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Abstract

Activation domains (ADs) of eukaryotic gene activators remain enigmatic for decades as short, extremely
variable sequences which often are intrinsically disordered in structure and interact with an uncertain num-
ber of targets. The general absence of specificity increasingly complicates the utilization of the widely
accepted mechanism of AD function by recruitment of coactivators. The long-standing enigma at the heart
of molecular biology demands a fundamental rethinking of established concepts. Here, we review the
experimental evidence supporting a novel mechanistic model of gene activation, based on ADs function-
ing via surfactant-like near-stochastic interactions with gene promoter nucleosomes. This new model is
consistent with recent information-rich experimental data obtained using high-throughput synthetic biology
and bioinformatics analysis methods, including machine learning. We clarify why the conventional bio-
chemical principle of specificity for sequence, structures, and interactions fails to explain activation
domain function. This perspective provides connections to the liquid—liquid phase separation model, sig-
nifies near-stochastic interactions as fundamental for the biochemical function, and can be generalized to
other cellular functions.
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determines protein structure, which in turn
controls protein function via specific interactions.

Introduction

As an initial step in gene expression, the Contrary to this fundamental biochemistry
regulation of gene transcription is foundational for ~ paradigm, the short critical parts of gene
molecular biology and the life sciences generally. activators, activation domains (ADs), are

The first step in this process involves numerous
gene-specific transcription factors, also called
gene activators, that recognize a specific DNA
sequence in a cognate gene promoter and, alone
or in cooperation with other activators, initiate a
chain of events necessary for gene activation.
This process was and is a focus of intense study,
with progress in the field reviewed on a regular
basis. However, recent high-throughput
experimental results and bioinformatics analyses
increasingly indicate that the process of gene
activation involves steps and players that defy the
conventional logic that protein sequence

astronomically variable in sequence with some
estimates of up to 10%* possible sequence
variants for an individual activator," are intrinsi-
cally disordered, and have “fuzzy” interactions with
an uncertain number of targets. These interactions
not only likely happen with low affinity and speci-
ficity but, contrary to fundamental biochemistry prin-
ciples, are required to be at the near-stochastic
level for successful gene activation. Here, we will
briefly review the general mechanism of gene
expression activation, formulate and interrogate
the fundamental biochemical enigma of ADs, ana-
lyze the reason for the problem to be so hard and
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long-standing, and provide a solution for the prob-
lem and perspectives for the future.

General mechanism of gene
expression activation

The general mechanism dnvmg gene expression
was elucidated decades ago,”” and our knowledge
of this process is becoming increasingly detailed.®
The main steps after activator binding to the pro-
moter are the recruitment of coactivator enzymatic
complexes that help remodel the gene promoter
chromatin, enabling the assembly of a preinitiation
transcription complex (PIC). Alternatively, gene
activators may directly recruit PIC components,
including the Mediator complex and significantly
less-sequence-specific general transcription factors
(GTFs). GTFs and the Mediator complex in turn
carry the key transcriptional enzyme, RNA poly-
merase, which in the case of protein-encoding
genes is RNA polymerase |l.

Transcription initiation can be augmented via cis-
regulatory gene elements (enhancers) that contain
DNA sequences that are recognized by activator-
like proteins, which cooperate with promoter
activators and  co-recruit  promoter-binding
proteins. It has been proposed that upon
induction, enhancers and promoters organize
themselves into larger condensates called super-
enhancers, which create a transient liquid—liquid
phase separation (LLPS) that facilitates
transcription by concentrating all the necessary
transcription enzymes and co-factors.”® The
assembly and disassembly of these condensates
depends on multivalent interactions among proteins
and nucleic acids and is regulated by intrinsically
disordered regions of transcription factors, as well
as Mediator subunits, and other coactivators.”™""
The exact composition of super-enhancer conden-
sates is likely defined by a specific pathway of gene
regulation and is a subject of -current
investigations.®

Over the years, the core of important functional
contacts has become clearer. The hub of
interactions appears to be the large Mediator
complex, which contains 21 to 26 core subunits,
depending on the species.'? Various interactions
of transcription factors, including the ADs of activa-
tors, with Mediator have been demonstrated in vitro
and in vivo. Several publications provide convincing
data showing that AD mutations that decrease the
speC|f|C|ty and the strength of these interactions
in vitro also decrease functionality in vivo.'>'®
The Med15 subunit, with multiple activator-binding
regions, seems to be especially important in yeast,
although an additional 75 known and novel Media-
tor interacting targets were |dent|f|ed by mass spec-
trometry in higher eukaryotes.'®

Among coactivators, the SAGA complex, which
shares subunits with other coactivators such as
NuA4, also appears to be an important target for

ADs. Similar to the interactions of Mediator
complex, the interactions between the critical
SAGA/Nua4 complex subunit Tral and gene
activators were correlated with functionality
in vivo."”"'® The critical binding partners of ADs
seem to depend on the intrinsic inducibility of the
gene being transcribed. Experiments in yeast
demonstrated that for constltutlvely expressed
genes (~85% of all genes®°), essential interactions
cluster around TFIID and other general transcription
factors, while for inducible gene promoters (~15%
of genes), the dominant AD interactions are with
SAGA and other histone-modifying and chromatm-
remodeling complexes, such as SWI/SNF.°

While the map of the interaction networks among
these factors is becoming increasingly detailed, the
fundamental mechanism formulated in 1990 s
based on the initial promoter binding of gene-
specific transcription activators followed by the
physical recruitment of coactivators and necessary
transcriptional enzymes and cofactors remains a
key and overwhelmingly dominant concept for
explaining transcription regulation in eukaryotes.®
However, this model based on the biochemically fun-
damental specificity of sequence — structure —
function relationships has increasingly become a
subject for modifications, reflecting the growing body
of experimental data demonstrating the intrinsic dis-
order of structures and low affinity of interactions
involved. The observed inconsistencies are often
framed as a long-standing enigma of ADs, frequently
mentioned in recent information-rich publica-
tions'*'* 1520 analyzing an increasingly large reper-
toire of AD sequences in experiments utilizing
modern  high-throughput ~ synthetic  biology
advances.

The enigma of transcriptional
activation domains

The relative clarity of the coactivator recruitment
model begins to cloud once the attention switches
to the composition of gene activator molecules
and the function of their parts. These molecules
perform two key functions in gene activation: (i)
recognition of a specific DNA sequence within a
cognate gene promoter or enhancer and (ii)
recruitment of coactivators and transcription
enzymes and cofactors. Each function is
performed correspondingly by the DNA-binding
domain (DBD) and AD. DBDs are clearly defined
by structural motifs and the correspondlng specific
DNA-binding sequences®'° and follow the con-
ventional sequence — structure — target speci-
ficity paradigm. ADs, however, do not follow this
paradigm. The increasingly numerous controver-
sies related to AD properties and characteristics of
interactions with targets are outlined below.

The composmonal analysis of lower (yeast)*® and
higher (human)®® eukaryotes shows S|m|Iar|t|es in
amino acid used — predominantly aromatic and
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acidic. Thus the conventional logic suggests that to
perform a recruitment function, ADs should have a
consensus sequence that is responsible for the
interaction with corresponding coactivators or
cofactors. While ADs can be roughly divided into
acidic, proline-rich, and glutamine-rich sub-
types,”*° there is no consensus sequence within
each category. The initial attempts to find a specific
sequence within at least the most common acidic
ADs led to the formulation of a loose 9 amino acid
consensus.”®?’ However, subsequent investiga-
tions testing peptides, bearing these consensus
sequences within the Gecn4 activator context, for
the ability to activate reporter gene transcription
in vivo®® did not confirm their functionality. In addi-
tion, more powerful statistical approaches that ana-
lyzed large sets (>10°) of sequences that had been
functionally tested in vivo found instances with the
9-amino-acid proposed consensus sequence, but
these sequences were present predominantly
(92% of total instances identified) within the non-
functional sub-pool.® Moreover, when the putative
consensus sequence was used as a feature in
machine learning (ML) predictive models, the con-
sensus had no predictive power.' ' Together,
these observations indicate that large (>10%) sets
of functional ADs analyzed in vivo, within the con-
text of different activators and reporter genes, do
not have a consensus sequence, which was con-
firmed recently.*°

Realizing the absence of a solid consensus,
researchers investigating individual eukaryotic
activators by targeted mutagenesis formulated a
number of potential short linear motifs (SLiMs)
for ADs?® that supposedly can recruit coactivators,
for example, the WxxLF motif in yeast Gen4 activa-
tor that interacts with the Med15 subunit of the
Mediator complex.”® However, again, testing with
bioinformatics tools the presence of these motifs
among >10° sequences showed that no SLiMs
were significantly enriched in the pool of functional
AD sequences and, in fact, were found predomi-
nantly (85—-95% of the total) among nonfunctional
sequences.® The same study also showed that
using individual SLiMs or their combinations as
machine learning features did not produce a predic-
tive AD functionality algorithm. Why different tran-
scription factor ADs vary so drastically in
sequence and have neither a consensus sequence
nor even common SLiMs has always been puz-
zling'>*°%° and, as reiterated recently,’**° is a
challenging and to-date unanswered question.

A structural approach to understanding ADs
initially led to the formulation of the concept of an
“acidic blob”,' which later was developed into the
idea that ADs form an amphipathic helix structure”
in which the hydrophobic amino acid residues are
clustered on one side of the a-helix and the acidic
residues on the other side. This structural motif is
considered to promote the formation of the recruit-
ment bonds between ADs and coactivators, and

was tested on several occasions; however, it has
been shown not to be strictly required for AD func-
tion."*"® In fact, recent investigations involving
thousands of variants of natural AD sequences
established that the majority of AD sequences can
function without a-helix formation.’® Even more,
increasing the amount of proline, a known “helix
breaker”, in the context of the amphipathic a-helix-
forming AD sequences was shown to significantly
increase transcription activation potential.*> The
very high in vivo reporter gene activation ability
demonstrated for a WDWDWDWDWDWDWDWD
WDWD sequence working as the AD of the HSF
activator is also consistent with the absence of a
requirement for a specific structure,’ as the repul-
sion of negatively charged residues in this
sequence likely prevents the formation of any
canonical structural motif.

The absence of a specific sequence and/or
structure in ADs suggests that each AD interacts
with its targets only weakly and can alternate
between a large repertoire of targets. Over the
years, interactions with different ADs have been
demonstrated for basal transcriptional machiner)é
components such as TBP,***" TFIIB,®%*
TFIIH,**" TFIIA,***° RNA polymerase II,** vari-
able TAFs,*® and the Mediator subunits Med17
(Srb4g, Srb10, Med15 (Gal11), Med2, and Med
25,13284551 g5 well as with subunits of chromatin-
remodeling and histone-modifying complexes such
as Ada2, Taf17, Tral (SAGA and NuA4 com-
plexes;,”fH7 Swil and Snf2 (SWI/SNF com-
plex),°” > and CBP.?°®? The number of potential
AD-interacting targets was estimated to be
>200.%® While early studies tried to postulate the
sequence of co-activator recruitment events at
gene promoter, it was proven to vary significantly
between genes,®* and it has been persistently chal-
lenging to establish this sequence of events without
obvious specificity of AD—target interactions.

To investigate how the recruitment mechanism
works, at least for a single target, recent
investigations have focused primarily on the
interactions of ADs with Mediator subunits and
specifically with Med15."*"> The need to explain
the recruitment of Mediator and other coactivators
in the context of the uncertainty of AD sequence
and structure led to the proposal of a “fuzzy” inter-
actions model.'®"'*%° According to this model,
intrinsically disordered ADs constantly alternate
between several low-affinity AD-binding domains
(ABDs) within the target, e.g., Med15, enabling
binding in many different orientations to different
ABDs, thus supposedly maintaining the relatively
high overall affinity necessary for the recruitment
and retention of the AD target. The possibility of
“fuzzy” AD—Med15 interactions was proposed by
results of NMR and plasmon resonance in vitro
studies.'® In addition, the same study showed a
positive correlation between the AD—Med15 inter-
action constant and the functionality score of the
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mutant ADs. However, MED15 is a nonessential
gene in yeast, and cells lacking this gene have only
a mild phenotype,®® making the relevance of focus-
ing on Med15 unclear, and the extent to which this
mechanism applies to the recruitment of other coac-
tivators remains uncertain.

Another study proposed a mechanism in which
specificity derives from the ability of the target (in
this case, the Med25 subunit of Mediator) to
rapidly adopt a certain structure upon binding to
the intrinsically disordered AD (in this case, of the
activator ETV/PEA3).%” In this model, specific inter-
actions with millimolar Kd values are established
without the need for a specific AD sequence. A sim-
ilar “fuzzy free-for-all”, no-sequence-requirement
mechanism was proposed for Med15.'* While an
intriguing proposal, this model suggests that the
AD target, not AD itself, has a unique structural fea-
ture that can rapidly adopt a specific structure trig-
gered by intrinsically disordered protein regions
(IDRs). However, by various estimates, IDRs con-
stitute 30—40% of the proteome,’® and we must
then assume that the majority of AD targets pos-
sess this IDR snapping feature and the ability to sort
different IDRs and select ADs, which remains to be
demonstrated.

A modern attempt to reconcile AD activity with its
low-affinity and low-specificity interaction profile is
based on the increasingly popular LLPS concept.
According to LLPS, super-enhancers and gene
promoters are assembled within cells into
condensates  with  high concentrations of
transcription-related enzymes and cofactors. In
this case, the local concentration of AD targets is
proposed to be high enough to enable even low-
affinity, low-specificity interactions to occur.® The
paradox is that ADs are supposed to be the trigger
of the condensate formation, not vice versa when
the condensate brings activators with their ADs
together concentrating them. Using this logic, it is
difficult to imagine how the AD, with its extremely
low specificity of sequence, structure, and interac-
tions, could trigger the recruitment of coactivators
and Mediator complex and Pol Il that is required
for the condensate formation.

Near-stochastic interactions with
extremely low Kd are fundamentally
functional, contrary to the
conventional wisdom

The enigma of AD function has persisted for
decades and is becoming increasingly prominent.
Such longstanding mysteries are highly unusual in
the field of molecular biology, and the lack of
resolution for the mechanism of AD function is
especially surprising considering the importance of
understanding the gene regulation mechanism for
biology in general, and medicine in particular. The

reason for this challenging situation seems to lie in
the assumption that ADs recruit coactivators
directly through sequence- or structure-specific
interactions, which is increasingly inconsistent with
the accumulating data on ADs. Since the inception
of biochemistry as a field, its mindset and
methodology have been based on the postulation
that molecular structures and interactions are
specific, while near-stochastic interactions are
traditionally considered as detrimental and non-
functional background. Perhaps it is time to
reassess.

The low specificity and affinity of AD-target
interactions become apparent from a closer look
at the results of several independent in vivo
screens for functional ADs in random libraries of
short (20-30 amino acid) sequences.’#%*"" Sur-
prisingly, the results for different activator contexts
consistently indicate that for each activator, 1-3%
of all random sequences constitute bona fide ADs.
Considering the 20 natural amino acids, the number
of possible combinations for 20 positions is 20%°,
which is ~1026 and 1% of this number is ~10%*. This
experimentally determined probability of functional-
ity (1/100) is higher than the theoretical probability
of finding a specific dipeptide (P=1/20° = 1/400)
and certainly higher than the probability of finding
a specific tripeptide (P=1/20° = 1/8000) at a certain
position. Even considering an AD length of 20
amino acids, the experimental probability of finding
a functional sequence is between the probability of
finding a dipeptide and tripeptide anywhere in the
sequence (Figure 1). The theoretical calculations
and experimental data together suggest that func-
tionality of ADs can be determined by just two to
three amino acids and, thus the Kd of the AD—target
interaction is extremely low, probably within the
centimolar range. This extremely low level of affinity
and specificity is considered meaningless by the
standards of conventional biochemistry, and thus
artifactual, and such interpretation of experimental
results from screens of large pools of AD
sequences are often ignored. We suggest that the
conflict of experimental data with the conventional
model of specific sequence/structure/interaction
standards is likely the roadblock to our understand-
ing of ADs.

The struggle to adhere to the specificity
principle despite experimental contradictions
becomes obvious with each attempt to define a
consensus sequence,”®’? or a SLiM,*® or a specific
structural motif for AD. Even the concept of “fuzzy”
interactions seems to be an adaptation of the speci-
ficity principle to explain recruitment of the Mediator
complex, but it is unable to explain how Mediator is
chosen among a large repertoire of potential targets
(see above and Ref. 63) or why “fuzzy” interactions
between AD and Mediator components are not
overwhelmed by equally possible but irrelevant or
even functionally harmful interactions in the
karyoplasm.
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Figure 1. The probability of finding a functional AD sequence within a random sequence pool is similar to
the probability of finding a di- or tri-peptide within a 20-amino-acid stretch. Striped triangles are probabilities of
a specific di-, tri-, or tetra-amino acid sequence at a specific position, estimated by the formula P = 1/20N, where 20
signifies the number of natural amino acids and N is the number of amino acids in the peptide (di-, tri-, tetra-). To
estimate the probability of finding a specific di- or tri-peptide within a 20-amino-acid stretch (solid blue triangles), the
previous probability P is multiplied by the number of possible starting positions within the stretch (19 for dipeptide, 18
for tripeptide, etc.), which is a reasonable estimation for low P. The purple triangle is the experimentally determined
probability (~1-3%) of finding a functional AD sequence in a completely random pool.

The accumulation of longstanding and more
recent contradictions related to the function of
ADs, indicating that these critical protein parts do
not follow the specificity paradigm, signals the
need to reassess this paradigm. Unless we
fundamentally change how we consider the
near-stochastic interactions of ADs, we will
continue to be stymied by the AD paradox,
wondering why ADs are so astronomically
variable in sequence,’* and struggling to under-
stand how gene transcription is initiated.

Specificity and stochasticity: Two
biochemical worlds in one activator
molecule

Separating from the biochemical specificity
principle, especially for functional interactions of
molecules, is certainly a challenge. However,
considering AD functionality as nonspecific,
intrinsically disordered hydrophobic-acidic
amphiphilic surfactants does exactly this.>”® The
working hypothesis for amphiphilic surfactant action
of ADs is the intercalation of the aromatic extremity
of the AD between the aromatic bases of DNA,
while acidic amino acids of the AD interfere with
histone-DNA salt bridges or directly interact with
amino groups of lysine or arginine residues of his-
tones. Such interactions could affect the surface
of the local promoter nucleosome(s), triggering the
chromatin remodeling and/or histone modifications
that are associated with and necessary for gene
activation.”® In a similar fashion the nucleosome
displacement was demonstrated recently by the

action of DNA groove binders, which have an
aromatic-hydrophilic chemical nature similar to
Ads.”* The surfactant model requires very low affin-
ity (near-centimolar Kd values) for the AD—target
interactions because ADs with high affinities to
nucleosomes would likely function as promoter
nucleosome-stabilizing repressors instead of acti-
vators. The surfactant model relies on the fact that
ADs do not function alone but are always a part of
an activator molecule containing a DBD. The
DBD, by targeting the protein to a specific region
(s) of the genome, increases the local AD concen-
tration at the cognate gene promoter by many
orders of magnitude (in inverse proportion to the
Kd of the DBD), enabling “fuzzy” interactions with
the nucleosomes, but only locally (Figure 2).

The problem of low-Kd AD-target interactions,
arising from the extremely low specificity of ADs,
is recognized, and as mentioned above, an
attempt has been made to solve it within the
framework of the LLPS model® by suggesting an
increased coactivator concentration within the
newly formed coacervate. However, in addition to
the lack of a plausible explanation for how ADs with
extremely low substrate specificity can trigger con-
densate formation by recruiting other factors, the
condensates within the nucleus increase the AD—-
target interactions within only approximately an
order or two of magnitude of the local concentra-
tion.”® By contrast, in the surfactant model, target-
ing of the AD to the promoter by the DBD
increases its local concentration by many orders
of magnitude (nine orders of magnitude in the case
of a DBD with a nanomolar Kd). The initial triggering
of local chromatin remodeling and the creation of
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Figure 2. The comparison of the recruitment and surfactant models for AD function. A — The direct physical
recruitment of co-activators model. Arrows indicate numerous possible interactions between AD and its possible
targets. The red and yellow dots in the AD represent acidic and aromatic residues, respectively. B — The surfactant
model. Due to anchoring by DBD, the AD has very high local concentration, thus is able to distort the structure of local
nucleosomes and trigger chromatin remodeling leading to a phase conversion.

naked DNA stretches by ADs can promote the con-
densation of active promoters into a transcription-
ally active phase. Thus, condensate formation
could be a result of AD action and a subject for reg-
ulation by ADs.

The uncertainty with what initiates the LLPS

condensate formation is solved within the
surfactant model because triggering of the
chromatin remodeling by AD and potential

exposure of free DNA at gene promoters likely
promotes binding to these regions of general
transcription factors that have affinity to core
promoter sequences, such as TATA box and
initiator elements. General transcription factors
with Pol Il are an integral part of the PIC complex
and together with the Mediator complex were
shown to form condensates.'® In addition, the local
exposure of naked DNA creates a distinct (PH envi-
ronment critical for the phase separation.”

Potential duality of AD function

The surfactant idea for AD function is conducive
to the development of the LLPS concepts because
the action of the AD surfactant can be considered
within the framework of processes related to the
transition between two liquid phases: (i)

destabilization of chromatin phase leading to the
loosening of chromatin and local nucleosome
displacement, which was shown to occur for some
genes within seconds or minutes after the
stimulus’”~"? and (i) formation and stabilization of
the transcription initiation condensate.'® During
chromatin loosening the AD might work as a true
surfactant triggering the destabilization of the chro-
matin phase similar to the DNA groove binders.”*
These also aromatic-hydrophilic molecules were
shown to translocate the histone octamer, espe-
cially in presence of RSC chromatin remodeling
complex or Nap1 histone chaperone. Conversely
for the transcription condensate formation, the role
of AD might be in “prewettin1g”80 by exposing locally
IDRs important for LLPS®" and creating a local
naked DNA region exposing multiple DNA nega-
tively charged phosphate groups, thus creating a
local pH gradient also important for phase separa-
tion.”® This consideration also suggests that the
surfactant and the recruitment models for the AD
function might not necessarily be mutually exclu-
sive. The AD might work as a surfactant during
the chromatin phase dissociation and following this
step as a stabilizer/recruiter of the transcriptional
machinery components including Mediator sub-
units'®>'® during the transcription condensate for-



A.M. Erkine, M.A. Oliveira and C.A. Class

Journal of Molecular Biology 436 (2024) 168766

mation. The formation of the transcriptional conden-
sate is consistent with the facilitation of low affinity
and low selectivity interactions between ADs and
Mediator subunits demonstrated in vitro."> "> As
suggested previously,” the transcriptional conden-
sate formation increases the otherwise unlikely
interactions between ADs and transcriptional
machinery components.

Perspectives

While theoretically resolving the enigma of AD
function, the surfactant model is not yet supported
by a body of literature as extensive as that
dedicated to the conventional but increasingly
insufficient model of direct physical recruitment of
coactivators by ADs. The biggest obstacles seem
to be the limited experimental toolset available for
studying near-stochastic interactions and the lack
of perception of such interactions as
fundamentally  functional by  conventional
biochemistry. A promising trend, however, is that
the  near-stochastic = “fuzzy”  surfactant-like
interactions that are characteristic of intrinsically
disordered ADs are increasingly accessible to
study using modern high-throughput
experimentation  utilizing  massive  parallel
synthesis, NGS sequencing, and Al technologies
for analysis."*'>2° This approach makes it increas-
ingly possible to see the features of the whole
“forest” of 10%* potential ADs*>'® rather than just
the “trees” and “branches” of individual AD
sequences and their derivatives. It also allows the
creation and study of sets of sequences designed
around the possibility of multiple low-affinity interac-
tions with alternating targets.

Additional possibilities have been opened
recently with the development of AlphaFold 2%
and AlphaFold 3%° structural modeling, based on
machine learning applied to vast structural data-
bases. Currently the application of these Al tools
to ADs and other IDRs is severely restricted®* by
the fact that they are trained mostly on static speci-
fic structures of proteins and do not account for
IDRs. However, future Al training on expanding
IDR datasets including growing list of AD
datasets®* > and development of prediction tools
focused on IDR-target interactions, could eventually
allow predictions of subtle structural features and
fuzzy interactions important for gene expression
activation by ADs.

The opposite side of the extremely high variability
of AD sequences is the fact, noticed by many
research groups,™'° that individual mutations
often do not drastically affect the activity of an AD
but instead lead to a mild modification of its function-
ality. Analyzing large pools of AD sequences also
shows how minute the differences in the activity
levels between individual functional ADs can be
and how wide the spectrum of activities for AD
sequences within the context of an individual activa-

tor is." ' The situation is drastically different for
DBDs, where the majority of point mutations are
expected to cause change of DBD structure and
thus significantly affect or eliminate the DNA binding
affinity. Considering that the main difference
between biological species is not the amount or
the divergence of individual gene sequences but
instead the fine tuning of gene regulation,®>%° it is
plausible that the plasticity and mildness of muta-
tional effects for gene activator ADs can be the
foundation and the driving force of speciation. This
mutational plasticity likely allows a significant pool
of AD mutants to coexist in a biological population
and to be utilized for environmental adaptation dur-
ing natural selection.

Finally, the functionality of near-stochastic
interactions involving IDRs is unlikely to be unique
to ADs and gene expression regulation. IDRs are
also known to be required for mRNA processing,
apoptosis, molecular transport within and between
cells, glycolysis, and many other biological
processes.®®®” Appreciating the existence of an
additional world of plasticity based on near-
random interactions, which is distinct from the con-
ventional biochemical perspective of strong struc-
ture—function determinants, may be the key not
only to solving the AD enigma but also to better
understanding many other biological functions.
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