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Summary The biochemical function of many parts of the genome, transcriptome, proteome, and interactome remain
largely unknown. We propose that portions of these fundamental building blocks of life have no current biochemical
function per se. Rather, sections of these ‘‘omes’’ may contribute to an inventory of biochemical parts and circuits that
participate in the development of emergent functions. Low fidelity deoxyribonucleic acid replication, transcription,
translation, and post-translational modification all represent potential mechanisms to produce an inventory of parts.
Stochastic processes that influence the conformations of ribonucleic acid molecules and proteins may also contribute to
potential biochemical inventory. Some components of the biochemical inventory may enable future adaptations, some
may produce disease, and some may remain useless. The function of many of these components await discovery, not by
science, but by evolution. While carrying such purposeless biochemical units may appear to dilute fitness by exacting a
thermodynamic cost, we argue that net fitness becomes enhanced when considering the value for potential future
innovations. One can envision components that intermingle, interact, and act out mock pathways, but in most cases
remain molecular bridesmaids. Given sufficiently low thermodynamic cost, such stochastic cycling may persist until a
markedly advantageous or cataclysmically disadvantageous trait emerges. Maladaptive screening and utilization of
inventory content can lead to disease phenotypes, a process buffered and regulated in part by the heat shock protein
and stress response network. Whereas failure of the ubiquitin pathway to recycle misfolded proteins has become
increasingly recognized as a source of disease, protein misfolding may itself represent one step in a process that
maximizes functional innovation through increasing proteomic diversity. Fractal correlates of these processes occur at
the organizational level of cells and organisms. That the abnormal accumulation of units induces local collapse may
serve to limit the extension of damage to the greater system at large. The immune and cognitive systems that selectively
sample and prune environmental content may serve as additional portals for innovation.
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Hypothesis

Energetic efficiency constitutes an important dri-
ver of evolution. We propose that evolution also se-
lects for designs that exhibit robust performance of
existing biochemical functions and the potential
for adaptive generation of novel functions. Such
design features provide a buffer against environ-
mental fluctuations and allow organisms to adap-
tively fill environmental niches. This hypothesis
implies that organisms may harbor a large content
of biochemical inventory with no specified func-
tion. This biochemical inventory may be carried
in the genome, transcriptome, proteome, or on a
synthetic basis in the interactome. During the life
span of an organism and across generations, novel
functions may emerge within these broad catego-
ries that either enhance or reduce fitness. In hu-
mans, such emergent functioning of biochemical
inventory may contribute to both health and
disease.
Evidence

The genome: current junk as future
innovations

The function of many parts of the genome cur-
rently remains unknown [1]. More than 90% of the
human genome has been designated as ‘‘junk’’
deoxyribonucleic acid (DNA) whose function re-
mains unknown [2–5]. With the notable exception
of certain species of frogs and amoebae, most
organisms possess a genome of smaller size than
that found in humans. However, size does not nec-
essarily connote actively expressed content: the
puffer fish (fugu) genome constitutes one-tenth
the size of the human genome, yet appears to have
a relatively similar number of genes [6].

Given the competition for efficiency, the pres-
ence of useless molecular units in many higher
eukaryotes in the form of DNA seems unusual, since
each additional base pair of DNA exacts an obligate
thermodynamic cost that would seem to impair
efficiency and fitness. In our model, ‘‘junk’’ DNA
would contribute to the inventory of current bio-
chemical parts available to generate emergent
functions. In terms of fitness, as long as the net
present value of future utility of these parts ex-
ceeds their current carrying cost, organisms can
justify carrying currently useless ‘‘junk’’. This
notion is supported by evidence that genome size
inversely correlates with evolutionary rate [7]; in our
model the extra content carried in larger genomes
would obviate the need for more dramatic evolu-
tionary drift and speciation. Our model would pre-
dict that mature, stable environmental niches
would favor organisms that are maximizing current
efficiency and living in the moment over those that
are carrying excess ‘‘junk’’ and not maximizing
current utility. On the other hand, less mature
unstable environmental niches with emergent
stress or opportunity may favor those organisms
which appear inefficient and which carry an excess
inventory of ‘‘junk’’ parts over those that seem-
ingly maximize current efficiency. In either case,
the net present value of the future stream of fit-
ness gains remains a useful metric for analysis.

Apparently non-functional regions of DNA can
serve as repositories for content in several ways.
The genetic sequence directly regulates DNA repli-
cation in part [8]. Although DNA replication gener-
ally occurs under exacting content and chronologic
control [9], genetic shift and drift may also consti-
tute regulated events. Dedicated sections of the
genome may control the probability that micro
and macro changes in the genome occur. Indeed,
certain regions of the genome exhibit higher rates
of sequence diversity than other regions [10],
with immunoglobulin gene recombination and so-
matic mutation constituting an extreme example
[11,12]. On a different time scale, speciation and
chromosome rearrangement may represent a pro-
grammed phenomenon. In cancer, control of this
process becomes subverted, thereby accelerating
the pace of evolution. Therefore, the vast poten-
tial content carried by non-coding portions of the
genome may contribute to the complexity of the
cancer phenotype.

The genome also directly regulates RNA produc-
tion. Genomic DNA serves as a docking station for
chromatin, for transcription factor binding, and
for the assembly of transcription complexes [13–
15], all of which play central roles in controlling
RNA production and processing. Sophisticated fold-
ing and looping machinery is also embedded in
genomic sequence [16]. While certain binding sites
and positioning elements play critical and non-
redundant roles in regulating gene expression,
organism viability may not necessarily require
many features of gene expression. For example,
variant histones are positioned at specific sites in
yeast and higher organisms [17–19]; however,
yeast strains harboring deletions in some histone
subtypes remain viable, suggesting that the histone
positional matrix as directed by genomic sequence
carries dispensable information [20]. Organisms
may use such optional material in times of environ-
mental stress or in the development of new path-
ways that facilitate tailoring to niches. A recent
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argument has posited that adaptive evolution in
Drosophila may utilize non-coding DNA [21].

DNA can also function directly as an epigenetic
substrate [22,23]. Although epigenetic modifica-
tions can influence gene expression and replication
timing, to what extent this form of information has
undergone pre-selection remains unknown. Environ-
mental influences can alter methylation patterns in
mice –which then pass on to their progeny [24–26].
External forces can also alter the methylation pat-
terns of plant DNA [27,28]. DNA sequences thus
may exert an emergent regulatory influence on ac-
tively expressed genes. As such, these sequences
may contain unspecified information that awaits
environmental instruction. Although each poten-
tially methylated region of DNA may have withstood
a high degree of selection to confer specific regula-
tory information in certain environments, novel
environments that modify methylation patterns
would clearly enable the DNA sequences involved
to provide new, context dependent instructions to
the cell. The intriguing possibility remains that
methylation emerged as a hydrocarbon signature
to endow an additional dimension of functional plas-
ticity in response to changing energy conditions.
The transcriptome: a world of unrealized
content

The ribonucleic acid (RNA) transcriptome contains
an enormous amount of biologic content. Tradi-
tional considerations have presumed RNA to func-
tion predominantly as a template for protein
production. However, increasing evidence suggests
that RNA processing affords a major opportunity to
generate additional biochemical function. Portions
of unprocessed RNA molecules modulate splicing,
RNA half-life, RNA–protein interactions, and RNA
localization [29–33]. Each of these processes of-
fers a substantial opportunity to diversify content.

Splicing may afford the most compelling exam-
ple of this principle. The control of alternate splic-
ing has become the subject of intense investigation
[34,35]. For the majority of coding units, research
has not fully explained the contribution of alter-
nate splicing to pools of messenger RNA. In some
cases, careful investigation of alternate splicing
patterns for a given gene has led to identification
of a surprising amount of alternate spliceoforms.
In Drosophila the dscam locus can yield over thirty
thousand alternate RNA moieties implicated in the
generation of both immune and neuronal diversity
[36–38]. Indeed, random alternate splicing from
a gene with 17 exons could theoretically give rise
to more than 100,000 distinct proteins.
Recent discoveries have shown that an enormous
amount of RNA transcribed from DNA does not
undergo subsequent translation into proteins [39–
41]. The functioning of these so-called ‘‘non-cod-
ing’’ RNAs remains under study. Larger non-coding
RNAs that undergo seemingly random transcription
could potentially form functional structures that
participate in defined biochemical reactions. Alter-
natively, they may contribute random biospace
content that participates in expanding the interac-
tome, the conceptual space which encompasses all
reactions that occur within a system. Certain envi-
ronmental circumstances may compel reinforce-
ment of nodes within the interactome that utilize
non-coding RNAs as adaptive molecular bridges.
Epigenetic stabilization of the transcription of a gi-
ven non-coding RNA moiety may also occur as part
of a selective process.

Interest has recently developed in engineering
RNA aptamers that recognize small molecules
bound to proteins [42]. The feasibility of this ap-
proach as reverse engineering of the cataloging
process for content suggests that non-coding RNAs
may play a major role in responding to novel com-
pounds encountered in the environment. Previous
work has implied that non-coding RNA can function
as a primitive immune system with recognition of
nucleic acid sequences in viruses [43]. However,
our model does not limit the scope of RNA based
recognition to other nucleic acids. Processes such
as reverse transcription may theoretically enable
RNA-based molecular recognition to incorporate
more durable paradigms of response into the gen-
ome itself [44].
The proteome: heterogeneous folding
promotes diversity

Ample evidence supports our hypothesis with re-
gards to the proteome. While certain proteins with
well defined biochemical functions are highly con-
served across many species, the specific roles of
many other proteins remain unknown. Although in
many cases purpose may eventually become appar-
ent, large parts of the proteome may not possess a
current biochemical function per se. As certain se-
quence polymorphisms promote alternate protein
structures, folding variability has increasingly be-
come considered as dysfunctional, as recognition
of its role as a source of human disease increases
[45–47]. Deleterious misfolds that escape surveil-
lance may represent occasional maladaptive
byproducts of an otherwise robust process that
maximizes functional innovation through increas-
ing proteomic diversity.
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In addition to obligate thermodynamic and alter-
nate sequence contributions to heterogeneous pro-
tein folding, in some cases variability in protein
folding may undergo adaptation to provide a source
for greater proteomic diversity. Recent data sug-
gests an unexpectedly high a-galactosidase A mis-
folding rate among normal individuals. A recent
clinical trial sought to assess the safety of a chap-
erone drug designed to help patients suffering from
alpha-galactosidase A deficiency due to misfolding.
Normal volunteers also showed marked increase in
a-galactosidase A levels with use of the drug, sug-
gesting the tantalizing possibility that a high level
of baseline misfolding may exist in many if not all
proteins of normal individuals. Misfolding may
serve an adaptive function when the net present
value of fitness associated with diversity-enabled
future innovations exceeds the present carrying
costs of the misfolds and any associated diseases.

Sequence diversity within exons can also mani-
fest as protein diversity. Work by Lindquist and col-
leagues has shown that systems exist to buffer
potentially emergent properties of mutations or se-
quence changes via the heat shock protein (Hsp)
system [48]. Times of cellular stress provoke re-
lease of this silent additional content. Natural
selection will then presumably promote retention
of buffered mutations that confer survival advan-
tage under certain conditions. Large capacitance
within the buffer systems themselves would also
prove advantageous under rapidly changing envi-
ronmental conditions. In the context of an appro-
priate deployment system, this capacitance
represents a proteomic form of content inventory
awaiting function.

The potential for enzymatic modification of pro-
tein substrates may serve as another source of com-
binatorial proteomic diversity. Although certain
protein modifications function as critical molecular
switches in response to signals, these alterations
may represent the exception rather than the rule.
Indeed, althoughmultiple sites for phosphorylation,
sumoylation, glycosylation, acetylation, palmitoy-
lation, and/or ubiquitination exist in many proteins,
defined biologic function for these domains in many
specific contexts remains unidentified [49,50].
These malleable domains may have yet to undergo
recruitment into a functional biochemical activity.
If random changes confer an advantage under spe-
cific environmental conditions, they may become
linked to specific signaling events. Potential flexi-
bility in protein domains thus provides additional
biochemical inventory.

Proteins, misfolded and otherwise, undergo pro-
teolysis by the ubiquitin-proteasome system (UPS),
with recycling of the yielded components. As with
misfolding itself, failings of this recycling system
may also participate in the pathogenesis of disease
[51]. Whether proteolytic churning relies on any
particular regime to select among proteins remains
unclear. One might anticipate that an intelligent
selection regime would confer significant selection
advantage.
The interactome: a universe of functional
inventory

An alternative conceptual paradigm for inventory
involves considering biochemical function as a ma-
trix known as the interactome that encompasses all
interactions between biochemical units in a cell.
That the interactome contains interactions that
have no defined purpose represents a corollary of
the notion that the genome, transcriptome and
proteome harbor ‘‘extra’’ biochemical units.
Although regulation of putative deleterious inter-
actions may occur via modulation of constituent
parts or additional control systems such as shuttles
and degradation, random interactions could also
modify cellular phenotype. Previous work has pro-
posed that alternate splicing of RNA can serve as
a network control element, whereby distinct inter-
actomes can arise in response to a stimulus at the
level of RNA processing [44]. A stochastic compo-
nent to interactome selection at any level would
potentially allow for adaptive evolution.

One potentially intriguing class of interactions
involves an expansion of the concept of prions. A
prion is a protein conformation that can induce a
similar folding conformation in other identical pro-
teins [52,53]. Thus, a prion suffices to catalyze a
protein phenotype to pass between cells. General-
ization of this concept leads to consideration of
auto-regulatory loops that depend on the presence
of a given protein in a given conformation. For
example, suppose a protein X exists in two possible
conformations A and B. Conformation A self-in-
duces more expression of Protein X. Conformation
A, which possesses energetically unfavorable fea-
tures and occurs only in acidic conditions, can be-
come catalytically induced in an emergent
fashion at normal pH by the environmental pres-
ence of another molecule. In this model, simple
exposure to conformation A will stably increase
expression of Protein X. If the inductive molecule
remains unprocessed and persists within the cell,
unrestrained production of protein X may occur,
with resultant deleterious effects. Cell death might
then release the molecule; uptake by neighboring
cells may then induce another round of unre-
strained protein X production, albeit amplified.
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Food additives and drugs may represent particular
classes of agents which function in this fashion as
inductive molecules.

For complex organisms to process proteins at
such an inefficient rate, and for promiscuous inter-
actions to occur between proteins within the bio-
space, incurs not only a large thermodynamic
cost but also a risk of disease. We postulate that
this arrangement represents a type of Faustian bar-
gain – protein misfolding, along with other facets
of DNA, RNA and protein production and processing
that exhibit low fidelity, can then serve as a rich
source of component diversity. The generation of
variety may not yield substantial or immediate
benefits in terms of new functions, and may even
predispose to disease. However, as long as the
net present value of future innovations exceeds
the current carrying costs, such processes will per-
sist and continue to create diversity. One can envi-
sion misfolded proteins as components that
intermingle, interact, and act out mock pathways.
In most cases, such random associations, driven by
thermodynamic conditions, lead to inconsequential
outcomes, and the components remain molecular
bridesmaids. However, given the low cost of having
such processes continue, such stochastic cycling
may persist until a markedly advantageous or cata-
clysmically disadvantageous trait emerges.
Implications

We propose that the sorting and recycling of extra
content may both promote diversity and give rise
to disease in an inherently stochastic process. This
assertion carries three significant sets of implica-
tions: one with respect to the fractal consideration
of the nature of information in systems at all lev-
els, and two concerned specifically with the func-
tion of the immune and cognitive systems.
Fractals: diversity, pruning, escape, and
systemic stress

Fractals are patterns that exhibit self-similarity at
multiple scales [54]. The roster of processes that
comprise the life of a protein may exhibit fractal
counterparts at the scales of both cells and organ-
isms, namely humans.

We have proposed that protein misfolding
merely constitutes part of a larger drive for proteo-
mic diversity. The UPS may serve to both prune this
diversity of proteins and promote the ongoing recy-
cling of its constituent parts. When proteins escape
the certainty of proteolysis, they can accumulate
in the cell. Accumulating proteins can occupy
space, overconsume resources at the expense of
the cell, and cause systemic cellular stress as well
as stress in the endoplasmic reticulum [55]. When
combined with inappropriate distribution of pro-
teins outside of the contexts in which they appro-
priately function, this stress can manifest in
cellular dysfunction or demise, and cause disease.
Examples include amyloid and Alzheimer’s disease,
in which beta pleated sheets accumulate in cells
and induce neuronal degeneration. Indeed, aging
may manifest as a stochastic dysfunction, as time
allows content to adopt progressively dysfunctional
forms. In that regard, if stress associated with mass
production of a single protein promotes alternate
folding, protein based therapeutics generated
through cell based over-expression systems may
contain unexpected diversity [56]. Idiopathic reac-
tions to protein based therapies may occur through
the action of or as a reaction to rare alternate pro-
tein isoforms.

Like protein folding, cellular differentiation gen-
erates tremendous diversity. Programmed cell
death, or apoptosis, serves the pruning and recy-
cling function assumed by the UPS at the protein
level. In a similar manner to the phenomena seen
with proteins, when cells evade apoptosis, they
can accumulate, deplete resources at the expense
of the host, and induce systemic stress. In this
case, this progression describes the process of
malignant transformation, also known as cancer.
Compounds that induce mutation may do so indi-
rectly by activating stress responses that cause infi-
delity in DNA replication, which can produce both
adaptive and maladaptive results. Cancer can then
proceed to disseminate and evade therapy through
stochastic sorting via content inventory. As in the
case of cancer, accelerating cycles of replication
effectively increases the frequency of such sorting
events.

Recent human history may follow a similar path,
albeit at a larger scale. Growth and differentiation
produces diversity among individuals. All individu-
als eventually succumb to death, described previ-
ously as an autocatalytic, self-terminating process
[57]. Whereas the human life-cycle previously har-
bored close ties to nature, due to modern develop-
ments in science and technology, individuals may
have begun to separate their existence from envi-
ronmental cues and persist beyond what previously
defined the limits of their biologic destiny. The de-
layed age of procreation among individuals who
perceive a longer lifespan may effectively slow
the rate of replacement and partially serve as a
natural control system for population growth.
Nonetheless, due to longevity and other factors,
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humans have also begun to engage in behaviors of
accumulation and overconsumption. As for dissem-
ination, human civilization may have arisen in Mes-
opotamia, but has since assumed wide distribution
in multiple forms and guises, not all of which nec-
essarily promote systemic health. Indeed, as a re-
sult of this behavioral trajectory, the planet may
have become subjected to increasing degrees of
wholesale stress, a subject which has recently
undergone closer scrutiny as a potential source of
systemic collapse [58].

Systemic collapse at one level may ultimately
protect the system at a higher level. The death of
cells stressed by the accumulation of selfish pro-
teins may protect the organism. Indeed, inhibiting
the UPS through proteasome inhibitors, which
would promote protein accumulation, appears to
induce cell apoptosis by inhibiting Bcl-2, an anti-
apoptotic protein [59]. Similarly, individual organ-
isms that undergo stress through the accumulation
of immortal cells also ultimately succumb to can-
cer, and in doing so temper population growth.
The collapse of a system in response to stress
engendered by lower order components may work
as a control system to prevent the extension of
stress to higher levels of organization.
The immune system: a sieve for innovation

Ample evidence exists that many of the key genes
held in the inventory of the human genome, such
as mitochondrial genes, came from other organ-
isms, both directly and indirectly through vectors
[60]. The genome may have also acquired many
of the apparent non-coding sequences from micro-
organisms and viruses. Indeed, microorganisms
may function as one of the most efficient sources
of genetic innovation for the host. The relationship
of the host to the microbial and viral world may
prove more commensal and symbiotic than previ-
ously understood; the destruction of microbes by
the host may only represent a specific pruning re-
sponse when the relationship turns sour. Content
recognition guides the most basic form of immune
function in bacteria – namely, through restriction
endonuclease mediated recognition specific se-
quences of DNA – and this action also leads to ex-
change and acquisition of content in the form of
the resultant cleaved strands.

Traditionally viewed as primarily a system of de-
fense, the immune system may thus merit more
proper consideration as another sensory organ,
one that functions to sample the environment.
The primary function of the immune system may
involve gathering external information and acting
as a selective filter to assimilate external innova-
tions into the host genome and proteome, both
through selective modulation and amplification of
existing content, as well as incorporation of novel
content. In accordance with how other systems fit
into this conceptual framework, induction of toler-
ance may in fact represent the primary mandate of
the immune system – activating specific elements
in the inventory of content so as to generate a
complementary diversity to fit the exigencies of a
particular spectrum of externalities. The develop-
ment of asthma in individuals raised in specific
environments may reflect an incomplete genera-
tion of appropriate diversity so as to contend with
future scenarios. The defense function of the im-
mune system may simply represent a fortuitous
manifestation of the pruning process, modulating
incumbent content so as to definitively exclude
potentially harmful external entities from infiltrat-
ing the catalog of parts. This line of thinking sug-
gests that the use of immunomodulators may
either promote or interfere with the sieving pro-
cess for microbial innovations that could undergo
integration into the host.

In the world of the virtual network, humans have
chosen to implement anti-viral strategies that mi-
mic the immune system model in many ways – spe-
cifically through recognition and subsequent
eradication of certain stretches of code that sug-
gest the presence of an unwanted virus. However,
by only recognizing and emulating the defense
function of the immune system, current anti-viral
solutions fail to account for the potential value
gained by sampling possible innovations residing
in the viral code that the network might otherwise
acquire and repurpose for its own benefit. In the
same fashion that they have developed in the
realm of organic biology, perhaps host operating
systems and immune systems may eventually
emerge in the realm of silicon-based life that will
also selectively sample the content landscape of
the network in search of useful innovations.
The cognitive system: new Frontier for
innovation

The emergence of complex cognitive systems has
enabled memes to become attractive alternatives
to biomolecules as vehicles for innovative traits.
Nowadays humans store memes both in their own
brains as well as in external storage systems such
as books and communication networks. The low
thermodynamic costs of acquisition, storage, and
processing associated with memes allow hosts to
carry excess inventory to a far greater degree than
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would be the case with conventional biomolecular
traits. As long as the net present value of future
benefits exceeds their current carrying costs,
apparent ‘‘junk’’ ideas can be retained for possible
future functions. Pursuing science for science’s
sake, even without demonstrable value for imme-
diate applications, exemplifies this phenomenon,
as scientific investigation has generally progressed
with the idea of maximizing the net present value
of future utility as opposed to necessarily maximiz-
ing current utility.

Nevertheless, the dramatic proliferation of con-
tent due to technical innovations has also resulted
in noise proliferation and information oversupply.
Both information oversupply and illegitimate
signaling can produce maladaptive host responses
including obesity, metabolic dysfunction, behav-
ioral disorders, and inflammatory conditions [61].
Thus, in the current environment of content prolif-
eration, effective pruning is gaining in importance
as a trait. In the brain, synaptic pruning begins at
least as early as the neonatal period and continues
throughout childhood [62]. Ubiquitin, which regu-
lates memory deletion in neuronal synapses, may
participate in the pruning of memes acquired from
the environment [63]. On the other hand, dysfunc-
tional accumulation of protein content can produce
Alzheimer’s disease, which impairs meme storage
and retrieval. Selective forgetting and ignoring
may emerge as more valuable traits in the long
run than the ability to perceive and remember.
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