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PERSPECTIVE
New Views of Old Proteins: Clarifying the
Enigmatic Proteome
Kristin E. Burnum-Johnson1,*, Thomas P. Conrads2 , Richard R. Drake3 , Amy E. Herr4 ,
Ravi Iyengar5, Ryan T. Kelly6, Emma Lundberg7, Michael J. MacCoss8 ,
Alexandra Naba9 , Garry P. Nolan10, Pavel A. Pevzner11, Karin D. Rodland12,
Salvatore Sechi13, Nikolai Slavov14 , Jeffrey M. Spraggins15 , Jennifer E. Van Eyk16,
Marc Vidal17, Christine Vogel18 , David R. Walt19 , and Neil L. Kelleher20,*
All human diseases involve proteins, yet our current tools
to characterize and quantify them are limited. To better
elucidate proteins across space, time, and molecular
composition, we provide a >10 years of projection for
technologies to meet the challenges that protein biology
presents. With a broad perspective, we discuss grand
opportunities to transition the science of proteomics into a
more propulsive enterprise. Extrapolating recent trends,
we describe a next generation of approaches to define,
quantify, and visualize the multiple dimensions of the
proteome, thereby transforming our understanding and
interactions with human disease in the coming decade.

THE PROTEOME IS EXTREMELY COMPLEX

Proteins are the primary conduit connecting our genes to
complex traits including the diseases that afflict us. While the
genome provides the “biological script,” proteins run and fill it
with life. Given this critical role, the enormous complexity of
the proteome, and the pace of technology development, we
highlight strategies and opportunities for proteomics in the
coming decades. Compared with the deep coverage of DNA
in the genome through sequencing, our ability to detect
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proteins achieves only ~0.1× coverage of the proteome (1). To
fill this proteomic gap in the coming years, we argue for
accelerated technology development, concerted efforts
across laboratories, and large consortia with meaningful data
integration. These advances will need to match the complexity
of our biology, enabling the emergence of new enterprises to
boost detection and develop interventions that will reliably
extend our life spans and quality of life.
The immense complexity of the proteome arises from the

fact that each gene produces several protein variants, termed
“proteoforms,” far beyond what can be predicted from DNA
sequence (Fig. 1). The proteoform paradigm describes the
composition of protein molecules arising from ~250 types of
post-translational modifications (PTMs) (2), alternative tran-
scriptions or translation start sites, splicing, or amino acid
changes (Fig. 1). A single cell easily encompasses hundreds of
thousands of different proteoforms reflecting the true chemi-
cal diversity of protein molecules (3, 4), each having the po-
tential to alter structure, function, and interactions. While the
number of theoretically possible proteoforms is extremely
large (3, 4), existing methods detect fewer than 10,000 pro-
teoforms in a typical cell sample.
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FIG. 1. From human genes (far left), diverse forms of mature endogenous protein molecules are expressed (far right). Technologies are
needed to fully measure the dynamic set of ~1 million distinct proteoforms expressed in each cell (see the study by Aebersold et al. (4)).

Clarifying the Enigmatic Proteome
Given the complexity of proteins, it is unsurprising that RNA
abundance or ribosome-bound mRNA is imperfect surrogate
for protein abundance. RNA abundance ranges over ~4 orders
of magnitude in cells, whereas proteoforms range over ~7
orders of magnitude and even over 10 in body fluids (5). Re-
searchers use diverse proteomic technologies to identify and
quantify proteins, and the analytical sensitivity, reproducibility,
and specificity of platforms are extensive. These tools enable
both discovery experiments (where emphasis is on identifying
large numbers of proteins) and targeted measurements that
focus on individual proteins, pathways, and/or certain classes
such as membrane proteins. Ongoing innovation in spatial
proteomics and multiplexing of compositional proteomics
continue to improve our ability to probe the approximately half
of the 20,000 genes expressed into detectable proteins in a
given cell type. These developments have substantially
advanced our functional and mechanistic insights of proteins
(6).
Looking forward, one significant goal in the coming de-

cades is to increase the efficiency of and access to different
proteomic platforms while also decreasing cost. To do so, we
need to prioritize technology development to deliver diverse
data types of high value to the community. Efforts are un-
derway; for example, mapping projects that use multiplexed
protein measurements with single-cell resolution via antibody-
based tissue imaging. The Human Protein Atlas (7) and the
Human BioMolecular Atlas Program (HuBMAP) (8) are exam-
ples of such efforts. But, if proteomics are to capture biolog-
ical complexity in its dynamics and relationships across
scales, we need to upgrade our ability to sample proteoforms
spatially, their complexes in organelles, and in regions of
phase transition to make functional assertions with high
2 Mol Cell Proteomics (2022) 21(7) 100254
confidence. Such effort will require creating technologies
capable of molecular deconvolution from millimeters to
nanometers and their temporal dynamics from seconds to the
human life span.
Another significant goal will involve integration of such

proteoform data with other multiomic data. Such “spatial
multiomics data” will allow us to infer emergent properties of
whole organisms, rather than investigating one aspect at a
time. Integration is still challenging because of missing values,
different properties of different data types, and the fact that
defining precise proteoforms is challenging. Still, we believe
that breakthroughs for these two goals—new technology
combined with meaningful data integration—are achievable
within the next 10 years.

PTMs are Major Drivers of Proteoform Diversity

Top–Down Proteomics–A first step toward comprehen-
sively understanding proteome complexity is the efficient
detection of proteoforms and their PTMs. PTMs are one of the
major routes to produce proteoforms, and many proteins have
multiple modifications, but it is still unclear which of these
PTMs are functional and which are passengers or
“bystanders.”
With “top–down” mass spectrometry (MS), intact proteo-

forms and their assemblies are analyzed, thereby directly
informing on co-occurring events (i.e., PTMs, isoforms, or
mutations). This approach has some advantages over
peptide-centric “bottom–up” approaches described later,
including (9) resolving the protein inference problem (10),
identifying isoforms directly, and retaining both stoichiometry
and the combinatorial occurrence of PTMs (Fig. 2) (9).
Because so many questions about PTMs remain unanswered,



FIG. 2. Proteoform measurement fills knowledge gaps. This
figure details specific advantages of top–down measurements of
intact proteins. Measuring proteoforms will improve molecular preci-
sion in asserting protein sequence and composition (i.e., primary
structure). Such measurements should improve the efficiency of
detection and assignment of function to all protein variants and their
modifications in the coming decade.

Clarifying the Enigmatic Proteome
expanding this approach will improve the efficiency of
detection and assignment of function to proteoforms and their
PTMs (i.e., single-cell measurements). However, our current
ability to measure proteoforms at single-cell resolution is low
and requires major leaps in technology development, that is,
higher sensitivity and spatial as well as temporal resolution.
Proteoform knowledge will also accelerate the development of
disruptive technologies to improve biomarker discovery in
translational proteomics by more accurately annotating the
chemical diversity of protein variation in disease models and
patient cohorts.
Bottom–up Proteomics– In detecting thousands of pep-

tides and PTMs efficiently, bottom–up proteomics uses
proteases to digest the proteome and is the current “to-go-
to” platform for discovery proteomics. Unlike whole proteins,
many peptides are easily fractionated, ionized, and frag-
mented via liquid chromatography–tandem MS methods. In
addition, several options exist for collecting information on
peptides and modified peptides and for infusing spatial in-
formation (Fig. 3, upper right) (11). However, data from
bottom–up approaches remain limited in sequence coverage
of individual proteins and coverage of the single-cell prote-
ome. For example, because of the protein inference problem,
biological signals are masked by combining peptides into a
single protein quantity, losing information on combinatorial
effects (12). Targeted MS assays, such as selected reaction
monitoring, can precisely identify peptide sequences and
specific PTMs to achieve absolute quantification and probe
known proteoforms (13, 14). Future developments should
continue by combining top–down with bottom–up strategies
in an integrated approach for robust quantitation of isoforms
and PTMs.

Proteomics Goes Single Cell (and Single Molecule)

Single-Cell Proteomics–Tissues are heterogeneous mo-
saics of cells in different physiological stages, requiring single-
cell analysis. However, given that we cannot amplify proteins
and their concentrations cover a large dynamic range, single-
cell proteomics is challenging. Some single-cell proteomics
methods employing antibodies or other affinity reagents have
existed for decades (Fig. 3, left). While these methods have
improved significantly in power and sophistication (15), the
newest developments via bottom–up MS have clearly
expanded the horizon for single-cell proteomics (16–27).
Over the last 4 years, mass spectrometric methods have

advanced from quantifying a few 100 proteins per cell to
quantifying more than 1000 proteins per cell, with thousands
of proteins quantified across datasets at a throughput of >200
single cells per day (Fig. 3, upper right) (28, 29). One enabling
technology making such in-depth single-cell and “low-input”
proteome profiling possible is multiplexed analysis of single
cells labeled with isobaric mass tags and combined with an
isobaric carrier (26) to enhance throughput and MS/MS pep-
tide sequence identification (30). Miniaturization of sample
preparation volumes to nanoliter or low-microliter levels has
minimized surface losses and enhanced reaction kinetics (31,
32). In addition, miniaturization of liquid chromatography (25)
and capillary electrophoresis (33) separations have boosted
prospects, even adding peptide selectivity to the workflow
(24, 27). However, future approaches still need to achieve
higher coverage and throughput more comparable to those of
single-cell RNA-Seq. We posit that this will be achievable
given the rate of improvement through advances in different
steps of the workflow. Integration of proteomics data with
other single-cell modalities, such as small conditional RNA-
Seq, have already provided initial results (16, 20, 28). We
imagine that within the next 5 years, proteomics will cover
>5000 proteins from thousands of single cells per day, with
linked information on transcripts.
Single-Molecule Sequencing–Another promising area of

technology development includes single-molecule protein
sequencing and proteoform detection (34–37). These ap-
proaches have the potential to be disruptive and to impact
single-cell protein analysis, with sequencing demonstrated
only on synthetic peptides thus far. Intriguingly, there have
been major increases in private sector investments in this
general area over the past year, creating a palpable sense that
this could be the decade of breakthroughs in single-molecule
protein measurement and sequencing.
Such technologies operative on single molecules will

encounter the challenge of proteoform diversity expressed in
human biology (Fig. 1). Therefore, they would benefit from
better general compositional definition of the expressed pro-
teome, prior to investigating the existence of different
Mol Cell Proteomics (2022) 21(7) 100254 3



FIG. 3. Multiple approaches for assessment of proteins in single cells. Antibody specificity dictates the protein detection specificity for
technologies depicted in orange. bottom–up Mass Spectrometry, measures peptides; CODEX, codetection by antibody indexing; CyTOF, mass
cytometry; nanoDESI, spatially resolved desorption by electrospray; PEA, proximity extension assay; PLAYR, proximity ligation assay for RNA;
REAP, a rapid, efficient, and practical cell processing method; sc, single cell; top–down mass spectrometry, measures proteoforms.

Clarifying the Enigmatic Proteome
proteoforms in individual cells. Indeed, amassing a reference
set of human proteoforms has been proposed (6, 38, 39) using
both cell- and gene-based approaches (39). Using output of
the Human Cell Atlas, HuBMAP, and other consortia,
comprehensive maps of human cell types will allow the pro-
teome of each cell type to be defined. Assuming, 5000 cell
types and 1 million proteoforms in each cell type, such a hu-
man proteoform atlas would involve approximately 5 billion
measurements, with perhaps approximately 50 million unique
proteoforms needing to be asserted and mapped in the
coming decade (39). Such efforts will only be possible based
on the output of current atlasing efforts, providing reference
sets of what proteoforms are actually present and where.
Single-Cell and Single-Molecule Immunoassays–Com-

plementing methods for proteome-wide characterization, tar-
geted assays using affinity reagents can accurately detect and
quantify specific proteins. While often targeting fewer pro-
teins, they achieve far higher throughput than nontargeted
approaches. Furthermore, many proteins of interest in the
human proteome are below the limit of detection of current
MS methods and conventional immunoassays. One major
group of targeted approaches includes immunoassays that
are designed to detect known protein targets, with target
identities informed by a priori discovery proteomics or driven
by biological hypotheses. At the single-cell level, the formats
are diverse and include immunohistochemistry, flow cytom-
etry, mass cytometry, and various formats for multiplexed
4 Mol Cell Proteomics (2022) 21(7) 100254
antibody-based imaging. Arrays of affinity reagents are also
available for limited operation in discovery mode; use of these
platforms is likely to increase in the coming decades.
Over the last 2 decades, miniaturization of single-cell im-

munoassays has improved to the point where proteins in
thousands of samples can now be processed in parallel, while
using far less time, sample, and reagents. Performance im-
provements stem from the underlying physics at miniature
scale, and microfluidic approaches have enabled new assay
designs (40). Microdevices afford scalable means to precisely
compartmentalize individual cells, with the use of both drop-
lets (41) and microwells being common strategies (42).
Furthermore, ultrasensitive single-molecule technologies
already access proteins at picomolar and femtomolar con-
centrations in the single-protein regime using digital immu-
noassays like SiMPull (43), SiMoAs (44), and droplet-based
assays (45, 46). While not providing proteoform-level speci-
ficity, these single-cell frameworks are powerful for multimodal
same-cell measurements (47, 48). Scrutinizing the protein
content of lysates from thousands of individual organelles is
viable today using microfluidic devices to overcome short-
comings of single capillary systems for single-cell (49, 50),
subcellular (51), and multimodal (52, 53) immunoblotting.
Given new developments in droplet microfluidics, micro-

fluidic imaging cytometry (41), and subcellular immunoblot-
ting, we envision targeted single-cell proteomics to push two
new frontiers: (1) monitoring protein expression in specific
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cellular compartments and (2) multimodal single-cell analyses
that integrate proteomics with other omics data. While se-
lective target detection and antibody availability remain an
inherent limitation of immunoassays, we foresee a tremen-
dous opportunity for immunoassays to become proteoform
specific across diverse cells. We posit that clever immuno-
assay strategies that enhance analytical specificity (54, 55) will
help translate proteoform knowledge into scalable single-
molecule assays. We project that by 2030, innovations in
this area will move such analyses to cost-effective benchtop
instruments usable in diverse settings. Analysis of thousands
of individual cells per assay, with specificity for hundreds of
currently undiscernible proteoforms within each cell, is
possible. Absolute, not simply relative, quantification of each
proteoform beckons.
Availability and Validity of Affinity Reagents–Many assays in

basic and clinical research rely on antibodies. However, there
are proposed (56), but no widely accepted guidelines to
determine the validity of these reagents. Furthermore, many
recent publications have highlighted that commercial anti-
bodies can fail to detect the intended target in diverse sample
types. (57, 58) The utility in biological and biomedical research
of affinity reagents for characterizing and quantifying proteins
and peptides is central; however, it also should elevate the
challenge in validating and reproducing many of the antibody-
based assays published each year. For this purpose,
increasing effort will be required to improve the rigor and
reproducibility of antibody-based assays, (59), e.g. the anti-
body registries specific and unique identifiers for reagents.
(60).
The proteomics field would greatly benefit from such anti-

body database and library, in particular if it is open source.
Antibodies are expensive, and reducing their cost through a
public database would allow researchers to devote more of
their funding to other materials and maximize findings. To
enhance reproducibility and operational efficiency, recombi-
nant antibodies with known sequences would create a long-
lasting and reproducible resource across laboratories (59).
Increasingly, antibody sequencing and characterization using
proteomics is on the rise (61, 62), making an open-source li-
brary of antibodies even more feasible in the coming decade.
Another important resource for proteomics of the future

would be a proteoform-specific library of affinity reagents
covering as many products of human genes as possible.
Moving forward, we should promote gene-specific probes and
create a generation of proteoform-aware PTM-recognizing
affinity reagents (e.g., phosphorylation site–specific antibody
reagents) (63). Creating such a resource will be a massive
undertaking, but limited scope pilots in which antibodies to
known proteoforms of key protein hubs in cellular regulatory
networks (c-Myc, p53, NFF06BB, histones, etc) would be a
very valuable resource and important next step. Construction
of such a library of proteoform-specific antibodies, with known
epitope-binding specificity, critically depends on the
reproducibility, specificity, and scalability with which multiple
antibodies can probe multiple epitopes and PTMs on
proteoforms.

Thinking Outside the Cell: Extracellular Matrix, Body Fluids,
and Extracellular Communication

Not only does one need to understand the single-cell pro-
teome but also it is necessary to quantify the cellular envi-
ronment and context. Quantification and defining extracellular
communication and the cellular environment is required to
infer tissue and organ function. The extracellular matrix (ECM)
contains highly glycosylated and crosslinked proteins that
form the scaffold of cellular anchorage and migration (64, 65).
The ECM also liberates and sequesters secreted molecules
such as growth factors (66). It plays critical roles in develop-
ment, health, and disease via mechanical and chemical signal
transduction. While recent proteomic methods tailored to
biochemically unique ECM proteins have led to greater un-
derstanding of the ECM proteomes (67–71) in many tissues
and organs, these methods cannot fully capture the broad
dynamic range of the ECM from low-abundance growth fac-
tors to hyperabundant collagens (72). New imaging MS
methods using collagenase digestions targeted to the ECM
are beginning to address some spatial–temporal aspects
(73, 74). To achieve near-complete coverage and single cell–
level profiling of the matrisome and to capture its dynamics,
our community will need to (1) expand methods to identify and
isolate specific cell and tissue niches (e.g., laser-capture
microdissection (75) and imaging MS), (2) develop reagents
to enrich for ECM proteins or classes of ECM proteins (e.g.,
high-affinity antibodies against ECM-specific PTMs or splice
variants), (3) use ECM-specific proteases such as elastase and
collagenases instead of trypsin, and (4) apply adequate data
analysis workflows (76, 77).
Beyond the ECM, the extracellular milieu contains protein-

rich fluids (78–80) (e.g., tissue interstitial fluids, serum/
plasma, urine, saliva, etc) that present unique challenges when
it comes to proteomic profiling. Extracellular vesicles and their
protein contents are key mediators of cell communications
and regulators of cellular functions (81, 82), including those
that can affect “in trans” chemoresistance and angiogenesis in
cancer (83). An important activity for advancing proteomics
will be to convert ultratrace analysis into a straightforward
deep characterization of extracellular proteomes and to
correlate the resulting information with their cells of origin.

The Future Lies in Integration Across Scales

Spatial Information–Be it through networks or other
models, future efforts will have to integrate compositional,
interactomics, and spatial information on proteoforms to
reveal how the proteome drives human physiology. The pro-
teomics toolkit offers a variety of methods for detecting
protein–protein interactions that range from direct detection,
such as affinity-purification MS, to less direct, such as
Mol Cell Proteomics (2022) 21(7) 100254 5
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correlational profiling. These approaches are relatively low
throughput, whereas we need high-throughput methods for
sensitive analysis of protein–protein interactions in primary
tissues. We put forward a reductionist view in which enough
spatial information—in conjunction with other omics data—
can define the state, function, and trajectory of a cell within the
tissue microenvironment. Approximately 20 spatial prote-
omics technologies are currently used within the proteomics
field (54, 84–91); these approaches can be targeted and
multiplexed (e.g., using antibodies) or nontargeted (e.g., MS).
Spatial technologies can measure specific protein–protein
interactions, subcellular structures, individual cells, and tis-
sue microenvironments within whole organs.
Imaging MS (85, 89, 92) assesses large numbers of glycans,

lipids, and metabolites at spatial resolutions of 10 microns (85,
93, 94). At the proteomics level, imaging MS can currently
identify >2000 proteins at spatial resolutions of 100 microns
(89). Using different proteases and glycosidases, imaging MS
also can be integrated with, for example, microscopy of the
ECM to evaluate multiple analytes sequentially on the same
tissue slice (73, 95). A future challenge will lie in applying these
methods to resolve proteoforms down to 1 micron. To do so,
major bottlenecks like low proteome coverage (especially for
large and low abundance proteins) will need to be overcome.
Other imaging MS approaches we envision would combine

artificial intelligence–powered image analysis with automated
single-cell laser microdissection and ultrahigh sensitivity MS
to link protein abundance to complex cellular or subcellular
phenotypes while preserving spatial context. They have suc-
cessfully identified rare cell states with distinct morphology
(96). Spatial proteomics approaches are also commonly
combined with magnetic resonance/computed tomography
imaging data to assess anatomical features, stained micro-
scopy to assess tissue morphology, multiplexed immunoflu-
orescence approaches to differentiate cell types, and
FIG. 4. Multiplexed spatial
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fluorescence in situ hybridization to observe DNA- and RNA-
mediated influences. For example, multimodal imaging ana-
lyses of the murine spleen and pancreas have resolved pixel-
level cellular populations and subregions (94, 97).
Another future challenge with imaging MS lies in tackling

subcellular resolution. Exploiting fluorescence-based technol-
ogies, multiplexed protein imaging can now detail cell subtypes
(Fig. 4). In the future, these protein imaging efforts could also
include RNA information. We imagine that the future will bring a
new kind of three-dimensional “AtomScope” capable of
measuring every atom in a model cell, then reconstructing the
structure of single molecules and their assemblies in a bottom–

up process. As with single-cell and single-molecule prote-
omics, such aspirations will benefit from higher quality refer-
ence proteomes, structural predictors like AlphaFold, and a
greatly improved baseline knowledge about proteoforms, their
PTMs, and complexes. With meaningful data integration,
models of the future will identify spatial dependencies of
compositional data, correlate spatial patterns to specific out-
comes, assess relationships between data types to enable
predictions across them, and integrate data generated across
bulk and single-cell scale. One early example lies in integration
of protein imaging with protein–protein interaction data in the
multiscale integrated cell model (98) that led to the identification
of novel cellular systems.
Meaningful Data Integration–Given the aforementioned

developments, the way forward is to integrate different data-
sets in a biologically informed and statistically robust manner.
Such integration will then detect emergent properties of the
system as a whole (99) and consider the cell and its proteome
as an “ecosystem” in which the sum is more than the parts.
One popular method of integration exploits networks, with
mathematical approaches available to understand and predict
properties (Fig. 5A). Networks include both parts' lists and
interactions among the parts. Constructing such networks will
assays. Source: Ref. (8).



FIG. 5. Capturing the multidimensional biology of our proteome. A, from a parts lists to interaction mapping and proteoform networks
underlying cell-based biology. B, capturing time-resolved human biology at the protein level. Top, depiction of multiple spatiomolecular pro-
teoform images collected over time. Bottom, temporal dynamics vary widely across disease progression (years) across cell differentiation (days)
in human bone marrow and blood or through embryogenesis (months).
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allow us to understand concepts such as the robustness of a
system (the cell) to perturbations (i.e., mutations and loss of
the protein) or efficiency and redundancy in signal trans-
duction (i.e., through creation of short paths through a
network that prioritize rapid response over versatility). Future
work will accommodate different types of nodes (e.g., pro-
teoforms) and different types of edges (e.g., kinase-target in-
teractions or protein–protein interactions in a complex).
We propose that in the coming decades, “filling this network

with life” will involve rethinking commonly used terms, for
example, that of protein function. While functional de-
scriptions are standardized in a controlled vocabulary such as
Gene Ontology (100), we will need to identify more quantifiable
definitions (e.g., by the profile of the genetic, physical, or
regulatory interactions of a protein). Such definitions would
also allow us to measure similarity and changes to proteoform
function. For example, once a transcript is spliced, rearranged,
and modified, the resulting different proteoforms are expected
to mediate divergent functions or behave as alloforms, rather
than retain similar functions, or acting as isoforms (101).
Other proteomics integration efforts will need to venture

toward other molecule types, such as RNA, or metabolites
that are already being captured with spatial resolution (Fig. 5).
Existing efforts have already shown the power of such an
approach to infer regulatory mechanisms and most tightly
connected and therefore potentially most functionally impor-
tant relationships. For example, integrating complementary
RNA, protein, and metabolite in the Kidney Precision Medicine
Project has generated many new hypotheses (102). More
generalized efforts for multiomics data integration across
space and time are exemplified by the Human Tissue Atlas
Network (103).
FIG. 6. Collaborative and big science models for approaching the h
match scope of the challenge, if we are to make interactions with the hum
including regenerative medicine, more efficient drug development, and e
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Finally, we propose that the future of proteomics lies not only
in integrative network approaches and redefining entities to
render them quantifiable but also will include consideration of
the combinatorial nature of biological processes. Traditionally,
we study one protein or pathway at a time as the cell is other-
wise too complex. Including combinatorial action of proteo-
forms under the same conditions, attacking the same problem
(e.g., through aforementioned network approaches) will allow
us to truly understand cells and functional tissue units as sys-
tems driving life processes such as those shown in Figure 5B
(bottom). While constructing networks, quantifying protein ac-
tivity, defining proteoforms, and considering combinatorial
actions are being addressed in specific areas, one future of
proteomics requires simultaneous implementation of all these
approaches to develop a comprehensive predictive framework
of cell and whole tissues for the first time.

Meeting the Scale of the Challenge

Given the vast challenge of capturing protein-level biology
(depicted as a hypercube in Figs. 5B and 6A) and the state of
measurement, we argue for an increased rate of progress in
proteomics. Combinations of new accessible technologies
need to provide synergistic data streams to move us beyond
census taking and tenuous inferences to far greater under-
standing of how protein function and how they go awry. The
future of proteomics clearly lies in expanding its “dimensions”
and building stronger connections across the spatial, tem-
poral, and compositional domains. To achieve major out-
comes in biomedicine (Fig. 6C), we should move beyond
partial and siloed information on proteins, to an increasingly
integrated field (104) providing functional information on a
bounded defined proteome.
uman proteome in the decade ahead. Scope of the solution needs to
an proteome more deterministic for the goals of biomedical research,
arly detection of all types of human disease.



Clarifying the Enigmatic Proteome
Science is inherently a multiscale endeavor (Fig. 6B). In addi-
tion to ground-breaking work in individual research laboratories,
there aremany initiatives building on andmaximizing information
gain at a larger scale, including the Human Cell Atlas (105), the
HumanProteoformProject (39), theHumanProteomeProject (6),
the Human Protein Atlas (7), and HuBMAP (8), and many organ-
or disease-specific consortia such as Kidney PrecisionMedicine
Project (106), Human Tissue Atlas Network (103), and so on.
Increasingly, consortia are elevating and integrating proteomics
with related fields. Consortia have demonstrated science at a
scale not possible in typical single-investigator laboratories,
convening multidisciplinary communities and building resources
in close collaboration with the research community. Currently,
even large teams are only able to generate a small portion of the
data needed to comprehensively capture the enigmatic prote-
ome (Fig. 6A). Democratic access to adjacent atlasing projects is
essential as well as a balance between building a multiscale
scientific approach and implementation of new technologies,
including respective training and adoption. However, many
consortia are responding with agile management and investi-
gator buy-ins to achieve these goals.
All human diseases involve proteins, and there is an exciting

range of new tools providing new insights in protein compo-
sition, spatial patterning, and temporal dynamics. A multitude
of technologies and multidisciplinary expertise are required
(104), and extensive interactions between computational,
statistical, clinical, and biology experts will be more important
than ever. Proteomics needs to be deeply crossdisciplinary,
providing the data and connections to start capturing the
complexity of the cell, functional tissue units, and complex
traits of an entire person. To accomplish this in proteomics,
we need hardened platforms capable of powering quantitative
models to reliably connect protein information to disease and
unlock precise decision making (Fig. 6C). These hardened
platforms will be enabled through a collection of tools, tech-
niques, and statistical approaches. Tremendous advances are
possible within the next decade but only with increased level
of focus and intention: a “proteomic moonshot” will be needed
that can reach this “criticality” with the human proteome.
The National Institutes of Health Office of Strategic Coor-

dination convened a virtual meeting to foster discussion
among experts on existing gaps and opportunities within the
functional proteomics field. Organized by the National In-
stitutes of Health Office of Strategic Coordination, in collab-
oration with Workshop Co-Chairs (K. E. B.-J. and N. L. K.) and
HuBMAP-funded principal investigators, this meeting
engaged proteomics and atlasing experts in discussions
designed to (1) identify how functional proteomics tools,
methods, and datasets can be integrated to accelerate the
development of comprehensive spatiomolecular tissue maps
that generate new biological insights and (2) develop a pro-
spective publication that articulates a vision of the field,
including state-of-the-art and near-future tools and methods,
a roadmap for integrating multiple proteomics data types (e.g.,
spatial proteomics, single-cell proteomics), and an articulation
of the most important knowledge gaps.
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