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Abstract

Abnormal protein accumulations are typical pathological features for

neurodegenerative diseases. Protein disulfide isomerase (PDI) is a critical enzyme in

oxidative protein folding. S-nitrosylated PDI has been detected in the postmortem brain in

neurodegenerative disease patients, but the effect of S-nitrosylation on PDI function and

developing neurodegeneration was not clarified in detail. In this study, we identified that in

vitro and in vivo S-nitrosylation of C343 in the b’ domain of PDI occurs. Reduced

recombinant human PDI (hPDI) reacted quickly with S-nitrosocompounds, with an observed

increase in the expected S-nitrosylated species and the appearance of the disulfide state of the

active sites. Both Mononitrosylated and dinitrosylated were observed from the S-nitrosylation

of hPDI. Dinitrosylated species were S-nitrosylated both cysteines at active site. But, at least

in part, mononitrosylated species were S-nitrosylated on cysteine 343 in the substrate binding

b’ domain. Although active site S-nitrosylation is reversible by reduced glutathione, S-

nitrosylation of C343 is comparative stable. S-nitrosylation of PDI in SH-SYS5Y cells was

observed after the S-nitrosocysteine (SNOC) treatment and S-nitrosylated PDI was still

detected 24 h after removing SNOC. While wild-type PDI was S-nitrosylated, the level of S-

nitrosylation of the C343S mutant in over-expressed cells was substantially lower and only

wild-type PDI of S-nitrosylation remained 24 h after removing SNOC in over-expressed cells.

Both of in vitro and in vivo results suggested that S-nitrosylation of C343 in PDI may be the



10

11

12

13

14

causative effect on physiological changes in neurodegerenative disease patients, and may be

useful for the drug development for neurodegenerative diseases.
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1. Introduction

Neurodegenerative diseases, such as Alzheimer's disease, Parkinson's disease and

Amyotrophic lateral sclerosis (ALS), are among the most significant clinical challenges to

overcome in 21st century. Since there are no curative drugs at present, neurodegenerative

diseases are one of greatest unmet medical needs [1-3]. One of main causes preventing drug

development for neurodegenerative disease is that nerve cells cannot regenerate after severe

cell damage. Thus, it is important to understand the physiological and/or pathological changes

at an early stage of neurodegenerative diseases. Abnormal protein accumulations are typical

pathological features for neurodegenerative diseases [4,5], and they can be present before the

onset of clinical features, such as cognitive or behavioral disorders [6—8].

Protein disulfide isomerase (PDI) is a critical enzyme for oxidative protein folding in

the endoplasmic reticulum. It assists protein folding by acting both a chaperone and as an

oxidoreductase [9—13]. PDI has U-shape structure composing four structural domains, a, b, b’,

and a’, a linker region x between the b’ and a’ domains, and a C-terminal acidic extension [14].

The a and a’ domains are located at either end of the U-shape and contain the CGHC active site

motifs. The cysteines in the active site motif are highly reactive [15—17], and can perform thiol-

disulfide exchange reactions. The b and b’ domains are located to the base of the U-shape. The

b’ domain contains the principal non-native protein-binding site [18,19], and is required for

isomerization reactions. The function of the b domain is probably structural.
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There is a known association between PDI and neurodegenerative diseases. Several

groups have reported that mutations or modification in PDI family members are associated with

the risk of ALS and cause motor dysfunction in ALS [20-23]. Moreover, S-nitrosylated PDI

was detected in the postmortem brain in various neurodegenerative disease patients, such as

Alzheimer’s disease patients [24], Parkinson’s disease patients [24] and ALS patients [25],

though the effects of S-nitrosylation on PDI function and developing neurodegeneration were

not clarified in detail. Since mutations in the cysteines in the active site motif (CGHC) of PDI

cause decreased PDI activity [26], those cysteines were speculated to be S-nitrosylation sites

[24,25]. Recombinant PDI protein activity was decreased by the reaction with S-

nitrosocompounds, and PDI overexpression could suppress the accumulation of a-Synuclein in

the Parkinson disease neuro cell model [24]. Despite the reversibility of S-nitrosylation [27], S-

nitrosylated PDI was stable enough to be detected in postmortem brain [24,25]. However, the

cysteines in the active motif are exposed on the protein surface and endogenous antioxidants,

which are able to reduce S-nitrosylated protein, should be able to readily access these cysteines

[14]. Indeed, reduced glutathione (GSH) can rapidly react with the active site disulfide of PDI

[15].

Together these findings indicate that to understand the effect of S-nitrosylated PDI on

physiological and/or pathological changes during neurodegeneration it is important to identify

the S-nitrosylation site on PDI. In this study, we demonstrate that upon addition of S-
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nitrosocompounds, the reduced active sites of PDI are oxidized to the disulfide state unless the
S-nitrosocompounds are present in large excess whereupon di-S-nitrosylation of the dithiol
active site occurs. This is rapidly reversible with reduced glutathione. In contrast, we identify
that in vitro and in vivo S-nitrosylation of C343 in the substrate binding b’ domain of PDI occurs,

and that S-nitrosylation of C343 is only slowly reversible by glutathione.

2. Materials and methods
2.1 Chemicals

S-nitrosocysteine (SNOC), S-nitrosoglutathione (GSNO), and S-nitrosoethanol (SNO-
EtOH) were synthesized in our laboratory using previously reported methods [28,29] with some
modification (Fig. S1). The concentration of the respective nitrosothiol was determined
spectrometrically using extinction coefficients €333 = 900 M 'cm ™! and €335 = 920 M 'em ™! for
SNOC and GSNO, respectively [29]. The concentration of SNO-EtOH was estimated using
extinction coefficients €335 = 920 M 'cm™', because based on the value for the S-nitrosothiol
group [30-32]. Under these conditions, the yield of each nitrosothiol was more than 95% (Table.
S1). All stock solutions were stored at -80°C in the dark, and only minor degradation was

observed over 6 months under these storage conditions (Fig. S1D).

2.2 Molecular biology
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Expression vectors (Table S2) were prepared using standard molecular techniques,

including site-directed mutagenesis with the QuickChange site-directed mutagenesis kit

(Stratagene, La Jolla, CA). The gene fragments of PDI wild type [33], PDI a domain W128F

[15], and PDI a domain C56S/W128F [15] were cloned with restriction digestion and ligation

into a modified pET23-based vector with a pTac promoter replacing the T7 promoter [34]. The

variant used included an in-frame N-terminal His-tag followed by a tobacco etch virus (TEV)

protease cleavage site (sequence -MHHHHHHSSGGGTENLYFQGHM-) with the final HM

being encoded by an in-frame Ndel site. PDI C312A, PDI C343A and PDI C312A/C343A were

prepared from pJO3 which encoded wild-type PDI, by the site-directed mutagenesis. Above

mentioned plasmids generated were sequenced (Biocenter Oulu core facility) to ensure that

there were no errors in the cloned gene. For establishment of over expressed cell lines, we used

the plasmids containing EGFP (VB180912-1349cet), human PDI wild type (VB180911-

1011yrt) and PDI C343S (VB180911-1012rpy), and those are pRP with the CMV promoter.

Those plasmids were generated by VectorBuilder (Guangzhou, China).

2.3 Preparation of recombinant PDI proteins

Recombinant mature human PDI (hPDI) wild type, hPDI C312A, hPDI C343A, hPDI

C312A/C343A, hPDI a domain W128F, and hPDI a domain C56S/W128F were expressed with

a TEV protease-cleavable N-terminal his-tag and prepared as the non-tagged form by TEV
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proteolysis. hPDI wild type and cysteine mutants were expressed in BL21 (DE3) cells. hPDI a

domain mutants were expressed in RV308 cells. The cells were cultivated in EnPressoB

(Biosilta Oy, Oulu, Finland) media as instructed by the manufacturer. Pellets were resuspended

in 100 ml (the same volume as the culture media) sodium phosphate, pH 7.3, 100 pg/ml egg

white lysozyme, and 20 pg/ml DNase and frozen. Cells were lysed by two rounds of freeze—

thawing, and purified by immobilized metal ion adsorption chromatography (IMAC) using

HiTrap Chelating HP (Amersham Biosciences, Uppsala, Sweden) with NiCl, as per the

manufacturer’s  instructions. His-tagged proteins were eluted by 50 mM

ethylenediaminetetraacetic acid (EDTA). IMAC eluates were buffer-exchanged to 20 mM

sodium phosphate, pH 7.4 with Amicon Ultra centrifugal filters (10K) (Merck Millipore,

Billerica, MA), and mixed with His-tagged TEV protease. TEV protease—cleaved proteins were

loaded to HiTrap Chelating HP loaded with NiCl,. Since the cleaved proteins which lack the

his-tag could not bind the column, the proteins were obtained in the flow through. After buffer-

exchanging to 20 mM sodium phosphate, pH 7.4 with Amicon Ultra centrifugal filters (10K),

TEV protease—cleaved proteins were bound to a 6-ml Resource Q anion exchanger (GE

Healthcare, Munich, Germany) pre-equilibrated with the same buffer. PDI was eluted by

increasing NaCl from 0 to 1 M in 20 mM sodium phosphate, pH 7.4 for 30 min at 2 mL/min

(10 column volumes). Purity was assessed by SDS—PAGE, the purest 1 ml fractions were pooled,

concentrated by Amicon Ultra centrifugal filters (10K). Protein concentrations were determined
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using calculated molecular masses and absorption coefficients at 280 nm.

2.4 Reaction of recombinant PDI with various nitrosocompounds

The reaction was started by adding S-nitrosocompound (100 or 500 uM) to reduced

hPDI (2 uM), and then incubating in 20 mM sodium phosphate buffer, pH 7.4, for the

designated time. The experiment for the stability of nitrosylated species in the presence of

GSH was performed as follows: reduced hPDI (2 uM) was reacted with SNOC or GSNO at

500 uM for an hour and then treated for 15 min with 10 mM GSH or a buffer control. To quench

the reaction free thiol groups were alkylated by the addition of 37.5 mM N-Ethylmaleimide

(NEM) and 2 M Urea for 7 min. The alkylation was stopped with 0.5% TFA. The NEM-trapped

samples were purified by Pierce™ C18 Spin Columns (Thermo Fisher Scientific, Waltham,

MA) and analyzed by electrospray ionization (ESI) mass spectrometry (Synapt G2, Waters,

Milford, MA, USA) coupled to ACQUITY UPLC machinery (Waters) with BEH300 C4 1.7

um 2.1 x 100 mm UPLC column (Waters) for desalting and protein separation prior mass

spectrometric analysis. UPLC was performed using 0.4 mL/min flow with 0.1% formic acid

and 3% to 70% acetonitrile gradient over 15 min. The sum of peak areas for all PDI species at

each time point was set to 100%.

2.5 Cell culture
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SH-SYS5Y cells obtained from the European Collection of Authenticated Cell Cultures

(ECACC; Wiltshire, UK) were maintained in plastic culture dish (TPP, Trasadingen,

Switzerland). The medium consisted of Dulbecco's Modified Eagle's Medium (DMEM)

(Nacalai Tesque, Kyoto, Japan) supplemented with 10% fetal bovine serum (Gibco, Carlsbad,

CA) and 100 IU/mL penicillin-100 mg/mL streptomycin (Nacalai Tesque). The cells were

grown in an atmosphere of 5% C02-95% air at 37°C.

SH-SYS5Y cells were transfected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA)

according to the manufacturer’s instruction. After selection in G418 (0.5 mg/mL), PDI wild

type and PDI C343S expression was confirmed by Western blotting (see results). Cells

transfected with the empty pRP-EGFP vector were used as controls. Cells were grown in

DMEM supplemented with 10% fetal bovine serum (Gibco, Invitrogen) and G418 (0.5 mg/mL)

at 37°C, 5% CO», and 95% air.

SNOC exposure at 100 uM was for 30 min in Hanks' Balanced Salt Solution (HBSS)

buffered with 10 mM HEPES, then the media was replaced and the cells incubated in FBS free

culture medium for 24 h. The cells were harvested at finishing SNOC exposure (30 min) and

24 h after removing SNOC.

2.6 Western Blotting

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl
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(pH 7.4), 150 mM NaCl, 0.5% sodium deoxycholate, 1.0% Triton-X100, 0.1% SDS, 2 mM

EDTA, 10 mM NaF, 1 mM phenylmethylsulfonyl fluoride and Halt™ Protease and Phosphatase

Inhibitor Cocktail (Thermo Fisher Scientific)). The protein content of the solubilized cells was

determined by the BCA protein assay kit (Thermo Fisher Scientific) with bovine serum albumin

as a standard. Twenty micrograms of protein were subjected to SDS-PAGE and then transferred

to polyvinylidene fluoride (PVDF) membranes (Bio-Rad Laboratories, Hercules, CA). Blots

were blocked by 1 or 3% skim milk in tris-buffered saline (20 mM Tris, 137 mM NacCl, pH 7.6)

containing 0.1% Tween 20 (TBS-T) at room temperature for 3 h, and then probed with PDI

(C81H6) Rabbit mAb (1:500, #3501, Cell Signaling Technology) or beta Actin Mouse

Monoclonal antibody (1:1000 dilution, 60008-1-Ig, Proteintech, Portland, ME) at 4°C

overnight. The blots were washed and then incubated with mouse anti-rabbit [gG-HRP (1:2,000

dilution, sc-2357, Santa Cruz Biotechnology, Santa Cruz, CA) or peroxidase-conjugated

Affinipure goat anti-mouse IgG+IgM (H+L) secondary antibody (1:2,000 dilution, 115-035-

044, Jackson Immunoresearch Laboratories, West Grove, PA). Clarity™ Western ECL

Substrate (Bio-Rad Laboratories) was used for detection.

2.7 Biotin Switch Assay

Cell lysates were prepared in lysis buffer (25 mM HEPES, pH7.4, 50 mM NaCl,

0.1 mM EDTA, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride and Halt™ Protease

10
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and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific)). The protein content of the

solubilized cells was determined by the BCA protein assay kit (Thermo Fisher Scientific) with

bovine serum albumin as a standard. For experiments employing 1 mg of protein, free thiols of

samples were blocked by methylmethanethiosulfonate (MMTS). After removing excess MMTS

by acetone precipitation, nitrosothiols were then reduced to free thiols by using 20 mM sodium

ascorbate. The newly formed thiols were linked to the sulfhydryl-specific biotinylating reagent

biotin—-HPDP. After removing excess biotin-HPDP by acetone precipitation, the biotinylated

proteins were pulled down using streptavidin—agarose beads, and SNO-Protein remaining in

the samples was detected by performing western blotting.

3. Results

3.1 Reaction of hPDI with various S-nitrosocompounds

While S-nitrosylation has been implicated as a contributing factor in activation of the

UPR and in neurodegenerative diseases [24,25] including Alzheimer’s disease and ALS, it is

unclear which cysteine residues in PDI are S-nitrosylated. The general assumption is the

reactive N-terminal cysteine in the active site CGHC motif will be S-nitrosylated and this will

have a direct impact on the function of this essential protein folding catalyst (Fig. 1A). However,

PDI also has two conserved cysteines in its b’ domain, which is linked to the ability to bind

substrates [18,19]. Hence, S-nitrosylation of these cysteines may also impact directly or

11
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indirectly on the function of PDI.

To examine which cysteines become S-nitrosylated, we examined the reaction of
reduced hPDI with S-nitrosocompounds followed by ESI mass spectrometry. As predicted PDI
reacted quickly with SNOC and GSNO leading to the rapid disappearance of the fully reduced
species (Fig. 1B-C). The second order rate constants for the kinetics of disappearance of
reduced PDI were 120 = 10 M!s™! for SNOC and 61 £ 7 M!s™! for GSNO. These are of the
same order of magnitude as the reaction of the N-terminal active site cysteine of the isolated a
domain with oxidized glutathione (188 M's!; [15]) and faster than oxidation of the active site

dithiol of this domain to a disulfide by dehydroascorbate (12.5 M!s’!; [35]).

3.2 The conversion of reduced hPDI to the disulfide state by S-nitrosocompound

The loss of the reduced species of PDI by reaction with SNOC and GSNO was
concomitant with both an observed increase in the expected S-nitrosylated species and the
appearance of up to two disulfide bonds in hPDI (Fig. 1B-C). Most likely these disulfide bonds
results from the conversion of the dithiol active sites in the reduced states of PDI being
converted to the oxidized state (as found during the normal redox cycle of PDI). This is
consistent with the known reactivity and catalytic cycle of PDI [12] as well as the rapid
formation of a disulfide in dihydrolipoic acid upon nitrosylation, with the formation of nitrous
oxide and hydroxylamine (Fig. 1D; [36,37]).

12
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To confirm that the active sites of PDI can be oxidized to the disulfide state by
nitrosylation we examined the reactivity of the isolated reduced catalytic a domain of PDI with
SNOC and GSNO (Fig. 2A-B). Consistent with the results from full length PDI there was a
rapid loss of the reduced species with initial second order rate constants of 87 + 17 M!'s! and
63 = 12 M!s”! for SNOC and GSNO respectfully. Concomitantly there was also the formation
of the disulfide species with initial rate constants of 75+ 16 M's ! and 59 + 11 M"!s™! for SNOC

and GSNO respectfully.

3.3 The production of dinitrosylated hPDI by S-nitrosocompounds

If the only product from S-nitrosylation of the active sites of PDI is the formation of
the oxidized active site, then nitrosylation would not have the reported effects [24,25]. Other
products must be formed and it these which must result in the reported biological effects.

Other products were observed from the S-nitrosylation of the reduced a domain, in
particular a small amount of single S-nitrosylated species was observed (maximally 9.6% at 15
seconds reaction time) and a dinitrosylated species which reached up to 22% of the total protein
(Fig. 2A-B). This dinitrosylation most likely arose from a kinetic competition between the S-
nitrosylation of the second active site cysteine vs the reaction of this cysteine with the other
nitrosylated active site cysteine to form a disulfide bond (Fig. 2C). To confirm that this arose

from such kinetic partitioning and not from the reaction of other amino acids in the protein, we

13
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examined the reaction of the C56S mutant of the a domain to SNOC and GSNO. This mutant
which lacks the C-terminal active site cysteine would be expected to form only single
nitrosylated or cysteinylated/glutathionylated species and it does (Fig. 2D and E), indicating
that dinitrosylation or disulfide bond formation of either active site of PDI arises from the
kinetic partitioning scheme shown in figure 2C.

Dinitrosylation was also observed for full length hPDI (Fig. 1B-C), with up to 33% of
the protein exhibiting a dinitrosylated state after 30 min reaction with SNOC, while up to 19%
was observed with the slower reacting GSNO. To further confirm that dinitrosylation arose
from kinetic partitioning (Fig. 2C) the reaction of hPDI with SNOC or GSNO was repeated at
5x lower concentrations of S-nitrocompounds. This resulted in a reduction in the dinitrospecies
formed (Fig. S2A-D). As further confirmation the reaction of hPDI with the less reactive SNO-
EtOH was undertaken. With SNO-EtOH the second order rate constant for the disappearance
of the reduced hPDI was only 2.0 = 0.2 M"!s™! and no dinitrosylated species was observed (Fig.

3).

3.4 S-nitrosylation of the b’ domain of hPDI by S-nitrosocompounds
Active site disulfide or dinitrosylated species were not the only species observed.
Mono nitrosylated species were also observed (Figs. 1-3). Some of these could be intermediates

(Fig. 2C), but the appearance of up to 20% of the total PDI being a state with two disulfides

14
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and one S-nitrosylation implies that at least one of the cysteines in the b’ domain of hPDI is

also being S-nitrosylated.

To examine which of these two cysteines in hPDI could be S-nitrosylated, C312A and

C343A forms of hPDI were constructed as well as the double mutant C312A/C343A. Purified

proteins were then reacted with SNOC and GSNO and the kinetics monitored by ESI mass

spectrometry. Disappearance of the reduced species, and appearance of the disulfide and

dinitrosylated states were not affected by the mutations (Fig. 4). In contrast, the two disulfide

and one S-nitrosylated state was only observed for the wild-type (Fig. 1B-C) and C312A mutant

(Fig. 4A-B). It was not observed for the C343 A single or C312A/C343 A double mutant of hPDI

(Fig. 4C-F). This implies that hPDI is S-nitrosylated on cysteine 343 in the substrate binding b’

domain.

In order to attempt to obtain mono-nitrosylated C343 species for functional studies,

oxidized PDI was reacted with SNOC and GSNO. No nitrosylation of PDI was observed under

any condition. Hence C343 appears to only be exposed for nitrosylation when at least one active

site is in the reduced state. This explains the low degree of nitrosylation of C343 (maximally

20% of the final product is the two disulfide one nitrosylation when starting from reduced PDI)

and makes in vitro elucidation of the consequences of C343 nitrosylation problematic. The

accessibility of C343 varying with the redox state of the active sites is consistent with the

reported change in structure of PDI upon redox state [38].

15
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3.5 Stability of the S-nitrosylated state in hPDI

The stability of the S-nitrosylated state will have an effect on its impact on PDI function.
The mononitrosylated active site appears to be rapidly converted to the disulfide state (Figs. 1-
2), but what about the dinitrosylated active site or the C343 nitrosylated state?

The dinitrosylated state of the active site of the isolated a domain formed from either
SNOC or GSNO reached a peak after 3 min of reaction and steadily decreased thereafter (Fig.
2). This gain and decay could be fitted to a sequential reaction (Fig. 5A). Both fitted well with
rate constants for the formation of the dinitrosylated species of 97 = 10 M's and 47 + 3 M'ls”
! for the SNOC and GSNO derived species respectively (Fig 5B ; equivalent to pseudo first
order rate constants of 2.9 and 1.4 min™!) . These are consistent with the rate of loss of the
reduced species. The loss of the dinitrosylated species was much slower, with apparent first
order rate constants of 0.0082 + 0.0013 min™' and 0.014 + 0.001 min™'. While this could
represent a spontaneous breakdown of the dinitrosylated species the difference in the rate of
loss of this species (Fig. 5B) and the concomitant appearance of the active site disulfide (Fig.
2), suggests a mechanism based on the reaction of the low level amounts of cysteine and
glutathione present in solution from the nitrosylation event (Fig. 5C). No transient mixed
disulfide states between PDI and the low molecular weight thiol species were observed.

To further examine if the active site dinitrosylated states and the C343 nitrosylated

16
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state are stable in the presence of GSH, reduced hPDI was reacted with SNOC or GSNO for an

hour and then treated for 15 min with near physiological concentrations of GSH or a buffer

control. Treatment with GSH resulted in the complete disappearance of the dinitrosylated active

site species, but not the C343 nitrosylated state (Fig. 5D).

3.6 The S-nitrosylation of PDI in SH-SYSY cells

Together this in vitro data suggests that the physiological effects of S-nitrosylation of

PDI arise from S-nitrosylation of C343 and that S-nitrosylated C343 is stable in the presence of

GSH.

To confirm that this effect is seen in vivo, SH-SY5Y cells were treated with SNOC for

30 min in the HBSS buffered with HEPES then the media replaced, and the cells incubated in

FBS free culture medium for 24 h. S-nitrosylation of PDI was observed after the SNOC

treatment and S-nitrosylated PDI was still detected 24 h after removing SNOC (Fig 6A),

suggesting that the S-nitrosylation could not be rapidly reduced by endogenous reductants such

as GSH.

We hypothesized that the primary site for S-nitrosylation of PDI in vivo would be C343.

To examine this we transfected SH-SYSY cells with plasmids stably expressing either wild-

type PDI or the C343S mutant. Both proteins were expressed to the same level (Fig. 6B). While

wild-type PDI was S-nitrosylated, the level of S-nitrosylation of the C343S mutant was

17
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substantially lower and only wild-type PDI of S-nitrosylation remained 24 h after removing

SNOC (Fig. 6C). This matches the in vitro results that C343 in the b’ domain is the primary site

for S-nitrosylation of PDI.

4. Discussion

PDI is an essential enzyme for oxidative protein folding, catalysing the formation,

breakage, and rearrangement of disulfide bonds in folding proteins (12, 33). In addition to its

oxidoreductase activity, PDI also acts as a molecular chaperone for unfolded/misfolded proteins

[9-11]. In some neurodegenerative disease patients, S-nitrosylated PDI accumulated in their

brain [24,25]. However, to our knowledge the S-nitrosylation site in PDI has not been defined.

Due to their high reactivity, the assumption is that the site is at one of the active sites. Here we

show that while the active site cysteines of PDI are reactive towards various nitrosocompounds

S-nitrosylation of the active site results in the net formation of an active site disulfide, unless

the nitrocompound is in large excess so that both active site cysteines become S-nitrosylated at

the same time. Active site S-nitrosylation, including active site dinitrosylation, is reversible by

GSH as the active site is exposed and since glutathione is an endogenous substrate of PDI [15].

Here we identify that in vitro and in vivo S-nitrosylation of C343 in the b’ domain of

PDI occurs. S-nitrosylation of C343 is only slowly reversible by GSH. These results suggest

that S-nitrosylation of C343 in PDI may be the causative effect results in the previously reported
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physiological changes in neurodegerenative disease patients. Studying the in vitro effects of

C343 nitrosylation on the function of PDI is problematic as C343 cannot be nitrosylated in the

oxidized state of PDI and nitrosylation from the reduced state results in a mixture of species

(e.g. Fig 1) which cannot be readily separate from each other.

While not involved in direct catalysis of thiol-disulfide exchange, the b’ domain

contains the primary substrate binding site of PDI [14,18,19]. Though C343 is not responsible

for substrate binding [18], it is located below the binding site, suggesting that S-nitrosylation at

this cysteine may modulate substrate binding affinity/specificity or interaction with Erol which

uses the same site [40] or the formation of a complex with MTPa which also uses the same site

[41].

While endogenous compounds, including PDI, could not reduce S-nitrosylated PDI

C343 there is the possibility that flavonoid glycosides might. For example, neohesperidin,

which is a flavonoid glycoside, alleviated AB2s 3s-triggered generation of S-nitrosylated PDI in

neuro cells [42] and rutin, another flavonoid glycoside with antioxidant activity could bind at

the b’ domain of PDI [43]. Together, these findings suggest that some flavonoids might be able

to access the S-nitrosylated C343 and reduce it back to the free thiol. Furthermore, this suggests

that flavonoids may be useful compounds for the development of new prevention and treatment

for neurodegenerative diseases.
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5. Conclusions

In this study, we identify that in vitro and in vivo S-nitrosylation of C343 in the b’

domain of PDI occurs. Active site disulfide, dinitrosylated species, and mononitrosylated

species were observed by the S-nitrosylation of reduced hPDI. Active site S-nitrosylation is

reversible by GSH but S-nitrosylation of C343 is comparative stable both of in vitro and in vivo,

suggesting that S-nitrosylation of C343 in PDI may be the causative effect on physiological

changes in neurodegerenative disease patients. The results of our study provide a new insight

into the proceeding neurodegeneration, and may be useful for the drug development for

neurodegenerative diseases.
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Figure Legends

Fig. 1 Time course of the reaction hPDI wild type with SNOC and GSNO
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(A) Domain structure of hPDI. (B-C) The reaction of reduced wild-type PDI with 500 uM

SNOC (B) or GSNO (C) was followed as a function of time by ESI-MS and the relative

proportion of the products calculated. (D) The predicted oxidation scheme of reduced hPDI by

a S-nitrosocompound.

Fig. 2 Time course of the reaction hPDI a domain with SNOC and GSNO

(A-B) The reaction hPDI a domain with 500 upM SNOC (B) or GSNO (C) was followed as a

function of time by ESI-MS and the relative proportion of the products calculated. (C) The

predicted production scheme of dinitrosylated hPDI a domain by S-nitrosocompound. (D-E)

The reaction hPDI a domain C56S mutant with 500 pM SNOC (E) or GSNO (E) was followed

as a function of time by ESI-MS and the relative proportion of the products calculated.

Fig. 3 Time course of the reaction hPDI wild type with SNO-EtOH

hPDI was reacted with 500pM SNO-EtOH for the designated time and the relative proportion

of the products at each time point calculated.

Fig. 4 Time course of the reaction hPDI cysteine mutants with SNOC and GSNO

(A-F) PDI mutants were reacted with SNOC or GSNO for the designated time and the relative

proportion of the products at each time point determined by ESI-MS. (A) The reaction hPDI
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C312A mutant with 500 uM SNOC. (B) The reaction hPDI C343 A mutant with 500 uM SNOC.

(C) The reaction hPDI C312A/C343S mutant with 500 pM SNOC. (D) The reaction hPDI

C312A mutant with 500 uM GSNO. (E) The reaction hPDI C343 A mutant with 500 uM GSNO.

(F) The reaction hPDI C312A/C343S mutant with 500 pM GSNO.

Fig. 5 The stability of mononitrosylated and dinitrosylated species of PDI.

(A) The reaction scheme of formation and breakdown of the dinitrosylated species by the

reaction with excess S-nitrosocompound. (B) The time course change of the dinitrosylated

species from the reaction of PDI a domain with 500 uM SNOC and GSNO. (C) The mechanistic

scheme of formation and breakdown scheme of the dinitrosylated species by the reaction with

excess S-nitrosocompound. (D) The effect of GSH on the S-nitrosylated hPDI produced by the

reaction with S-nitrosocompounds. Calculated molecular weight of each species is as follows:

2 S-S bond no NO; 55865, 2 S-S bond 1 NO; 55769, 1 S-S bond 2 NO; 55925, no NO; 56369,

1 NO; 56273, 2 NO; 56177.

Fig. 6 S-nitrosylation of PDI in SH-SYS5Y cells

(A) The S-nitrosylation of PDI by the treatment of 100 pM SNOC in SH-SYS5Y. (B) The protein

expression level of PDI after the transfection of plasmids containing EGFP, human PDI wild

type and PDI C3438S. (C) The S-nitrosylation of PDI by the treatment of 100 uM SNOC in PDI-
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Fig. S1 The reaction conditions of synthesis of S-nitrosocompounds.

(A) The scheme of the reaction. (B) The time dependences of the yields of synthesized S-

nitrosocompounds. (C) The concentration dependences of the yields of synthesized S-

nitrosocompounds. (D) Stabilities of synthesized S-nitrosocompounds. The yields were
1

calculated spectrometrically using extinction coefficients &333 = 900M lem™!, &35 =

920M 'cm ! and €335 = 920M 'em ! for SNOC, GSNO and SNO-EtOH, respectively.

Fig. S2 Time course of the reaction hPDI with a lower concentration of SNOC and GSNO.

(A-B) The reaction hPDI wild type with 100 pM SNOC (A) or GSNO (B) was followed by
ESI-MS and the relative proportion of products as a function of time plotted. (C-D) The
formation of the dinitrosylated species by the reaction with different concentrations of SNOC

(C) or GSNO (D).
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Figure 6

PDI PDI
wt C343S

(A) 30 min 1 day (B)
Input |EEED - cmp I PDI
SNO O || o Actin | "D Sy S
Ctrl SNOC Ctrl SNOC EGFP
(C)
Input D G S g
30 min
SNO —
Input | = - D> aa e
1 day .
SNO G — . o |

Ctrl SNOC Ctrl SNOC Ctrl SNOC

EGFP PDI PDI
wt C343S

38




1  Figure S1
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Figure S2
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