SUPPORTING INFORMATION FOR:

Comprehensive two-dimensional liquid chromatography with stationary-phase-assisted
modulation coupled to high-resolution mass spectrometry applied to proteome analysis of
Saccharomyces cerevisiae
Rudy J. Vonk1*, Andrea F.G. Gargano1,2, Ekaterina Davydova1, Henk L. Dekker3, Sebastiaan
Eeltink4, Leo J. de Koning3 and Peter J. Schoenmakers1

1

University of Amsterdam, van ’t Hoff Institute for Molecular Sciences, Analytical-Chemistry
Group, Science Park 904, 1098 XH Amsterdam, The Netherlands.
2

TI-COAST, Science Park 904, 1098 XH Amsterdam, The Netherlands.

3

University of Amsterdam, Swammerdam Institute for Life Sciences, Mass Spectrometry of
Biomacromolecules, Science Park 904, 1098 XH Amsterdam, The Netherlands.
4

Vrije Universiteit Brussel, Department of Chemical Engineering, Pleinlaan 2, B-1050 Brussels,
Belgium.

(*) corresponding author
E-mail: rudy.vonk@hotmail.com

S-1

TOC for the supporting information

S1.

Pareto optimization implementing modulation ........................................................................ S-3

S2.

Chemicals and materials ............................................................................................................ S-5

S3.

Preparation of the monolithic columns ..................................................................................... S-6

S4.

Optimization of modulator ......................................................................................................... S-7

S5.

On-line desalting ......................................................................................................................... S-9

S6.

Hydrophobic characterization of PSE-ASP column .............................................................. S-10

S7.

Optimization of setup ............................................................................................................... S-12

S8.

LC×LC FTICR-MS/MS of tryptic digested protein mixture ................................................ S-13

S9.

LC×LC FTICR-MS/MS of Saccharomyces cerevisiae ........................................................... S-15

S10.

Supplementary information figures ........................................................................................ S-17

Figure S.1: Comparison of Acclaim Pepmap and monolithic column in 2D LC ........................... S-17
Figure S.2: LC×LC valve configurations used ............................................................................... S-18
Figure S.3: Active modulation valve setup .................................................................................... S-19
Figure S.4: Comparison of chromatographic performance of TRAP-C18 and TRAP-75 ............... S-20
Figure S.5: Efficiency of the on-line KBr desalting of the 1D fractions......................................... S-20
Figure S.6: Vizualization of on-line desalting the 1D fractions ...................................................... S-21
Figure S.7: Hydrophobic characterization of PSE-ASP column .................................................... S-22
Figure S.8: Typical MS-survey spectrum ....................................................................................... S-22
Figure S.9: Effect of wash-step on the peak width of hydrophobic peptides ................................. S-23
S11.

Supporting information references ......................................................................................... S-23

S-2

S1.

Pareto optimization implementing modulation
Extensive studies on the Pareto-optimality of LC×LC and LC×LC×LC based on spatial and

time-based separations have been performed by Vivó-Truyols et al.

[1-3]

. The theoretical two-

dimensional peak capacity (2Dnc,th) for a time-based LC×LC separation applying gradient elution
in both modes can be calculated from eq. S.1 [1]:
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Peak capacities are calculated for all possible values of the parameter of both the firstdimension (1D) and the second-dimension (2D) separation (viz. the respective column internal
diameters 1dc and 2dc, the column lengths, 1L and 2L, the particle sizes, 1dp and 2dp, the gradient
times, 1tG and 2tG, the times of the elution of the last analyte, 1tω and 2tω, and the flow rates, 1F
and 2F) [1]. The plate heights and the retention factors at the moment of elution are assumed to be
equal for all analytes in the first dimension (1H and 1ke) as well as in the second dimension (2H
and 2ke)). The hold-up times of the two columns are denoted by 1t0 and 2t0. δdet is a factor
describing the influence of the injection profile on the band broadening (especially relevant in
the second dimension); δdet is a factor describing the loss of chromatographic resolution due to
“undersampling” (i.e. too few points collected by the detector or – in the present case – too few
first-dimension fractions collected and transferred to the second dimension). So far, we have
assumed that the fractions collected from the 1D effluent are injected in the 2D in its entirety,
without changing the volume or the concentrations of the analytes. This common situation is
referred to as “passive modulation”. In contrast, in “active modulation” the volume is reduced
and the concentrations are increased between the first- and second-dimension columns. Ideal
modulation implies that the volume of the collected fractions is reduced to a value such that the
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second-dimension band broadening is not significantly affected, without losing any of the
analytes. In this case eq. S.1 can be rewritten to:
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To compute the system parameters for the Pareto-optimal front various system parameters
can be optimized (viz. for the 1D and 2D the internal diameter (1dc and 2dc), particle size (1dp and
2

dp), length (1L and 2L), gradient time (1tG and 2tG), time of the elution of the last compound (1tω

and 2tω) and flow rate (1F and 2F)). Table S.1 provides an overview of all parameters varied in
the current study. The other parameters were taken identical as were used previously

[1]

. In a

regular 2D LC setup the Pareto-optimal front for gradient elution in both dimensions consist of
combinations of small internal-diameter 1D columns (1dc) with small particle sizes combined
with large internal-diameter 2D columns (2dc) using larger particle sizes to allow fast 2D analyses
without exceeding the maximum backpressure of the system, thus high 2dc/1dc ratio

[1]

. By the

implementation of modulation the band broadening of the injection plug on the 2D column is
diminished and equally high system performance can be obtained with any combination of
columns.
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Table S.1: Values adapted for calculating Pareto-optimal conditions*.
name
particle size (dp)
internal diameter (dc)
column diameter ratio 2dc/1dc
retention time of the last eluted compound from
the first dimension (1tω)
retention time of the last eluted compound from
the second dimension (2tω) (equivalent to modulation time)
tG/t0

value
2,3,4 and 5
0.075 – 0.5
7, 4, 2, 1, 0.5, 0.25

unit
µm
mm

20 - 200

min

0.1 – 1

min

10

* When not specified otherwise, values of the parameters correspond to both first and second dimensions

S2.

Chemicals and materials
ACTH18-39 was purchased from Bachem AG (Bubendorf, Switzerland). Trypsin was

purchased from Promega (Trypsin Gold, Madison, USA). Water, methanol (MeOH), acetonitrile
(ACN), acetone and tetrahydrofuran (THF, >99.8%) were purchased from Biosolve
(Valkenswaard, The Netherlands). Sodium hydroxide (NaOH) was purchased from Merck
(Darmstadt, Germany). Hydrochloric acid (HCl) (37% (v/v)) was obtained from Acros (Geel,
Belgium). Milli-Q water (18.2 MΩ·cm-1) was produced by a Sartorius Arium 611UV Ultrapure
Water System (Goettingen, Germany). Styrene (S, >99.5%), divinylbenzene (DVB, 80%), 2,2’azobisiso-butyronitrile (AIBN, 98%), n-decanol (99%), 3-(trimethoxysilyl)propyl methacrylate
(γ-MPS, 98%), aluminium oxide, bradykinin1-5 (>97%), neurotensin (>90%), angiotensin II
human (>93%) and bovine insulin B-chain oxidize (>80%) were purchased from Sigma Aldrich
(Zwijndrecht, The Netherlands). All monomers were purified by passing them through a bed of
activated basic alumina. Tryptic digest of a protein mixture (100 pmol, lyophilized) originating
from six proteins (viz. cytochrome c, lysozyme, alcohol dehydrogenase, bovine serum albumin,
apo-transferrin, β-galactosidase), the packed-bed Acclaim PepMap column (C18, 3 µm particles,
100 Å pore size, 0.075 mm i.d. × 50-mm length), Polysulfoethyl aspartamide (PSE-ASP; 0.30
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mm × 150 mm) and the Acclaim-trap columns (C18, 5 µm, 300 Å, 0.30 mm × 5 mm) were
purchased from Thermo Fisher Scientific (Breda, The Netherlands). The fused silica capillaries
(TSP 0.05, 0.075 and 0.10-mm i.d.) used to prepare the columns and traps were purchased from
Polymicro Technologies (Phoenix, AZ, USA).
S3.

Preparation of the monolithic columns
Prior to polymerization the fused-silica inner-surface was functionalized to allow the

monolith to covalently attach to the fused silica [4], as was described in our previous publication
[5]

. The S-co-DVB trap columns were based on the polymerization mixture containing 19.7%

styrene, 21.6% divinylbenzene, 48.3% 1-decanol and 10.5% THF and were polymerized at 65°C
for 20 h adding 2% 2,2 azobisisobutyronitrile (AIBN) in respect to monomers as initiator. All
solutions were sonicated and purged with nitrogen for 10 min before use to dissolve the initiator
and remove oxygen. After polymerization the monolithic columns were thoroughly flushed with
MeOH to remove the porogenic solvents and unreacted monomers.
The S-co-DVB monolithic columns were prepared in the pre-treated TSP capillary using
AIBN as initiator, 2% (w/w) in respect to monomers. In Table S.2 an overview is provided of all
polymerized 2D S-co-DVB monolithic columns in 75-µm TSP fused silica. All compositions for
monomers are percentages (w/w) unless otherwise specified. The monolithic S-co-DVB traps
were based on mixture RP-B polymerized for 20 h at 65°C. The column performance of the best
monolithic column (RP-B) is shown (Figure S.1B) in relation to the packed-bed Acclaim
Pepmap column (Figure S.1A). The performance of the monolith was about 60% compared to
the reference column.
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Table S.2: Overview of 75 µm i.d. RP column performance and polymerization details for RP
columns used in this publication.
Column

Monomer
composition (w/w)
S
DVB

Porogens (w/w)
decanol

THF

Kv

l

nc**

(× 10-15 m2)

(mm)

(/)

50
50
50
47
50

64
28
21
33
20

Polymerization
T (°C)

time (h)

*

Acclaim
------------12
4
5
3
8
RP-A
20
20
48
10
70
20
7
RP-B
197
216
483
105
60
20
160
RP-C
197
216
483
105
70
20
6
5
5
1
RP-D
19
21
48
108
80
20
3
* Reference columns purchased from Thermo Fisher Scientific
** Peak capacity obtained at 500 nL·min-1 applying tG 10 min with φACN from 0.008 to 0.32
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Optimization of modulator
We tested the ability to trap the five standard peptides, on 50-mm long methacrylate-based

monoliths containing either butyl methacrylate or lauryl methacrylate as functional monomers
(preparation conditions based on mixtures described in literature

[6-8]

). Neither of the

methacrylate-based organic monoliths were able to trap all the peptides under the conditions
studied. The S-co-DVB monolith was capable of efficiently trapping the four hydrophobic
peptides. The TRAP-C18 could trap all five peptides efficiently (results are reported in the
supporting information). The S-co-DVB column was selected as the best candidate, because it
showed good trapping properties and was less retentive than the intended second-dimension
column (C18).
The binding capacity of the traps was investigated using frontal analyses. A solution of
bovine insulin (2 mg·mL-1) was pumped through the trap (2 µL·min-1) and the absorbance at 214
nm was measured. The binding capacity expressed in mg peptides bonded/mL column volume
was calculated at 50% of the final absorbance curve, corrected for system dead volume
(determined using the same set-up with a 1 mg·mL-1 solution of thiourea as unretained marker).
The chromatographic performance of the traps was investigated by calculating the increase in
peak widths observed following injection from the traps in comparison with direct on-column
S-7

injection. A peptide mixture (3 pmol) was concentrated on the traps and subsequently eluted to
the 2D Acclaim column using a 2D gradient. Their charge at low and high pH as well as the
hydrophobicity index is provided in Table S.3.
Table S.3: Retention properties of the standard five peptides used for checking the retention
applying SCX and RP elution mode.
peptide
hydrophobicity indexa
Net charge
#

name

pH 2

pH 7

pH 2

pH 7

1
2
3
4
5

bradykinin1-5
angiotensin
neurotensin
ACTH18-39
bovine insulin

7.5
16.8
27.2
47.9
78.7

6.5
22.7
30.5
40
94.4

2
3
4
3
3b

1
1
1
-3
0

a
b

Calculation of the hydrophobicity index was based on [9]
The net charge of bovine insulin is reduces by oxidation of the cysteine residues

An organic-polymer monolith column can be easily synthesized in different column
formats and we exploited this feature to investigate the effect of the internal diameter of the trap
on the modulator performance. Monoliths were prepared in 50-mm long capillaries with internal
diameters of 50, 75 and 100 µm (TRAP-50, TRAP-75 and TRAP-100, respectively). As
expected an increase in internal diameter resulted in an increased loading capacity of the
modulator (Table S.4). However, the TRAP-C18 (300 µm internal diameter × 5 mm length) had a
more than five times higher capacity than the short monolithic columns. For the current study the
loadability of the monolithic traps (e.g. 0.25 µg/trap for TRAP-75) is sufficient, since a total
amount of about 1 µg sample is injected on the 1D column, which is divided across more than 20
fractions. When the traps were operated in the back-flush mode (loop II in Figure S.2) 15%
additional band broadening (compared to direct injections the 2D column), was observed for all
the different traps, including TRAP-C18. When operated in the forward-flush mode (loop I in
Figure S.2) TRAP-C18 showed 40% additional band broadening while the monolithic traps did
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not exceed 20% extra band broadening. A trade-off was made between the maximum binding
capacity and the additional band broadening related to the trap columns. In Figure S.4 the
chromatographic performance is compared between the 75 µm and the 300 µm TRAP-C18. The
TRAP-C18 could trap all peptides efficiently but broader peaks were observed in the forwardflush loop (Figure S.4A) The TRAP-75 resulted in smaller peaks and no difference was observed
between the back-flush and forward-flush mode (Figure S.4B) but was not able to trap the
hydrophilic peptide #1. The binding capacity of the TRAP-75 (0.25 µg) should be sufficient to
trap peptides from 1D fractions collected. Based on the analyses of a protein digest the choice of
modulator was made.
Table S.4: Overview of trap column performance.
Internal
L
Pcol
Loadabilityb
Column
diameter (µm)
(mm) (MPa)a
(µg / column)
TRAP-C18
300
5
4
2.33
TRAP-50
50
50
30
0.16
TRAP-75
75
50
14
0.25
TRAP-100
100
50
11
0.46

Increased peak widthc
(%)
40
20
18
16

a

trap-column back-pressure at 10 µL·min-1
breakthrough obtained by flushing with bovine insulin
c
increased peak width at base line obtained in forward-flush mode, with tG 10 min gradient
φACN = 0.008-0.48, averaged peak widths of peptides 2-5 from Table S.3
b
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On-line desalting
In addition to reducing the fraction volume, active modulation allows on-line desalting of

the 1D fraction prior to the 2D analyses. Desalting was investigated by filling the traps with 500mM KBr and measuring the UV absorbance (at 214 nm) as a function of the desalting times,
until the salt concentration dropped below the detection limit. The UV absorbance obtained
without desalting was taken as reference. In Figure S.5 the residue UV signal is plotted as
function of the desalting time. A desalting of 30 s (at 10 µL·min-1) was sufficient to wash all salt
away. In a separate experiment the desalting time required was investigated by visually checking
S-9

the deposit after 4 h 2D SCX×RP-LC run (24 fractions). The salt-deposit of 4-h 2D effluent is
shown in Figure S.6B compared to that of the system without and with modulation using 500
mM KCl in the 1D mobile phase in Figures S.6C and S.6D respectively. The deposit of 4 h
effluent with modulation is comparable to that of the deposit of the 2D effluent. In a separate
experiment, ICP-MS was used to measure the potassium content of the combined total effluent
from a 4 h 2D SCX×RP-LC run (24 fractions), using 500-mM KCl solution in the first
dimension. With 30-s desalting less than 1 ppm of potassium was observed which implies that
more than 99.4% of all potassium has been removed. Clearly, the 30 s sufficed to eliminate
potassium from the traps and, therefore, this desalting time was used in further experiments. The
total second-dimension cycle time for each 1D fraction (2tc) consisted of the second-dimension
system dwell time (2tsys), the desalting time of the traps (tdesalting), the equilibration time of the 2D
column (2treeq) and the 2D gradient time (2tG). The combination of all non-productive times can be
defined as the total dwell time for the current setup (2tdwell= 2tsys + tdesalting + 2treeq) was 3 min.
S6.

Hydrophobic characterization of PSE-ASP column
The reference peptides of Gu

[10]

could no longer be obtained so another set of peptides

with similar properties was used for testing the SCX and RP elution modes. The peptides used
and the charge at low and high pH as well as the hydrophobicity index is provided in Table S.3.
The hydrophobic characterization of the SCX resins was performed with these standard peptides
using mobile phase A containing 10 mM potassium phosphate at pH 2.77 with various
concentrations of ACN (φACN). Mobile phase B consists of 0.50 M KCl dissolved in A, gradients
were performed in 40 min from 0 to 0.50 M KCl at 8 µL·min-1. In Figure S.7 the modifier
concentration was varied with in (a) 5%, (b) 10%, (c) 15%, (d) 20%, (e) 30% and (f) 40% ACN
using the same gradient time. The elution order of angiotensin (#2) and neurotensin (#3) in SCX
S-10

mode would be expected based on their charge. Since neurotensin has a higher net-charge
compared to angiotensin II[6] we would expect that neurotensin elutes later from the SCX column
at pH ~2.7. Never the less, angiotensin II was more retained in the SCX elution compared to
neurotensin, independent of the modifier concentration, without fully understanding the retention
mechanism. This change in elution order under SCX conditions was already observed before
without explanation[7], excluding the ability to fully predict the 1D elution order. The bovine
insulin exhibits five positive charges and, additionally, it has two oxidized cysteine side chains
resulting in two strong-anion moieties. Most likely these negative charges are repelled from the
SCX surface causing an early elution, even more pronounced at increasing φ. At all investigated
acetonitrile concentration bradykinin1-5 and angiotensin remained with similar elution difference.
The other three peptides reacted more strongly to changing modifier concentrations. Since no
change hydrophobic interactions were observed, the asymmetry of the eluting peaks was used as
parameter for the determination of the optimal modifier concentration. The bovine insulin
showed tailing peaks at lower organic modifier concentrations while the fronting peaks of
angiotensin was more pronounced at higher organic modifier concentrations. The compromise in
best peak shapes was observed at φ of 0.15, the trade-off was made based on the peak widths at
the various modifier concentrations as they are shown in Table S.5. Therefore further SCX
separations using the PSE-ASP column were performed using 15% ACN.
Table S.5: Overview of asymmetry factor of standard peptides with 40 min gradient on the SCX
column at various modifier concentrations
φ
0.00
0.05
0.10
0.15
0.20
0.30
0.40
bradykinin1-5
0.9957
0.9422
0.9856
0.9809
0.9679
0.9484
0.9247
angiotensin
1.0062
0.9904
0.9154
0.9526
0.9445
0.9481
0.9526
neurotensin
0.9961
1.1552
0.9823
0.9743
0.9768
0.9669
0.9876
ACTH18-39
1.1859
1.1300
1.0398
1.0125
1.0212
0.9610
0.9427
bovine insulin
1.4921
1.5151
1.1504
1.0271
0.9683
0.9746
0.9433
average(±STDEV) 1.13±0.22 1.15±0.22 1.02±0.08 0.99±0.03 0.98±0.03 0.96±0.01 0.95±0.02
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S7.

Optimization of setup
To investigate the various modulators the valve setup as it is shown in Figure S.2 was used,

the bypass-tubing on the right valve maintains the nano-flow, regarding of the valve positions, to
the 2D column and the MS. In this configuration, in which the total tubing-volume is reduced, the
both traps were not eluted the same way in 2D elution. The first trap is filled by the 1D and
emptied by the 2D in the same direction, the “forward-flush” and the second trap is filled and
emptied in opposite directions, the “back-flush”. Drawback of the later setup is the jumper on the
left valve which is positioned either before or after loading the traps with the 1D effluent.
Resulting in a loss of about 6 s of 1D SCX-elution every other modulation cycle (20 min), when
switched from filling loop II to loop I. The reduced band broadening observed with this
configuration (Figure S.2B) is beneficial over the broad peaks observed in the forward-flush
configuration which would reduce the total peak capacity of the system too much. All tubing
shown in Figure 5 and Figure S.2 (except the small jumper and the microtee-splitter) was
equipped with the Viper connections to avoid possible additional band broadening and to
withstand the high pressure due arising from high flow rates during washing and desalting steps.
The 1D effluent is loaded on the first trap (Figure S.3A) while the second trap is equilibrated with
the wash solvent. Next the left valve is switched (Figure S.3B) and the 1D effluent is trapped on
the second trap while the first trap is desalted. After desalting the right valve is positioned such
the 2D gradient is passed through the trap (Figure S.3C) and elutes all analytes from the trap.
After the gradient is finished the right valve placed the equilibration solvent through the traps
(Figure S.3D) and then the second trap is placed in the washing solvent while collecting the
analytes on the first trap (Figure S.3E) and the second trap is desalted prior to analyses (Figure
S.3F) after which the cycle is repeated.
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LC×LC FTICR-MS/MS of tryptic digested protein mixture
The TRAP-75 and TRAP-C18 were both tested as modulator in a LC×LC setup for

separation of a tryptic digested mixture of six proteins. The chromatographic performance of the
TRAP-75 monoliths was better compared to the TRAP-C18 yet a much lower sequence coverage
was obtained with the monoliths. In Table S.6 an overview of identified peptides is provided for
all six proteins using the C18 modulators. Also highlighted were the different peptides that were
not identified with the monolithic traps. Since the following analyses will be performed with the
TRAP-C18 traps the valve-configuration was replaced for the analyses of the yeast digest by the
valve-configuration showed in Figure S.2B in which the two traps are identical and operated in
the “back-flush” mode. Since efficient trapping occurs on the top of the analytical column this
setup will result in narrow peaks. High band-broadening observed in forward-flush is
diminished.
Table S.6: identified peptides in bold red with TRAP-C18 a, YELLOW are uniquely identified
width TRAP-C18 and not observed with the monolithic traps
1
51
101
151
201
251
301

MSIPETQKGV
WHGDWPLPVK
CEYCELGNES
PILCAGITVY
IDGGEGKEEL
AAIEASTRYV
DTREALDFFA

1
51
101
151
201
251
301
351
401
451
501
551
601

MKWVTFISLL
FSQYLQQCPF
VASLRETYGD
KADEKKFWGK
LLPKIETMRE
FVEVTKLVTD
CCDKPLLEKS
GSFLYEYSRR
KHLVDEPQNL
RSLGKVGTRC
TESLVNRRPC
ALVELLKHKP
STQTALA

ADH1_YEAST (alcohol dehydrogenase)
IFYESHGKLE
YKDIPVPKPK
ANELLINVKY
KGWKIGDYAG
LPLVGGHEGA
GVVVGMGENV
NCPHADLSGY
THDGSFQQYA
TADAVQAAHI
KALKSANLMA
GHWVAISGAA
GGLGSLAVQY
FRSIGGEVFI
DFTKEKDIVG
AVLKATDGGA
RANGTTVLVG
MPAGAKCCSD
VFNQVVKSIS
RGLVKSPIKV
EKMEKGQIVG
VGLSTLPEIY

SGVCHTDLHA
IKWLNGSCMA
PQGTDLAQVA
AKAMGYRVLG
HGVINVSVSE
IVGSYVGNRA
RYVVDTSK

ALBU_BOVIN (BSA)
LLFSSAYSRG
VFRRDTHKSE
DEHVKLVNEL
TEFAKTCVAD
MADCCEKQEP
ERNECFLSHK
YLYEIARRHP
YFYAPELLYY
KVLASSARQR
LRCASIQKFG
LTKVHKECCH
GDLLECADDR
HCIAEVEKDA
IPENLPPLTA
RLAKEYEATL
HPEYAVSVLL
LGEYGFQNAL
IKQNCDQFEK
CTKPESERMP
CTEDYLSLIL
FSALTPDETY
VPKAFDEKLF
KATEEQLKTV
MENFVAFVDK

EHFKGLVLIA
HTLFGDELCK
PDPNTLCDEF
CCQAEDKGAC
RLSQKFPKAE
QDTISSKLKE
NYQEAKDAFL
ACYSTVFDKL
VSTPTLVEVS
PVSEKVTKCC
DTEKQIKKQT
FAVEGPKLVV

IAHRFKDLGE
ESHAGCEKSL
DDSPDLPKLK
ANKYNGVFQE
ERALKAWSVA
ADLAKYICDN
DFAEDKDVCK
EECCAKDDPH
IVRYTRKVPQ
NRLCVLHEKT
TFHADICTLP
CCAADDKEAC
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Table S.6: - continued
1
51
101

MRSLLILVLC
KFESNFNTQA
LLSSDITASV

1
51
101

MGDVEKGKKI
DANKNKGITW
KATNE

1
51
101
151
201
251
301
351
401
451
501
551
601
651
701

MRPAVRALLA
SGPFVSCVKK
EFHGTKDNPQ
AKLYKELPDP
ACSNHEPYFG
GDNTRKSVDD
KPDNFQLFQS
ESKPPDSSKD
AKIMKGEADA
AVAVVKTSDA
EFFSAGCAPG
VEKGDVAFVK
ENCHLARGPN
NSKDLLFRDD
FHKP

1
51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951
1001

MTMITDSLAV
QLRSLNGEWR
YTNVTYPITV
FHLWCNGRWV
QDMWRMSGIF
LRDYLRVTVS
LWSAEIPNLY
LIRGVNRHEH
TLCDRYGLYV
HPSVIIWSLG
CPMYARVDED
AKYWQAFRQY
QFCMNGLVFA
ELLHWMVALD
VVQPNATAWS
ELGNKRWQFN
RIDPNAWVER
FISRKTYRID
LGPQENYPDR
QWRGDFQFNI
SPSVSAEFQL

LYSC_CHICKEN (lysozyme)
FLPLAALGKV
FGRCELAAAM
TNRNTDGSTD
YGILQINSRW
NCAKKIVSDG
NGMNAWVAWR

KRHGLDNYRG
WCNDGRTPGS
NRCKGTDVQA

YSLGNWVCAA
RNLCNIPCSA
WIRGCRL

CYC_BOVIN (cytochrome c)
FVQKCAQCHT
VEKGGKHKTG
GEETLMEYLE
NPKKYIPGTK

PNLHGLFGRK
MIFAGIKKKG

TGQAPGFSYT
EREDLIAYLK

TFRE_BOVIN (apo-transferrin)
CAVLGLCLAD
PERTVRWCTI
TSHMDCIKAI
SNNEADAVTL
THYYAVAVVK
KDTDFKLNEL
QESIQRAAAN
FFSASCVPCA
YSGAFKCLME
GAGDVAFVKH
SHAVVARTVG
YQECYLAMVP
SADGFLKIPS
PHGKDLLFKD
ECMVKWCAIG
HQERTKCDRW
MSLDGGYLYI
AGKCGLVPVL
NINWNNLKDK
KSCHTAVDRT
SPRNSSLCAL
CIGSEKGTGK
NNNEAWAKNL
DQTVIQNTDG
HAVVSRKDKA
TCVEKILNKQ
TKCLASIAKK
TYDSYLGDDY

STHEANKCAS
DGGLVYEAGL
RGKKSCHTGL
DQSSFPKLCQ
STVFDNLPNP
GKEDVIWELL
KMDFELYLGY
SGFSGGAIEC
AENYKTEGES
AGWNIPMGLL
ECVPNSNERY
KKENFEVLCK
QDDFGKSVTD
VRAMTNLRQC

FRENVLRILE
KPNNLKPVVA
GRSAGWNIPM
LCAGKGTDKC
EDRKNYELLC
NHAQEHFGKD
EYVTALQNLR
ETAENTEECI
CKNTPEKGYL
YSKINNCKFD
YGYTGAFRCL
DGTRKPVTDA
CTSNFCLFQS
STSKLLEACT

HPPFASWRNS
EADTVVVPSN
DESWLQEGQT
GKNRLAVMVL
RFNDDFSRAV
DERGGYADRV
VGFREVRIEN
KQNNFNAVRC
PRWLPAMSER
PSRPVQYEGG
TRPLILCEYA
ENGNPWSAYG
RLSGQTIEVT
IELPELPQPE
LPAASHAIPH
LRDQFTRAPL
LADAVLITTA
ARIGLNCQLA
VFPSENGLRC
EGTWLNIDGF

EEARTDRPSQ
WQMHGYDAPI
RIIFDGVNSA
RWSDGSYLED
LEAEVQMCGE
TLRLNVENPK
GLLLLNGKPL
SHYPNHPLWY
VTRMVQRDRN
GADTTATDII
HAMGNSLGGF
GDFGDTPNDR
SEYLFRHSDN
SAGQLWLTVR
LTTSEMDFCI
DNDIGVSEAT
HAWQHQGKTL
QVAERVNWLG
GTRELNYGPH
HMGIGGDDSW

BGAL_ECOLC (β-galactosidase)
VLQRRDWENP
GVTQLNRLAA
FAWFPAPEAV
PESWLECDLP
NPPFVPTENP
TSCYSLTFNV
GYGQDSRLPS
EFDLSAFLRA
RDVSLLHKPT
TQISDFHVAT
LWQGETQVAS
GTAPFGGEII
RAVVELHTAD
GTLIEAEACD
HPLHGQVMDE
QTMVQDILLM
VDEANIETHG
MVPMNRLTDD
NESGHGANHD
ALYRWIKSVD
QPFPAVPKWS
IKKWLSLPGE
PRLQGGFVWD
WVDQSLIKYD
DRTPHPALTE
AKHQQQFFQF
GKPLASGEVP
LDVAPQGKQL
EAGHISAWQQ
WRLAENLSVT
RQSGFLSQMW
IGDKKQLLTP
WKAAGHYQAE
AALLQCTADT
GSGQMAITVD
VEVASDTPHP
LTAACFDRWD
LPLSDMYTPY
TSHRHLLHAE
SRYSQQQLME
SAGRYHYQLV
WCQK
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S9.

LC×LC FTICR-MS/MS of Saccharomyces cerevisiae
In the new setup (Figure S.2B) the two traps are both operated in the back-flush mode and

as in the previous configuration, the bypass-tubing attached to the valve on the right ensures a
continuous nano-flow to the 2D column and the MS, regardless of the valve positions. Since
efficient re-focussing occurs on the top of the analytical column this setup will result in narrow
peaks. A drawback of the latter setup is that the jumper on the left valve is positioned differently
in the two positions, either before or after the trap. The SCX sample contained in this jumper
(140 nL) will be lost when switched from trapping on loop II to loop I. This implies a loss of
about 2 s of 1D SCX effluent every other modulation cycle (about every 20 min). Since the peaks
eluting from the 1D are more than 2 min broad this small loss will not result in peptides being
overlooked. The lower band broadening observed with this back-flush configuration results in a
higher overall peak capacity of the SCX×RP-LC system. The modulated LC×LC instrument
shows superior selectivity in comparison with one-dimensional separation techniques. It was
used with the TRAP-C18 to analyse digested-proteome of Saccharomyces cerevisiae. To achieve
a 2Dnc of 10,000 in 24 h the 2F was slightly adapted to optimize nano-spray flow-conditions for a
long analysis time. 2F was reduced from 500 to 400 nL·min-1 with the 2tC adapted accordingly.
For the first analyses of 1 µg digested yeast sample the 1D gradient was ramped from 3 to 200
mM AF in 13 h. A total of 13,741 different MS/MS spectra were selected for peptide
identification, resulting in the identification of 668 yeast proteins in 13 h analyses time. The
representative MS-survey spectrum in Figure S.8 illustrates the complexity and the large
dynamic range (figure inset) of the peptide mixture. The number of identifications of these coeluting peptides is mainly limited by the MS/MS acquisition duty-cycle time and by the peptide
intensity threshold for MS/MS analyses of the lowest intensity peptides. To reduce the number of
peptides co-eluting and increase the identification rate the amount of sample injected was
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doubled on a longer 1D column (300 mm) and was used in combination with a shallower 1D
gradient. From the resulting separation 19,601 MS/MS spectra were recorded and 701 unique
proteins were identified in 24 h analyses time. The gain in newly identified proteins (more than
in the previous run; supplementary information Table S.7; separate document) by increasing the
analyses time was minimal and many peptides eluted in more than three fractions. This suggests
that the 1D selectivity is the limiting factor over the 24 h gradient. Moreover, the doubling of the
amount of sample injected resulted in an accumulation of the hydrophobic peptides in the reverse
phase column, where 2D gradient (up till 50% B) was found not to wash all hydrophobic peptides
from the modulators traps and the 2D analytical column. During the second half of the analyses
(after more than 12 h analyses time) broad peaks (> 2 min), were observed for hydrophobic
peptides, as indicated by their ion extracted chromatograms (e.g. m/z 1054.59±0.02 is shown
Figure S.9). In contrast, no broadening of the elution of the hydrophilic peptides in the
corresponding 1D fraction, were observed. To efficiently wash-out the hydrophobic peptides
from the columns during each 2D cycle a wash-step of 70% B was incorporated in the final
minute of each 2D gradient. As a result, while injecting the same amount of sample,
accumulation of hydrophobic peptides was prevented and consistent elution profiles were
obtained for hydrophobic peptides throughout the analysis (Figure S.9). The three successive
analyses together resulted in the identification of 901 proteins (see Table S.7). Improvements of
the approach can be made by increasing the 1D selectivity and improving the 2D gradient
performance to reduce the number of peptides co-eluting. Moreover, the number of
identifications can be boosted by increasing the MS/MS data acquisition rate without sacrificing
mass resolution and mass accuracy. Also, highly retentive stationary-phase material may be
applied in traps smaller than the current ones (0.30 mm i.d.) to reduce the additional band
broadening observed and to shorten the unproductive (washing and re-equilibration) periods in
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the modulation cycle. The modulation may be applied to various other separation problems,
including the study of intact proteins.

S10. Supplementary information figures

Figure S.1: Comparison of Acclaim Pepmap and monolithic column in 2D LC
Estimated peak capacity as function of the total analyses time. For 2 h (♦), 4 h (■) or 16 h (●)
with in (A) the Acclaim PepMap column and; (B) our best organic-based S-co-DVB monolithic
column RP-B. 2F = 500 nL·min-1 at a 2φACN programmed from 0.008 to 0.32; 2T = 30°C; 2tdwell =
3 min for each modulation. Solid symbols are experimental data obtained with a 50-mm long
column, the open symbols represent the extrapolated performance of a 150-mm long column.
Lines are drawn for clarification purposes and cannot be used for interpolation. Gradient
conditions in the grey shaded area cannot be used due to the time needed for the MS/MS duty
cycle. Data based on the average peak widths at half-height (W1/2) of peptides 2 to 5 from Table
S.3.
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Figure S.2: LC×LC valve configurations used
The schematic overview of the two-dimensional setup used for the LC×LC separations using two
10-port valves. A make-up flow was added after the 1D SCX separation to enhance the trapping
efficiency. (A) The setup with both traps in different positions, used for trap characterization and
analyzed of digested six-protein mix; (B) Both traps operated in back-flush for reduced band
broadening effects, used for analyses of yeast proteome, slightly different representation of
identical configuration showed in Figure 5.
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Figure S.3: Active modulation valve setup
The performance of the (a) TRAP-C18 and the (b) TRAP-75 installed as modulators. The solid
lines represent the back-flush operated trap and the dashed lines the forward-flush operated traps.
The zoom in shows the decreased performance of the TRAP-C18 in forward-flush mode. 2tc of 13
minutes and a 2tG of 10 min for φACN = 0.008 to 0.48, peptides numbers identical to Table S.3.
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Figure S.4: Comparison of chromatographic performance of TRAP-C18 and TRAP-75
The performance of the (a) TRAP-C18 and the (b) TRAP-75 installed as modulators. The solid
lines represent the back-flush operated trap and the dashed lines the forward-flush operated traps.
The zoom in shows the decreased performance of the TRAP-C18 in forward-flush mode. 2tc of 13
minutes and a 2tG of 10 min for φACN = 0.008 to 0.48, peptides numbers identical to Table S.3.

Figure S.5: Efficiency of the on-line KBr desalting of the 1D fractions
The UV at 214 nm of KBr without desalting (A) was taken as reference. After more than 30 s of
desalting at 10 µL·min-1; (B) no UV absorbance is detected. The dotted line is drawn for clearity
and cannot be used for interpolation.
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Figure S.6: Vizualization of on-line desalting the 1D fractions
The deposite residue of KCl for proof on desalting. Line is drawn for clarification purposes and
cannot be used for interpretation. (A) before analyses; (B) 4 h of 2D effluent (no first dimension
installed); (C) 4 h of 1D 500 mM KCl without modulation; (D) as in (C), but with modulation.
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Figure S.7: Hydrophobic characterization of PSE-ASP column
The SCX-elution of standard peptides at various acetonitrile concentrations using the reference
PSE-ASP column on a 40 min gradient at pH 2.76 from 0 to 500 mM KCl at 30°C. The φ
represented were (a) 0.05, (b) 0.10, (c) 0.15, (d) 0.20, (e) 0.30 and (f) 0.40. Peptides eluting are
identical to Table S.3.

Figure S.8: Typical MS-survey spectrum
Obtained from the tryptic peptides of Saccharomyces cerevisiae recorded during the 2D elution
of the 34th SCX-fraction.
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Figure S.9: Effect of wash-step on the peak width of hydrophobic peptides
Red without and blue with washing.
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