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The Origins of Organellar Mapping by Protein Correlation
Proﬁling
Matthias Mann
However, a much more direct, comprehensive, and unbiased approach would
be to isolate or purify the organelle
of interest and then identify all of
its components. With the advent of
powerful mass spectrometric methods,
this became increasingly feasible in
principle.[3–5] As a result, there is a
substantial literature reporting increasingly larger compendia of organellar
proteomes, such as mitocarta for mitochondria, for instance.[6] However, just
purifying or enriching an organelle runs
into problems due to inherent resolution
limitations of biochemical methods and the exceedingly high
sensitivity of modern mass spectrometers. Consequently, in the
absence of stringent quantitative information, organellar catalogs
of proteins may be dominated by contaminants—such as abundant cytosolic proteins or proteins that belong to other organelles
but end up in minute proportions in puriﬁed organelles.
In my group, we had faced a very similar or worse problem in
the context of interaction proteomics. Pull-downs are inevitably
dominated by background proteins binding to beads or to antibodies ostensibly targeting the bait. As we and the Aebersold
group showed many years ago, this problem can be side-stepped
very eﬃciently by using quantitative methods: instead of trying to
purify protein complexes to homogeneity by MS standards, one
uses the excellent quantitative characteristics of this method to
look for diﬀerences in the pull downs of the bait and a control, or
between each bait and all other baits.[7–9]
The challenges with membraneless organelles are obviously
even greater than with membrane bound ones. One such organelle is the centrosome, the “microtubular organizing center” that plays a vital role during chromosome segregation in
the cell cycle.[10] My future colleague Erich Nigg had long been
interested in this important structure and had done beautiful microscopy and cell biology on particular proteins of interest. However, an inventory of its constituent proteins remained enigmatic
because it was not clear how one could distinguish true centrosomal proteins from background in the relatively crude enrichments that one could do by biochemistry. Thus our quest was
clear but not how to go about solving it. This problem was on my
mind and a solution presented itself during a relatively uneventful parent-teacher conference that I had to attend: I was suddenly
reminded of a picture in the problem set of Harvery Lodish’s textbook, The Cell. It has since been pointed out to me that the original idea comes from Nobel Prize winner Christian De Duve.[11]
Here, the entire cell was fractionated by density centrifugation
and the levels of marker proteins for diﬀerent organelles were
drawn as smooth curves. It occurred to me that if we did this by

Cells have a rich inner structure that is commonly explored by microscopy.
Classical biochemical methods that break apart the cells and fractionate them
along a gradient have now gotten a new lease on life through modern
methods of mass spectrometry-based proteomics. Their common principle is
to comprehensively measure all the proteins in each of the fractions. The
resulting quantitative proﬁle then associates thousands of proteins to their
cellular homes. Here, the author recounts how protein correlation proﬁling,
the ﬁrst such technique, was conceived and how it was applied to answer
intricate cell biological questions.

Eukaryotic cells have been visualized for centuries by optical
microscopy and for decades by electron microscopy with ever
greater resolution. Gross morphology indicates that their interior
is far from a homogeneous mass and that it is instead organized
into an intricate array of membrane-enclosed and membraneless organelles. The cell nucleus, mitochondria, and lysosomes
are prominent examples of the former and the nucleolus and the
centrosome of the latter. They are visualized in microscopy via either marker molecules that have an aﬃnity to them, such as mitotracker for mitochondria, or marker proteins that are then tagged
or targeted by antibodies. Apart from studying the shape and distribution of these cellular substructures, a central question of cell
biology is: “What are the protein constituents of an organelle of
interest and how do their dynamics contribute to organellar function?” Antibody tools can also address this question, especially
when a nearly universal collection of them is available, such as in
the (subcelluar) Human Protein Atlas.[1] Likewise, bioinformatics
methods can sometimes suggest members of complexes based
on shared sequence features.[2]
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quantitative mass spectrometry for all proteins at once and not
just the marker proteins, then the organellar proteome would reveal itself by simple correlation of each protein to one of those
marker proteins. This strategy was simple to implement and Jens
Andersen, postdoc in my Danish group at the time, got it to work
beautifully right away on the centrosome. Not only did we capture virtually all of the centrosomal proteins that had been described to that date but we found a treasure trove of new ones.
Since many of them had never been described in the literature,
we got to name them, too. We were not too imaginative, though,
and to this day many of them are still called centrosomal protein
(molecular weight), like Cep218, for instance.
Having established the principle—which is usable in any context in which there is a distribution of correlated proteins over
a gradient or over fractions—we got more ambitious and asked
if one could get an organellar map of the entire cell in this way.
Leonard Foster rose to the challenge and established density gradient centrifugation for cellular lysates that balanced resolution
with the proteomics capacities then available. He then embarked
on a tour de force on mapping as many proteins in his fractions as possible. Interestingly, the longest part of the project was
the bioinformatic analysis, which took about a year of number
crunching on the desktop computers that we had. However, it
was well worth it as this exercise assigned an organellar home to
thousands of proteins.[12] Interestingly, it turned out that nearly
half of all proteins had not one but two addresses, a ﬁnding that
has been replicated in numerous studies since.[1]
Taking a step back, the reason that protein correlation proﬁling
(PCP) was so successful is that it combined a decidedly low resolution biochemical method such as density centrifugation, with
an extremely quantitatively accurate and speciﬁc mass spectrometric read out. Although proteins of an organelle may be spread
over half of the fractions, the distinct shape of the distribution still
assigns it to that organelle with very high conﬁdence. A striking
example of this in further work by my group was the discovery of
the MICOS complex, which links the inner boundary membrane
and the cristae of mitochondria. This structure had remained elusive until we used PCP to discover a set of proteins whose fractionation proﬁle was minutely but highly consistently oﬀset from
other mitochondrial proteins.[13] Upon deletion of these proteins,
cristae did not even form.
Shortly after PCP was published, Paul Dupree and Kathryn
Lilley described the LOPIT method[14] which also used the correlation of proteins across fractions to to deﬁne organellar proteomes.
While PCP has mainly been used in a discovery mode to identify new organellar proteins, for certain organelles there are established and eﬃcient isolation methods and new ones are constantly being developed. However, the challenge of co-purifying
proteins persists and can be addressed in a slightly diﬀerent way:
the isolation procedure can simply be performed in a more and
deliberately less stringent manner. Quantitative comparison between the two will then show opposite patterns for true organellar proteins versus contaminants, with the former being enriched
in the stringent procedure and the latter being de-enriched. This
principle also works for cells that are hard to purify completely.[15]
Although the principle is straightforward (or perhaps especially for this reason), PCP and similar technologies can be extended in a wide variety of ways. As MS technology improves,
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it is now possible to assign not only the main protein form to
a particular pattern but increasingly to distinguish the diﬀerent shapes and therefore localizations of proteoforms.[16] This
also extends to post-translationally modiﬁed proteins as demonstrated in a recent study from my laboratory in which we discovered major architectural reorganizations of liver cells upon
the development of fatty liver (which aﬀects about a quarter
of world population.[17,18] ) Most dramatically, Natalie Krahmer
found by PCP that essentially the entire Golgi apparatus got
"stuck" on lipid droplets, as we veriﬁed by super-resolution microscopy. In this experiment, we performed PCP on both the protein and phosphoprotein level. This approach has the potential
to directly reveal the molecular mechanism by which proteins
change localization—for instance, phosphorylation on a residue
that regulates intracellular transport.
Although an established technology, PCP and related technologies of course also have their limitations. The inherently
low resolution of biochemical fractionation limits the functional
detail that can be read out. Furthermore, it is still not practical
to measure the proteome to completeness in each of many fractions. In this regard, PCP will continue to beneﬁt from the ongoing advances in proteomics, imaging, and large-scale functional
assays such as CRISPR screens. To my knowledge, PCP has only
been applied to the localization of proteins, but the principle
should be likewise applicable to other molecules that fractionate
with the organelles, such as their constituent small molecules.
For instance, this might yield the unique lipid composition of
membrane bound organelles. As these mass spectrometric technologies become more and more accessible to cell biologists, they
will play an increasing role in the arsenal of technologies that
allow us to understand the cell in a systems biological manner.
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