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Online nanoscale ERLIC-MS outperforms RPLC-MS for shotgun
proteomics in complex mixtures
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Abstract

We have explored the use of electrostatic repulsion hydrophilic interaction chromatography
(ERLIC) as an alternative to the gold-standard in shotgun proteomics: reversed-phase (RP) LC for
online ESI-MS/MS. Conditions for sample solubilization and initial gradient conditions were
optimized to strike a balance between peptide solubility and maximum peptide retention when
using mobile phase with high organic solvent concentration. Online ERLIC-MS demonstrated a
57% increase in total peptide identifications compared to RP-MS. We examined the mechanism of
this improved performance and found that it stems from ERLIC’s propensity to retain longer
peptides which can be identified with greater confidence. Online nanoscale ERLIC-MS provides a
powerful new tool for enhancing MS-based shotgun proteomic in a broad range of applications.
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Introduction

RPLC online with ESI-MS/MS is the foundational platform for shotgun proteomics. RP is
well-understood, retaining and separating peptides based on hydrophobic character using
volatile, MS-friendly mobile phase solvents. Few alternatives to RPLC are in use, and none
that show improved performance for general shotgun proteomic studies in complex
mixtures. Hydrophilic interaction liquid chromatography (HILIC) which works via a
pseudo-normal phase separation has been described as an online alternative to RP. However,
its limitations in retaining, separating and eluting peptides across the physicochemical
extremes inherent to complex tryptic peptide mixtures! has constrained its use mainly to the
analysis of peptides with hydrophilic PTMs, especially glycosylation and
phosphorylation.2—*

Online electrostatic repulsion hydrophilic interaction chromatography (ERLIC) offers a
promising alternative to RP. ERLIC uses a weak anion exchange stationary phase and a
mobile phase gradient of decreasing organic solvent and pH, separating peptides in
decreasing order of pl and polarity.> Two modes of retention are superimposed during such
a separation. Early in the gradient, at high organic solvent, peptides are retained by a
hydrophilic attraction to the stagnant aqueous layer surrounding the stationary phase. Later
in the gradient, as the organic content is decreased and the hydrophilic attraction becomes
less significant, electrostatic forces begin to dominate. Basic peptides are strongly
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hydrophilic but are repelled electrostatically from the anion exchange column while acidic
peptides are eluted once the mobile phase becomes sufficiently acidic to neutralize their
carboxyl groups.

Although effective for offline fractionation, coupling of ERLIC online with ESI has been

limited.5 Here, we show optimized conditions for online ERLIC-MS and show that online
ERLIC-MS outperforms RPLC-MS in the identification of proteins in complex mixtures,

thereby offering a powerful new tool in shotgun proteomics.

Yeast cells (strain BY4742) were grown in YPD broth overnight at 30°C. HeLa cells (NIH
ATCC CCL-2.2) were grown in DMEM supplemented with 10% FBS, L-glutamine and
penicillin/streptomycin.

Sample preparation

Cells were washed three times in cold PBS containing a protease inhibitor cocktail (Roche).
The washed cells were lysed in 50mM tris pH 8.0 with 2% SDS at 95°C for 10 min with
intermittent vortexing. Cellular debris was removed by centrifuging at 16,100x g and
recovering the supernatant into a clean microfuge tube. Protein recovery was measured
using the micro BCA assay (Thermo Scientific). Proteins were reduced in DTT for 1h at
55°C and trypsin digested using the FASP protocol’ using iodoacetamide as the cysteine
alkylating reagent. The resulting peptides were desalted using SPE cartridges (tC18 Sep-pak,
Waters).

Peptide solubility studies

For peptide solubility studies, yeast peptides were aliquotted into separate tubes, each
containing 5 g total peptides and the solvent removed by vacuum drying. Solvents were
prepared by mixing acetonitrile (ACN) containing 0.1% ammonium acetate with 97.9%
water, 2% ACN and 0.1% formic acid to generate mixtures with final ACN concentrations
of 75, 80, 83.3, 86.6 and 90%. Five pL of solvent was added to a yeast sample followed by
vortexing for ~ 1min. The solvent with dissolved peptides, designated as the “soluble
fraction”, was then transferred to a new tube and both tubes were dried by vacuum
centrifugation. Peptides remaining in the original tube were designated as the “insoluble
fraction”. Both fractions were dissolved in 6L load RP load solvent (2% ACN and 0.1%
formic acid in water) and analyzed by RP-LC-MS on an LTQ-Oribtrap Velos using a 60 min
gradient from 2-40% ACN with constant 0.1% formic acid. The gradient was delivered by
an Eksigent 1DLC LC system. Columns were packed to 13 cm with 5um, 200 A C18AQ
particles in a 75 um 1.D. electrospray tip (New Objective). Electrospray was performed at
2.0kV. The LTQ-Orbitrap Velos was operated in a top-ten datadependent mode using survey
scans at 30,000 resolution from 300-1800 m/z. Tandem MS scans were acquired with an
isolation width of 2 m/z and fragmentation mode was HCD with 40% normalized collision
energy for 0.1 ms. The automatic gain control settings were 3x10° ions in the ion trap, and
1x10% in the Orbitrap. Dynamic exclusion was used with a duration of 15 s and a repeat
count of 1.

Online ERLIC-MS and RPLC-MS

ERLIC columns were prepared by packing a 75um 1.D. electrospray tip (New Objective) to
11cm with polyWAX bulk material (5.m, 300 A; PolyLC) in a slurry of ACN. The column
was connected to a Paradigm MS4 system (Michrom Bioresources). Solvent A was 2%

ACN and 0.1% formic acid in water. Solvent B was ACN with 0.1% ammonium acetate. A
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linear gradient was run from 75-30 %B over 60 min followed by isocratic elution at 30% B
for 4 min with a flow rate of 0.25 pL/min. Yeast lysate samples (5uL) were dissolved in
5uL of a 1:3 mixture of solvents A and B and loaded directly onto the column by means of a
pressure vessel.

RP columns were prepared by packing a 75um electrospray tip (New Objective) to 11cm
with 5um, 200A C18AQ particles; Michrom Bioresources). Solvent A was 2% ACN and
0.1% formic acid in water. Solvent B was ACN with 0.1% formic acid. A linear gradient
was run from 0 — 40 %B over 60 min followed by isocratic elution at 80% B for 4 min with
a flow rate of 0.25 pL/min. Yeast lysate samples (5u.g) were dissolved in 5uL of solvent A
and loaded directly onto the column by means of a pressure vessel.

Mass spectrometry and database searching

The sample was introduced into an LTQ mass spectrometer (Thermo Fisher) by performing
online electrospray ionization (ESI) at 2.0 kV. The LTQ was operated in a top-five data-
dependent mode using survey scans from 400-1800 m/z. Tandem MS scans were acquired
with an isolation width of 2 m/z and fragmentation mode was CID with 35% normalized
collision energy for 30ms at a Q value of 0.25. The automatic gain control was set to 3x10°
charges in the ion trap. Dynamic exclusion was used with a duration of 30 s and a repeat
count of 1.

Raw files were converted to mzxml using msconvert (distributed as part of ProteoWizard
1.6.1260). Tandem mass spectra were searched against a yeast database containing proteins
expressed from 5889 well-characterized open-reading frames in the yeast genome, including
reversed sequences and common contaminant proteins (12316 entries) using Sequest v27.0.
Search parameters included a 2.0 amu precursor and 1.0 amu fragment mass tolerance, 2
missed cleavages, partial trypsin specificity, fixed modification of cysteine acetamidylation
and variable modification of methionine oxidation. Search results were filtered to 99%
protein probability and 95% peptide probability in Scaffold (v3.3.1, Proteome Software),
producing false discovery rates of 0.8 — 3.6%.

Isobaric tagging experiment

Peptides from yeast or HeLa cells were dissolved in the manufacturer-supplied buffer and
labeled with the 114 and 117 iTRAQ® (Applied Biosystems) labels, respectively, at room
temperature for 1h and desalted with Sep-Pak cartridges. Equal amounts of labeled yeast and
HelLa peptides were combined to create a two-species sample. This mixed sample was
loaded directly onto an ERLIC or RP column and analyzed as above except that pulsed Q
dissociation8 was used with 35% normalized collision energy for 0.1ms at a Q value of 0.70.
The data were searched against a combined database of human and yeast forward and
reversed sequences and common contaminants. The values of the iTRAQ® reporter ions
were extracted from all MS?2 scans with in-house software.

Data processing

Peptide isoelectric points were calculated using an in-house perl script adapted from the
Trans Proteomic Pipeline’s piCalculator (Seattle Proteome Center). Pseudo-3D plots were
created in Xcalibur (v2.2, Thermo Scientific) using map view. Graphs were created in Prism
(v5.04, GraphPad Software) and Microsoft Excel (2010, Microsoft Corporation).

Results and Discussion

Published offline ERLICZ ® 9 and HILIC10. 11 experiments frequently use a mobile phase
containing 80-90% acetonitrile (ACN) for peptide loading and initial gradient conditions.
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However, not all peptides may be soluble in highly organic solvents,12 raising a concern
about sample loss prior to LC loading. To assess this, we dissolved yeast lysate peptides in
75, 80, 83.3, 86.7 and 90% ACN, and analyzed both the insoluble peptide pellet and the
dissolved peptides by RP-LC-MS. The number of insoluble peptides was 4.4 times higher in
90% ACN relative to 75%, indicating that a lower starting amount of ACN minimizes
peptide losses. Similarly, 2.3 times as many peptides were identified in the soluble fraction
of peptides dissolved in 75% ACN compared to 90% ACN (Figure 1). The situation is
moderately exacerbated at 4°C (data not shown), as might occur in a chilled autosampler
tray. While this trend of increased peptide solubility might continue below 75% ACN, such
solvent conditions would risk lack of retention for more basic and hydrophobic peptides.

We tested the efficacy of ERLIC separations beginning at 75 and 82.5% ACN. We found
marginally more peptide identifications starting at 75% ACN (data not shown), suggesting
that conditions optimized for peptide solubility trumps any potential loss of peptide retention
by ERLIC at lower starting %ACN. Thus, we concluded that 75% ACN for sample
solubilization and loading offered an optimal balance between peptide solubility and
retention. This is consistent with others’ offline ERLIC3: 13: 14 and HILIC experiments.1®

With optimized conditions for sample loading in hand, we compared three technical
replicates of optimized analyses of column-loaded whole cell yeast lysates using ERLIC or
RP. Figure 2 and Table 1 show that ERLIC greatly outperformed RP. Supplementary Figure
1 shows representative chromatograms for each separation. Overall, ERLIC identified with
high confidence 39% more nonredundant peptides, leading to 40% more protein
identifications. While this report was focused on the results from Sequest, Similar results
were found when searching using Mascot, X!Tandem and OMSSA, resulting in 39-59%
more proteins identified by online ERLIC (Supplementary Figure 2). Supplementary Table 1
shows all peptide sequence matches and proteins identified using Sequest. The mean
GRAVY scorel® of ERLIC-identified peptides was significantly lower than in RP (p <
0.0001), demonstrating that ERLIC better retains polar peptides (Supplementary Figure 3a).
The mean peptide pl for ERLIC was also significantly lower than RP (p < 0.0001), albeit
with a narrower range (Figure 2c). Consistent with these observations, ERLIC identified
more acidic residues and fewer aliphatic residues than RP (Supplementary Figures 3b, c). Of
particular note, the ERLIC separations consistently produced a higher peptide identification
rate (1.7-fold greater overall); that is, the fraction of MS? spectra which produced a
confident peptide spectral match (PSM) relative to the total MS2 acquired was always higher
with ERLIC.

Four potential reasons for ERLIC’s improvements in MS? spectral identification rate
relative to RP were explored. First, the potential for improved precursor ion purity in ERLIC
separations was examined. Pseudo-3D plots of representative chromatograms, sorted on
MS? or MS? scan intensity (Figure 3b—e) or by peptide identifications (Figure 3a) all show
that in ERLIC, peptides are almost ideally spread across the m/z vs retention time space. In
RP however, detected peptides occupy a much smaller portion of the retention time space
and fall largely on a diagonal, indicative of the expected correlation between m/z (and
peptide mass by extrapolation) and retention time in RP. Given this observation, an isobaric
tagging experiment using lysates from yeast and human cells was performed to test whether
ERLIC’s improved separation of peptides would produce a greater proportion of “pure”
MS? spectra originating from a single peptide precursor ion, thereby leading to more high
confidence PSMs. Because the impure spectra made up the vast majority of the spectra
recorded using either RP or ERLIC (Supplementary Figure 4), the identification rate from
these spectra mirrored the overall identification rates when considering all spectra (data not
shown). Thus increased precursor purity cannot be attributed to the difference in
identification rate.
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Second, the signal intensity of peptides could differ as a result of the higher concentration of
organic solvent used in ERLIC’s mobile phase. The pseudo-3D plots (Figure 3b-¢) also
show the MS! and MS? signal intensities are generally higher in RP. Therefore, the
improvements of ERLIC-MS do not seem to be caused by improved ionization efficiency
and higher signal intensity due to the highly organic mobile phase relative to RP. This
observation is consistent with those of Gilar ef a/, 12 but contrary to those of others.17: 18

Third, the charge states of the peptides identified in this study could also be influenced by
the difference in organic solvent concentration of the respective mobile phases. Triply
charged precursors are known to be assigned inflated scores compared to doubly charged in
database search programs such as Sequest,1? thus a significantly different charge state
distribution might explain the differences between ERLIC and RP. Doubly and triply
charged peptide ions from the ERLIC runs made up 93% and 6% of the PSMs, while those
from RP made up 87% and 11%, respectively (Supplemental Figure 5). The proportion of
singly charged peptides was very small in both methods, indicating that singly charged
peptides are not a significant factor in either ERLIC or RP. Thus, differences in charge state
distribution seems unlikely to cause the observed improvement in identification rate.

Finally, we examined the physicochemical properties of the peptides identified. ERLIC
retained and identified a significantly higher proportion of acidic peptides than RP (Figure
2¢). Because there is no direct evidence in the literature suggesting that acidic peptides are
more efficiently identified compared to basic peptides, we explored further the physical
differences between acidic and basic peptides. We performed an /n sifico tryptic digest of
the yeast proteome, focusing on peptides within the size range normally identified via LC-
MS/MS, and sorted the peptides by isoelectric point. Acidic peptides tend to be longer
(Figure 4a), and longer peptides score better in correlation-based programs such as Sequest
and Mascot?0 regardless of their pl (Supplementary Figure 6). Analysis of our data using
other database search programs tested (X!Tandem and OMSSA) also showed a bias in these
programs towards improved scores on longer peptides (data not shown). When
concentrating on identified peptides, the distribution of peptide lengths identified by ERLIC
and RP was not significantly different, with an average of 15.7 and 16.1 residues
respectively. However, when considering the difference in identification rate, it is also
necessary to consider the MS/MS spectra which were not matched to a peptide sequence.
Thus we compared the m/z values selected for MS2 scans with the m/z values of identified
peptides (Figure 4b,c). In the ERLIC runs, the two distributions match very closely.
However, in RP runs a larger proportion of MS? spectra were being taken at low m/z (400 —
600) indicating a higher proportion of smaller peptides which are less likely to produce a
PSM score sufficient to meet filtering criteria. Thus, we believe that ERLIC’s propensity to
retain and select for MS?2 a higher proportion of longer peptides compared to RP is a main
cause of the observed difference in spectral identification rate.

Conclusions

Overall, our results show that online ERLIC-MS can be easily implemented in a standard
shotgun proteomics workflow, offering a significant improvement in protein identification
compared to RPLC-MS. Although ERLIC does not retain peptides across all isoelectric
points, using the conditions described here, as well as does RP, its advantages are clear for
the multitude of applications where sensitive and high confidence identification of proteins
within complex mixtures is critical, such as analysis of protein-limited samples. Online
ERLIC-MS should also be amenable to LC-based multidimensional fractionation
workflows, for increased sensitivity in very complex mixtures. Finally, as with offline
ERLIC,2 14 online ERLIC-MS might offer a unique ability to analyze post-translational
modifications — particularly glycosylation and phosphorylation, which increase the
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hydrophilicity and acidity of peptides, respectively. Our findings lay the foundation for these
future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Determination of peptide solubility in high acetonitrile solutions. (a) Number of proteins and
peptides identified in the insoluble portion of a dried yeast lysate digest exposed to various
concentrations of acetonitrile, analyzed by RPLC-MS. (b) Number of proteins and peptides
identified in the soluble portion of a dried yeast lysate digest exposed to various
concentrations of acetonitrile, analyzed by RPLC-MS.
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Figure2.

Comparison of the performance of ERLIC vs RP. (a) Venn diagram displaying the number
of nonredundant peptide spectral matches across triplicate ERLIC and RP online LC-MS
runs, showing the increase in number of peptides identified in ERLIC, as well as a modest
overlap between techniques. (b) Venn diagram for the number of proteins identified at the
>2-peptide per protein level in triplicate ERLIC and RP online LC-MS runs, showing the
increase in proteins identified in ERLIC with almost complete coverage of those found in
RP. (c) Distribution of isoelectric points of peptides identified across triplicate ERLIC and
RP online LC-MS runs. ERLIC retains almost exclusively acidic peptides, whereas RP
better retains peptides across all pl values.
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Figure 3.

(a) Distribution of peptides identified in ERLIC and RP by m/z and retention time. ERLIC

identifies peptides at almost all m/z — time locations, whereas peptides found in RP

predominantly lie on a diagonal. (b—e) Distribution of ion intensity in a representative

ERLIC and RP run, sorted by MS1 and MS2 scans illustrating that the correlation between

m/z and retention in RP is absent in ERLIC.
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Mechanism for the improved identification rate in ERLIC compared with RP. (a) An /n
silicotryptic digest of the yeast proteome shows that acidic peptides tend to be longer than

basic peptides. (b) Comparison of the distribution of all m/z values selected for MS2
analysis in online ERLIC-MS and the m/z values of only those precursors resulting in

identified peptides. The distributions match closely. (c¢) Comparison of the distribution of all
m/z values selected for MS2 analysis in online RP-MS and the m/z values of only those
precursors resulting in identified peptides. In RP, a relatively high proportion of precursors

in the 400-600 Th range are being selected for MS2 analysis. These MS2 scans are
unproductive, as the short peptides are unlikely to produce a PSM with sufficient

confidence.
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Triplicate analyses of yeast whole cell lysate were compared by online ERLIC-MS or RPMS.

Table 1

ERLIC RP
Protein IDs, 2-peptide minimum (FDR, %) | 527 (0.9) 377 (0.8)
Protein IDs, 1-peptide minimum (FDR, %) | 563 (1.8) 414 (3.6)
all PSMs (FDR, %) 11322 (0.15) | 7203 (0.25)
nonredundant PSMs (FDR, %) 2936 (0.55) 2119 (0.90)
average Xcorr (s.d.) 3.96 (0.90) 3.81 (0.86)
average delta Cn (s.d.) 0.38 (0.11) 0.36 (0.12)
average peptide charge (s.d.) 2.06 (0.26) 2.10 (0.34)
average identification rate, % (s.d.) 17.8 (0.53) 10.7 (0.21)
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