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Abstract

Proteomics technologies have experienced rapid advances over the last
decade to identify or quantify thousands of proteins per sample, typically in
a few hours, enabling proteomics applications in environmental, biological,
medical, and clinical research. A number of publications have reviewed
advances in proteomic technologies and applications. This short review focuses
first on a discussion of sensitivity in bottom-up (i.e. digested protein) proteomics
and approaches for characterization of small cell populations, and secondly
on protein separations for top-down (i.e. intact protein) proteomics including
discussions of key technical challenges where recent advances are elucidating
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specific functions of proteins in biological processes.
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A proteome can be characterized by measurement of small
enzymatic peptides (typically having MWs <5 kDa) from digestion
of proteome proteins (ie., “bottom-up” approach) or direct
measurement of proteome proteins (e.g., MWs >5 kDa) (i.e., “top-
down” approach). Bottom-up proteomics generally does not
distinguish different versions of proteins or “proteoforms” derivatized
by post translational modifications [1], while top-down proteomic
measurements readily distinguish such proteoforms [2]. Both bottom-
up and top-down proteomics approaches have distinctive technology
challenges associated with extending proteomic applications. This
short review discusses bottom-up proteomics sensitivity and top-
down proteomic separation techniques, two significant challenges
in proteomic technology/methodology that at present provide
significant limitations to their applications.

Large-Scale High-Throughput Bottom-Up
Proteomics of Single Cells and Small Cell
Populations

Bottom-up proteomics has become a largely mature tool for
proteome characterization. It is now practical to confidently identify
thousands of proteins in a single liquid chromatography-tandem
mass spectrometry (LC-MS/MS) analysis without the need for sample
pre-fractionation and multiple analyses [3-5]. However, bottom-up
proteomic analysis presently requires sample sizes ranging from
micrograms to high level nanograms (e.g., >100 ng), which largely
excludes use of proteomics to characterize the heterogeneity of a
biological system (e.g., within a tissue or among circulating cells).
Proteomics for such applications needs sufficient sensitivity to enable
broad measurement of proteins from picograms to low nanograms
of sample sizes (a single mammalian cell on average contains ~0.5
ng protein). Such sensitive proteomics would likely be achievable
only by using a bottom-up approach, as both separation and mass
spectral analysis for small peptides are much more efficient than for
large proteins.

The sensitivity of bottom-up proteomics depends on both the

capability of mass spectrometer platform and the effectiveness of
the sample separations. Very narrow column LC-advanced mass
spectrometers enable detection of hundreds of tryptic peptides from
pictograms of proteomic samples (Figure 1; the paired ‘spots’ confirm
the detected species coming from the proteins in cells cultured with
N'*/N'" media) [6]. The sensitivity is estimated to be sufficient for
detection of ~6000 molecules of a peptide [7], or ~6000 protein
molecules if the (trypsin) digestion step during sample preparation
is quantitative. Such performance, however, has not been to date
achievable for tandem mass spectrometry dissociation/sequencing of
peptides. Our recent evaluation of a Thermo Orbitrap-Velos tandem
mass spectrometer, for example, has been found to enable assignment
of >12,000 peptides (at 1% false discovery rate at peptide level,
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Figure 1: LC-MS of peptides detected from 0.05-ng D. radiodurans cell
lysate tryptic digest. Conditions: 15 pm i.d. x 85 cm column packed with 3 ym
C18 is used for LC separation and FTICR mass spectrometer for detection.
N'® labeling technique is used for confirmation of the detection for cellular
peptides, instead of noise. The LC elution time (0-180 min) is normalized for
peptide assignment by accurate mass and time tags approach. The inserted
mass spectra show the experiment detection limit examined using BSA tryptic
digest (Ref. 6). Experimental details are given in Ref. 7.
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Figure 2: Ultrasensitive bottom-up proteomics for analysis of 10-ng MCF7
lysate tryptic digest. In a single LC-MS/MS run, 12,458 peptides are assigned
(at 1% FDR-peptide) from 3003 proteins. Conditions: 20 ym i.d. x 50 cm
column packed with 3 ym C18 for separation with mobile phase gradient
from solvent a (100% H,0/0.1% formic acid FA) to 65%B (100% acetonitrile
ACN/0.1% FA) in 600 min, Velos Orbitrap CID MS/MS for peptide sequencing,
MSGF+ [17] for peptide assignment with control of FDR at peptide level.

FDR-peptide) and >3000 proteins from 10 ng of a human (MCEF-
7) cell lysate tryptic digest (Figure 2), and >4000 peptides (at 1%
FDR-peptide) and >1000 proteins from 1 ng microbial Shewanella
oneidansis (~5000 open reading frames, ORFs) cell lysate tryptic
digest (not shown), representing the state-of-the-art for the sensitivity
of tandem mass spectrometry proteomics analysis. Such sensitivity
could support, e.g., proteomics investigations of heterogeneity, in
samples as small as 20-30 cells (e.g., ~0.4 ng proteins per cancer cells).
Very narrow LC columns (20 pm i.d.) are typically required for this
ultrasensitive analysis (ESI-MS sensitivity is roughly proportional to
the inverse of the square of the LC column diameter due to the effect
of flow rate upon sensitivity; Ref. 7), and experimental challenges for
use of such narrow LC columns have been effectively addressed [8].
Other formats of LC and capillary zone electrophoresis (CZE) have
been recently reported for sensitive bottom-up proteomics; however,
the resultant sensitivity and analysis coverage are significantly lower
than that obtained by using of narrow packed capillaries described
above. For example, CZE enables assignment of only 456 peptides
(at 1% FDR-peptide) and 140 proteins from 2 ng of microbial E.
coli (~4000 OREFs) lysate tryptic digest [9], while porous layer open
tubular column LC has been mainly practiced for microproteomics
(i.e., the sample sizes at low level of micrograms) [10].

Single-cell “discovery mode” proteomics using tandem mass
spectrometry would require 10- to 20-fold higher sensitivity than
that shown in Figure 2. MS instrumentation continues to rapidly

improve in both sensitivity and speed for peptide sequencing [5].
Rapid MS/MS data acquisitions on advanced mass spectrometers
allow for use of fast LC to sharpen peptide peaks and improve MS/
MS sensitivity, while continuously narrowing LC columns (e.g.,
from 15-20 to 5-10 um i.d.) can further significantly increase LC-
MS sensitivity achievable. Integration of these cutting-edge LC-MS
platforms and techniques provides a potential base for large-scale
single-cell proteomics. However, for this promise to be realized,
the “up-front” challenges associated with high-through processing
of individual cells, including cell lysis, disposal of cell debris, lysate
cleanup, reduction, and digestion remain to be effectively addressed.

Development of High-Efficiency Capillary
Separation Techniques for Top-Down
Proteomics

Top-down proteomics involves MS analyses that avoid protein
digestion, but typically require dissociation of proteins in the
MS to distinguish proteoforms that may be crucial to a range of
biological processes. It is possible now to sequence proteins and large
polypeptides (MWs >100 kDa) on advanced mass spectrometers [2],
however, quality MS/MS spectra are much more difficult to obtain
for large proteins/polypeptides than for small tryptic peptides, which
is a major factor responsible for the low analytical sensitivity of top-
down proteomics. Key to improvements will be achieving more
effective separations to allow more proteoforms to be identified or
distinguished with improved sensitivity.

The major challenge for protein separations arises from the
strong interactions between proteins/large polypeptides and
separation media, which influence both separation efficiency and
sample recovery. Capillary electrophoresis has a significant potential
for overcoming this difficulty as the separations are achieved without
need for interactions with the separation media. CZE has been
explored for tandem mass spectrometry top-down proteomics, e.g.,
to assign 30-80 kDa proteins by improving sample loading capability
[11]. Compared with CZE, LC provide much higher resolution (e.g.,
with peak capacities of >400) for separation of complex proteomic
proteins/polypeptides having MWs of up to >40 kDa [12]. Such
high-resolution LC of proteins and polypeptides is achieved by
use of weak interactions between proteins/polypeptides and the
stationary phases, which exploits the role of LC kinetics in separation
of proteins/polypeptides, allows for utilization of long columns and
small particle media to improve separation efficiency, as well as
improves sample recovery. Short alkyl (e.g., C1-C4) bonded reverse
phase packings have been explored for this purpose [12], and the
resultant separation efficiency and sensitivity for proteins and large
polypeptides are improved over strong interaction separation media
(e.g., C8, C8 like or even Cl18) [2,13-15]. Ultrahigh pressures are
particularly useful for delivering the mobile phases through small
particles-packed long columns and Figure 3 show a 30K psi RPLC
separation that we recently obtained for a cell lysate using a 2-m long
column packed with 3-pm particles. The mass spectra inserted show
existence of various levels of low abundance proteins and polypeptides
(e.g., having MW from 7.4 to 20 kDa) in a whole cell lysate, which
challenges the subsequent tandem mass spectrometry sensitivity and
spectral interpretation (e.g., due to low quality isotopic envelopes),
especially for large proteins [12]. An automated 40K psi ultrahigh-
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Figure 3: High-resolution LC-mass spectrometry of proteomic proteins/
polypeptides. Conditions: 2 m L x 100 pm i.d. column packed with 3-um
porous (300 A) C4-particles for separation of a 2.5-ug of S. Oneideisis cell
lysate; mobile phase gradient from solvent A (5% ACN/95% H,O, 0.1%
FA) to 80%B (ACN, 0.1% TFA) in 1000 min and Thermo Exactive mass
spectrometry for detection.

pressure LC system is now being developed and evaluated in our
laboratory for further improvement of LC separation efficiencies and
mass spectrometry detection sensitivity, and thus broad use in the
characterization of proteoforms.

High-resolution capillary separation techniques have to date
been largely unexplored for tandem mass spectrometry top-down
proteomics.
electrophoresis based on hydrophilic/hydrophobic interactions, size
exclusion, ion exchange, isoelectric focusing (CIEF) etc., need to be
carefully re-examined and further improved for their efficiency and

Various modes of capillary chromatography and

sample recovery. Of these capillary separation techniques, CIEF is
particularly interesting as it has been proven capable of providing
high resolutions for complex proteomic proteins and polypeptides
with peak capacities of ~1000 [16] and its power for tandem mass
spectrometry characterization of complex mixtures of large proteins
(e.g., MWs>50 kDa) needs to be investigated. Also, fractionation and
enrichment of proteins and polypeptides by capillary chromatography
and electrophoresis need optimized for sensitive, large-scale top-
down proteomics.
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