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Abstract
Described here is a stable isotope labeling protocol that can be used with a chemical
modification- and mass spectrometry-based protein–ligand binding assay for detecting and
quantifying both the direct and indirect binding events that result from protein–ligand binding
interactions. The protocol utilizes an H2

16O2 and H2
18O2 labeling strategy to evaluate the

chemical denaturant dependence of methionine oxidation in proteins both in the presence and
absence of a target ligand. The differential denaturant dependence to the oxidation reactions
performed in the presence and absence of ligand provides a measure of the protein stability
changes that occur as a result of direct interactions of proteins with the target ligand and/or as a
result of indirect interactions involving other protein–ligand interactions that are either induced or
disrupted by the ligand. The described protocol utilizes the 18O/16O ratio in the oxidized protein
samples to quantify the ligand-induced protein stability changes. The ratio is determined using
the isotopic distributions observed for the methionine-containing peptides used for protein
identification in the LC-MS-based proteomics readout. The strategy is applied to a multi-
component protein mixture in this proof-of-principle experiment, which was designed to evaluate
the technique’s ability to detect and quantify the direct binding interaction between cyclosporin A
and cyclophilin A and to detect the indirect binding interaction between cyclosporin A and
calcineurin (i.e., the protein–protein interaction between cyclophilin A and calcineurin that is
induced by cyclosporin A binding to cyclophilin A).
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Introduction

Few protein–ligand binding assays can be used for the
detection and quantitation of protein–ligand binding

interactions in multi-component mixtures, and even fewer
techniques exist for analysis of both the direct and indirect
binding events that can result from protein–ligand binding
interactions. Conventional protein–ligand binding techni-
ques involving spectroscopic or calorimetric methods can
only be applied to the analysis of highly purified proteins.

While experimental approaches, such as the yeast two-
hybrid assay [1–4], have been developed for the large scale
and high-throughput analysis of protein–ligand binding
interactions, such approaches are generally not quantitative
and largely limited to the direct analysis of binary interactions
involving two different protein components. Indirect interac-
tions (e.g., those that are induced or precluded as a result of
another direct ligand binding interaction) and protein inter-
actions with non-protein ligands are more difficult to assay
using the yeast two-hybrid experiments.

Several mass spectrometry-based methods for the analysis
of protein–ligand binding interactions have also been devel-
oped [5–7]. Mass spectrometry-based proteomic methods used
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in conjunction with protein complex purification techniques
have yielded useful information about protein–protein binding
interactions in complex biological mixtures. However, like the
yeast two-hybrid binding assay, they have been largely limited
to the analysis of protein–protein interactions, and they do
not generally yield quantitative information about protein–
ligand binding affinities. More recently, amide H/D
exchange and covalent labeling methods have been used
in combination with mass spectrometry to detect and
quantify protein–ligand binding interactions [8–11]. While
these approaches have proven useful for the analysis of a
wide variety of protein–ligand binding interactions, they
are limited to the analysis of ligand binding interactions
in relatively simple protein mixtures.

Recently, we reported on a mass spectrometry-based
technique that uses a chemical modification strategy, termed
stability of proteins from rates of oxidation (SPROX), to
detect and quantify protein–ligand binding interactions
[12–14]. The methodology involves labeling the methio-
nine side chains of proteins in a hydrogen peroxide-
mediated oxidation reaction performed at different chem-
ical denaturant concentrations [12] or increasing temper-
ature [14], both in the presence and absence of a ligand.
The extent of oxidation at each denaturant concentration,
or temperature, is assessed using a mass spectrometry
readout to determine the change in thermodynamic
stability imparted to the protein in the presence of the
ligand. The SPROX technique is compatible with proteo-
mic fractionation methods such as one- and two-dimen-
sional chromatography, and it can be used to screen
complex protein mixtures for ligand binding interactions
[13]. An important requirement for SPROX experiments
on the proteomic scale is that the extent of protein
oxidation must be accurately quantified in the proteomics
readout (i.e., the extent of methionine oxidation must be
quantified in each of the denaturant-containing SPROX
buffers). We recently demonstrated the use of isobaric
mass tags for such quantitative measurements using a
MudPIT approach [13].

Here we describe the use of a stable isotope labeling
strategy termed Probing with SPROX Using Isotope Tags
(PrSUIT) for the detection and quantitation of protein–ligand
binding interactions by SPROX using a mass spectrometry-
based proteomics readout. The strategy involves performing
two SPROX analyses on a protein mixture (one on the
protein mixture in the absence of ligand and one on the
protein mixture in the presence of ligand) using differentially
labeled hydrogen peroxide in the oxidation reactions (e.g.,
H2

18O2 and H2
16O2). Ultimately, a quantitative LC-MS

based proteomics readout is used to identify binding proteins
(both direct and indirect) of the target ligand. In the proof-of-
principle study described here, the PrSUIT technique is
applied to a model protein mixture in order to evaluate its
ability to detect and quantify the direct binding of the
immunosuppressant drug, cyclosporin A (CsA), to yeast
cyclophilin A (CPR1), and the indirect binding interaction of

CsA with yeast calcineurin that involves the CPR1–CsA
complex.

Experimental
Protein Sample Preparation

Saccharomyces cerevisiae overexpression strains (Open
Biosystems, Huntsville, AL, USA) in which each yeast open
reading frame (ORF) is expressed under control of the
GAL1 promoter [15] were used in these experiments. The
specific overexpression strains used in this work include
those that overexpressed cyclophilin A (CPR1), calcineurin
A (CNA1), calcineurin B (CNB1), glycogen synthase
(GSY2), pyruvate kinase (PYK1), an uncharacterized ORF
(TMA108), and glutamate dehydrogenase (GDH2). The
UniProt accession numbers for these yeast proteins were:
P14832 (CPR1), P23287 (CNA1), P25296 (CNB1), P40462
(TMA108), P33327 (GDH2), P27472 (GSY2), and P00549
(PYK1). Each of the overexpressed yeast proteins in the
overexpression strains also contained a 19 kDa purification
tag sequence at its C-terminus. The C-terminal tag contained
an HA epitope, a 3C protease cleavage site, a ZZ domain
from Protein A, as well as a 6xHis-tag that was exploited in
the purification protocol employed here.

Yeast were 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 solution containing 6% galactose
was added to induce overexpression. After 6 h of incubation,
yeast cell pellets were obtained by centrifuging 250 mL
culture at 1000 × g for 10 min. Cell pellets were lysed in
500 μL of buffer containing 25 mM HEPES, 500 mM NaCl,
10% glycerol, 2 mM mercaptoethanol (pH 7.5), and Halt
protease inhibitors (Pierce). Cell lysis was accomplished
using 0.5 mm glass beads (Sigma) with 20 s of disruption 10
times and 1 min intervals on ice in between. The samples
were then centrifuged at 14,000 × g for 5 min to pellet the
insoluble material, the supernatants generated for a given
overexpressed protein were combined, and the overex-
pressed protein was isolated using immobilized metal
affinity chromatography (IMAC). The numbers of pellets
that were lysed to generate the seven target proteins
depended on the overexpression level of each protein and
were as follow: 7 pellets for CPR1, 12 pellets for CNA1, 12
pellets for CNB1, 1 pellet for PYK1, 1 pellet for GSY2, 1
pellet for TMA108, and 1 pellet for GDH2.

Talon metal affinity resin (Clontech, Mountain View,
CA, USA) was used according to the manufacturer’s
directions to isolate the soluble proteins in the supernatants.
In these IMAC experiments, the lysate was incubated with
the Talon resin for 2 h. The resin was washed three times
with 0.5 mL of 50 mM phosphate containing 300 mM NaCl
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(pH 7), and proteins were eluted off the resin with 450 μL of
buffer containing 50 mM phosphate, 300 mM NaCl, and
150 mM imidazole (pH 7). Vivaspin 500 centrifugal filter
units (Sartorius Stedim Biotech, Aubagne, France) were
used according to the manufacturer’s instructions in order to
buffer exchange the IMAC-purified protein samples into a
20 mM phosphate buffer (pH 7.4). The concentration
of each IMAC-isolated protein was determined using a
Bradford assay [16] in which the total protein concentration
was determined. The IMAC-isolated CPR1 and CNA1
samples, which were determined to be 40 and 20 μM,
respectively, in total protein, were used directly in the
PrSUIT experiments on these two isolated proteins. The
model protein mixture used in this work was prepared by
combining aliquots of the seven IMAC-isolated proteins
(CPR1, CNA1, CNB, PYK1, GDH2, GSY2, and TMA108)
into a single mixture. In this mixture, the final concen-
trations of CPR1, CNA1, CNB, PYK1, GDH2, GSY2, and
TMA108 in the mixture were 20, 2, 3, 4, 2, 0.6, and 0.6 μM,
respectively. These concentrations were based on the results
of our Bradford Assays of the total purified protein
concentrations obtained for each IMAC-purified protein.

PrSUIT Analyses

The denaturant-containing buffers used for the PrSUIT
analyses were comprised of 20 mM phosphate buffer
(pH 7.4) and guanidinium chloride (GdmCl) (EMD Chem-
icals, Inc.) concentrations that ranged from 0 to 8 M. The
specific [GdmCl] in each buffer was determined by measur-
ing the refractive index of the buffer using the method as
described elsewhere [17].

In the PrSUIT experiments, each protein sample (i.e., the
model protein mixture, the isolated CPR1 sample, or the
isolated CNA1 sample) analyzed here was split into two
fractions. An aliquot of a concentrated stock solution of CsA
(LKT Laboratories, St. Paul, MN, USA) prepared in DMSO
was added to one fraction such that the final concentration of
CsA in the protein fraction was 1 mM and the final
concentration of DMSO was 10% (vol/vol). An aliquot of
DMSO was added to the other fraction such that the final
concentration of DMSO in this second fraction (i.e., the
sample without ligand) was also 10%. The two fractions
(i.e., the one with and the one without ligand) generated for
each protein sample analyzed here were equilibrated at room
temperature for 30 min. A 20 μL aliquot of each protein
sample was combined with 25 μL of each denaturant-
containing buffer. The final GdmCl concentrations in the 10
denaturant-containing buffers used in this work were 0.5,
1.0, 1.3, 1.7, 2.0, 2.3, 2.6, 3.0, 3.5, and 4.0 M. The protein
samples in each denaturant-containing buffer were equili-
brated for 15 min before a 5 μL aliquot of a 0.8 M hydrogen
peroxide solution was added to each buffer to initiate the
methionine oxidation reaction. The protein samples without
CsA were oxidized with H2

16O2 (Sigma) and the protein
samples with CsA were oxidized with H2

18O2 (90%

enriched; Isotec, Miamisburg, OH, USA). In each case the
oxidation reaction in each denaturant-containing buffer was
allowed to proceed for 30 min before it was quenched with
the addition of 100 μL of a 300 mM methionine (Sigma)
solution.

An aqueous solution of TCA (1 g/mL) was added to each
denaturant-containing buffer such that the final concentra-
tion of TCA was approximately 20% (wt/vol), and the
samples were incubated overnight on ice to precipitate the
protein. The samples were centrifuged at 8000×g at 4 °C for
30 min, the supernatants were removed, and the resulting
protein pellets were washed three times with 300 μL of ice-
cold ethanol. Residual ethanol was removed using a Thermo
Savant SpeedVac Concentrator. The protein pellets in each
sample were re-dissolved in 60 μL of buffer containing
50 mM ammonium bicarbonate (pH 8.5) and 0.1% Rapigest
(Waters, Milford, MA, USA). The samples were heated at
40 °C for 10 min while shaking. Dithiothreitol (Thermo) was
added to a final concentration of 10 mM and the sample was
heated for 15 min at 80 °C. Iodoacetamide (Thermo) was
added to a final concentration of 20 mM and the protein
samples were incubated at room temperature for 30 min in
the dark. A total of 0.5 μg of trypsin (Sigma) was added to
give an enzyme:protein ratio of approximately 1:50, and the
samples were incubated overnight at 37 °C while shaking.
The trypsin digestion reaction was quenched upon addition
of TFA (Halocarbon, River Edge, NJ, USA) and acetonitrile
(ACN) such that the final concentrations of TFA and ACN
were 1% and 2%, respectively.

The samples were heated at 60 °C for 2 h to cleave the
Rapigest, and the peptides were subjected to a second round
of oxidation. In this second round of oxidation, a 5 μL
aliquot of 0.8 M H2

18O2 was added to the protein samples
without ligand and a 5 μL aliquot of 0.8 M H2

16O2 was
added to the protein samples with ligand. The second
oxidation reaction was allowed to proceed for 2 h before
the samples were evaporated to dryness using the SpeedVac
Concentrator. The samples were re-dissolved in 50 μL
98:2:0.1 H2O/ACN/FA. After centrifuging each sample at
15,000×g for 5 min, the samples from the same denaturant-
containing buffers but from the with and without ligand
fractions were combined to give a set of 10 peptide-
containing samples for each PrSUIT analysis.

LC-MS Analyses

The set of 10 peptide-containing samples generated in each
PrSUIT analysis was 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 43 mm×75 μm column with Zorbax 300SB-C18 5 μm
packing. The tryptic peptides were eluted using a linear
gradient from 5% to 50% Buffer B over 30 min and then to
80% Buffer B over 4 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 1800 V. The drying
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gas was 350 °C at a flow rate of 6 L/min. The skimmer and
fragmentor were set to 65 and 175 V, respectively. The
collision energy was 3.5 V/100 Da with a -4.8 V offset. The
inclusion window width for precursor ions was 4 m/z. The
scan rate was three scans per s in the mass spectra and two
scans per s in the product ion mass spectra, and there were
four precursors selected for fragmentation per cycle.

The peptide sequences and proteins in this work were
initially identified in five MS/MS analyses performed on a
sample composed of 15 μL aliquots from the set of 10
samples generated in the PrSUIT analysis of the model
protein mixture. For these five MS/MS analyses a total of
20 μL of the combined sample was loaded on column, which
corresponds to an estimated 2–4 μg of total protein, assuming
the protein recovery from the protein precipitation step in the
PrSUIT protocol was 25%–75%. The methionine-containing
peptides analyzed in this work were identified from the product
ion mass spectra using Agilent’s Spectrum Mill MS Proteo-
mics Workbench software, Rev A03.03.084 SR4. In the
Spectrum Mill searches, the precursor and product ion mass
tolerances were set to 20 ppm, the protein cleavage chemistry
was set for trypsin with three maximum missed cleavages, and
the maximum ambiguous precursor charge was set to 3.
Carbamidomethylation of cysteine and oxidation of methio-
nine were set as fixed modifications, and deamidation was set
as a variable modification. The peptide fragment products and
peptide precursor masses were searched against the NCBInr
database for S. cerevisiae. Separate Spectrum Mill searches
were also performed to specifically identify peptide sequences
with oxidation and dioxidation of cysteine and methionine
residues (respectively). In these searches no such peptide
sequences were identified with Spectrum Mill scores 9 8,
which was the minimum score of the peptides identified in our
other Spectrum Mill searches.

Agilent’s Bioconfirm was also used to identify some
methionine-containing peptides. This software takes the
protein’s sequence and searches the mass spectra for tryptic
peptides with the expected m/z and charge state. Only
methionine-containing peptides that were not identified in
the MS/MS runs were inspected, and these were validated
based on the appearance of 18O peaks in the isotopic
distribution. Extracted ion chromatograms based on the
monoisotopic ion signal of each identified methionine-
containing peptide (identified with both Spectrum Mill and
Bioconfirm) were generated using Agilent’s Qualitative
Analysis software.

Ultimately, the %18O labeling of each methionine-
containing peptide was determined from the data in a single
LC-MS analysis of each of the 10 peptide-containing
samples generated in each PrSUIT analysis. The chromato-
graphic conditions used for these LC-MS runs were identical
to those described above for the LC-MS/MS runs. A total of
20–30 μL of each peptide-containing sample was loaded on
column for these LC-MS runs. This corresponded to
~2–4 μg of total protein for the model protein mixture
analysis, and 1.25 and 2 μg for the isolated protein analyses

of CPRI and CNA1 (respectively), again assuming sample
losses in the protein precipitation and re-dissolution steps in
the above PrSUIT protocol were between 25%–75%.

Calculation of %18O Labeling

Extracted ion chromatograms were generated for each
methionine-containing peptide analyzed in this work. The
ion signals from the isotopologues detected in the top ~50%
of the peak observed in the extracted ion chromatogram for a
given methionine-containing peptide were used to calculate
an experimentally derived weighted average molecular
weight for each methionine-containing peptide. A theoret-
ically derived weighted average molecular weight of each
oxidized methionine-containing peptide containing no 18O
enrichment was also determined using the natural abundance
of each element in the peptide. In the case of peptides
containing one methionine residue, the theoretically derived
value was subtracted from the experimentally derived value
to give a number between 0 and 2, which corresponded to
between 0 and 100% 18O labeling (respectively) of the
methionine-containing peptides in the PrSUIT protocol. In
the case of peptides containing two methionines, the same
procedure was applied, except that the theoretically derived
value was subtracted from the experimentally derived value
to give a number between 0 and 4, which corresponded to
between 0 and 100% 18O labeling, respectively. This
treatment of multiple methionine residues assumes that the
multiple methionine residues in a given peptide have the
same level of global protection in the protein’s three-
dimensional structure.

The %18O labeling for each peptide in the model mixture
analysis was normalized to account for buffer variations
(e.g., different TCA precipitation and re-dissolution efficien-
cies in the different samples). For this normalization, the %
18O labeling for all the methionine-containing peptide
generated at a specific denaturant concentration were
averaged, and the average %18O labeling at each denaturant
concentration was divided by the average %18O labeling at
the 4 M denaturant concentration to get a set of normal-
ization factors for each denaturant concentration. These
normalization factors were 0.68, 0.70, 0.76, 0.78, 0.78, 0.79,
0.81, 0.87, 0.93, and 1.00 for the 0.5, 1.0, 1.3, 1.7, 2.0, 2.3,
2.6, 3.0, 3.5, and 4.0 M denaturant concentrations (respec-
tively). The %18O labeling of each methionine-containing
peptide at each denaturant concentration was divided by the
specific normalization value at that denaturant concentration
to yield a normalized %18O labeling value.

Construction of SPROX Curves from PrSUIT
Plots of Peptide Hits

The PrSUIT plot of a peptide “hit” (i.e., a peptide derived
from a protein with a stability change in the presence of
ligand) was divided into two sections, one section compris-
ing the data at and below the denaturant concentration of the
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lowest %18O value in the plot and a second section
comprising the data at and above the denaturant concen-
tration of the lowest %18O value in the plot. The %18O
values from the first section were used to construct the
SPROX curve transition expected in the absence of CsA,
and those values from the second section were used to
construct the SPROX curve transition in the presence of
CsA. The transitions of the SPROX curves (i.e., Fraction
Oxidized values versus [Denaturant] plots) expected with
and without ligand were constructed with Fraction Oxidized
values that were calculated using Equations 1 and 2,
respectively.

Fraction Oxidized ¼ 1� %18O�%18Olow

%18Oave �%18Olow
ð1Þ

Fraction Oxidized ¼ %18O�%18Olow

%18Oave �%18Olow
ð2Þ

In Equations 1 and 2, %18O is the normalized %18O value
at each denaturant concentration, %18Olow is the lowest %
18O value observed for the peptide, and %18Oave is the
average %18O value observed for all the methionine-
containing peptides, which was 39% in this work.

Binding Affinity Measurements

The Kd values for the CPR1-CsA complex and for the CPR1-
CsA-CNA1 complex were determined using Equation 3.

Kd ¼ L½ �
e���Gf=NRT � 1

ð3Þ

In Equation 3, [L] is the concentration of free ligand, N is
the number of independent equivalent binding sites, ΔΔGf is
the binding free energy, R is the ideal gas constant, and T is
the temperature. In these experiments N=1 and the concen-
tration of free ligand was estimated as the total ligand
concentration, as both the CsA and CPR1-CsA ligands in
this work were present in a large excess over their protein
targets. The free CsA and CPR1-CsA concentrations were
estimated as 400 and 8 μM (respectively), with their protein
targets, CPR1 and CNA1 (respectively), having estimated
concentrations of 8 and 0.8 μM (respectively).

The ΔΔGf values used in our binding affinity measure-
ments were calculated from ΔGf values derived from the
SPROX curve transitions constructed from the PrSUIT data
on the CPR1(54-74) and CNA1(332-354) peptide “hits.”
The ΔGf values were obtained by fitting the SPROX curve
transitions (i.e., Fraction Oxidized versus [Denaturant] plots)
to Equation 4.

Fraction Oxidized ¼ FrOx1þ FrOx0�FrOx1ð Þe½�ðkOX=ð1þKfoldÞÞt�

ð4Þ

In Equation 4, Kfold = e-(ΔGf+m[Den])/RT, FrOx0 is the
fraction oxidized before the first oxidation reaction in
PrSUIT, FrOx∞ is fraction oxidized after the second
oxidation reaction in PrSUIT, t is the time of the first
oxidation in seconds, kOX is the average pseudo-first order
rate constant for the oxidation of an unprotected methionine
residue in the protein, ΔGf is the free energy of folding in the
absence of denaturant, [Den] is the denaturant concentration,
m is δΔGf/δ[GdmCl], R is the gas constant, and T is the
temperature in Kelvin. In fitting the Fraction Oxidized
versus [Denaturant] plots to Equation 3, the FrOx0 and
FrOx∞ were assigned values of 0 and 1 (respectively), ΔGf,
and m were allowed to float, and kOX was assigned a value
of 4.1 hr–1, which was based on the 80 mM H2O2

concentration used in the first oxidation reaction and the
second order rate constant for the oxidation of unprotected
methionine residues in proteins that we previously deter-
mined to be approximately 50.4 M–1 hr–1. Equation 4 is
identical to the equation we previously described in
reference 12 to analyze SPROX data (i.e., Equation 2 in
reference 12) with the exception that the ΔMasswt,av, ΔM∞,
and ΔM0 were replaced with Fraction Oxidized, FrOx∞, and
FrOx0 (respectively).

Results
General Protocol

The stable isotope labeling strategy developed in this work is
outlined in Figure 1. In this strategy, hydrogen peroxide
isotopically enriched with 18O (H2

18O2) and hydrogen
peroxide containing naturally occurring 16O (H2

16O2) are
used to selectively oxidize the methionine residues in a
protein sample pre-equilibrated with and without ligand
(respectively) at a series of different chemical denaturant
concentrations. The oxidation reactions are quenched and
the protein sample in each denaturant-containing buffer is

5. LC-MS/MS
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4. Combine Pairs
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enaturantIn
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Figure 1. Schematic representation of the PrSUIT protocol
developed in this work
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subjected to an LC-MS-based proteomics analysis using a
bottom-up approach that involves generating tryptic peptides
of the proteins from each denaturant containing buffer. Prior
to the LC-MS readout, the tryptic peptides from the proteins
in each denaturant-containing buffer are subjected to a
second round of oxidation to quantitatively oxidize all of
the methionine side chains in the samples to methionine
sulfoxide.

This second round of oxidation oxidizes the methionine
side chains that were globally protected (i.e., buried in a
protein’s folded three-dimensional structure) and not oxi-
dized during the first round of oxidation. The second round
oxidation reaction conditions are tuned such that the
methionine sulfoxide formed in the first round oxidation
reactions are not further oxidized to the sulfone. The second
round oxidation reactions also involve the use of H2

18O2 and
H2

16O2. However, in the second round of oxidation, the
peptide mixtures derived from the protein samples originally
incubated with and without ligand are now reacted with
H2

16O2 and H2
18O2, respectively (i.e., the opposite of that

done in the first round). This creates isotopic diversity
between the methionine-containing peptides derived from
the protein samples that were originally in the presence and
absence of ligand, and permits the samples prepared with
and without ligand to be paired and combined (see Figure 1)
such that they can be simultaneously analyzed in the same
LC-MS run.

Ultimately, the chemical denaturant dependence of the
18O enrichments observed for the methionine-containing
peptides detected in the LC-MS readout are used to detect
and quantify binding interactions of the target ligand with
different proteins in the mixture (Figure 2). Proteins that do
not interact with the target ligand will have the same 18O
enrichment at all denaturant concentrations. This is because
the chemical denaturant dependence observed in the first
round of oxidation reactions performed in the presence and
absence of ligand will be the same for proteins that do not
have their thermodynamic stability modulated through
interaction with the ligand (see “no interaction” SPROX
curves in Figure 2a). However, proteins that do have their
thermodynamic stability modulated through interaction with
the ligand will have a denaturant dependence to their
oxidation in the first round of oxidation that is different in
the presence and absence of ligand (see “interaction”
SPROX curves in Figure 2a). The 18O enrichment observed
for methionine-containing peptides derived from regions of
protein structure that experience different degrees of global
and/or subglobal protection upon ligand binding will be
more (or less) enriched with 18O at one or more denaturant
concentrations (see Figure 2a and b).

PrSUIT Analysis of a Model Protein Mixture

The protocol outlined in Figure 1 was used to characterize
the binding of CsA to the individual proteins in a model
protein mixture, which was mainly composed of seven yeast

proteins including: CPR1, CNA1, CNB1, PYK1, GDH2,
TMA108, and GSY2. The mixture also contained a number
of additional yeast proteins that were co-purified in the
IMAC step used to isolate the above seven proteins from
yeast cell lysates in which they were each overexpressed.
The primary goal of this work was to determine if the known
direct and indirect interactions of CsA with CPR1 and
CNA1 (respectively) could be detected using the stable
isotope labeling protocol outlined here.

Initially, a pooled sample containing equal aliquots of the
10 combined sample pairs (see Figure 1) was subjected to an
LC-MS/MS analysis to sequence the peptides and identify
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stability altered in the presence of the ligand. Cases II and III
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(respectively) as a result of ligand binding. (b) Schematic
representation of the molecular 16O and 18O oxidized species
generated in the first and second oxidation reactions in the
PrSUIT protocol at three different points in a protein’s SPROX
curves generated in the absence, (–), and in the presence, (+),
of a binding ligand
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the proteins present in the sample. A total of 120 peptides
from 49 different proteins were identified using Spectrum
Mill to search the mass spectral data obtained in five LC-
MS/MS runs. These Spectrum Mill identifications included
29 methionine-containing peptides from a total of 21
different proteins and 13 methionine-containing peptides
from six of the seven primary proteins in the mixture. While
CNB1 was successfully identified as a component of the
mixture, its identification was not made with a methionine-
containing peptide. An additional seven methionine-contain-
ing peptides from the seven primary proteins in the mixture
were also identified based on their expected mass and
isotope envelope using Agilent’s Bioconfirm software.
The sequences of these additional seven methionine-
containing peptides were subsequently confirmed in LC-
MS/MS experiments specifically targeting these peptides.
Ultimately, 36 methionine-containing peptides from 21

different proteins were analyzed in the PrSUIT analysis
described here (see Table 1).

The 10 paired and combined samples were each subjected
to an LC-MS analysis, and the LC-MS data (i.e., the relative
intensities of the isotopologues detected in the spectra
obtained from the methionine-containing peptides) was used
to determine the %18O incorporation in each methionine-
containing peptide at each denaturant concentration (see
Figure 3). The resulting %18O incorporation values were
then normalized to correct for systematic errors that could
result from either differential protein recoveries and/or
differences in the actual H2

16O2 and H2
18O2 concentrations.

Such values for 27 of the 36 methionine-containing peptides
identified in the model mixture could be readily determined.
The normalized %18O labeling values for nine of the
methionine-containing peptides identified in the model
mixture were compromised because the peptides had low

Table 1. List of identified methionine-containing peptides and proteins

Protein A.A. Number Peptide Sequence

CNA1 355-368 AAVLKYEENVMNIR
184-198 HLTSYFTFKNEMLHK
332-354 VTGFPSLITMFSAPNYLDTYHNK
471-486 MFSVLREESEKVEYLKa

326-354 MYKNNKVTGFPSLITMFSAPNYLDTYHNKa

329-354 NNKVTGFPSLITMFSAPNYLDTYHNKa

93-109 ILNMSTVALSKEPNLLKa

PYK1 313-337 AEVSDVGNAILDGADCVMLSGETAK
201-225 FGVKNGVHMVFASFIRTANDVLTIR
338-369 GNYPINAVTTMAETAVIAEQAIAYLPNYDDMR
241-264 IENQQGVNNFDEILKVTDGVMVAR
205-216 NGVHMVFASFIR
287-312 SNLAGKPVICATQMLESMTYNPRPTR
92-119 TGTTTNDVDYPIPPNHEMIFTTDDKYAK

GDH2 9-38 GALNSLNTPDIASLSISSMSDYHVFDFPGK
920-943 GGVTSSSMEVLASLALNDNDFVHK
120-144 IITNDNHAIFMESNTGVSISDSQQK
710-729 SPSLGGIPHDEYGMTSLGVR
212-250 LTFVYESVYPNDDPAGVDISSQDLLKGDIESISDKTMYK

TMA108 702-711 VMSQVLFLNKb

515-548 FINQLSTEEKDQLEDVPYQVPLFGVLPDGKMDTK
426-431 GIIMLR
212-231 TPLMTTSVFGFSIGDLEFLK

RSC2 463-486 LFYKNEVMKTGQYRDHLVSNLVGKc

CPR1 54-74 VIPDFMLQGGDFTAGNGTGGK
CLU1 360-383 NFNDEFQAIKDLTTSTLQDRIEMER
COG3 142-176 LSNLTESIPKALHYFEVLDPIMRRLNHATSPAIVK
GSY2 474-497 MIFHPEFLNANNPILGLDYDEFVR
NIP100 651-675 LNEENIRLKEVLVQKENMLTELETKc

PNC1 3-24 TLIVVDMQNDFISPLGSLTVPK
MYO3 912-928 IMIKVGPTIEYHKQPNKc

RPL9A 90-110 MRYVYAHFPINVNIVEKDGAKb

RIF2 116-158 VEHIHQYAGIDRAVSETLSLVDINVVIIEMNDYLMKEGIQSSKc

BEM2 1159-1178 SFTTTTTVLENMAKRYVGAKc

NPL3 127-155 LFVRPFPLDVQESELNEIFGPFGPMKEVK
MET1 128-173 IPINTFHKPEFSTFNMIPTWVDPKGSGLQISVTTNGNGYILANRIKc

TEF2 265-288 VETGVIKPGMVVTFAPAGVTTEVKb

TY1A 331-354 HLNMTVAELFLDIHAIYEEQQGSR
UGP1 331-346 LIESSNLEMEIIPNQK
TFP1 356-370 GVEYFEVITFEMGQK

aPeptides were only identified in experiment with CNA1 alone.
bNo PrSUIT plot due to interference from other peptide.
cNo PrSUIT plot due to low signal intensity.
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intensity ion signals and/or ion signals that overlapped with
those of other co-eluting peptides.

PrSUIT plots (i.e., Normalized %18O Labeling versus
[GdmCl] plots) were constructed for 27 methionine-contain-
ing peptides detected in the model mixture analysis (see
Table 1). These 27 methionine-containing peptides included
20 peptides from six of the seven target proteins in this study as
well as seven peptides from seven other random proteins that
were apparently co-purified with our seven target proteins. The
seven peptides from these seven random proteins in the mixture
served as negative controls. Shown in Figure 4 are PrSUIT
plots for several methionine-containing peptides, including one
with a relatively constant %18O labeling at the different
denaturant concentrations (Figure 4a) and two with %18O
labeling that is significantly low (see below) at several
denaturant concentrations (Figure 4b and c).

Shown in Figure 5 is the distribution of normalized %18O
labeling values obtained at all the denaturant concentrations
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Figure 3. Relative ion signal intensities observed (black
bars) and theoretically calculated (grey bars) for the isotopo-
logues of the methionine-containing peptide, CPR1(54-74) of
sequence VIPDFMLQGGDFTAGNGTGGK, that was detected
in the PrSUIT analysis of the model protein mixture. The data
obtained at two different denaturant concentrations, 3.5 and
2.0 M GdmCl, are shown in (a) and (b), respectively. In each
case M represents the monoisotopic mass of the peptide,
2096.9837 Da. The theoretical distributions of the relative ion
signal intensities for the isotopologues in (a) and (b) are
those expected for the oxidized CPR1(54-74) peptide with 41
and 11% 18O labeling, respectively, in the PrSUIT protocol 0
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Figure 4. Representative PrSUIT results obtained in the CsA
binding analysis using the model protein mixture (closed
symbols) and the purified proteins (open symbols). (a) PrSUIT
plot obtained for a methionine-containing peptide, GDH2
(920-943) of sequence GGVTSSSMEVLASLALNDNDFVHK,
derived from a protein with no CsA-induced interactions. (b)
and (c) PrSUIT plots obtained for two methionine-containing
peptides, CPR1 (54-74) of sequence VIPDFMLQGGDF-
TAGNGTGGK and CNA1(332-354 ) o f sequence
VTGFPSLITMFSAPNYLDTYHNK (respectively), each derived
from proteins with known CsA-induced interactions. The CsA
binding interaction with CNA1 is also known to require CPR1.
Note that the purified protein plots were constructed with %
18O labeling values that were not normalized
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for all of the 27 methionine-containing peptides in this work.
Also shown in Figure 5 is the distribution of normalized %18O
labeling values obtained for just the negative controls. Both
distributions are similar, although the distribution observed
for the negative controls is not as smooth due to the relatively
small number of points. The range of normalized %18O
labeling values observed in our experiments was largely
defined by the random error associated with our weighted
mass average determinations for each peptide. The largest
source of error in the weighted mass average determinations
came from the variability associated with the relative ion
signal intensities of the different isotopologues of a given
peptide. It is this error that largely defined the 6% standard
deviation observed for all the normalized %18O labeling
values in Figure 5.

The distribution of all the normalized %18O labeling
values for all the peptides in Figure 5 is also centered at the
average value, 39%, which is close to the 45% value
expected for methionine-containing peptides derived from
proteins that do not interact with CsA. The %18O incorpo-
ration into methionine-containing peptides from proteins that
do not interact with CsA is expected to be 45% if the H2

18O2

reagent was indeed 90% enriched with 18O as reported by
the supplier, and if the H2

18O2 and H2
16O2 reagent

concentrations in the first round oxidation reactions were
indeed identical. The 6% discrepancy between the average
%18O value observed in our experiment, 39%, and the
expected value, 45%, is most likely due to the H2O2

18 and
H2O2

16 reagent concentrations not being exactly identical
during the first round of oxidation. Our results suggest that
the actual hydrogen peroxide concentration in the H2

18O2

stock solution may have been slightly lower than that in the
H2

16O2 stock solution. Hydrogen peroxide solutions can
decompose over time to water and oxygen, thus it is possible
that the actual hydrogen peroxide concentrations in the
H2

18O2 and H2
16O2 stock solutions may have been differ-

entially lower than that reported by the manufacturer. Any
oxidization of the protein material in the samples prior to
PrSUIT analysis (i.e., oxidation products generated during
the protein purification steps) could also have contributed to
the systematic reduction in 18O levels observed in our
PrSUIT analyses.

The distribution of all the normalized %18O labeling
values at all the denaturant concentrations (see Figure 5) was
used to help identify peptides with significantly altered %
18O labeling. Methionine-containing peptides with normal-
ized %O18 labeling greater than 51% or less than 27% were
deemed significantly altered based on the observed distribu-
tion of the measured values (Figure 5), which revealed 96%
of the measured values were within the 27-51% range. The
center of this range, 39%, was the average normalized %O18

labeling value determined for all the methionine-containing
peptides at all the denaturant concentrations. The range was
also equivalent to the average value ±2 standard deviations.
We also reasoned that tight binding interactions would
produce such altered normalized %18O labeling values that
were consistently greater than 51% or consistently less than
27% at two or more consecutive denaturant concentrations.
This selection strategy is analogous to that which we have
previously described for selecting tight binding interactions
in SPROX analyses using an isobaric mass tagging strategy
[13].

A total of 24 of the 27 methionine-containing peptides
analyzed here had normalized %18O labeling values between
27% and 51% at all the denaturant concentrations and were
clearly not “hits.” One peptide had normalized %18O
labeling values outside the 27% and 51% at only one
denaturant concentration and was also not categorized as a
“hit.” Two methionine-containing peptides, including one
derived from CPR1 and one derived from CNA1 were
identified as “hits” as they had normalized %18O labeling
values that were less than 27% at two or more consecutive
denaturant concentrations. The methionine-containing peptide
from CPR1, CPR1(54-74) of sequence VIPDFMLQGGDF-
TAGNGTGGK, had normalized %18O labeling values less
than 27% at five denaturant concentrations between 1 M and
3 M GdmCl (see Figure 4b), indicating an increase in
thermodynamic stability of the CPR1 protein in the presence
of CsA. The CNA1 peptide, CNA1(332-354) of sequence
VTGFPSLITMFSAPNYLDTYHNK, had normalized %18O
labeling values less than 27% at two consecutive denaturant
concentrations between 2 M to 3 M (Figure 4c), indicating an
increase in thermodynamic stability of the CNA1 protein in the
presence of CsA.

PrSUIT Analyses of Purified CPR1 and Purified
CNA1

As part of this work, IMAC-purified samples of overex-
pressed CPR1 and CNA1 were each subjected to a PrSUIT
experiment using the CsA ligand. The single methionine-
containing peptide of CPR1 (i.e., CPR1(54-74)) that was
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Figure 5. Distribution of all the normalized %18O labeling
values at all the denaturant concentrations (black bars)
obtained on the 27 methionine-containing peptides analyzed
in the PrSUIT experiment performed on the model protein
mixture, as well as the contribution of normalized %18O
values from just the negative control peptides (white bars)

426 P.D. De Armond, et al.: MS Strategy for Protein-Ligand Binding Analysis



detected in the PrSUIT analysis of CPR1 in the model
protein mixture was also the single methionine-containing
CPR1 peptide detected in the PrSUIT analysis of the purified
protein. The PrSUIT plot obtained for the CPR1(54-74)
peptide in the experiment on the purified CPR1 protein (see
Figure 4b, open symbols) had the same overall structure as the
PrSUIT plot obtained for the peptide in the experiment
performed on the model protein mixture (Figure 4b, closed
symbols), although the exact %18O labeling values recorded in
the two experiments were not identical. Both plots show
similarly reduced 18O labeling at multiple denaturant concen-
trations between 1 M and 3 M GdmCl (see Figure 4b),
indicating an increase in thermodynamic stability of the CPR1
protein in both PrSUIT experiments, a result that is consistent
with CPR1 being a direct protein target of CsA. The
discrepancies between the %18O labeling values recorded in
the two experiments can be explained by small differences in
the experimental parameters (e.g., mismatched H2

18O2 and
H2

16O2 reagent concentrations) and/or potential differences in
the biophysical properties of the CPR1 folding reaction in the
presence of CNA1 and CNB (see the Discussion section).

Seven unique methionine-containing peptides from
CNA1 were identified in the PrSUIT experiment performed
on the purified CNA1 construct (see Table 1). The seven
methionine-containing peptides included one CNA1 peptide
that was identified as a “hit” in the PrSUIT analysis of the
model protein mixture, two CNA1 peptides that were
detected in the PrSUIT analysis of the model mixture but
not identified as “hits,” and four new methionine-containing
CNA1 peptides that were not detected in the PrSUIT
analysis of the model protein mixture. The PrSUIT plots
obtained for all seven of the methionine-containing CNA1
peptides identified in the experiment on the purified CNA1
construct showed relatively constant 18O incorporation at all
denaturant concentrations. Of particular significance is that
the PrSUIT plot for the CNA1(332-354) peptide, which had
displayed reduced 18O incorporation at multiple denaturant
concentrations between 2 M and 3 M GdmCl (see Figure 4c)
when CNA1 was analyzed in the model protein mixture, did
not yield such reduced 18O incorporation when CNA1 was
analyzed separately from the mixture (see Figure 4c). This
change in the PrSUIT behavior of the CNA1(332-354)
peptide is consistent with CNA1 being an indirect protein
target of CsA.

Binding Affinity Measurements

The PrSUIT data collected on the “hit” peptides identified in
our PrSUIT experiments was used to generate SPROX
curves (see the Experimental section) for each peptide hit in
the presence and absence of ligand. The resulting SPROX
curves were used to quantify the affinity of the detected
protein–ligand interaction. Shown in Figure 6 are the
SPROX curves generated from the PrSUIT data collected
here on the CNA1(332-354) and CPR1(54-74) peptides
derived from the protein mixture (see Figure 4b and c). The

ΔGf values extracted from the SPROX curves generated for
the CPR1(54-74) peptide with and without the CsA ligand
(–12.0±2.6 and –5.5±2.3 kcal/mol, respectively) and the
ΔGf values extracted from the SPROX curves generated for
the CNA1(332-354) peptide with and without the CsA
ligand (–7.1±2.1 and –4.7±2.2 kcal/mol, respectively) were
used to calculate Kd values of 6 and 120 nM for the CPR1-
CsA and CPR1-CsA-CNA1 complexes, respectively.

Discussion
The primary goal of this work was to determine if the stable
isotope labeling protocol outlined here could detect and
quantify the direct binding of CsA to CPR1 and the indirect
binding interaction of CsA with calcineurin that involves the
CPR1-CsA complex. The binding affinity of CsA for human
cyclophilin A has been previously measured using more
conventional techniques, and dissociation constants in the
30–200 nM range have been reported [18–22]. In our earlier
SPROX experiments on cyclophilin A, including our work
on the intact human protein using a MALDI readout [12]
and on the yeast protein using a quantitative proteomics
readout involving a isobaric mass tagging strategy [13], the
Kd values determined for the CsA-cyclophilin A complex
ranged from 26 to 100 nM. The Kd value determined here
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Figure 6. SPROX curves generated from PrSUIT data
collected in this work on CPR1 and CNA1 in the model
mixture analysis. (a) SPROX curves generated for the CPR1
(54-74) peptide of sequence VIPDFMLQGGDFTAGNGTGGK
using the PrSUIT data shown in Figure 4b. (b) SPROX curves
generated for the CNA1(332-354) peptide of sequence
VTGFPSLITMFSAPNYLDTYHNK using the PrSUIT data
shown in Figure 4c
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from our PrSUIT data, 6 nM, is close to this range (i.e.,
within 5-fold of the lower end).

The interaction of calcineurin with the CsA-cyclophilin A
complex has been established in enzymatic [23, 24] and X-
ray crystallographic studies [25], and the interaction has
been shown in these studies to require both cyclophilin and
CsA (i.e., neither cyclophilin nor CsA interact with
calcineurin in the absence of the other). Our PrSUIT results
on the yeast proteins in this study are also consistent with
this observation as the CNA1(332-354) peptide was not
identified as a “hit” in our PrSUIT experiment on the
isolated CNA1 protein. It was, however, identified as a “hit”
in the protein mixture analysis, in which CNA1 was
analyzed in the presence of CPR1. To our knowledge a Kd

value has not been previously reported in the literature for
the calcineurin binding interaction with the CsA-cyclophilin
A complex. However, the human cyclophilin A-CsA
complex has been shown to inhibit the phosphatase activity
of calcineurin with a KI value of 32 nM [23], which is within
5-fold of the Kd value of 120 nM that was determined here.

Five of the proteins in the model mixture were identified
to interact (either directly and/or indirectly) with CsA in our
earlier work in which the binding assay was performed in
the context of all the endogenous proteins in a yeast cell
lysate [13]. Peptide hits from these proteins were not
identified in the PrSUIT experiment described here. These
results suggest that CsA does not directly interact with these
proteins. Our identification of these proteins as hits in our
earlier analyses of these proteins in the context of the yeast
cell lysate suggests that there are other yeast proteins that
mediate CsA’s interaction with these proteins.

The PrSUIT strategy described here is fundamentally
related to SPROX. Thus, as is the case for SPROX analyses,
a requirement for PrSUIT analyses is that the protein(s)
under study must have methionine residues in their primary
amino acid sequence that are globally protected in the
protein’s folded three-dimensional structure. Such globally
protected methionine residues are methionine residues that
can only react with the hydrogen peroxide reagent when the
protein globally unfolds. The successful analyses of such
proteins using the LC-MS-based proteomics readout
described here further requires that tryptic peptides contain-
ing these methionine residues also be detected in the mass
spectrometry readout. The results obtained in this work and
in our earlier SPROX study indicate that approximately
20%–25% of the peptides identified in the LC-MS-based
readout contained at least one methionine residue and these
peptides mapped to between 30% and 45% of the identified
proteins.

Of particular significance in both SPROX and PrSUIT
analyses of protein–ligand binding is that the methionine
residues need not be derived from regions of a protein’s
three-dimensional structure that are at or near the binding
site. They can be derived from any globally protected region
of the folding domain(s) in the protein that are involved in
binding. This is substantiated by our PrSUIT results, which

identified both the CNA1(332-354) and CPR1(54-74)
peptides as “hits.” These yeast CNA1 and CPR1 peptide
sequences can be aligned in human homologues of CNA1
and CPR1, on which there is X-ray crystallographic data for
the CsA-CPR1 and CsA-CPR1-CNA1 complexes, and it can
be determined that the CNA1(332-352) peptide is at the
CPR1-CNA1 binding interface, but that the CPR1(54-74)
peptide is not at the CPR1-CsA binding interface.

As with SPROX, there are several caveats for the use of
PrSUIT to detect and quantify protein–ligand binding
interactions. The determination of Kd values requires an
accurate evaluation of the free ligand concentration (see
Equation 3). The successful detection of a protein–ligand
binding interaction using either SPROX or PrSUIT also
requires a sufficiently high free ligand concentration to
produce a measurable shift (i.e., 90.5 M GdmCl) in the
protein’s SPROX curve. The minimum free ligand concen-
tration needed to produce a 90.5 M shift will not be the same
for all protein–ligand systems. Complexes with larger Kd

values (i.e., weaker binding interactions) and larger m-values
(i.e., more cooperative folding reactions) will require higher
free ligand concentrations for their detection than those with
smaller Kd values and smaller m-values. Our results with the
CPR1 and CNA1 protein systems suggest that nanomolar Kd

values should be readily measured using free ligand
concentrations in the 10–400 μM range for proteins with
m-values in the 2–4 kcal/(mol M), respectively.

In SPROX and PrSUIT analyses of protein–ligand bind-
ing, it is also important that the oxidation products of H2O2-
mediated oxidation reaction do not alter the ligand binding
affinities of the protein(s) under study. The reasonably good
agreement between the PrSUIT derived binding affinities
determined in this work and those previously reported for
the CsA-CPR1 and CsA-CPR1-CNA1 complexes suggest
that the oxidation products did not complicate the analyses
described here. It is also important that the protein–ligand
binding affinity not be compromised by the presence of the
chemical denaturant.

The basic structure of PrSUIT data is expected to be like
what is summarized in Figure 2a. However, the specific %
18O labeling values observed in a PrSUIT experiment will
depend on several experimental parameters and on the
biophysical properties of the protein–ligand interaction
under study. For example, the baseline %18O labeling values
observed in a PrSUIT analysis will be maximized when the
18O enrichment of the H2

18O2 reagent is high, the H2
18O2

and H2
16O2 reagent concentrations are exactly matched, and

“air” oxidation of the sample prior to analysis is minimized.
The magnitude of the “dip” in %18O labeling values
expected for binding proteins will be greatest when the
baseline %18O labeling values are maximized. The exact
magnitude of the “dip” in %18O labeling values expected for
binding proteins will also vary from protein complex to
protein complex. The magnitude of the “dip” is largely
dependent on the amplitudes of the SPROX curves expected
for the protein and the protein–ligand complex. The fraction
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oxidized values in the post-transition baselines of SPROX
curves (see Figure 2) are typically 1. However, fraction
oxidized values in the pre-transition baselines of SPROX
curves can vary depending on how well a specific
methionine residue is protected from oxidation in the
SPROX experiment. Methionine residues that are buried in
the hydrophobic core of a protein (or protein–ligand
complex) and that are in conformationally restricted regions
of the protein’s folded three-dimensional structure will be
more highly protected from oxidation in the SPROX
experiment and will yield SPROX curves with low pre-
transition baselines and high amplitudes. However, globally
protected methionine residues in more dynamic (i.e., con-
formationally flexible) regions of protein structure can yield
SPROX curves with larger pre-transition baseline values and
small amplitudes.

In the PrSUIT experiment, it is important that the same
protein concentration be used in the plus and minus ligand
samples and that there is a consistent level of protein
recovery in the PrSUIT sample workup (particularly in the
protein precipitation and re-dissolution steps). Differences in
protein concentrations will skew the %18O values observed
in the baselines of the PrSUIT plots. It is relatively
straightforward to ensure that the same protein concentration
is used for the plus and minus ligand samples by employing
the same protein stock solution to prepare both sets of
samples. However, it can be difficult to ensure a consistent
level of protein recovery in the PrSUIT sample workup. For
example, the protein precipitation and re-dissolution steps
can yield different amounts of protein from the chemical
denaturant-containing buffers. If the protein recovery is not
consistent in the samples that are paired prior to the LC-MS/
MS analysis, the resulting %18O values will be skewed. In
ligand binding analyses involving protein mixtures where
few protein–ligand binding interactions are expected (i.e.,
the majority of methionine-containing peptides are expected
to exhibit non-binding behavior shown in Figure 2a), it is
possible to correct for such sample-to-sample variation in
protein recoveries using the normalization procedure
described above.

The PrSUIT strategy developed here for the detection and
quantitation of protein ligand binding interactions by
SPROX has several advantages over the isobaric mass
tagging strategy we previously reported. The labeling
scheme in PrSUIT generates only one form (i.e., the
sulfoxide form) of all the methionine-containing peptides
in a sample, and it enables quantitative data to be extracted
from the mass spectral data. This is in contrast to the isobaric
mass tagging strategy we previously demonstrated with
SPROX, which generates two forms (i.e., oxidized and non-
oxidized) of each methionine-containing peptide in the
samples, and requires product ion mass spectra for quanti-
tation. The reduction in sample complexity that comes with
generation of only the oxidized form of methionine-contain-
ing peptides in PrSUIT may facilitate the analysis of more
complex protein mixtures. The ability to extract quantitative

data from mass spectral data may also facilitate more
complete coverage of the methionine-containing peptides
generated in the PrSUIT analysis of proteins in complex
protein mixtures.
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