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Selecting a suitable nano-liquid chromatography system (LC), ion-
ization source and mass spectrometer for LC—tandem mass spec-
trometry (MS-MS) studies is complicated by numerous competing
technologies. This study compares four popular nano-LC systems,
four ionization sources and three MS facilities that use completely
different LC—IMS-MS systems. Statistically significant differences in
LC performance were identified with similarly performing Proxeon,
Waters and Eksigent nanoLC-Ultra systems [retention time routinely
at 0.7-0.9% relative standard deviation (RSD)], and all outper-
formed the Eksigent nanoLC-2D (RSD ~2%). In addition, compati-
bility issues were identified between the Bruker HCT ion trap mass
spectrometer and both the Eksigent nanolLC-2D and the Bruker
nanoelectrospray source. The electrospray source itself had an un-
expected and striking effect on chromatographic reproducibility on
the Bruker HCT ion trap. The New Objective nanospray source sig-
nificantly outperformed the Bruker nanospray source in retention
time RSD (1% RSD versus 14% RSD, respectively); and the Bruker
nebulized nanospray source outperformed both of these traditional,
non-nebulized sources (0.5% RSD in retention time). Finally, to
provide useful benchmarks for overall proteomics sensitivity, differ-
ent LC-MS-MS platforms were compared by analyzing a range of
concentrations of tryptic digests of bovine serum albumin at three
MS facilities. The results indicate that similar sensitivity can be
realized with a Bruker HCT-Ultra ion trap, a Thermo LTQ-Velos
Linear ion trap and a Thermo LTQ-Orbitrap XL-ETD.

Introduction

Proteomics plays a central role in characterizing post-
translational modifications and in biomarker discovery, protein
identification and protein—protein interaction (1-4). These
studies typically involve liquid chromatography (LC) coupled
to nanoelectrospray ionization mass spectrometry (MS) (5-7).
Proteomics studies (8—10) depend upon LC for both sample
cleanup and to increase the dynamic range of analysis through
chromatofocusing of dilute analytes and separating abundant
and rare analytes (11-12). Proteomics depends upon MS
and tandem MS (MS-MS) for determining protein/peptide
sequences and molecular composition.

Previous proteomics benchmarking efforts: Sample
preparation, ionization sources and chromatography
Different segments of the proteomics platform (LC, ionization
source and mass spectrometer) affect the quality of proteomics
data. Previous studies evaluated sample loading conditions (13),

column chemistry or stationary and mobile phases (14), spray
stability (15), lower detection limits (16—17), upper limits for
protein identifications in terms of peak capacity (18), chroma-
tographic reproducibility (19), mass spectrometer platforms
(20-21), database scoring algorithms (20, 22) and the se-
quence coverage of various platforms (23). Sample preparation
is the sine qua non of proteomics (24-25), including quantita-
tive proteomics (16), and has also been optimized in recent
studies. Burgess et al examined five electrospray ionization
(ESI) tip emitters for sensitivity and reproducibility in ion
intensity and found that the stainless steel nanospray needle
provided the highest overall sensitivity, but lacked reproducibil-
ity for the number of identified proteins (23). In addition,
Smith and coworkers examined optimal electrospray voltages
during LC—-MS gradients with increasing organic concentration
and developed algorithms monitoring spray feedback (15).
Two-dimensional (2D)-LC approaches were evaluated by Gilar
and coworkers, who found that SCX-RP, HILIC-RP and RP-RP
2D systems provided orthogonality (26). In comparing matrix-
assisted laser desorption/ionization (MALDI) versus ESI, Shirran
and Botting found that more accurate quantitative proteomics
measurements resulted when using nanoLC—-MALDI-MS-MS
than nanoLC—ESI-MS-MS (22).

Previous proteomics benchmarking efforts:

Mass spectrometers

Both Han et al (27) and Syka et al (28) compared the
performance of first generation Paul-type ion traps (LCQ) to
second generation linear ion traps (LTQ) and found that linear
ion traps performed with marked superiority, yielding 4—06-fold
increases in the number of peptide and protein identifications.
Smith and coworkers also demonstrated improved performance
of the LTQ when studying the . oneidensis proteome, achiev-
ing approximately twice the proteome sequence coverage than
the LCQ (11). This difference was attributed to the higher sen-
sitivity of the LTQ, because doubling the MS-MS analysis time
did not significantly increase proteome coverage. More recent-
ly, a large-scale analysis by Tabb ef al evaluated four Thermo
LTQs and four Orbitrap instruments, and found that Orbitraps
normally demonstrate higher reproducibility and repeatability,
but paradoxically, had irregular performance (29). They also
found that among the same platforms, reproducibility among
Orbitraps lagged behind repeatability. Gygi and coworkers com-
pared the performance of hybrid quadrupole time-of-flight instru-
ments with linear ion traps, demonstrating similar performances
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in protein identification, and improved protein and proteome
coverage using these complementary MS instruments (20).

Previous proteomics benchmarking efforts: Acquisition
parameters and data analysis

The effects of acquisition and search parameters upon per-
formance cannot be overemphasized; these effects confound
interplatform comparisons. For example, the difference in per-
formance following the optimization of a given platform can
exceed interplatform differences. Kalli and Hess performed sys-
tematic investigations of MS instrument settings during data-
dependent acquisition mode on a Thermo LTQ-Orbitrap to
evaluate their influences on peptide and protein identification
rates, such as the automatic gain control target value for MS
and MS-MS and maximum ion injection time for MS-MS (30).
Andrews and coworkers used the design of experimental plat-
form for evaluation of nine LTQ-Orbitrap MS-MS instrument
parameters, ultimately affording an increase of ~60% in prote-
ome coverage, with parameters such as ionization time,
tandem MS event monoisotopic precursor selection, capillary
temperature and tube lens voltage showing the largest impact.
(31). Researchers from Human Proteome Organization (HUPO)
published the results of a multi-laboratory study to illustrate
methodological challenges for MS-based proteomics studies,
and their centralized data analysis revealed missed protein iden-
tifications and database matching problems, illustrating that
data analysis, perhaps more than any other factor, limits repro-
ducibility (32).

Benchmarking LC systems

The limited quantity of material present in many biological
samples, coupled with the sensitivity gains associated with
nano-ESI, necessitate nanoflow chromatography. Moreover,
limited solvent availability and environmental effects have made
splitless flow LCs invaluable. The majority of recent bench-
marking studies, including those described previously, consid-
ered the back-end analyses of the mass spectrometer or data
processing. This study presents efforts to examine and opti-
mize the front-end chromatography and ionization source
while concurrently evaluating MS platforms. Specifically, four
splitless flow nano HPLC systems were considered: Eksigent
nanoLC-2D and nanoLC-Ultra, Proxeon EASY nLC and Waters
Corporation nanoACQUITY UPLC; and four ionization sources:
Bruker Daltonics ESI, nebulized nanoFlow ESI, and nano ESI,
and New Objective nano ESI. Finally, three mass spectrometers
were evaluated: Bruker Daltonics HCT-Ultra PTM Discovery ion
trap, Thermo Scientific LTQ-Velos Linear ion trap and Thermo
Scientific LTQ-Orbitrap XL-ETD. It is demonstrated that differ-
ences do exist in terms of sensitivity and retention time repro-
ducibility between the LCs, and especially ionization sources.
MS platforms did not reveal striking differences.

Experimental

Instrumentation and reagents

For LC studies, the nano-LC systems were coupled online with
an HCT-Ultra PTM Discovery ion trap (Bruker Daltonics,

Billerica, MA); the nanosource used for these LC studies was
the PicoView 200 (New Objective, Woburn, MA). LCs included:
(i) Eksigent nanoLC-2D (currently part of AB SCIEX, Dublin,
CA); (ii) Proxeon EASY-nLC (now Thermo Scientific, West Palm
Beach, FL); (iii) Eksigent nanoLC-Ultra; and (iv) Waters
nanoACQUITY UPLC (Milford, MA). For ionization source
studies, three sources from Bruker Daltonics, nano ESI (PN:
554189), nebulized nanoFlow ESI sprayer (PN: 255780) and ESI
source (PN: G1548A), and the New Objective nano source (PN:
PV-200) were all attached to the Bruker HCT-Ultra PTM
Discovery ion trap. The LC used for all source experiments was
the Waters nanoACQUITY ultra-performance liquid chromatog-
raphy (UPLC). For facility comparison studies, Facility A used
Agilent 1200 HPLC (Santa Clara, CA) coupled to an LTQ-Velos
Linear ion trap with the standard nano source (Thermo
Scientific); Facility B wused Proxeon EASY-nLC (Thermo
Scientific) HPLC connected to a hybrid LTQ-Orbitrap XL-ETD
mass spectrometer through the standard nano source (Thermo
Scientific); the authors’ group administrates Facility C, the
Brandeis University Mass Spectrometry Facility (BUMS), which
used a Waters nanoACQUITY UPLC coupled to HCT-Ultra PTM
Discovery ion trap with nanoFlow ESI sprayer.

LC mobile phase solvents and sample dilutions used 0.1%
formic acid in water (Buffer A) and 0.1% formic acid in aceto-
nitrile (Buffer B) (Chromasolv LC-MS grade; Sigma-Aldrich,
St. Louis, MO). Tryptic digested bovine serum albumin (BSA)
(Iyophilized) (Bruker Daltonics) was prepared to 1 pmole/uL
stock concentrations. BSA stock solution was diluted to the fol-
lowing amounts of sample for 1 pL injection: 250, 125, 63 and
16 fmole (LC and MS platform studies); 50, 25, 10, 5, 1 and 0.5
fmole (ionization source studies).

Methods

LC studies

Five replicates were run at each quantity of BSA digest for LC
comparisons, unless otherwise noted. The columns used for
the LC studies were a Cl8-reversed phase EASY-Column
(10 cm x 75 wm i.d., 3 pm beads, 120 A pore size from Thermo
Fisher Scientific) or an in-house packed C18 column [10 cm x
75 pm id, 5 pm beads, 300 A pore size using TARGA C18
packing material (The Nest Group, Inc., Southborough, MA)]
used in the Waters LC study.

For the LC studies, the flow rate was 325 nL/min with the
following gradient: 3% Buffer B at 0 min, linearly increased to
35% B at 48 min, followed by 5 min washing at 95% B from 49
to 54 min (for the Eksigent nanoLC-2D, Proxeon EASY-nLC and
Waters nanoACQUITY UPLC); and 3% Buffer B at 0 min, linearly
increased to 35% B at 30 min, followed by 5 min washing at
95% B from 32 to 37 min (Eksigent nanoLC-Ultra); all followed
by more than 15 column volume re-equilibrations. The ion trap
capillary temperature was set to 180°C and the dry gas flow
was 8 L/min. Capillary voltage was set to the lowest voltage
required to obtain a stable spray at 30% B (dependent on
LC used), which ranged from 950-1,250 V. The ion trap
was set to acquire in positive ion mode, scanning in the
manufacturer-specified standard enhanced mode (8,100 m2/z/s)
between m/z 300 and 1,400 for MS, averaging five spectra, and
accumulated either 200,000 charges [by ion charge control
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(ICC)] or for 200 ms, whichever came first. Collision induced
dissociation (CID) fragmentation was performed on the four
most intense ions within 72/z 300—1,200, with the threshold
for precursor ion selection set at an absolute intensity of
20,000. Singly charged ions were excluded and doubly charged
ions were preferred. Strict active exclusion was used and a pre-
cursor ion was excluded after one spectrum, and then released
after 0.1 min. MS-MS spectra were scanned from m/z 100—
2,800, averaging three spectra.

lonization source studies

The columns used for the ionization source studies were
in-house packed Cl8-reversed phase column (TARGA C18
packing material): ~15cm X 75 pm id., 5 pm beads, 300 A
pore size. The sample was loaded over a heated column at
35°C in the heating and trapping module of the nanoACQUITY
UPLC system; samples were run in triplicate. The flow rate was
350 nL/min (nanoESI tests) or 3 pL/min (ESI tests) with the
following gradient: 0 min 5% Buffer B, 55 min 60% B, followed
by 11 column volume re-equilibrations. The ion trap parameter
setup was the same as described previously, with the following
differences: the drying temperature set to 300°C, the dry gas
was set to 5 L/min and the nebulizer gas was set to 10 psi for
both the ESI source and the nebulized nanoFlow ESI sprayer.
The CID fragmentation threshold for precursor ion selection
was an absolute intensity of 10,000 and between m/z 300—
1,400. The active exclusion set for precursor ion excluded
after two spectra and released after 1 min, averaging three
spectra for MS-MS.

Facility comparison studies

The gradient used to elute peptides at Facility A was 5% Buffer
B (97% acetonitrile—2.9% water—0.1% formic acid) at 0 min to
35% B at 17min; Buffer A was 3% acetonitrile—96.9% water—
0.1% formic acid. Facility B eluted peptides at a flow rate of
275 nL/min with a PicoFrit column [15cm x 75 pm id.
x 15 um (tip); New Objective], self-packed with Magic C18
resin (Michrom Bioresources). The gradient began after equili-
bration with Buffer A (0.1% formic acid—0.9% acetonitrile—99%
water) from 5% Buffer B (acetonitrile) to 38% B, followed by
95% B for washing. The authors’ group administrates Facility C,
the BUMS, which used an in-house packed C18 column
(~15cm x 75 wm id., 5 um beads, 300 A pore size) (TARGA
C18 packing material) with the following gradient: 0 min 5%
Buffer B, 55min 60% B, followed by 11 column volume
re-equilibrations (Buffer A: 0.1% formic acid in water; Buffer B:
0.1% formic acid in acetonitrile).

Data analysis

All mass spectra were processed by DataAnalysis V. 4.0 and
BioTools V. 3.0 (Bruker Daltonics), including an in-house
Mascot server (Matrix Science Inc., Boston, MA) database
search against SwissProt database, version 9.6. In DataAnalysis,
compound lists were generated by setting the compound de-
tection intensity threshold to 10,000 and reporting a maximum
of 250 detected compounds. Compound lists were exported as
Mascot generic files (mgf) for further processing in BioTools,
in which data were subjected to a Mascot search (33) against
the SwissProt database for mammals, which has ~65,549
sequences, with less than 5% false discovery rate at the peptide
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level [enzyme: trypsin, allowed up to one missed cleavage;
fixed modification: Carboxymethyl (C); peptide tolerance:
+ 1.5 Da; MS-MS tolerance: +0.7 Da]. High-scoring peptide
ions were selected for further retention time analyses.
Statistical analysis was conducted using Microsoft Excel
V. 2003 and 2007 (Redmond, WA) and weighted linear regres-
sions graphed in SPSS V. 18 (IBM, Somers, NY). Analysis of vari-
ance (ANOVA) data swarm plots were graphed in http://www.
physics.csbsju.edu/stats/anova_pnp_NGROUP_form.html.

Analysis for data from other facilities

To standardize the interpretation of raw data from all of the fa-
cilities, the raw data files were loaded into Mascot Distiller and
generated mgf files by selecting “peak pick all scans” with
default parameters for searching via Mascot Distiller V. 2.3.2.0,
picking 2,800—4,000 compounds per raw file. Generated files
were then subjected to the same parameters described previ-
ously for Mascot searches.

Results and Discussion

Recognizing that splitless flow LC systems, by virtue of their
decreased solvent consumption, are both environmentally
friendly and less expensive to operate, four commercially avail-
able LCs were evaluated (Eksigent nanoLC-2D, Proxeon
EASY-nLC, Eksigent nanoLC-Ultra and Waters nanoACQUITY
UPLC). As a means of assessing the relative performance of
these four LCs, the data obtained from LC—-MS-MS analyses of
trypsin digested BSA (Uniprot accession number P02769) were
compared. A commercially available BSA tryptic digest was
chosen because BSA is among the most common benchmarks
for LC—MS-MS systems for retention time analysis, MS mass ac-
curacy and MS-MS functionality and calibration checks.
Reversed—phase (RP) chromatography (34) was selected to
separate the complex peptide mixture, which is commonly
used to desalt, concentrate and fractionate proteomics samples
(12). The field service engineers for each LC manufacturer in-
stalled and serviced the HPLCs before analysis to ensure that
the instruments were performing optimally. BSA was confident-
ly identified by Mascot when the p-value was <0.05 and >2
peptides were characterized. Figure 1A illustrates a typical
nano-chromatography base peak chromatogram, consisting of
~30 identified and unique BSA peptides. Five replicates of 125
fmole BSA analyzed on a Proxeon EASY-nLC coupled to a New
Objectives nano source illustrate the repeatability, with 61% of
the total identified peptides observed in every run, and ~87%
in at least three of five runs. Repeatability is also emphasized by
extracted ion chromatograms (EIC) of four representative pep-
tides in Figure 1B. The four peptides (72/z 570.7 = CCTESLVNR,
m/z 464.3 = YLYEIAR, m/z 582.3 = LVNELTEFAK, m/z 722.8 =
YICDNQDTISSK, all with ion charge 2+) were selected for
retention time analysis because they had highly confident ion
scores and well separated retention times that spanned the chro-
matography gradient.

HPLC retention times

The principle metric of LC performance is retention time re-
peatability. LC retention times were processed to relative stand-
ard deviation (RSD) to compare the different systems because
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Figure 1. NanolC repeatability: An example of a typical LC run shows peptide
separation for trypsin digested BSA; 125 fmole digested BSA was analyzed on a
Proxeon EASY-nLC coupled to a New Objectives nano source; and base peak
chromatogram of MS (solid line) is shown (A); illustration of repeatability for LC runs
(spectra adapted from replicates of 125 fmole digested BSA analyzed on the setup
described in Figure 1A); shown here are EICs for four peptides graphed on the same
intensity axis, using the same quantity of BSA as in Figure 1A (B). These EICs were
used in the total evaluation of the retention times, with examples shown in
Supplementary Table I. Details of MS and MS-MS for m/z 570.7 are shown in
Supplementary Figure 1.

the retention times varied based upon system void volumes.
The RSDs (%) of the Eksigent nanoLC-Ultra, Proxeon EASY-nLC
and Waters nanoACQUITY UPLC systems were 0.87, 0.73 and
0.66, respectively, and were statistically indistinguishable
(Figure 2). These three LCs, however, outperformed the
Eksigent nanoLC-2D (denoted by an asterisk), which operated
with the least reproducibility (2.2% RSD confirmed by ANOVA).
The retention time RSDs were within the range of other pro-
teomics analyses (Supplementary Table I). For example, nor-
malized elution times for all observed peptides of multiple,
large scale proteomics analyses of A. thaliana chloroplast, D.
radiodurans and S. oneidensis were between 2.4-2.7% RSD
using one-dimensional (1D) chromatography (19, 35-37).
Using 2D chromatography, Smith and coworkers were able to
achieve 0.56% RSD on virion peptides (38). Manufacturers and
many researchers tend to report the RSD of only a single peak.
The best single-peak RSDs in this study for m/z 582.3 were
0.14% for Waters nanoACQUITY UPLC, 0.33% for Proxeon
EASY-nLC, 0.23% for Eskigent nanoLC-Ultra and 0.42% for
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Figure 2. Comparison retention time reproducibility of HPLCs. The percentage RSDs
of four selected peptides’ (shown in Figure 1B) retention times were compared
among the LCs. ANOVA demonstrates that the Eksigent nanolLC-2D/Bruker HCT
combination (denoted by an asterisk) had significantly less reproducibility than other
LCs. This lack of reproducibility resulted from the occasional (but repeatable)
catastrophic run in which all elution times shift by ~10 min and is not the result of
the nanolLC-2D per se, but from the combination of the nanoLC-2D and Bruker lon
Trap. It was accompanied by electrical etching of the autosampler stator, and
therefore, appears to involve an improper path to the ground. Small gray lines
represent individual LC retention time data points around the mean RSD on the data
swarm plot.

Eksigent nanoLC-2D, which were all within the manufacturers’
specifications and similar to the manufacturers’ application
notes. For example, the Waters nanoACQUITY UPLC reported a
result of 0.14% RSD [median value using 1.7 wm packing mater-
ial (39)—the measured value in this study was 0.14%]; Proxeon
reported results of 0.27% and 0.30% RSDs for two peptide fea-
tures [m/z 585.8 and 740.4 (40)—the measured value in this
study was 0.33%]; Eksigent reported results of <0.3% RSD (41)
for four peptide features (Eksigent nanoLC-Ultra—the mea-
sured value in this study was 0.23%) and an average of 0.35%
RSD [Eksigent nanoLC-2D (42)—the measured value in this
study was 0.42%). A potential caveat is that the Waters LC study
was conducted using a different C18 column. However, the
Eksigent nanoLC-2D was re-tested using the same column as
used with the Waters study and similar sensitivity to previous
analyses was noted (data not shown). Additionally, due to time
constraints (instrument on-loan during a demo) the gradient
change for the Eksigent nanoLC-2D Ultra was increased to
1.06% B/min, whereas the gradients for the other LCs were
0.66%B/min. To address this, the Waters LC gradient was
changed from 0.66 to 1%, which had the following effect upon
RSDs: 0.66% RSD at 0.66%/min versus 0.99% RSD at 1%/min.

Lack of compatibility between Bruker HCT Ultra and
Eksigent nanoLC-2D

After this study was performed, a progressive and reproducible
decline was noted in the compatibility of the Eksigent
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nanoLC-2D and the Bruker HCT-ion trap, which was proposed
to be caused by less effective sample ionization and entry into
the mass spectrometer resulting from insufficient grounding.
Consistent with this interpretation, electrical etching of the
stator face was observed within the 6-port valve of the
Eksigent autosampler, suggesting an issue with path-to-ground.
This is not strictly related to the Eksigent nanoLC-2D, because
it continues to function on the facility’s Fourier transform mass
spectrometer (also from Bruker Daltonics), and it is not strictly
an MS issue, because the facility’s HCT-Ultra continues to func-
tion with equal performance with the Waters nanoACQUITY
UPLC. Specifically, reproducible and catastrophic declines in
sensitivity were observed when using the Eksigent nanoLC-2D
with the Bruker HCT-Ultra and using identical column, ioniza-
tion source and instrument conditions that worked with other
LCs. The same lack of compatibility was experienced with two
different Eksigent nanoLC-2D instruments; the experiments
presented here were acquired using a replacement of the first
unit. Data analyzed for the Eksigent nanoLC-2D shown in
Figure 2, therefore, represents a best-case scenario. The com-
parison of ionization sources discussed in the following
involved only the Waters LC.

Ionization source sensitivity and effects upon
chromatographbic reproducibility

The advantages of nano ESI include the high sensitivity resulting
from efficient ionization (43) and the low solvent consumption
resulting from low solvent flow rates (100—400 nL/min). Online
nano ESI spray sources were developed to couple a mass spec-
trometer with a capillary nano-LC, which typically require sig-
nificant optimization of the x, y and z position of the spray
needle and the spray voltage. This study evaluated two nano ESI
sources (nanospray source from Bruker Daltonics and nano ESI
source from New Objective), one electrospray source (ESI
source  from  Bruker Daltonics) and one hybrid
nano-electrospray source (nebulized nanoFlow ESI source from
Bruker Daltonics) for their sensitivity and associated

chromatography. The nebulized nanoFlow ESI source from
Bruker Daltonics needs to be connected to a pressurized nebu-
lizing gas source. It operates as a direct mechanical replacement
for the standard ESI sprayer, works at the same flow rates as
an online nano ESI source, and does not require x, ), 2z
optimization.

Figure 3 illustrates the comparison of sensitivity for the four
tested ionization sources. Linear regression analysis indicated
the Bruker nebulized nanoFlow-ESI and nano-ESI sources per-
formed similarly and were slightly more sensitive than the New
Objective source. As expected, all three nano-flow rate sources
outperformed the higher flow rate ESL This is the first literature
report for a hybrid ESI-nanospray source, and by virtue of its
similarity to nanospray (and not ESI) sensitivity, it is proposed
that this source has nano-spray-like operating principles. The re-
tention times of selected peptides were compared (m/z
570.7 = CCTESLVNR, m/z 464.3 = YLYEIAR, m/z 5823 =
LVNELTEFAK, m/z 722.8 = YICDNQDTISSK, all with ion
charge 2+) to check the quality of the chromatography
(Supplementary Figure 2) and a marked lack of reproducibility
was observed in the Bruker nano ESI source (14% RSD) when
compared to the other nano sources (<1.4% RSD on average).
These results were consistent with the authors’ qualitative
experiences from at least 10 different attempts. Nonetheless,
these experiments were repeated and ~11-17% RSD was
observed.

Mass spectrometry platform sensitivity

To compare entirely different LC-MS-MS platforms, three facil-
ities were provided with various concentrations of identical
BSA standards. When raw Sequest (44—45) data was provided,
it was converted to the same format as the Bruker HTC-Ultra
ion trap data using Mascot Distiller. Several studies (33, 46—47)
have determined that when comparing data from different
platforms, Mascot scoring trends can vary from the sequence
coverage, and so both are shown in Figure 4 and Supple-
mentary Figure 3. No statistically significant difference was
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Figure 3. Comparison of the sensitivity of ionization sources. The average protein sequence coverage of ionization sources is compared at respective amounts of BSA (in
fmole). The data points at each concentration represent the average of three replicates. Comparisons were graphed on a log scale and error bars (95% confidence interval of the

standard error) are offset to the sides for easier visualization of data points.
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Figure 4. Comparison of the sensitivity of facilities and different mass spectrometer platforms. Using standardized data analysis, Mascot scores of data from Facility A (Agilent
1200 HPLC coupled to LTQ-Velos Linear ion trap with standard nano source), Facility B (Proxeon EASY-nLC coupled to hybrid LTQ-Orbitrap XL-ETD mass spectrometer with
standard nano source) and Facility C (Waters nanoACQUITY UPLC coupled to HCT-Ultra PTM Discovery ion trap with nebulized nanoFlow ESI source) are compared. There are no

replicates for data from Facility B.

observed between the Agilent 1200-LTQ-Velos Linear ion trap
(Facility A), the Proxeon-LTQ-Orbitrap XL-ETD (Facility B) and
the Waters nanoACQUITY UPLC-Bruker HCT-Ultra (Facility C)
(Figure 4). Prior to the standardization of data processing, sig-
nificantly lower sequence coverage was observed for Facility B
in Supplementary Figure 3B, confirming the importance of data
processing in overall sensitivity, as described in the recent
study by HUPO (32).

Conclusions

The authors’ group has invested thousands of hours and con-
siderable resources in assessing numerous nanoflow LCs, ion-
ization sources and MS instrument platforms. Given the
improved performance of certain systems, and especially the
lack of compatibility of certain LCs and sources with certain
mass spectrometers, it was necessary to share this analysis. For
example, the coupling of either the Eksigent nLC-2D or the
Bruker nano ESI source to a Bruker HCT ion trap led to irregu-
lar performance. The Bruker source is unusual because it oper-
ates with the opposite polarity compared to most sources (the
electrospray tip is ground) and it contains proprietary compo-
nents. Therefore, it is unlikely that these compatibility issues
translate to other mass spectrometers. Overall, the Eksigent
nLC-Ultra, Proxeon EASY-nLC and Waters nanoACQUITY UPLC
performed similarly, with each outperforming the Eksigent
nanoLC-2D. For the tested ionization sources, the Bruker nano
ESI had similar sensitivity to the other three sources, but highly
irreproducible retention times. The overall preference for was
the nebulized nanoFlow ESI (nL/min flow), which had similar
sensitivity to other nanospray sources but did not require ad-
justment or optimization. This evaluation of three LC—MS-MS
platforms should provide useful sensitivity benchmarks and
indicates that the Bruker HCT-Ultra PTM Discovery ion trap,
Thermo Scientific LTQ-Velos Linear ion trap and Thermo
Scientific LTQ-Orbitrap XL-ETD offer similar sensitivities. This
study should enable other researchers to make better informed

decisions about their choices for available HPLCs, ionization
sources and LC—MS-MS platforms.
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