these interactions are in Supplementary Table 1. Data are representative of n=2

independent experiments using different proteins samples.

Figure 3 | Ybp1 is required for Orp1—S—S—Yap1 intermediate formation. (a) Extracts from

Wt or Aybp1 cells carrying Myc-Yap1l orMyc-Yap1¢3034 and exposed or not to H,0, (400 pM) for 15
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min, as indicated, were resolved by non-reducing SDS-PAGE followed by anti-Myc immunoblotting.
Yap1-Orp1 mixed disulfide (Orp1—S—S—Yap1), reduced (Yap1lied) and intramolecular disulfide
(Yap1le) Yap1 species are indicated by arrows. (b) In vitro reconstitution of the Orp1/Yap1 redox
relay. Coomassie-stained non-reducing SDS-PAGE of reaction mixtures containing Orp1 (10 uM),
Yap1l (4 uM), Ybp1 (4 uM), Trx (4 pM), Trx reductase (0.5 pM) and NADPH (0.4 mM) incubated for
the indicated time with H,02 (60 pM). (c) As in (b) with reaction mixtures containing Orp1 (10 uM),
Yap1l (2 uM), Trx (10 uM), Trx reductase (0.5 uM) and NADPH (1 mM) in the absence or presence of
Ybp1 at the indicated amount relative to Yap1, incubated for the indicated time with H,0, (2 mM).
(d) As in (b) with reactions mixture containing Orp1 (10 uM) and Yap1¢3034 (2 uM), in the absence
or presence of Ybp1 (2 uM) incubated for the indicated time with H,0, (60 pM). Orp1 migrate
outside gels in (b,c,d). MW, molecular weight (kDa). Data representative of n=2 or n=3 independent

experiments. Complete gels are shown in Supplementary Fig. 4.

Figure 4 | Ybp1 activates Orp1—S—S—Yap1 formation. (a,c) Orp1¢sA (a) or Orp1 (c) (50 uM),
incubated with Ybp1 (10 uM) and Yap15ss¢ss (10 uM), were reacted with H,0, (100 uM). (e) Orploxss
(50 uM) incubated with Ybp1 (10 uM) was reacted with Yap155s¢ss (10 uM). Products were analyzed
by reverse-phase chromatography after acidic quenching. Masses of products eluted are in
Supplementary Table 2. Ybp1 was eluted at a higher acetonitrile ratio and does not appear on the
chromatograms. (b,d,f) Evolution of the area of peak 2 (in a) or peak 6 (in c,e) corresponding to
Orpl—S—S—Yap1 (squares) analyzed by a first-order mono-exponential kinetic model (solid line);
data for Orp1¢sA in the absence of Ypb1 (b, circles). (d, inset) Dependence of the rate constant of
Orpl—S—S—Yap1 formation on Orp1 concentration analyzed as in (c). Data are representative of

n=2 or n=3 independent experiments performed with different proteins samples.

Figure 5 | The Ybp1-Yap1 complex inhibits Orp1 intramolecular disulfide formation. (a,c)

Orp1¢A(a) or Orp1 (c) (15 pM), incubated with Yap15sssss (15 uM) and Ybp1 (15 pM) were reacted
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with H0; (100 uM) and products were analyzed as in Fig. 4. Masses of the products eluted in each
peak are collected in Supplementary Table 2. (b,d) Evolution of the area of peak 3 (Orp1
sulfenylamide) (in b) or peak 7 (Orploxss) (in d) (circles) analyzed by a first-order mono-
exponential kinetic model (dashed line); data obtained in the absence (squares, solid line) and
presence of Yap15s$sss (75 puM) and Ybp1 (75 uM) (triangles, dotted line). In the latter condition,
90% of Orp1 is associated with the ternary complex. The experiment performed in the absence and
presence of Yap15s$ssS and Ybp1 gave similar chromatographic profiles as in a and c, except for the
lack of peak 9 (Yap155ssss) when using Orp1 alone. Data are representative of n=2 or n=3

independent experiments performed with different protein samples.

Figure 6 | Lack of Orp1 resolving C82 does not make Ybp1 dispensable for Yap1 oxidation.
(a,b) Lysates of Ayap1 or Ayap1Aybp1 or Ayap1Aybp1Aorp1 cells, as indicated, expressing Myc-Yap1
(a,b) and overexpressing Orp1¢82s (b), and treated with of H,0, (400 uM) during the indicated time,
were resolved by non-reducing SDS-PAGE followed by western-blot with an anti-Myc antibody.
Yap1 redox conformers are indicated by arrows. (c) Coomassie-stained non-reducing SDS-PAGE of
reactions mixture containing Orp1¢82s (10 uM) and Yap1 (2 uM), and Ybp1 (2 pM), as indicated,
incubated for the indicated time with H,0, (100 uM). HMW, high molecular weight complexes. MW,
molecular weight (kDa). Data are representative of n=2 or n=3 independent experiments. Complete

gels are shown in Supplementary Fig. 11.
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ONLINE METHODS
Chemicals

All chemicals were reagent grade and were used without additional purification. KCl,
Ethylene diamine tetra acetic acid (EDTA), acetonitrile and Benzonase nuclease were purchased
from Merck. Glucose and lactose were from Fisher Chemical. NaCl, sodium phosphate dibasic
(NazHPO4) were obtained from Carlo Erba Reagents. Hepes free acid was from MP Biomedicals. Tris,
ammonium sulfate, isopropyl-B-D-thiogalactopyranoside (IPTG), chloramphenicol, ampicillin and
kanamycin were from Euromedex. Trifluoroacetic acid (TFA) and H,0; were obtained from Acros
Organics. Sodium dodecyl sulfate (SDS) was obtained from AppliChem GmbH. N-ethylmaleimide
(NEM), iodoacetamide (IAM), tris(2-carboxyethyl)phosphine (TCEP), mes, imidazole, betaine and
phenylmethanesulfonylfluoride (PMSF), E. coli thioredoxin 2 (Trx) were from Sigma-Aldrich. E. coli
thioredoxin reductase (Trx reductase) was from Sigma-Aldrich or prepared following experimental
procedures described previously33. E. coli thioredoxin 1 (Trx1)34, Methionine sulfoxide reductase
(MsrA)3s and S. cerevisiae peroxiredoxin Tsa136 were prepared following experimental procedures

described previously.

Plasmids and Recombinant Protein Purification

The plasmids pET28bHTYap1 and pET28bHTYbp1 encoding the N-terminal His tag fusion of
S. cerevisiae Yap1 (670 residues) and Ybp1 (674 residues), referred to as Yap1 and Ybp1
respectively, were obtained by cloning the Yap1 and Ybp1 ORFs amplified from S. cerevisiae
genomic DNA by PCR into the pET28b and pET22b vectors, using the Ndel and Sacl or Notl and Sacl
restriction sites, respectively. The plasmid pET22bOrp1 encoding S. cerevisiae Orp1 (163 residues)
was obtained similarly by cloning the Orp1 ORF into the pET22b vector, using the Ndel and Sacl
sites. All mutant of Yap1 and Orp1 were generated by standard PCR site-directed mutagenesis and

sequenced to confirm that no mutations had been introduced in the amplification reactions.

22



531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

Wt and mutant Yap1 and Ybp1 were overexpressed in E. coli Rosetta 2(DE3) strain
(Novagen) transformed by the pET28bHTYap1 and pET28bHTYbp1, respectively. For Yap1
production, cells were grown for 5 h at 37° C in Luria-Bertani (LB) medium supplemented by and
0.5% glucose, followed by addition of 1:1 volume of cold LB medium containing 0.6% lactose, 20
mM Hepes pH 7, 1 mM IPTG, kanamycin (50 mg.]'1) and chloramphenicol (50 mg.l'!) and further
incubation for 18 h at 20° C. For Yap1 purification, cells pellets were suspended in 20 mM Na;HPO,
pHB8 buffer, 400 mM NaCl (buffer A), supplemented by 1 mM PMSF, Roche protease EDTA free
inhibitor cocktail (Roche Applied Science, Indianapolis, IN) and 5 U.ml-1 Benzonase nuclease and
lysed by sonication. Yap1 contained in the soluble fraction was purified on Ni2*-sepharose column
(GE Healthcare) equilibrated with buffer A with 60 mM imidazole, connected to a fast protein liquid
chromatography (FPLC) system (AKTA Avant, GE Healthcare), and eluted with a linear 0.06 to 0.5 M
imidazole gradient. Fractions containing Yap1 were dialyzed against 20 mM Na;HPO4, 100 mM NacCl,
pH 8 containing 20 mM DTT, and further purified on a anion exchange Q-sepharose column (GE
Healthcare) equilibrated in the same buffer, using a linear gradient of 0.1 to 1 M NaCl.

For Ybp1 production, cells were grown in LB medium containing kanamycin (50 mg.I-1),
chloramphenicol (50 mg.l-1) for 3 h at 37°C, followed by addition of 0.5 M NaCl and 2 mM betaine
and incubation for 1h at 47°C (adapted from ref. 3737). Cells were then cooled to 20°C, and Ybp1
expression was induced by addition of 1 mM IPTG and incubation for 18h at 20°C. The same
procedure as for Yap1 was used for Ybp1 purification on Ni2"-sepharose column, except that buffer
A was replaced by 20 mM Hepes, 400 mM NaCl, pH 8.5 buffer. Fractions containing Ybp1 were
directly concentrated using an Amicon Ultra 30kDa concentrator before further purification by gel
filtration on a Superdex 200 column (GE Healthcare) equilibrated in the same buffer.

Wt and mutants Orp1 were overexpressed in E. coli C41(DE3) strain transformed by the
pET22bOrp1 plasmid by overnight culture at 37°C in the autoinducible media ZYM-5052
supplemented with ampicillin (200 mg.1-1)38. For Orp1 purification, cells pellets were suspended in

50 mM Tris, 2 mM EDTA buffer pH 8 supplemented by 1 mM PMSF, 5 U/mL Benzonase Nuclease, 20
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mM DTT and lysed by sonication. Orp1 contained in the soluble fraction was precipitated by
ammonium sulfate at 65% saturation, followed by gel filtration on an Ultrogel AcA54 column
(Biosepra, Pall Corporation). Fractions containing Orp1 were buffer exchanged by 20 mM Mes, 2
mM EDTA, pH 6.1 and further purified on a cation exchange SP-Sepharose column (GE Healthcare)
equilibrated in the same buffer and eluted using a 0 to 1 M KClI gradient.

The identity and purity of Yap1, Ybp1 and Orp1 proteins were confirmed by Coomassie
stained sodium dodecyl sulfate-polacrylamide gel electrophoresis (SDS-PAGE) and by electrospray
mass spectrometry analyses. Purified proteins were stored at -80°C. Protein molar concentrations
were determined spectrophotometrically using molar absorption coefficient at 280 nm of 30 285 M-
Lecm-1, 69 680 M-t.cm-1 and 19 300 M-1.cm-! for Yap1, Ybp1 and Orp1 respectively. Immediately
before use, proteins were reduced by 20 mM DTT for 30 min at 4°C, followed by desalting against 20
mM Na;HPO4, 300 mM NacCl, pH7 (buffer B) degassed under nitrogen. Orploxss was obtained by

addition of 1.2 molar excess of H,0 in Orp1 solution.

S. cerevisiae protein extracts and redox Western blots

Myc-Yap1, a N-terminal Yap1 fusion with a Mycy epitope and its mutant alleles inserted into
a pRS315 vector were previously described*. The S. cerevisiae strain YPH983% (MATa, ura3-52, lys2-
801amber, and ade2-101ochre trp1-A1l leu2-A1) and isogenic derivatives were used in all
experiments. The Aybp1 strain was derived from the WT strains by replacing the entire ORF by a
KAN selection cassette. Aybp1 strain transformed with pRS315-Myc-Yap1¢3034 were grown at 30°C
in YPD [1% yeast extracts, 2% bactopeptone, and 2% glucose]. For overexpression of the Orp1¢82s
mutant, the Aybp1 strain was transformed with pRS315-Myc-Yap1 and pRS426-Orp1¢82s and the
cells were grown in SD medium (0.67% Yeast Nitrogen Base without amino acid and 2% Glucose)
with the required amino acids. For analysis of the in vivo Yap1 redox state, extracts were prepared
by the TCA acid lysis method as described?. Precipitated proteins were solubilized in buffer
containing 100 mM Tris-HCl pH 8, 1% SDS, 1 mM EDTA, and 50 mM NEM at 30°C for 1h (cysteine-
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trapping method). Extracts were resolved by non-reducing 8% SDS-PAGE as indicated and analyzed

by immunoblotting with the anti-Myc monoclonal antibody (9E10) used at 1/2000°.

SDS-PAGE analyses

Reaction mixtures containing Yap1, Orp1 and their respective mutants, Ybp1, Trx, Trx
reductase, NADPH and H,0; were incubated in Hepes 50 mM, NaCl 50 mM, EDTA 1 mM, pH =7.5 at
room temperature and quenched with 100 mM IAM and 1% SDS at room temperature for 1 h.
Proteins were loaded onto 10% non-reducing SDS-PAGE gel (30:0.4 acrylamide:bisacrylamide),

followed by colloidal Coomassie staining (adapted from ref. 4040).

Fluorescence anisotropy titrations

The N-terminal amine of Ybp1 and Yap1 was derivatized in 20 mM Na;HPO4, 300 mM Na(l,
pH 8 by incubation with a tenfold molar excess of the fluorophore Alexa Fluor 488
sulfodichlorophenol Ester (Molecular probes, Life technologies) for 30 min at room temperature in
the dark. The labeled protein (AF-Yap1 or AF-Ybp1) was separated from excess dye by a Econo-Pac
10DG Desalting column (Bio-Rad). The protein concentration and the degree of labeling (typically
0.7-0.8 mol Alexa Fluor per mol of protein) were determined by UV-VIS spectroscopy.

Fluorescence intensity and anisotropy measurements were carried out on a
spectrofluorimeter SAFAS Flx-Xenius equipped with dual monochromators. The dissociation
constant of the Yap1-Ybp1 complex in buffer B at 25°C in the presence of 2 mM TCEP was deduced
from anisotropy titrations of 100 nM of AF-Ybp1 of AF-Ybp1 with increasing concentrations of Yap1
or Ybp1, respectively, recorded using 494 nm excitation and 523 nm emission wavelengths and 10
nm slits. The instrument computed anisotropy data from samples illuminated with vertically
polarized light A = (Ivv - G.Ivu) /(Ivv + 2G.Ivu) where lyy is the fluorescence intensity recorded with
excitation and emission polarization in vertical position, and Iyy is the fluorescence intensity
recorded with the emission polarization aligned in horizontal position. The G-factor of the
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spectrofluorometer represents the ratio of the sensitivities of the detection system for vertically and
horizontally polarized light and was calculated by the instrument for each individual sample.
Data obtained were expressed as the fraction of labeled protein in complex, taking into

account the effect of complex formation on the fluorescence intensity according to equation (1),

Fraction of labeled protein in complex = (A - Af) / ((Ab - A) x (Ib/If) + (A - Af)) (D)

where Af, If and Ab, Ib represent the anisotropy and fluorescence intensity of free and complexed
labeled protein, respectively. Plots of the fraction of labeled protein in complex vs. unlabeled protein
concentration were fit to a single-site binding model to deduce Yap1-Ybp1 dissociation constant.
Dissociation constants are reported as the mean value obtained from n=2 independent experiments

performed on distinct protein productions + standard deviation.

Isothermal Titration Calorimetry

ITC titration were performed using an iTC200 system from Microcal (GE Healthcare) at 25°C
in buffer B. Orp1 or Orploxss (200 to 500 uM) contained in the syringe was injected into the sample
cell containing Yap15555sS, Ybp1 or an equimolar mix of both proteins (20 or 50 pM, as indicated), in
20 injections of 2 uL separated by delay of 180 s. Cell stirring speed was 750 rpm. Reference
injections of protein into buffer and buffer into protein were performed and subtracted from the
integrated data prior to curve fitting. Data were fit to a single-site binding model using Origin 7.0
software (Origin Labs) to determine the dissociation constant, enthalpy of binding (AH), and
stoichiometry. These parameters are reported as the mean value obtained from n=2 independent

experiments performed on distinct protein productions + standard deviation.

Stopped flow and quench flow rapid kinetics
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The reaction of Orp1 with H»0; in single turnover conditions was followed by the increase of
Orp1 intrinsic fluorescence intensity when oxidized to the Orployss disulfide form. Emission
fluorescence was recorded at 25°C in buffer B on an SX19MV-R stopped flow apparatus (Applied
Photophysics) fitted for fluorescence measurements, with excitation wavelength set at 295 nm, and
emitted light collected above 320 nm using a cutoff filter. One syringe contained Orp1 (2 uM, final
concentration after mixing), the other syringe contained H;0,. Equal volumes of each syringe were
rapidly mixed to start the reaction. An average of at least three runs was recorded for each
concentration of H,0,. The data set obtained at variable H,0, concentrations was fitted globally to a
two step process using Kintek Global Kinetic Explorer software to extract the rate constants kson for
Orp1—SOH formation and kss for Orploxss formation.

To monitor the formation of the Orp1—S—S—Yap1 species, Yap1555¢sS, Orp1 in the presence
or absence of Ybp1 were rapidly mixed with 100 pM H,0; (final concentration after mixing) at room
temperature in buffer B and incubated for defined reaction times (2.5 ms to 200 s) on a RQF3
chemical quenched-flow apparatus (Kintek corp., Austin, Texas). The reaction was then quenched
by addition of 1 volume of 1% TFA and reaction products were analyzed by reversed-phase liquid
chromatography (UltiMate 3000 Standard, Dionex) on an Vydac C8 300A (C8) column, 4,6x250 mm,
5 um (Grace) equilibrated in 0.1% TFA. Proteins were eluted using a 20 min linear gradient of 35%
to 41% acetonitrile at a flow rate of 2 ml.min-1. Each species was identified by mass spectrometry.
The rate constant of Orp1—S—S—Yap1 formation was deduced from the evolution of amount of
product proportional to the area of the chromatographic peak. The rate constant of Orp1—S—S—
Yap1 formation by reaction of Orploxss was measured similarly by rapidly mixing Orploxss and with
Yap1sss¢ss in the presence of Ybp1l. Rate constants are reported as the mean value obtained from
n=2 or n=3 independent experiments performed on distinct protein productions * standard

deviation.

27



658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

The kinetics of formation of Orploxss and Orp1—SOH were monitored by the same protocol
using either Wt Orp1 or Orp1¢sA, respectively, in the presence of equimolar mix of Yap 15555 and

Ybp1 at the indicated concentrations.

Steady-state kinetics

Orp1 peroxidase activity was measured by using the Trx/Trx reductase coupled (0.5 uM
NTR, 250 uM NADPH, 50 pM Trx1), with 100 uM H,0, and was started by addition of 0.05 pM Orp1
in buffer B at 25°C. Initial rate measurement were carried out on a UV mc2 spectrophotometer
(Safas, Monaco) by following the decrease of absorbance at 340 nm due to the oxidation of NADPH.
A blank measurement recorded in the absence of Orp1 was systematically deduced from the assay
to account for non-specific oxidation of Trx or Trx reductase. Initial rate measurements were
carried with Orp1 alone and in the presence of increasing concentrations of the proteins Yap15sscss,
Ybp1 or an equimolar mix of both as indicated.

The Tsal peroxidase and the MsrA methionine sulfoxide reductase activities were measured
by the same coupled assay using 100 pM H,0; and 100 mM oxidized Met as substrate, respectively.
Concentrations of the Trx recycling system were: 1 uM Trx reductase, 200 uM NADPH, 50 pM Trx1

and 0.5 uM Tsal, and 4.8 pM Trx reductase, 200 uM NADPH, 100 uM Trx1 and 1 puM MsrA.

Mass spectrometry
Electrospray ionization mass spectrometry measurements were performed on a MicrOTOF-

Q instrument (Bruker Daltonics) as described previously*!.

Data availability

The datasets generated and analysed during the current study are available from the

corresponding authors on reasonable request.
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