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Abstract

The endoplasmic reticulum (ER) is a target for endogenously generated reactive oxygen species
(ROS) during aging. We have previously shown that the ER chaperones, protein disulfide isomerase
(PDI) and immunoglobulin heavy chain binding protein (BiP) are oxidatively modified within the
livers of aged mice. In this study we assess the functional consequences of the age-dependent
oxidation of these two proteins. Specific activity measurements, performed on purified protein
samples obtained from young and aged mouse livers, show definitive decreases in BiP ATPase
activity and dramatic reductions in PDI enzymatic activity with age. Overall, these results suggest
that protein folding and other activities mediated through PDI and BiP are diminished during aging.
Furthermore, the relative loss of these chaperone-like activities could directly contribute to the age-
dependent accumulation of misfolded proteins, a characteristic of the aging phenotype.
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Introduction

The endoplasmic reticulum (ER) is a focal point for intracellular protein assembly. Within the
lumen of the ER, proteins are folded, post-translationally modified, and assembled into protein
complexes before they are exported to the cytoplasm, other organelles, the cell surface, or
secreted from the cell altogether [1-3]. Within the ER, protein disulfide isomerase (PDI) and
immunoglobulin heavy chain binding protein (BiP) belong to a cadre of chaperones and other
enzymes that catalyze the proper folding and assembly of proteins.
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The immunoglobulin heavy chain binding protein (BiP), is a member of the Hsp70 chaperone
family [4]. BiP interacts with newly synthesized polypeptides through a C-terminal binding
domain that preferentially interacts with linear stretches of amino acids that contain alternating
hydrophobic and aromatic residues [5]. Peptide binding at the C-terminus is coupled with ATP
binding at the protein’s N-terminal domain where the ATP substrate induces a conformational
change that triggers peptide release [6,7]. BiP also plays a central role in the unfolded protein
stress response (UPR) [7]. Under normal low stress conditions, BiP interacts with the luminal
domains of IRE1, PERK, and ATF6 [4,8,9]. Increase in the burden of unfolded protein disrupts
these interactions, and triggers the cascade of UPR signaling [7,10]. BiP also interacts with a
variety of other chaperones and folding enzymes, participating in one of the major chaperone
complexes within the ER [11].

PDI is a disulfide isomerase that mediates the oxidative folding and unfolding of polypeptides
within the ER [12,13]. It also catalyzes the disulfide bond isomerization of a variety of
substrates in vitro [14,15]. In the cell, however, PDI is directly oxidized through the Ero-1
pathway and functions as a sulfhydryl oxidase, catalyzing disulfide bond formation for
polypeptide substrates in the process of folding into native structures [16]. PDI also functions
in the large network of ER chaperones that include BiP, Grp94, ERp72, and other folding
enzymes [1,11]. The concerted activities of these proteins are required for ER protein quality
control [1].

The accumulation of misfolded proteins is a hallmark of the phenotype of aged tissues and is
thought to be a causative factor in a variety of age-associated diseases such as Parkinson’s and
Alzheimer’s disease. However, the molecular events that lead to protein accumulation during
aging are not fully understood. Recent reports have emphasized that the ER is a major target
for oxidative stress [16-18] and we have previously shown that PDI and BiP are oxidatively
modified by carbonylation in aged mouse liver [19]. We hypothesize, therefore, that one of the
factors that contributes to protein misfolding during aging is the loss of the chaperone-like
activities mediated through PDI and BiP. Here we test this hypothesis by investigating the
functional consequences of the age-related oxidation of these proteins.

Materials and Methods

Mice

Young (3-5 months) and aged (20-24 months) male C57BL/6 mice from the National Institute
on Aging colonies (Bethesda, MD) were obtained through Charles River Laboratories
(Wilmington, MA). Mice were maintained with a 12 hour light/dark cycle and fed ad libitum
on a standard chow diet for at least one week before use. Mice were sacrificed by cervical
dislocation. The livers were harvested and snap frozen in liquid nitrogen until analysis.

Preparations of ER proteins

Liver homogenates were prepared separately from three young and three aged mice [19]. ER
proteins were prepared from the livers of individual mice with minor modifications [19].
Briefly, the ER pellet was resuspended in purification buffer (25 mM KCI, 5 mM MgCl,, 50
mM Tris-HCI, pH 7.5) with protease and phosphatase inhibitors and 0.5 % Triton X-100 to
permeabilize microsomes. The suspension was allowed to stand on ice for 20 minutes and then
centrifuged for 90 minutes at 105,000 x g. The supernatant contained the enriched ER proteins
used in this study. Protein was quantified with the Bradford protein assay (Bio-Rad), using
BSA as a standard. Pools of young and aged ER protein were created by combining equal
amounts of samples from three young and three aged mouse ER fractions. Protein pools from
both age groups were used for protein purification.
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Purification of PDI and BiP

The purification of PDI and BiP from mouse livers was based on a previously published method
with slight modifications [20]. All column chromatography steps were performed on a dual
pump HPLC system (ESA Biosciences) equipped with a UV-Vis detector (UV-Vis Model 528,
ESA Biosciences) and a Gilson FC 204 fraction collector. Solubilized ER protein extracts from
mouse livers were applied to an anion exchange column (5 ml UNO-Q-Sepharose column,
Bio-Rad). After application, the column was washed with 30 mL of 25 mM Tris (pH 8.0),
developed with a shallow 20 mL linear NaCl gradient (0-250 mM NaCl in 25 mM Tris pH
8.0), followed by a steep 20 ml NaCl gradient (250 mM — 1 M NaCl in 25 mM Tris pH 8.0).
The flow rate equaled 1 mL/min throughout purification and fractions were collected at a rate
of one fraction per minute. Fractions containing PDI and BiP were identified by resolving a
small aliquot of these fractions on large format 26 well acrylamide gels (Bio-Rad), transferring
the gels to Immobilon-P (Millipore) PVDF membranes and probing membranes with
antibodies specific for either PDI or BiP. Protein samples containing PDI and BiP were pooled
and applied to a 2 ml Bio-Scale ceramic hydroxyapatite (HAP) column (Bio-Rad). After the
column was washed with 5 ml of low phosphate buffer (5 mM sodium phosphate, pH 7.4),
protein was eluted with a shallow 20 minute linear sodium phosphate (pH 7.4) gradient (5 mM
— 150 mM) followed by a steep 20 minute linear sodium phosphate (pH 7.4) gradient (150 mM
—500 mM). Throughout HAP chromatography, the flow rate equaled 0.5 mL/min and fractions
were collected at a rate of one fraction every minute. SDS-PAGE/immunoblotting procedures
were again used to locate fractions containing PDI and BiP.

Fractions containing PDI and BiP from young and aged mice were pooled and concentrated
by centrifugal concentration (Icon® 20 kDa MWCO, Pierce). Protein concentrations were then
determined with the bicinchonic acid (BCA) protein assay (Pierce) using bovine serum albumin
as a standard.

PDI activity measurement

PDI specific activity was quantified by measuring the GSH-dependent, PDI-catalyzed
reduction of insulin with the coupled glutathione reductase assay [21]. Prior to analysis, DTT
was added to both samples to a final concentration of 10 mM and the samples were incubated
for 4 hrs at 4° C to reduce active site thiols. Each assay was performed as follows: Buffer
components were added to a cuvette to give final concentrations of 0.2 M sodium phosphate
(pH 7.5), 5 mM EDTA, 3.7 mM GSH, 0.12 mM NADPH, and 16 units/mL of glutathione
reductase. The reaction buffer was allowed to stand undisturbed for 30 seconds to allow
conversion of contaminating GSSG to GSH. Bovine insulin (30 pM) was added to the cuvette
and the uncatalyzed reaction was recorded for two minutes at 340 nm. PDI was then added to
a concentration of 10 ug/mL and the reaction was monitored for an additional two minutes.
The uncatalyzed background rate was subtracted from the catalyzed rate to produce the final
values. The PDI specific activities reported here are average values calculated from five
independent measurements of young and aged protein samples. All PDI activity measurements
were made at 25° C in a Beckman Coulter DU530 spectrophotometer.

BiP activity measurement

The ATPase activity of BiP was quantified using an end-point assay that measured the release
of organic phosphate during BiP catalyzed hydrolysis [22]. Assay mixtures contained 20 mM
HEPES (pH 7.0), 25 mM KCI, 2 mM MgCl,, 0.1 mM EDTA, 0.5 mM DTT and 1 mM
[y-32P] ATP. Activity assays were initiated by adding BiP (1 uM, final concentration) to the
reaction mixture and incubating at 37° C for 30 minutes; the volume of each reaction equaled
20 pL. The reaction was quenched by adding an equal volume of 4% SDS to each sample and
briefly vortexing each tube. Inorganic phosphate released during catalysis was extracted by
adding 50 pL fresh phosphate reagent (4 N sulfuric acid, 4% ammonium molybdate, and 0.02
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M silicotungstic acid) and 200 pL of 35:65 isobutanol:xylene (v/v) to each reaction and

vortexing each tube for 10 seconds (2x) to form aqueous and organic phases. The upper phase
(50 uL) was removed and analyzed by liquid scintillation counting. Each activity measurement
was repeated three times and average values were calculated for young and aged BiP samples.

Detection of oxidized PDI and BiP

Results

The relative abundance of oxidative modifications (carbonyls) in young and aged protein
samples were determined using the Oxyblot kit [23,24; Intergen Company]. Carbonylated
proteins were detected following the manufacturer’s recommendations with slight
modification. Briefly, 0.5 ug of the purified protein from each age group was derivatized with
2,4-dinitrophenylhydrazine for exactly 10 minutes after which the proteins were resolved by
SDS-PAGE, and transferred to a PVDF membrane. Blots were developed using a primary
antibody specific for the 2,4-dinitrophenylhydrazone (DNP) moiety and blots visualized with
an appropriate HRP-conjugated secondary antibody. Blots were quantified by densitometry
and the Coomassie Blue stained membrane was used to normalize for sample loading variation.

Purification of PDI and BiP

To purify PDI and BiP from the livers of young and aged mice, a two column chromatography
approach was developed (Fig. 1, Materials and Methods). Solubilized ER proteins were first
fractionated by anion exchange chromatography (Fig. 1A). PDI eluted between 35 and 40
minutes within the initial shallow salt gradient and BiP eluted between 45 and 50 minutes at
the beginning of the steeper salt gradient.

Fractions containing PDI were pooled and applied to a hydroxyapatite column (Fig. 1B). In
both young and aged samples PDI eluted as two peaks (Fig. 1B). This chromatographic
behavior has been attributed to inter-subunit disulfide bonding between PDI molecules [25].
Treatment of the samples with DTT reduces the disulfide bonds without affecting the specific
activity of PDI within the different peaks. Thus, we combined protein fractions eluted at these
peaks from hydroxyapatite columns and used it as purified PDI in all further studies. Equal
quantities of purified PDI (250 ng) from each sample were resolved by SDS-PAGE and proteins
were visualized by Coomasie Blue staining (Fig. 1C). The stained gel shows that highly purified
PDI was obtained from both young and aged mouse liver extracts. Interestingly a higher
molecular weight protein band is more prominent in the aged sample relative to the young
sample (Fig. 1C). Both protein bands were immunoreactive with an anti-PDI antibody (data
not shown).

Q-Sepharose chromatography fractions that contained BiP were fractionated by hydroxyapatite
chromatography (Fig. 1D). BiP eluted as a single peak at ~35 minutes. Aliquots of the young
and aged BiP samples (100 ng) were resolved by SDS PAGE and proteins visualized by Sypro
Ruby Staining (Fig. 1E). The stained gel shows that highly purified BiP was obtained from
young and aged mouse liver.

Increased protein carbonylation correlates with age-associated decrease in PDI activity

We have previously shown an age-dependent carbonylation of PDI in the mouse liver [19].
After derivitization of the purified PDI samples with 2,4-dinitrophenylhydrazine, Western blot
analysis was used to assess the extent of carbonylation of these samples (Fig. 2A).
Densitometric analysis of PDI protein in young and aged samples (annotated with an arrow on
the figure) indicates that PDI from old livers contains approximately 4.5 times more carbonyl
modifications relative to that from young livers. The higher levels of carbonylation in the aged
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PDI correlates with decreased PDI activity, i.e., ~45% relative to the young enzyme, as
measured by GSH-dependent insulin reduction (Fig. 2B).

Increased protein carbonylation correlates with age-associated decrease in the BiP ATPase

activity

We have previously shown that within mouse liver, BiP is carbonylated in an age-dependent
fashion [19]. Densitometric analyses of Western blots of DNP-derivatized BiP demonstrated
that BiP from old livers contains approximately 2 times more carbonyl modifications relative
to that from young livers (Fig. 3). The higher levels of carbonylation in the aged BiP correlates
with ~20% decrease of BiP ATPase activity, as measured by [y-32P] phosphate release (Fig.
3B).

Discussion

The oxidizing environment of the ER makes resident proteins potential targets for reactive
oxygen species [16-18]. We have previously shown that levels of carbonylated PDI and BiP
are much higher in livers of aged mice compared to young mice. Additionally, several recent
studies have shown that BiP and PDI protein levels decrease with age, further suggesting that
chaperone dysfunction could be a principle cause of increased protein misfolding and
accumulation of oxidatively modified proteins, a physiological basis for the progression of
aging characteristics [26,27]. In this study we have shown that increase in age-related oxidative
modification of PDI and BiP correlates to a decrease in their chaperone-like activities, thus,
suggesting a decline in tissue function due to ER-dysfunction.

PDI and BiP belong to different classes of ER-protein folding enzymes, disulfide isomerases
and ATP utilizing chaperones, respectively. Because other proteins with similar activities are
present in the ER, activity measurements must be conducted on purified protein samples. The
two column purification procedures we developed for this study facilitated preparation of
highly enriched PDI and BiP (Fig. 1), and measurement of their activities. Our results suggest
that the activities of both chaperone proteins are altered by carbonylation (Fig. 2B and 3B),
thus suggesting that the loss of function of these chaperones may be due to altered structure
caused by oxidative modification. It is interesting that though these enzymes were purified
from the same tissue pools, we measured rather large differences in relative levels of oxidative
modification between PDI and BiP from young and aged samples. Thus, the age-associated
decrease in PDI and BiP activity correlates with increased levels of their carbonylation
suggesting that within in vivo settings, different proteins are variably susceptible to ROS-
induced damage. Furthermore, the data also suggest that protein structural changes due to
oxidative damage may cause this decrease in activity (Fig. 2 and 3).

Roles for BiP and PDI in normal aging and age-related diseases

Over the span of several decades, experiments, mainly conducted in vitro, have demonstrated
reduced enzyme activity, decreased structural stability and an increased propensity to aggregate
that generally accompany protein oxidation [28-34]. These experiments provided much of the
evidence that has popularized the free radical theory of aging as a direct relationship between
protein oxidation and reduced protein function. Based on our studies we propose that the loss
of activity from oxidatively damaged ER chaperone proteins is consistent with the decline of
tissue function that occurs in normal aging and age-related diseases. Specifically, several lines
of evidence suggest that PDI may play a central role in the progression of such catastrophic
neurodegenerative diseases as Parkinson’s and Alzheimer’s diseases [35].

Our studies add credence to the current theories that integrate the loss of chaperone function
into theories regarding aging and several age-related diseases [36,37]. We suggest that chronic
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oxidative stress, a hallmark of normal aging, result in the accumulation of misfolded proteins
by two mechanisms. One source of misfolded proteins is the direct oxidation of proteins by
ROS as some proteins, such as PDI and BiP, are intrinsically susceptible to oxidative
modification and the oxidized forms of these proteins may accumulate with age. Secondly, the
folding efficiency of nascent, de novo synthesized proteins may also decrease as chaperone
activity decreases with age. In addition to PDI and BiP, the loss of chaperone activity of many
other folding enzymes such as ERp55, ERp57, ERp72, and calnexin has been reported to
decrease with age [26]. Thus, the burden of misfolded, aggregation-prone proteins may
increase with age but the capacity to mitigate this folding stress will decrease with age. We
suggest that decreased ER chaperone activity and increased folding stress is one of the
underlying mechanisms of aging. Interestingly, decreased chaperone activity could impact the
function of multiple systems and complexes throughout the cell.

In addition to the oxidative damage of ER chaperones, PDI AND blp, our lab has observed
similar damage and accumulation of proteins of the aged mouse kidney mitochondrial electron
transport chain complexes that correspond with loss of activity [38] and suggests increased
mitochondrial dysfunction with aging. Thus, we propose that the oxidative modifications of
PDI and BiP will be additive to the mitochondrial dysfunction for the development of age-
associated decline in tissue function. In conclusion, our study provides important insight into
physiological effects of oxidative modification on PDI and BiP function and their possible role
in ROS-mediated ER stress in aging.
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Fig. 1.

Purification of PDI and BiP from young and aged mouse liver. (A) Solubilized ER extracts
from young and aged mouse liver were fractionated by anion exchange chromatography (Q-
sepharose) as decribed in Materials and methods. Fractions containing PDI and BiP were
located by Western blotting and the elution positions of the proteins are indicated on the figure.
(B) Q-sepharose chromatography fractions containing PDI were pooled and applied to a
hydroxyapatite column for further purification as described in Materials and methods.
Fractions containing PDI, as assessed by Western blotting, corresponded to the two abundant
peaks indicated on the figure. (C) Aliquots (250 ng) from young and old PDI samples were
resolved by SDS-PAGE and proteins visualized by Coomassie Blue staining. The purification
scheme yielded two protein species, identified by arrows on the figure. The higher molecular
weight species is more prominent in the aged sample relative to the young sample. (D) Q-
Sepharose fractions containing BiP were applied to a hydroxyapatite column and developed
with the same elution protocol described above. BiP was identified by Western blotting
procedures and corresponded to the peak labeled in the figure. (E) An aliquot of the young and
aged BiP protein pools (100 ng) was resolved by SDS-PAGE and proteins visualized by
Coomassie Blue staining. The above chromatographs (A, B, and C) were obtained from
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fractionation of the young protein sample, fractionation of the aged sample yielded a similar
elution profiles.
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The age-associated decrease in PDI specific activity correlates with increased carbonylation.
(A) PDI purified from young and aged mouse livers was analyzed for carbonyl content by
Western blot analysis. Protein samples (~200 ng) from each age group were derivatized with
2,4-dinitrophenylhydrazine, as described in Materials and methods, resolved on SDS-PAGE
and transferred to a PVDF membrane. Relative levels of carbonylation were compared by
probing blots with an anti-DNP antibody; the Coomassie Blue stained membrane was used to
normalize protein loading. Densitometric analysis was conducted on the band present in both
young and aged samples (indicated with arrow on the figure). (B) Specific activity for young
and aged PDI was measured as GSH-dependent reduction of insulin as described in Materials
and methods. The average values reported for each age group were obtained from five
independent experiments and error bars represent calculated standard errors of mean.
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The age-associated decrease in BiP specific activity correlates with increased carbonylation.
(A) BiP purified from young and aged mouse liver was analyzed for carbonyl content by
Western blot analysis. Protein samples (~100 ng) from each age group were derivatized with
2,4-dinitrophenylhydrazine, as described in Materials and methods, resolved on SDS-PAGE
and transferred to a PVDF membrane. Relative levels of carbonylation were compared by
probing blots with an anti-DNP antibody; the Coomassie Blue stained membrane was used to
normalize protein loading. Densitometric analysis was conducted for determination of fold
change in carbonylation of BiP with age. (B) The ATPase activity of BiP was quantified using
hydrolysis of [y-32P] ATP as described in Materials and methods. Average activity values were
calculated from three independent experiments and error bars represent calculated standard

errors of mean.
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