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Abstract
Shotgun proteomics protocols are widely used for the identification and/or quantitation of proteins
in complex biological samples. Described here is a shotgun proteomics protocol that can be used
to identify the protein targets of biologically relevant ligands in complex protein mixtures. The
protocol combines a quantitative proteomics platform with a covalent modification strategy,
termed Stability of Proteins from Rates of Oxidation (SPROX), which utilizes the denaturant
dependence of hydrogen peroxide-mediated oxidation of methionine side chains in proteins to
assess the thermodynamic properties of proteins and protein-ligand complexes. The quantitative
proteomics platform involves the use of isobaric mass tags and a methionine-containing peptide
enhancement strategy. The protocol is evaluated in a ligand binding experiment designed to
identify the proteins in a yeast cell lysate that bind the well-known enzyme co-factor, β-
nicotinamide adenine dinucleotide (NAD+). The protocol is also used to investigate the protein
targets of resveratrol, a biologically active ligand with less well-understood protein targets. A
known protein target of resveratrol, cytosolic aldehyde dehydrogenase, was identified in addition
to six other potential new proteins targets including four that are associated with the protein
translation machinery, which has previously been implicated as a target of resveratrol.
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Introduction
The detection and quantitation of protein-ligand binding interactions is important for
understanding biological processes. It is also a critical part of many drug discovery efforts,
particularly those focused on the development of therapeutic agents with protein targets.
Knowledge about the protein targets of therapeutic agents can help define their mode-of-
action, and knowledge about a protein’s interaction with specific biological ligands (e.g.,
enzyme co-factors) can facilitate the functional annotation of proteins. Thus, in order to gain
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a comprehensive understanding of protein function and protein-drug interactions, it is
critical to have the ability to query all the proteins in a proteome for ligand binding and to
quantitatively assess their affinity for target ligands.

Few experimental strategies exist for the analysis of protein-ligand binding interactions on
the proteomic scale. The most commonly used strategies for the large-scale and high-
throughput analysis of protein-ligand interactions, to date, have exploited either the yeast
two-hybrid assay1 or affinity-based purification techniques coupled with mass
spectrometry.2 While these strategies have proven useful for the large-scale detection of
protein-ligand interactions,3–11 the quantitative information that can be extracted from
experiments utilizing these two strategies is limited. Applications of the yeast two-hybrid
assay and affinity-based purification techniques to non-protein ligands (e.g., small drug
molecules) have also been limited due to the inherent difficulties associated with
conjugating such ligands to a necessary bait protein in the yeast-based assay or to a
necessary solid support in the affinity-based purification assay. More recently, protease
protection assays have been developed for the identification of small molecule drug targets
on the proteomic scale.12, 13 Protease protection assays are attractive because they are
amenable to the detection of both direct and indirect protein targets of drugs. However, one
drawback to the use of protease protection assays is that they do not provide quantitative
measurements of protein-ligand binding affinities.

Recently, we described an experimental strategy that facilitates both the detection and
quantitation of protein-ligand binding interactions on the proteomic scale.14, 15 The strategy
involves the use of quantitative proteomics technologies (e.g., isobaric mass tags14 or stable
isotopes15) with SPROX (Stability of Proteins from Rates of Oxidation),16 a technique that
utilizes the denaturant dependence of hydrogen peroxide-mediated oxidation of methionine
side chains in proteins to measure the thermodynamic properties of protein-ligand
complexes. One drawback to the bottom-up proteomics protocols interfaced with SPROX, to
date,14, 15 is that the number of proteins in a complex mixture that can be analyzed is limited
to those proteins that can be identified with methionine-containing peptides in the
proteomics experiment. Results from our earlier experiments on the proteins in a yeast cell
lysate showed that approximately 20% of the identified peptides contained at least one
methionine residue and that these methionine-containing peptides mapped to approximately
33% of the proteins identified in the shotgun proteomics analysis.

The frequency of methionine residues in naturally occurring protein sequences is relatively
low and has been estimated at approximately 2%.17 However, nearly all protein sequences
contain at least one methionine residue in addition to the initiator methionine residue, which
is generally removed in vivo. For example, it has been noted that 95.8% of E. coli proteins
contain at least one methionine residue.18 Thus, a bottom-up proteomics strategy that
focused on the identification of methionine-containing peptides would be highly beneficial
for SPROX analyses performed on proteins in complex biological mixtures such as cell
lysates.

Described here is an experimental protocol that involves the use of a commercially available
resin to chemo-selectively isolate the unoxidized methionine-containing peptides generated
in a shotgun proteomics-based SPROX experiment. The chemo-selective isolation of
methionine-containing peptides in conventional bottom-up proteomics experiments has
previously been reported to facilitate protein identifications.19, 20 As part of the work
described here, we report the development and initial application of a SPROX protocol that
incorporates such a chemo-selective isolation strategy into a quantitative, bottom-up
proteomics experiment using isobaric mass tags to make quantitative thermodynamic
measurements of protein folding and ligand binding on the proteomic scale. The protocol is
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developed in the context of two ligand binding experiments, including one experiment to
identify the proteins in a yeast cell lysate that bind a well-known and ubiquitous ligand, β-
nicotinamide adenine dinucleotide (NAD+), and a second experiment to investigate the
protein targets of resveratrol, a biologically active ligand with less well-understood protein
targets.

Experimental
Yeast Cell Lysate Preparation

The yeast cell lysate used in the NAD+ binding study was obtained from a Saccharomyces
cerevisiae Y258 strain (MATa pep4-3, his4-580, ura 3-53, leu2-3,112) purchased from Open
Biosystems (Huntsville, AL) that overexpressed yeast NAD+-dependent glutamate
dehydrogenase (YDL215C) under control of the GAL1 promoter in the form of a C-terminal
fusion protein. The overexpressed yeast fusion protein contained a 19-kDa purification tag
containing an HA epitope, a 3C protease cleavage site, a ZZ domain from Protein A, and a
6xHis-tag. This Y258 strain was grown overnight at 30°C in 2% dextrose SC-Ura, and 2 mL
of this solution was used to inoculate 50 ml of 2% raffinose SC-Ura solution, which was
then incubated overnight. The solution was diluted into 500 mL of 2% raffinose SC-Ura to
give an OD600 of 0.3 and was incubated at 30°C until the OD600 of the solution was 0.8–1.2.
A 250-mL volume of 3×YP-Gal (3% yeast extract, 6% peptone, 6% galactose) was added to
induce overexpression. After 6 h of incubation, yeast cell pellets were obtained by
centrifuging 250 mL of culture at 1000 × g for 10 min. The yeast cell pellets were frozen
until further use.

The yeast cell lysate in the resveratrol binding study was obtained from S. cerevisiae strain
Y258, also purchased from Open Biosystems. The Y258 strain was grown on YPD media
containing 1% yeast extract, 2% peptone, and 2% dextrose. Yeast cells were harvested when
the OD600 reached approximately 0.8–1.0, and yeast cell pellets were obtained by
centrifuging 250 mL of culture at 1000 × g for 10 min. The yeast cell pellets were frozen
until further use.

The yeast cell lysates used in the NAD+ and resveratrol binding studies were each obtained
from a 250-mL culture. In each case the yeast cell pellets were lysed in 500 µL of 20 mM
phosphate, pH 7.4, containing 1 mM AEBSF, 50 µM bestatin, 15 µM E64, 20 µM leupeptin,
and 10 µM peptstatin A (Pierce). Cell lysis was accomplished by vortexing the pellets with
acid-washed glass beads (425–600 µm in diameter) (Sigma-Aldrich) for 20 s ten times, with
1 min intervals on ice in between. The samples were centrifuged at 14,000 × g for 5 min to
pellet the insoluble material, and the supernatant lysate was used in the SPROX analysis.
The total protein concentration in each lysate was ~9 mg/mL, as measured using a Bradford
assay.

The lysate used in the NAD+ binding study was divided into two 225-µL aliquots. A total of
25 µL of 50 mM NAD+ (Sigma) was added to one aliquot, and 25 µL 20 mM phosphate was
added to the other. The two lysate samples were incubated for 2 h, before dilution into the
SPROX buffers. The lysate used in the resveratrol binding study was divided into two 150-
µL aliquots, and 16.67 µL 10 mM resveratrol (Sigma-Aldrich) in DMSO was added to one,
while 16.67 µL DMSO was added to the other. The lysates were allowed to equilibrate in
the presence or absence of the small molecule ligands for 30 min before dilution into the
SPROX buffers.

SPROX Analysis
A total of 20 µL of the above yeast cell lysate samples (i.e., the yeast cell lysates in the
presence and in the absence of the NAD+ and resveratrol ligands) were combined with 75
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µL (25 µL for the resveratrol binding experiment) of each denaturant-containing SPROX
buffer stock solution. The denaturant-containing SPROX buffer stock solutions for the NAD
+ binding study were comprised of 20 mM sodium phosphate buffer pH 7.4 and different
concentrations of urea, which were 0, 1.4, 2.7, 3.6, 4.4, 5.3, 6.5, or 8 M. Urea was chosen as
the denaturant in the NAD+ binding study as opposed to GdmCl because it is better suited to
the analysis of protein-ligand complexes involving electrostatic interactions. We have
previously found that such electrostatic interactions can be significantly weakened in the
presence of GdmCl.21 The denaturant-containing SPROX buffer stock solutions for the
resveratrol binding study were comprised of 20 mM sodium phosphate buffer pH 7.4 and
different concentrations of GdmCl, which were 1.0, 2.0, 2.3, 3.3, 4.0, 5.0, 6.0, and 7.0 M.
After a 30 min equilibration, the oxidation reaction in each denaturant-containing SPROX
buffer was initiated by adding 5 µL of 9.8 M H2O2 (Sigma-Aldrich). The final urea
concentrations in the oxidation reactions performed in the NAD+ binding experiment were
0, 1.0, 2.0, 2.7, 3.3, 4.0, 4.9, and 6.0 M; and the final GdmCl concentrations in the oxidation
reactions performed in the SPROX buffers used in the resveratrol binding experiment were
0.5, 1.0, 1.3, 1.7, 2.0, 2.5, 3.0, and 3.5 M. After 6 min (3 min for the resveratrol binding
experiment) the oxidation reaction in each SPROX buffer was quenched with 950 µL (1 mL
for the resveratrol binding experiment) of 300 mM free L-methionine (Sigma-Aldrich).

Ultimately, the protein material in each denaturant-containing SPROX buffer was
precipitated with the addition of 200 µL ice-cold TCA solution that was 1 g/mL. Following
an overnight incubation on ice, the samples were centrifuged at 8,000 × g for 30 min at 4°C
to pellet the protein. The supernatants were removed, and the protein pellets were washed 3
times with 300 µL of ice-cold ethanol.

The NAD+ binding study involved a single SPROX analysis in which the yeast cell lysate
was analyzed in the presence and in the absence of the NAD+. The resveratrol binding study
involved two identical SPROX analyses in which the yeast cell lysate was analyzed in the
presence and in the absence of resveratrol.

Proteomic Sample Preparation
The protein pellets obtained from each denaturant-containing SPROX buffer were
redissolved in 30 µL of 0.5 M triethylammonium bicarbonate (Sigma), pH 8.5, and 1.5 µL
2% (w/w) SDS (Sigma), with aid of vortexing and sonication. After dissolution, 5 µL of
each sample was removed for a Bradford assay to determine how much protein was
recovered following the TCA precipitation. The protein concentrations recorded in the
samples were typically ~1–2 µg/µL. The remainder of the sample was reduced with TCEP,
alkylated with MMTS, and digested with trypsin all according to the iTRAQ labeling
protocol provided by the manufacturer. The peptide samples were then labeled with iTRAQ
8-plex isobaric mass tags (AB Sciex). Each set of samples (i.e., with and without ligand)
was labeled with 0.5 units of the iTRAQ tags dissolved in 50 µL isopropanol. After addition
of the iTRAQ tags, the pH of the samples was tested to confirm it was above pH 8. The
iTRAQ labeling reaction proceeded for 2 h at room temperature, and the samples were then
stored at −20°C until they were analyzed by LCMS/ MS. Samples that were not subjected to
the methionine-containing peptide enhancement were desalted using C18 resin (The Nest
Group) just prior to LC-MS/MS analysis.

Chemo-Selective Isolation of Methionine-Containing Peptides
A 25–30 µL aliquot from each iTRAQ-labeled sample (corresponding to approximately 25
µg of total protein measured in the Bradford Assay described above) was used for the
methionine enhancement protocol. This amount was removed from each set of iTRAQ-
labeled samples and combined with the other 7 labeled samples within each set of samples.
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The pooled samples containing the peptide samples from all eight of the iTRAQ labeling
reactions were reduced in volume to approximately 50–75 µL using a SpeedVac
concentrator, and approximately 25–30 µL glacial acetic acid was added to lower the pH of
the sample to between 2–3.

Pi3 Methionine Selective Resin (The Nest Group) was used according to the manufacturer’s
recommended protocol to select for iTRAQ-labeled, unoxidized methionine-containing
peptides. Following this selection, the iTRAQ-labeled, unoxidized methionine-containing
peptide samples were desalted using 50 µg C18 resin (The Nest Group). The iTRAQ-
labeled, unoxidized methionine-containing peptide samples were eluted from the resin with
60–70% ACN/0.1% TFA. The ACN was evaporated using a SpeedVac concentrator, and
0.1% TFA in water was added to bring the total volume to about 150 µL.

Quantitative Proteomic Sample Analysis
Samples were analyzed using an Agilent 6520 Q-TOF mass spectrometer system equipped
with a Chip Cube Interface. The HPLC Chip used in this experiment contained a 150 mm ×
75 µm column with Zorbax 300SB-C18 5 µm packing. The tryptic peptides were eluted
using a linear gradient consisting of an increase from 5% to 15% Buffer B in 2.5 min, 15%
to 45% Buffer B in 78 min, and then 45% to 100% Buffer B over 10 min. Buffer A was
0.1% FA in water and Buffer B was 0.1% FA in ACN. The flow rate was 0.4 µL/min. The
capillary voltage was 1850 V. The drying gas was 350°C at a flow rate of 6 L/min. The
skimmer and fragmentor were set to 65 V and 175 V, respectively. The inclusion window
width for precursor ions was 4 m/z units. The scan rate was 3 scans per second in the mass
spectra and 2 scans per second in the product ion mass spectra, and there were 4 precursors
selected for fragmentation per cycle. The collision energy was 3.9 V/100 Da with a 2.9 V
offset for the NAD+ binding study and 3.7 V/100 Da for the resveratrol binding study.

Multiple LC-MS.MS runs were performed for each set of samples. In the NAD+ binding
experiment, the methionine-containing peptide enhanced samples from the SPROX analyses
with and without ligand and the non-enhanced samples from the SPROX analyses with and
without ligand were each subjected to 3 LC-MS/MS. In the resveratrol binding experiment,
the non-enhanced samples from the duplicate SPROX analyses with and without ligand
were subjected to a total of 4 and 3 LC-MS/MS runs, respectively; and the enhanced
samples from the duplicate SPROX analyses with and without ligand were subject to a total
of 15 and 11 LC-MS/MS runs, respectively.

Quantitative Proteomic Data Analysis
Peptides were identified using Agilent’s Spectrum Mill MS Proteomics Workbench
software, Rev A03.03.084 SR4. Search parameters included alkylation of cysteines with
MMTS as a fixed modification, both the N-terminus and lysine residues labeled with
iTRAQ 8-plex reagent as a fixed modification, deamidation of glutamines and asparagines
as a variable modification, and oxidation of methionines as a variable modification. The
precursor and product ion mass tolerances were set to 20 ppm, the protein cleavage
chemistry was set for trypsin with 3 maximum missed cleavages, and the maximum
ambiguous precursor charge was set to 7. The peptide fragment products and peptide
precursor masses were searched against the NCBInr database for S. cerevisiae. Searches
performed on the methionine peptide enhanced samples from the resveratrol binding
experiment were searched only against a database of tryptic Met peptides. Searches were
also performed against a decoy database, which was the entire S. cerevisiae database of
reversed protein sequences, using the same search parameters to determine false discovery
rates. Spectrum Mill was also used to extract the iTRAQ intensities of the identified
peptides. Only the identified peptides yielding product ion spectra with intense iTRAQ
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reporter ion intensities (i.e., raw reporter ion intensities that averaged >125 counts/reporter
ion) were used in further analyses. The extracted iTRAQ reporter ion intensities were
normalized as we have previously described.14 Detailed information about the normalization
procedure is also provided in the Supporting Information.

Transition midpoints were assigned by visual inspection of the normalized iTRAQ intensity
values and by using a set of rules that assumed the data had a specific structure (i.e., a single
unfolding/folding transition with a pre- and post-transition baseline). Prior to visual
inspection, the distributions of the normalized iTRAQ reporter ion intensities obtained at the
highest and lowest denaturant concentrations in each ligand binding experiment (see Figure
S1) were used to determine the normalized reporter ion intensity value that best separated
the pre- and post-transition baselines in the SPROX data. This normalized reporter ion
intensity was 1.0 in both the NAD+ and resveratrol binding experiments (see Figure S1).
The transition midpoint was assigned to be the chemical denaturant concentration at which
the normalized iTRAQ intensity values transitioned from the pre- to the post-transition
baseline. If there was a normalized iTRAQ reporter ion intensity value of 1.0 ± 0.1 at the
transition then the denaturant concentration corresponding to that iTRAQ reporter ion was
taken as the midpoint. Otherwise the denaturant concentrations corresponding to the iTRAQ
reporter ions flanking the transition were averaged and this average value was assigned as
the transition midpoint.

In our visual inspection of the normalized iTRAQ intensity values, unoxidized methionine-
containing peptides with SPROX data in which more than one data point was not > 1.0 or
<1.0 in the pre- and post-transition baselines, respectively, were classified as uninterpretable
and not assigned a transition midpoint. In cases where only a single normalized reporter ion
intensity was inconsistent with the expected pre- and post-transition baseline values, the
outlying value was removed from the data set and the remaining seven values were used in
the visual inspection to assign the transition midpoint.

Quantitation of Ligand Binding
The transition midpoint value shifts obtained by visual inspection of the chemical
denaturation data generated in the presence and in the absence of ligand were used to
quantify protein ligand binding affinities. This was accomplished by first calculating a
binding free energy using equation 1, which has been previously described.16

Equation 1

In equation 1, ΔΔGf is the binding free energy, m is the δΔGf/δ[Denaturant] (where ΔGf is

the protein folding free energy), and  is the transition midpoint shift observed upon
ligand binding. The m-values used in this work were estimated to be 2.6 and 1.4 kcal mol−1

M−1 for GdmCl and urea, respectively. These values were estimated by assuming an
average protein domain size of 100 amino acids and an average contribution to the m-value
per residue of 0.014 and 0.026 kcal mol−1 M−1 for urea and for GdmCl (respectively). These
per residue values were empirically derived by Myers et al. 22

Equation 2 from reference23 was used to calculate the Kd values in this work.

Equation 2
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In equation 2, [L] is the molar concentration of the free ligand, n is the number of
independent binding sites, R is the universal gas constant, and T is the temperature in
Kelvin. In both the NAD+ and the resveratrol binding studies the total ligand concentration
(0.4 and 2 mM for resveratrol and NAD+, respectively) was much greater than any
individual target protein concentration, therefore the total ligand concentration was used for
the free ligand concentration. In all cases, it was also assumed that n = 1.

Results and Discussion
General Strategy

The general strategy used in this work is outlined in Figure 1. In this strategy, a complex
biological mixture of proteins (e.g., a cell lysate sample) is subjected to two SPROX
analyses,16 one in the presence of ligand and one in the absence of ligand. In each SPROX
analysis, the protein sample is reacted with hydrogen peroxide in the presence of increasing
concentrations of a chemical denaturant. The H2O2 concentration and reaction time are
tuned to selectively oxidize exposed methionine residues in each protein sample. After the
oxidation reaction is quenched, the protein in each denaturant-containing buffer is
precipitated with TCA and submitted to a quantitative proteomic analysis using isobaric
mass tags. As part of the proteomic analysis, the protein samples from each denaturant-
containing SPROX buffer are digested with trypsin, and the resulting peptide samples are
labeled with an appropriate set of isobaric mass tags (e.g., iTRAQ 8-plex) before the peptide
mixtures generated in each SPROX analysis are combined as shown in Figure 1.

The unoxidized methionine-containing peptides in the combined samples are then isolated
using a commercially available resin functionalized with bromoacetyl groups to covalently
bind the thioether group of unoxidized methionine residues at low pH. Non-methionine-
containing peptides and oxidized methionine-containing peptides are washed away.
Ultimately, the methionine-containing peptides are released under reducing conditions at
high pH and analyzed by LC-MS/MS. The workflow in Figure 1 is similar to that used in
our earlier work,14 except for the inclusion of the methionine-containing peptide
enhancement step.

Selection Efficiency and Protein Coverage
The experimental strategy outlined in Figure 1 was used to investigate the binding of two
ligands, NAD+ and resveratrol, to the proteins in a yeast cell lysate. During the course of
these studies, steps 5 and 6 in Figure 1 (i.e., the methionine enhancement) were performed
on a total of 6 different peptide mixtures. These peptide mixtures included the two peptide
mixtures generated in the SPROX analyses performed on the yeast cell lysate sample in the
presence and in the absence of NAD+ and the four peptide mixtures generated in the
duplicate SPROX analyses performed on the yeast cell lysate sample in the presence and
absence of resveratrol.

The 6 peptide mixtures generated in this work were each analyzed by LC-MS/MS both
before and after they were subjected to the methionine enhancement (i.e., steps 5 and 6 in
Figure 1). The frequency of unoxidized methionine-containing peptides identified at the
99% confidence level in the LC-MS/MS analyses of these 6 peptide mixtures averaged 72%
in the 6 methionine enhancements that were performed. This was a nearly 5-fold
improvement in the average frequency of 15% that was observed for the methionine-
containing peptides found in our LC-MS/MS analyses of the same 6 samples prior to
enhancement. The methionine-containing peptide selection efficiency observed in our
experiments was comparable to the ~70% efficiency previously observed in other
experiments using the same selection strategy.24 The presence of non-methionine-containing
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peptides in the enhanced samples was presumably due to non-specific binding of the
peptides to the solid-phase resin, as the covalent binding to the bromoacetyl group is highly
selective for unoxidized methionine-containing peptides at pH 2–3.25 The relatively small
number of oxidized methionine-containing peptides present after the enhancement was
likely oxidized during the methionine enhancement and/or due to nonspecific binding to the
resin.

The methionine-enhanced and non-enhanced peptide mixtures generated in the NAD+
binding experiment were subjected to the same number of LC-MS/MS analyses using the
same data-dependant acquisition method. Thus, the methionine-containing peptide
identifications obtained in our analyses of the methionine-enhanced and nonenhanced
peptide mixtures generated in the NAD+ binding experiment could be used to determine the
peptide and protein coverage enhancement that was achieved in the SPROX experiment
using the methionine-enhancement protocol described here (Figure 2). Our results indicated
that 1.5- and 2-fold more protein and peptides, respectively, were observed in the SPROX
analyses using the methionine enrichment protocol with a one-dimensional LC-MS/MS
analysis than using the one-dimensional LC-MS/MS analysis alone. It is also noteworthy
that while the overall peptide and protein coverage was clearly increased in the SPROX
experiment using the methionine enhancement protocol, neither lower nor higher abundant
proteins were selectively enhanced (see Figure 2).

NAD+ Binding Analysis
SPROX data (i.e., chemical denaturation data in the presence and absence of ligand) were
obtained for 232 different methionine-containing peptides from 122 different proteins that
were identified in the LC-MS/MS analyses performed in the NAD+ binding experiment. A
total of 297 of the 464 (64%) chemical denaturation data sets generated in the NAD+
binding experiment had clearly defined pre- and post-transition baselines and easily assigned
transition midpoints (see Figure 3A and B). The other 167 chemical denaturation data sets
generated in the NAD+ binding experiment did not have the expected denaturation data set
structure (i.e., a pre- and/or post-transition baseline could not be established according to the
rules used in our visual inspection) (see Figure 3C). These poor quality data sets were
randomly distributed both in the with- and without-ligand samples and in the samples that
were and were not subjected to the methionine-containing peptide isolation. This ultimately
meant that only about 40% of the 232 peptides were effectively in the NAD+ binding assay.

The chemical denaturation data generated for peptides from proteins with no NAD+ binding
interactions were expected to have the same transition midpoint in the SPROX analyses
performed in the presence and in the absence of NAD+. However, peptides from proteins
with NAD+ interactions (either direct or indirect) were expected to have transition
midpoints that were shifted to either a higher or lower denaturant concentration in the
presence of ligand. Peptides with shifted transition midpoints were identified by examining
the differences between the normalized iTRAQ reporter ion intensities observed for a given
methionine-containing peptide in the presence and in the absence of ligand. Normalized
iTRAQ reporter ion differences greater than 0.3 or less than −0.3 were deemed significant
based on the observed distribution of all the reporter ion differences (Figure 4A), which
revealed that approximately 73% of the differences from all the reporter ions from all the
peptides were within 0.3 of the average difference of approximately 0. We also reasoned
that significant transition midpoint shifts (≥ 1 M urea) would require a significant iTRAQ
reporter ion intensity difference at two (or more) consecutive denaturant concentrations.

The difference analysis described above identified 66 of the 232 peptides with normalized
iTRAQ reporter ion intensity value differences of > 0.3 (or < −0.3) in at least two
consecutive denaturant concentrations. Visual inspection of the chemical denaturation data
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generated in the presence and absence of ligand for these 66 peptides revealed 8 peptides
from 8 different proteins (see Table 1) with transition midpoints that were shifted ≥1.0 M
urea in the presence of NAD+ (Figure 3B) using the “rules” defined above (see
Experimental). A visual inspection of the chemical denaturation data generated for all 232
peptides revealed 4 additional peptides with transition midpoint shifts of ≥1.0 M urea in the
presence of NAD+ (see Table 1), again using the “rules” defined above (see Experimental).
In total 12 peptides from 11 different proteins were identified as NAD+ binding “hits.” All
12 of the hit peptides were identified in the LC-MS/MS analyses with greater than a 95%
confidence level.

All 12 hit peptides were ultimately selected as hits according to the transition midpoint shift
of the chemical denaturation data collected in the absence and presence of NAD+. The
transition midpoint shifts were all determined by visual inspection of the chemical
denaturation data using the same set of “rules.” Use of the difference analysis prior to the
visual inspection was advantageous because it reduced the number of data sets that needed
to be visually inspected. This may become important for the analysis of larger proteomic
data sets. However, visual inspection of all the data does appear important for producing the
most comprehensive hit list. It is also possible that use of the difference analysis prior to the
visual inspection may slightly reduce the false discovery rate (see below).

It is not surprising that most of the protein hits (7 of the 11) were dehydrogenases, as
dehydrogenases generally have NAD+ binding domains. Indeed 5 of the 7 dehydrogenase
protein hits (including glyceraldehyde 3-phosphate dehydrogenase GAPDH, glutamate
dehydrogenase, inosine monophosphate dehydrogenase, α-ketoglutarate dehydrogenase, and
malate dehydrogenase) have known binding interactions with NAD+.26 One of the other
dehydrogenase hits (isocitrate dehydrogenase) is known to be a NADP+-specific enzyme,
and it has been shown to bind NAD+ in other organisms.27–29 To our knowledge, alcohol
dehydrogenase is the only yeast dehydrogenase protein hit identified here with a previously
measured NAD+ binding affinity.30 The Kd value of 6 µM that can be determined from the
SPROX transition midpoint shift observed for alcohol dehydrogenase in this work (see Fig.
S2) is in reasonable agreement (i.e., within 10-fold) with the previously determined NAD+
binding affinity of this protein (i.e., a KM value of 54 µM).30 Reported NAD+ binding
affinities (e.g., Kd or KM values) for other dehydrogenases from other organisms range from
4–470 µM.30–32

The methionine-containing peptides from inosine monophosphate dehydrogenase and
malate dehydrogenase had midpoints that shifted to lower denaturant concentration with
added NAD+. These results suggest the domains from which these peptides originated were
destabilized upon the addition of NAD+. Both of these proteins are multi-domain proteins
that are known to undergo large conformational changes upon NAD+ binding.33, 34 The
transition midpoint shifts observed for the peptides detected from these two proteins are
likely a result of such conformational changes. Similar conformational changes may have
also occurred in the other dehydrogenase hits in Table 1. However, it appears the
methionine-containing peptides identified from these other dehydrogenase hits were only
those peptides derived from regions of these proteins’ structure that were stabilized upon
NAD+ binding.

Two of the hit proteins detected, SSA1 and SSB1, are not dehydrogenases, but have been
shown to interact with NAD+, albeit indirectly.35 These proteins are members of the Hsp70
family, which are known to interact with Hsp80. It has been shown that the Hsp70-Hsp80
interaction is strengthened in the presence of NAD+, which is known to interact with
Hsp80.35 A methionine-containing peptide from Hsp80 was not identified in our LC-MS/
MS analyses, therefore this protein was not included in our assay. However, it was likely
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present and interacting with SSA1 and SSB1 in the protein mixture. This ability to detect
such indirect protein-ligand binding events is an important advantage of the SPROX-based
approach.15

Based on information collected from the UniProt protein database,26 a total of 5 additional
NAD+-binding enzymes (Hst4, Ald4, Ald6, Yhb1, and Mdh3) appeared in the list of 122
proteins that were successfully identified in the proteomics readout. However, the peptides
from these proteins had at least one chemical denaturation data set that was uninterpretable
(i.e., a transition midpoint in at least one data set could not be assigned because a pre- and/or
post-transition baseline could not be determined). Therefore, these proteins were not
effectively in our NAD+ binding assay. The presence of poor quality data sets appears to be
due to random error in the experiment (see above). Therefore, it is likely that binding data
for these proteins could be obtained if of additional data (i.e., additional product ion spectra)
were acquired on the methionine-containing peptides from these proteins.

Resveratrol Binding Assay
Resveratrol is a stilbenoid found in red grapes that has been associated with various health
benefits;36, 37 however, the protein targets of resveratrol have remained elusive. As part of
this work the experimental strategy described above was used to identify yeast protein
targets of resveratrol. In total, the resveratrol binding experiment was performed in
duplicate, and proteomic data (i.e., peptide identifications and iTRAQ reporter ion
intensities) obtained from the two experiments were combined together to generate a single
SPROX data set.

The SPROX data set generated in the resveratrol binding experiment included chemical
denaturation data (both in the presence and absence of ligand) for 410 different methionine-
containing peptides from 243 different proteins. A total of 645 out of 820 (79%) chemical
denaturation data sets generated had clearly defined pre- and post-transition baselines and
easily assigned transition midpoints. The other 175 chemical denaturation data sets
generated in the resveratrol binding experiment were uninterpretable because they did not
have the expected structure of chemical denaturation data (i.e., a pre- and/or post-transition
baseline could not be established). The fraction of uninterpretable chemical denaturation
data sets in the resveratrol binding experiment, 21%, was smaller than that in the NAD+
binding experiment (36%). This was most likely because of the larger number of LC-MS/
MS analyses that were performed in the resveratrol binding experiment. This suggests that
some source of random error is most likely responsible for the uninterpretable chemical data
sets obtained in our analyses. This random error effectively reduced from 410 to ~250 the
number of peptides identified in our proteomics readout that were effectively assayed in our
resveratrol binding assay.

A difference analysis, similar to that described above in the NAD+ binding experiment,
identified 82 of the 410 peptides with significant normalized iTRAQ reporter ion intensity
value differences (Figure 4B) in at least two consecutive denaturant concentrations. Visual
inspection of the chemical denaturation data generated in the presence and absence of ligand
for these 82 peptides revealed 5 peptides from 5 different proteins (see Table 2 and
Supplemental Figure S3) with transition midpoints that were shifted > 0.5 M GdmCl in the
presence of resveratrol using the “rules” defined above (see Experimental). A visual
inspection of the chemical denaturation data generated for all 410 peptides revealed only
two additional peptides with transition midpoint shifts of > 0.5 M GdmCl in the presence of
resveratrol (see Table 2 and Supplemental Figure S3), again using the “rules” defined above
(see Experimental). Ultimately, 7 peptides from 7 different proteins were identified as
resveratrol binding “hits.” The 7 peptide hits were all identified in our LC-MS/MS analyses
with greater than a 97% confidence level.
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One of the 7 protein hits (cytosolic aldehyde dehydrogenase) identified in the SPROX
experiment was shown in a previous study38 to have a direct interaction with resveratrol.
The results of catalytic activity studies performed in this earlier work, suggested that
resveratrol binds to the aldehyde substrate-binding pocket of aldehyde dehydrogenase.38 It
was shown in this earlier work that resveratrol increased the activity of aldehyde
dehydrogenase at high concentrations of substrate, but inhibited it at low concentrations of
substrate. The magnitude of the midpoint shift in the iTRAQ data can be used to estimate a
Kd value of 10 µM for the aldehyde dehydrogenase-resveratrol complex.

Four of the 7 protein hits identified here (including elongation factor 3A (EF-3A), ribosomal
proteins S9-A and L8-A, and the nascent polypeptide-associated complex subunit alpha
(NACα)) are associated with the protein translation machinery. Previous reports have
suggested that resveratrol acts on the protein translation machinery.12, 39 Thus, it is not
surprising that the ribosomal proteins and elongation factors were identified as hits in the
resveratrol binding experiment. Additionally, many ribosomal proteins were previously
identified as targets of resveratrol-mediated effects using a protease digestion assay.12

However, we note that the two ribosomal proteins identified in the SPROX experiment were
not previously identified in this earlier experiment. The remaining two protein hits from this
study were NADPH-dependent aldo-keto reductase and 2-dehydropantoate 2-reductase. It is
unclear what significance, if any, these two potential protein targets of resveratrol possess.

The eukaryotic initiation factor 4A (eIF4A) was previously identified as a potential protein
target of resveratrol using a protease digestion assay.12 Four Met peptides from eIF4A were
identified and assayed in the SPROX experiment described here (see Fig. S4). However, no
significant changes in transition midpoints were observed for these peptides. The results of a
SPROX experiment performed on purified eIF4A (see Figure S5) also showed no evidence
of a direct binding interaction between eIF4A and resveratrol. However, it should be noted
that the experiments on the purified eIF4A involved an eIF4A construct that contained a C-
terminal 19-kDa purification tag. It is possible that this purification tag could have precluded
the potential binding interaction. It is also possible that eIF4A binds resveratrol with a lower
binding affinity that could be detected in our SPROX experiments. If the eIF4A-resveratrol
complex had a Kd value of 50 µM or larger, it would go undetected in the SPROX
experiment performed here, as such a weak binding affinity would not be expected to
produce a measurable transition midpoint shift (i.e., > 0.5 M GdmCl) in the chemical
denaturation data generated here. A higher free ligand concentration than that used here (i.e.,
400 µM) would be required to see a measurable shift for complexes with Kd values > 50
µM.

Platform Efficiency
The overall efficiency of the described platform is ultimately dependent on how
reproducibly transition midpoints can be determined in the chemical denaturation data sets.
As part of this work the transition midpoints of the methionine-containing peptides
generated in the yeast lysate sample analyzed here in the absence of resveratrol were
compared to the transition midpoints of the same methionine-containing peptides generated
in a yeast lysate sample analyzed in the absence of cyclosporine A as part of our earlier
study.14 The yeast cell lysate samples used in both studies were essentially identical with
exception of the specific overexpression of cyclophilin and calcinuerin in the yeast cell
lysate sample analyzed in the cyclosporin A binding study. The GdmCl concentrations used
to construct the chemical denaturation data in both experiments were nearly identical in the
0.5 – 2.0 M GdmCl range, which is where the large majority of transition midpoints fall.
Both experiments also involved the use of similar isobaric mass tagging strategies, even
though they employed isobaric mass tags from two different commercial vendors.
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A set of 93 methionine-containing peptides with overlapping methionine residues were
identified from the 410 and 886 methionine-containing data sets generated as part of the
resveratrol binding study in this work and our earlier cyclosporine A study,14 respectively.
The data analysis methods described in this work were used to assign transition midpoints
for the 93 overlapping methionine peptides using the chemical denaturation data obtained in
each study. Only one of the transition midpoints determined for the 93 methionine-
containing peptides differed in the two experiments by more than 1 M, and only 4 out of the
93 peptides had transition midpoint differences greater than 0.5 M GdmCl between the two
experiments (Table S3). This provides a false discovery rate estimate of ~4% for peptide hits
with transition midpoint shifts between 0.5 and 1 M GdmCl (or between ~1 and ~2 M urea,
which is a weaker denaturant),22 and suggests that the random error of the experiment is
likely to produce ~4 peptide hits with such midpoint shifts for every 100 peptides that
appear in the assay with interpretable data in both the plus and minus ligand data sets. The
above analysis of the 93 overlapping methionine peptides also suggests that the
identification of protein targets with larger midpoint shifts (i.e., > 1 M GdmCl or >2 M urea)
is subject to a lower false discovery rate (~1% based on the above analysis in which only
one of the 93 overlapping peptides had a transition midpoint difference > 1 M GdmCl).

The NAD+ binding study in this work included approximately 100 methionine-containing
peptides with interpretable chemical denaturation data both in the presence and in the
absence of ligand. Therefore, a 4% false discovery rate is expected to generate
approximately 4 peptides (i.e., false positives) with small transition midpoint shifts (i.e.,
shifts of 1 to 2 M urea) in the NAD+ binding study. We note that 2 of the 12 peptide hits in
our NAD+ binding study were from proteins with previously unknown binding interactions
with these target ligands, and both proteins displayed transition midpoints shifts in the 1 and
2 M urea. Given the above false discovery rates expected for proteins with such small
transition midpoint shifts (~4%), it is possible that these previously unknown protein targets
of NAD+ identified in our experiment may be false positives. If these previously unknown
protein targets are assumed to be false positives, a false positive rate of 17% (i.e., 2
erroneous peptide hits out 12 total peptide hits) can be calculated along with a false
discovery rate of about ~2% (i.e., 2 erroneous peptide hits out of 100 total peptides assayed).
This false discovery rate is close to the 4% that was estimated above.

It is interesting to note that one of the previously unknown protein targets of NAD+,
hexokinase, was not identified using the difference analysis prior to the visual inspection.
Thus, if the difference analysis and visual inspection strategy is exclusively used to analyze
the data then the false discovery and false positive rates are slightly improved from 2 to 1%
and from 17 to 13 %, respectively. However, such a strategy appears to have an adverse
effect on the false negative rate, as the exclusive use of such a strategy to analyze the NAD+
binding data results in one expected hit, α-ketoglutarate dehydrogenase, appearing as a false
negative.

Conclusions
A solid phase-based chemo-selection selection strategy for the enrichment of unoxidized
methionine-containing peptides in shotgun proteomics-based SPROX experiments was
developed in the context of a protein-ligand binding study designed to identify the proteins
in a yeast cell lysate that bind a well-known enzyme co-factor, NAD+. The NAD+ binding
study enabled an evaluation of the increased peptide and protein coverage that the chemo-
selection strategy affords. Using the selection strategy in the proteomics platform described
here, a 1.5- and 2-fold increase in protein and peptide coverage, respectively, was realized.
The NAD+ binding experiment also enabled an evaluation of the protocol’s efficiency. If the
peptide hits from the two previously unknown NAD+ binding proteins, hexokinase and
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translation elongation factor 3A, are considered to be false positives, the false positive rate
in the NAD+ binding study would be ~17%.

The proteins assayed in this work for NAD+ binding represent a relatively small subset of
the proteins in the yeast proteome, and there are clearly more NAD+ binding proteins
outside of this subset. Likewise, there may be more protein targets of resveratrol that are
outside of the proteins that appeared in the resveratrol binding assay in this work. A
limitation of the SPROX-based protein-ligand binding assay used in this work is that for a
protein to be included in the assay it must be identified with a methionine-containing peptide
in the shotgun proteomics experiment. The assay’s false negative rate would clearly be very
high if all the NAD+ binding proteins in the yeast proteome were considered in the
calculation. However, we note all 9 of the known NAD+ binding proteins that appeared in
our NAD+ binding assay and yielded interpretable chemical denaturation data were
successfully detected as hits.

Application of the shotgun proteomics-based SPROX protocol to the detection and
quantitation of resveratrol binding to proteins in the yeast proteome identified 7 potential
protein targets of resveratrol. These targets included one previously known interaction of
resveratrol with cytosolic aldehyde dehydrogenase.38 Considering the protocol’s false
discovery rate of 2–4% that was evaluated as part of this work, it is likely that at least
several of the previously unknown resveratrol protein targets identified here are false
positives (especially those with relatively small transition midpoint shifts < 1.0 M GdmCl).
Further studies are needed to determine if the 6 newly identified protein targets are indeed
direct and/or indirect targets of resveratrol or are false positives. However, it is interesting to
note that four of the newly identified protein targets of resveratrol (EF-3A, NACα, and the 2
ribosomal proteins) are associated with the protein translation machinery, which has been
implicated in resveratrol’s mode-of-action.12, 39

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic representation of the protocol used in this work. A protein mixture is incubated in
the presence and absence of ligand before diluting into a series of denaturant-containing
buffers. Following SPROX analysis, trypsin digestion, and iTRAQ labeling with the eight
different iTRAQ reagents bearing the 113 – 121 reporter ions, the samples across the range
of denaturants are combined (i.e., the −ligand samples labeled with the eight iTRAQ
reagents bearing the 113–121 reporter ions are combined and the +ligand samples labeled
with the eight iTRAQ reagents bearing the 113–121 reporter ions are combined). Ultimately,
the − and + ligand samples are each subjected to a Met peptide selection strategy. The
samples enriched for Met peptides are analyzed by LC-MS/MS, and iTRAQ reporter ions
are used to generate chemical denaturation data.
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Figure 2.
Evaluation of the Met-enhancement strategy utilized in this work. (A) Number of
methionine-containing peptides and corresponding proteins detected in the NAD+ ligand
binding experiment using SPROX with and without the Met-enhancement protocol. The
peptide identifications used in this figure were made using a false discovery rate less than
1%. (B) Distribution of the protein expression levels of the proteins identified using SPROX
with (open circles) and without (filled circles) the Met-enhancement protocol. The protein
expression levels were taken from reference 35.
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Figure 3.
Typical SPROX data obtained in the NAD+ binding experiment. (A) SPROX data obtained
on the TVPFVPISGWNGDNMIEATTNAPWYK peptide from the Tef2p protein did not
display NAD+ binding. (B) SPROX data obtained on the GDIESISDKTMYK peptide from
NAD+-dependent glutamate dehydrogenase, a protein that did display NAD+ binding. (C)
SPROX data obtained on the STAISLYSEMSDEDVKEIK peptide from Eft2p, that has an
uninterpretable data set in the presence of NAD. The urea concentrations in each data set
were (from left to right) 0, 1.0, 2.0, 2.7, 3.3, 4.0, 4.9, and 6.0 M. Error bars representing ±
one standard deviation are shown in cases were the data from multiple product ion spectra
were averaged. Error bars are not shown in the (+) NAD data in (B) and (C) because the data
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were obtained from a single product ion scan. An asterisk represents an outlying data point
(see Experimental).
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Figure 4.
Distributions of normalized iTRAQ reporter ion intensity difference observed between the
SPROX data sets generated in the presence and in the absence of ligand. The distribution of
differences obtained at all of the denaturant concentrations for the 232 and 410 peptides
identified in the NAD+ and resveratrol binding experiments are shown in (A) and (B),
respectively.
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Table 1

Peptide and Protein Hits Identified in NAD+ Binding SPROX Analysis.

Sequence Protein Midpoint shift
(M urea)

SVELGVEDIVLGMAHR* α-ketoglutarate dehydrogenase 1.0

MPELIPVLSETMWDTK** translation elongation factor 3A −1.5

IALSRPNVEVVALNDPFITNDYAAYM(ox)FK** glyceraldehyde 3-phosphate dehydrogenase 1.6

GGNIPMIPGWVMDFPTGK* hexokinase 2 −1.2

LLIVDDNGNLVSMLSR** inosine monophosphate dehydrogenase −1.5

GFTPEEPDGLNNALKDTDMVLIPAGVPR* mitochondrial malate dehydrogenase −2.1

GDIESISDKTMYK** NAD+-dependent glutamate dehydrogenase 1.0

LIDDMVAQMIK** NADP+-specific isocitrate dehydrogenase 1.9

NIPMMPAGEPVLEAIFEVDANGILK** Ssb1 (member of HSP70 family) 1.0

TFSPQEISAMVLTK* Ssb1 (member of HSP70 family) −1.3

ELQDIANPIMSK** Ssa1 (member of HSP70 family) ≥2.4

ANGTTVLVGMPAGAK** alcohol dehydrogenase ≥2.4

*
Identified by visual inspection of the chemical denaturation data.

**
Identified in difference analysis and by visual inspection of the chemical denaturation data.
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Table 2

Peptide and Protein Hits Identified in Resveratrol Binding SPROX Analysis.

Sequence Protein Midpoint shift
(M GdmCl)

QQFDTIMNYIDIGK** cytosolic aldehyde dehydrogenase 0.9

QIVNIPSFMVR* 40S ribosomal protein S9-A 1.1

MGVPYAIVK* 60S ribosomal protein L8-A 0.7

MPELIPVLSETMWDTK** translation elongation factor 3A 0.7

AHNGDLVNAIMSLSK** nascent polypeptide-associated complex subunit alpha 1.0

EQAIIDMAK** NADPH-dependent aldo-keto reductase 1.1

IAKLPWTEEEMIQKKSVVEDDAANNSLVK** 2-dehydropantoate 2-reductase 0.8

*
Identified by visual inspection of the chemical denaturation data.

**
Identified in difference analysis and by visual inspection of the chemical denaturation data.

J Proteome Res. Author manuscript; available in PMC 2012 November 4.


