What can Jane Goodall teach molecular biology?

An anthropological survey of the city within a cell

A protein’s life begins by being squirted out, toothpaste-like, from the birth canal of a ribosome.
Primordial matriarch, the mother ribosome has created every protein in every living cell as far back
as our most ancient universal ancestors. Literally older than dirt, for more than 3 billion years she
has braided children from genetic blueprints - enough blueprints for tens of thousands of unique
progeny. It's as if all the flora and fauna of a biome - or - all the technology and citizens of a city were

born from the same womb.

Newborn proteins are not coddled, but are left to start life on their own. Some must travel far across
the cell, while others stay close to home. Those that must travel a particularly great distance have
special tags pinned to their tails, much like the identification tags pinned to the lapels of Ellis Island
arrivals. These tags ferry their proteins into a world of bureaucratic queues and chaperoned
migration. When finally the young are deposited in their rightful destinations, their tags are snipped

off and the unsentimental couriers turned back for the next generation.

Modern biology sees proteins as cogs

From this quick glimpse, the cell might appear like ancient clockwork. In such an analogy, proteins
would be the nameless cogs forever grinding in locked positions, driving the mechanisms of life.
Indeed, this image of molecular biology as automata finds itself deeply ingrained into the very
foundations of modern scientific study. With terms like “genetic programs”, “cellular machinery”,
and “biological circuits” researchers study the functions of our bodies in the same ways a mechanic

might study the components of a machine.

The mechanistic bias can be traced back to the beginnings of modern biology as a field. It was born
partly as a retaliation against the vitalism of the 1800s, partly to mime the “more prestigious" fields
of engineering and physics, and largely for its explanative simplicity in a time of extremely limited

data gathering.

The crowning achievement of the mechanical modus was the characterization of the elegant double

helix DNA structure by Franklin, Watson, and Crick. The double helix, so reminiscent of a coiled



spring, seemed to herald in those early years that with careful enough study, the biomolecular world
would come unraveled in wiring diagrams and molecular flywheels like the universe’s most

complex windup toy.

But in the decades since, it has become increasingly clear that biology is no windup toy. The human
genome project - direct descendant of Franklin, Watson, and Crick’s discovery - was originally hailed
as uncovering the source code of humanity. But in the quarter century since sequencing the genome,

the deep explanative understanding which true source code should bring has yet to materialize.!

It has become abundantly clear that the failure to pin down humanity’s promised “blueprint” is not
for a lack of detailed scrutiny. Since the human genome project, there has been an arms race to
survey the genome, transcriptome, epigenome, proteome, metabolome, and every other molecular
“-ome” down to the highest sequence and spatial resolution. Yet we still cannot predict - or fully
explain - why certain mutations lead to different outcomes in different people. Stated differently, we

are confronted by the fact that the same genetic “source code” can execute different results.

This raises some hairy implications. By definition, automata have all actions programmed in their
source code. So the fact that even with terabytes of “-omic” data, we cannot accurately predict the
basic functions of a single human cell, much less a human body, should sound alarms for the
prevailing mechanistic framework of molecular biology. Its fundamental assumption, that cells can
be understood from the predictable interactions of their molecular components, is no longer
supported by our best evidence. And perhaps there is no better example than in proteomics - the
study of proteins - where it seems every new published work pushes our understanding of proteins

further from simple cogs and more towards highly complex decision-making agents.?

What would Jane see?

Possibly the best analog for the challenge confronting molecular biology today is the transformation
that overtook the field of animal behavior science following Dr. Jane Goodall’s ground breaking

chimpanzee studies.
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In the 1960s, before Goodall, the field of primatology insisted upon a strongly mechanistic
approach, modelling animals as deterministic, interchangeable units. Subjects were kept unnamed,
population level statistics were favored above individual case studies, and observations were
conducted only in the short-term and preferably in sterile, unnatural, laboratory environments.
Goodall changed all that by spending decades with the Kasekela chimpanzee community, observing,
naming, and empathizing with her subjects - David Greybeard, Flo, Goliath - in their home

environments.?

Goodall’s critics denounced her work as anthropomorphization - or the attribution of human-like
traits to non-human subjects. For those detractors anthropomorphism might be more appropriately
referred to as the “A-word” since any mention of human qualities in a biological study was treated
then and is still treated today like a dirty taboo. But what her critics failed to see was their own
instinctive retreat into a different bias, the mechanistic bias or mechanomorphism - the attribution

of machine-like traits onto non-machine subjects.

The lesson Goodall taught primatologists, and what modern molecular biologists have yet to learn,
is that mechanomorphism introduces a human bias every degree as discriminatory as
anthropomorphization. If anything, mechanomorphism is the more harmful of the two as it

encourages over-simplification.

Mechanomorphism’s fundamental tenet assumes systems can be broken down into deterministic,
interchangeable units with completely predictable behavior - like transistors in a circuit board. On
the other hand, anthropomorphization allows for built-in individuality, fluid decision making, and
personal growth. For nascent fields where data is scarce, mechanomorphism can lead to cleaner,

more explanative models. But in mature fields where data is abundant, mechanistic bias just ends

up discarding nuance which the “A-word” would otherwise encourage.

As a concrete example of how mechanomorphism blinds molecular biology, consider antibody
staining, one of the major tools in proteomics. There are many international research efforts that
employ antibody staining such as the Human Protein Atlas, UniProt, and ProteomicsDB. These
leading research collaborations produce enormous detailed libraries of stains that are beautiful and

otherworldly, but, without fail, collapse findings into averaged statistics by protein class.
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To appreciate the blind spots of the antibody standard, let us for one second imagine proteins as
apes. Then the questions current research efforts address can be translated to “how many apes are
in this part of the forest?” or “which two species of apes spend the most time together?” Thoughtful,
interesting questions to be sure, but one does not have to be Jane Goodall to recognize their
limitations. To truly understand apes, census-level statistics are not enough. Unfortunately, the
other most popular proteomic tools such as mass spectrometry, x-ray crystallography, and

cryo-electron microscopy are all similarly obsessed with compiling only census-level data.

The good news is that there are emerging tools such as long-horizon single molecule tracking,
multiplexed assays, and protein modification-specific antibodies with the potential power to finally
study individual proteins like Goodall studied individual apes. However, it is not just a matter of if
these technologies can be applied, it is also a question of how they will be applied. Will the next
generation of molecular biologists be able to overcome their field’s obsessive mechanomorphism
and develop these nascent tools to actually study proteins as individuals? Or will the well-trodden
path steal the day and prune promising young roads into just yet more blind ends where proteins

are treated as over-simplified cogs?

At this teetering juncture, it becomes ever more critical to demonstrate credible alternatives to the
default mechanomorphic modus. Though there may be many substitutes, for the sake of revealing
what is currently neglected, there can be no better alternative than Jane’s core modus -
anthropomorphization. Following Jane in scientific spirit if not in exact methodology, the human cell
reveals itself as a collaborative ecosystem with centralized organization. More coordinated than any

ecological biome, the cell most closely resembles a human city.

Proteins, the de facto citizens of this cellular city, specialize into narrow professions, mature
through personal development, build relationships with peers, and can even be said to
communicate with one another via a sign language of embraces.* In other words, there are
deep-seated similarities between protein society and our human society. The blind dismissal of
anthropomorphization as a valid scientific approach forces researchers to ignore these similarities
and underestimate the potential complexity of protein behaviors. Just as Jane Goodall embraced the

tools of anthropology to reveal previously hidden depth to chimpanzee societies, molecular
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biologists should begin embracing the same anthropologic tools if they want to unlock deeper

understanding of the protein world.

The anthropologist’s tour of the cellular city

So what are these tools of anthropology? Inarguably, the foremost and most important tool is
participant observation. As first formalized by Bronistaw Malinowski, participant observation asks
anthropologists to live with their subjects, participate one-on-one in their daily routines, and
observe their natural behaviors over long time periods.® Perhaps it should come as no surprise that
contemporary molecular biology takes almost the exact opposite approach. Rather than following
individual proteins on their unique journeys, the field focuses instead on protein systems as a
whole, modelling interaction circuits generalized across short timeframes and migratory maps

generalized across populations.

So the question becomes - what might we find in following individual proteins as they swim through
their daily routines? On a street level tour of the cellular city - what inherent similarities and
dissimilarities might we discover to our own human cities? A true tour has yet to be taken and will
require coordination of multiple emerging technologies to be discussed later. But in the meantime,
working with what we have now, it is still possible to construct a small peek of protein narratives by

carefully reading between the lines of the large protein databases.

The inescapable first impression of human cells as communities is that they are absolutely massive
in scale. Protein societies completely dwarf human societies. The most populous human city on the
planet is Jakarta with a population of ~42 million souls. But Jakarta is still tens to hundreds of times
less crowded than the least populous human cell, a red blood cell which features ~300 million to a
few billion proteins.® And it’s not just a matter of sheer size but also complexity. Scientists tally
~4,850 distinct molecular functions - i.e., protein jobs - in human cells. That’s more than three times

the number of unique human jobs cataloged in human cities ~ 1,300.”

Yet despite the scale difference, human cities and human cells share a large number of similar

occupations. Protein lyases and hydrolases work together in the cell like crews of loggers to saw
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down great trunks of sugar and fat into kindling. Ferritin and metallothionein proteins store
precious metal ions in the cages of their bodies like nanoscopic vault keepers. And there is a whole
host of proteinous civil engineers, welders, and craftspeople who build the highways, reservoirs,
and walls of their molecular cityscape. The remarkable resemblance in organizational structure
potentially hints to size-invariant selective pressures which govern resource management and
allocation for both city and cellular evolution. Whatever the cause, the similarity is certainly helpful

in building an intuition for anthropological study of protein subjects.

One class of proteins with a particularly human role are Peroxiredoxins, or Prxs, that stop oxidation
- quite literally fighting fires. There are, of course, physical differences between human and protein
firefighters; instead of manning proud red trucks, each Prx drives a pentagonal ring. They patrol
through their assigned sectors, noses turned up for the figurative smoke of free radicals.? And when
they find a blaze, Prxs leap upon it before it can spread, quenching the burning molecules against

reactive cysteine residues tucked into each crook of their five elbows.

Because they barrel directly toward the conflagration, Prxs are often the proteins most critically
burned. When a Prx falls, its last act is often to radio for backup, akin to calling in a five-alarm fire at
the nanoscopic scale. Within milliseconds, the cry for help travels to every corner of the cell. In
response, all proteins with any ounce of firefighting ability rush to the site of the blaze. Antibody
staining and other popular proteomic methods can observe the mass migration of aid. But the story
of the single heroic Prx - exactly why it sacrifices itself, how it might behave differently from its Prx

peers, and what it does in its last moments burned and dying - has yet to be prioritized in science.

The special method which picks up the brave Prx’s farewell cry for help, and the secret to how its
call can be so quickly spread is yet another occupation that humans and proteins have each

separately evolved: project management.

In a process called phosphorylation, a protein will “tap upon the shoulder” of its fellow protein,
directing it to a new task. In fact, there are whole legions of specialized proteins called kinases

whose singular purpose is to tap other proteins on their metaphorical shoulders. More than 500
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species of human kinases fall into this aristocratic caste, born to do nothing more than boss around

other proteins.’

The most extreme demonstration of this bureaucracy comes when a kinase taps another kinase on
the shoulder, who then taps another kinase, who taps another kinase, and so on, triggering an
avalanche of middle management. Counter to the intuition of those who have suffered at the hands
of human middle managers, evolution has chosen to preserve this behavior in proteins over billions
of years. If each kinase taps two kinases on the shoulder, then the two kinases tap four kinases, and
so on, a branching tree of signal quickly spreads throughout the cell. So, just like in human
organizations, cellular middle management amplifies a signal; one order from on high directs

thousands of workers below.

But can such an intensely bureaucratic hierarchy really exist without some level of friction? Mustn't
there be at least some jockeying for prime positions between protein middle managers? What can
lead to “promotion” of one kinase over another? These questions can only be speculated at until

more anthropological methods of proteomics are brought to bear.

Another core feature of protein society is an alarming devotion to military might. Between detecting
danger from viral or bacterial threats, firing up engines of war, and spreading the alarm, fully 20-30
percent of all protein species are employed in the business of defense within the most militant
human cells.’ (For context, in 2024, the US spent less than 3.5 percent of its GDP on defense).!* The
most straightforward way to understand this obsessive devotion to killing is that cells are indeed
fortresses besieged by conflict; at any moment, a tide of villainous viruses or bacteria could bring

protein society to existential ruin.

True to their human counterparts, the protein soldiers within such a conflict-riddled society can
experience great fatigue and injury. Fortunately, there are molecular healers, such as heat shock
proteins, which administer aid to such victims. Proteins damaged beyond salvation, however, are

triaged with the tag of death: ubiquitin.
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Any protein marked with ubiquitin is stalked relentlessly by barrel-shaped wood chippers called
proteasomes. When they are inevitably caught they are recycled back as nutritional slurry to the
mother ribosome. It is perhaps telling that ubiquitin was named before its grim role was
understood, when the only clear fact about this chemical tag was its ubiquity throughout all human
cells. There is truly nowhere to run for the damaged, weak, and old of protein society; each is

rounded up, slaughtered, and chewed for the greater good.

Herein lies perhaps the most significant difference between the human and protein worlds: our
society holds tight inalienable rights of life and dignity, whereas protein society has no time for such
privileges. Protein society has developed instead a de-centralized, ruthless governance interested in

only efficiency and utility.

But this evolution towards an increasingly regulated society should perhaps come as no surprise.
Have not human civilizations experienced a very similar trajectory of increasing legal oversight?
From the flexible governance of hunter-gathers akin to “cell-less” proteins to “single-cell” city-states
and now “multi-cellular” nations, human society has evolved ever more strictly kept laws with each
step of social development. In fact, scholars even hypothesize that more stringent laws were the
crucial technology that allowed for each progressive step in human societal development.'? Could

not the same be true for protein societies?

The selfless stoicism of modern proteins seems directly selected for by the sheer scale of
multicellular life. The body of an average adult human being contains somewhere in the
neighborhood of 37 trillion cellular cities'?, each home to billions of protein citizens.'* Far from a
safety in numbers, such an enormous civilization is extremely vulnerable, at risk of being toppled by
even just a few wayward agents. We have a name for such rebellious proteins — prions — who

cause mad cow disease and are implicated in Alzheimer's and Parkinson's, too.

The prion’s danger comes in the form of an unorthodox shape, bodies contorted into geometrically-
stackable bricks. Innocent bystanding proteins find themselves taken by prions, forcibly deformed

into identical bricks, and cemented onto the burgeoning brick stack. If the chain reaction is too
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strong, it is only a matter of time until the cell collapses, the misfolding spreads, and the human dies,

all from an initiating cadre of no more than a few dozen prions.*®

Where next for anthropological molecular biology?

Prion rebellions, death tags, and managerial shoulder taps - are just three examples of modifications
a protein can receive from their peers. Broadly these modifications can be grouped into two camps -
Post-Translational Modifications (or PTMs) which cover all chemical alterations - and
conformational changes - which cover all structural alterations. As is abundantly evident
throughout the cellular tour, PTMs and conformational changes are responsible for massive shifts in
protein behavior and cellular function. They are also widely adopted, with most proteins receiving
at least some form of a PTM and the most versatile proteins accepting dozens to hundreds of PTMs

(with compounding, combinatorial effects).'®

Despite their importance, PTMs and conformational changes are criminally understudied compared
to primary protein backbones. Here yet again the field’s mechanomorphism raises its ugly head. By
its mechanistic assumption, proteins are seen as fungible cogs - any two from the same genetic

blueprint are treated as interchangeable. It’s a perspective that denies reality.

We know that every protein is a unique product of its societal environment. Twin proteins born by
the same ribosomal mother and from the same genetic blueprint, will inevitably experience
different modifications as they age, maturing into distinct individuals. A past trauma, a partner’s
embrace, a biochemical promotion all leave their lifelong imprints upon a protein’s actions and

molecular preferences.

A concerted effort to chronicle individual proteins on their modification journeys is long overdue.
But here, finally is good news - such studies are solidly within technological reach. For decades,
PTM-specific and conformation-specific antibodies have languished at the fringes of molecular
biology. It was not until recent advances in Al protein models such as AlphaFold and RFDiffusion,
that PTM-specific and conformation-specific antibodies became cheap and reliable to design. At the

same time, single molecule tracking is finally maturing into a dependable technology and robust
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multiplex assays, capable of tracking up to thousands of DNA-barcoded proteins, are just on the

horizon.

The combination of these three technologies lead to a modern marvel: long-term observational
experiments tracking individual proteins through a living human cell. Not only their locations, but
also which specific peers each protein interacts with and how such “social” interactions impact each
protein’s personal growth and behavioral changes. Such an experiment is too big for a single lab to
pull off alone - but as a large-scale collaboration, given the current investment appetite in the field,
it is well within reach. And would certainly reveal far more depth per dollar than just another

large-scale atlas or exhaustive database of which there are already dozens.

If molecular biologists can learn from primatologists, this decade will see the first true “memoir” of
a protein be told. Such a project would shatter the “census”-taking paradigm of virtually every

previous large-scale experimental effort. It will not be easy. It will make Goodall proud.

Finally, what would be revealed in such an experiment is beyond anybody’s wildest guess. Imagine a
hermit historian who devotes their entire life to reading and meticulously cataloging every detail of
a foreign city. When finally the day came and they could step into the city itself, would any mountain
of census data prepare them for the sights and sounds and smells surrounding them? Or would the

stories and day-to-day lives of the citizens overflow every shadow they had ever imagined.
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