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Proteoforms expand the world of microproteins
and short open reading frame-encoded peptides

Liam Cassidy," Philipp T. Kaulich,” and Andreas Tholey'*

SUMMARY

Microproteins and short open reading frame-encoded peptides (SEPs) can, like all
proteins, carry numerous posttranslational modifications. Together with post-
transcriptional processes, this leads to a high number of possible distinct protein
molecules, the proteoforms, out of a limited number of genes. The identification,
quantification, and molecular characterization of proteoforms possess special
challenges to established, mainly bottom-up proteomics (BUP) based analytical
approaches. While BUP methods are powerful, proteins have to be inferred
rather than directly identified, which hampers the detection of proteoforms.
An alternative approach is top-down proteomics (TDP) which allows to identify
intact proteoforms. This perspective article provides a brief overview of modified
microproteins and SEPs, introduces the proteoform terminology, and compares
present BUP and TDP workflows highlighting their major advantages and
caveats. Necessary future developments in TDP to fully accentuate its potential
for proteoform-centric analytics of microproteins and SEPs will be discussed.

INTRODUCTION

Low-molecular-weight (LMW) proteins below ca. 100 amino acids in length play important roles in
numerous biological processes across all kingdoms of life. These small proteins can be assigned to several
families. For example, microproteins are a well defined class of proteins which typically contain a single
functional protein-protein interaction (PPI) domain, which enables to have negative regulatory effects on
specific target pathways mediated through heterodimerization.” While microproteins and other small
regulator proteins have been known for many years, more recently, small or short open reading frame
(sORF)-encoded peptides (or pro’ceins)2 (SEPs), which were often overlooked in earlier ORF annotations
due to computational size restrictions, gained increasing interest.*’ As many SEPs are derived from
non-reference ORFs, or alternative ORFs, the term AItORF was coined, and while the majority of
AItORFs are indeed small, they are not constrained by a size limit.® More recently the term novel open
reading frame (NORF) was coined as an overarching term for all potential ORFs that can generate novel
SEPs.? Noteworthy, there are different definitions of SEPs and AltORFs, also depending from which parts
of the kingdom of live they derive; a more thorough discussion of the nomenclature and definitions can

found elsewhere.®'®

Microproteins can be derived either via direct translation or posttranslational processing of larger proteins.
In contrast, SEPs from AltORFs/sORFs are, by definition, directly translated. Additionally, microproteins are
commonly discovered following prediction-based analyses, which allows for both the microproteins and
their target transcription factors to be elucidated. In contrast, SEPs represent alternative gene products
from genomic regions not well investigated previously. The prediction of these small proteins is primarily
dependent on the re-analysis of existing genomic information, but ribosome-profiling techniques allow
alternative translation start sites to be detected, which can aid in the filtering of potential SEP discovery."'
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in cellular sensing.'® In Drosophila several sORF-encoded peptides (11-32 aa) have been shown to interact
with a ubiquitin ligase, playing a major role in the fruit fly development.'’

LMW proteins, as with all proteins, have the potential to acquire posttranslational modifications (PTMs).
Indeed, numerous PTMs have been detected in small proteins, including a handful of modifications of
classical microproteins, across all kingdoms of life.

For example, in the human cardiac microprotein phospholamban (52 aa),'® PTMs have been shown to
modulate its regulator activity, with phosphorylation abolishing the inhibition of ATP2A2-mediated
calcium uptake. Furthermore, palmitoylation of phospholamban has been shown to promote homo-pen-
tamerisation which has the potential to further regulate the interaction capacity and hence the activity of
the microprotein. The small secreted preproprotein apelin (77 aa) has been shown to regulate human
cardiovascular function through the generation of a number of proteoforms that are active as ligands for
G-protein coupled receptors.'? For the human microprotein mitoregulin (56 aa), that binds cardiolipin
andinfluences protein complex assembly, two proteoforms have been identified, one full length acetylated
and one proteolytically truncated form.?° The above mentioned SEP NoBody has been shown to undergo
so-called liquid-liquid phase separation, which is the base for the formation of membraneless organelles.
These liquid droplets dissociate upon the phosphorylation of this SEP at a threonine residue.”’

In plants, numerous microproteins and SEPs have been identified, however, the identification of PTMs on
these remains to be fully elucidated. Interestingly, phosphorylation of the synthetic Cry1-microprotein in
Arabidopsis results in hetero-oligomerization with the blue light sensing microprotein BIC1, which in
turn selectively inactivates cytochrome activity and resulted in altered growth and development.??

The presence of PTMs on microproteins in bacteria and archaea has yet to be well documented, however,
strong evidence of PTMs on small proteins from bacteria is easily found. For example, the SkfB protein of
Bacillus subtilis is a 55 aa residue preproprotein that undergoes site-specific proteolytic cleavage in addi-
tion to both disulfide?® and thioether bond formation.”* Also in B. subtilis, and closely related Bacillus
strains, the ComX pheromone, which is annotated as between 47 and 73 aa residues in length undergoes
lipidation.”® Both these examples indicate that small proteins, akin to their larger better studied relatives
are subjected to the same PTM mechanisms. Furthermore, while PTMs of bacterial proteins may occur less
frequently compared to higher organisms, increasing evidence points to modifications having a vital role in
numerous cellular processes.”

Up to now only a few cases of the identification of modified SEPs have been reported. For example, we
could identify disulfide bonded SEPs alongside their reduced counterparts in the archaeon Methanosar-
cina mazei.'° Further, N- and C-terminal truncations of SEPs were observed; here, the question of whether
these are products of proteolytic processing or are formed by use of alternative start codons still has to be
elucidated.

The underrepresentation of reports on PTMs on SEPs, as well as in microproteins, maybe caused by the way
these proteins are identified at the protein level. We will address this issue later in discussion when briefly
describing the most important proteomics technologies applied for their identification and molecular
characterization of SEPs, and LMW proteins in general.

Description of the complexity of the proteome

The central dogma of molecular biology is that a gene is transcribed into RNA and this RNA is then trans-
lated into a protein. However, through posttranscriptional and posttranslational modifications, a single
gene can give rise to many different molecular forms of a protein, all of which may have different biological
functions.

A single gene is transcribed into mRNA, but a variety of posttranscriptional modifications, such as alterna-
tive splicing, variable promoter usage, or frameshifting, can generate several different mMRNA molecules.
These mRNA molecules are then the templates for the biosynthesis of related, yet distinct proteins, called
isoforms (Figure 1). Thus, the term isoform refers to genetic variations and describes all possible protein
sequences that can arise from a single gene.”’ Point mutations and single nucleotide polymorphisms
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Figure 1. Flow of information from a single gene region into numerous proteoforms

(A) Asingle gene (canonical ORF) can encode, mediated by different posttranscriptional processes, for multiple isoforms.
(B) Numerous AltORFs/sORF, positioned as separate sORFs, or as overlapping, upstream, in- or out-of-frame sORFs all
have the potential to produce mRNA. In addition, frame shifting during translation can result in novel internal stop
codons.

(C) Following translation, a range of protein isoforms and SEP can be produced.

(D) Posttranslational modifications, including proteolytic processing, can further modify the protein isoforms and SEPs
resulting in a staggering level of potential proteomic complexity.

(E) Proteoforms can be clustered into Proteoform families that originate from a single coding gene. Created with
BioRender.com.

can also be grouped into this category. Since isoforms are determined at the mRNA level, the diversity of
isoforms in a cell can be well studied by cDNA analysis.”®

The liberation of the nascent protein chain from the ribosome does not necessarily represent the final step
of the biosynthesis of the functional protein/proteoform. Along with the very complex process of protein
folding, the acquisition of PTMs occurring at the amino acid side chains, the N- or C-termini, or in case of
proteolytic processing within the protein backbone, are universal mechanisms to trigger protein traits and
thus finally their biological functions. Presently, more than 300 different PTMs are known.”” Further, two
more factors have to be taken into account: (i) a protein chain may carry more than a single PTM; (i) a

PTM at a specific position may only occur within a portion of the molecules of a given protein, thus,
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modified and non-modified species maybe present at the same time within a biological system. Together
with RNA-level processes leading to the formation of isoforms, and the ongoing discovery of novel ORFs
(nORFs), including sORFs, these factors lead to a high complexity of the proteome, caused by a combina-
torial explosion of different molecules theoretically possible out of a relatively small number of genes.

To describe these chemically distinct protein molecules, different terms such as protein species®’ or pro-
teoforms*%>" have been introduced, with the latter now becoming the accepted standard, even coined as
the "new currency” in proteomics.” The term proteoform covers all molecular forms of a protein that can
arise from a single gene. The set of all proteoforms from a single gene is referred to as a proteoform family
(Figure 1). As described above, different proteoforms that originate from a single gene can have very
different biological functions; therefore, proteoforms can be considered as the final functional units in cells
and organisms. Therefore, for a better understanding of the complexity of the proteome, we recommend
extending the dogma "one gene one protein” to the more precise "one gene one proteoform family."

Based on the combinatorial explosion of theoretically possible proteoforms, it is almost impossible to pre-
dict how many proteoforms exist in a given biological system. For human proteomes, estimates reach far
beyond a million proteoforms.®? However, answers to questions such as, “which proteoforms are of biolog-
ical relevance?”, and “which proteoforms are biosynthesized and to what degree?”, remain entirely
unclear.

Genomics and transcriptomics approaches together with prediction algorithms can in best case predict the
presence of functional proteoforms, however, they are definitely not suitable to reflect the full functional
potential of biological systems as well as their dynamics. Methods such as riboprofiling are very helpful
to gain insights into the transcription of ORFs, including nORFs and sORFs. The only way to provide an
in-depth view of functional molecules present, and thus the gold standard for proving the existence of a
given proteoform, is the direct identification and molecular characterization in terms of composition at
the protein level by means of proteomics methods.

Bottom-up vs. top-down proteomics

Mass spectrometry (MS) in combination with powerful separation technologies such as one- or two-dimen-
sional liquid chromatography (LC) has become the major workhorse for proteomics in the last two decades.
Aside from protein identification, their quantification as well as their molecular characterization, e.g., the
identification of PTMs, are the main tasks of classical proteomics experiments.

The plethora of proteomics approaches developed are based on two general principles: (i) bottom-up
proteomics (BUP),>*** and (ii) top-down proteomics (TDP).>>*" The major difference between the two
strategies is that in BUP, proteins are first digested into peptides and these are then analyzed by LC-
MS, while in TDP, intact proteoforms are subjected to separation and MS analysis. A simplified overview
of the workflows is presented in Figure 2, while a further breakdown of the advantages and disadvan-
tages listed in Table 1. In the following text, both approaches are described and their advantages
and limitations for the identification of proteins and microproteins are discussed. For a deeper descrip-
tion of proteomics approaches available for the analysis of microproteins and SEPs, a series of concise

reviews are available.”’*

Up to now, the vast majority of proteomics experiments, including microprotein analysis, have been
performed using BUP, which is a well-established methodology for the detection and quantification of
thousands of different protein groups in a complex sample.*

An essential step in BUP is the digestion of all proteins (proteoforms) within a complex proteome by means
of a protease with known cleavage specificity. The resulting peptides are then separated prior to analysis by
MS. The latter encompasses two steps, the masses of the peptides are measured (MS1 spectra), and then
specific precursors are selected, isolated and fragmented (MS2 or fragment spectra) which provides essen-
tial information about peptide sequence. A major drawback of this data-dependent acquisition (DDA)
principle is the loss of information from low-abundant peptides that fail to provide sufficient MS2 fragmen-
tation. An alternative is data-independent acquisition (DIA) methodologies, which either fragment all ions
or sequential isolate and fragment multiple m/z regions. DIA significantly increases the depth of the BUP
analysis, in particular when it can be performed with high acquisition rates at high-sensitivity mass
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Figure 2. General workflows of bottom-up (BUP) and top-down proteomics (TDP)

In TDP (upper panel), following the isolation of the proteome, proteins are separated and directly analyzed via LC-MS/MS.
Processing and database searches are performed allowing for the identification and characterization of proteoforms.
Posttranslational modifications, such as disulfide bridges, and information in regard to the N- and C-termini, including
possible methionine processing, can be determined. In BUP (lower panel), following the isolation of the proteome,
proteins are enzymatically digested prior to analysis via LC-MS/MS. A database search using one of the many possible
algorithms is performed resulting in the identification of peptides. Peptides are then mapped to proteins and a list of
inferred protein identifications is reported. Information in regard to the N- and C-termini, as well as PTMs, are often not
determinable and SEPs (which can share high sequence similarity with canonical proteins) can fail to meet detection
criteria. Created with BioRender.com.

spectrometers, such as the trapped ion mobility time-of-flight (timsTOF) mass analyzer, a combination
which has shown its potential for the identification of low abundant proteins.*®

The peptide information derived from the MS1 and MS2 spectra are utilized in a subsequent database
search andis finally assigned to protein groups by protein inference algorithms. The combination of several
proteins into one protein group is necessary because peptides (shared peptides) can sometimes be
assigned to several proteins.

The detection and identification of peptides have many advantages in comparison to the analysis of intact
proteins/proteoforms. First of all, the generated peptides are relatively uniform, e.g., regarding their size,
charge state, and physicochemical properties. Therefore, chromatographic separation and mass spectro-
metric detection are straightforward for most samples regardless of their origin and protein composition.
Moreover, peptides are easily solubilized and separated by reversed-phase liquid chromatography (RPLC)
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Table 1. Comparison of key features of bottom-up and top-down proteomics

Bottom-up proteomics

Top-down proteomics

Analytes

Number of identifications

Sensitivity

Proteoform information

Peptides (~7-20 aa)
Tens of thousands of peptides and thousands
of protein groups

High

Limited proteoform information, identification
of protein groups
Inability to distinguish many alternative SEPs

from canonical proteins

Proteoforms (>>20 aa)
Hundreds to thousands of
different proteoforms

Low sensitivity due to signal
dilution by multiple charge
states and isotopologues

Full proteoform information
including truncations and PTMs
Direct distinction of internally

overlapping SEPs from alternative

in frame sORFs
Protein size limit No size limit ~30 kDa

Bias Bias against small proteins due to limited

number of generated peptides
Monoisotopic mass determination Can be directly determined due to
low charge states

Data analysis Many well-established search algorithms

Bias toward small proteoforms

Deconvolution algorithms required

Limited number of search algorithms, with

substantial improvements still being developed

Analysis of PTMs Multiple enrichment methods for many

modified peptides

Only limited number of enrichment
strategies on intact protein level

prior to MS analysis.*” For the data analysis, the low charge states (mainly doubly charged) allow easy deter-
mination of the monoisotopic mass, and the fragmentation patterns of peptides are less crowded and
easier to interpret compared with the fragmentation of intact proteins.

Despite the many advantages of the analysis of peptides, BUP faces multiple inherent limitations. For
example, only a low percentage of the generated peptides can be identified (e.g. due to ionization
efficiency or co-isolation) resulting in a low overall protein sequence coverage. In addition, BUP identifies
peptides and infers protein groups. Thus, proteoform information is lost and the discrimination between
highly similar proteins (containing multiple shared peptides), posttranslational modified or truncated
proteoforms, becomes almost impossible. For example, if two phosphorylated peptides are identified
for a protein, BUP can not unambiguously distinguish whether there is only one proteoform with these
two phosphorylations or two different proteoforms with only one phosphorylation each (or a mixture
of these possibilities). A recently developed tool (COFP) for the generation of proteoform groups
from BUP data uses the concept of peptide correlation analysis to systematically assign peptides to pro-
teoform groups.® However, while TDP detects real proteoforms, all BUP-derived proteoform data are
indirect bioinformatic supported attempts to obtain proteoform information based on peptides
identifications.

The identification and quantification of LMW proteins such as microproteins and SEPs by BUP are
hampered by the fact that upon the digestion of these small proteins, only a limited number of peptides
is generated. For example, tryptic digestion of human serum albumin (~66 kDa) generates 37 unique
peptides of at least seven amino acids in length, whereas the digestion of thymosin beta (~5 kDa) gener-
ates only 2 peptides. Hence, the probability of identifying microproteins within a complex proteome in BUP
is lower just due to their small size. This is also hampering the validation of small proteins from sORFs, which
in many cases can share a high level of sequence homology with canonical proteins.

The most utilized protease in BUP is trypsin, which hydrolyses peptide bonds C-terminal of the positively
charged amino acids arginine and lysine. However, for proteins with a high content of lysine or arginine, this
can lead to the problem of producing peptides that are too short and potentially unspecific (i.e. not
proteotypic/unique), and which provide no distinction as to the protein they arose from; typically, a mini-
mum peptide length of seven amino acids is applied. In addition, C-terminal peptides are commonly lost as
they often carry only a single charge. To overcome this limitation, the use of multiple proteases can improve
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both sequence coverage and the number of microproteins identified. Multi-protease approaches have re-
sulted in the greatest depth for the inferred identification of small proteins, however, on costs of increased
sample amounts and measurement times required.*’

Due to the limitations of BUP, the development of technologies for the direct analysis of intact proteoforms
by TDP came into a focus of proteomics method development in recent years. As TDP identifies intact
proteoforms, the full information is retained and the complexity of the proteome as well as its plethora
of potential PTMs can (theoretically) be observed. However, the analysis of intact proteins within a complex
proteome is hampered by several challenges. Compared to the peptides analyzed in BUP, the proteoforms
in TDP cover a wide variation in terms of their masses and physicochemical properties, complicating both
the chromatographic separation and MS detection.

A major problem is peak broadening and the resulting reduced chromatographic resolution, which leads to
loss of sensitivity, peak suppression, and co-isolation in the mass spectra.”® Furthermore, in particular,
membrane proteins are a challenge in TDP, as they are often lost during sample preparation due to their
poor solubility. In comparison, in BUP a wider variety of peptides from a membrane protein are generated,
some of which are soluble and others poorly soluble. Whereas with BUP these few soluble peptides are
typically sufficient for unambiguous identification, for membrane-associated microproteins enzymatic
digestion of potential soluble loops may not yield detectable peptides. Despite these challenges,
significant advancements have recently been made allowing the characterization of single small membrane
proteins via MALDI-MS/MS.>’

Major challenges for TDP are lower mass spectrometric sensitivities compared to peptide-centric BUP,
which is primarily attributable to signal dilution due to multiple charge states and the high number of iso-
topologues.” To enable the isotopic resolution of larger proteins, with inherently higher charge states,
mass analyzers capable of higher resolution are required. Additionally, higher numbers of fragment ions
can result in overlapping signals in MS2 spectra, hindering unambiguous assignment.”® Finally, determina-
tion of the intact mass of a proteoform requires fast and accurate deconvolution of the spectra, which is a
challenge that increases with increasing mass.”

Most of the described challenges with TDP are more severe with the increasing size of proteoforms; thus,
present approaches face an upper mass limit of ca. 30-35 kDa, with many efforts taken to extend this limit.
On the other hand, microproteins and SEPs, which are by definition small proteins below ca. 100 aa (a mass
well below 15 kDa), are theoretically well suited for TDP. It should be noted that TDP for the analysis of SEPs
employs many of the strategies developed for peptidomic analyses.**> Essentially both TDP and peptido-
mics target (small) intact proteins/peptides without the use of enzymatic digestion and the differentiation
between small protein and large peptide is largely semantic.

There are a number of examples that successfully employed TDP for the analysis of microprotein and SEP
proteoforms. For example, a subunit from the F420 non-reducing hydrogenase VhuU of Methanococcus
voltae with a size of 3016 Da (26 aa) could be identified by TDP.*® While initial studies have focused on
the analysis of single or very low complex mixtures of proteins, with technological advancements, the
analysis of more complex proteomic samples has become possible. This enabled to identify 99 proteins
via top-down MSMS in the archaeon Methanosarcina acetivorans, for which 15 showed mispredicted start
sites.”” We were recently able to both identify and characterize 775 proteoforms from 219 proteins, in which
36 proteoforms from 12 novel SEP were identified in the archaeon M. mazei.*' Amongst these was a 60
amino acid SEP (MM_3373/A00070), which shares high sequence similarity with a DNA-directed RNA
polymerase (Q8PUJ6), and was indistinguishable via BUP analysis due to a high proportion of arginine
residues in the N-terminal region. TDP allowed the characterization of the full-length SEP, including infor-
mation on both N- and C-termini. Additionally, by performing TDP experiments under both reducing and
non-reducing conditions it was possible to clearly show the presence of two disulfide bridges within
the SEP.

The identification and characterization of small membrane-associated proteins have recently been shown
to be possible via intact protein MALDI MS/MS, with the direct characterization of a mycobacterial ATP
synthase ¢ subunit.”’ Analysis of integral and associated membrane proteins is one of the most difficult
proteomics sub-disciplines, and as many predicted SEPs contain potential membrane-spanning domains
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proof of concept as to the successful characterization of small proteins in such environments is extremely
promising.

These successful examples demonstrate the great potential of TDP for the detection of proteoforms of
microproteins and SEPs. Nevertheless, it has to be noted that TDP still faces a number of technological
challenges which have to be addressed in the future; some of these will be outlined in the following chap-
ter. In particular, we will also show the benefit of combining different proteomics technologies in driving
forward the detection of these proteoforms, which forms the base for gaining a deeper understanding
of this predominantly hidden region of the proteome.

Perspectives and future needs for proteoform-centric proteomics

Proteoforms of microproteins and SEP have been shown to exist, as highlighted in the selected examples
above. However, publications regarding proteoforms, derived from the combination of RNA-level
processes and subsequent multitude of possible PTMs, are widely underrepresented in the field. This is
caused by a number of factors. Firstly, the databases necessary for the interpretation of proteomics data
are still incomplete®*®—missing entries for microproteins or altORF/sORF encoded proteins to prevent
their identification. Thus, proteoform-centric proteomics will also need improvements at genome/predic-
tion side, aspects not to be further addressed in this article. A second factor is the analytical technologies
used for the identification, quantification, and molecular characterization at the protein level. Due to the
well-elaborated technologies, this field is - for good reasons - still dominated by the application of BUP-
based approaches. On the other hand, TDP has clearly shown its potential to finally step away from the
old central dogma of “a single gene producing a single protein,” but showing that proteins exist in a multi-
tude of different forms, the “proteoforms.”

Therefore, the question arises, what will be necessary to drive TDP forward and how can well-refined BUP
approaches contribute to enable a proteoform-centric view on microproteins and SEPs?

The ability to identify microprotein and SEP proteoforms requires sustained efforts across the entire analyt-
ical pipeline, both at the side of wet-chemistry (sample preparation, separation, and mass spectrometry),
but in particular also at the side of bioinformatics supported data treatment and interpretation. Almost all
issues addressed later in discussion are not restricted to the analysis of microproteins/SEP but are general
tasks for TDP.

Improved analytics for low abundant proteoforms

Compared to the separation of peptides, proteoforms represent a much more heterogeneous sample
space. The isolation and chromatographic separation of SEP and microproteins (when not bound to larger
biomolecules e.g. membranes or larger proteins) is an arguably simpler task than for larger proteins and a
number of strategies for isolating/enriching/depleting proteins of interest from larger proteins and other
biomolecules have been developed. Thus, the development of multidimensional chromatographic sepa-
ration schemes, encompassing novel stationary phases bears great promise for TDP. On the other hand,
classical used stationary phases but with parameters tailored for the target mass range of the analytes
between ca. 3-15 kDa, e.g. by the selection of proper pore sizes, bear the potential to enhance separation
efficiencies. Further, great potential lies in the involvement of capillary electrophoresis.””

Better separation of analytes will also reduce problems encountered with co-isolation in MS and will further
extend the limits of detection due to less competition of co-eluting analytes within a given elution window,
thus reducing peak suppression effects. The use of gas-phase separation, such as high field asymmetric
ion mobility spectrometry (FAIMS) with adapted compensation voltages, has recently been proven to
enhance the identification of proteoforms in the target mass range.’” The use of other ion mobility
principles such as the above-mentioned TIMS provides a pre-filtering technique that can separate co-
eluting proteoforms in the gas phase, dramatically increasing the depth of analysis.

Finally, the development and introduction of novel approaches enhancing the sensitivity of TDP will be
necessary to allow for the detection of low abundant proteoforms to the same depth as presently possible
with BUP. On the other hand, due to the complexity of the MS/MS spectra, the introduction of DIA in TDP
seems at the present moment, beyond the limits of what is feasible.
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The way we identify proteoforms

BUP and TDP are two complementary methodologies that, in concert, can further enhance the identifica-
tion and characterization of microproteins. While BUP is particularly useful for high-throughput identifica-
tion and quantification of microproteins, TDP can identify actual proteoforms with modifications potentially
relevant to biological function. In addition to RNA sequencing data (RiboSeq), BUP data can also be
integrated into the top-down search.’’* This leads not only to an increase in the number of possible iden-
tifications but also to additional validations and potentially complementary results. Furthermore, N- or
C-terminomics experiments can provide information about (proteolytically) truncated proteoforms or
such starting/ending from the unexpected or non-predicted start or stop-codons. BUP-based terminomics
approaches are based on chemical labeling of the N- or C-termini, respectively, followed by the digestion
of the labeled protein and an enrichment of the labeled terminal or a depletion of the internal peptides.®®
Reductive dimethylation has also been shown to help evaluating N-termini in proteoforms identified by

TDP-based terminomics.®*%*

De novo sequencing of top-down proteomic spectra, which uses only fragment spectra to determine the
amino acid sequence of the precursor but does not depend on the database search, is - theoretically -
capable of deciphering the entire repertoire of proteoforms in the sample. For this purpose, several algo-
rithms are available to support the characterization of yet unknown peptides. However, as the size of the
sequences increases, as required for the analysis of intact proteins in TDP, a large number of fragment
ions with a high mass accuracy must be identified to determine the exact amino acid sequence.®® So far,
de novo sequencing for TDP has therefore only been used for isolated proteins, such as the light chain
of antibodies,**®’ or for very small proteins in the field of peptidomics (~<30 aa).*®*” We believe that
de novo proteomics could play an important role in the identification of microproteins in the future if
both MS fragmentation and de novo algorithms are further improved to identify sequences of reasonable
length with higher throughput.

Improved algorithms for the detection of features from the spectra

A major challenge is the detection and correct sequence assignment of PTMs. Since modified proteins are
often low abundant, specific enrichment can dramatically improve the depth of analysis. Noteworthy, the
enrichment of modified peptides is an extremely powerful tool in BUP, however, has its limitations. For
example, it requires prior knowledge or at least a hypothesis about the occurrence of a given modification.
Second, as for all BUP approaches, it does not resolve the problems encountered with the protein infer-
ence, such as the accurate assignment of modified peptides belonging to the same protein but different
proteoforms. While there are numerous enrichment strategies of modified peptides in BUP, only a few ap-
proaches have been developed for PTM enrichment at the intact protein level, e.g. for phosphoproteins.”®
Specific enrichment methods for PTMs at the intact protein level could provide valuable insights into the
complexity of microproteins. However, equivalent to enrichment approaches in BUP, this will be restricted
to a targeted search for hypothesis-driven search for a defined PTM.

In addition to the detection, the characterization of PTMs, i.e., the accurate determination and localization,
is critical to comprehensively understand the complexity of the proteome. The search for variable modifi-
cations in TDP is severely hampered by the huge increase in the search space. For example, for histone
H4 alone almost 100,000 proteoforms would have to be considered if the 13 most frequent variable
PTMs of this protein were taken into account.®

In general, there are two main approaches for detecting PTMs in TDP; one is the inclusion of known PTMs in
the database and the other is the open modification search.

The inclusion of already annotated PTMs in the database search is typically limited to curated lists of PTMs
defined for each individual protein in the UniProt database. These PTMs are based, for example, on already
identified modifications, specific sequence motifs, or sequence similarities to other proteins. This tech-
nique is employed in software packages such as ProsightPD,”" which utilizes information from UniProt
XML databases (as opposed to classical FASTA protein entries); this enables smaller less convoluted data-
bases to be searched. However, while excellent for validating and identifying PTMs, it is limited to the
identification of those modifications that are predicted to exist. Additionally, while for some organisms
many modifications are known, for the vast majority of organisms (in particular non-standard model
organisms), there are no known modifications listed.

¢? CellPress

OPEN ACCESS

iScience 26, 106069, February 17, 2023 9




¢? CellPress

OPEN ACCESS

In an open modification search, a wide precursor tolerance (e.g., 500 Da instead of 10 ppm) is applied, as is
common, for example, in database searches with TopPic.”” While the open modification search is theoret-
ically able to detect unknown modifications, the combination of several different modifications leads a
combinatorial explosion in database complexity and requires an extensive manual validation of the results.
In addition, unambiguous characterization of the modification based on mass alone is not always possible.
For example, acetylation or trimethylation differ by only 3 mDa, which is not typically resolvable in the TDP
experiment. In addition, the precise localization of modifications requires a high residue cleavage
coverage.

In order to validate and improve the determination of the type and the localization of the modification,
diagnostic marker ions could possibly be used.”* A wide variety of marker ions have been described for
BUP during the fragmentation of peptides, which are formed when a defined amino acid carries a specific
modification. For example, fragmentation of a peptide containing phosphorylated tyrosine results in the
characteristic phosphotyrosine immonium ion at 216,043 m/z.”* To our knowledge, up to now these diag-
nostic marker ions are rarely considered in TDP as their detection is hampered by the low molecular weight
cutoff on the widely used Orbitrap mass analyzers. However, alternative approaches for their detection,
such as parallel low mass scans in the linear ion trap of tribrid instruments are possible options. Further-
more, in-source or co-fragmentation events could be used to stimulate the release of these diagnostic
markers.

Confidence in the identification of proteoforms — Development of quality criteria

Stringent controls are required to allow robust validation of the identified proteoforms.”’¢ Within BUP
workflows the incorporation of PTMs can result in a dramatic increase in the subsequent database search
space. This issue becomes even more problematic in TDP as larger protein sizes can allow for many
possible modifications. This in turn leads to a combinatorial explosion in the database search space, result-
ing in exponentially long computational times. Additionally, and as in BUP, searching for low-frequency
modifications in large database results in the requirement to employ strict false discovery rates (FDR).*?

The use of alternative fragmentation methodologies to allow the generation of complementary fragment
ions of the isolated proteoforms in TDP is also of considerable value. In following this path the develop-
ment of EThcD was achieved, as well as significant advances in UV photodissociation, while software tools
have also allowed for the optimization of fragmentation types for individual proteins.””’®

The validation of peptide spectral matches in BUP has, both through many years of refinement and due to
the efficient fragmentation patterns many peptides generate, resulted in a high level of confidence in the
peptides that are identified. Furthermore, the latest generation of peptide validation tools has started to
utilize artificial intelligence-driven deep learning,”” which bears the potential to even more increase the
depth of proteome coverage as well as the data quality. In TDP, fragmentation efficiency is often far less
efficient due to the larger analyte size, and while methodologies are being developed to circumvent this
issue, it remains a challenge that urgently needs to be addressed.®

Quantitative top-down proteomics

Current BUP workflows allow for incredible depth of analysis, and can allow thousands of proteins to be
quantified between conditions that, in many cases, show a correlation with phenotypic traits. Furthermore,
targeted quantification, e.g. employing multiple reaction monitoring (MRM), has been successfully applied
for the quantification of SEPs.®" With the growing awareness that proteoforms rather than single protein
species are present within a proteome, one must consider and carefully evaluate peptide level quantifica-
tion based on the limitation that several proteoforms, each with potentially vastly different functional
characteristics, cannot be disentangled. Proteoform quantification and the ability to determine the relative
and/or absolute amounts of proteoform family members within a cell would provide an accurate overview
of cellular functions and allow an even greater understanding of the regulation that exists inside the cell.

Labeling of proteins via either isobaric tags at the protein level or through metabolic labeling (typically via
stable isotope containing amino acids during cultivation (metabolic labeling, e.g. SILAC)), both present a
number of problems that have yet to be fully resolved. Firstly, for isobaric tags, labeling intact protein
samples is possible but a number of factors such as potential precipitation of the samples during the label-
ing, and the labeling efficiency both in respect to over- and under-labeling of samples resulting in
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broadening of the isotopic envelope have to be strictly controlled®”®* These limitations, become less
problematic with decreasing molecular weight, which makes isobaric labeling to a potential tool for the
quantification of microproteins and SEPs.

Metabolic labeling of proteins prior to analysis requires that the organism of interest can be cultured in the
labeling media, with under-labeling of samples resulting in increased complexity during data analysis. A
further problem is the interpretation of TDP-derived MS and MS/MS spectra when heavy isotopes are
incorporated; while for BUP algorithms supporting the interpretation of such spectra are available, for
TDP such tools are lacking. Furthermore, the problem of spectra overlap hampering qualitative TDP anal-
ysis will be even more complicated with this labeling strategy.

An alternative to labeling-based quantification is the label-free quantification (LFQ).*> The major
advantage here is that no additional sample treatment is required. However, label-free strategies for
top-down analysis suffer from challenges regarding intact protein separation, in particular in achieving
high run-to-run retention time stabilities, and the inability to multiplex samples, which leads to prolonged
analysis times. Despite these caveats, LFQ will become a promising option for the quantification of small
proteins. A prerequisite will be the development of suitable data interpretation software packages as well
as the necessary statistical data treatment repertoire adapted to the special needs of proteoform-centric
analysis.

While the identification, molecular characterization, and quantification of microprotein and SEP proteo-
forms have been successfully accomplished and will be further advanced when the issues stated above
can be addressed, their functional characterization is still in its infancy. Here, proteomics methods,
including proteoform-centric ones, can be used e.g. for the analysis of interaction partners of the
different proteoforms, which will provide an important insight into the biological framework in which
the molecular species are active. TDP with its present upper limits of 30-35 kDa may in the first instance
not be the method of choice for interactome studies when it comes to interaction with larger proteins.
However, interactions with smaller proteins—and their plethora of expectable proteoforms—bears the
potential for deeper understanding of the biological processes and their regulation. Methods such as
co-immunoprecipitation or chemical crosslinking,®® followed by a combination of BUP and TDP-based
identification and molecular characterization of the binding partners, here will see an important role.
Of course, any development allowing to extend the mass range accessible for TDP will support such
studies.

Conclusions

While the central dogma of “one gene — one protein” is long known to be outdated, it still influences our
scientific thinking in many areas. While both posttranscriptional and posttranslational modifications are
very well known, their consequences at the proteome level, which is the final functional level in biological
systems, is still often underrated.

In particular, transcriptomic as well as BUP-based studies may lead to an oversimplification of the picture of
molecular processes triggering biological systems. The protein inference rather than the real identification
of single molecular species - the proteoforms - in BUP is part of this problem. Clearly, the power and impor-
tance of BUP is not under question by this statement. However, it is necessary to keep in mind the limita-
tions of these technologies when data derived from such studies are transferred into biological knowledge.

TDP comes with the promise of allowing the identification, characterization, and quantification of proteo-
forms. Even when this approach has seen significant advancements in the last few years, it is still accom-
panied by a number of technical limitations and challenges. A key argument speaking for TDP is its
strength in the mass range below 10 kDa, which ideally covers the expected mass range for micropro-
teins and SEP.

Finally, for the next years, the use of both powerful and established BUP workflows in combination with TDP
approaches coming of age, will provide the chance to shed light on the still widely unknown universe of
microproteins and short open reading frame-encoded peptides, which are parts of the forgotten
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