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A Novel Chromatographic Method Allows
On-line Reanalysis of the Proteome*s
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Liquid chromatography combined with electrospray ioni-
zation is widely used for direct analysis of polar and labile
molecules by LCMS. The on-line coupling in LCMS is a
major strength but also causes a principal limitation that
each eluting analyte has to be analyzed immediately and
is not available for detailed interrogation after the LCMS
run. Here we developed a new chromatographic strategy,
which removes this limitation. After column separation
the flow is split, one portion is analyzed directly, and the
other is diverted to a capture capillary. After the direct
LCMS run, the flow is switched, and the portion stored in
the capillary is analyzed (“replay run”). We describe a
setup consisting of an analytical column, a splitting
valve, and a focusing column, which performs at full
sensitivity and undiminished chromatographic resolu-
tion. We demonstrate three principal advantages of this
system: nearly continuous MS utilization, duplicate analysis
without requirement for additional sample, and targeting of
important but undersampled features in the replay
run. Molecular & Cellular Proteomics 7:1452-1459, 2008.

The development of electrospray mass spectrometry has
allowed analysis directly from the liquid phase (1). This feature
of electrospray makes it eminently suitable for the on-line
coupling of separation and ionization before MS analysis. In
nanoscale LCMS analyte species are concentrated into very
small volumes, increasing sensitivity. Furthermore the excel-
lent separation capacity of high performance chromato-
graphic systems is multiplied with the high resolution of mod-
ern mass spectrometers, resulting in exceptional combined
separation power (2). Small molecules, peptides, and proteins
are routinely analyzed by this powerful technology. However,
compared with off-line methods such as nanoelectrospray (3)
or MALDI (4), on-line coupling also has some inherent draw-
backs. The short time during elution of a peak requires a fast
and automatic decision on which peak to sequence. In com-
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plex mixtures, many peptides co-elute, and some may not be
sequenced at all (5). Peptides of special interest, for example,
those with regulatory post-translational modifications, should
be characterized in depth, but the fact that they are important
may only become evident after the analysis.

Some of these drawbacks can in principle be addressed by
slowing down the flow (“peak parking” (6)), fraction collection,
or repeat injection. However, none of these methods is ideal
from an analytical standpoint. Peak parking is of limited utility
for complex mixtures because the flow may have to be
stopped every few seconds, and the run would be extended
to impractical lengths. Fraction collection is useful in many
instances, but at very low flow rates it is less practical be-
cause of the low volume of fractions. In nanoflow LC peptides
typically elute in about 50 nl (based on an elution time of 15 s
using a 200 nl/min flow rate). To handle these fractions one
would need ~1 ul of sample, but adding buffer reduces the
concentration 20-fold causing a dramatic loss of signal inten-
sity. Repeat injections multiply total required analysis time
and may not be optimal if sample is limited because reinjec-
tion consumes twice as much sample.

We wished to develop a novel concept in LCMS that would
allow targeted measurement of analyte mixtures without com-
promising sensitivity or chromatographic performance while
requiring little or no additional time. Because electrospray is a
concentration-dependent process and therefore maintains full
signal at decreased flow rates, we and others previously
developed splitting systems in which the column effluent was
directed to MS analysis as well as to a fraction collector to
enable the reanalysis of chromatographic fractions (7, 8).
However, at very low flow rates, fraction collection became
increasingly difficult, prompting us to explore alternative ways
of storing the chromatographically separated sample.

Here we describe a novel setup in which we collect part of
a column effluent in a long capture capillary that we reanalyze
after the direct run. In this study we describe the new concept
and evaluate the system in terms of chromatographic and
mass spectrometric performance. Furthermore we show the
applicability to a complex proteomics sample and demon-
strate a useful application: targeting important peptides that
were not characterized in sufficient detail in the direct run. A
“head to head” and exhaustive comparison with other possi-
ble LCMS setups or MALDI methods is not the subject of this
study.
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Direct Reanalysis by Novel LCMS Setup

MATERIALS AND METHODS

RePlay Setup—We constructed the “RePlay system” consisting of
a six-port splitting valve, a flow sensor, a long capillary serving as a
capture capillary, and short capillaries to adjust the split ratio (see Fig.
1). The splitting valve was specially constructed for accurate flow
ratios and extremely low dead volumes at nl/min flow rates (Advion
BioSystems, Ithaca, NY). LC was performed on a Nano-HPLC 1200
system (Agilent, Waldbronn, Germany) with a 10-cm-long 75-um-
inner diameter IntegraFrit™ ProteoPepll analytical column (5-um RP-
C,g resin, New Objective, Woburn, MA) coupled to the RePlay valve in
which the flow was split. The gradients were essentially as described
previously (12) with peptides eluting from 13 to 60% solvent B (0.5%
acetic acid in 80% acetonitrile). One part of the effluent was directed
to a 7-cm in-house pulled 75-um-inner diameter fused silica emitter
packed with ReproSil-Pur C,5-AQ 3-um resin (Dr. Maisch GmbH,
Ammerbuch-Entringen, Germany), termed the “focusing column” for
direct on-line LCMS analysis on an LTQ-Orbitrap mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany). Meanwhile the sec-
ond part of the effluent was collected in the fused silica capture
capillary of typically 13-m length and 30-um inner diameter. The
capture line (Composite Metal Services Ltd., Shipley, UK) was
capable of storing around 10 ul, appropriate for a 100-min gradient
at an effective flow rate of 100 nl/min. For the 30-min gradient a 3-m
capillary was used. This stored gradient was then directed to the
same 7-cm pulled column by valve switching triggered from the MS
acquisition software.

Split adjusters, 10-um-inner diameter capillaries (Composite Metal
Services Ltd.), were cut to the length resulting in the desired split
ratio. These split adjusters needed to be fine tuned whenever the
focusing column was replaced. We recommend to carefully tighten,
not to overtighten, these capillaries because we found that small
glass particles easily clog the capillaries with a small inner diameter
(used as split adjusters).

For calculation of the theoretical peak broadening we used the
“capillary flow calculator” option of the “Molecular Weight Calculator”
freely available as open source software (alchemistmatt). This pro-
gram calculates the width of the peak as a consequence of diffusion
when inserting the initial peak width, the length and inner diameter of
the capillary, and the flow rate.

Liver Proteome Analysis—Frozen mouse liver tissue was homoge-
nized and in-solution digested by trypsin as described previously (9),
desalted and concentrated on in-house prepared StageTips (10), and
eluted for LCMS analysis. With a split ratio of 1:1, we ran a 100-min
gradient (100 nl/min to MS) and reanalyzed the sample in another 100
min (100 nl/min). We also split 3:1 (direct:replay), used a 100-min
direct gradient (200 nl/min to MS), and reanalyzed the sample in 35
min (200 nl/min). During the replay run the LC system loaded the next
sample on the analytical column. The run was analyzed by in-house
developed MaxQuant software (version 1.07.5) essentially as de-
scribed previously (11). The data were searched using Mascot (ver-
sion 2.1.04, Matrix Science Ltd., London, UK) against the mouse
International Protein Index database (version 3.37) supplemented
with frequently observed contaminants and concatenated with re-
versed copies of all sequences (2 X 51,467 entries). Enzyme speci-
ficity was set to trypsin, allowing for cleavage N-terminal to proline
and between aspartic acid and proline (12). Carbamidomethylcys-
teine was set as a fixed modification, and N-acetylation and methio-
nine oxidation were set as variable modifications. The initial maximum
allowed mass deviation (13) was set to 5 ppm for monoisotopic
precursor ions and 0.5 Da for MS/MS peaks. Maximally three missed
cleavages were allowed. The false positive rate at the peptide level
and false discovery rate at the protein level were set to 1%, and the
required minimum peptide length was 6 amino acids. If the identified
peptide sequence set of one protein was equal to or contained the
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Fic. 1. Schematics of the conventional LCMS and the RePlay
setup. A, conventional LCMS setup using a column with an inte-
grated emitter placed in front of the mass spectrometer. The light gray
arrow indicates the direction of the flow. B, in the “direct run” of the
RePlay setup the six-port splitting valve is positioned such that part of
the effluent of the first nano-LC column (“analytical column”) flows
to the mass spectrometer via a short second column (“focusing
column”). The other part is stored in a long capture capillary, which
has the volume appropriate to hold the complete gradient. C, when
the valve is switched the stored gradient is directed to the mass
spectrometer (“replay run”). Capture capillaries of different lengths
serve as split adjusters, at port 3 in the direct run and port 4 in the
RePlay run, and control the split ratio, which is read out by the flow
sensor. The split adjuster at port 4 can be replaced by a plug, but a
split allows higher flow rates and reduces the time used for washing
and loading of the analytical column.

peptide set of another protein, these two proteins were grouped
together by MaxQuant, and they were not counted as independent
protein hits. Proteins were considered identified when at least two
peptides were identified (of which one was uniquely assignable to the
respective sequence).

Determination of Small Ubiquitin-like Modifier-2 Interaction Part-
ners—Hisg-SUMO-2" conjugates were purified as described previ-
ously (14). The samples were subsequently digested by trypsin and
concentrated on in-house made StageTips (10). After measuring the
direct run with a “top 10” method using fragmentation of the 10 most

" The abbreviations used are: SUMO, small ubiquitin-like modifier;
HCD, higher energy collision dissociation.
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Fic. 2. Schematics of a conventional LCMS and RePlay setup and base peak chromatograms of four consecutively acquired replay
runs with 30-min gradients. A, in the conventional LCMS setup the mass spectrometer sequences effectively only 50% of the time when using
short gradients. B, in the RePlay setup the second analysis can be carried out while the LC system is washing and loading the analytical
column. In this way no extra time is needed. C, BSA chromatograms of four replay runs measured in a sequence. Chromatographic

performance of the direct and RePlay runs was very similar.

abundant ions in the ion trap, a peak list was created with MaxQuant
software (version 1.07.5) using default parameters. This list was
screened for precursors that when fragmented showed ions with m/z
corresponding to SUMO-2 b-ions in the range of bs—b,g. Of the
precursors that had more than three fragment matches and a total
mass larger than a free SUMO-2 peptide, the highest expected iso-
tope peak was added to an inclusion list. In the replay run only these
ions were sequenced by use of higher collision dissociation (HCD)
fragmentation (15). We deselected charge state, precursor mass
screening, and dynamic exclusion and fragmented all ions matching
an inclusion list item with a 30-ppm tolerance and with a minimum
intensity of 30,000. These high resolution fragmentation spectra were
validated manually.

RESULTS AND DISCUSSION

RePlay Setup—In a first iteration of our systems we used a
storage capillary instead of the fraction collector, and we
reversed the flow for reanalysis of the stored gradient. This
arrangement inverted the order of the elution and resulted in
good resolution of late eluting peaks (those stored in the
capillary for a short time) but not of early eluting peaks (sup-
plemental Fig. 1). To enable first in first out analysis, we
combined the functions of flow splitting and redirection of the
flow into a single device, a low flow, low dead volume splitting
valve (Fig. 1). Finally to prevent possible deterioration of chro-

matographic performance in the second run due to diffusion
in the capture capillary, we introduced a second “focusing”
column prior to the electrospray emitter. We termed this sys-
tem “RePlay.” The effluent from the analytical column was
split in the appropriate, fixed ratio for direct analysis in the
mass spectrometer and for storage in a capture capillary (Fig.
1A). At the end of the gradient, the valve was switched, and
the stored gradient separation was eluted through the same
focusing column as in the direct mode (Fig. 1B). We tested the
performance of the RePlay system (Advion BioSystems,
Ithaca, NY) with a BSA standard (Sigma-Aldrich). As shown in
Fig. 2, peak intensity and chromatographic resolution were
very similar between direct and RePlay analysis with no de-
terioration over the gradient (Fig. 2C). The fact that the signal
in electrospray is concentration-dependent rather than de-
pendent on total analyte amount readily explains this feature
of the RePlay setup.

Chromatographic Performance—We tested different split
ratios of the total flow (typically 200 nl/min) between the direct
and replay runs from 1:4 to 3:1 and found that the chromato-
graphic performance was excellent with splits in this range.
For the experiments reported in this study, we chose a split
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Fic. 3. Chromatographic performance in complex proteome analysis with the RePlay system. A, typical base peak chromatogram of
a RePlay analysis consisting of 100-min direct (black) and 100-min replay runs (red) indicating the similarity of the chromatography
performance. One microgram of tryptic digest of liver homogenate was measured with the RePlay system using a 1:1 split (100 nl/min
direct:100 nl/min RePlay). B, selected ion chromatograms (0.01 m/z units wide) of four peptide peaks selected over the length of the gradient
showing essentially identical signal intensities and peak widths at half-height in direct and replay runs.

ratio of 1:1 or 3:1 to keep the volume of the capture capillary
small and RePlay analysis time short. To test for potential
detrimental effects of diffusion, we varied the inner diameter
of the capillary between 20 and 40 um and stored the gradient
in the capture capillary for up to 30 min. Theoretically using a
flow rate of 100 nl/min, a peak of 20 s measured at the base
would diffuse into 33 s in a 20-um-inner diameter capillary,
whereas the same peak would broaden to 45 s in a 30-um-
inner diameter tubing and to 57 s in a capillary of 40-um inner
diameter. All data presented in this study were acquired using
a 30-um inner diameter capture capillary, and for this capillary
no significant influence on chromatographic performance was
observed. This indicates that the diffusion can still be re-
versed by the focusing column under these conditions. How-
ever, when we did not use the focusing column we indeed
observed appreciable peak broadening.

Figs. 2, A and B, and 4A illustrate one of the advantages of
the RePlay system compared with the routine work flow in our
laboratory. During the replay run, the analytical column is
re-equilibrated and loaded with a new sample. Thus, the mass
spectrometer is continuously sequencing peptides, and the
loading and washing steps do not subtract from the duty
cycle of MS utilization. As shown in Fig. 2C, four runs were
analyzed in 8 X 30 min with essentially 100% duty cycle,
whereas without RePlay, the duty cycle is about 50%. For

100-min gradients we accomplished a duty cycle of 90% by
directing one-quarter of the flow to the capture capillary and
pushing the gradient out 3 times faster (see Fig. 4). However,
to ensure continued high chromatographic resolution we
found it advantageous to include a wash and equilibration of
the focusing column for a few minutes in all protocols.
RePlay Analysis of Complex Proteomics Samples —Next we
characterized the performance of the RePlay system for com-
plex peptide mixtures typical of proteomics experiments. We
loaded slightly less than 1 ug of mouse liver tryptic digest,
corresponding to less than 20,000 hepatocyte cells, onto the
RePlay system. Analysis was performed with a 100-min gra-
dient by a standard “top 5” method on the LTQ-Orbitrap as
routinely used in our laboratory (16). The base peak chromat-
ogram in Fig. 3 shows that the peptide pattern is largely
indistinguishable between the direct and replay runs. Peaks
eluted on average within 15 s in the direct run and 16 s in the
replay run (with standard deviations of 5 and 7 s, respectively;
see Fig. 3B). This is as good or better a performance than
our standard one-column setup for proteomics experi-
ments. At a false discovery rate of 1%, 6,535 fully tryptic
peptides were identified in the direct run, and 5,936 were
identified in the replay run, documenting the high reproduc-
ibility between the runs. A total of 8,383 unique peptides
were identified in the combined analysis. Although this ex-
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Fic. 4. Timing schedule and base peak chromatogram of a setup using a 3:1 split and a fast replay run demonstrating excellent
chromatographic performance in both runs without using additional time. A, timing schedule of two automated replay runs with the
nano-LC and MS systems operating asynchronously. After sample loading and before starting the gradient the LC system starts the mass
spectrometer. After finishing the gradient, the MS system measures the replay run while the LC system loads the next sample. B, liver digests
were run with a direct gradient of effectively 100 min and with a 33-min duration for the replay run. In nearly 90% of the measurement time,
the mass spectrometer sequenced peptide ions. C, as shown in the selected ion chromatogram, the elution patterns and intensity of the direct
and replay runs are very similar. Every colored symbol indicates a different peptide peak.

periment was meant to investigate reproducibility, the re- system identified 1,093 proteins with two unique peptides
play run nevertheless added 1,848 peptides (28%) not iden- and at a false discovery rate of 1%, demonstrating that it is
tified in the direct run. On the protein level, the RePlay well suited to complex proteomics samples. This perform-
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Fic. 5. Targeted experiment to identify SUMO-2 substrates with high confidence. A, after a 100-min gradient with an MS method
sequencing the 10 most abundant peaks in the ion trap (IT) by CID, a peak list of MS? fragments was generated. This peak list was checked
for peptides that contained multiple b-ions of the SUMO-2 C-terminal peptide, and the corresponding peptide precursor masses were inserted
in an inclusion list. These peptides were then specifically targeted by HCD and detected in the orbitrap to obtain high resolution and high mass
accuracy data. B, annotated ion trap fragmentation spectrum of a SUMO-2-SUMO-2 conjugate, the orbitrap precursor of which is shown as
an inset. Because of low resolution, charge states cannot be assigned, and masses are inaccurate. C, sequence of SUMO-2-SUMO-2 peptide,
indicating fragments observed in the ion trap (black and at half-height) and in the orbitrap (green and at full height). D, HCD fragmentation
spectrum of the same ion with orbitrap resolution set to 7,500. Charge state can easily be assigned, and the average absolute mass accuracy
was in the low ppm range. The inset shows excellent quality of the fragmentation spectrum. Given the identification from the spectrum (D), the

quintuply charged precursor ion in B matches within 1.35 ppm.

ance will likely further improve if the mass spectrometer is
programmed to sequence only peptides in the replay run
that have not been sequenced in the direct run.

To demonstrate the ability of reanalyzing a complex mixture
without adding to total analysis time, we split one-quarter of
the flow into the capture capillary (Fig. 4). The total flow was

270 nl/min during direct analysis (200 nl/min to the focusing
column) that lasted for 100 min. During the replay run the flow
to the focusing column was also 200 nl/min, “squeezing” the
reanalysis into 35 min. Fig. 4, B and C, show that this regime
preserved peak intensities and slightly sharpened chromato-
graphic peaks. Note that total analysis time was 150 min, very
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TABLE |
Comparison of conceptual parameters for different LCMS setups

The normal nanoflow LCMS/MS setup is taken as a reference. The most favorable settings are highlighted in yellow.

Conventional Duplicat-e injection Pre-column Setup with two
LC MS/MS (conventional setup) setup parallel columns
Sample utilization + - ++ + +
Depth of analysis + ++ ++ + +
MS utilization - - ++ + ++
LCMS analysis time + - ++ ++ ++
Setup simplicity + +/- +/- +/-
LC requirement + + + + -

close to the 140-min standard cycle used in our laboratory in
which peptides elute for about 100 min.

Targeting of SUMO-2 Substrates in the Replay Run—On-
line reanalysis also allows targeting important peptides that
were missed or unidentified in the direct analysis. We dem-
onstrate this principle by targeted reanalysis of peptides that
are extremely difficult to identify by tandem mass spectrom-
etry. In our work investigating the conjugation of substrates
with ubiquitin family proteins, we looked for specific proteins
that are in vivo sumoylated by SUMO-2 (14). Unlike ubiquitin,
SUMO-2 leaves a large 32- or 34-amino acid peptide on the
substrate peptide after tryptic digest, making it highly
charged. The complex fragmentation spectra of the cross-
linked peptides are notoriously difficult to identify with low
resolution data (17). For confident identification of the
sumoylated peptide sequence, confirmation of high resolu-
tion and high accuracy data is required. To identify these
conjugated SUMO-2 peptides in a streamlined fashion we
purified Hisg-SUMO-2 conjugates from Hela lysate and
measured them in the standard way in the direct run. Low
resolution fragmentation spectra from the linear ion trap that
indicated possible SUMO-2-conjugated peptides were then
targeted in the replay run. In this run we only targeted these
potential substrate peptides, fragmented them by HCD (15),
and analyzed them with high resolution and mass accuracy
in the orbitrap instead of in the ion trap. Note that this
analysis is slower and less sensitive and therefore could not
have been performed efficiently in the direct run. Fig. 5
shows the setup of the experiment as well as results for a
SUMO-2-conjugated peptide. In the replay run, but not in
the direct run, charge states and fragment masses are
determined with very high accuracy (Fig. 5D, inset). Inter-
estingly the ion trap CID did not fragment the crucial sub-
strate part of the cross-linked peptide (Fig. 5B); therefore
reanalysis with a different fragmentation method (HCD) was
especially beneficial in this case (Fig. 5D). The RePlay anal-
ysis produced an essentially complete run of y-ions of the
substrate peptide.

This experiment was performed with a 3:1 split ratio where
the RePlay analysis was kept entirely within the time usually
needed for washing and loading but that would suffice for
characterizing a handful of interesting peptides. In this way,
the mass spectrometer could, instead of standing idle, ac-
quire targeted and very high quality data “for free.”

Conclusion—In summary, we have demonstrated that the
RePlay system enables very efficient use of the mass spec-
trometer, which is an important advantage given the high
demand on sequencing time in large scale proteomics labo-
ratories and the costs of high resolution mass spectrometers.
We also demonstrated a “targeted analysis” in which the
replay run enabled the collection of crucial, complementary
data, thereby dramatically enhancing the information ob-
tained in the direct run.

The great value of the RePlay system lies within the com-
bination of several conceptual features that are otherwise only
available individually in separate setups. Table | illustrates the
features of RePlay compared with several other possible for-
mats for LCMS/MS experiments. Compared with a standard
LCMS setup, RePlay allows a second analysis using no or
little extra analysis time. A duplicate injection in a standard
setup would also allow investigating a sample to greater
depth, but in that case it comes at the expense of more
sample usage and doubled analysis time. Compared with a
setup with two parallel columns and LC systems, RePlay
achieves nearly the same time utilization of the mass spec-
trometer without requiring an additional pump or LC system.
Similarly in the case of performing dual injections with dual
precolumn setup one would require twice the sample amount
and an extra (or more complex) LC system. Not included in
the table are fraction collection and peak parking, which are
impractical for high throughput proteomics for reasons de-
scribed in the Introduction.

The only analytical cost of the RePlay system is a higher
complexity of the setup. The split needs to be fine tuned
whenever pressure changes after the split occur. However,
we found the system to be robust, it did not lead to any loss
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of signal, and the chromatographic performance was better
than or equivalent to our standard setup.

Most of the measurement time in standard LCMS/MS is
currently spent on obtaining information that later on turns out
to be uninteresting. For example, one may be interested in
only the peak pairs with unequal ratios in isotope-based
quantitative proteomics, or one may only be interested in
modified peptides. We envision that the RePlay system will be
mainly used to analyze such interesting features in a focused
way. This was demonstrated here with the example of the
SUMO-cross-linked peptides. However, dedicated acquisi-
tion software should make a multitude of interesting features
accessible to detailed proteomics analysis. For this purpose,
the system will probably be configured to perform the replay
analysis in a short time during washing and loading of the
analytical column.

Beyond these applications, the system opens up a number
of attractive possibilities, including ultrasensitive nanoscale
proteomics. In this application, the flow would be split asym-
metrically, allowing a very long analysis time in the replay run.
Importantly the LC system would still work at normal nanoflow
rates (~200-500 nl/min), but the effective flow to the MS can
be reduced by a factor of 5-10 without wasting any sample.
This enables two analyses with ultrahigh sensitivity of a single
injection and may be very beneficial for samples where the
amount is limiting, for example in studies where cells or tissue
samples are obtained by laser capture microdissection. In
conclusion, we predict that the RePlay system will become a
powerful and universal addition to the LCMS tool chest.
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