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Abstract

Previous studies suggest that the number of proteins containing covalently bound biotin is larger
than previously thought. Here, we report the identity of some of these proteins. Using mass
spectrometry we discovered 108 novel biotinylation sites in the human embryonic kidney
HEK?293 cell proteome; members of the heat shock protein (HSP) superfamily were
overrepresented among the novel biotinylated proteins. About half of the biotinylated proteins also
displayed various degrees of methionine oxidation, which is known to play an important role in
the defense against reactive oxygen species; for biotinylated HSPs, the percent of methionine
sulfoxidation approached 100%. Protein structure analysis suggests that methionine sulfoxides
localize in close physical proximity to the biotinylated lysines on the protein surface. Mass
spectrometric analysis revealed that between 1 and 5 of the methionine residues in the C-terminal
KEEKDPGMGAMGGMGGGMGGGMF motif are oxidized in HSP60. The likelihood of
methionine sulfoxidation is higher if one of the adjacent lysine residues is biotinylated.
Knockdown of HSP60 caused a 60% increase in the level of reactive oxygen species in fibroblasts
cultured in biotin-sufficient medium. When HEK293 cells were transferred from biotin-sufficient
medium to biotin-free medium, the level of reactive oxygen species increased by >9 times
compared with baseline controls and a time-response relationship was evident. High levels of
methionine sulfoxidation coincided with cell cycle arrest in the GO/G1 and S phases in biotin-
depleted cells. We conclude that biotinylation of lysines synergizes with sulfoxidation of
methionines in heat-shock proteins such as HSP60 in the defense against reactive oxygen species.
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INTRODUCTION

Methionine is sensitive to oxidation by reactive oxygen species (ROS), thereby creating
methionine-S-sulfoxide and methionine-R-sulfoxide isomers in proteins [1, 2]. Methionine
sulfoxide reductase (Msr) has catalytic activity to reduce methionine sulfoxides to
methionine and, therefore, is a key enzyme in the repair of oxidatively damaged proteins [3,
4]. The oxidation of methionine and its subsequent reduction by Msr is considered a major
pathway in the elimination of ROS. Msr deficiency accelerates aging [5], impairs cell
signaling and protein function [6], produces a more aggressive phenotype in breast cancer
[7], and prevent Parkinson’s-like symptoms [8]. Despite the biological importance of the
methionine redox cycle, the sulfoxidation proteome is poorly characterized.

Here, we conducted a mass spectrometry screen of posttranslational modifications of
proteins and discovered that many biotinylated proteins also contain methionine sulfoxides.
This was a surprising observation, because to the best of our knowledge no links between
biotin and protein oxidation have been described in the scientific literature. The only remote
connection between biotin and redox biology is that the sulfur atom in the heterocyclic ring
of biotin is a target for oxidation itself, creating biotin-1-sulfoxide and biotin-d-sulfoxide [9,
10]. The binding of biotin to lysine residues in proteins is catalyzed by holocarboxylase
synthetase [11], which localizes in the cytoplasm, mitochondria, and nuclei in mammalian
cells [12-15]. Previous studies suggest that the abundance of protein biotinylation marks
depends on biotin supply in human cell cultures and in healthy adults [16, 17].

In this study we further characterized possible interactions between lysine biotinylation and
methionine sulfoxidation. We focused primarily on HSP60 based on the following rationale.
First, the role of HSP60 in ameliorating oxidative stress is unambiguous [18]. Second,
HSP60 is particularly abundant in mitochondria, i.e., in the cellular compartment where
many ROS are produced [19]. Third, our mass spectrometry analyses produced very robust
biotinylation and sulfoxidation signals for HSP60. Specifically, we tested the hypothesis that
biotinylation of HSP60 facilitates sulfoxidation of adjacent methionines, thereby decreasing
oxidative stress.

MATERIALS AND METHODS

Cell cultures

Human embryonic kidney HEK293 cells and fetal lung IMR90 fibroblasts were maintained
in MEM and RPMI-1640 media, respectively, following routine protocols [16, 20-22]. Cells
were grown to ~70% confluence for subsequent analyses. In some experiments, cells were
cultured in biotin-free media for up to three days [20]. Efficacy of treatment was assessed by
measuring the abundance of biotinylated carboxylases using streptavidin blots [20, 22].
Biotinylated carboxylases are widely accepted as markers of cellular biotin status [10]. Cell
viability was routinely monitored by using trypan blue exclusion and was typically >95%.

Purification of biotinylated proteins

A pellet of 30x108 HEK293 cells was lysed in 10 mL of Bug Buster lysis buffer (Novagen),
containing 10 pL of protease inhibitor cocktail (Sigma) and 250 units Benzonase nuclease
(Novagen). Samples were incubated on ice for 15 min. After centrifugation, the supernatant
was filtered through a 22-pm membrane (Millipore) and run through a 2-mL monomeric
avidin column according to the manufacturer’s instructions (Thermo Scientific; biotin-
binding capacity = 1.2 mg biotinylated protein/mL settled resin). Biotinylated proteins were
eluted with 4 mL of Regeneration Buffer (0.1 M glycine, pH 2.8), and samples were
desalted and concentrated using 5 kDa Spin-X UF concentrators (Corning).
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Analysis of protein modifications by mass spectrometry

Avidin-purified proteins were resolved using NUPAGE 4-12% Bis-Tris gels. Gels were
stained with coomassie blue, and proteins were released from cut-out pieces and digested
with trypsin as described previously [23]. Samples were loaded on the monolithic trap
column in a Dionex U 3000 nano LC unit. The desalted peptides were separated and eluted
using a C18 Pep Map column (75 pm inner diameter, 15 cm, 3 um particle size) and an
acetonitrile gradient (acetonitrile plus 0.1% formic acid) and introduced into the mass
spectrometer using the nano spray source. The LCQ Fleet mass spectrometer (Thermo
Electron Corporation) operates with the following parameters: nano spray voltage (2.0 kV),
heated capillary temperature 200°C, full scan m/z range 400-2000. The LCQ was operated
in data dependent mode with 4 MS/MS spectra for every full scan, 5 microscans averaged
for full scans, and MS/MS scans in collision-induced dissociation mode. The acquired
spectrum was compared to the human reference proteome for sequence identities using the
MASCOT database analysis software [24].

Protein structures

Protein structures were modeled in silico to identify the location of biotinylated and
sulfoxidated lysines and methionines, respectively. Briefly, proteins containing modified
peptides were identified using the PDB database [25] and BLAST (version 2.2.26). Best
matches were selected from top BLAST hits aligning to full-length peptides with 295%
sequence identity and having E-values of less than 1.0x107%. HSP60 was the only exception
to this rule for which the best match was its microbial ortholog GroEL, which had 60%
sequence identity. The secondary structures and solvent accessible areas surrounding
biotinylation and sulfoxidation sites were determined using the DSSP program [26]. The
relative solvent accessibility (RSA) was calculated as the percentage of the accessible
surface area of residue X in the tripeptide G-X-G as described previously [27]. Residues
with an RSA <20% and = 20% were considered buried and exposed, respectively, to the
solvent. All protein presentations were prepared using VMD version 1.9.1 [28]. Molecular
surface representations were calculated using the MSMS 2.5.7 as plugin in VMD [29]. In
graphical presentations, K and M residues were set at 100% opacity and the protein opacity
was set at 75%. The average structural features at the biotinylation and oxidation sites were
calculated using a custom perl script.

Cell cycle analysis

Cell cycle analyses were conducted in primary human fibroblast cultures. IMR90 fibroblasts
were detached from culture flasks by treatment with trypsin for <10 min at room
temperature, and cells were fixed in 70% ethanol (2.5x10° cells/mL) at 4°C overnight. Prior
to analysis, cells were washed in phosphate-buffered saline (PBS) containing 2% bovine
serum albumin and collected by centrifugation. Cell pellets were suspended in 0.5 mL of
PBS containing DNase-free RNase (100 pg/mL) and incubated at 37°C for 0.5 h. Cells were
then stained with propidium iodide (40 pg/mL final concentration) and analyzed using a BD
FACSCalibur flow cytometer and the Cell Quest Pro software (BD Biosciences). The data
are expressed as percent of cells in each phase of cell cycle.

ROS analysis

The membrane permeable 2/,7’-dichlorodihydrofluorescein diacetate (HoDCFDA) is a non-
fluorescent probe that is hydrolyzed and oxidized to 2/,7/-dichlorofluorescein after entry into
the cell; the level of the fluorescent 2/,7’-dichlorofluorescein is a measure for cellular levels
of ROS [30]. Briefly, 2.5x10° IMR90 fibroblasts were incubated with 10 pM H,DCFDA
(final concentration) in a volume of 5 mL of RPMI-1640 at 37°C for 1 h. Cultures were
rinsed with phosphate-buffered saline, detached using trypsin, and subjected to flow
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cytometry analysis of 2/,7/-dichlorofluorescein (DCF). Results are expressed as percent
change in ROS per 10,000 cells based on fluorescence ratios in treatment versus control.

HSP60 knockdown cells

RESULTS

HSP60 was knocked down by transfecting 2x108 HEK293 cells with 2 nM of HSP60
Trilencer-27 Human siRNA (OriGene) using Lipofectamine 2000 (Invitrogen). Controls
were transfected with sSiRNA not targeting any human gene (Negative Control SiRNA,
Origene). Cells were collected 2 d after transfection and knockdown was confirmed by
western blot analysis, using 3-8% Tris-Acetate gels (Invitrogen), anti-HSP60 Antibody
(Abcam), IRDye® 800CW anti-rabbit 1gG (LI-COR), and an Odyssey infrared imaging
system [16]. The expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as control.

Co-localization of lysine biotinylation and methionine oxidation

A large number of proteins eluted off the avidin column and were visualized using
coomassie blue staining (Fig. 1A). LC/MS/MS analysis of gel pieces revealed the existence
of 213 proteins, including 108 novel biotinylated proteins and 105 non-biotinylated proteins
(Table 1). Epsilon amino groups in lysines were the only targets for covalent binding of
biotin. Ninety of the 213 proteins that were detected by LC/MS/MS also carried methionine
sulfoxidation marks. Fifty percent of the proteins that were biotinylated were also modified
by methionine sulfoxidation, whereas the percentage was only about 34% (36 of 105
proteins) in biotin-free proteins, suggesting a link between protein lysine biotinylation and
methionine sulfoxidation. In subsequent analyses we focused on proteins that were dually
modified by lysine biotinylation and methionine sulfoxidation (Table 2). The majority of
these dually modified proteins are members of the superfamily of HSPs (molecular
chaperones), regulators of transcription and translation, proteins with functions in the
cytoskeleton (tubulin and actin), and enzymes in glycolysis (Fig. 1B). HSP60 is unique
among these proteins because the sulfoxidated methionines cluster in a unique C-terminal
KEEKDPGMGAMGGMGGGMGGGMF motif. The motif is characterized by five
methionine residues embedded in a glycine-rich sequence and the presence of two lysine
residues that are targets for biotinylation (Table 3). Between one and five of the methione
residues were oxidized in the HSP60 C-terminus, in the presence or absence of one lysine
biotinylation mark.

One might ask whether methionine sulfoxidation marks are artifacts due to sample
preparation or storage. Previous studies suggest that recombinant proteins may be stored for
up to 1.7 years with no methionine sulfoxidation detectable by LC/MS/MS [31]. This
previous observation is consistent with the theory that methionine sulfoxidation marks
occurred naturally as opposed to being in vitro artifacts in this study. Additional evidence in
support of this theory is presented below.

Structural analyses

Forty biotinylated and sulfoxidated peptides were matched to PDB entries. Note that some
peptides contained two biotinylation or sulfoxidation sites and that, therefore, the total
number of modification sites was 44 for biotinylation and 46 for sulfoxidation. About 50%
of biotinylation and sulfoxidation marks localized in a-helices, ~40% localized in loops, and
~10% localized in sheets (Table 4a). Solvent accessibility analysis suggests that the majority
of biotinylated lysines (84%) are exposed to solvent, whereas the majority of sulfoxidated
methionines (67%) are buried inside the protein (Table 4b). Note that the percentages were
calculated by imposing novel biotinylation and sulfoxidation marks on existing PDB entries
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for unmodified proteins with the objective to illustrate the spatial distribution of these
marks. These results can be visualized from the molecular surface representations showing
the biotinylated and sulfoxidated positions in 11 proteins (Fig. 2). Note that GroEL is the
bacterial ortholog of human HSP60, and that the peptide sequence is 60% identical to
GroEL. The majority of biotinylated lysines are exposed on the protein surface, whereas a
meaningful percentage of sulfoxidated methionines are buried inside proteins. Biotinylated
lysine residues localize in close physical proximity to sulfoxidated methionines. The median
distance between biotinylation and sulfoxidation sites was 12.1 A based on the analysis of
55 sites in the 40 peptides (Table 4c).

Biotinylation of lysines increased the likelihood of methionine sulfoxidation events. Fifty
percent of the proteins that were biotinylated also carried sulfoxidation marks in HEK293
cells (54 of 108 proteins, Table 1). In contrast, 66% of the proteins that lacked a
biotinylation mark also had no sulfoxidation marks (69 of 105 proteins). The theory that the
removal of ROS is contingent on biotin-dependent creation of methionine sulfoxidation
marks was further tested using biotin-depleted IMR-90 fibroblasts. Our rationale for
studying fibroblasts was to demonstrate that interactions between biotinylation and
sulfoxidation marks do not only exist in tranformed immortal cell lines such as HEK293, but
also in primary cells with a finite life span such as IMR-90. When fibroblasts were cultured
in biotin-free medium, the abundance of biotinylated proteins decreased to near background
levels after three days of culture, as judged by the abundance of biotinylated carboxylases
(Fig. 3A). The relative amount of ROS increased from 100% (day 0) to 210% (day 1), 330%
(day 2), and 970% (day 3) in fibroblasts cultured in biotin-free media (Fig. 3B). When
fibroblasts were stressed by biotin depletion, they responded with cessation of proliferation
(Fig. 3C) due to an arrest in the GO/G1 and S phases of the cell cycle (Fig. 3D). Importantly,
when the expression of HSP60 was knocked down by about 60% in HEK-293 cells (Fig.
4A), then the levels of endogenous ROS increased by 60% (Fig. 4B). Note that the
experiment in HSP60 knockdown cells was conducted in regular RPMI-1640 which contains
a pharmacological concentration of biotin (~ 1 pM). Currently, no antibody is available that
is specific for biotinylated HSP60, i.e., we could not determine whether the abundance of
HSP60 biotinylation marks depends on the concentration of biotin in cell culture media.
Note, however, that we succeeded raising an antibody that is specific for the biotinylated
species of another novel biotinylated protein, namely the transcription factor and tumor
suppressor MBP-1. The abundance of biotinylated MBP-1 and transcriptional repressor
activity of MBP-1 depended on the concentration of biotin in cell culture media (J. Zhou et
al., in preparation).

DISCUSSION

This study provides novel insights into biotin nutrition and redox biology at multiple levels.
First, this is the first report to suggest that lysines in HSPs are biotinylated. Second, this is
the first report of 108 novel biotinylated proteins using mass spectrometry analysis. Third,
this is the first report to identify proteins containing methionine sulfoxidation marks in the
absence of exogenous inducers of oxidative stress. Previous studies used superoxide and
hydrogen peroxide [32, 33] and hypochlorous acid [34] to create methionine sulfoxidation
marks, which may not represent the in vivo situation. Fourth, this is the first report to
demonstrate the co-existence of lysine biotinylation and methionine sulfoxidation marks in
endogenous proteins and an increase in ROS levels in response to biotin depletion. Fifth,
this is the first report to suggest that proteins containing oxidized methionines may be
enriched using avidin-based purification protocols. The availability of such a protocol is an
important advancement, considering that the abundance of methionine sulfoxidation marks
in proteins is low compared with the reduced normal protein [31]. Sixth, this is the first
report directly implicating HSP60 with stress resistance.
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The KEEKDPGMGAMGGMGGGMGGGMF motif is highly conserved in different species
[35], but its function is unknown. Our data suggest that the C-terminal motif in HSP60
might be a ROS acceptor. HSP60 is a high abundance protein which forms homooligomers
composed of either 7 or 14 subunits in mitochondria [19]. Depending on the degree of
polymerization, HSP60 oligomers have 35 or 70 methionine residues that could act as ROS
scavengers, rendering the protein a high capacity ROS scavenger. We speculate that HSP60
is recycled through the action of Msr. The mechanism of methionine and Msr dependent
elimination of ROS is firmly grounded in the literature [36, 37]. Here, we expand this model
by proposing that biotinylation of lysines in heat shock proteins close proximity to
sulfoxidation sites contributes toward the elimination of ROS through the methionine/Msr
pathway (Fig. 5A and 5B).

This study is just the first step in advancing the discovery of novel biotinylation and
sulfoxidation sites in proteins to a more mechanistic level. The following uncertainties will
be addressed in future studies. (i) The theory that modified HSP60 is recycled by Msr is
currently pure speculation. (ii) While it is clear that HSPs other than HSP60 are also target
for biotinylation, it is currently uncertain whether they scavenge ROS. (iii) Evidence
suggests that the protein biotin ligase holocarboxylase synthetase catalyzes the binding of
biotin to HSPs (Xue et al., unpublished) but it is unknown whether the removal of biotin
also is an enzyme-mediated process. (iv) The heterocyclic ring in the biotin molecule
contains a sulfur atom that is known to undergo oxidation to produce biotin-d,l-sulfoxides
and biotin sulfone in vivo [38, 39]. Sulfoxidation in the biotin molecule is an NADPH-
dependent process [40], consistent with the diagram shown in Figure 5. It is currently
unknown whether biotin sulfoxidation is an intermediate in the formation of methione
sulfoxides in HSPs. We conclude that, despite a number of remaining uncertainties,
evidence is emerging to suggest that biotin and methionine synergize in the protection
against oxidative stress through HSPs, and that this possibility deserves further
investigation.
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Biotinylated proteins in HEK293 whole cell extracts. (A) Proteins extracts were purified
using monomeric avidin, resolved by SDS-PAGE,and and visualized using coomassie blue.
Lanes 1 and 2 = independently prepared samples; lane 3 = markers. (B) Proteins containing
both lysine biotinylation and methionine sulfoxidation marks were clustered by biological

function.
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Fig 2.

Localization of oxidized methionines and biotinylated lysines in proteins. Proteins are
labeled with their name and corresponding Protein Databank (PDB) identifiers above and
underneath the structure prediction, respectively. Oxidized methionines (M) and biotinylated
lysines (K) are shown in red and blue, respectively. Bright colors denote residues that are
exposed at the protein surface, whereas shaded colors denote buried residues.
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Fig 3.

Biotin depletion causes an increase in oxidative stress and cell cycle arrest in IMR90
fibroblasts. Cells were transferred from biotin regular RPMI-1640 culture media (~1 umol/I
biotin) to biotin-depleted media and culture was continued for three days. (A) Depletion of
biotinylated carboxylases at timed intervals after transfer of fibroblasts into biotin-free
medium. ACC = acetyl-CoA carboxylases 1 and 2, PC = pyruvate carboxylase, MCC = 3-
methylcrotonyl-CoA carboxylase, PCC = propionyl-CoA carboxylase. (B) Levels of ROS in
fibroblasts at timed intervals after transfer of fibroblasts into biotin-free medium. No DCF
control = IMR90 cells without HoDCFDA as stain for ROS in regular RPMI-1640. (C)
Fibroblast counts at timed intervals after transfer into biotin-free medium. (D) Cell cycle
analysis at timed intervals after transfer of fibroblasts into biotin-free medium.
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HSP60 knockdown causes ROS accumulation in HEK293 cells. (A) HSP60 abundance was
assessed two days after knockdown with HSP60 Trilencer-27 Human siRNA,; control cells

were transfected with a sSiRNA not targeting any known gene in the human genome.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as loading control. (B)
Cellular ROS levels in HSP60 knockdown cells (left), knockdown controls (middle), and
knockdown controls in the absence of fluorophore (right).
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Fig 5.

Model of the biotin-dependent methionine/Msr defense system in the presence (A) and
absence (B) of biotin. Reduced and oxidized forms of proteins are denoted by using
subscript red and ox. (A) ROS is intercepted by a methionine residue of heat shock protein
(HSP), which is oxidized to MetO. Methionine sulfoxidation depends on lysine
biotoinylation (LysB). HSP is recycled by methionine sulfoxide reductase (Msr). The
oxidized Msr is reduced by thioredoxin (Trx), which is subsequently reduced by thioredoxin
reductase (TrxR). Note that mammalian TrxR is a selenoprotein. TrxR is then reduced by
NADPH. The net result is that ROS are scavenged in an NADPH-consuming process. (B)
Biotin depletion causes an arrest in the methionine/Msr cycle, thereby leading to ROS
accumulation.
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Table 1
Proteins purified by avidin and identified by LC/MS/MS analysis. Proteins are broken down by lysine
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biotinylation and methionine sulfoxidation marks.

Count (% of all proteins) Biotinylation Total
- +
Sulfoxidation 69 (32.4%) | 54 (25.4%) | 123 (57.7%)
36 (16.9%) | 54 (25.4%) | 90 (42.3%)
Total 105 (49.3%) | 108 (50.7%) | 213 (100%)
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Table 3

Permutations of lysine biotinylation and methionine sulfoxidations in the HSP60 C-terminus.

Modifications in the HSP60 C-terminusl ~ Oxidation count  Biotinylation count

KPDPGMOGAMOGGMOGGGMOGGGMOF
KPDPGMPGAMOGGMOGGGMCGGGMOF
KPDPGMOGAMGGMCGGGMCGGGMPOF
KPDPGMOGAMGGM°GGGMGGGMOF
KPDPGM°GAMPGGMOGGGMOGGGMOF
KPDPGMCPGAMPGGM°GGGM°GGGMOF
KPDPGMPGAM°GGMOGGGMOGGGMOF
KPDPGM°GAMCGGM°GGGMCGGGMOF
KPDPGM°GAMPGGM°GGGMPGGGMOF
KPEEKPDPGMOGAMCGGM°GGGMOGGGMOF

o O O O o O o O +» o o

KPEEKPDPGMCGAM°GGMOGGGMOGGGMOF

-

KPEEKPDPGM°GAMCGGMCGGGM°GGGMOF
KPEEKPDPGMC°GAMCGGMCGGGMOGGGMOF

A BA W N N OTOWWwW W W NP

KPEEKPDPGMCGAMOGGMCGGGMCGGGMOF

Abbreviations: b, lysine biotinylation; o, methionine sulfoxidation.
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Table 4

Location of biotinylated lysines and oxidized methionines.

a. Secondary structure:

Biotinylated lysine  Oxidized methionine

Inhelices  54.6% (24/44) 50.0% (23/46)
In sheet 13.6% (6/44) 8.7% (4/46)
In loop 31.8% (14/44) 41.3% (19/46)

b. Solvent accessibility:

Biotinylated lysine  Oxidized methionine

Buried 15.9% (7/44) 67.4% (31/46)
Exposed  84.1% (37/44) 32.6% (15/46)

c. Distance between biotinylation and sulfoxidation sites:

Sites analyzed 55
Minimum distance 30A
Maximum distance 352 A
Average distance 139 A
Median distance 121A
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