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The proteomics revolution -
Accelerating basic research
with proteomics

Biology researchers have learned much about the intricate inner workings of cells
using classic molecular biology, biochemistry, and genetics techniques. Generally,
these techniques minimize biological complexity by looking at only a small sub-
component of a cell in a highly controlled experimental setting. For instance,
researchers might break a small part of the cell (say a single protein) and see
what effect that has on the behavior of the cell or organism. Although they have
brought us far, such techniques are by their nature reductionist and make it
difficult to assess the many interactions occuring in living things at any moment

in a holistic way.

To truly understand how living things function in a mechanistic way that can be
leveraged for applied purposes, researchers need to bridge the gap between
small cellular components and broad organismal behaviors. They need to map out
the intricate networks of interactions that connect cellular parts to organismal

functions. Proteomics will enable them to do so.
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Introduction

Proteins carry out the vast majority of cellular processes
and a cell’'s proteome, the dynamic composition of its full
set of proteins and their associated distribution throughout
the cell, determines cellular identity, form, and function.
Proteomics technologies aim to reveal the abundances
and locations of all proteins in cell samples right now. The
dynamic patterns of these ever-changing “proteomes”
comprise thousands to millions of fluctuations in protein
levels, protein modifications, and protein distribution
throughout the cell, and can help reveal the networks

of protein interactions that are perturbed when cells
experience various stimuli.

Below we discuss 3 types of research that can be
accelerated by advanced proteomics technologies. This
is far from an inclusive list and focuses on non-clinical
research with a nod to clinical applications that can result
from these research areas. As we get affordable, high-
throughput proteomics technologies into the hands of
researchers around the world, they’ll develop myriad
applications that will reveal much more about the inner-
workings of living things than we ever thought possible.

Mapping the proteomic landscape of the cell surface

Cells are not homogenous bags of proteins. Instead,

proteins are distributed to discrete locations throughout
the cell where they act in coordination with other cellular
components to carry out specialized processes. Proteins

found at the cell surface are often inserted into the “plasma

membrane,” the fatty barrier separating the inside of the
cell from its surroundings. These “membrane proteins”
are particularly important because they make it possible
to interact with and relay information about a cell's
surroundings. While membrane proteins are traditionally
difficult to study, new proteomics technologies will make
it easier for scientists to learn more about these incredible
molecular machines.

] Meurons
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Figure 1. Cell surface proteins

Membrane proteins have varied and astounding functions.
For example, some proteins on the surface of immune
cells detect parts of infectious bacteria. Once detected,
these proteins trigger a cascade of events that can result
in the consumption and later destruction of the bacteria.
In another interesting example, proteins on the surface
of nerve cells control the flow of ions in and out of the
membrane. They enable our nervous systems to transmit
highly controlled electrical signals. Still other proteins
embedded in the surface of retinal cells detect specific
wavelengths of light, a function that ultimately gives us
color vision.

Cell surface proteins or “membrane proteins” have a variety of fascinating functions such as (A) enabling neurons to send
electrical signals. While they can be hard to isolate and study, if researchers can (B) find membrane proteins specific to cancer

cells, these may make good drug targets.
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Unsurprisingly, membrane proteins are a fascinating
subject for scientists wishing to understand how our bodies
work, but they are also incredibly important in the clinic.
Membrane proteins make useful drug targets because
they’re easier to reach than proteins buried inside the cell.
They're also accessible to large, programmable biological
therapeutics like antibodies and engineered cells.

Unfortunately, membrane proteins can be very difficult

to study. They are not usually soluble in water and can be
hard to purify from the fatty barriers where they reside. In
addition, they sometimes stick to the materials scientists
use to store and transport them. As a result, scientists often
have to use strong chemicals to break apart the membranes
housing these proteins and keep them from sticking to their
containers. These chemicals are generally incompatible with
standard protein analysis techniques.

These characteristics make membrane proteins difficult

to study not only on an individual level but also at the level
of the proteome. With standard proteomics techniques,
scientists usually use enzymes to cut proteins into smaller,
more manageable chunks. Membrane proteins contain few
cut sites and the strong chemicals used to pull them out

of the membrane disrupt the enzymes’ cutting activity.
Scientists have come up with a variety of clever ways to get
around these issues, but they are usually complicated and
time-consuming.

An additional problem for standard proteomics techniques
is membrane protein abundance. Membrane proteins are
generally low abundance and the signals they generate on
standard proteomics platforms can be drown out by other
proteins. This is because standard proteomics platforms
don’t look at individual proteins in isolation. Instead, they
identify small protein chunks from many different proteins.
Various kinds of analysis software then piece together the
identities of the full proteins from the small chunks. This

is much like putting together a very complicated puzzle.
High abundance proteins generate many small chunks that
can obscure the identities of the small abundance proteins.

Scientists can isolate membrane proteins and analyze them
separately, but this can bias which proteins they ultimately
see and complicate the experimental process.

Nautilus’ technology gets around these issues in a number
of ways. First off, scientists don’t need to break apart their
proteins before analyzing them on the Nautilus’ platform.
The platform is also compatible with the strong chemicals
used to pull proteins out of membranes. Special isolation
techniques are not required. Finally, full-length proteins are
analyzed individually on the platform. This gives it higher
sensitivity and makes it much less likely that signals from
high abundance proteins will drown out membrane proteins.

Thus, the Nautilus platform opens the proteomic landscape
of the cell surface to scientists. They can use just about any
chemicals they wish before analyzing membrane proteins
and they’ll also get a full view of most of these proteins,
regardless of their abundance.

With this landscape in view, scientists will be able to
develop a clear understanding of how cells interact with
their surroundings. For instance, they’ll be able to determine
what proteins stud different types of cells and, by
associating particular membrane proteins with known cell-
cell interactions, generate new hypotheses about how these
interactions function at the molecular level. They’ll also be
able to probe how surface proteins change in various states
of health and disease. For example, by studying the proteins
found on the surface of cancer cells compared to healthy
cells, they may find cancer-specific proteins. Thus, they’ll

be able to target these proteins with cancer-specific drugs

- something that is only possible for a few types of cancer
now.

Overall, advances in proteomics technology will enable
researchers to answer a seemingly basic question: what
proteins are found on the cell surface? The answers will
advance our understanding of how the body works and
improve health for many.

Enhancing our understanding of biological function and dysfunction through

the identification of proteoforms

You may have heard that there are roughly 20,000 genes

in the human genome. One might assume that, since

genes encode proteins, there can be no more than 20,000
different proteins in any given cell. However, this is far from
the case. In the process of decoding the information in a
gene and using it to produce a protein, that information

can be contorted in a variety of ways that leave out some
parts of the original gene, start the decoding processes at

different places in the gene, or even edit small portions of
the information. In addition, once this information is used
to create a protein, the protein itself can be modified with

a variety of attachments such as chemicals and sugars. All
this rearranging and modification explodes the number of
possible “proteoforms” that could theoretically be produced
in a cell from 20,000 to millions (Aebersold et al 2018).
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The modifications found on proteoforms can change the
underlying protein’s function or even lead to its destruction.
Indeed, the precise mix of proteoforms in a cell can have
great impacts on cell processes, organ function, and total
body health. Thus, knowing more about the proteoforms

present in any given healthy or diseased cell may give
scientists great insights into how these cells operate.
Unfortunately, most proteomics technologies used today
can only see a small fraction of proteoforms. Reasons why
include:

LOW SENSITIVITY LIMITS
THE PROTEOFORMS THAT
CAN BE OBSERVED

There are many different
ways proteins can be
modified to create a wide
array of proteoforms.
However, for any given cell
it's possible that only a few
proteoforms will be present
in high abundance. There
may be low abundance
proteoforms that have
functional impacts on the
cell, but they will be hard to
see as the more abundant

What are proteoforms?

Although there are roughly 20,000 genes in the human genome,
the proteins created from the instructions in these genes can be
modified in many ways. This explodes the possible number of
protein forms (proteoforms) in a cell from tens of thousands to

millions!

Some examples of proteoform modifications include:

Splicing

A section of the mRNA
transcript encoding the
protein is altered before
the protein is
translated. The final
protein may have new
parts or may have
some parts removed.

Glycosylation

Sugar molecules of
various kinds are added
to the surface of the
protein. These can alter
how the protein
interacts with other
proteins both in the cell
and on other cells.

Phosphorylation

Highly charged
phosphate groups may
be added to proteins.
Phorphorylation often
activates cellular
pathways that lead to
downstream functions
like enhanced growth.

proteoforms drown out

their signals on standard
proteomics platforms. In
addition, as most proteomics
platforms look at groups s

of cells as opposed to

individual cells, if one cell is “
dominated by a proteoform
that is rare in other cells, that (Yellow segment
proteoform will be difficult removed
to see.

LIMITATIONS DUE TO PROTEIN FRAGMENTATION

On standard proteomics platforms, full-length proteins
are fragmented into small chunks. These small chunks
are identified, and analysis software pieces together full
proteins from the identified chunks. However, not all

LIMITED MEANS OF DETECTION

Standard proteomics platforms generally detect the mass of
protein fragments in order to identify them. They look to see
how many fragments of various weights are present and, by
plotting abundance vs weight, they generate so-

oy

® = Sugar molecules @ = Phosphate group

the chunks that make up the full protein will actually be
identified. Some chunks will be left out of the analysis and
those chunks could have modifications that are invisible to
standard proteomics technologies.

called “spectra” which are essentially signatures of different
fragments. However, some fragments can generate

very similar spectra and, without reference samples to
distinguish between them, it can be difficult to identify
fragments with never-before-seen modifications.
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THE BENEFIT OF DETECTING NEW PROTEOFORMS

There are many unknowns when it comes to the world of
proteoforms. Scientists have made theoretical predictions
about the number of proteoforms that could possibly exist,
butitis not at all clear what fraction of these proteoforms
are actually made, how they might be distributed across
cells, and what functional consequences they have.
Nonetheless, we do know that some protein modifications
are highly consequential. For example, we know that

ENHANCING PROTEOFORM DETECTION WITH THE
NAUTILUS PLATFORM

At Nautilus, we're developing a proteomics platform
that makes it easier to identify a much wider variety of
proteoforms. Some of the ways the platform enhances
proteoform identification include:

e The platform analyzes individual proteins in
isolation. This gives the platform higher sensitivity
than standard proteomics platforms and thus more
potential to detect relatively rare proteoforms.

e The platform analyzes full-length proteins. Thus,
it is theoretically possible to identify modifications
across the entire length of a protein.

an overabundance of certain types of modifications to
proteins that scaffold DNA are associated with poor
outcomes in cancer (Nebbioso et al 2018). If scientists can
identify more proteoforms in particular cells, they can more
confidently associate them with various states of health and
disease. Some may even become biomarkers that indicate
when a person has a particular disease and others may be
targeted by novel drugs.

e The platform looks at many characteristics of
proteins other than their mass. The platform
uses “probes” that detect particular sequences
of protein building blocks in full-length proteins.
These probes can be designed to detect building
blocks that have been modified in a variety of
ways and thereby detect various proteoforms.

By getting a more in-depth view of the proteoforms

that exist across cells, we'll take the first step toward
understanding how these proteoforms impact health and
disease. Once scientists observe differences in proteoform
abundance across cells, they can investigate whether those
differences are functionally significant, but the first step is
seeing what proteoforms actually exist. Nautilus’ platform
can bring us a long way toward accomplishing this key step.

Proteomics and developmental biology - how do cells and tissues get their

identities?

Developmental biology is the study of how organisms
grow from single cells. Research in this field has inspired
advances in evolution, stem cell biology, cloning, and much
more, but there are many open questions. In particular,
scientists don't have a full understanding of what defines
the different types of cells that can be found in an organism
and they are beginning to see that many cellular identities
are fluid. Some cells can take on new identities and even
replace others after tissue damage (Spatz et al 2021). So
what really makes a skin cell a skin cell or an immune cell an
immune cell? It's the proteins, the molecular machines that
give these cells their functions, that matter.

Scientists can track cell lineages through development,
know many of the key proteins that drive cells to become
one type or another, and have analyzed many cell types
through Herculean efforts like the Human Protein Atlas.
Nevertheless, the older techniques used in many of these
projects don’t always provide a full view of the many
proteins and protein isoforms produced in the human body.
Recent efforts using advanced proteomics technologies
dig deeper and find new proteins associated with particular
tissues (e.g. skin). Using novel, high-throughput proteomics
platforms like those being developed at Nautilus,

researchers can probe the millions of proteins and protein
isoforms produced in the human body and get a much fuller
picture of cellular identity across all tissues.

With such comprehensive data, it may become easier to
understand how to do things like coax one type of cell to
become another. This would be useful not only to prove that
certain proteins are sufficient to define cellular identities
but also because a variety of diseases manifest when
people lack particular cells. For example, the liver detoxifies
many compounds that enter our bodies but can itself be
damaged by these compounds. This leads to impaired liver
function and can ultimately result in death. Researchers
could perhaps develop new means of treating liver disease
by getting other cells to replace diseased or dead liver
cells. Similarly, diabetes can arise when patients lack the
pancreatic beta cells that produce insulin. Researchers are
making efforts to treat diabetes by getting more pancreas
cells to transform into insulin-producing beta cells (Zhong
and Jiang 2019). Proteomics technologies could accelerate
these and similar efforts by precisely highlighting what
proteins need to be altered in order to make replacement
cells fully functional.
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Figure 2. What gives cells their unique identities?

Cells in different parts of the body play vastly different roles in maintaining human health. As the molecular machines that give
cells their functions, proteins largely dictate cellular identity. With widely accessible proteomics technologies, researchers will be
able to get a better understanding of how protein composition determines cellular function and identity.

Looking forward to future discoveries enabled by proteomics

Proteomics gives us the ability to quickly grasp the full array  they're interested in, researchers will gain a much fuller

of changes in protein abundance, form, and distribution understanding of how these processes work and they

that result from whatever biological interaction or stimulus should be able to alter such processes for a variety of goals.
one would like to study. This burgeoning field makes it This will make it possible for scientists to better understand
possible to gather a ton of information on how cells react the complexities of biology and leverage that understanding
to one another and with their surroundings. By using to create new metrics of human health, therapeutics, and
proteomics technologies to dissect any biological process biotechnologies.
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