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Abstract. Reversed-phase liquid chromatography is the most commonly used
separation method for shotgun proteomics. Nanoflow chromatography has
emerged as the preferred chromatography method for its increased sensitivity
and separation. Despite its common use, there are a wide range of parameters
and conditions used across research groups. These parameters have an effect on
the quality of the chromatographic separation, which is critical to maximizing the
number of peptide identifications and minimizing ion suppression. Here we
examined the relationship between column lengths, gradient lengths, peptide
identifications, and peptide peak capacity. We found that while longer column and
gradient lengths generally increase peptide identifications, the degree of

improvement is dependent on both parameters and is diminished at longer column and gradients. Peak
capacity, in comparison, showed a more linear increase with column and gradient lengths. We discuss the
discrepancy between these two results and some of the considerations that should be taken into account
when deciding on the chromatographic conditions for a proteomics experiment.
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Introduction

The development of shotgun proteomics technologies has
enabled the rapid analysis of complex protein samples.

Typical problems addressed by shotgun proteomics include
protein identification, comparison of protein abundance be-
tween two different states (e.g., disease versus control) and the
identification of post-translational modifications [1–3]. A
shotgun proteomics experiment consists of three main steps:
(1) sample preparation (e.g., protein denaturation, digestion,
cleanup); (2) chromatographic separation and mass spectro-
metric analysis); and (3) bioinformatics analysis. Each step of
this method contributes to the quality of data that can be
obtained from the experiment and, therefore, obtaining best
possible results requires each step to be optimized.

Online peptide separation in shotgun proteomics is commonly
performed by reversed-phase chromatography. RP-HPLC offers

several advantages for peptide separation, including high peak
capacity, solvent compositions compatible with ESI, and mitigat-
ed ion suppression due to the concurrent elution of peptides with
similar degrees of hydrophobicity. Electrospray ionization is the
ideal ionization technique for LC-MS due to the easy coupling of
the electrospray emitter to the column [4, 5]. In a complex protein
digest with thousands of peptides, at any given point in the
gradient, it is possible for the presence of many simultaneously
eluting peptides. Developments in mass spectrometer technolo-
gies have increased the speed and sensitivity of mass spectrom-
eters used in shotgun proteomics, improving the ability to sample
more ions eluting from the column at any given time [6]. Despite
this, a majority of peptides are still not interrogated in a data-
dependent analysis. An approach to increasing the identification
of peptides is to improve the chromatographic separation of
peptides prior to mass spectrometric analysis.

There have been ongoing efforts to study the effects of
chromatographic parameters such as the stationary phase,
column and gradient lengths on LC-MS/MS performance
[7–9]. These parameters are interdependent and have a wide
range of possibilities. For example, stationary phase materi-
als can consist of packed particles or a monolithic structure
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and can vary in their diameter or pore size, all of which may
affect chromatographic performance [10–12]. Zhou et al.
[13] and Köcher et al. [14] have demonstrated the potential
performance increases when using very long gradients of up
to 10 h. We are specifically interested in the performance
characteristics of LC systems configured for nanoflow
chromatography. Nanoflow chromatography has become
the preferred LC method because of superior separation
and sensitivity [15]. In this study, we assess the two
chromatographic parameters: column length and gradient
length in ranges that are typically used for high throughput
shotgun proteomics. Our results suggest that while a longer
column by itself may improve chromatographic perfor-
mance, performance improves substantially when paired
with a sufficiently long gradient length.

Methods
Sample Preparation

The aqueous soluble fraction of a Caenorhabditis elegans
wildtype strain N2 lysate and bovine serum albumin (Thermo
Fisher Scientific, Rockford, IL, USA) were digested separately
with trypsin as described [16]. Aliquots containing 0.5 μg/μL
C. elegans digest and 10 fmol/μL BSA digest in 2 %
acetonitrile and 0.1 % formic acid were prepared and stored
at –20 °C. An aliquot was thawed and used for every set of LC-
MS/MS runs for a given capillary column length.

LC-MS/MS

The nanoflow HPLC used was a Waters nanoAcquity
(Milford, MA, USA). Sample was loaded directly onto
column with a 2 μL full loop injection at a flow rate of
500 nL/min (0 % acetonitrile, 0.1 % formic acid). After
5 min of loading, a linear gradient was applied at 250 nL/
min from 0 % acetonitrile, 0.1 % formic acid to 32 %
acetonitrile, 0.1 % formic acid for 30, 60, or 90 min. A wash
step was done for 10 min at 80 % acetonitrile, 0.1 % formic
acid, followed by a re-equilibration step for 20 min at 0 %
acetonitrile, 0.1 % formic acid.

The capillary columns used were Picofrit columns (New
Objective, Woburn, MA, USA), packed with Phenomenex
Jupiter Proteo C-12 (90 Å, 4 μm) resin to lengths of 10, 20,
40, and 60 cm (75 μm inner diameter and 360 μm outer
diameter). The diameter of the emitter tip of the column was
measured to be 10.1, 9.9, 10, and 9.9 μm, respectively.

The mass spectrometer used was a Thermo Scientific LTQ-
FT Ultra. Full scan MS spectra were acquired from m/z 400–
1400 at a resolving power of 100,000. Target ion counts of
1,000,000 ions were acquired with a maximum injection time
of 500 ms. Five data-dependent MS/MS spectra were acquired
of the five most abundant ion species in the preceding MS scan
in the LTQ at unit resolution, with 2000 target ions and a
100 ms maximum injection time. Dynamic exclusion was set
with a repeat count of 1 and a 30 s exclusion window.

Peptide Database Search

Precursor monoisotopic mass and charge state were assigned
to the MS/MS spectra using the computer program Bullseye
[17]. MS/MS spectra were searched using the SEQUEST
[18] algorithm (ver. 27) against a protein database contain-
ing C. elegans proteins (www.wormbase.org, Release
WS160, 2/11/06) and the Bovine Serum Albumin protein
sequence. A static modification of 57.021464 on cysteine
was used to account for carbamidomethyl modifications.
The precursor mass tolerance was set to 10 ppm and enzyme
specificity was set to semi-tryptic. A false discovery rate
(FDR) threshold of 1 % was used for peptide spectrum
matches and was determined using the Percolator algorithm
[19]. Decoy databases were generated by reversing the
protein sequences from the target database.

Peptide Peak Capacity

Peptide peak capacity, p, was calculated by dividing the
length of the linear portion of the gradient, tg, by the average
full width at half maximum (FWHM), w, for all peptides
identified in a run (Equation 1).

p ¼ tg
w

ð1Þ

The FWHM of a peptide was measured using a software
tool developed in house and written in Java. Briefly, for
every unique peptide identified, an extracted ion chromato-
gram was generated with a 10 ppm window around the M +
0, M + 1, and M + 2 isotope peaks for 30 MS scans before
and after the peptide’s MS/MS scan. The extracted ion
chromatogram was fit to a Gaussian function and the
FWHM calculated from the function. The quality of the
Gaussian fit was assessed by a Pearson’s correlation and
peptides with a correlation less than 0.9 were removed from
the peak capacity calculation.

Results and Discussion
LC-MS/MS

The data used for our characterization of LC-MS/MS
performance were collected from the analysis of a trypsin
digestion of C. elegans lysate, spiked with bovine serum
albumin, as described in the Methods section. A sampling of
the types of chromatography performed in the proteomics
field was collected through a literature search for “shotgun
proteomics” in the years 2010 and 2011, and 52 publications
were randomly selected. In these publications, a wide range
of chromatographic conditions were found to have been
used. For instance, column lengths were found to vary from
7 to 35 cm (Supplementary Figure 1). Based on our literature
search of chromatographic conditions typically used, we
selected column lengths of 10, 20, 40, and 60 cm; and linear
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gradient lengths of 30, 60, and 90 min to encompass this
range of parameters and to test the effects of column lengths
longer than what is typically used.

To reduce the effects of systematic error, the order of sample
analyses were randomized. All runs for a given column length
were run sequentially and the order of the columns was
randomized. For each column, three sets of samples were run.
Each set consisted of three runs, one of each gradient length, in
a random order. In total, 36 sample analyses were performed.

Peptide Identifications

One of the metrics commonly used to evaluate LC-MS/MS
performance is the number of peptides identified through
database searching. A database search of the collected MS/
MS spectra, using the SEQUEST algorithm, showed a
general increase in peptide identifications as column and
gradient lengths were increased (Figure 1, Supplementary
Table 1). The increase in peptides IDs was most pronounced
from 10 to 20 cm column lengths. From 40 to 60 cm, little to
no increase in peptide identifications was observed.

With respect to gradient lengths, peptide identifications
increased as the length of the linear gradient increased. The
smallest degree of improvement was observed for 10 cm
columns from 60 to 90 min gradient lengths, while the
greatest increases in peptide IDs with increasing gradients
were from the longer column lengths; indicating that the
degree of improvement obtained by increasing gradient
length is dependent on the length of the column (Figure 1b).

Peak Capacity

Chromatographic performance of gradient elution liquid
chromatography has been traditionally measured by peak
capacity, which has been defined as the maximum number
of peaks that can be separated over a chromatographic
column [20]. We have calculated the peak capacity from our
datasets to assess the relationship between peak capacity and
peptide identifications and its usefulness in evaluating LC-
MS/MS performance.

Methods for calculating peak capacity from LC-MS/MS
data normally involve manual measurement of peak widths
from a small sample of peptides. We observed initially
through manual peak measurements that in a single LC-MS/
MS analysis, peptides can have a wide range of peak widths.
Therefore, determining peak capacity by manual peak
measurement of a few select peptides may not provide
representative peak capacity values for the complex mixture.
To obtain a comprehensive measurement of peptide peak
widths, we used in-house developed software that extracts
the elution profile of every peptide identified and determines
its width by fitting the peak shape to a Gaussian function, an
ideal chromatographic peak shape (see the Methods section).
After discarding extracted ion chromatograms that did not
pass a scoring threshold for fitting to the Gaussian function,
we were able to obtain, for each set of analyses on a column,

peak width measurements for an average of 91 % of the
unique peptides identified by database search.

A histogram of the peak widths measured illustrates the
dramatic range of peak widths across column and gradient
lengths and within a given column and gradient combination
(Figure 2, Supplementary Table 2). The starting and ending
mobile phase conditions for the linear portion of the gradient
were kept constant and, as expected, peak widths increased
as gradient lengths increased. Also observed was that as
column lengths increased for a given gradient length, peak
widths decreased. The analysis with the greatest average
peak width of 0.412 min (24.7 s) was the 10 cm column with
90 min. The analysis with the smallest average peak width
was the 60 cm column and 30 min gradient analysis with an
average peak width of 0.110 min (6.6 s).

Figure 1. (a) Peptide identifications and peak capacity
measurements are plotted for the analyses done in this
study. Each combination of column and gradient lengths was
run in triplicate. The total number of peptides identified by
database search and the average calculated peak capacity
are shown. (b) The average number of peptide identifications
from the analyses are plotted in bar plot form. The standard
deviation of the number of peptide identifications is indicated
by the error bars

150 E. J. Hsieh et al.: Effects of Column and Gradient on nanoLC-MSMS



From the measured peak width, a peak capacity value
was calculated for each analysis and compared with the
peptide identification results (Figure 1a, Supplementary
Table 3). Unlike the peptide identification results, we
observed a linear increase in peak capacity with respect to
column length.

Signal Suppression

ESI-LC-MS/MS has been known to be subject to ion
suppression effects [21, 22]. The effects of ion suppression

are more prevalent in complex samples where there is an
increase in analytes competing for charge or access to the
surface of the electrospray droplet [23]. To assess the effects
of the changing chromatography parameters on peptide
abundance measurements, trypsin digested bovine serum
albumin was added to the C. elegans lysate sample. With
each injection, 20 fmol of the BSA digest was injected. The
integrated peak areas of two peptides from BSA that were
found in the majority of analyses were measured (Figure 3).

For the two peptides monitored there was a general trend of
increasing measured peptide abundance (i.e., less ion suppres-
sion) with increasing column and gradient lengths. Similar to
the peptide identification results, the most noticeable increase is
from the 30 to 60 minute gradient times, and from the 10 to
20 cm column lengths. We did not observe any significant
difference in the peptide abundance between the 20, 40, and
60 cm columns. For comparison against a sample with reduced
suppression effects, 20 fmol of BSA digest was loaded, without
C. elegans lysate, onto a 10 cm column and separated over a

Figure 2. A histogram of the measured peptide peak widths
(FWHM) for the LC-MS/MS analyses. Peptide peak widths
were measured using in-house developed software as
described in the Methods section. The peak width values
from the replicates were combined

Figure 3. The integrated peak areas for two peptides from
bovine serum albumin that was added to the C. elegans lysate
is shown for each gradient and column length condition. The
peak areas were averaged from the available replicates and
the standard deviation shown with error bars. The peptide,
HLVDEPQNLIK, was not identified by database search in the
60 cm/30 min analyses
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30 minute gradient. The average intensity was significantly
higher than the corresponding sample analyses that included
the C. elegans lysate and this difference is indicative of the
degree of ion suppression that was present as a result of the
complex peptide background.

Conclusions
In this study, we set out to examine the effects of the column
and gradient length parameters on chromatography perfor-
mance, specifically in the nanoLC-MS/MS analysis of a
complex peptide sample. In our results, while there is an
overall increase in peptide identifications as chromatography
improved, the rate of improvement decreased as each
parameter increased. This rate of improvement of peptide
identifications is in contrast to our peak capacity calcula-
tions, which showed an expected linear increase with respect
to column lengths.

Plotting peptide identifications versus peak capacity
showed a positive correlation between the two. For data
acquired within a given column, the correlation was strong
with r2 values greater than 0.92 in all the column datasets
(Supplementary Figure 2). Amongst the whole dataset, the
correlation was less strong with an r2 value of 0.59. We
hypothesize that the discrepancy between peak capacity and
peptide identifications can be explained by the process of
MS/MS spectra acquisition and its relationship to peptide
elution. MS/MS spectra were acquired in this analysis at
approximately five spectra per seconds (data not shown). If
peak widths decrease, as was observed when column lengths
are increased, there is a reduced amount of time where
eluting peptides are available to be sampled. This reduced
sampling opportunity results in fewer peptide identifications
despite an improvement in peptide separation.

Increasing gradient lengths affected peptide identifica-
tions primarily by increasing the sampling time of the entire
analysis. Because the rate of spectrum acquisition is near
constant, the total number of spectra acquired is directly
proportional to the gradient length. Increasing gradient
lengths from 30 to 60 or 90 min doubles and triples the
total number of MS/MS spectra. While a smaller proportion
of all spectra will be identified in the longer gradients, the
increase in the number of spectra acquired over the same
mobile phase composition increases the chance of sampling
unique peptides. Longer gradients do result in some peak
broadening, however, peaks do not broaden proportionally
to the increase in gradient length so there is still an
improvement in separation power as indicated by the
increasing peak capacity values. Peptide peak widths, which
are indicative of peptide sampling opportunity, can be
plotted against the number of peptide identifications and
the column length, illustrating the relationship between these
three values (Figure 4).

Two factors that were not adjusted in this study, but
would likely have an impact on the relationship between
chromatographic and proteomics performance are (1) mass

spectrometry instrumentation and method and (2) sample
complexity. A mass spectrometer with a faster scan cycle
would be able to take advantage of better chromatographic
separation by improved sampling of an analysis with a low
MS/MS sampling opportunity. The analysis performed here
was a discovery-based, shotgun proteomics analysis in a
data-dependent acquisition mode. Data dependent acquisi-
tion isolates and fragments a narrow mass range sequentially
and is biased towards more abundant ions. Other analysis
types, such as a targeted analysis by selected reaction
monitoring or data independent acquisition, where a speci-
fied mass range is continually monitored, would not be
affected as by chromatographic conditions as dramatically as
a data dependent analysis.

In this study, we used a complex peptide mixture from C.
elegans lysate because this type of sample would benefit
most from good chromatographic separation. A simpler
peptide mixture would have fewer simultaneously eluting
peptides, resulting in a greater sampling opportunity for each
peptide, and would be affected less by the quality of the
peptide separation.

Our results show that shotgun proteomics experiments will
typically benefit from the use of longer column and gradient
lengths, but the benefits of column length are only obtained
when there is a sufficiently long gradient length (Figure 1b).
Increasing gradient length, however, has a proportional effect
on limiting sample throughput. For example, increasing a
gradient length to several hours would increase peptide
identifications but would dramatically reduce sample through-
put. Additionally, the increase in peptide identifications may be
minimal. Our measurements of peptide abundance showed
some of the additional advantages of improved chromato-
graphic separation. In some conditions, the integrated peak
areas for the BSA peptides increased by more than 2-fold

Figure 4. A scatterplot of the number of peptide identifica-
tions with respect to column length. Square, triangle, and
circle data points are analyses with 90-, 60-, and 30-min
gradients, respectively. The color of each data point indi-
cates the average peak width for the analyses
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compared with the short column and gradient analyses
(Figure 3). The improvement of peak areas would be important
in analyses when performing quantitative or differential
peptide measurements.
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