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ABSTRACT

Protein disulfide isomerases (PDIs) catalyze redox reactions that reduce, oxidize, or isomerize disulfide bonds
and act as chaperones of proteins as they fold. The characteristic features of PDIs are the presence of one or more
catalytic thioredoxin (TRX)-like domains harboring typical CXXC catalytic motifs responsible for redox reactions,
as well as non-catalytic TRX-like domain. As increasing attention is paid to oxidative post-translational modi-
fications of cysteines (Cys ox-PTMs) with the recognition that they control cellular signaling, strategies to
identify sites of Cys ox-PTM by redox proteomics have been optimized. Exploration of an available Cys redoxome
dataset supported by modeled structure provided arguments for the existence of an additional non-catalytic thiol-
disulfide motif, distinct from those contained in the TRX type patterns, typical of PDIAs. Further structural
analysis of PDIA3 and 6 allows us to consider the possibility that this hypothesis could be extended to other
members of PDI. These elements invite future studies to decipher the exact role of these non-catalytic thiol-di-

sulfide motifs in the functions of PDIs. Strategies that would allow to validate this hypothesis are discussed.

Changes of redox status take place during various cellular processes.
While chronically elevated levels of reactive oxygen species (ROS) might
be associated with oxidative damage, local changes in ROS levels act as
redox switches regulating cellular signaling. ROS act as second mes-
sengers mainly through reversible oxidative post-translational modifi-
cations of cysteine residues (Cys ox-PTMs) that modulate protein
structure, interaction with protein partners and ligand, localization, and
activity [1-3]. The comprehension of the broad spectrum of ROS action
has largely benefitted from the development of labeling techniques
aimed at identifying proteins subjected to reversible Cys ox-PTMs [1,4].
This led to the discovery of new sites of reversible oxidation, but also to
the validation of hypothetical redox dynamic processes, especially in
highly reactive thiol-based enzymes such as thioredoxins, glutaredoxins,
peroxiredoxins and protein disulfide isomerases (PDIs) [5-7].

1. Protein disulfide isomerases

PDIs are a large family of highly regulated redox proteins composed
of 21 members [8]. PDIs are multifunctional thiol oxidoreductases that
catalyze the oxidation, reduction, and isomerization of protein disulfide
bonds, the most studied Cys ox-PTM [9]. Apart from peptide bonds,

disulfides are the most prevalent covalent link between two amino acids
and are one of the most frequent PTMs [10-12]. Disulfide bonds play
important roles in protein structure and function, but also in the folding
of nascent peptides in the ER [13,14]. Members of the PDI family are
involved in the pathology of several diseases associated with changes in
ROS levels, including cardiovascular diseases and cancer [15-18]. In
cancer, increased expression of PDIs is also thought to confer resistance
against chemotherapy-induced apoptosis [17]. These observations have
led to numerous studies aiming at evaluating PDIs inhibitors as thera-
peutic strategies [15,18-20]. Human PDIs also play important roles in
virus infections [8]. For instance, Influenza A virus (IAV) uses PDIA3 for
the proper folding of its surface hemagglutinin (HA) glycoprotein [21].
PDIs are also implicated in the folding of the pre-membrane (pre-M)
protein and envelope (E) glycoproteins of Dengue virus [22] and PDIA1
regulates human immunodeficiency virus (HIV) entry through interac-
tion with the envelope glycoprotein gp120 [23]. Given the involvement
of PDIs in many pathophysiological processes, their function, and the
mechanisms by which they regulate the redox status of Cys in target
proteins have been extensively explored.

PDIs are characterized by at least one TRX-like domain [9] which is
either catalytically active (a or a’) or non-catalytic (b or b’). Position and
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catalytic functions of the TRX-like domains vary amongst PDIs ensuring
distinct redox properties and substrates specificities. The typical active
site of the catalytic TRX-like domain is a CXXC motif that is involved in
the reduction, oxidation, or isomerization of disulfide bonds within
misfolded proteins [24]. Although considered not redox active, b and b’
non-catalytic TRX-like domains, for which a consensus motif has not yet
been proposed, are essential for the activity of PDIs because they
mediate specific substrate recognition and binding [25-29], chaperon
functions [30-32] and structure stabilization to favor interactions be-
tween the catalytic domain and the substrate [9,30,33,34].

Amongst PDIs, the closely related PDIA1-6 members possess at least
two a-type catalytic TRX-like domains and at least one b-type non cat-
alytic TRX-like domain [25]. In addition, PDIAs present an ER targeting
signal sequence in the C terminal region (Cter) [25] (Fig. 1A and B).
PDIALI, 2 and 3 exhibit a typical organization with two catalytic TRX-like
domains located in the N-terminal (Nter) and Cter regions separated by
two non-catalytic TRX-like domains (Fig. 1A). PDIA4 has a similar or-
ganization, but has three catalytic domains, two of which are located in
the Nter [35]. PDIA6 possesses two catalytic domains located side by
side in the Nter region [35], but mainly differs from the typical orga-
nization by the absence of a second non-catalytic domain. PDIAS is
unique in that it also possesses only one characterized non-catalytic
TRX-like domain positioned at the Nter end followed by 3 side-by-side
catalytic domains [35,36].

PDIA1
Cys312 Cys™#3

PDIA2
Cys's

PDIA3
Cys® Cys®
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2. Protein disulfide isomerase A5

Knowledge about PDIAS is still scarce. PDIA5, also known as Protein
disulfide isomerase-related protein (PDIR) [37], was firstly identified in
1995 and classified as a member of the PDI family based on the presence
of three catalytic a-type TRX-like domains (aa 134-261; aa 270-384; aa
385-506) containing CXXC catalytic sites (C'82sMG'®%, C395GHC3® and
Cc*6pHC*??) (Fig. 1A) [37]. PDIAS also possesses one non-catalytic
b-type TRX-like domain (aa 29-150). It is the only PDIA5 domain for
which a crystal structure is available. Three Cys (Cys!, Cys®® and Cys®*)
are present in this domain. The structure shows a disulfide bond be-
tween Cys® and Cys*, while Cys®! remains free [36]. Sequence align-
ment showed evolutionary conservation of Cys®®> and Cys®*, but not
Cys®L. The lack of conservation of the latter amongst PDIA5s orthologs
supports the idea that it is not involved in redox reactions [36]. The
crystal structure also shows a positively charged surface rich in Lysine.
As non-catalytic TRX-like domains are involved in the binding of PDI
substrates, it is believed that PDIA5 interactors must possess a nega-
tively charged surface, as observed in calreticulin [36,38]. Several
PDIAS substrates have being identified over the years, including
al-antitrypsin [39], Neudesin (NENF) [40,41], Protein phosphatase
inhibitor 2 (PPP1R2) [42], DNA-directed RNA polymerase II subunit
RPB7 (POLR2G) [43], Pleiotropic regulator 1 (PLRG1) [43] and Cell
division cycle 5-like protein (CDC5L) [42]. Whether they exhibit a
negatively charged surface at the interface with PDIA5 remains to be
determined.

PDIA4
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Fig. 1. Linear sequences of PDIA1 to 6. Catalytic TRX-like domains are shown in blue and the CXXC motif is depicted inside the blocks. Non-catalytic TRX-like
domains are shown in orange, ER signal sequence appears in red and signal peptides are in dark gray. Position of Cys residues discussed in this paper are outlined. For
PDIAS, a disulfide bond is depicted between two Cys. B. Schematic of a classical PDI (here PDIA1, in blue) bound to its substrate (in black) during an ongoing
disulfide exchange. Position of catalytic (a and a’) and non-catalytic (b and b’) TRX-like domains are indicated. C. Sequence alignment of the Nter region of PDIAS (aa

64-146) versus the Cter region of the protein (aa 433-515). (For interpretatio
version of this article.)
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Of note, three Cys residues (Cys*!, Cys*°® and Cys*%®) are present in
the Cter region of the third catalytic TRX-like domain outside of the
known CXXC catalytic motif (Fig. 1A). We noticed a partial alignment of
these amino acids with those of the non-catalytic b domain, namely an
alignment of Cys®® and Cys®* with Cys**® and Cys*®®, respectively
(Fig. 1C). Although there is no report yet of a role or redox activity of
these C-terminal Cys of PDIAS5, redox active Cys outside of the catalytic
motifs have been reported for PDIAL. In this case, Cys>!? and Cys>*3
located in the b’ non-catalytic domain are subjected to nitrosylation
[44]. Cys®*® nitrosylation appears to be stable and negatively impacts
the activity of the catalytic motif located further in the structure [45].
Additionally, Cys'® in PDIA2 located in the Nter ER signal peptide forms
intermolecular disulfide bonds with another subunit of PDIA2 allowing
the formation of oligomers with increased chaperone activity. Disulfide
bonds were found to be reversible depending on the oxidative or
reducing conditions and were therefore considered redox active [46].
Regarding PDIA3 and PDIAG6, there is so far no information on the ex-
istence of active redox Cys, other than those in the catalytic motifs.
However, some Cys of PDIA3 and PDIAG6 are organized into CXXXXXXC
(CX(C) or CXXXXXC (CX5C) motifs and could potentially be involved in
redox processes [47-50].

3. Redox proteomics and structural insights highlight a possible
role of previously unrecognized redox active Cys in the Cter
extremity of PDIAS

In a previous study, we performed a proteome wide identification of
Cys 0x-PTMs in U937 cells at basal levels and following exposure to
hypochlorous acid (HOCI) or diamide. Our approach was based on a
workflow allowing labeling of reversibly modified Cys independently of
the type of oxidation using a maleimide (Mal)-(Polyethylene glycol)»-
Biotin (Mal-PEG,-Bio)-based bioswitch coupled to mass spectrometry
(LC-MS/MS) [51]. In this workflow (Fig. 2A), reduced Cys are labeled
with NEM, while oxidized Cys carry a Mal-PEG-Bio moiety. The publicly
available proteomics datasets from this previous study (Proteo-
meXchange, identifier PXD020270) were re-analyzed to extract infor-
mation regarding the redox modifications of PDIA5 Cys residues. All
MS/MS data were analyzed using Mascot (Matrix Science, London, UK;
version 2.4.0). Mascot was set up to search against an integrated pro-
teome database, containing 99739 entries extracted from NCBI,
assuming the digestion enzyme trypsin at a maximum of 1 missed
cleavage. Tolerance of 0.60 Da was accepted for the fragment ion mass
during the Mascot search, with a parent ion tolerance of 10.0 PPM.
Variable modifications specified in the Mascot search were Methionine
oxidation (Met+15.99Da), Cys alkylation with NEM (Cys+125.05Da)
and Mal-PEG,-Bio-labeled Cys (Cys+525.23Da) (Fig. 2A). Scaffold
(version Scaffold 4.8.4, Proteome Software Inc., Portland, OR) was used
to validate MS/MS based peptide and protein identification. Only pep-
tides containing at least 1 Cys-ox-PTMs and detected in at least two out
of the three biological replicates were considered for spectral counting.
Standard cut-offs of significance for peptide ion signal peak intensity
were calculated via Scaffold algorithms [52,53]. Identification of pep-
tides was accepted if it could be established at greater than 95.0%
probability by the Peptide Prophet algorithm [54] with a false discovery
rate (FDR) < 1% and Scaffold delta-mass correction. Identification of
proteins was accepted if it could be established at greater than 95.0%
probability and contained at least 1 identified oxidized peptide. The
Protein Prophet algorithm was used to assign protein probabilities [55].

Several PDIA5 peptides encompassing two Cys modified with
different labels, i.e., NEM or Mal-PEG»-Bio, reflecting distinct redox
status were found (Fig. 2A-C). A first peptide encompassed Cys®! and
Cys®® contained in the non-catalytic b domain. While Cys®! was labeled
with NEM, Cys®® was modified by Mal-PEG,-Bio both at basal levels and
after oxidant exposure, indicating reduced status and reversible oxida-
tion under both conditions, respectively. The detection of reduced Cys®!
and oxidized Cys® are in agreement with the crystal structure of the
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Nter inactive region, which shows a disulfide bond between Cys® and
Cysg4, but no disulfide involving Cys81 [36]. Intrinsic limitations of our
workflow lie in the sensitivity and in the fact that only peptides con-
taining at least one oxidized Cys labeled with Mal-PEG-Bio are pull
down. We did not detect peptide containing Cys* and therefore we
could not accurately determine the oxidation state of Cys®*. While it is
possible that Cys®* was in a reduced state in both conditions and con-
tained in a peptide without oxidized Cys, it would be inconsistent with
the crystal structure and models suggesting engagement of Cys** in a
disulfide bond with Cys® in the non-catalytic domain of PDIAS5. Rather,
our observation that the redox status of Cys® remains unchanged upon
oxidant exposure, likely engaged in a disulfide bond with Cys™, is
consistent with the idea that the Nter region of PDIAS is a non-catalytic
TRX-like domain.

Our MS data also informed about the redox states of Cys in the Cter of
PDIAS, which has yet to be structurally and functionally defined. At
basal levels, Cys*>! was reduced, while Cys**® in the same peptide was
oxidized. Cys*®®, identified on a different peptide, carried a Mal-PEG,-
Bio moiety, indicative of a reversible oxidation (Fig. 2B). Upon exposure
to oxidants, the peptide encompassing Cys*! and Cys**® was no longer
detected, suggesting that it could not be pulled down because both thiols
were in a reduced form. However, we cannot exclude that these residues
were subjected to irreversible oxidation that are not detectable by the
bioswitch method used in our study. In contrast, Cys*®® remained
oxidized (Fig. 2C). In any case, this observation is indicative of a redox
dynamic involving Cys at the Cter of PDIA5 in response to oxidants.

Out of the 519 amino acids of PDIAS5, the only available crystallo-
graphic structure corresponds to the region encompassing amino acids
29-150 that is contained in the non-catalytic TRX-like domain [36]. In
the absence of the complete crystallographic structure, we used the
recent modeling of the full-length PDIA5 proposed by Alphafold (PDB
AF-Q14554-F1) [56,57]. The template was visualized with PyMOL.
Consistent with the crystal structure, a disulfide bond is observed in the
Nter non-catalytic TRX-like domain between Cys®> and Cys®*, but not
Cys81 [36] (Fig. 2D). In the Cter, a disulfide bond is predicted between
Cys**® and Cys*®%, but none involving Cys*!. This disulfide bond could
explain the oxidized state of Cys**® and Cys*®® at basal level observed by
proteomics. Next, we used the PyTMs plugin to introduce sulfenylation
[58] in silico to mimic Cys oxidative modification observed by MS after
oxidant exposure. For this, we did not change the redox status of Cys®?,
Cys® and Cys®*, hence the presence of the disulfide bond (Fig. 2E). In
the Cter region, Cys**! was left reduced. We reduced Cys**® and added a
sulfenyl group on Cys*6®, thereby causing the disruption of the disulfide
bond. Prediction of steric structural strains [vdW clashes, [58]] with the
PyTMs plugin shows clashes distributed throughout the structure,
including one localized very close to the sulfenylated Cys*®°. This sug-
gests that PDIAS in this redox status must undergo a change in confor-
mation to adopt a stable structure.

With this in mind, two plausible scenarios can be considered. A first
option could be that the Cys**6-Cys*®® disulfide bond observed in the
inactivated state is disrupted upon activation by oxidant exposure so
that a disulfide bond can be formed between Cys*®® and PDIA5 inter-
acting regulator or substrate. The latter would be possible for highly
complex client for which classical interaction with catalytic Cys is not
sufficient. In this scenario, Cys**® would then be reduced. Similar to the
role of the non-catalytic Trx-like domain, the conformational change
induced by the disulfide bond transfer could serve to bring the catalytic
domain of PDIA5 closer to the substrate to allow the redox reaction [9,
34]. A second possible scenario would be that the disruption of the di-
sulfide bond and the subsequent conformational change exposes the
contact surfaces necessary for the interaction of a redox substrate. In this
case, the disulfide bond would be considered allosteric and the redox
dynamics would affect substrate recognition and therefore PDI activity
[30]. Finally, an alternative possibility would be that the conformational
change induced by the redox dynamics would instead expose Cys**! or
Cys*®® thus making them accessible for interaction with a substrate or to
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Fig. 2. Oxidation of protein disulfide isomerase 5 (PDIAS5) at basal levels and upon oxidant exposure and impact on the structure. A. Schematic of the
workflow followed in Ref. [51] to label reduced and reversible oxidized Cys. Briefly, Cys in whole cell extracts from unstimulated U937 cells, or cells exposed to
oxidants (diamide or HOCI) were subjected to alkylation (NEM) and Mal-PEG.-Biotin based labeling. Proteins were digested with trypsin and the fraction of
Mal-PEG,-Bio-labeled peptides was enriched by a NeutrAvidin pull-down. Samples were analyzed by LC-MS/MS to identify peptides containing Mal-PEG»-Bio-labeled
Cys sites (Cys+525.23 Da) and NEM-labeled Cys sites (Cys+125.05 Da). N-ethylmaleimide (NEM), tris(2-carboxyethyl)phosphine (TCEP), Maleimide-(Polyethylene
Glycol)2-Biotin (Mal-PEG»-Bio). B-C. Fragment spectra of PDIA5 peptides containing Mal-PEG»-Bio- (MPB, C+525) and NEM (C+125) Cys at basal levels (B) and
upon diamide/HOCI exposure (C). The fragment peaks of both b and y ions are shown in the spectra in red and blue, respectively. D-E. Modeled structure of the
full-length PDIA5 proposed by Alphafold (PDB AF-Q14554-F1) [56,57]. Reduced Cys are represented in orange, oxidized Cys are in green. Cys that were not
identified in our results but are important for the structural analysis are shown in salmon. At basal levels (D), in the N-terminal (N-ter) of the protein, Cys81 is
reduced, while Cys® forms a disulfide bond with Cys®*. In the C-terminal (C-ter), Cys**® and Cys*®® also form a disulfide bond, but Cys**! appears reduced. Upon
oxidant exposure (E), the redox states of Cys®" and Cys®® do not differ from those observed at basal levels. In the C-ter only Cys*®® remains oxidized. Van der Waals
(vdW) clashes due to the oxidation of Cys*®® appear in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
\‘lersion of this article.)

carry out redox functions. PDIAs to determine if a similar region can be identified.
Taken together, MS data documenting changes in redox states of Cys
in Cter supported by information from the modeled structure of full- 4. Prediction of disulfide bond dynamics in PDIA3 and PDIA6

length PDIAS lead us to propose that there is a previously unrecog- between Cys outside catalytic motifs provides insight into

nized non-classical redox dynamic region. at the Cter end of PDIAS. This potential impact on structure and function

invites further studies to characterize the role of this region in PDIA5

activity. Additionally, it warranted re-analysis of sequences from other The observation that PDIA3 and PDIA6 possess Cys located in CXeC

PDIA3

PDIA6

Fig. 3. Presence of disulfide bonds apart from known redox active motifs in modeled structures of PDIA3 and PDIA6. A. Modeled structure of the full-length
PDIA3 (PDB AF-P30101-F1) proposed by Alphafold [56,57]. Cys85 and Cys92 involved in disulfide bonds are represented in orange, with the bonds as sticks. B.
Structure of PDIA3 interacting with Tapasin (PBD 6ENY). PDIA3 is represented in green, Tapasin in blue, Cys involved in disulfide bonds are in orange (Cys®>-Cys°2,
Cys*%°-Cys**® and PDIA3 Cys®”-Tapasin Cys®). Disulfide bonds appear as sticks. C. Modeled structure of the full-length PDIA6 (PDB AF-Q15084-F1) proposed by
Alphafold, in cyan. Cys?*! and Cys®” involved in disulfide bonds are represented in orange, with the bonds as sticks. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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or CX5C motifs, respectively, prompted us to evaluate the structures to
inform on their potential role. As available structures obtained either by
X-ray diffraction or nuclear magnetic resonance (NMR) do not encom-
pass the complete protein, we visualized the recently modeled full-
length structures proposed by Alphafold (PDB AF-P30101-F1 and AF-
Q15084-F1, respectively) [56,57] using PyMOL. In the case of PDIA3,
a disulfide bond is predicted between Cys®® and Cys®? located in the
CTANTNTC motif in the Nter a-type domain (aa 25-133, Fig. 3A), but
distinct from the catalytic motif (C57GHC60). In PDIAG, a disulfide bond
is predicted between Cys®*! and Cys®®’ that belong to the CEEHQLC
motif located toward the Cter region, within the non-catalytic TRX-like
domain (aa 288-436, Fig. 3C). While none of the available PDIA6 3D
structures allows the visualization of Cys®°! and Cys2’, there is an
almost complete X-ray diffraction structure for PDIA3 interacting with
Tapasin. This structure confirmed the presence of a disulfide bond be-
tween Cys® and Cys®? (Fig. 3B). Based on PDIAS5 results, we argue that
Cys®® and Cys®? of PDIA3 and for Cys?®! and Cys?®” of PDIA6 could also
have an allosteric function. As discussed for PDIAS5, this could influence
the interaction with other partners or could bring the classical catalytic
motif closer to the substrate and therefore control reduction, oxidation,
and isomerization activities. In the case of PDIA6, this could also have an
impact on the dimerization, which is strongly dependent on the
conformational state [59,60].

5. Concluding remarks

In conclusion, based on Cysteine redoxome data and structural an-
alyses, we propose the existence in several PDIAs of an additional non-
catalytic thiol-disulfide motif containing Cys, distinct from those con-
tained in TRX type motifs typical of PDIAs. The organization of the
PDIA5 motif containing Cys*>! and Cys*>® intersects with that of a CX4C
thiol-disulfide center motif as found in human thioredoxin reductases
(TR1 and 3) and in the GSSG reductase (GR) [61]. In TR and GR, the

Table 1
CX5C, CX6C or CXgC motifs found in PDIs.
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thiol-disulfide center is involved in the electrons shuttle from the
enzyme to the substrate [61,62]. However, the CX4C motif found in
PDIAS differs from those of TR and GR by the position of the disulfide
bond. In TR and GR, the disulfide bond is formed between the 2 Cys of
the CX4C motif [61]. Instead in PDIAS5, the modeled structure predicts a
disulfide bond between Cys*®®, the second Cys of the motif, and Cys*®®
located 8 residues apart, which rather refers to a CXgC motif. Regarding
Cys®® and Cys®? of PDIA3, they belong to a CX¢C motif similar to the one
found in the a-type domain of the yeast protein disulfide isomerase
Pdilp. In Pdilp, the 2 Cys form a disulfide bond whose presence is
essential for the oxidase and isomerase activity of the catalytic Cys [47].
Presence of the CXgC disulfide bond in PDIA3 could have a similar
impact on the redox activity of the protein. As for PDIA6, Cys®! and
Cys?7 are organized into a CXsC motif. This type of motif is found in the
antimicrobial peptides limnonectin-1Fa and 1Fb, in which the two Cys
form an intramolecular disulfide bond [48]. Chloroplast coupling factor
1 (CF1) also has a CXs5C motif of which the two Cys form a disulfide
bond, the reduction of which increases ATPase activity [49]. Cys of the
CXsC motif in the atypical peroxiredoxin bacterioferritin co-migratory
protein 1 (Bcpl) also form disulfide bonds and act as the conserved
peroxidatic Cys (Cp) and resolving Cys (Cr) [50]. Thus, Cys of CXsC
motifs appear to be involved in disulfide bonds linked to protein activity.
Consistent with this model, the Alphafold prediction of the CX5C of
PDIAG also shows disulfide bond, suggesting a possible role of this motif
in PDIAG6 activity. As described in Table 1, several members of the PDI
family exhibit CX,,C motifs distinct from those contained in TRX type
motifs.

The hypothesis formulated in this paper calls for future experimental
studies aimed at confirming the existence of these non-catalytic thiol-
disulfide motifs and deciphering their exact role in the functions of PDIs
should be considered. Primarily, since we cannot eliminate the possi-
bility that modifications occurring at the mentioned residues are sulfi-
nylations (-SO2H) or sulfonylations (-SOsH), this must be verified using

PDI Alternative names Additional CX,C Position of Domain localization
motifs Cys
Protein disulfide-isomerase A3 Endoplasmic reticulum resident protein 57 (ERp57)/Endoplasmic reticulum CXeC Cys®>-Cys? 1st catalytic TRX-like

resident protein 60 (ERp60)/Disulfide isomerase ER-60

domain

Protein disulfide-isomerase A5 Protein disulfide isomerase-related protein (PDIR) CXsC Cys®-Cys™ Non-catalytic TRX-
like domain
CXgC Cys**®- 3rd catalytic TRX-like
Cys*® domain
Protein disulfide-isomerase A6 Endoplasmic reticulum protein 5 (ERp5)/Protein disulfide isomerase P5/ CXsC Cys®!- Non-catalytic TRX-
Thioredoxin domain-containing protein 7 Cys*” like domain
Thioredoxin-related transmembrane Thioredoxin domain-containing protein 1/Transmembrane Trx-related protein. ~ CXcC Cys'%- 1st catalytic TRX-like
protein 1 (TMX1) Cys?0° domain
Thioredoxin domain-containing Endoplasmic reticulum resident protein 46 (ERp46)/Thioredoxin-like protein CXeC Cys!'?l- 1st catalytic TRX-like
protein 5 (TXNDC5) p46. Cys'2® domain
CXeC Cys*7- 2nd catalytic TRX-
Cys®* like domain
CXoC Cys®81. 3rd catalytic TRX-like
Cys®® domain
DnaJ homolog subfamily C member Endoplasmic reticulum DNA J domain-containing protein 5 (ERdj5)/ CX6C Cys!86- 1st catalytic TRX-like
10 (DNAJC10) Macrothioredoxin (MTHr). Cys!® domain
CXsC Cys?0%- Non-catalytic TRX-
Cys?”° like domain
CXeC Cys®*- Non-catalytic TRX-
Cys®! like domain
CXeC Cys*03. Non-catalytic TRX-
Cys*° like domain
CXeC Cys>%8- 2nd catalytic TRX-
Cys>!® like domain
CX6C Cys®16- 3rd catalytic TRX-like
Cys®? domain
CXeC Cys”%8. 4th catalytic TRX-like
Cys”® domain
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specific labeling probes or antibodies combined with immunoblot or
mass spectrometry approaches [63-65]. If these modifications are
excluded, future research, performed in-silico and in-cell, should aim at
exploring the type of redox modifications of Cys outside of the typical
Trx-like domains of PDIAs, including the Cter C**®XgC*® motif of
PDIAS5, the C%X¢C%2 motif of PDIA3 and the C**'X5C**7 motif of PDIASG,
and their role in PDIAs function. Confirmation of this activity will
require site-directed mutagenesis-based studies to determine the
redox-dependent interactome to identify potential substrates and the
impact on substrate folding. High-speed atomic force microscopy
(HS-AFM), which allows acquisition of successive AFM images during a
period of times, grants exploration of how a purified protein can un-
dergo dynamic conformational changes when a substrate is present in
the environment. In the case of PDIA1, this has been useful to show that
pretreatment of the purified protein with reducing or oxidizing agents
leads to less or more compact conformations. For chaperone p97,
HS-AFM has been successful to study the dynamic rotation of wild-type
p97 and mutants when immersed in ATP containing buffers [66-69].
Therefore, HS-AFM would be an asset to explore how Cys mutations on
PDIs or reducing vs oxidative environments shape the dynamics of
PDIA3, PDIAS and PDIAG6 structures in the presence of newly identified
substrates. Molecular dynamic simulations would also help deepen the
redox-dependent conformational changes of PDIs. Ultimately, resolution
of the structure of the full-length PDIA5 and PDIAG6 or at minimum of the
Cter region by cryo-electron microscopy in reducing and oxidative
conditions should be considered to explore the proposition of novel
non-catalytic thiol-disulfide motifs and understand the full scope of PDIs
structure and function.
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