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Abstract
We evaluated a sequential elution protocol from immobilized metal affinity chromatography
(SIMAC) employing gallium-based immobilized metal affinity chromatography (IMAC) in
conjunction with titanium-dioxide-based metal oxide affinity chromatography (MOAC). The
quantitative performance of this SIMAC enrichment approach, assessed in terms of repeatability,
dynamic range, and linearity, was evaluated using a mixture composed of tryptic peptides from
caseins, bovine serum albumin, and phosphopeptide standards. While our data demonstrate the
overall consistent performance of the SIMAC approach under various loading conditions, the
results also revealed that the method had limited repeatability and linearity for most
phosphopeptides tested, and different phosphopeptides were found to have different linear ranges.
These data suggest that, unless additional strategies are used, SIMAC should be regarded as a
semi-quantitative method when used in large-scale phosphoproteomics studies in complex
backgrounds.

Reversible phosphorylation of serine (Ser), threonine (Thr), and tyrosine (Tyr) residues is
critical for the regulation of many biological processes and is a highly dynamic aspect of the
proteome. In recent years, mass spectrometry (MS) based phosphoproteomics has emerged
as a useful tool to survey the phosphorylation state of a complex protein mixture in a large-
scale and high-throughput fashion. However, given the fact that most phosphoproteins are in
low abundance with phosphorylation in low stoichiometry, enrichment technique(s) before
MS analysis become a necessary step to analyze phosphopeptides from a complex
background such as a total cell lysate. Immobilized metal affinity chromatography (IMAC)
based on ferric ions has long been used to capture phosphopeptides non-specifically [1].
Over the years, new IMAC chemistries based on various multivalent metal cations,
including gallium [2], zirconium [3] and titanium [4], have been introduced with varying
selectivity and efficiency. Much attention has also been drawn to the use of metal oxide
affinity chromatography (MOAC) for phosphopeptide enrichment due to its reported higher
recovery rate and selectivity compared to IMAC [5-14]. Numerous MOAC protocols based
on different multivalent metal oxides such as titanium dioxide (TiO2) [15], zirconium
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dioxide (ZrO2) [16] and aluminum oxide (Al2O3) [17] have been widely adopted.
Interestingly, it was reported recently that IMAC is less efficient for enrichment of mono-
phosphorylated peptides than for multiply-phosphorylated species [18-20]. In contrast,
MOAC was shown to be more efficient for capturing mono-phosphorylated peptides [21].
This is probably due to the fact that mono-phosphorylated peptides have poor retention on
IMAC material while MOAC provides interactions that are strong enough to capture mono-
phosphorylation but make it difficult to elute multiple-phosphorylated peptides. Recognizing
this phenomenon, Thingholm et al. introduced a novel sequential elution protocol from
IMAC (SIMAC) using MOAC as the secondary enrichment step to capture mono-
phosphorylated peptides that were not retained by IMAC enrichment [21; 22]. The
application of this SIMAC protocol on whole cell lysate from human mesenchymal stem
cells provided more phosphopeptide identifications than using MOAC or IMAC alone [21].
Since then, this sequential combination of IMAC and MOAC enrichment has gained
popularity in various large-scale phosphoproteomics studies [23-25].

Despite the fact that IMAC- or MOAC-based protocols have been used in large-scale
phosphoproteomics studies in recent years, questions about the reliability of these methods
remain. In particular, there has been very limited knowledge on whether metal-based affinity
enrichment techniques can be used in quantitative phosphoproteomics scenarios. Attention
has usually been given to test the selectivity and sensitivity of the enrichment methods but
not of quantitative performances such as the repeatability, dynamic range, and linearity. In a
typical large-scale phosphoproteomics study, a liquid chromatographic separation step (e.g.,
SCX, HILIC or ERLIC) is performed as a peptide fractionation procedure to reduce the
sample complexity prior to the isolation of phosphopeptides from each fraction using metal-
based affinity chromatography. However, each fraction usually contains peptide subsets
with different total peptide amounts and complexity. Such dynamic sample characteristics
have made the estimation of the quantitative performance of metal-based affinity
chromatography even more difficult in a real large-scale phosphoproteomics application.

In this study, we evaluated the repeatability, dynamic range, and linearity of metal-based
affinity chromatography for quantitative phosphoproteomics applications. The testing
protocol was modified from the SIMAC procedure in which IMAC and MOAC were
performed sequentially as described by Thingholm et al. [21]. In the first step, a gallium-
based IMAC method was selected because gallium has been shown to have higher
selectivity and sensitivity than other metal-based IMAC methods [26]. The subsequent
MOAC procedure was based on the most widely used TiO2-MOAC protocol as described by
Jensen and Larsen. [18]. Glycolic acid was used to prevent non-specific binding of non-
phosphorylated peptides with acidic amino acid residues. Jensen and Larsen have shown
glycolic acid to be an effective alternative to 2,5-dihydroxybenzoic acid (DHB) as an acidic
quenching agent [18]. Two experiments were performed. First, to test the enrichment
repeatability of SIMAC from varying backgrounds, we constructed a series of peptide
mixtures with a variety of loading conditions and complexity to mimic sample
characteristics of peptide mixture as the result of LC pre-fractionation. In the second
experiment, a complex background was spiked with a series of phosphopeptide standard
mixtures of different concentrations to estimate the linearity and dynamic range of the
SIMAC method.

Materials and Methods
Materials

HPLC-grade acetonitrile (ACN), water and acetic acid were obtained from Thermo Fisher
(Waltham, MA, USA). Urea, dithiothreitol (DTT), iodoacetamide (IAA), sodium dodecyl
sulfate (SDS), and 2DE Ready Prep clean up kits were purchased from Bio-Rad (Hercules,
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CA, USA). Bovine serum albumin (BSA), α-casein and β-casein, ammonium bicarbonate
(ABC), formic acid (FA), trifluoroacetic acid (TFA), glycolic acid, and ammonium
hydroxide were purchased from Sigma (St. Louis, MO, USA). Sep-Pak SPE columns with
200 mg C18 resin were obtained from Waters (Milford, MA, USA). Spin columns with
filters (Cat# M105010S) were purchased from Boca Scientific (Boca Raton, FL, USA).
Ga(II)-IMAC Nutip (part No.TT2GAA) from Glygen (Columbia, MD, USA) and
Titansphere TiO2 beads from GL Science (Tokyo, Japan) were used as enrichment media in
all SIMAC experiments. Trypsin was purchased from Promega (Fitchburg, WI, USA). One
phosphopeptide standard mixture (P33357) was purchased from Invitrogen (Carlsbad, CA,
USA), and another phosphopeptide standard mixture (PHOSPHOSTD01) was from Glygen.
Table 1 provides a detailed description of these peptide standards.

Protein preparation and digestion
The protein mixtures in each experiment were dissolved in 25 mM ABC with 0.1% SDS,
then directly reduced by 10 mM DTT for 1 h and alkylated by 40 mM IAA for 30 min in the
dark. Alkylation was quenched by adding DTT to the final concentration of 20 mM. Protein
was then precipitated using 2DE Ready Prep cleanup kits according to the manufacturer’s
protocol. The resulting protein pellet was reconstituted in 25 mM ABC and digested with
trypsin at a 30:1 protein:protease ratio. Digestion was carried out at 37 °C for 5 h and
stopped by acidification using TFA. Tryptic peptides were purified using a 200 mg C18 Sep-
Pak SPE column and dried with a Speed Vac (Thermo Electron).

Experiment 1
The goal of this experiment was to estimate the repeatability of the SIMAC procedure with
different loading backgrounds. BSA was chosen to create a non-phosphopeptide background
as it is rich in acidic amino acids such as Asp and Glu that compete with phosphopeptides
during SIMAC enrichment. For practical purposes, three different loading amounts (100,
200, and 500 μg) were tested. These values were selected because most large-scale
phosphoproteomics studies start with 1-5 mg of total lysate and most LC-prefractionation
procedures generate 10-20 fractions. In each loading test, two different levels of sample
complexity were created by mixing tryptic peptides from at caseins:BSA ratios of 1:49 or
1:99 w/w, corresponding to the low stoichiometry of phosphoproteins typically seen in real
samples such as cell lysate. In all experiments, caseins consist of equal amount of α and β
isoforms. All six tests were repeated in triplicate.

Experiment 2
To test the linearity and dynamic range of phosphopeptides enrichment using SIMAC, a
series of phosphopeptide mixtures were spiked into four samples, each containing 200 μg of
tryptic peptides from the 1:49 caseins:BSA matrix. The amounts of spiked phosphopeptides
are summarized in Table 2. All phosphopeptides were spiked prior to IMAC enrichment.

Phosphopeptide enrichment by SIMAC
In all tests, the sequential elution protocol was carried out by employing the Ga(II)-IMAC
Nutip as the first stage of enrichment and then using Titansphere TiO2 beads as the second
enrichment step to further enrich phosphorylated peptides from the flow-through of IMAC
as summarized in Figure 1. Solution components in each step during SIMAC enrichment
can be found in Supplementary Materials I. During the IMAC enrichment, the Nutips were
first equilibrated twice with 150 μL IMAC Binding Solution and then loaded with peptide
mixture in 150 μL IMAC Binding Solution. Eluate was collected and reloaded again for
complete binding. Two steps of washing, each with 150 μL IMAC Washing Solution 1 and
2, were performed followed by a 100 μL water wash to remove acid. Phosphopeptides were
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then eluted by 100 μL Elution Solution 1 and 2 sequentially. Flow-through fractions from
IMAC loading and all washing steps were combined and dried by Speed Vac for MOAC
enrichment. For the MOAC enrichment, 2 mg of TiO2 beads were aliquoted into a spin
column filter, equilibrated with 300 μL MOAC Binding Solution twice, and then loaded
with dried IMAC flow-through in 300 μL of MOAC Binding Solution. Eluate was collected
and reloaded again to achieve a greater extent of binding. Washing steps with 300 μL
MOAC Washing Solution 1 and 200 μL MOAC Washing Solution 2 were performed
followed by 100 μL water wash to remove acid. Phosphopeptides were then eluted with 100
μL of Elution Solution 1 and 2 sequentially. Enrichment fractions from both IMAC and
MOAC were then combined, dried and re-dissolved in 10 μL ACN:water (3:97) with 0.1%
formic acid for LC-MS analysis.

Casein peptide identification by LC-MS/MS
The tryptic peptides mixture from α-casein and β-casein were injected in triplicate onto a
G4240-62001 C-18 HPLC-Chip (40 nL enrichment column, 75 μm × 43 mm analytical
column, 5 μm C-18SB-ZX, 300 Å, Agilent) hyphenated with a 6150 hybrid ESI-Q-TOF
(Agilent). Nano-LC was performed with a 30-min gradient of 16–90% ACN in 0.1% FA at
0.5 μL/min. Mass spectrometric analysis was performed under positive mode with
nanoelectrospray generated at 2.1 kV. The m/z response of the instrument was calibrated
regularly with standards from manufacturer. The precursor scan and five subsequent product
ion spectra were acquired in centroid mode using data-dependent acquisition in MassHunter
(Agilent) with mass ranges for MS and MS/MS at m/z 250–2400 and 59–3000, respectively.
The switching from TOF-MS to MS/MS is triggered by precursors with ion intensity >1000
counts with dynamic exclusion for 30 sec. The collision energy was set with 5 V/100 Da
slope offset with 2.5 V.

Spectra were searched by Spectrum Mill 3.3.084 (Agilent) on local server at Colorado State
University against a SwissProt protein database under the taxonomy of Bos taurus. The
search parameters were set to allow for up to two missed cleavages,
carboxyamidomethylation on Cys as fixed modification, oxidation on Met, phosphorylation
on Ser/Thr/Tyr as dynamic modification and 100 ppm for both MS and MS/MS mass
tolerance with decoy search mode. Autovalidation was performed using default setting
within the Spectrum Mill to qualify confident identifications.

LC-MS quantitation of phosphopeptides
For LC-MS analysis, 2 μL of samples of the tryptic peptides mixture from both experiments
were injected in triplicate into the Q-TOF instrument. The LC setting and LC-gradient were
the same as described in the previous section except that the Q-TOF was operated in the MS
scan-only mode. Data were collected in centroid mode with MS m/z ranges set to 250–2400.
Raw LC-MS data were then convert to mzData format using MassHunter (Agilent) for
further analysis.

Data analysis
All mzData files from both Experiment 1 and 2 were loaded into MZmine 2 [27] to quantify
phosphopeptide abundance based on the LC-MS peak area. Briefly, compounds from each
LC-MS run were recognized by their unique m/z and retention time values, isotopic peaks of
each compound were then grouped to give reliable quantitation. Chromatograms of each
compound were then aligned across samples/injections for comparison. Phosphopeptide
species were searched using unique m/z values, and their peak areas from each sample/
injection were exported to Excel for further analysis. The detailed procedure can be found in
Supplemental Materials. We note that some casein phosphopeptides, such as CP3-1, CP3-2,
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CP5-1, CP5-3, and CP5-4, contain coeluting isoforms that are indistinguishable in the LC-
MS analysis and thus were treated as one identity for quantitation.

For Experiment 1, the repeatability of SIMAC in each loading condition was evaluated
based on each enriched casein phosphopeptide across the SIMAC repeats with peptide
mixtures at different starting amounts and mixing ratios. For Experiment 2, the signal
linearity of each spiked phosphopeptides was analyzed individually. For all
phosphopeptides, the relative abundance was generated based on the peak area normalized
by the total ion chromatogram in each LC-MS run.

Results
Phosphopeptides identification

As expected, most qualified peptide IDs using LC-MS/MS were from BSA or the caseins.
Non-phosphorylated peptides from both BSA and caseins were observed in relatively high
abundance in all experiments (data not shown), indicating that non-specific binding is still
an issue with the SIMAC procedure. Phosphopeptides from caseins with confident
identification (see Supplemental Materials II) were used for the LC-MS quantitative analysis
in Experiment 1. Some phosphopeptide isoforms such as DIGSE[pS][pT]EDQAMEDIK and
DIG[pS]ES[pT]EDQAMEDIK, which have the identical molecular weight and nearly the
same retention times owing to their very similar sequences, were grouped into one m/z
species for LC-MS quantitation. Phosphopeptides containing oxidized Met or additional
missed cleavage sites were considered as separate m/z species for LC-MS quantitation. As a
result, five, three, and one phosphorylation sites from casein αSI, αSII and β were identified
from which 13 different m/z species were generated. All identified casein phosphopeptides
are summarized in Table 3.

SIMAC repeatability
In our hands, for most casein phosphopeptides that were quantified, the SIMAC procedure
demonstrated overall limited repeatability for quantitative purposes (Figure 2). The biggest
variance came from the difference between individual phosphopeptides. For example,
phosphopeptide ions such as CP12+, CP2-13+, CP5-12+, CP6-13+ had significantly higher
MS responses than other phosphopeptide ions. Moreover, CP3-1 and CP3-2 were not
detectable in most LC-MS runs and were not included in the quantitation analysis.
Significant signal variances for most casein phosphopeptides were observed regardless of
the changes in loading amount and sample complexity. The median coefficient of variation
(CV) of the normalized MS signals from triplicate SIMAC procedures across all peptides
under different loading conditions is 81.5%. In contrast, the median CV of the normalized
MS signals of triplicate LC-MS injections across all peptides under different loading
conditions is 9.7%. Therefore, we conclude that the majority of the MS signal variance was
introduced by SIMAC enrichment, and that this SIMAC protocol may generate unreliable
phosphopeptide quantitation. Poor correlation between the amount of loading and the mean
relative MS signal was observed for most casein phosphopeptides been investigated in
Experiment 1. Only a few phosphopeptides such as CP12+, CP42+, CP5-52+ and CP6-23+ in
the 1:49 casein:BSA test and CP2-22+, CP42+, CP5-32+, CP5-52+, and CP6-23+ in the 1:99
casein:BSA test showed incremental MS signal differences as expected when an increased
amount of peptide mixture was enriched via SIMAC. However, due to the large CV of
SIMAC replication, ANOVA tests for each of those peptides did not correlate with the
significant increase of the average MS signal (p-value ranging from 0.097 to 0.79) with
increasing loading amount. Interestingly, there was a negative correlation between the
amount of loading and the mean relative MS signal of phosphopeptides CP2-13+, CP2-22+,
CP5-12+, CP5-22+ and CP5-32+ in the 1:49 casein:BSA test and CP12+, CP5-43+, and
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CP6-13+ in the 1:99 casein:BSA test. With the same loading amount, the MS signals of all
casein phosphopeptides investigated were higher when the SIMAC workflow was loaded
with 1:49 casein:BSA than with 1:99 casein:BSA.

SIMAC linearity and dynamic range
In the second experiment, the four Invitrogen phosphopeptide standards (P1-P4) were mixed
and spiked at 10-80 pmol, while peptides P5 and P7 were spiked at 1-50 pmol, and peptides
P6 and P8 were spiked at 1-500 pmol into four samples, respectively. Satisfactory linear
response was observed from the MS signal of P43+ (Figure 3B, R2=0.975) when the spiked
concentrations ranged from 10-80 pmol prior to SIMAC enrichment. However, none of the
other standard phosphopeptides investigated here had a linear response over the spiked
range, despite the overall trends of increasing MS signal intensity with increasing
concentrations. The MS signals of P12+, P13+ (Figure 3A), P23+ (Figure 3B) and P52+

(Figure 3C) only showed linear trends in the first three concentration tiers but the signal
became saturated at higher spiked concentrations. MS signals of standard P33+ (Figure 3B)
leveled off after only 20 pmol of loading amount. The triply-phosphorylated peptides P73+

(Figure 3E) and P83+ (Figure 3F) had significantly lower MS responses than did other
species.

Discussion
Metal-based phosphopeptide enrichment techniques such as IMAC and MOAC have been
successfully employed for large-scale phosphoproteomics studies. The enrichment
preferences of IMAC and MOAC have been observed previously [18-20] and gave rise to
separation strategies for the enrichment of multi-phosphorylated and then mono-
phosphorylated peptides, in series [21]. However, most method development of metal
affinity based enrichment techniques has focused primarily on the selectivity and sensitivity
rather than the quantitative attributes of these methods. In a typical large-scale
phosphoproteomics study, LC-based peptide fractionation generates multiple peptide
mixture fractions with varying peptide amounts and complexity from which
phosphopeptides are enriched.

In our first experiment, we evaluated whether dynamic loading conditions such as loading
amount and sample complexity can affect the performance of metal-based affinity
chromatography. Overall, the SIMAC method demonstrated limited repeatability between
technical replicates, regardless of loading amount and sample complexity. Thus, it is
recommended that technical replicates be included at enrichment step to prevent detection of
false changes. It is still unknown if the poor repeatability was the result of competitive
binding of non-phosphorylated peptides to the SIMAC materials, significant ion suppression
during electrospray with a complex background, or a combination of both reasons.
Nevertheless, to alleviate the adverse effects from both mechanisms, prefractionation is
recommended to simplify the sample before SIMAC enrichment and MS analysis. It is also
notable that for phosphopeptide species such as CP4-22+ and CP5-52+ in the repeatability
test, the difference of a MS signal due to 2-fold and 5-fold increase in loading amount falls
into the same magnitude as the SIMAC technical variance. In fact, ANOVA tests (results
not shown) show insignificant differences in the relative MS abundances between different
loading amounts for all casein phosphopeptides under investigation. In many cases, poor
correlations between the amount of loading and the mean relative MS signal of casein
phosphopeptides were observed. A similar concern arose in a recent investigation of the
quantitative performance of a Fe(III)-IMAC based protocol that was used to enrich
phosphopeptides from a whole cell lysate [28]. We also suspect that the poor correlation of
MS intensity and the loading amount indicates an effect of the peptide-to-beads ratio on the
enrichment performance as shown previously [29-33]. Based on our observation, we suggest
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that even moderate phosphorylation changes (up to 5 fold) may not be quantifiable if
SIMAC enrichment is used with only a small number of technical replicates. However, it
should be borne in mind that these conclusions are made based on label-free quantitation. It
remains unknown whether metal affinity enrichment approaches such as SIMAC can affect
the quantitation of phosphopeptides using labeling methods such as SILAC or iTRAQ. We
postulate that by pooling labeled samples before the enrichment of metal-based
phosphopeptides, technical variations caused by enrichment techniques will equally affect
all samples within a pool, thus provide a possible solution to circumvent the problem.

The linearity test in our study also revealed that different peptide species may have very
different linear relationships and linear ranges, as was suggested in the Fe(III)-IMAC study
mentioned above [28]. It is unclear whether this is caused by different efficiencies of the
SIMAC enrichment or by different electrospray ionization efficiencies between different
phosphopeptide species. This outcome means that not all phosphopeptides can be quantified
at the same time from a complex sample in a real phosphoproteomics application by LC-MS
coupled with enrichment techniques. In a recent application using SILAC-labeled samples
mixed in different proportions prior to digestion, phosphopeptide enrichment, and LC-MS
analysis [28], Casado and Cutillas determined the linear response and quantitation accuracy
of each detected phosphopeptide. This approach allowed the researchers to select
phosphopeptides with acceptable linearity and accuracy for reliable quantitation analysis.
Similar approaches should be employed in other label or label-free quantitation scenarios to
filter out peptides without linear responses. However, it is worth noting that, even in this
specific SILAC labeling experiment, as long as the mixed samples were individually
enriched by metal-based techniques, the inherent variability of the enrichment step may still
have impact on quantitation performance.

Although the SIMAC procedure was designed to effectively enrich both mono-
phosphorylated and multiply-phosphorylated peptides [21], we observed significant signal
loss of multiply-phosphorylated species such as CP3-2 from casein in Experiment 1 and P8
in Experiment 2. It is known that electrospray ionization is biased against multiply-
phosphorylated peptides [7]. However, all multiply-phosphorylated peptides were detectable
using Q-TOF if a casein digest or phosphopeptide standards were injected alone without a
complex background (data not shown). Thus, we suspect that substantial ion suppression in
electrospray was at least in part responsible for the observed signal loss. Furthermore, we
hypothesize that this ion suppression is the result of non-phosphorylated peptides carried
through the SIMAC workflow when the enrichment began with low phosphopeptide
abundance and a highly complex background. Although glycolic acid was used to minimize
non-phosphorylated peptide binding [18], non-phosphopeptide species still accounted for the
majority of the total ion intensity of the chromatograms. Despite the widespread
implementation of such ‘acidic peptide quenching’ agents, studies still report differing
results on the optimal enrichment conditions. Recent reports have indicated that the addition
of glycolic acid may hamper the selectivity [7; 34] and that DHB can introduce bias against
multiply-phosphorylated peptides [7]. In addition, a recent study by Worthington et al.
documented another possible source of non-specific binding in the metal affinity-based
enrichment technique for phosphopeptides caused by peptides with other types of
modifications [35], which may pose additional challenges for achieving quantitative results
using SIMAC. Given the inherent semi-quantitative nature of metal-based enrichment
methods, as illustrated in this work, researchers should consider the variance introduced by
those enrichment methods in large-scale phosphoproteomics studies. Strategic workflow
designs that incorporate automated on-line or microfluidic separation and enrichment, or use
labeling techniques in prior to enrichment, may help to circumvent the technical drawbacks
of phosphopeptide enrichment methods.
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Concluding Remarks
Our data suggest that the SIMAC procedure should be considered to be a semi-quantitative
method with limited reproducibility regardless of loading conditions and compromised
linearity. We also show that the variability generated by the SIMAC procedure cannot be
ignored, particularly without sufficient technical repeats. There is still a need for
fundamental breakthroughs in IMAC/MOAC enrichment chemistry that achieve substantial
improvements of enrichment efficiency and repeatability. Overall, careful evaluation and
optimization of phosphopeptide enrichment techniques is recommended if they are to be
used in a quantitative phosphoproteomics study.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

ABC ammonium bicarbonate

ACN acetonitrile

BSA bovine serum albumin

DHB dihydroxybenzoic acid

DTT dithiothreitol

ERLIC repulsion-hydrophilic interaction chromatography

ESI-Q-TOF electrosprary ionization-quadrupole-time-of-flight

FA formic acid

HILIC hydrophilic interaction liquid chromatography

IAA iodoacetamide

IMAC immobilized metal affinity chromatography

MS mass spectrometry

MOAC metal oxide affinity chromatography

SCX strong cation exchange

SDS sodium dodecyl sulfate

SIMAC sequential elution protocol from immobilized metal affinity
chromatography

SPE solid phase extraction

TFA trifluoroacetic acid
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Figure 1.
Schematic diagram of sequential IMAC workflow for phosphopeptides enrichment using
Ga-IMAC and TiO2-MOAC. Eluates from both enrichment steps were combined prior to
LC-MS analysis.
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Figure 2.
Repeatability test of SIMAC in Experiment 1. Plot A/B and C/D shown enrichment results
from the 1:49 and 1:99 casein:BSA backgrounds, respectively. Each cluster of bars
represents one casein phosphopeptide been quantified using LC-MS. Peak areas were
normalized against the TIC and then averaged across injection replicates. The height of each
bar represents the average relative peak areas of three enrichment replicates with standard
deviation. Enrichment with 100, 200, and 500 μg tryptic peptides are indicated by blue, red,
and green, respectively.
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Figure 3.
Results of SIMAC linearity test at different dynamic ranges. Four phosphopeptides (P1-P4)
from Invitrogen P33357 were spiked from 10-80 pmol (panel A/B) and Glygen
PHOSPHOSTD01 standard P5 (panel C), P7 (panel E) were spiked from 1-50 pmol and P6
(panel D), P8 (panel F) were spiked from 10-500 pmol into the 200 μg 1:49 casein:BSA
backgrounds before SIMAC enrichment. Peak areas were normalized against the TIC and
then averaged across injection replicates.
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Table 2

Composition of spiked peptide mixtures used in Experiment 2 to test the linearity and dynamic range of the
SIMAC enrichment protocol. Peptides are listed in Table 1. These tests used 200 μg of casein:BSA tryptic
peptides (1:49) spiked with phosphopeptide standards as shown. Phosphopeptide mixture p33357 contains an
equimolar mixture of P1-P4. The mixtures were used in a randomized order in the spiking tests.

Peptide mixture composition (pmol)

Sample P33357 P5 P6 P7 P8

#1 10 5 50 1 500

#2 80 10 500 50 100

#3 20 1 10 5 50

#4 40 50 100 10 10

Anal Biochem. Author manuscript; available in PMC 2015 January 15.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Sun et al. Page 16

Ta
bl

e 
3

L
is

t o
f 

ph
os

ph
op

ep
tid

es
 id

en
tif

ie
d 

fr
om

 th
e 

ca
se

in
 d

ig
es

t. 
T

he
 a

ct
ua

l m
/z

 s
pe

ci
es

 u
se

d 
in

 L
C

-M
S 

la
be

l f
re

e 
qu

an
tit

at
io

n 
ar

e 
sh

ow
n 

in
 b

ol
d.

N
am

e
Se

qu
en

ce
N

um
be

r 
of

P
ho

sp
ho

ry
l-

at
io

ns
C

as
ei

n
R

et
en

ti
on

ti
m

e 
(m

in
)

(M
+H

)1+
(M

+2
H

)2+
(M

+3
H

)3+

C
P1

(K
)V

N
E

L
[p

S]
K

(D
)

1

α
S1

3.
4

76
9.

35
38

5.
18

25
7.

12

C
P2

-1
(K

)V
PQ

L
E

IV
PN

[p
S]

A
E

E
R

(L
)

1
6.

9
16

60
.7

9
83

0.
90

55
4.

27

C
P2

-2
(K

)Y
K

V
PQ

L
E

IV
PN

[p
S]

A
E

E
R

(L
)

1
7.

4
19

51
.9

5
97

6.
48

65
1.

32

C
P3

-1
(K

)D
IG

[p
S]

E
ST

E
D

Q
A

M
E

D
IK

(Q
)

(K
)D

IG
SE

[p
S]

T
E

D
Q

A
M

E
D

IK
(Q

)
(K

)D
IG

SE
S[

pT
]E

D
Q

A
M

E
D

IK
(Q

)
1

5.
1

18
47

.7
1

92
4.

37
61

6.
58

C
P3

-2
(K

)D
IG

[p
S]

E
[p

S]
T

E
D

Q
A

M
E

D
IK

(Q
)

(K
)D

IG
[p

S]
E

S[
pT

]E
D

Q
A

M
E

D
IK

(Q
)

(K
)D

IG
SE

[p
S]

[p
T

]E
D

Q
A

M
E

D
IK

(Q
)

2
6.

3
19

27
.6

9
96

4.
35

64
3.

24

C
P4

(K
)N

M
A

IN
P[

pS
]K

E
N

L
C

ST
FC

K
(E

)
1

α
S2

6.
5

20
93

.8
8

10
47

.4
5

69
8.

64

C
P5

-1
(K

)T
V

D
M

E
[p

S]
T

E
V

FT
K

(K
)

(K
)T

V
D

M
E

S[
pT

]E
V

FT
K

(K
)

1
5.

9
14

66
.6

1
73

3.
81

48
9.

54

C
P5

-2
(K

)T
V

D
[o

xi
M

]E
S[

pT
]E

V
FT

K
(K

)
1

4.
5

14
82

.6
1

74
1.

81
49

4.
88

C
P5

-3
(K

)T
V

D
M

E
[p

S]
T

E
V

FT
K

K
(T

)
(K

)K
T

V
D

M
E

[p
S]

T
E

V
FT

K
(T

)
1

5.
1

15
94

.7
0

79
7.

85
53

2.
24

C
P5

-4
(K

)T
V

D
[o

xi
M

]E
[p

S]
T

E
V

FT
K

K
(T

)
(K

)K
T

V
D

[o
xi

M
]E

[p
S]

T
E

V
FT

K
(T

)
1

3.
5

16
10

.6
9

80
5.

85
53

7.
57

C
P5

-5
(K

)K
T

V
D

M
E

[p
S]

T
E

V
FT

K
K

(T
)

1
10

.5
17

22
.8

1
86

1.
91

57
4.

94

C
P6

-1
(K

)F
Q

[p
S]

E
E

Q
Q

Q
T

E
D

E
L

Q
D

K
(I

)
1

β
4.

3
20

61
.8

3
10

31
.4

2
68

7.
95

C
P6

-2
(K

)I
E

K
FQ

[p
S]

E
E

Q
Q

Q
T

E
D

E
L

Q
D

K
(I

)
1

5.
9

24
32

.0
5

12
16

.5
3

81
1.

35

Anal Biochem. Author manuscript; available in PMC 2015 January 15.


