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Summary

Orthogonal high-resolution separations are critical for attaining improved analytical dynamic
range and protein coverage in proteomic measurements. High pH reversed-phase liquid
chromatography (RPLC) followed by fraction concatenation affords better peptide analysis than
conventional strong-cation exchange (SCX) chromatography applied for the two-dimensional
proteomic analysis. For example, concatenated high pH reversed-phase liquid chromatography
increased identification for peptides (1.8-fold) and proteins (1.6-fold) in shotgun proteomics
analyses of a digested human protein sample. Additional advantages of high pH RPLC with
fraction concatenation include improved protein sequence coverage, simplified sample processing,
and reduced sample losses, making this an attractive alternative to SCX chromatography in
conjunction with the second dimension low pH RPLC for two-dimensional proteomics analyses.

Keywords

Two dimensional chromatographic separation; shotgun proteomics analysis; SCX; Fraction
concatenation; High pH RP

Expert Commentary

1) The need for highly efficient 2D LC in proteomics analysis

Proteomics studies benefit from analytical capabilities that provide high proteome and
protein sequence coverage. However, even with state of the art, high duty cycle instruments,
the number of proteins identified with a conventional single liquid chromatography-tandem
MS (LC-MS/MS) analysis is typically limited and fractionating protein samples prior to LC-
MS/MS analysis is crucial for increasing both the analytical dynamic range and proteome
coverage [1-4]. Two-dimensional gel electrophoresis (2D-PAGE) and multidimensional
chromatographic separation etc. are often used to reduce sample complexity.[5-8] While
2D-PAGE has limitations in identification of low-abundance proteins, membrane proteins,
as well as proteins with extreme physicochemical properties (i.e. molecular weight or
isoelectric point),[3,6] first stage LC separation offers better compatibility with subsequent
RPLC-MS analysis, the integration with high throughput methodologies, and ease of
automation.[9-13] Towards this end, a high efficiency two-dimensional liquid
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chromatography (2D LC) separation is most often used, with low pH reversed phase (RP)
LC as the second dimension, prior to tandem mass spectrometric analysis [1,3,4,14]. The
effectiveness of a 2D LC separation depends on the compatibility of the two separations, the
separation efficiency in both dimensions, as well as on the separation orthogonality [15]. In
the past, achieving good orthogonality to the RP separation has governed the choice of a
first dimension separation. Because it employs a different peptide separation mechanism
than RP, strong cation exchange (SCX) liquid chromatography has been the most widely
adopted first dimension for 2D LC separations in proteomics [6,16-18]. However, SCX has
its limitations including the capability for resolving peptides, reduced sample recovery, and
sample losses due to the required sample desalting prior to and/or after fractionation. As a
result, methods that provide more effective separation than SCX, generate cleaner fractions,
and that reduce sample processing steps and loss are desired.

2) Why use a concatenated high pH RPLC fractionation approach?

Typically, RPLC resolves peptides better and achieves higher peak capacities than SCX,
primarily due to the faster chromatographic partitioning [19]. Another advantage of RPLC is
that the use of low salt or salt-free buffers generates cleaner samples for downstream LC-
MS(/MS) analyses, whereas often required sample desalting for SCX can have a negative
impact on analytical sensitivity. When operated at widely different pH values (e.g., 10 and
3), 2D RPLC-RPLC provides separation orthogonality comparable to that of SCX-RPLC
[15], [10,20,21]. The difference of separation selectivity between the low and high pH
RPLC comes from the changes in the charge distribution within peptide chains upon altering
pH of the eluent [22]. The 2D RPLC strategy has been employed in various proteomics
applications to separate stable isotopic labeled [23—-26] or non-labeled peptides [27,28]. The
orthogonality of RPLC-RPLC can be further improved [5,11] by using different reversed
phase packing materials, such as polyRP and octadecylsilanized particles that lead to
different LC retention behaviors of peptides.

A concatenation approach offers further benefits in terms of proteome coverage [29]. First
introduced to reduce the time required for 2D HPLC [22], concatenation involves combining
multiple early, middle, and late RPLC fractions eluted over equal time intervals and with
little overlap in the first dimension into a single concatenated fraction (Figure 1A). In
addition to reducing the number of peptide fractions in the first dimension, concatenation
effectively compensates for the imperfect orthogonality of the two separation dimensions,
and makes more efficient use of a wider elution window in the second dimension separation
compared to that of an individual fraction.

We and others have shown that concatenation (pooling equal interval RPLC fractions)
improves orthogonality and proteome coverage in 2D RPLC-RPLC shotgun analysis
compared to pooling adjacent RPLC fractions that is routinely applied [29,30]. In an earlier
study, concatenated pH 7.5 RP (pooling two equal interval fractions) approach yielded a
>30% increase in the number of phosphopeptide identifications compared to the adjacent
fraction pooling method from a digested mouse liver sample [30]. We recently showed that
low pH RPLC-low pH RPLC with concatenation provides a ~2-fold increase in both peptide
and protein identifications from a trypsin-digested human protein sample compared to those
identified using the same 2D LC scheme without concatenation [29]. With concatenation,
the second dimensional separation is better utilized as evidenced by the peptide clusters
spread across a wide LC elution time window (Figure 1B). However, the gaps between the
peptide clusters indicate that the separation space is still underutilized. The use of a
concatenated high pH RP-low pH RPLC separation scheme affords better utilization of the
separation window, as evidenced by the broad coverage of chromatographic space in Figure
1C.
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Figure 2 illustrates the separation orthogonality provided by concatenated RPLC-RPLC
when compared to SCX-RPLC for the 2D LC-MS/MS of trypsin-digested human proteins.
The distribution of peptides across the concatenated fractions (first dimension) and the low
pH RPLC elution time (second dimension) illustrate the orthogonality of the first dimension
separation (i.e., concatenated low pH RPLC, concatenated high pH RPLC, or SCX) with the
second dimension (low pH) RPLC separation. As expected, concatenated low pH RPLC has
the smallest orthogonality to the second dimensional low pH RPLC. In principle, SCX
provides good orthogonality to RPLC; however, most tryptic peptides carry 2+, 3+ and 4+
charges and tend to group during SCX fractionation, which leads to a non-uniform use of the
2D space and a reduction in overall separation efficiency. In contrast, concatenated high pH
RPLC-low pH RPLC much more uniformly covers the 2D space. The concatenated high pH
RPLC-low pH RPLC [29] has resulted in 37633 unique peptides and 4363 unique proteins
(with = 2 unique peptides) from trypsin-digested human MCF10A cell sample, ~80% more
peptides and ~60% more protein identifications than obtained using traditional SCX-RPLC.

An additional advantage of high pH RPLC consist of higher tolerance towards the samples
in which salts or other reagents have not been removed. Our results from high pH RPLC-
LC-MS/MS analysis of peptide samples containing 1M urea and SPE-cleaned samples
indicate that desalting is not necessary prior to high pH RPLC fractionation[29]. The
combined desalting-fractionation operation can reduce sample preparation time and decrease
sample losses, which is critical for small-sized biological/clinical samples.

3) Practical considerations when employing concatenation

When employing a concatenation strategy, one should determine the number of fractions to
be concatenated. The strategy employed depends on the RPLC gradient time in the first
dimension separation and the number of desirable LC-MS/MS analyses. Concatenation
should be performed for fractions that have minimal overlap and also spread across the
whole range of the elution profile in the first dimensional separation (species in each
concatenated fraction should elute at least minutes apart to minimize their overlap).
Fundamentally, the more fractions that are concatenated from the first dimension separation,
the wider range of elution time the concatenated fraction can cover in the second
dimensional separation. Another factor to be considered is the overlap between the
neighboring fractions in the first dimensional separation, which contributes to the overlap of
the neighboring concatenated fractions in the second dimensional separation. To combine
fractions into the same number of post-concatenation fractions, a longer gradient that can
more effectively resolve peptides in the neighboring fractions reduces the overlap between
post-concatenation fractions. Under the experimental condition we have investigated [29] (~
60 min effective gradient from which 60 fractions were collected and concatenated into 15
post-concatenation fractions), only minor overlap between neighboring post-concatenation
fractions was observed (the average standard deviation of the overlap is 0.14 + 0.01 for
concatenated high pH RPLC).

Five-year view

High pH RPLC followed by fraction concatenation provides an efficient separation for
improving proteome coverage and an attractive alternative to conventional SCX for 2D LC
shotgun proteomics. In particular, use of this methodology eliminates the need to desalt
samples prior to and/or following the first dimension separation, which reduces both sample
losses (that are often around 50% or more in our routine proteomics sample preparation) and
sample processing times. Reduced sample loss is especially important in studies where
samples are valuable and their size limited, e.g. clinical biopsies. For smaller samples (<10
Lg), on-line micro-SCX-RPLC [31] can provide greater sensitivity, while with larger
samples RPLC-RPLC with concatenation can be automated in an off-line format, to provide
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improve proteome coverage and overall high sensitivity. For comprehensive post-
translational modification analyses, reduced sample losses translate to a reduction in starting
materials that are typically on the order of 8-10 mg [32,33] to allow for both fractionation
and subsequent enrichment of low level modified peptides. Therefore, we expect that the
simple experimental procedure and excellent chromatographic performance of the
concatenated high-pH reversed phase LC separation methodology will drive it adoption for
broad, sensitive, and reproducible shotgun proteomics applications over the next five years.
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Key issues

A high efficiency two-dimensional liquid chromatography separation, with low
pH reversed phase liquid chromatography most often used as the second
dimension, can enhance the ability to resolve peptides from a complex mixture
in a shotgun proteomics analyses.

The effectiveness of the two-dimensional liquid chromatography separations
depends on the chromatographic resolving power of each separation stage, as
well as on the orthogonality of the two separations.

Strong-cation exchange chromatography, which is the current popular choice for
the first dimension separation approach in shotgun proteomics is orthogonal to a
reversed phase separation, but has limited resolving power.

High pH reversed phase chromatography has high resolving power, but is semi-
orthogonal to the second dimensional reversed phase separation.

Concatenating multiple fractions that have minimal overlap and cover a wide
separation window, improves the effective orthogonality of a high pH reversed
phase first dimension separation to the second dimensional reversed phase
separation.

High pH reversed phase liquid chromatography with fraction concatenation is a
better alternative to strong cation change chromatography in two dimensional
separations, in that it results in greatly improved peptide and protein coverage,
as well as analytical sensitivity.

For very small samples (<10 pg), SCX-RPLC can presently provide greater
sensitivity; however, given larger samples RPLC-RPLC with concatenation can
be automated in an off-line format, and provide improved proteome coverage.
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Figure 1.

A) Schematic depicting the concatenation strategy applied to a first dimensional low pH RP
and high pH RP fractionation. Example RPLC-MS base peak chromatograms of fraction 10
following concatenation: B) low pH RPLC as a first dimension separation and C) high pH
RPLC as a first dimension separation. Reprinted with permission from Proteomics 11:2019-
2016 (2011). Copyright 2011 WILEY-VCH Verlag GmbH & Co.
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Figure?2.

Heat maps illustrating the distinct number of unique peptides identified in each LC
normalized elution time (NET) bin for each fraction of three different approaches. The x-
axis represents the fraction number in the first dimension separation (concatenated low pH
RPLC, concatenated high pH RPLC, and SCX) and the y~axis is the normalized elution time
(NET) of the second dimension low pH RPLC. The number of peptides (low to high) is
indicated by the blue-white-red color scale.

Reprinted with permission from Proteomics 11:2019-2016 (2011). Copyright 2011 WILEY-
VCH Verlag GmbH & Co.
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