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On the Origins of Life

Helen Hansma, reply by Brian Miller

In response to “Hot Wired” (Vol. 5, No. 2).

To the editors:

The perspective Brian Miller and Jeremy England bring to
their essay on the origins of life is that of physics. Yet the
origins of life are, ultimately, chemical and biological. In
Miller and England’s account, the biology and chemistry
are weak.

“If even one enzyme were missing,” Miller writes,
“all metabolic processes would cease..” Not so. Some
metabolic processes would cease, but many metabolic
processes are independent of any specific enzyme in living
cells, and no enzymes were needed at the earliest stages of
life’s emergence.

Picture a biomolecular ecosystem of noncellular pro-
to-life. Autocatalytic networks of reactions occur in
environments that support these reactions. Only a few of
the chemically possible reactions occur.! There are hun-
dreds of different amino acids, but proteins in living cells
contain only twenty varieties. RNA molecules evolve in
isolation and grow by ligating or joining together in the
presence of other RNA molecules.> Almost everything
fails. Error tolerance is a major requirement for the origins
of life.? The molecules of life accumulate and grow in tiny
steps. Slowly, over millions and tens of millions of years,
the molecules modify their environment and increase in
complexity, becoming capable of more complex processes
and the storage of more information. The prebiotic eco-
system eventually contains all the components necessary
for life, but there are still no living cells. Fragments of
this ecosystem are continually breaking off and moving
into the external environment, often after being encap-
sulated in lipid membranes. Nearly all of these fragments
are lacking some essential components of a living cell and
are not alive. But occasionally all essential components of
a living cell are enclosed in a membrane, forming a living
cell. Nearly all of these living cells die, too. But not all of
them.

My favorite embodiment of this ecosystem is in the
spaces between mica sheets, which provide many cell-

like compartments for emerging life processes.* Between
some mica sheets, there are crowded spaces where RNA
molecules can combine and grow. Between other mica
sheets, there are many relatively empty spaces where RNA
molecules can evolve without being outcompeted by the
most successful RNA-copying ribozyme.® Molecules dif-
fuse between the many compartments within the mica
sheets. The negatively charged mica sheets have posi-
tively charged potassium ions between them, just like the
cytoplasm of living cells, which have high concentrations
of potassium ions. The mica sheets are crystalline, with
negative charges spaced 0.5 nanometers, or 5 angstroms,
apart. This is the same spacing as the phosphate groups in
extended single-stranded DNA and RNA from living cells.
The mica sheets are a template for building RNA and DNA
with the same structure as that found in living cells. The
RNA and DNA on the template of mica sheets do not have
the kinks and other defects that form from incorrect link-
ages. The RNA and DNA have only one phosphate group,
not two, between each sugar-base unit, because that is
what fits on the template. The mica sheets have an end-
less energy source from the work of opening and closing,
stretching and pressing the molecules between them.

According to Miller, moving mica sheets could not “have
generated more than a tiny fraction of the required free
energy.” He offers no evidence to support this claim. If the
mica sheets move even one angstrom closer together and
have a spring constant stiff enough to provide 170 picone-
wtons of force, they can push together two molecules to
form a covalent bond.® The equation for a spring constant,
F = kx, shows that a spring constant of 1.7 newton-meters
would suffice. The spring constant of the mica depends on
the number of mica sheets in the layer that is opening and
closing. Each mica sheet is approximately one nanometer
thick. Only about seven mica sheets are needed to provide
this spring constant.” Mica does indeed provide an endless
energy source with more than enough energy to create the
molecules of life.

“Enzymes are essential for energetically favorable reac-
tions,” Miller asserts, “since most reactions are too slow to
drive cellular operations.” Not so. Enzymes are not needed
as life is starting to emerge. Energetically favorable reac-
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tions will, by definition, proceed, albeit slowly. Enzymes
catalyze these energetically favorable reactions. Before
life existed, there was no time pressure and if the reaction
proceeded, that was enough. Before life arose, the dog-
eat-dog world of living systems did not exist. Now there
are RNases everywhere. Enzymes that degrade RNA are
deposited on every surface our fingers touch.

Both authors discuss the probability of life. But life is
a multistep process. Consider the probability that a fertil-
ized egg, the fusion of egg and sperm, weighing less than
one microgram, will create a living human being weighing,
perhaps, three kilograms, in only nine months. The womb
provides an environment in which this remarkable pro-
cess can occur with a reasonable probability. Earth is the
womb from which life emerged. In one or more favorable
locations, molecules reacted and combined. And living
cells were born.

“DNA in water falls apart spontaneously on the times-
cale of millions of years,” England points out, “and RNA
and protein degrade thousands of times faster.” What
living things survive for millions of years, or even thou-
sands of years? There are a few trees and seeds of that age,
but their DNA is well protected from water.

Indeed, water can be a problem for biological polymers.
When they are wet, biopolymers fall apart. Amino acids
polymerize to form peptides and proteins when the water
dries up. But when the peptides and proteins get wet, they
hydrolyze, releasing the free amino acids.® The peptides
and proteins need to shelter in a dry place, like the spaces
between mica sheets, if they are to survive and grow.

“The essence of what we may most want to know about
life,” England remarks, “has to do with its probability.”
Instead, T would ask these questions: What are the con-
ditions necessary for life? When these conditions are
present on a planet, what is the probability that life could
gradually emerge from the planet’s womb over millions
and millions of years? It happened on Earth, but has it
happened on other planets?

Helen Hansma
Brian Miller replies:

In my exchange with Jeremy England, I argued that the
earliest stages of life’s origin required advanced molecular
machinery to provide a steady supply of chemical energy
and large quantities of information.’ In her letter, Helen
Hansma contended that sufficient energy could have
been provided by moving mica sheets. Hansma developed
her mica hypothesis for the origin of life as an extension
of her pioneering work on biological research with the
atomic force microscope. In her response to us, she also
asserts that preexistent information would not have been
required since a cell could have gradually emerged from
such precursors as autocatalytic chemical networks and

evolving RNA molecules. In reality, the research she cites
only further reinforces my thesis.

Hansma envisions that spaces between adjacent mica
sheets embedded in rocks along the ocean floor could serve
as the staging ground for the formation of the first cell. In
her model, the relative motion of one sheet toward a neigh-
boring one mechanically forces molecules together. Either
the repulsive electrostatic force is overcome and a cova-
lent bond is formed between the molecules, or the motion
breaks them apart. The mechanical energy of the sheets is
converted into chemical energy. The critical flaw in this
scenario is Hansma’s claim that mica might potentially
provide sufficient mechanical energy for such a process.
The efficiency of energy conversion in an ancient marine
environment is far too low for the model to be plausible.

Numerous factors would have limited the mechano-
chemical energy production density—generated power
per square area of mica sheet surface—to an exceedingly
small value. All realistic mechanisms for synthesizing the
molecular building blocks, e.g., amino acids, sugars, lipid,
and metabolites, yield most as minority products in an
intractable mixture with numerous other molecules.”” In
addition, the different building blocks must have origi-
nated in different local environments," meaning that many
would have needed to travel significant distances to reach
the prebiotic cradle. Such a journey would have greatly
diluted their concentrations. As a consequence, it seems
exceedingly unlikely that the right molecules would have
been able to position themselves directly opposite each
other in just the right orientations against neighboring
mica surfaces with just the right topologies at just the right
time for the motion of the sheets to power any biochem-
ical reaction. Just one such event occurring each second
within a 1-cm? area would have been stunningly fortuitous.

In stark contrast, bacteria with all levels of complexity
must generate at least 10,000 ATP molecules/second/um?
within their cell membranes to simply maintain their integ-
rity against the constant thermodynamic forces disrupting
their homeostatic stability.!? A drop in power results in
metabolism halting and the cell irreversibly decomposing
into an amorphous conglomeration of simpler chemicals.
The required energy production rate corresponds to 1 cm?
of a mica sheet driving trillions of energetically unfavor-
able reactions every second.

The challenge lies in the fact that any prebiotic chem-
ical system gradually moving away from equilibrium
experiences increasingly strong thermodynamic forces
pushing it back toward equilibrium.” In turn, the system
would require an increasingly large supply of chemi-
cal energy just to counterbalance these forces and even
greater amounts to continue its progress toward an auton-
omous cell. Mica sheets could never have supported even
the earliest stages of any origin-of-life scenario.

Hansma’s confidence is equally misplaced regarding
the capacity of autocatalytic chemical networks and evolv-
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ing RNAs to bypass the need for preexistent information.
Any evolving system of chemical processes would favor
those that move the fastest towards lower free energy.
In contrast, nearly every metabolic reaction within a cell
does not occur spontaneously without supplied energy.
If it were otherwise, the cell would be too slow to com-
pete with countless other possible reactions in an ancient
marine environment. Even if all life-relevant processes
could occur as easily as abiotic processes, the chances
that a random set of reactions and molecular structures
coalesced into a viable cell is far too small to have ever
occurred without high levels of orchestration.™
The key obstacle was described by Harold Morowitz:

Networks of synthetic pathways that are recursive and
self-catalyzing are widely known in organic chemistry, but
they are notorious for generating a mass of side products,
which may disrupt the reaction system or simply dilute
the reactants, preventing them from accumulating within
a pathway. The important feature necessary for chemical
selection in such a network, which remains to be demon-
strated, is feedback-driven self-pruning of side reactions,
resulting in a limited suite of pathways capable of concen-
trating reagents as metabolism does.”

The response to this challenge has been to appeal to
prebiotic natural selection. Michael Russell, an architect
of the hydrothermal vent origins model, remarked:

We claim in particular that it is untenable to hold that
life-relevant biochemistry could have emerged in the
chemical chaos produced by mass-action chemistry and
chemically nonspecific “energy” inputs, and only later
have evolved its dauntingly specific mechanisms (as a part
of evolving all the rest of life’s features). Instead, we claim,
it had to have been launched simple and “specific” and
thereafter have been forced by the scythe of natural selec-
tion to maintain the necessary specificity standard at each
evolutionary increment in complexity.*®

The obvious problem with the selection hypothesis is
that prior to the emergence of self-replicating cells, natu-
ral processes would have always favored lower free-energy
states, moving any chemical system away from life, rather
than toward it.

Scenarios that begin with evolving RNAs are even less
tenable. RNAs can only grow, combine, or replicate with
the assistance of catalytic RNAs, namely ribozymes, facil-
itating the process.” The likelihood that such RNAs were
residing in a confined locale in sufficient concentrations
to sustain RNA evolution is infinitesimal.!® Even if one
assumed prolific evolution, the dominant RNA versions
would quickly become those that specialize in efficient
replication and consequently performed few, if any, other
useful functions.”

The catalytic capacities of RNAs even under highly
directed selection are too limited to serve anything but
the simplest of biological functions.?’ If linked to molec-
ular cofactors, their capabilities may increase, but chance
interactions with proposed candidate molecules on the
early earth would have been exceptionally rare.?® At a
more foundational level, RNA strands sufficiently long to
perform any biochemical function could not have even
emerged in non-trace quantities on the early earth,? par-
ticularly in a marine environment.?® The probability of
multiple RNAs with biologically relevant capacities con-
verging in the same microenvironment is vanishingly
small.

As discussed in my essay, the only way a complex chem-
ical network could sustain itself far from equilibrium is
if it was controlled by a highly specific set of enzymes, or
their equivalent, whose amino-acid sequences contain
large quantities of functional information.?* The need for
information to maintain a cell’s low-entropy state has been
articulated by Yasar Demirel:

The ATP synthesis, in turn, is matched and synchronized
to cellular ATP utilization processes, since energy and
matter flows must be directed by the information for them
to be functional and serve a purpose. For living systems,
the information is the cause and the entropy reduction is
the result:

Energy + Matter + Information — Locally reduced entropy
(Increase of order)®

Even the most conservative models of a minimally
complex self-sustaining cell correspond to more than 100
proteins and more realistic analyses estimate much larger
quantities.?® Multiple copies of most proteins are also
required to sustain cellular operations.?’ Compounding
the problem, proteins have a limited lifespan, so they must
constantly be replaced. They do not self-replicate, and
RNAs are too unstable for long-term information storage.?
A cell’s minimal requirements must therefore include the
protein sequences being encoded into DNA, and the cell
must possess the DNA-protein translational machinery
to access the encoded information and implement it in
the manufacture of new proteins. The regulatory regions
of DNA are required to tightly control the quantities and
timing of protein production to maintain a stable metabo-
lism.? The total information requirement almost certainly
exceeds a million bits.

Hansma’s response in no way challenges the conclu-
sion that the origin of life must have involved a sudden
transition from a primordial chemical system into an
autonomous cell, and that transition must have included
the instantiation of complex energy-production machin-
ery and a large infusion of information. Explaining such a
saltation event requires a radical rethinking of the role of
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information in life’s inception as suggested by Sara Walker
and Paul Davies:

On practical grounds alone, we need to remain open to
the possibility that the causal efficacy of information may
amount to more than a mere methodological convenience,
and might represent a new causal category not captured
in a microstate description of the system. What we term
“the hard problem of life” is the identification of the actual
physical mechanism that permits information to gain
causal purchase over matter. This view is not accommo-
dated in our current approaches to physics.*

Helen Hansma is a Research Biophysicist Emeritus in the
Department of Physics at the University of California,
Santa Barbara.

Brian Miller holds a PhD in physics from Duke University.
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