SCIENTIFIC
REPLIRTS

SUBJECT AREAS:

ENDOPLASMIC
RETICULUM

X-RAY CRYSTALLOGRAPHY
CHAPERONES
MOLECULAR MODELLING

Received

14 May 2013

Accepted
31 July 2013

Published
16 August 2013

Correspondence and
requests for materials

should be addressed to
K.I. (kinaba@tagen.
tohoku.ac.ip)

* These authors
contributed equally to
this work.

+Current address:
Institute of
Multidisciplinary
Research for Advanced
Materials, Tohoku
University, Katahira 2-
1-1, Aobaku, Sendai
980-8577, Japan

Synergistic cooperation of PDI family
members in peroxiredoxin 4-driven
oxidative protein folding

Yoshimi Sato'*, Rieko Kojima'*, Masaki Okumura'*+, Masatoshi Hagiwara'*, Shoji Masui't,
Ken-ichi Maegawa', Masatoshi Saiki?, Tomohisa Horibe®, Mamoru Suzuki* & Kenji Inaba'+

'Division of Protein Chemisiry, Medical Institute of Bioregulation, Kyushu University, 3-1-1 Maidashi, Higashi-ku, Fukuoka 812-
8582, Japan, ZFaculty of Engineering, Tokyo University of Science, Yamaguchi 756-0884, Japan, *Department of
Pharmacoepidemiology, Graduate School of Medicine and Public Health, Kyoto University, Kyoto 606-8501, Japan, “Institute for
Protein Research, Osaka University, Osaka 565-0871, Japan.

The mammalian endoplasmic reticulum (ER) harbors disulfide bond-generating enzymes, including Erola
and peroxiredoxin 4 (Prx4), and nearly 20 members of the protein disulfide isomerase family (PDIs), which
together constitute a suitable environment for oxidative protein folding. Here, we clarified the Prx4
preferential recognition of two PDI family proteins, P5 and ERp46, and the mode of interaction between
Prx4 and P5 thioredoxin domain. Detailed analyses of oxidative folding catalyzed by the reconstituted Prx4-
PDIs pathways demonstrated that, while P5 and ERp46 are dedicated to rapid, but promiscuous, disulfide
introduction, PDI is an efficient proofreader of non-native disulfides. Remarkably, the Prx4-dependent
formation of native disulfide bonds was accelerated when PDI was combined with ERp46 or P5, suggesting
that PDIs work synergistically to increase the rate and fidelity of oxidative protein folding. Thus, the
mammalian ER seems to contain highly systematized oxidative networks for the efficient production of
large quantities of secretory proteins.

ecretory and membrane proteins are newly synthesized and acquire their native structures in the ER. While
many of these proteins undergo disulfide bond formation during folding and assembly, the introduction of
a native disulfide bond is frequently not straightforward and includes processes of non-selective oxidation
of two cysteines, followed by isomerization'. Accordingly, many organisms have evolved elaborate catalytic
systems composed of numerous thiol-disulfide oxidoreductases with distinct functional roles. The ER of higher
eukaryotes contains more than 20 members of the PDIs>’. While the physiological functions of the individual
PDIs have not been fully characterized, it is reasonable to postulate that their functions are determined not only by
their intrinsic redox and chaperone activities but also by the molecules with which they cooperatively interact**.

PDI, a member of PDIs, and ER oxidoreduclin 1 (Erol) play a central role in disulfide bond formation in
eukaryotic cells®. Erol is a highly conserved flavoenzyme that generates a disulfide bond de novo in conjunction
with bound flavin adenine dinucleotide (FAD) and transfers the disulfide bond to substrates via PDI’'°. Since
Erol-mediated PDI oxidation yields hydrogen peroxide (H,0,), a source of reactive oxygen species (ROS)'!, Erol
activity is tightly regulated by the redox environment in the ER®. Erol is activated only when the ER becomes
highly reducing. This feedback regulation is ensured through oxidation/reduction (in the case of yeast Erolp)'? or
internal disulfide rearrangement (in the case of human Erola)'*™'* of redox-sensing regulatory cysteines. In this
process, reduced PDI presumably functions as a modulator and substrate of Erol.

While Erol and PDI constitute a major self-regulatory pathway for oxidative protein folding, recent studies
report that several other enzymes with significant oxidative activity toward PDIs are present in the mammalian
ER*'%.In support of these findings, disruption of two mammalian Erol isoforms, Erola and Erolf3, only modestly
delays oxidative folding of limited substrates, suggesting the existence of Erol-independent disulfide bond
formation pathways in mammalian cells'”. Thus, the oxidative folding network in higher eukaryotes may be
more complicated and more diversified than previously thought.

Prx4 has recently been identified as an alternative PDI oxidation enzyme. It belongs to the typical 2-Cys Prx
family'*'* and irrespective of its redox state, forms a homodecamer within which each dimer constitutes an
essential functional unit*>*'. During the Prx4 catalytic cycle, a peroxidatic cysteine in one chain reduces H,0,,
generating water, and is oxidized to a cysteine sulfenic acid*. This sulfenylated cysteine reacts with a resolving
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Figure 1| Activity of Prx4 and Erola toward PDIs in cultured cells. (A) Schematic representation of the domain architecture of the five PDIs used in this
study. Redox-active Trx domains with a CGHC motif are indicated by a, a’, a° and a', and redox-inactive Trx-like domains lacking the motif are indicated
by b and b’. The linker region flanked by b’ and a" in PDI is indicated by “x”. (B) Redox states of PDIs were visualized by immunoblotting the TCA
precipitates of wild-type or Prx4-overexpressing HEK293 cells pretreated with various concentrations of H,O, (left panel), after the alkylation of free
cysteines. The representative non-reducing gel images of the three independent experiments are shown. Labels Red, PO, and Oxd denote fully reduced,
partially oxidized, and fully oxidized forms of PDIs, respectively. Asterisks indicate non-specific bands. Red and Oxd controls were prepared by
pretreatment of the cells with DTT and diamide, respectively. Oxd forms of PDIs are shown as a percentage of total (Red, PO, and Oxd) PDIs in
wild-type or Prx4-overexpressing cells (right panel). Band intensities were normalized by taking into account the different reactivities of the antibodies to
the reduced and oxidized forms; the Oxd-to-Red ratio of antibody activity was 2.12 for PD], 1.27 for P5, 1.13 for ERp46, 3.55 for ERp57, 1.45 for ERp72,
and 1.29 for Prx4. Also, the antibody activity to PO was assumed to be the same as that to Red. Results in the bar graphs represent the mean * SD of three
independent experiments. Note that an anti-Prx4 antibody used in this study was active against endogenous human Prx4 but not against mouse
Prx4-FLAG. The data are cropped to highlight the region of interest and the full-length blots are presented in Supplementary Fig. S3A.

(C-D) Co-immunoprecipitation of PDIs with Prx4. Immunoprecipitates obtained using an anti-Prx4 antibody were subjected to reducing

(Cand D lane 1 & 2) or non-reducing (D lane 3 & 4) SDS-PAGE followed by immunoblotting with antibodies to each PDIs or Prx4. The blotting
data are cropped to highlight the bands deriving from each PDIs and Prx4 in (C).
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cysteine of the partner chain within the dimer to generate a protein
disulfide bond de novo. The concentration of Prx4 in the ER is
approximately equivalent to that of PDI and greater than that of
Erola’®. Despite a subtle kinetic defect in oxidative folding of
immunoglobulin M, combined loss-of-function mutations in the
genes encoding Erola, Erolf and Prx4 profoundly decrease procol-
lagen 4-hydroxyproline content and enhance cysteinyl sulfenic acid
modification of ER proteins, resulting in ascorbic acid depletion®.

Since Prx4 is capable of efficiently oxidizing several PDIs, includ-
ing PDI, P5, ERp46, and ERp57 in vitro'®, Prx4 likely cooperates with
Erola to oxidize PDIs and sustain oxidative folding of secretory
proteins in cells. However, the extent to which these two enzymes
functionally overlap or complement each other remains to be deter-
mined. In the present study, we extensively and quantitatively ana-
lyzed activity of Prx4 toward PDIs, which revealed that Prx4 has a
strong preference for P5 and ERp46 both in cells and in vitro.
Crystallographic and biochemical studies further revealed that
Prx4 separately recognizes each Trx domain within PDIs via a spe-
cific interaction of its C-terminal extended segment with the peptide-
binding groove of the Trx domain. A detailed investigation into
oxidative protein folding catalyzed by Prx4 and each PDIs indicated
that, while ERp46 and P5 engaged in rapid, but promiscuous, dis-
ulfide introduction, PDI was an effective proofreader of non-native
disulfide bonds due to its prominent disulfide isomerase activity. By
virtue of such distinct functions of PDIs, the rate and fidelity of Prx4-
dependent oxidative folding was strikingly increased when PDI was
combined with P5 or ERp46. Taken together, the results indicate that
PDIs cooperate together to ensure proper and effective oxidative
folding of secretory proteins, which likely explains why they are so
multiple in the mammalian ER.

Results

Activity of Prx4 and Erola toward PDIs in vitro. We first purified
recombinant forms of several PDIs, namely PDI, P5, ERp46, ERp57,
and ERp72 (supplementary Fig. S1A), all of which are abundant in
the mammalian ER and consist of multiple Trx-like domains
(Fig. 1A). While PDI, ERp57, and ERp72 possess a U-shaped
domain arrangement™¢, the full-length structures of P5 and
ERp46 remain to be determined. To quantitatively assess Prx4 and
Erola activity toward these five PDIs, we set up an assay system,
wherein Prx4- or Erola-catalyzed oxidation of PDIs is coupled to
NADPH consumption via the redox cycles of PDIs and glutathione
(GSH) (supplementary Fig. SI1B). As shown by the decay in
absorbance at 340 nm (Abssy), Prx4 showed significant oxidative
activity toward all five PDIs while P5 appeared the best substrate of
them (supplementary Fig. S1C). The decay curves suggested discrete
phases in the oxidation process, which could be explained by the
separate oxidation of individual Trx domains at different rates by
Prx4 (see supplementary Fig. S2A and S2B). In contrast to Prx4,
Erolo showed much narrower specificity; the enzyme oxidized
PDI and, to a lesser extent, ERp46 but oxidized the others to a
much lesser extent (supplementary Fig. S1D). Thus, Prx4 likely has
the potential to oxidize a broader range of PDIs than Erola, as
suggested previously'.

Activity of Prx4 toward PDIs in cultured cells. To examine the
activity of Prx4 toward PDIs in cells, we next determined the redox
states of endogenous PDIs in wild-type and Prx4-overexpressing
HEK293 cells pretreated with H,O, for the purpose of activation
of Prx4 and possibly other H,0,-dependent PDIs oxidation
enzymes including glutathione peroxidase 7/8 (GPx7/8)*. While
all the examined PDIs but PDI were predominantly in the reduced
form at steady state as reported previously*** (Fig. 1B left, lane 3),
they all showed a significant shift toward oxidized forms upon H,0,
titration (Fig. 1B, lane 4-7). Presumably, externally added H,O,
made the ER environment more oxidizing and hence increased

oxidized forms of PDIs in a dose-dependent manner. Direct
oxidation by H,0O, and indirect oxidation via H,O,-dependent
PDIs oxidation enzymes would also be possible. Indeed, Prx4
overexpression resulted in a further increase in the oxidation of P5,
ERp46 and to a lesser extent ERp72 (Fig. 1B, lane 8-12), which is
consistent with the high activity of Prx4 toward P5 and ERp46
observed in vitro (supplementary Fig. S1C). By contrast, PDI and
ERp57 resisted to further oxidation by overexpressed Prx4 (Fig. 1B).
It is also noted that both endogenous (human) and exogenous
(mouse) Prx4 were predominantly reduced at steady state but were
converted to an oxidized form in a manner that was highly sensitive
to H,O, addition (Fig. 1B and Supplementary Fig. S3A). These
results imply that the amount of H,O, in the ER at steady state is
limited and that a slight increase in the H,O, level is sufficient to
convert Prx4 to a form that can oxidize PDIs.

We next investigated the physical interaction between Prx4 and
PDIs in cultured cells. Immunoprecipitation with an anti-Prx4 anti-
body, followed by immunoblotting with an antibody for each PDIs,
indicated that endogenous Prx4 binds to P5 and ERp46 exclusively
(Fig. 1C). ERp46 not covalently linked to another protein was less
detectable under non-reducing conditions than under reducing con-
ditions (Fig. 1D, lane 2 & 4). Instead, several bands of higher molecu-
lar weight were clearly observed (Fig. 1D, lane 4), indicating that
endogenous ERp46 exists as a population of mixed disulfide species
with Prx4. On the other hand, neither PDI, ERp57, or ERp72 was
immunoprecipitated with anti-Prx4, suggesting that Prx4 preferen-
tially interacts with P5 and ERp46 under physiological conditions.

Preferential oxidation of P5 and ERp46 by Prx4. The preferential
association of Prx4 with ERp46 and P5 is further supported by the
surface plasmon resonance (SPR) analyses. The ‘Kp, for ERp46 or P5’
value of Prx4 was one or two orders lower than that for other PDIs
(Fig. 2A and Supplementary Fig. $4), indicating the particularly high
affinity for these two PDIs of Prx4. This observation may suggest that
ERp46 and P5 have inhibitory effects on Prx4-catalyzed oxidation of
other PDIs. To test this possibility, a mixture of all five PDIs was
reacted with Prx4 in vitro, and the time courses of their redox state
changes were monitored by immunoblotting with an antibody
directed against each PDIs (Fig. 2B right). Notably, fully oxidized
forms of ERp46 and P5 were generated at a very early reaction time
(~0.5 min of chase), to almost the same extent regardless of the
presence of other PDIs (Fig. 2B). On the other hand, full oxidation
of the other PDIs, especially PDI and ERp57, were substantially
slowed down by the addition of other PDIs (Fig. 2B right); fully
oxidized PDI and ERp57 started to appear when the Prx4-
catalyzed oxidation of ERp46 and P5 apparently stopped (~5 min
of chase). Thus, the presence of reduced ERp46 and P5 significantly
inhibited Prx4-catalyzed oxidation of PDI and ERp57. Partially
oxidized forms were observed persistently for all the examined
PDIs in their mixture. One possible explanation for this would be
that the largely decreased molar ratio of H,0O, to PDIs does not allow
the full oxidation of all the PDIs involved and that P5 and ERp46
preferentially oxidized by Prx4, in turn, engage in direct oxidation of
the other PDIs, resulting in reduction of these two PDIs. Taken
together, the results suggested that ERp46 and P5 are oxidized
preferentially by Prx4, which is likely explained in terms of the
different affinity for each PDIs of Prx4.

Separate recognition of Trx domains of PDIs by Prx4. Cytosolic
and mitochondrial members of the 2-Cys Prx family, Prx1, Prx2 and
Prx3, accept electrons from thioredoxin to metabolize H,O,. Thus,
we hypothesized that Prx4 would recognize the Trx domain of each
PDIs separately rather than recognizing the overall structure. To test
this hypothesis, we constructed CxxC mutants of P5 and ERp46, in
which one CxxC motif was retained and the remainders were
replaced with AxxA. We also isolated and purified the Trx
domains of P5 and ERp46. Prx4 oxidized isolated P5 a° at a similar
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Figure 2 | Preferential oxidation of ERp46 and P5 by Prx4 in vitro. (A) SPR analysis of the affinity of PDIs for Prx4. The bar graphs show the association
(kon) and dissociation (ko) rate constants and Kp, values of PDIs for Prx4 (see also Supplementary Fig. S4). Values are the mean * SD of three
independent experiments. (B) Reduced form(s) of a single PDI family member or a subset of PDIs (10 uM each) were reacted with Prx4 (0.2 pM) in
buffer (pH 7.5) containing 300 M H,O,. The reaction was quenched by cysteine alkylation with malPEG2K, and the generated species were resolved by
non-reducing SDS-PAGE and visualized by immunoblotting with the indicated antibodies. The representative gel images of the three independent
experiments are shown. Labels Red., PO, and Oxi. denote fully reduced, partially oxidized, and fully oxidized forms of PDIs, respectively. The blotting
data are cropped to highlight the time course of Prx4-catalyzed oxidation of each PDIs.

rate to P5 CxxC-AxxA, which contained a CxxC sequence in a° and
an AxxA sequence in a' (supplementary Fig. S2A). Isolated P5 a' was
oxidized more slowly and had an oxidation rate similar to that of P5
AxxA-CxxC. These results strongly suggest that Prx4 recognizes and
oxidizes P5 a° and a' independently. Similarly, the isolated a°, a', and
a” domains of ERp46 were oxidized by Prx4 at almost the same rates
as the full-length mutants CxxC-AxxA-AxxA, AxxA-CxxC-AxxA,
and AxxA-AxxA-CxxC, respectively (supplementary Fig. S2B). It is
thus conceivable that Prx4 discriminates between individual Trx
domains, irrespective of where they are located in the whole proteins.

Structural basis for recognition of Trx domains of PDIs by Prx4.
We solved the crystal structure of the oxidized form of Prx4 from
Mus musculus (mPrx4) at a resolution of 3.3 A (Table 1). As

predicted from the high (96%) identity in the amino acid sequence
(supplementary Fig. S5A), mPrx4 forms a decamer that is highly
superposable on Prx4 from Homo sapiens (hPrx4) (supplementary
Fig. S5B&S5C)***!. The approximate diameter and height of mPrx4
are 120 A and 45 A, respectively. We modeled amino acid residues
79-241 and 247-255, but not those of the C-terminal segments, due
to the lack of electron density (supplementary Fig. S5D, left). As
is commonly observed for hPrx4 and other typical two-Cys
peroxiredoxins®, oxidation of the active-site cysteine residues
(Cys127 in one chain and Cys248 in the neighboring chain)
induces local unfolding in the C-terminal helical arm, which
contains a resolving cysteine (Cys248) and an o,-helix covering the
o,-helix of the partner chain. Also, the C-terminal end of the o,-
helix, which contains a peroxidatic cysteine (Cys127), is unwound in
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Table 1 | Data collection and structure determination
mPrx4 C54A (full-length) (oxidized form) P5 a®-Prx4 C-terminal peptide complex
Data collection
Beamline BL44XU at SPring-8 BLSA at KEK
Space group X P2,22, P2:2,2,
Cell dimensions (A) a=875b=118.7,c=2557 a=239.0,b=534,c=133.4
. a=B=y=90.0° oa=p=y=90.0°
Wavelength (A) 0.90000 1.0000
Resolution range (A) 43.73 — 3.30(3.38 — 3.30) 41.67 —2.10(2.14 - 2.10)
No. of total observations 254,583 112,980
No. of unique reflections 38,676 16,851
Completeness (%) 94.6 (88.7) 98.9 (92.7)
I/s(l) 13.9 (4.4) 26.0(3.1)
Multiplicity 6.6 (6.5) 6.7 (5.7)
merge” 0.104 (0.450) 0.070 (0.500)
Refinement .
Resolution range (A) 43.11 - 3.30 41.67 —2.10
Ruork? 0.203 0.182
[ 0.255 0.245
RMS deviation
Bond length (A) 0.014 0.007
Bond angle (°) 1.8 1.0
Ramachandran analysis®
Most favored (%) 98.3 96.4
Allowed (%) 1.7 3.6
Generously allowed (%) 0.0 0.0
Disallowed (%) 0.0 0.0
The number in parentheses represent statistics in the highest resolution shell.
Rmerge = ;| <Ilh)> — I(h);| /Z%;| <I(h)> |, where <I(h)> is the mean intensity of symmetry-equivalent reflections.
*Rwork = S(lIF,fobs)l — IFy{calc)l)/ZIF{obs)!.
“Riee = Rfactor for a selected subset (5%) of the reflections that was not included in prior refinement calculations.

the oxidized form, exposing the Cys127-Cys248 disulfide on the
molecular surface (supplementary Fig. S5D).

Such redox-dependent conformational changes in Prx4 suggest
that the C-terminal segment unstructured upon oxidation plays an
essential role in oxidation of PDIs. To examine this, we constructed a
C-terminally truncated Prx4 mutant that lacked the residues after
Pro249 (Prx4 AC). As expected, the mutant grossly lost oxidative
activity toward P5 a° (Fig. 3A) and ERp46 a° a', and a’ (data not
shown). Also, the titration of the Prx4 peptide composed of residues
244-253 exhibited a striking inhibitory effect on the Prx4-catalyzed
oxidation of P5 a° in the range of 50-500 pM (Fig. 3B). Thus, the C-
terminal segment of Prx4 likely plays a key role in the functional
interaction with Trx domains of PDIs.

To gain further insights into the mode of interaction between
Prx4 and a Trx domain, we determined the crystal structure of P5
a® in a complex with the Prx4 C-terminal peptide (His244-
Pro263 from mPrx4) at 2.1A resolution (Table 1). The covalent
complex was prepared via an intermolecular disulfide between
Cys57 of P5 a° and Cys248 of the peptide. P5 a’ assumed a
prototypical Trx fold composed of a three-stranded central B-
sheet surrounded by four o-helices, and the redox-active site
was located at the N-terminus of the second o-helix (o)
(Fig. 3C). Importantly, peptide electron density was visible only
for the region from Glu246 to Gly251, and, thus, we found it
bound a hydrophobic groove of P5 a° (Fig. 3D). A peptide-bind-
ing groove is found near the redox-active cysteine in almost all
Trx family proteins®~*, which likely underlies the intrinsic broad
activity of Prx4 toward PDIs in vitro.

Using the crystal structures of the oxidized form of decameric
mPrx4 and the P5 a’~Prx4 peptide complex, we modeled the struc-
ture of the Prx4-P5 a° complex in silico (Fig. 3E). The backbone of the
Prx4 peptide is highly superposable on the corresponding part of
decameric mPrx4, and only the side chain of Cys248 flips out to
form a mixed disulfide with P5 a° (Fig. 3F). These structural insights
indicate that no large conformational changes were induced when P5

a’ formed an intermediate complex with Prx4 via an intermolecular
disulfide bond. In other words, the C-terminal region of oxidized
Prx4 assumes a conformation readily susceptible to nucleophilic
attack by Cys57 of P5 a°.

Oxidative folding of RNase A catalyzed by Prx4 and PDIs. To
explore the functional roles of the Prx4-PDIs oxidation pathways,
we next monitored, by non-reducing SDS-PAGE, the time course of
protein disulfide bond formation in the presence of Prx4 and each
PDIs. Fully reduced and denatured RNase A, a model substrate,
contains eight free cysteines, whose alkylation largely decreases its
electrophoretic mobility. As shown in Fig. 4A and supplementary
Fig. S6, Prx4 with any PDIs converted reduced RNase A to a fully
oxidized form more rapidly than Prx4 alone (no PDI). Of the PDIs
investigated here, P5 and ERp46 were the most active in this respect.
Without Prx4, only a small amount of fully oxidized RNase A was
generated slowly (supplementary Fig. S7), indicating that PDIs and
H,O, alone were insufficient to oxidize RNase A efficiently. The
results are consistent with the observation that Prx4 has broad
specificity for PDIs but a particular preference for P5 and ERp46.
In contrast, Erola showed strong selectivity toward PDIs in full
oxidation of RNase A; PDI and, to a lesser extent, ERp46, but not
the other PDIs, generated fully oxidized RNase A in an Erolo-
dependent manner (Fig. 4B). Thus, the differences in the activities
of Prx4 and Erolo toward PDIs were reflected in the differences in
the efficiencies with which they introduced disulfide bonds into
RNase A.

We next monitored the time course of recovery of RNase A activity
to see if the Prx4- or Erola-dependent PDIs oxidation pathways
could promote proper folding through the formation of native dis-
ulfide bonds. In the presence of Prx4 or Erola, PDI was by far the
most efficient in recovering RNase A activity (Fig. 4C). While the
RNase A activity was not completely recovered by Prx4-PDI or
Erola-PDI combination probably due to generation of some mis-
folded forms under the strong oxidative bias, the time point of
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(F) Close-up view of the interface of the P5 a’~Prx4 decamer complex shown in (E).
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Figure 4 | Oxidative folding of RNase A catalyzed by combinations of Prx4 or Erola with each PDIs. (A) Time course of oxidation of reduced and
denatured RNase A catalyzed by the Prx4-PDIs combinations. RNase A was refolded for the indicated times by Prx4 and the indicated PDIs in buffer
containing H,O,. The reaction was quenched by cysteine alkylation with AMS, and the generated species were subsequently resolved by non-reducing
SDS-PAGE. Labels Red., PO, and Oxd. denote fully reduced, partially oxidized, and fully oxidized RNase A, respectively. The representative non-reducing
gel images of the three independent experiments are shown. The data are cropped to highlight the region of interest and the full-length gels are presented
in Supplementary Fig. S6. (B) Time course of oxidation of reduced and denatured RNase A by the Erola-PDIs combinations. Procedures were as
described in (A), with the exception that RNase A was refolded in the presence of a constitutively active mutant of Erola in buffer saturated with oxygen
(no H,0,). The representative non-reducing gel images of the three independent experiments are shown. The data are cropped to highlight the region of
interest and the full-length gels are presented in Supplementary Fig. S6. (C) Time course of recovery of RNase A activity measured by the linear increase in
Abs,g5 using cCCMP as a substrate®. The initial rate of hydrolysis of cCMP by the same concentration (25 pM) of native RNase A was set to 100%, and all
initial rates were expressed as a percentage of this activity. Refolding of RNase A was carried out as described in (A) (left) or (B) (right). Values are the

mean * SD of three independent experiments.

reaching the maximum level was almost identical to that of full
oxidation. On the other hand, P5 and ERp46 failed to restore
RNase A activity efficiently although they rapidly introduced disul-
fide bonds into reduced RNase A in a Prx4-dependent manner. We
conclude that, of the PDIs examined, PDI functions as the most
effective catalyst for native disulfide bond formation in concert with
Prx4 or Erolo.

Oxidative folding of bovine pancreatic trypsin inhibitor (BPTI)
catalyzed by Prx4 and PDIs. To gain a more general view of the
distinct functional roles of PDIs in oxidative folding, we used BPTI as
another folding substrate. BPTI possesses three disulfide bonds in its

native conformation and accumulates one-disulfide (1S) and two-
disulfide (2S) species as folding intermediates (Fig. 5A)****. The
HPLC profiles shown in Fig. 5B demonstrate the time course of
the conformational transitions from R (no disulfide) to 1S and 2S
intermediates, and finally to N (three disulfide) species during the
catalysis performed by Prx4 and each PDIs. While BPTI can fold
correctly within 60 min without the assistance of PDIs, each PDIs
significantly increased the efficiency with which the native species
was yielded (Fig. 5B).

Of note, the quantitative dissection of each transition step in BPTI
folding (Fig. 5C) indicates that the Prx4-ERp46 combination was the
most effective in converting R and 1S species to species with more
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disulfide bonds, corroborating the observation that ERp46 intro-
duces disulfide bonds efficiently. However, significant amount of
the 28 species existed even after 60 min incubation in this case. In
contrast, the Prx4-PDI combination converted R and 1S species
relatively slowly, but yielded more native BPTI than the Prx4-
ERp46 combination via the prompt conversion of the 2S form to

A

R and 1S species

2S species

the native conformation (Fig. 5B & 5C). Thus, PDI contributes more
significantly to folding during later steps than during early steps in
conversion. The Prx4-P5 combination converted R and 1S species to
28 species at almost the same rate as the Prx4-ERp57 or Prx4-ERp72
combination but accumulated even larger amount of the 2S species
throughout the refolding reaction, resulting in the lowest level of

N species
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Figure 5 | Oxidative folding of BPTI catalyzed by combinations of Prx4 with each PDIs. (A) Schematic representation of oxidative folding pathways
of BPTL R and N indicate the reduced and native forms, respectively. 1S and 28 species are ensembles of folding intermediates with corresponding
numbers of disulfide bonds. The disulfide pairings in 1S species are shown between parentheses, while the missing disulfides in 2S species are indicated
with the prefix ‘des’ (des species). (B) HPLC analysis of oxidative folding of BPTI catalyzed by combinations of Prx4 with each PDIs. R, 18, 2§,

and N species of BPTI were generated by incubation with Prx4 and each PDIs in buffer (pH 7.5) containing H,O, for the indicated times, and the species
were separated by reverse-phase HPLC. (C) Quantitative analyses of the folding intermediates. The occupancies of R + 18, 25, and N species were plotted
as a function of refolding time. Values are the mean * SD of three independent experiments.
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Figure 6 | Synergistic action of PDIs during Prx4-driven oxidative folding. (A) Effects of PDI on oxidative folding of RNase A catalyzed by Prx4 and
ERp46. RNase A was refolded for the indicated times by Prx4 and ERp46 in the presence of an amount of PDI equimolar to that of ERp46 (2 uM) in buffer
containing H,O,. The reaction was quenched by cysteine alkylation with AMS, and the products were subjected to non-reducing SDS-PAGE (upper
panel). The representative non-reducing gel images of the three independent experiments are shown. The gel data is cropped to highlight the time course
of RNase A oxidation. Time course of recovery of RNase A activity was measured by the change in Abs,gs, using cCMP as a substrate (lower panel). Values
represent the mean * SD from three independent experiments. The dotted lines indicate the result of the simple addition of the recovery curves for Prx4-
PDI and Prx4-ERp46 for the refolding time 0—10 min. (B) Effects of PDI on oxidative folding of RNase A catalyzed by Prx4 and P5. Procedures were as
described in (A), with the exception that P5 replaced ERp46 in the reaction mixture. The representative non-reducing gel images of the three independent
experiments are shown. The gel data is cropped to highlight the time course of RNase A oxidation. (C) Recovery of RNase A activity by the action of PDI.
Reduced and denatured RNaseA was pre-incubated with Prx4 and either ERp46 (left) or P5 (right) in buffer containing H,0, for 20 min, followed by the
addition of reduced, oxidized, or Cys-less PDI (5 pM) (yellow arrow). Values are the mean * SD of three independent experiments. (D) Effects of
reduced PDIs on recovery of RNase A activity. Procedures were as described in (C), with the exception that, after the 20-min pre-incubation, the reduced
forms of the indicated PDIs (5 pM) were added to the reaction solution (yellow arrow). Values are the mean = SD of three independent experiments.
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conversion to the native species (Fig. 5B & 5C). Thus, P5 was active in
acceleration of the early steps of disulfide bond introduction to BPTI,
but defective in converting the 28 species to native species compared
with PDI. Taken together, the results provide strong evidence for
distinct functions of PDIs during Prx4-driven oxidative folding.

Synergistic effects of PDIs on Prx4-driven oxidative protein fold-
ing. Despite the lack of fidelity, ERp46 rapidly introduced disulfide
bonds into RNase A and BPTT in conjunction with Prx4 (Figs. 4 & 5).
The Prx4-P5 combination also functioned as an effective disulfide
introducer for RNase A (Fig. 4A). These findings suggest that, in the
presence of an efficient disulfide isomerase, ERp46 and P5 greatly
accelerate native oxidative folding. We therefore investigated the
effect of PDI on RNase A refolding catalyzed by Prx4 in the
presence of either ERp46 or P5. While Prx4 in the presence of PDI
and ERp46 did not significantly affect the rate of conversion to the
fully oxidized form (Fig. 6A upper panel), the recovery of RNase A
activity was dramatically accelerated by this combination; Prx4 in the
presence of ERp46 and PDI restored RNase A activity faster than
would have been expected from the simple addition of the curves for
Prx4-PDI and Prx4-ERp46 (see the yellow zone in Fig. 6A, lower
panel). This was also the case for refolding catalyzed by Prx4 in the
presence of P5 and PDI (Fig. 6B). By contrast, the effect was only
marginal with Prx4 in the presence of P5 and ERp46 (supplementary
Fig. 88), indicating an essential role of PDI in accelerating the native
oxidative folding.

The above findings suggest that, during the Prx4-driven oxidative
folding of RNase A, ERp46 and P5 function to rapidly but promis-
cuously introduce disulfide bonds, whereas PDI serves primarily as a
disulfide isomerase. In line with this interpretation, Prx4-catalyzed
oxidation of PDI was significantly inhibited in the presence of ERp46
and/or P5, resulting in the prolonged accumulation of reduced form
of PD], a disulfide isomerase active form (Fig. 2). Moreover, addition
of reduced PDI to the refolding reaction solution that had been pre-
incubated with Prx4 and either ERp46 or P5 for 20 min, dramatically
restored RNase A activity to a level close to that achieved de novo by
the Prx4-PDI combination (Fig. 6C). This restoration was not
observed with oxidized PDI or a redox-inactive (Cys-less) mutant
lacking a CxxC motif in both a and a’ (Fig. 6C), suggesting that the
disulfide isomerase activity of PDI is essential for the recovery of
RNase A activity.

Finally, we examined the effects of adding reduced forms of other
PDIs to the reaction solution. RNase A activity was also significantly
restored by reduced forms of P5, ERp46, ERp57, and ERp72, but to a
much smaller extent than seen with reduced PDI (Fig. 6D). This
provides additional evidence for the prominent ability of PDI to
isomerize incorrectly formed disulfide bonds. We here note that
the cooperation of PDI with P5 was significantly more effective in
promoting proper oxidative folding of RNase A than that with
ERp46.

Discussion

The present study demonstrated that, while Prx4 is potentially cap-
able of oxidizing a broad range of PDIs in vitro, it has a particular
preference for ERp46 and P5 in cells. A likely explanation for this
observation is that endogenous PDIs compete with each other for
binding to Prx4, resulting in the exclusive formation of Prx4-ERp46
and Prx4-P5 complexes in cells. Accordingly, the SPR analysis
revealed the extremely high affinity for ERp46 and P5 of Prx4, and
the presence of either of ERp46 or P5 significantly inhibited Prx4
catalysis of other PDIs (Fig. 2). An alternative explanation could be
that the formation of stable complexes of PDIs with their partner
proteins, for instance, between PDI and prolyl-4-hydroxylase®, or
the differential localization of PDIs in the early secretory compart-
ment”’, may also contribute to preventing the physical contact of
Prx4 with PDI, ERp57, and ERp72 in cells.

Here, we established the structural basis of the interaction between
Prx4 and PDIs by showing that a locally unstructured C-terminal
segment of oxidized Prx4 binds to the peptide-binding groove of Trx.
This mode of interaction is significantly different from that between
Erolo and PDI; Erola selectively recognizes PDI via close contact
between the protruding B-hairpin of Erolo and the hydrophobic
pocket of PDI b"**, which leads to specific oxidation of a’ in the
full-length or the b’a’c fragment of PDI (supplementary Fig. S2C).
Thus, Erola requires tandemly positioned b’ and a’ for efficient PDI
oxidation. In this context, Erolo can oxidize any isolated Trx domain
of PDI and ERp46 with very low efficiency, unlike Prx4 (supplement-
ary Fig. S2C and S2D).

Considering that H,O, could be generated by Erolo and meta-
bolized by Prx4, their different specificities for PDIs may have
physiological implications. Deregulation of Erolo oxidation of
PDIs would lead to the hyperoxidizing conditions in the ER, which
could eventually prevent isomerization or reduction of non-native
disulfide bonds and result in ER stress. Also, excessive H,O, gen-
eration mediated by Erolo. would cause mild but significant ER
stress, including the induction of immunoglobulin-binding protein
(BiP) and homocysteine-induced ER protein (HERP)*. To avoid
such imbalanced ER conditions, Erola. may have acquired the
ability to exclusively recognize PD], in addition to feedback regu-
lation. Unlike Erola, Prx4 does not generate but rather scavenges
H,0, using the reducing power conferred by PDIs. If Prx4 had
activity only toward PDI and competed with Erola for the oxida-
tion of PDI, it would limit Prx4 activity and result in prolonged
H,0, accumulation. The strong preference of Prx4 for ERp46 and
P5, which are abundant in the ER but react much less with Erolo
than PDI, seems advantageous to the effective Prx4-mediated
reduction of H,O, in the ER.

The observation that Prx4 is mostly found in the reduced form in
cells in the absence of exogenous H,O, (Fig. 1B) suggests that Prx4
catalysis does not occur primarily at steady state. Nevertheless, the
sensitivity of Prx4 to oxidation by H,O, (Fig. 1B) may have physio-
logical significance. H,O, can introduce disulfide bonds into PDIs
and some folding substrates* but it has much lower efficiency than
Prx4-PDIs combinations in the presence of H,O, (Fig. 4A and sup-
plementary Fig. S7). Due to the high H,O, sensitivity of Prx4, the
enzyme can efficiently oxidize PDIs, even when the H,0, concen-
tration is limiting. Conversely, high H,0, concentrations can com-
promise peroxidase activity due to irreversible formation of the
overoxidized -SO,H form of the peroxidatic cysteine”. The
steady-state concentration of H,O, in the ER increases significantly
during the LPS-induced differentiation of B cells to plasma cells,
possibly as a result of the activation of Erola catalysis*'. Thus, it is
surmised that Prx4 is well adapted as a primary oxidation enzyme of
PDIs in situations where synthesis and oxidative folding of secretory
proteins proceed vigorously.

The effective transfer of oxidizing equivalents from Prx4 to ERp46
or P5 led to the rapid introduction of disulfide bonds (Fig. 4A). While
speed is often associated with error, that is, the formation of incorrect
disulfide bonds, rapid and non-selective introduction of disulfide
bonds could be a means of greatly accelerating proper oxidative
protein folding if efficient isomerization to native disulfide bonds
follows immediately. On the basis of the present findings, non-native
disulfide bonds rapidly introduced by ERp46 and P5 can be effi-
ciently proofread by the action of PDI, thereby leading to signifi-
cantly accelerated production of native proteins. We thus propose a
new likely model of the disulfide bond formation network highly
systematized in the mammalian ER, where Erolo and Prx4 have
different specificity toward PDIs and consequently each PDIs plays
a distinct and significant role during oxidative folding, as illustrated
in Fig. 7. Notably, some specialized cells, such as plasma cells and
pancreatic [} cells, synthesize and secrete large quantities of proteins
at an extremely rapid rate. In order to achieve this prodigious task,
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the cells may have evolved a strategy of a promiscuous but rapid
introduction and subsequent proofreading of disulfide bonds.

In this context, it is interesting that combined knockdown of PDI
and other PDIs significantly hampered the folding of some substrates
and induced their degradation in cells*’, corroborating our notion
that PDIs act cooperatively in oxidative folding. However, the extent
of the folding defects observed after the knockdown of PDIs largely
varied, relying on combinations of depleted PDIs and substrates of
which folding was monitored. It is thus conceivable that endogenous
PDIs have different substrate preferences as well as distinct roles in
oxidative folding, albeit with some functional overlap. Altogether, we
propose that mammalian cells have diversified disulfide bond forma-
tion and isomerization pathways to enhance both the rate and fidelity

Disulfide-generating
enzymes

oxidation

PDI-family

of disulfide bond introduction and thereby accelerate oxidative fold-
ing of a wide variety of substrate proteins. Further elucidation of the
physiological roles of disulfide bond formation and isomerization
networks by global proteomic analyses currently in progress should
help advance our current understanding of the mechanisms under-
lying protein and redox homeostasis in the mammalian ER.

Methods

Plasmid construction and protein preparation. The procedures of plasmid
construction and protein expression and purification are described in the
Supplementary Information.

Cell culture and transfection. HEK293 cells were cultured in Dulbecco’s modified
Eagle medium (4.5 g/l glucose) supplemented with 10% fetal bovine serum (FBS),
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Figure 7 | A new likely model of the disulfide bond formation network that promotes oxidative protein folding in the mammalian ER. Erolo and Prx4
function as primary disulfide-generating enzymes with significant oxidative activity toward PDIs in the mammalian ER. On the basis of the present
findings, while Erola oxidizes PDI and, to a lesser extent, ERp46 selectively, Prx4 has a strong preference for ERp46 and P5 in cells. PDI can efficiently
introduce native disulfide bonds and proofread non-native bonds, resulting in native folding (red arrow). By contrast, ERp46 and P5 engage in rapid, but
promiscuous disulfide introduction in a Prx4-dependent manner (blue arrow). Rapid, but promiscuous disulfide formation tends to yield misfolded
proteins, which can be restored to native conformation through disulfide isomerization by reduced PDI generated as results of disulfide introduction into
substrates (broken curve) and reduction by GSH (dark gray arrow). Thus, the cooperation of PDI with P5 and, to a lesser extent, with ERp46 can be one of
the possible ways that accelerate proper oxidative protein folding in the ER. The thickness of the lines between disulfide-generating enzymes and PDIs
indicates the strength of reactivity of Erola (cyan) and Prx4 (magenta) toward PDIs. The broken line denotes interactions between Prx4 and PDIs that

were undetected in the cells.
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2 mM glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin at 37°C in a
humidified atmosphere of 5% CO,/95% air. Transfection was performed using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.

Antibodies, reagents, and immunological techniques. Inmunoblotting was carried
out using a standard procedure and Chemi-Lumi One Super luminol (Nacalai
Tesque). Anti-P5 and anti-PDI antibodies were a kind gift from M. Kikuchi. Other
antibodies used were anti-ERp46 (Gene Tex products in Fig. 1C and D and laboratory
made products in Figs. 1B and 2B), anti-ERp57 (Enzo Life Sciences), anti-ERp72
(Enzo Life Sciences), anti-PDI (Enzo Life Sciences), anti-FLAG M2 (Sigma), anti-
FLAG M2 HRP (Sigma), and anti-Prx4 (Abcam).

Analysis of redox states of PDIs in cells. A plasmid for the expression of Prx4 was
constructed by inserting cDNA encoding residues 1-274 of mPrx4 into the HindIII-
EcoRV site of pCMV-3xFLAG (Sigma). Transfected and control HEK293 cells were
treated with 5 mM dithiothreitol (DTT) for 5 min, 3 mM diamide for 5 min, or
various concentrations of H,O, for 10 min. Cells were denatured and precipitated in
ice-cold PBS containing 10% trichloroacetic acid (TCA), incubated on ice for 1 h, and
centrifuged at 10,000 rpm for 15 min at 4°C. The supernatant was discarded and the
pellet was washed twice with ice-cold acetone, dried, and resuspended in reaction
buffer (80 mM Tris-HCI, pH 6.8, and 2% SDS) containing 5 mM
methoxypolyethylene glycol (average molecular weight, 2000)-maleimide (MalPEG-
2K) (NOF Corporation). Samples were left in the dark for 60 min at room
temperature. The alkylation reaction was stopped by boiling for 5 min after the
addition of an equal volume of 2X Laemmli loading buffer. The gel images were
recorded with the LAS-3000 image reader (Fuji Film), and the quantification of each
band intensity was done using a software of Multi-Gauge ver. 3.1 (Fuji Film).

Immunoprecipitation. HEK293 cells were lysed in 1% NP-40 lysis buffer (50 mM
Tris/HCI, pH 8.0, containing 150 mM NaCl, 1% NP-40, protease inhibitor cocktail
[Nacalai Tesque], and 10 pM MG132). Immunoprecipitation was performed with
anti-Prx4 antibodies (Abcam) and Protein G-coupled Sepharose beads (GE
Healthcare). Beads were washed in 1% NP-40 lysis buffer twice and boiled in Laemmli
loading buffer. Inmunoprecipitates were subjected to reducing and non-reducing
SDS-PAGE and analyzed by immunoblotting.

Surface plasmon resonance. Association (k,,) and dissociation (k) rate constants
for the direct binding of PDIs to immobilized mPrx4 were determined by SPR on a
Biacore 2000 system (GE Healthcare). Wild-type mPrx4 was coupled to the CM5
sensor chip (GE Healthcare) using amine-coupling chemistry. As a control, one
channel was coupled to bovine serum albumin to exclude background binding.
Sensorgrams were recorded for three concentrations of each analyte sample at 25°C
for a 2 min association phase followed by a 4 min dissociation phase. The running
buffer consisted of 20 mM HEPES-NaOH (pH 7.4), 150 mM NaCl, 0.001% Tween-
20,2 mM EDTA, 1 mM GSH, and 0.25 mM GSSG. All analyte samples were diluted
in this buffer prior to analysis. Sensorgrams were analyzed by nonlinear regression
according to a two-state model using the BIAevaluation 4.1 software. Experiments
were replicated three times.

NADPH consumption assay. NADPH consumption coupled to Prx4 or Erolo
catalysis of PDI oxidation was monitored with a HITACHI U-3310
spectrophotometer at a controlled temperature of 30°C*. The oxidation of NADPH
by glutathione reductase (supplementary Fig. S1B) accompanies the decrease in
absorbance at 340 nm (Abss,g). A molar extinction coefficient of 6,200 M~'cm ™! for
NADPH was used in the calculations. The Prx4-catalyzed reaction was initiated by
addition of H,O, to a final concentration of 100 pM to a reaction mixture containing
50 mM Tris (pH 7.5), 300 mM NaCl, 200 pM NADPH, 0.05 U glutathione
reductase, 300 pM GSH, 10 pM PDIs, and 0.5 pM mPrx4. The Erola-catalyzed
reaction was initiated by addition of a constitutively active Erolo. mutant
(Cys104&131Ala) to a final concentration of 2 pM to a reaction mixture containing
50 mM Tris (pH 7.5), 300 mM NaCl, 200 pM NADPH, 0.1 U glutathione reductase,
500 uM GSH, 10 uM PDIs, and a saturating level of molecular oxygen.

Peptide synthesis. Peptides composed of residues His244-Lys253
(HGEVCPAGWK) and residues His244-Pro263 (HGEVCPAGWKPGSETIIPDP) of
Prx4 were synthesized using the Fmoc solid-phase method. The synthetic peptides
were purified by reverse-phase HPLC on a C18 column (Cosmosil 5C18-AR-2, 8 X
250 mm; Nacalai Tesque), eluted using a linear gradient of CH;CN in 0.05% TFA
from 5% to 60% at a rate of 1%/min and a flow rate of 2.0 ml/min, and monitored at
220 nm. The purity was confirmed by analytical reverse-phase HPLC, and the HPLC
fraction was lyophilized and analyzed by MALDI-TOF/MS.

Preparation and crystallization of the P5 a’~Prx4 C-terminal peptide complex. P5
a” CXXA variant and the Prx4 C-terminal peptide of residues His244-Pro263 were
mixed at a 1:5 molar ratio and incubated on ice for 30 min in the presence of 7 mM
diamide. The mixed disulfide complex was separated by gel filtration on a Superdex
75 10/300 column pre-equilibrated with 20 mM Tris-HCI (pH 8.1) containing

100 mM NaCl, and concentrated to approximately 7 mg/ml.

The purified complex was vapor-diffused at 20°C under conditions of 20% poly-
ethylene glycol monomethyl ether 2000 (PEG-MME2000), 0.1 M Tris-HCI pH 7.5,
and 0.1 M potassium thiocyanate; crystals appeared within 3 days. For cryoprotec-
tion, crystals were transferred directly to 12% glycerol containing 20%

PEG2000MME, 0.1 M Tris-HCI (pH 7.5), and 0.1 M potassium thiocyanate, and
flash-frozen as described above.

Crystallographic analysis. Diffraction data were collected at the Osaka University
beamline BL44XU at SPring-8 equipped with an MX225-HE detector (Rayonix),
whose acquisition was financially supported by the Academia Sinica and National
Synchrotron Radiation Research Center (Taiwan) and at the beamline BL5A at
Photon Factory equipped with an ADSC Quantum 315r detector. Data were
integrated using HKL2000 software®. The crystallographic parameters are
summarized in Table 1. Phase determination was made by molecular replacement
using the deposited structures of human Prx4 (PDB code 2PN8) for mPrx4 C54A and
P5 a° (PDB code 3VWW) for the P5 a’~Prx4 C-terminal complex as search models
with the program Phaser**. The initial structural models were refined by several cycles
of manual rebuilding and refinement with Phenix.refine.

Oxidative folding assay. RNase A from bovine pancreas was reduced and denatured
overnight with 7 M guanidinium hydrochloride and 200 mM DTT. The sample was
passed through a PD-10 column to remove the denaturing and reducing reagents.
Denatured RNase A was incubated at a final concentration of 25 M together with
0.2 pM Prx4, 2 uM of each PDIs, and 100 pM H,0, in 50 mM Tris (pH 7.5) and
300 mM NaCl for 0-30 min at 20°C. Aliquots were taken at different time points and
1 mM AMS was added to quench the reaction. Samples were separated by
electrophoresis in a 15% non-reducing SDS polyacrylamide gel. Recovery of RNase A
activity was measured, after addition of 4 mM cytidine 2,3’-cyclic monophosphate
monosodium salt (cCMP, Sigma) to the aliquots, by monitoring the linear increase in
Abs,gs on a HITACHI U-3310 spectrophotometer at a controlled temperature of
30°C*.

BPTI was purchased from TAKARA BIO INC. The reduction of BPTI was carried
out as previously described*. Briefly, BPTI (10 mg) was dissolved in 1 ml of 0.1 M
Tris (pH 8.0) containing 20 mM DTT and 8 M urea, and the solution was allowed to
stand for 5 h at 50°C. The denatured/reduced protein was purified by HPLC using an
InertSustain™ C18 column (4.6 X 250 mm; GL Sciences Inc.), lyophilized, and
stored at —30°C until use. The denatured/reduced BPTI was incubated at a final
concentration of 30 uM with 0.1 pM Prx4, 1 uM of each PDIs, and 200 uM H,0, in
50 mM Tris-HCI (pH 7.5) containing 300 mM NaCl at 30°C. All solutions used in the
refolding experiments were flushed with N, gas, and the reactions were carried out in
a sealed vial under an atmosphere of N,. The reaction mixture was quenched with an
equivalent volume of 1 M HCL. The mixtures were loaded onto an InertSustain™ C18
HPLC column (4.6 X 150 mm; GL Sciences Inc.), eluted using a linear gradient of
CH;CN in 0.05% TFA from 5% to 60% at a rate of 1%/min and a flow rate of 1.0 ml/
min, and monitored at 229 nm. The experiments were performed in duplicate. The
occupancy of each species at the indicated refolding time was quantified by the
software Chrom Merge (TM) version 2.2a (GL Sciences).
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have been deposited in the Protein Data Bank with ID code 3VWU for mPrx4 C54A
and 3W8]J for the P5 a’~Prx4 C-term complex.
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