s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Anal Chem. Author manuscript; available in PMC 2024 December 05.

Published in final edited form as:
Anal Chem. 2021 March 02; 93(8): 3686-3690. doi:10.1021/acs.analchem.1c00257.

Robust micro-flow LC-MS/MS for proteome analysis — 38,000
runs and counting

Yangyang Bianl2, Florian P. Bayer!, Yun-Chien Chang!, Chen Meng?, Stefanie Hoeferl, Nan
Deng?, Runsheng Zheng®, Oleksandr Boychenko®, Bernhard Kusterl3"

1Chair of Proteomics and Bioanalytics, Technical University of Munich, Emil Erlenmeyer Forum 5,
85354, Freising, Germany

2College of Life Science, Northwest University, Taibai North Road 229, Xi'an, Shaanxi, 710069,
P.R. China

SBavarian Biomolecular Mass Spectrometry Center (BayBioMS), Technical University of Munich,
Gregor-Mendel-Strale 4, 85354, Freising, Germany

4Instrumental analysis center, Xi'an Jiaotong University, No.28, Xianning West Road, Xi’an,
Shaanxi, 710049 P.R. China

5Thermo Fisher Scientific, Dornierstral3e 4, 82110, Germering, Germany

Abstract

Micro-flow liquid chromatography tandem mass spectrometry (ULC-MS/MS) is becoming a
viable alternative to nano-flow LC-MS/MS for the analysis of proteomes. We have recently
demonstrated the potential of such a system operating with a 1 mm i.d. x 150 mm column and at a
flow rate of 50 pl/min for high-throughput applications. Based on the analysis of 38,000 samples
measured on two instruments over the past two years, we now show that the approach is extremely
robust. Up to 1,500 analysis were performed within one month and >14,000 samples could be
analyzed on a single column without loss of chromatographic performance. Samples included
proteomes of cell lines, tissues and human body fluids, which were analyzed with or without

prior peptide fractionation or stable isotope labeling. We show that the uLC-MS/MS system is
capable of measuring 2,600 proteins from undepleted human plasma and ~5,000 proteins from
crude human urine in one day, demonstrating its potential for in-depth as well as high-throughput
clinical application.
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Introduction

Nano-flow liquid chromatography tandem mass spectrometry (nLC—MS/MS) has been
tremendously successful in proteomics due to its very high sensitivityl:2. However, this often
comes at the cost of throughput and robust operation®4. The latter is particularly challenging
when analysing molecularly very complex or high dynamic range proteomes such as animal
and plant tissues or body fluids®. Both these factors can, in part, be addressed by micro-flow
or analytical-flow liquid chromatography, which is very successfully used in the field of
bioanalysis®—8. However, the much higher flow rates required by larger bore columns reduce
the efficiency of electrospray ionization, in turn reducing sensitivity. As mass spectrometers
have been greatly improved over the past 10 years, sensitivity has become a lesser issue for
applications where sample quantities are not extremely scarce9-11, This has prompted us and
others to revisit LLC—MS/MS for proteome analysis with very encouraging results2-14. For
instance, our prior work using a 1 x 150 mm reversed phase HPLC column operating at a
flow rate of 50 pl/min2 in conjunction with an HF-X Orbitrap mass spectrometer enabled
proteome analysis of cell lines and tissues to a depth of 8,000-10,000 proteins within one
day. At the same time, the data collected for body fluids showed a very high level of
quantitative reproducibility and the analysis of ~2,000 samples provided good preliminary
indications that the approach can be robust and high-throughput at the same time. Based

on the analysis of >38,000 proteomic samples of diverse origin over the past two years, we
show here, that this is indeed the case.

Results and Discussion

Analysis of 38,000 proteomic samples demonstrates high-throughput capabilities

Inspired by the work of Cambers et al.” and Lenco et al.13, we started experimenting with
MLC-MS/MS using a 1 mm ID column at 50 pl/min flow rate coupled to an Orbitrap HF-X
mass spectrometer in mid 2018. We chose Acclaim PepMap C18 columns because the
material is widely used in the field and provides a good balance between loading capacity
(15% carbon load) and separation characteristics for hydrophilic and hydrophobic peptides.
The setup was commissioned to routine use in early 2019 and has since seen continuous
operation for over two years and performing ~18,000 analysis. The same uLC setup was
implemented on an Orbitrap Fusion Lumos soon thereafter and has performed nearly

20,000 analysis to date (Figure 1A; Table S1). To the best of our knowledge, throughput

of this scale has not been demonstrated before. In an earlier report, we systematically
investigated the sensitivity and reproducibility characteristics of the micro-flow system,
which is why we do not detail these here again'2. The above figures show, that the earlier
indications of the systems’ ability to perform high-throughput proteome analysis can be
unequivocally confirmed. Because of the short overhead times for sample loading and
column equilibration, the system is particularly well suited to run short gradient LC-MS/MS.
This is reflected in the distribution of the types of samples analysed on the Orbitrap Lumos.
About two thirds of all samples were fractions of off-line high pH reversed phase separations
of complex proteomic digests and that either used tandem mass tags for quantification
(TMT; 6,184 runs; 25 min gradient; 30 min turnaround time) or label-free quantification
(MaxQuant LFQ; 6,953 runs; 15 min gradient; 20 min turnaround time; Figure 1B). For
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these applications, the system is capable of delivering a throughput of 48 (TMT) or 72
(LFQ) analysis per day and the above (which also includes 30 and 60 min gradient
experiments) demonstrates that a high level of sample throughput can be sustained over
extended periods of time. We note that we allow for longer gradient times for the analysis
of TMT samples to off-set the additional time requirements of MS3 vs MS2 tandem MS
analysis.

Robustness of micro-flow LC columns

As shown in Figure 2A, more than 14,000 or 12,000 samples were separated by the

same column connected to the HF-X and Lumos mass spectrometers respectively and

both columns were still running at the time of manuscript preparation. Although all five
columns tested so far showed good performance, the authors point out that minor column-
to-column variation does exist (Figure S1). The ability to analyze such large numbers of
samples on a single column is not only surprising to scientists used to working with nano-
flow LC columns, it is obviously of considerable advantage when analyzing large sample
cohorts. The robustness of the chromatography also relies on careful sample preparation,
particularly as our LC system uses direct sample injection to save overhead time. While
high pH reversed phase fractions are typically very clean samples, unfractionated digests
can lead to accumulation of insoluble material at the head of the column, which can block
the column or substantially increase backpressure. For instance, column 1 of the Lumos
stopped working after 5,500 injections because one sample irreversibly blocked the column.
More frequently, we observed reversible partial column blocking when analyzing samples
prepared by affinity purifications (e. g. HLA immunopeptidome preparations) presumably
because of the presence of the high quantities of antibody and detergents used for preparing
these samples from human tumor cells. An example is shown in Figure S2, where column
backpressure increased from one sample to the next by >100 bar and remained unstable
across the separation. The QC run before this partial block is shown in Figure 2B (top
panel) and displays the typical separation characteristics for this column. To prevent further
damage, the blocked column was connected to the LC system in the reverse direction and
flushed with acetonitrile. This procedure returned backpressure to normal values in reverse
flow almost immediately but not in forward flow, indicating persisting blockage at the

head of the column that could not be removed easily by solvent. As one might expect for

a well-packed column, separation performance was also very good in the reversed flow
direction (Figure 2B, middle panel) and we continued to operate this column for more

than 8 months in this configuration before returning it again into the original forward flow
direction (Figure 2B, bottom panel). We note that there are differences in the retention times
of PROCAL peptides between forward and reverse flow but these did not lead to noticeable
differences in performance for the analysis of proteomic samples. Surprisingly, the retention
times of the forward flow chromatograms were nearly identical despite the very long time
and the many samples between these two analyses.

As another metric for assessing column robustness, we compared results of HeLa protein
digest separations (2 pg) using different gradient lengths on the same column performed
20 months apart (Figure 3A). As is apparent, chromatographic separation performance was
nearly identical (Figure 3A, Figure S3) even though >12,000 samples had been analysed
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on this column within this time. The small differences in the number of identified peptides
in both analyses are likely due to variations in performance of the mass spectrometer and
the fact that the HeL a digest stocks were not identical. As part of the laboratory’s QC
procedures, we regularly test all LC-MS/MS instruments using standard HeLa digests using
60 min gradients. Again, comparing results of 13 representative samples over a period of
two years showed very little variation in LC peak widths (Figure 3B) and column pressure
(Figure 3C).

Robust operation of any LC-MS/MS setup requires that columns are not overloaded, a
chromatographic rule that is often violated or overlooked in proteomics using nanoL.C-
MS/MS, particularly when analyzing body fluids that are characterized by extreme protein
abundance differences. This is illustrated by the chromatograms shown in Figures 4A and
4B. While the separation of 1 ug of a crude plasma protein digest by nanoLC-MS/MS
(data from referencel®) showed clear signs of overloading, peak shapes in the uLC-MS/MS
separation of 30 g crude plasma digest are still very good. Overloading will not only

lead to poor peak shapes, but also compromise quantification and increases the danger

of substantial run-to-run sample carryover. Therefore, the authors recommend restricting
sample loading on 75 pm nano-LC columns to 200 ng and typical sample quantities for
ULC-MS/MS are 100 ng — 1 pg, 500 ng — 5 ug, and 2 ug — 10 pg for 15 min, 30 min

and 60 min gradients respectively. We empirically observed that pLC-MS/MS of proteomic
samples keeps the mass spectrometer cleaner for longer compared to nanoLC-MS/MS. In
the author’s laboratory, the cleaning cycles were about two months for the HF-X instrument
and more than six months for the Lumaos. It should be noted though that this period is more
dependent on how much sample is injected for each analysis rather than the number of
analysis performed per se.

Deep profiling of plasma and urine proteomes by micro-flow LC-MS/MS

The above shows that uLC-MS/MS is a highly performant and robust approach to proteome
analysis. This mirrors the experience made in the field of bioanalysis where uLC-MS/MS
has turned out to be a ‘sweet spot’ for many applications®16:17 and, as a result, the
respective equipment and expertise has also found its way into diagnostics laboratories.

It can be anticipated that this will substantially aid in establishing proteome analysis of
typical clinical samples (plasma, urine, CSF, etc.) in the routine laboratory. To show that
ULC-MS/MS enables deep body fluid proteome profiling is feasible within a reasonable
amount of time, crude plasma and urine protein digests were separated by offline high pH
reversed phase HPLC, pooled into 48 fractions, and analyzed by uLC-MS/MS using a 30
min gradient on an HF-X mass spectrometer (1 day total analysis time). This resulted in
21,084 unique peptide sequences corresponding to 2,688 proteins and 35,372 unique peptide
sequences corresponding to 5,061 proteins quantified from plasma and urine samples,
respectively (Figure 4C; Table S2). As expected, the total signal obtained from both samples
was dominated by few proteins and this was more pronounced for plasma than for urine.
Still the dynamic range (7 logs of iBAQ intensity) of the uLC-MS/MS system was sufficient
to detect proteins that were present at low relative abundance. Examples of the latter include
IGF1 (Insulin-like growth factor I), MIF (Macrophage migration inhibitory factor), CXCL12
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(Stromal cell-derived factor 1), PRKACB (cAMP-dependent protein kinase catalytic subunit
beta), and 1L18 (Interleukin-18).

Both these body fluids have been analysed even more deeply by others before (Figure S4).
For instance, Dey et al. identified 4,826 plasma proteins from Alzheimer’s disease patients
but a total of 22.5 days of instrument time was required for a single casel8. Similarly,

Zhao et al. reported the identification of 6,085 proteins from urine, which needed 26.6 days
of nanoL.C-MS/MS gradient time®. While achieving an impressive proteomic depth, such
effort is incompatible with the analysis of clinical cohorts. For plasma, our data covered 72%
of Dey’s list (1,952 proteins) in<5% of the time. Still, one day per sample is still too long to
be clinically useful but the plasma and urine pLC-MS/MS data collected here may be useful
for building spectral libraries to support much faster data independent measurements on the
same platform in the future.

In conclusion, this work adds substantial further evidence that uLC-MS/MS is not only

a viable, but often the preferred alternative approach to nanoLC-MS/MS analysis for the
analysis of (clinical) proteomic samples, particularly when available sample quantities are
not extremely scarce. Therefore, the authors anticipate that the approach will be more widely
adopted in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Summary of the number and types of samples analyzed on two micro-flow LC-MS/MS

systems.
(A) Bar chart showing the number of samples analyzed by micro-flow LC-MS/MS on an

Orbitrap HF-X (blue) and Orbitrap Lumos (red) mass spectrometer over time. The inset
shows the total number of samples for each instrument. (B) Distribution of the types of
samples analyzed by micro-flow LC-MS/MS on the Orbitrap Lumos. TMT: tandem mass
tags; LFQ: label-free quantification; HpH: high pH reversed phase chromatography.
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Figure 2.
(A) Pie charts summarizing the number of samples analyzed using different columns on

the Orbitrap HF-X and Lumos instruments. (B) Base peak chromatograms of 500 fmol of
PROCAL peptides separated on the same PepMap column (1#) connected to the Orbitrap
HF-X in the forward flow direction (upper panel; November 14t 2019), reverse flow
direction (middle panel; November 16M 2019), and again in forward flow direction (bottom
panel; August 3 2020).
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Figure 3. Chromatographic stability of the same PepMap column over a 20 months interval.
(A) Boxplots showing the chromatographic peak width (full width at half-maximum;

FWHM) distributions of Hela peptides separated on the same PepMap column with
different gradients in 2018 (red) and 2020 (blue; Orbitrap HF-X). (B) Boxplots showing

the chromatographic peak width (full width at half-maximum; FWHM) distributions of Hela
peptides separated on the same column using 60 min gradient between 2018 to 2020. Boxes
cover 50% and whiskers represent 1.5 times the interquartile range of the data. (C) Overlaid
pressure curves of Hela peptides separated on the same column between 2018 to 2020 using

a 60 min gradient.
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Figure 4. Application of the uLC-MS/MS system to the analysis of body fluid proteomes.
(A) Base peak chromatograms of crude plasma protein digest separated by micro-flow

(upper panel, blue) and nano-flow (bottom panel, red) LC-MS/MS using 45 min
measurement time. Selected peaks are annotated with peptide mass to charge (m/z) values.
(B) Extracted ion chromatograms of one highly abundant peptide of m/z = 395.24. The
x-axis represents a relative time scale to allow alignment of the two chromatograms.

(C) Cumulative iBAQ (intensity based absolute quantification) intensity distribution of all
guantified plasma and urine proteins following fractionation (48 fractions) by high-pH
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reversed phase chromatography and uLC-MS/MS analysis using 30 min gradient. Selected
proteins of different abundance are marked by arrows. The inserted table shows how many
proteins represent how much of the total iBAQ intensity.
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