Chapter 3
Simplifying the Proteome: Analytical
Strategies for Improving Peak Capacity

Lee A. Gethings and Joanne B. Connolly

Abstract The diversity of biological samples and dynamic range of analytes being
analyzed can prove to be an analytical challenge and is particularly prevalent to
proteomic studies. Maximizing the peak capacity of the workflow employed can
extend the dynamic range and increase identification rates. The focus of this chapter
is to present means of achieving this for various analytical techniques such as liquid
chromatography, mass spectrometry, and ion mobility. A combination of these
methods can be used as part of a data-independent acquisition strategy, thereby lim-
iting issues such as chimericy when analyzing regions of extreme analyte density.

3.1 Introduction

The term “proteomics” encompasses the large-scale qualitative and quantitative
study of proteins in a complex biological sample. The potential to understand the
nature of a biological system using this information, in conjunction with other
multi-omic data, is extensive. Current mass spectrometric techniques allow large-
scale, high-throughput analyses for the identification, characterization, and quanti-
fication of the proteome, but can encounter major limitations in effectively mining
complex biological matrices. A typical bottom-up proteomic experiment, for exam-
ple, can result in areas of extreme analyte density during liquid chromatography
(LC) separation (Fig. 3.1). These highly concentrated analyte regions are not only
problematic from a chromatography aspect but can also be an issue with respect to
the mass domain separation and detection.

Overcoming such challenges and increasing separation capabilities of analytical
systems involve finding means of increasing peak capacity and dynamic range of
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Fig. 3.1 Sample complexity and regions of analyte density represented by a 1,000 ng on-column
loading of HeLa tryptic digest, separated over 150 min gradient. The lower figure shows the chro-
matogram expanded (23-33 min) with peak width half-height between 0.1 and 0.22 min

the workflow. Peak capacity is defined as the maximum number of components that
can be separated to a specific resolution within a given separation space [1].
Throughout the course of this chapter, methodologies to increase system peak
capacity will be introduced, including multidimensional chromatography and ion
mobility (IM). Combined with a data-independent acquisition (DIA) strategy, these
methods can provide enhanced sensitivity, specificity, and speed to biomarker dis-
covery applications.

3.2 Expanding Peak Capacity from the LC Perspective

High performance liquid chromatography (HPLC) has and continues to be routinely
used in combination with mass spectrometry (MS) for the separation of analytes.
However, the performance of this technology has been augmented in recent years
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with the introduction of ultra performance liquid chromatography (UPLC), making
it possible to separate components from highly complex matrices with enhanced
chromatographic resolution, sensitivity, and increased throughput. Innovative
instrument design and advancements in column chemistries have contributed to
these enhancements, particularly with the adoption of smaller column particle size
for improved efficiency and pumping systems that can operate at elevated pressure,
whilst maintaining the same selectivity and retention characteristics as HPLC
equivalents [2]. Derivation of a mathematical expression which utilizes the van
Deemter equation [3] illustrates how peak capacity is influenced by particle size,
column length, diffusivity of the sample, linear velocity, and the length of gradient
(Eq. 3.1). The terms used are defined as column length (L), equivalent theoretical
plate height (H), analyte diffusion coefficient (D,,), packing material particle size
(d,), and empirical coefficients originating from the van Deemter equation (a, b, and
¢). The relationship between the logarithm of the capacity factor (k") and solvent
composition is expressed as B, with Ac representing the difference in solvent com-
position over the course of the gradient. Finally, #,/7, is defined as the gradient span.
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If we consider the effect of reducing column particle size (d,), transitioning from
a 5 pm HPLC column packing to 1.7 pm stationary phase particles, efficiency and
throughput can be improved up to a factor of three, but can generate backpressure
increases by a factor of 27 [4]. Utilization of these high pressures results in enhanced
separation efficiencies as represented by Fig. 3.2. Comparative chromatograms of
glycogen phosphorylase B separated over the same length of gradient using HPLC
and UPLC highlight increased column efficiency, resolution, and high throughput
with UPLC. Sensitivity gains with UPLC show greater separation capability there-
fore limiting ion suppression and allow low intensity species to be readily identified.
Factors other than d, can influence the optimization of peak capacity from the LC
platform. Three additional parameters, length of gradient, flow rate, and column
length, also have roles to serve. An increased gradient length (z,/t,) provides higher
peak capacities before eventually reaching a plateau where maximum peak capacity
is attained. Within the scope of proteomics, gradients tend to routinely operate
between 90 and 120 min depending on the complexity of sample being analyzed.
Since longer gradients are employed with flow rates of less than 1 pL/min, the use
of longer column lengths (L) to further increase peak capacity is viable. This is
particularly important for the diverse range of biological samples discussed in the
context of this review.

Multidimensional chromatography is a technique introduced as far back as
1953 [5], which described the use of two-dimensional (2D) paper chromatography
and electrophoresis for peptide separation. It was soon adapted for 2D gel electro-
phoresis [6], but a number of drawbacks, such as the potential to modify proteins
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Fig. 3.2 Comparison of (a) HPLC (5 pm particles) with (b) UPLC (sub-2 pm particles) for the
separation of a phosphorylase B tryptic digest

(i.e., free, unpolymerized acrylamide binding to the amino-terminal thereby
preventing Edman degradation), technical reproducibility, and time constraints
associated with performing gel analysis [7], make LC an attractive alternative.
At the peptide level, as typically applied in bottom-up proteomic studies, 2D-LC
provides high resolving power and ultimately increased peak capacity. Since the
first and second dimensions have their individual peak capacities, n.; and n.,,
respectively, it is the product and not the sum of both [8, 9] that contributes to the
overall peak capacity. This so-called product rule (n,,p) provides resolving powers
that are not a true representation and often overestimate due to under-sampling
effects of the first dimension. Accounting for the second-dimension separation
cycle (t.,), the first-dimension peak capacity (n..;), and the first-dimension gradient
time (,;) [10], the influence of under-sampling on effective 2D-LC peak capacity
shows no dependency on the first-dimension peak capacity (Eq. 3.2) with n,p;c
becoming less dependent on n;.

(3.2)




3 Simplifying the Proteome: Analytical Strategies for Improving Peak Capacity 63

In order to address the issue of under-sampling, an approximate model can be
generated (Eq. 3.3), which assumes that the retention characteristics of the first and
second dimensions are not correlated with little or no qualitative differences for
non-orthogonal dimensions.

t,,.n,
Mypre = 1g§3 t'z 3.3)
° Ye2

n

2D-LC experiments can be performed either off-line or on-line, depending on the
configuration available. Off-line methods are often simpler, requiring fractions
resulting from the first dimension to be collected prior to the second-dimension
phase of separation, providing greater flexibility since the user is less restricted to
the choice of eluent used in the first dimension. However, the risk of encountering
peptide losses is increased. Implementing an on-line approach can work effectively,
provided the selectivity between the two chemistries and compatibility of eluents
are feasible. In most cases, the choice of the first-dimension conditions affords flex-
ibility which can encompass a wide range of chemistries [11], such as strong cation
exchange (SCX) [12-15], size exclusion chromatography (SEC) [16—19], immobi-
lized metal ion affinity chromatography (IMAC) [20-24], or hydrophilic interaction
chromatography (HILIC) [25-27]. The second dimension, however, tends to remain
the same as that implemented for a 1D scenario (i.e., reversed phase). Of the exam-
ples provided, on-line SCX-RP is a common approach for peptide separation. The
technique is partially orthogonal; however, distribution over multiple fractions is
typically observed. An equally orthogonal technique, providing highly conserved
peptide fractions and reducing the need for high salt concentration as is the case with
SCX, is the use of a reversed phase—reversed phase (RP-RP) configuration [28].
Achieving RP-RP orthogonal separation is by differentiating on the basis of peptide
interactions with the RP surface at differing charge states [29-32]. Considering
acidic peptides, which are negatively charged at basic pH, this will result in early
eluting fractions consisting of acidic peptides. Conversely for the second dimension
at acidic pH, the acidic peptides eluting from the first dimension will now become
“neutral” and hence switch their order of elution to becoming later eluting peptides.
In the case of basic peptides the elution order is simply the reverse analogy described
for acidic peptides. This scenario is clearly demonstrated in Fig. 3.3 which is a
chromatogram of bovine haemoglobin tryptic digest. The chromatogram clearly
shows orthogonal behavior of acidic and basic peptides across two dimensions
operating at different pH. An RP-RP setup can be designed to comprise as many
fractions as required. However, greater fractionation will compromise the analysis
time and hence overall throughput, which also holds for off-line approaches. The
higher peak capacity provided by RP-RP results in an increase of peptide and pro-
tein identifications [28, 33, 34]. To illustrate this, an example is shown in Fig. 3.4a,
which represents comparative data from 1D, 2D 5-fraction, and 2D 10-fraction
experiments for the bottom-up (2D) LC-DIA-MS analysis of cytosolic Escherichia
coli. Sample loadings consisted of 750 ng (1D), 2.4 pg (2D 5-fraction), and 4.8 pg
(2D 10-fraction). Confident peptides and proteins are shown, with significant gains
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Fig. 3.3 The orthogonal nature of RP-RP demonstrated using a tryptic digest of bovine haemoglobin.
The acidic (T16p, T4p), “neutral” (T1a), and basic (T17a, T5a) peptides clearly show a shift in
retention order between pH 2.6 (a) and pH 10 (b) (Reprinted with permission from Gilar et. al.,
J. Sep. Sci., (2005), 28, 1694—1703)
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Fig. 3.4 Comparing 1D RP and 2D RP-RP (5- and 10-fraction) analysis of Escherichia coli
shows (a) increased peptide and protein identifications with greater fractionation; (b) extended
dynamic range gained with 2D RP-RP increasing the capability of identifying the less abundant
peptides
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achieved when 2D RP-RP is implemented. Transitioning from 1D to 2D (5-fraction)
resulted in a 47 % increase in terms of protein identifications and an additional 11 %
gain when fractionation is increased from 5 to 10 steps. This percentage gain can be
accounted for with increased sample loadings and the ability to sample over a larger
dynamic range (Fig. 3.4b).

3.3 Is Mass Resolution Alone Sufficient for Dealing
with Sample Complexity?

Over recent years there have been significant gains in the mass resolution that can
be achieved from mass spectrometers of various geometries. Mass resolution is an
important parameter, providing a means of differentiating ions resulting from a
complex sample. Resolution (R) is defined as a measure or capacity to distinguish
ions of adjacent mass number, m and Am, respectively (i.e., R=m/Am). It is impor-
tant however to differentiate between working resolution of an instrument and the
resolution which can be obtained in practice, since acquisition speed and m/z are
determining factors [35].

A range of high resolution mass analyzers are routinely used for biomarker dis-
covery experiments including traps and quadrupole time-of-flight (Q-ToF) geome-
tries. However, it is the geometry of a Q-ToF mass spectrometer which will be the
discussed platform for the remainder of this chapter [36]. The geometry of a Q-ToF
is a tandem version of the orthogonal accelerated ToF (oa-ToF), consisting of an
MS1 quadrupole and collision region with reflecting oa-ToF MS as MS2. Data can
be acquired in MS and MS/MS modes, providing high mass accuracy and sensitiv-
ity. These high levels of sensitivity are achieved compared with scanning instru-
ments, since orthogonal geometry is applied for the detection of ions as opposed to
sequential detection. A significant innovation to the original design saw the hybrid-
ization of ion mobility (IM) (Fig. 3.5) [37]. The principle of IM involves the separa-
tion of a packet of ions based on mobility differences as they drift through an inert
gas under the influence of a weak electric field [38] and is a well-established tech-
nique for the structural analysis of proteins [39], but can also be applied to bottom-
up proteomic applications [38]. Traditional IM experiments are typically performed
using a drift tube platform, which achieves separation by applying a uniform, static
electric field. In the case of IM-MS implemented within the geometry of a Q-ToF
instrument, mobility separation is achieved by using an RF ion guide, termed travel-
ling wave ion guide, to generate a travelling voltage wave, which has been thor-
oughly reviewed in the literature [40, 41]. Combining the travelling wave principle
of the device with elevated inert gas pressures results in a proportion of traversing
ions rolling back on the wave, whilst the average effect propels ions in the direction
of the travelling wave. Ion species with low mobility traverse slower, whereas ions
of higher mobility traverse faster, resulting in a shorter drift time. Comparative
advantages associated with IM-MS compared to drift tube variants include higher
sensitivity and sufficiently faster data acquisition. However, drift tubes still have a
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Fig. 3.5 A hybrid quadrupole-ion mobility-orthogonal acceleration time-of-flight mass spectrometer

distinct advantage in terms of the mobility resolution capabilities, which can be
typically three orders of magnitude over that of current IM-MS [42].

Separation by IM operates within a millisecond timescale which fits perfectly
between LC and ToF, which operate at the second and microsecond scale, respec-
tively. The three domains are not completely orthogonal; however, the resulting
system peak capacity that can be typically achieved is between 10- and 25-fold. It
has been illustrated how peak capacity can be determined from a chromatographic
standpoint. A similar approach can also be adopted for an oa-ToF mass analyzer
(Eq. 3.4) and ion mobility separation (Eq. 3.5).

RuafToF W
noaToF = n (34)
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The peak capacity contribution made by the MS dimension, as outlined by
Eq. 3.4, is defined by the mass spectrometer resolution at full width half maximum
(Roa-1or), monoisotopic mass (m), mass distribution (W,,), and the number of identi-
fied isotopic peaks within a spectrum (n;). Conversely, IM also contributes additional
peak capacity provided by the travelling wave device [43], describing the relation-
ship between resolution and ion mobility, where k represents mobility and Ry max
is an empirically derived maximum resolution travelling wave mobility separation.
Based on the assumption that all three domains are completely orthogonal a product
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describing the entire system peak capacity would be as defined by Eq. 3.6. In practice,
however, the degree of orthogonality is compromised as discussed earlier, since the
analytes rely on having the same physiochemical properties.

Mypie.vs oator ~ Mapre Prwim Pogtor S (3.6)

3.4 Integrating Ion Mobility into a Data-Independent
Strategy as Means of Increasing System Peak Capacity

A previous chapter introduced the concept of data-independent acquisition (DIA)
for acquiring bottom-up proteomic data sets. Combining DIA with the strategies
discussed here to increase peak capacity results in a sophisticated workflow that
utilizes ion mobility to provide IM-DIA-MS. The principle of this method works in
a similar manner as DIA, but with the additional degree of separation and specificity
that is afforded by IM. Based on the instrument geometry shown in Fig. 3.5,
IM-DIA-MS operates whereby the quadrupole mass analyzer is non-resolving. The
collision cell is located within the travelling wave ion guide region and when oper-
ating in DIA mode, it is the primary stacked ring ion guide (SRIG) which is used to
induce fragmentation. However, for IM-DIA-MS it is the secondary collision SRIG
located after the ion mobility SRIG which is utilized for fragmentation. The primary
SRIG maintains a static CE ensuring precursors are IM separated prior to fragmen-
tation within the secondary SRIG, resulting in fragment ions sharing the same drift
time as their associated precursors. This builds additional specificity into the analy-
sis, since drift time and chromatographic retention time can now be used to correlate
fragment ions with their respective precursors. For situations where the analyte den-
sity is large (i.e., the midpoint of a chromatographic gradient) the opportunity for
multiple precursors to be present in the collision cell at a single time event is highly
probable. The co-isolation of precursors sharing similar m/z and retention time is a
phenomenon termed as chimericy. Since multiple MS/MS fragments are generated
from multiple precursors the identification rate is significantly hampered resulting
in unidentified fragments and hence under-sampling of the proteome. It has been
reported that for highly complex samples, chimeras may be as high as 50 % of total
spectra [44]. Relying solely on chromatography and mass resolution is not adequate
to counter the effect. The additional separation capabilities provided by IM though
do provide an opportunity to increase selectivity in those areas of extreme analyte
density. Implementing IM-DIA overcomes some of the challenges associated with
data-dependent analysis (DDA), such as the most abundant peptides typically being
sampled and chimeric effects. Thoughts of increased sampling speed and sensitivity
of instrumentation alone are deemed as insufficient and alternatively merging high
resolution with a form of multiplexing (i.e., ion mobility) is thought to be necessary
for comprehensive proteomic analysis [45]. Product ions are tentatively associated
to precursors by means of a pre-database searching step. Isotope and charge state
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Fig. 3.6 Principle of IM-DIA showing retention time alignment for precursor and product ions is
shown with additional drift time alignment for ion mobility workflows

information is collected for all precursors in addition to performing time and
drift-alignment correlation (Fig. 3.6). Retention time-alignment correlation can be
visualized by plotting the elution profiles of product ions from the elevated energy
trace, resulting in identical elution profiles as their respective precursors. This chro-
matographic apex retention time principle forms the basis for associating precursor
and product ions. The reasoning described for the alignment of chromatographic
profiles can also be replicated with respect to the drift time domain, since fragment
ions will share the same drift time as their associated precursor, thereby building
additional specificity into the workflow.

Acquiring data sets using the methodologies outlined thus far is illustrated by a
study involving the analysis of a Rattus Norvegicus exosome sub-proteome treated
with either galactosamine (GalN) or lipopolysaccharide (LPS) culture media [46].
Comparative strategies were conducted involving 1D- and 2D (RP-RP)-LC in
combination with DIA or IM-DIA. A three-way comparison of the results gained
from 1D-LC-DIA-MS, 1D-LC-IM-DIA-MS, and 2D-LC-DIA-MS (Fig. 3.7)
shows significant overlap with a large number of additional unique proteins identi-
fied with the implementation of IM. On average a 20 % increase is observed for the
average number of peptides assigned to a protein suggesting the IM workflow to be
more effective at sampling the proteome. Additional benefits include lower material
consumption whilst increasing throughput and enhancing specificity of the identi-
fications returned. The interaction between sensitivity and specificity has previ-
ously been addressed and has shown that increasing sensitivity alone does not result
with increased identifications unless accompanied with additional specificity [46].
This is exemplified for the identified proteins of this study showing greater than
twofold increase over the entire dynamic range (Fig. 3.8).
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Fig. 3.7 A comparative evaluation of peptides (a) and proteins (b) identified from treated Rattus
Norvegicus exosome samples. Both the peptide and protein results are subdivided into 1D (DIA),
1D (IM-DIA), and 2D (DIA) analyses. Identifications resulting from 1D were acquired at 10,000
FHWM resolution, whilst 2D was performed at 20,000 FHWM resolution (Rodriguez-Sudrez et.
al., Current Analytical Chemistry, 2013, 9, 199-211)
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Fig. 3.8 Based on a 1 pg loading of control Rattus Norvegicus exosome, the normalized estimated
molar amounts can be plotted to show a distribution expanding over two orders of magnitude of
dynamic range. Data resulting from 1D-LC-DIA-MS (black) and 1D-LC-IM-DIA-MS (gray) is
provided (Rodriguez- Sudrez et. al., Current Analytical Chemistry, 2013, 9, 199-211)
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The bulk of these discussions have focused on implementing analytical workflows,
yet thought should also be given to the informatic strategy applied to such data sets.
For example, the protein identification rate could be further improved by implementing
the use of spectral libraries and/or DIA fragment ion repositories [47].

3.5 Informatics: Processing IM-DIA-MS Data Sets

The nature of DIA and IM-DIA strategies does not rely on instrument selection of
the precursors as with DDA the capacity to relate precursors with their fragment
ions is therefore reliant on post-acquisition informatics using sophisticated algo-
rithms for peak detection [48, 49], precursor—product ion correlation, and database
searching [50].

3.5.1 Precursor-Product Ion Correlation

The tentative association of precursor and product ions as part of the pre-database
search step is performed prior to the data being compiled into a list containing four
dimensional attributes (ion mobility, retention time, m/z, and intensity) providing a
multidimensional distribution. The presence of background noise can result in over-
counting and therefore needs to be accounted for by applying a convolution filter to
suppress the effect. Each of these deconvoluted measurements is referred to as
accurate-mass, retention time (AMRT) components. For cases where multidimen-
sional chromatography has been used, raw data files are processed individually
before merging the processed outputs prior to database searching, ensuring that all
peptides representing a single protein can be identified and quantified in a single
event. Should peptides be shared between fractions, the summing process employed
allows quantification.

3.5.2 Database Searching

A comprehensive overview discussing a search algorithm for qualitative identifica-
tions based on DIA data sets has been described in the literature [51]. Briefly, fol -
lowing peak detection and alignment of the low and elevated energy AMRTSs a
constructed list of precursor/product ion associations is interrogated for putative
peptide identifications. A precursor/product subset list and a user-defined database
are subjected to a pre-assessment search based on a set of physiochemical properties
specific for tryptic peptides and proteins, which are applicable to both the liquid and
gas phase dimensions. The database element consists of a decoy database (either
randomized or reversed) being merged with the original user database, allowing a
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false discovery rate and minimum protein score to be automatically determined.
The search and score models are optimized using the previously mentioned physio-
chemical properties. The next stage of the algorithm search is divided into three
steps. The first step queries the precursor/product ion entries against the protein
database for sequences containing no tryptic-missed cleavages or variable modifica-
tions. A combination of precursor and fragment ion mass tolerances and accuracy
of fit to the physiochemical properties provides a mechanism by which peptide
identifications are scored and ranked. This process is continuously repeated until
either the false-positive rate is exceeded or protein identifications no longer exceed
the minimum score. The second step of the query specifically focuses on identifying
modifications and nonspecific cleavages for protein entries resulting from the first
pass as well as in-source fragments and precursor neutral losses. The final step of the
query aligns any unidentified low and elevated energy AMRTs from the previous
two steps before searching against the full database with no limitation on product
ion intensity and restriction on the number of modifications per protein.

3.6 Importance of Peak Capacity for Systems Biology:
A Multi-omic Biomarker Case Study

Complex data sets as described can be readily generated from an analytical perspective.
The inherent difficulty arises with the search results and interpreting these into a
biological context that can provide insight of both physiology and disease state of
the model being studied. Data sets can often be large and originate from not only
proteomics but also other omic areas such as metabolomics, lipidomics, genomics,
and transcriptomics to provide a comprehensive understanding of biochemical pro-
cesses and ultimately provide potential biomarkers. Since there is no single analyti-
cal system or workflow that can generate information for all the omic areas, gaining
access to data of a common format for searching and mapping pathways can prove
to be troublesome. Figure 3.9 represents an example workflow detailing how multi-
omic data sets are integrated and interrogated for system networks analysis [52].

A case study representing multi-omic data using techniques to improve peak
capacity for potentially identifying disease biomarkers is described here. The study
focuses on a rare genetic kidney disorder termed idiopathic nephritic syndrome
(INS), affecting only a small percentage of paediatric patients. The condition arises
from a faulty glomerulus, resulting in proteinuria additionally characterized by
edema, hypoalbuminemia, and hyperlipidemia, as well as increased levels of choles-
terol and triglyceride [53]. The study cohort consisted of urine samples from paedi-
atric subjects, control, and INS diagnosed. Samples were purified and prepared
appropriately for proteomic or metabolomic analysis [54, 55] prior to an experimen-
tal strategy which combined LC and DIA, with the proteomic experiments specifi-
cally utilizing IM-DIA-MS as a means of generating label-free data. In order to
establish differences between the two groups, statistical analysis using multivari-
ate methods of both data sets showed significant deviations between both cohorts.
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Fig. 3.9 Example pipeline for compiling and interrogating multi-omic data sets to pathway and
network mapping studies (Kohl et. al., Biochim. Biophys. Acta, 2014, 1844, 52-62)

Identifying analytes responsible for such perturbation started by reviewing the
protein data. In total more than 300 proteins were identified, with 80 % showing
significant fold change (greater than two) and p-values of less than 5 % across all
subjects. Hierarchical analysis (Fig. 3.10a) allows the visual identification of protein
expression trends across conditions in addition to potential intra-subject variances.
Regulated proteins showing distinct expression trends can be interrogated further as
demonstrated with the example peptide associated to the prostaglandin receptor
(Fig. 3.10b). The metabolite data was interpreted differently by means of con-
structing a loadings plot (Fig. 3.11) from previously derived OPLS-DA analysis.
The loadings plot is constructed such that compounds contributing the greatest
variance with the highest probability are target analytes for identification. In an
effort to combine the data streams and understand their contributions in a biological
context, pathway analysis was conducted to explore and visualize interactions and
networks resulting from both omic data sets. The resultant network indicates rele-
vant pathways such as chronic fatigue syndrome and neurological signs as major
contributors.
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Fig. 3.10 (a) Hierarchical cluster analysis of statistically (ANOVA) significantly relevant regulated
urinary proteins identified with 3 or more peptides and fold changes greater than 2. Subjects grouped
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3.7 Summary

The quest for identifying potential biomarkers is complicated and challenging with
the majority of studies involving highly complex samples over wide dynamic ranges
that require sophisticated analytical workflows to acquire, process, and biologically
interpret data sets. The most interesting and often most significant proteins are those
which are to be found at low abundance. From an LC-MS perspective, a number of
potential strategies have been introduced to address how the proteome can be
explored at greater depth, whilst limiting sample consumption and maximizing
throughput. Multidimensional chromatography combined with ion mobility enabled
DIA acquisition schema demonstrate how system peak capacity can be optimized.
As technologies advance the volume of data increases in size and complexity; there-
fore, informatic requirements and capabilities should also be addressed. These com-
bined efforts show not only increased peak capacity but also enhanced specificity,
afforded by the chromatographic and drift time alignment of precursor and product
ions, providing additional confidence to identifications.

Advancements towards finding relevant biomarkers are increasingly moving
towards a system biology approach, whereby multi-omic data sets can provide a
greatinsightinto pathway information and the interaction of networks. Amalgamating
techniques such as IM-enabled workflows with multi-omic biological pathway
analysis has the potential to assist in our understanding of disease and its etiology
for drug discovery.
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