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a b s t r a c t

When the level of reactive oxygen species (ROS) in cells exceeds a genetically coded defense capacity, the
cells experience damage to vital components such as DNA, proteins and lipids that leads to non-specific
interactions and the production of a series of high molecular weight protein aggregates. The dynam-
ics of oxidative stress induced aggregation were studied here using model proteins and yeast. Model
proteins were oxidized at increasing ROS concentrations and analyzed using size exclusion chromatog-
raphy (SEC). Changes in the SEC elution profile showed that aggregation happens in stages and protein
fragments produced as a result of oxidation also give rise to aggregates. Yeast cells were stressed with
hydrogen peroxide to investigate in vivo aggregation. Equal amounts from control and oxidized lysates
were chromatographed on a size exclusion column and proteins of molecular weight exceeding 700 kDa
rotein carbonyls were collected from both samples which were then differentially labeled using light and heavy isotope
coded N-acetoxysuccinamide and mixed in a 1:1 ratio. The coded mixture was analyzed using LC/MS and
peptides that appeared as singlets representing the proteins that aggregated with higher molecular mass
protein complexes were identified. Twenty-five proteins were identified to be of this type. Fifteen mem-
bers in this group were found to have been carbonylated. These proteins are part of the proteome known
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. Introduction

Protein complexes and their formation are an important part of
egulating biological systems. Clearly the formation and participa-
ion of these protein clusters in biological processes is a natural,
enetically coded process of vital importance to cells. There are,
owever, other forms of protein aggregation as in the case of neu-
odegenerative diseases and physiological aging [1] that appear not
o be an inherent part of cellular regulation. These aggregates can
egatively impact metabolism and protein turnover [2] even caus-

ng cell death. It is not clear why or how these negative forms of
rotein aggregation occur, but irreparable damage to proteins from
xidative stress is clearly involved in physiological aging [3] and
eurological degeneration [4].

Central components of oxidative stress are (1) the generation of
eactive oxygen species (ROS) through both enzymatic and non-

nzymatic processes and (2) the participation of ROS in DNA,
NA, and protein oxidation. Protein oxidation occurs as a result
f either direct attack by ROS or indirectly through peroxidation
f lipids that further degrade and attack proteins. As a result of

∗ Corresponding author. Tel.: +1 765 494 3878; fax: +1 765 494 0239.
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content of the aggresome may provide vital information for mechanistic
ing.

Published by Elsevier B.V.

his oxidation, carbonyls are introduced into proteins either by
irect oxidation of amino acids or indirectly by attachment of a
arbonyl-containing moiety such as 4-hydroxynonenal [5–8]. Car-
onyl formation often alters protein conformation as well. This

n turn can increase protein hydrophobicity and enhances non-
pecific protein–protein interactions [5,6,9–11] that compromise
ell viability and impair protein turnover [10,11]. These aggre-
ates are generally composed of a single protein in the case
f neurological diseases such as Alzheimer’s [12] and Parkin-
on’s disease [13]. Much less is known about oxidative stress
nduced aggregation in other cases. An objective of the work
escribed here was to examine other forms of aggregation in greater
etail.

Several different methods have been developed to study
rotein–protein interactions. Affinity selection of associated pro-
eins using immobilized target proteins is one of the methods [14].
mmobilized proteins are also used in combination with reflectom-
try for the detection of protein–protein interactions [15]. Peptide
agging is another method used for the detection of specific pro-
eins interacting with a target protein [16]. One common feature of

ll these methods is the need for a target, or bait protein. Basically,
n all these cases a target protein has to be identified and purified
efore its interaction with other proteins can be detected. Another

imitation of these methods is the need for a target protein to be
n native form. This means these methods are not very effective for

http://www.sciencedirect.com/science/journal/15700232
mailto:fregnier@purdue.edu
dx.doi.org/10.1016/j.jchromb.2008.04.025
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etecting new, non-specific protein–protein interactions caused by
xidative stress.

A common feature of oxidative stress induced protein aggre-
ates is that they should be of higher molecular weight and
ize than the individual protein components of which they
re composed. Size exclusion chromatography (SEC) was used
n this work for differentiation on the basis of size in rec-
gnizing and isolating protein complexes. Considering the fact
hat many non-specific protein–protein interactions are often
ydrophobic, non-denaturing conditions should be used in the
eparation method selected to avoid disturbing the interactions
hat hold the aggregate together. Size exclusion chromatography
as all the specifications required for size-based fractionation
f complex protein mixtures without denaturation. Aggregates
ractionated by SEC can also be analyzed by a wide variety of stan-
ard proteomics platforms that will detect and identify protein
omponents.

Even though the general understanding is that oxidative stress
nduced protein aggregation compromises cell viability, the mech-
nism by which this occurs is poorly understood. Both model
roteins and yeast were used in this study to investigate protein
ggregation in vitro and in vivo under oxidative stress conditions.
n vitro oxidation studies were used to address several important
uestions. One was how easily proteins aggregate when oxi-
ized. Another was the degree to which self-aggregation occurs
o form homogeneous clusters, as in neurological diseases, ver-
us random aggregation to form heterogeneous aggregates. The
xtent to which these model system studies applied in a com-
lex samples was then examined in yeast using 5 mM hydrogen
eroxide to induce oxidative stress. The utility of Saccharomyces
erevisiae as a model system for investigating the impact of oxida-
ive stress and protein aggregation on cell death is well documented
17–20].

. Materials

Biotin hydrazide, sodium cyanoborohydride (NaCNBH3), tri-
uoroacetic acid (TFA) were purchased from Pierce (Rockford,

L, USA). Cytochrome c (equine heart), thyroglobulin (bovine),
odoacetamide, dithiothreitol (DTT), N-hydroxysuccinimide, acetic
nhydride, trypsin, yeast extract–peptone–dextrose (YPD) medium
1% yeast extract, 2% peptone, 2% glucose), ethylenediaminete-
raacetic acid (EDTA), N-˛-tosyl-l-lysine chloromethyl ketone
TLCK), HEPES and Tris buffers were obtained from Sigma–Aldrich
hemical Co. (St. Louis, MO, USA). Heavy isotope coded acetic
nhydride was purchased from C/D/N Isotopes Inc. (Pointe-
laire, Quebec, Canada). Sodium phosphate, urea, sodium chloride,
ydrogen peroxide, magnesium chloride and calcium chloride
ere purchased from Mallinkrodt (St. Louis, MO, USA). Pro-

ease inhibitor cocktail was purchased from Roche Diagnostics
Indianapolis, IN, USA). The Vydac 208TP54 reversed-phase C8
olumn was purchased from W.R. Grace & Co. (Columbia, MD,
SA). The DE44G00621 Zorbax 300SB-C18 reversed-phase column

75 �m × 150 mm) was purchased from Agilent Technologies, Inc.
Palo Alto, CA, USA). Superdex 200 10/300 GL column was pur-
hased from GE Healthcare (Bjorkgatan, Uppsala, Sweden). The
eversed-phase chromatography (RPC) analyses were done on an
ntegral Micro-Analytical Workstation (Framingham, MA, USA). The

C system used in conjunction with mass spectrometer was an Agi-
ent 1100 series instrument purchased from Agilent Technologies,
nc. (Palo Alto, CA, USA). Mass spectral analyses were done using
PE Sciex QSTARTM hybrid LC/MS/MS Quadrupole TOF mass spec-

rometer (Framingham, MA, USA). All spectra were obtained in the
ositive ion mode.
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. Methods

.1. Differential oxidation of model proteins

Metal-catalyzed oxidation of cytochrome c was accomplished
ccording to Stadtman and co-workers [8]. The chemical reaction
eading to the formation of ROS is shown below.

Fe3+ + H2A → 2Fe2+ + A + 2H+ (1)

2 + 2Fe2+ + 2H+ → 2Fe3+ + H2O2 (2)

e2+ + H2O2 → Fe3+ + OH• + OH− (3)

n a series of reactions shown above the formation of Fe2+ leads to
eneration of hydroxyl radicals which in turn are responsible for
xidation of proteins (Fenton reaction).

Cytochrome c was solubilized at a concentration of 10 mg/mL
in the case of cytochrome c and thyroglobulin mixture they were

ixed in an equal ratio to make a final protein concentration
f 10 mg/mL) in oxidation buffer (50 mM HEPES buffer; pH 7.4,
00 mM KCl; 10 mM MgCl2), and dialyzed against the same buffer at
◦C to remove any impurities that might be present and could inter-

ere with oxidation reaction. Differential oxidation of cytochrome
and cytochrome c/thyroglobulin mixture was accomplished by

he addition of a freshly prepared mixture of neutral ascorbic acid
25 mM) and ascending concentrations of FeCl3. FeCl3 was added in
series of experiments to the final concentration of 10 �M, 100 �M,
00 �M, 400 �M, 800 �M, 1 mM, 5 mM, 10 mM and 100 mM to
00 �L aliquots of the model protein solutions. The control sam-
le was prepared by the addition of EDTA to the final concentration
f 100 mM prior to the addition of a freshly prepared mixture of
eutral ascorbic acid (25 mM) and FeCl3 (10 �M). After 24 h of oxi-
ation at 37 ◦C in a shaking bath the reaction was quenched with
he addition of 100 mM EDTA. The concentration was then adjusted
o 2.5 mg/mL and the reaction mixture was filtered.

.2. Yeast strain and culture conditions

The method of Yoo and Regnier [21] was followed in growing
. cerevisiae wild-type strain SM1058 [22]. The cells were grown at
7 ◦C in YPD medium using a shaking incubator at 200 rpm. Cell
rowth was determined by optical density (OD) measurements at
00 nm. For processing a mid-log phase culture, the overnight-
ultured cells were inoculated in fresh medium to a cell density
f 0.2–0.3 OD600.

.3. Preparation of total protein from yeast treated with hydrogen
eroxide

Exponentially growing cells at a density of 2.4 OD600 were
reated with 5 mM hydrogen peroxide to induce oxidative stress.
ells from 500 mL cultures were harvested 1 h after the addition
f hydrogen peroxide and then washed twice with cold water by
entrifugation at 3000 rpm for 10 min at 4 ◦C. The pellet was resus-
ended in lysis buffer (pH 7.4) containing 0.3 M sorbitol, 0.1 M NaCl,
mM MgCl2, 10 mM Tris, 5 mM biotin hydrazide, 1 tablet Complete-
ini protease inhibitor and 1% aprotinine (EMD Biosciences, San
iego, CA). Cells were broken by repeated vortexing at 4 ◦C for
0 min with an equivalent volume of glass beads (0.6 mm diam-
ter; Sigma, G-8772). Supernatant was collected by centrifugation

t 14 000 rpm for 10 min at 4 ◦C. The lysate was incubated at room
emperature for 2 h to complete the Schiff base formation between
rotein carbonyls and biotin hydrazide. After 2 h an equal volume
f 30 mM NaCNBH3 in lysis buffer was added to reduce C N bonds.
rotein concentration was measured by the Bradford method using
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Coomassie protein assay kit (Pierce). Control sample was prepared
n the absence of hydrogen peroxide treatment.

.4. Size exclusion chromatography of oxidized proteins

One hundred microliters of each solution was separated on a
uperdex 200 10/300 GL column using 3.8 mM PBS as the elution
uffer. One hundred microliters of oxidized and control yeast lysate
final concentration of 2.5 mg/mL) were chromatographed using
ame gel-filtration column and PBS as the elution buffer. Separa-
ions were conducted using an Agilent 1100 series instrument and
he flow rate of 0.5 mL/min. UV absorbance at 280 nm was used to

onitor proteins retention time. During lysate elution from the SEC
olumn, a fraction was collected to isolate yeast proteins of molec-
lar weight larger than 700 kDa. Calibration curves generated using
odel proteins of known molecular weight were used to determine

ime intervals for fraction collection.

.5. Proteolysis

Six molar of urea and 10 mM DTT were added to protein frac-
ions collected from the SEC column. After a 1-h incubation at 65 ◦C,
odoacetamide was added to a final concentration of 10 mM and the
eaction allowed to proceed for an additional 30 min at 4 ◦C. Sam-
les were then diluted sixfold by the addition of 50 mM HEPES (pH
.0) in 10 mM CaCl2. Sequence grade trypsin (2%) was added and
he reaction mixture incubated at 37 ◦C for at least 8 h. Proteoly-
is was stopped by the addition of TLCK (trypsin:TLCK ratio of 1:1
w/w)).

.6. Preparation of the isotopic labeling agent

The initial step in the synthesis of N-acetoxysuccinamide was
o add 3 g (26.8 mmol) of N-hydroxysuccinimide to 1 g (8.9 mmol)
f acetic anhydride and stir for 15 h at room temperature. White
roduct crystals appeared gradually. Excess solvent was removed
y rotary evaporation at room temperature. The white crystalline
esidue was washed with hexane and dried in a vacuum. The
roduct melting point was 136–138 ◦C. The heavy isotope coded
eagent was prepared using heavy isotope coded acetic anhydride
13CD3O13CO13CO13CD3). The final product is 5 mass units heavier
han the non-coded reagent. The synthesis procedure followed was
ame as above.

.7. Differential labeling of the digested yeast lysate fractions

Digested fraction (proteins with MW ≥ 700 kDa) from
ontrol yeast lysate was labeled using light isotope coded
-acetoxysuccinamide while corresponding fraction from
xidized yeast lysate was labeled using heavy isotope coded
-acetoxysuccinamide [23]. Fiftyfold molar excess of N-
cetoxysuccinamide (light or heavy depending on sample)
as added to each digest and incubated at room temperature

or 8 h. Excess hydroxylamine was added to each sample and
H was adjusted to 11–12 using sodium hydroxide. Mixtures
ere incubated at room temperature for 10 min and then pH was

djusted back to 6.0–7.0 using acetic acid. Equal volumes of light
nd heavy isotope coded digests of corresponding fractions were
ixed in a 1:1 ratio and analyzed using LC/MS for the detection of

eptides appeared as singlets.
.8. LC/MS analysis

Corresponding light and heavy isotope coded fractions from
ontrol and oxidized samples, respectively, were mixed in a 1:1

t
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w
p
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atio. The multiplexed mixtures were then separated on an Agilent
orbax C18 column (0.5 mm × 150 mm) using an Agilent 1100 series
nstrument (Agilent Technologies, Inc., Palo Alto, CA) at 4 �L/min.
olvent A was 0.01% TFA in deionized H2O (dI H2O) and solvent
was 95% CH3CN/0.01% TFA in dI H2O. The flow from the col-

mn was directed to the Q-STAR workstation (Applied Biosystems,
ramingham, MA) equipped with an ESI source. Peptides were sep-
rated in a 60 min linear gradient (from 0% B to 60% B). MS spectra
ere obtained in the positive ion mode at a sampling rate of one

pectrum per second. The LC/MS spectra were then analyzed using
istools for the detection of features appeared as doublets or sin-
lets [24]. Singlet features were subjected to MS/MS analysis for
he identification of proteins present only in the control or oxidized
ysate.

.9. LC/MS/MS analysis of singlet peptides

The list of singlet peptides reported by Gistools was used as
n inclusion list for targeted MS/MS. Features with mass within
0 ppm of the targeted precursor mass window and retention time
ithin 5 min of targeted precursor’s retention time window were

ubjected to CID fragmentation.

.10. Mascot search

Aquired MS/MS data were submitted to Mascot for database
earches and identification of corresponding peptides and proteins.
nalyst software Version 1.0 was used to create the peak list from
aw data. No smoothing of the data, signal-to-noise ratio or peak
e-isotoping was applied. Charge states were determined automat-

cally using isotope distribution. The following search parameters
ere used for peptide identification—database: NCBInr; taxonomy:

. cerevisiae (72 412 entries); enzyme: trypsin; missed cleavages:
; fixed modifications: carbamidomethylation of cysteine, acety-

ation of N-terminal amino group and lysine residues; variable
odifications: biotinylation of lysine, arginine, thereonine and pro-

ine [25,26]. Peptide tolerance ±0.8 Da, MS/MS tolerance ±0.8 Da,
onoisotopic peaks were used for identification. The Mascot Mud-

it scoring system was used as a measure of identification certainty.
This scoring scheme removes the proteins with high scores due
o a large number of low score peptides and is a default choice
or datasets with more than 1000 queries.) Proteins with scores
xceeding the identity threshold (less than 5% rate of false positive)
ere accepted as hits.

. Results

.1. Analytical strategy

Among the many ways that oxidative stress can impact protein
tructure two of the most easily recognized are cleavage of the
olypeptide backbone and aggregation with other proteins [27].
oth events change the apparent molecular weight of the protein
nd are easily detected by size discriminating separation methods.
lthough reversed-phase chromatography, SDS polyacrylamide gel
lectrophoresis (SDS-PAGE), and 2D gel electrophoresis (2-DGE)
an all be used in the separation of aggregates, size exclusion chro-
atography is by far the best in terms of minimizing structural

erturbations during the separation. Mobile phase additives impact
ydrophobic association with RPC, SDS-PAGE, and 2-DGE. It is for

his reason that SEC was the principal protein separation method
sed in this work.

One of the questions examined in this study was the degree to
hich proteins varied in oxidative damage. There are so many com-
onents in a yeast lysate that changes in the molecular weight of
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still higher molecular weight aggregates were formed, probably
Fig. 1.

ndividual proteins cannot be observed by SEC alone. This issue was
ddressed using the global internal standard quantification pro-
ocol outlined in Fig. 1 and proteomic identification methods to
dentify proteins that changed in concentration or structure with
xidative stress. Cultured yeast was divided into two equal frac-
ions and one of them stressed with 5 mM H2O2. Equal amounts
rom each sample were separated on an SEC column and proteins
ith molecular weights of 700 kDa and above were collected. The
W cutoff for collection was set to 700 kDa to assure that proteins

n the fractions were members of an aggregate. Fractions collected
rom control and oxidized samples were separately digested and
ifferentially labeled. Fractions collected from the control sample
ere labeled with light isotope coded N-acetoxysuccinimide while

hose from the stressed sample were labeled with heavy isotope
oded N-acetoxysuccinimide. Digested fractions from each sample
ere then mixed in a 1:1 ratio and analyzed by LC/MS. LC/MS spec-

ra were analyzed using Gistools software [24] for the detection
f doublet peak clusters of co-eluting peptides with a mass dif-
erence matching the mass difference of heavy and light isotope
oded labeling reagents. Relative differences in peptide abundance
etween samples were calculated based on the isotope ratio of
hese doublet clusters.

Theoretically, 3 classes of peptides are expected from these
xperiments. The first class would be those that appear as singlet
lusters in the mixture. These singlets either were not present in
ontrol fraction or totally disappeared from the treated fraction.

he second class would include peptides that increased in concen-
ration in a fraction and the third would be the class of peptides
hat decreased in concentration. Since the focus of this study was
o identify proteins that aggregated as a result of oxidative stress,
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nly newly appearing proteins in the high molecular aggregate frac-
ion were identified. Proteins and peptides that simply increased
nd decreased in concentration were not analyzed and reported.
ll singlet peptides were analyzed using MS/MS for protein identi-
cation.

.2. Oxidation of cytochrome c and thyroglobulin to study the
xtent of heterogeneous versus homogeneous intermolecular
ggregation

Although numerous studies have been carried out on the forma-
ion of homo-polymers during oxidation of pure proteins in vitro,
here are few reports on cross-aggregation of proteins in model
ystems [28]. This is important because the complexity of the cel-
ular milieu suggests that heterogeneous clusters could be formed
n vivo. The relative tendency of proteins to form hetero versus
omogeneous complexes was investigated in vitro by co-oxidizing
ytochrome c (MW 12.4 kDa) and thyroglobulin (700 kDa) using a
eries of increasing concentrations of ferric chloride (as explained
n methods). Cytochrome c was chosen because it has a visible
bsorption spectrum with a maximum at 415 nm that allows it
o be traced in complex mixtures and it is easily separated from
hyroglobulin by size exclusion chromatography.

The overlaid SEC chromatograms for oxidized cytochrome c at
ncreasing concentration of ferric chloride in reaction mixtures are
hown from bottom to top (Fig. 2). Three cytochrome c species
monomer, dimer and tetramer) are seen in the control sample. The
act the sample was heated to 37 ◦C is the reason for the high levels
f dimer and tetramer. Increasing concentrations of ROS decreased
he concentration of dimer and tetramer while increasing fragmen-
ation. This trend continued to 5 mM FeCl3 at which point the dimer
eak became broader and skewed toward higher molecular weight.
possible explanation for this is that lower molecular weight frag-
ents of cytochrome c aggregate with the dimer. At 100 mM FeCl3,

ytochrome c aggregates of 2000 kDa and heavier were seen.
Cytochrome c and thyroglobulin (700 kDa) were solubilized in

xidation buffer to a final protein concentration of 10 mg/mL in a
:1 molar ratio and then oxidized. Protein complex formation was
gain monitored by SEC. Fig. 3a shows an overlaid 280 nm UV trace
f the oxidized cytochrome c and thyroglobulin mixture using dif-
erent oxidation concentrations. This figure indicates that even at
ow oxidant levels protein polymers are formed of sufficiently high

olecular weight to produce a visual precipitate. Fig. 3b provides
ore detail of how this occurred. The first chromatogram at the

ottom is from cytochrome c solubilized in oxidation buffer and
mmediately separated on the SEC column while the second is from
he cytochrome c and thyroglobulin mixture incubated at 37 ◦C for
2 h. A protein with an absorbance of 415 nm is seen to elute with
early the same retention time as thyroglobulin. Since absorbance
t 415 nm is from cytochrome c and a protein of this retention
ime is not formed with cytochrome c alone, the protein of 415 nm
bsorbance must be from a complex of cytochrome c and thyroglob-
lin. Moreover, the absence of oxidant in the incubation mixture
uggests this complex is not due to covalent bond formation. It was
ubsequently found that this complex could be dissociated (data
ot shown). Since the complex formed slowly during the course of
long incubation at 37 ◦C, it is likely due to a structural change in
ne or both of the proteins allowing a weak hydrophobic or elec-
rostatic interaction between the partners. With the introduction
f 10 �M and 100 �M ferric chloride into the incubation mixture
hrough the association of multiple moles of cytochrome c with
ingle molecules of thyroglobulin.

Several important conclusions can be reached from the SEC
nalysis of oxidized model proteins. One is that oxidative cleav-
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ge can occur at least as easily as protein aggregation. Moreover,
hese cleavage fragments then readily participate in aggregation.

second is that incubating proteins for a long period of time at
7 ◦C can induce aggregation to the dimer and tetramer level, even
n the absence of strong oxidative stress. This is probably due to
on-oxidative conformational changes. Third, it is concluded that
eterogeneous association of proteins occurs at least as readily as
omogeneous aggregation in some cases. This is important because
o little is known about the aggregation process in this form of
ggregation.

.3. Protein aggregation caused by oxidative stress in yeast

S. cerevisiae has proven to be an excellent model to explore the
xidative stress hypothesis of aging for several reasons [18,19,29].

ne is that yeast is a eukaryotic cell with a short life cycle. The
roblem with mammals is that they age so slowly; it is hard to
arry out a large number of experiments. A second is that yeast has
relatively small and well-defined genome. A third is that yeast

xpresses numerous proteins orthologous to mammalian proteins.

Fig. 3.
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ata derived from protein aggregation induced by oxidative stress
n yeast is very likely to be of value in the study of mammalian
eurological diseases and aging.

Based on the free radical theory of aging, formation of protein
arbonyls plays an integral role in loss of protein tertiary structure
nd aggregation. Other oxidative modifications at amino acid side
hains may also play a role. To investigate the extent of protein car-
onyl involvement in oxidized protein aggregation along with the

dentity of those proteins prone to aggregation, yeast cells were
tressed with hydrogen peroxide for 1 h. A control culture was pre-
ared in the absence of hydrogen peroxide. Biotin hydrazide was
dded to the lysis buffer to tag the protein carbonyls and prevent
rotein cross-linking via carbonyls after lysis. Schiff bases formed
y biotinylation were then reduced using NaCNBH3. After mea-
uring protein concentration in control and oxidized yeast lysates,
qual amounts of lysate were examined by SEC. Proteins and pro-
ein complexes with a molecular weight exceeding 700 kDa were
ollected from the SEC column (Fig. 4). Because the average molec-
lar weight of proteins expressed by yeast is in the range of 50 kDa
ith a small number at 100 kDa, protein complexes of >700 kDa are

ikely to have 10–15 or more proteins.
It will be noted that in the treated sample there is substan-

ially greater absorbance at 280 nm in the >700 kDa fraction than
he control sample (Fig. 4). This increase in protein concentration
n the treated sample could have occurred in several ways. One
ossibility is that as expected proteins became non-specifically

ssociated with high molecular weight complexes after oxidative
tress. Another explanation is that there is a large difference in
rotein degradation between the control and treated samples. It

s known that protein half-life in normal yeast is roughly 30 min

Fig. 4.
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Table 1
List of all yeast proteins that were found solely in oxidized fraction

# prot acc prot desc Score Coverage MW Number of peptides

1 gi|433836 Unnamed protein product 243 70.1 24 853 14
2 gi|297485 GP38 226 14.7 38 322 6
3 gi|32693297 Translation elongation factor 1-alpha 224 8.2 43 286 4
4 gi|51013305 YPR080W 224 5.9 52 752 5
5 gi|32693293 Translation elongation factor 1-alpha 205 15.3 42 260 13
6 gi|3366 Unnamed protein product 77 18.4 59 152 8
7 gi|1360375 PDC1 71 16.3 63 378 8
8 gi|4109 Pyruvate decarboxylase 71 16.9 62 024 8
9 gi|172140 Phosphofructokinase, beta subunit 70 9.2 107 490 9

10 gi|4388536 Actin 69 48.8 42 785 13
11 gi|3328 Actin 65 42.4 42 801 15
12 gi|4627 Alpha, alpha-trehalose-phosphate synthase (UDP-forming) 51 16 57 940 5
13 gi|1323435 PFK1 45 3.6 111 598 3
14 gi|3694 Fatty acid synthetase subunit beta 43 4.4 211 731 9
15 gi|798945 Adh2p 41 9.8 38 341 3
16 gi|600808 Unknown 38 1.6 102 369 3
17 gi|123579 Heat shock protein 60, mitochondrial precursor

(stimulator factor I 66 kDa component) (P66) (CPN60)
37 14 63 116 9

18 gi|4114 Unnamed protein product 37 6.9 63 870 4
19 gi|4614 Unnamed protein product 36 3.1 39 688 1
20 gi|1149544 N2650 34 8.2 18 038 1
21 gi|312258 PUP2 34 7.7 29 509 2
22 gi|3724 Unnamed protein product 32 17.8 37 202 5
23 gi|1323341 TDH3 32 15.7 37 108 5
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4 gi|1431189 CDC48
5 gi|230909 Phosphoglycerate kinase

ist of all proteins as well as their scores and coverage is listed. For complete list of

nd that oxidative stress drastically reduces the ability of proteo-
omes and lysosomes to degrade protein complexes [30]. Reducing
he degradation rate of protein complexes in oxidatively stressed
ells without reducing protein synthesis would cause the observed
henomenon.

Differentiation between these two possibilities was achieved
sing the protocol in Fig. 1. Control and oxidatively stressed
amples were tryptic digested separately and then differentially
cetylated using light and heavy isotope coded forms of N-
cetoxysuccinamide, respectively. The Gistools software [24] was
sed to identify doublet and singlet peaks. According to the label-

ng strategy seen in Fig. 1, the lighter of these peaks is from the
ontrol sample while the heavier is from the stressed sample. The
eavy form of N-acetoxysuccinamide is 5 mass units heavier than
he light.

Large numbers of singlets were detected. After MS/MS analysis
f all singlet peptides, they were subjected to a database search.
ight acetate tagging was selected as a constant variable while
eavy acetate tagging was not specified. As a result, all peptides
hat originated from the control sample were identified with a
igh score. Other peptides and their corresponding parent proteins
emained unidentified. By reversing this procedure all peptides that
arried heavy isotope tags and their parent proteins were identified.
list of all proteins identified from heavy labeled singlet peptides

s seen in Table 1.
The 25 proteins listed in this table are those hits with high-

st scores and the most reliable identification. Numbers in the
rst column of the table are the NCBInr accession number while
he second column contains the protein name and the third col-
mn the Mascot total score. Amino acid coverage and molecular
eight are in the next two columns. Carbonylated peptides were

dentified for 15 proteins in this list (for more detail on these

roteins see Supplementary Table 1). Even though the score for
iotinylated peptides is normally low, the fact that these pep-
ides were found in a pool of other singlet peptides from the same
rotein makes the identification more reliable. Identifying carbony-

ated peptides further confirms the hypothesis that the changes

i
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32 12.7 94 519 10
31 10.1 46 680 5

es and sites of carbonylation please refer to Supplementary Table 1.

bserved were the result of protein oxidation to the carbonyl
evel.

The results in Fig. 4 and Table 1 are interpreted to mean that
he substantial increase in protein concentration in the >700 kDa
raction of oxidatively stressed yeast is due to proteins of lower

olecular weight associating with preexisting protein complexes
f the yeast interactome. Many more proteins than the 25 iden-
ified above are likely to be responsible for this increase. The fact
hat the proteins identified originated from singlets means that the
ncrease in absorbance seen in the oxidatively stressed sample is
ue primarily to changes in the molecular weight of proteins, not
educed degradation.

. Discussion

Mitochondria give eukaryotes the huge advantage of having a
edicated system to harvest energy from the environment through
erobic oxidation of metabolites. This is achieved by transferring
lectrons to oxygen through a series of interconnected, energy cap-
uring metalloproteins. The price eukaryotes pay for this great asset
s that during the course of electron transport a small percentage
f electrons leak from the electron transport chain to form harmful
OS. ROS at low levels is generally destroyed, producing no adverse
ffects. But at high metabolic loading, with aging, or in the case of
egenerative diseases that cause aberrations in the mitochondrial
lectron transport chain, ROS formation can be excessive. Under
onditions of extreme or prolonged oxidative stress, cell survival is
hreatened.

The most important observation coming from the data pre-
ented above was that oxidative stress in yeast can cause the
ncorporation of stress-damaged proteins into the interactome.
ased on the fact that protein complexes in the interactome are
nvolved in everything from capturing metabolic energy to gene and
rotein expression, cell signaling, and recycling damaged proteins,
his is very significant. Recent studies have shown that uniden-
ified oxidized proteins bind to the surface of 20S proteosomes
here they act as irreversible inhibitors of protein degradation [31].
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ecause the 20S proteosome is responsible for destroying oxida-
ively damaged proteins [32], the inhibition of oxidized protein
egradation creates a negative feedback loop. The probable net
ffect is that the ability of oxidatively stressed systems to degrade
xidized proteins decreases slowly with an accompanying increase
n the level of oxidatively damaged proteins. Diminishing the activ-
ty of this system at a time when it is critically needed is a blow to
he cell, but compromising the activity of many protein complexes
y random adsorption of oxidized proteins onto the surfaces of mul-
iple complexes would be even more serious. Based on the results
rom this study it seems that indeed, many protein complexes are
ttached by oxidized proteins.

Moreover, the aggregation process seems to be very different
n this case than the polymerization process commonly associ-
ted with Alzheimer’s and Parkinson’s disease. Results from this
tudy and the 20S proteosome studies [31] show that adsorption
f damaged proteins onto the surface of existing, native protein
omplexes is an alternative to polymerization in sequestering oxi-
ized proteins. The biological impact seems to be different as well.
hereas protein fibrils and amyloid structures resulting from poly-
erization are broadly toxic to cells [33], protein adsorption onto

he surface of protein complexes only compromises a particular
omplex or organelle.

Given that protein complexes can form in several ways, in which
iological systems do these various mechanisms apply? Oxida-
ive stress induced polymerization is associated with slow growing
eurological tissue where a small number of disease-specific pro-
eins can undergo a very unique type of conformational conversion
o a steric zipper-like, �-sheet structure [34]. With �-synuclein
brils for example this cross-� spine region is arranged in a paral-

el, in-register structure wherein the same residues from different
olecules are stacked on top of each other [35]. This parallel,

n-register zipper-like structure appears to be a common feature
hared by multiple amyloid fibrils. Clearly, polymerization to form
brils only occurs when these very unique proteins are present in
ells.

With the hundreds of other oxidatively damaged proteins in
tressed cells [36] these studies suggest that when they reach a level
here aggregation occurs it will probably be by a mechanism simi-

ar to the one described here. The first step in the process is likely to
nvolve conformational change(s) that will increase local hydropho-
icity or ionic character at the oxidized protein surface. This in turn

eads to a pairing of these newly created surface domains with
omplimentary hydrophobic or charged surface domains in pro-
ein complexes. As we know from reversed-phase chromatography
nd ion exchange chromatography systems, adsorption of dena-
ured proteins at surfaces almost never goes beyond a monolayer.

oreover, adsorption is reversible. Both of these characteristics of
urface adsorption are very different than in fibril formation where
ery high binding affinities are involved.

. Conclusions

Oxidative stress induced aggregation of proteins occurs widely

n nature. It is concluded from these studies that beyond the homo-
nd cross-polymerization mechanisms so widely referenced in
he literature, oxidized proteins also participate in non-genetically
oded complexation by adsorption to the surface of existing,
ative complexes. Moreover, our model protein study suggests that
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xidized proteins are less likely to associate with themselves than
he large number of cytosolic proteins found in complexes. This
imple, random adsorption process seems to be more similar to
hat happens in aging than in neurological diseases where fibril

ormation is the norm. Combination of SEC and mass spectrometry
ased proteomics has proven effective in isolation and characteri-
ation of protein aggregates in yeast cells.
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