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Introduction

Proteins are often described as molecular machines that 
perform specific functions with precision and efficiency, 
driven by their specific structure [1]. This mechanistic 
view has been instrumental in advancing our understand-
ing of protein function. However, this perspective has 
been increasingly seen as incomplete, as it fails to capture 
the dynamic, adaptive, and integrative nature of proteins. 
Recent advances in structural biology, network theory, 
information theory, etc., have begun to challenge the tradi-
tional view and suggest that proteins exhibit behaviors that 
can be described as minimally intelligent. We bring the con-
cept of “intelligent proteins,” which focuses on their ability 
to integrate information, adapt to environmental changes, 
and exhibit memory-like properties. Our goal is to bridge 
the gap between the traditional mechanistic view of proteins 
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Abstract
We present an idea of protein molecules that challenges the traditional view of proteins as simple molecular machines 
and suggests instead that they exhibit a basic form of “intelligence”. The idea stems from suggestions coming from Inte-
grated Information Theory (IIT), network theory, and allostery to explore how proteins process information, adapt to their 
environment, and even show memory-like behaviors. We define protein intelligence using IIT and focus on how proteins 
integrate information (in terms of the parameter Φ coming from IIT) and balance their core (stable, ordered regions) and 
periphery (flexible, disordered regions). This balance allows proteins to remain stable while adapting to changes and 
operating in a critical state where order and disorder coexist. We summarize recent findings on conformational memory, 
allosteric regulation, protein intrinsic disorder, liquid-liquid phase separation, and critical transitions, and compare protein 
behavior to other complex systems like ecosystems and neural networks. While our perspective offers a unified framework 
to understand proteins, it also raises questions about applying intelligence concepts to molecular systems. We discuss how 
this understanding could advance protein engineering, drug design, and synthetic biology, while at the same time acknowl-
edging the challenges of creating adaptive, “intelligent” proteins. This concept bridges the gap between mechanistic and 
systems-level views of proteins and offers a comprehensive understanding of their dynamic and adaptive nature. We have 
tried to redefine the traditionally metaphorical concept of “intelligence” in biochemistry as a measurable property while 
simultaneously establishing the material foundation of protein intelligence through the identification of fundamental ele-
ments such as memory and learning in molecular systems.
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dynamics · Critical States · Liquid-liquid phase separation · Post-translational modifications · Intrinsically disordered 
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at a systems-level perspective and to provide a more com-
prehensive and detailed framework for understanding these 
remarkable biological macromolecules. In order to dissipate 
any ambiguity, it is worth noting that the concept of intel-
ligence extends far beyond our minimalist definition. In its 
broadest sense, intelligence is often associated with ‘insight’ 
[derived from the Latin words intus (inside) and legere (to 
read), which literally means ‘to read inside’], i.e., the ability 
to discern implicit meanings not immediately evident in a 
given piece of information. However, we propose that rec-
ognizing a ‘minimal’ form of intelligence in proteins can 
provide valuable insights into their physiological behav-
ior. This minimal form of intelligence corresponds to the 
behavior of a system that not only adapts to perturbations 
in its microenvironment (like a sensor returning to its origi-
nal state once the stimulus is removed) but also integrates 
the ‘experience’ of that stimulus into its configuration. This 
‘incorporation’ can manifest in various ways, ranging from 
receptor priming during immune responses [3] to post-
translational modifications (PTMs), as seen in epigenetic 
memory encoded by covalent changes to histone proteins 
[2]. On a more general perspective, molecular intelligence 
involves hysteresis, i.e., the non-equivalence of the forward 
and reverse trajectories between naïve and stimulated states 
in the two opposite directions [4]. The presence of a hys-
teresis loop is one of the most fundamental indicators of 
learning.

The foundation of our analysis lies in Integrated Informa-
tion Theory (IIT), a theoretical framework that was origi-
nally developed to explain consciousness in neurological 
systems. IIT posits that consciousness arises from the ability 
of a system to integrate information, which makes the whole 
greater than the sum of its parts [5–10]. While IIT was ini-
tially applied to the brain, its principles are generalizable 
to any complex system that is capable of integrating infor-
mation. Using IIT, we can describe a basic level of intelli-
gence in proteins by their ability to change their structure in 
response to external signals and incorporate these changes 
into their function. This approach allows us to move beyond 
the reductionist view of proteins as rigid entities and instead 
consider them as adaptive systems that can sense and react 
to their environment.

The traditional mechanistic view of proteins as molecu-
lar machines has been highly successful in explaining many 
aspects of protein function. For example, the lock-and-key 
model of enzyme-substrate interactions provides a clear 
explanation for the specificity and efficiency of enzymatic 
reactions [11]. Similarly, the induced-fit model accounts for 
the conformational changes that occur upon substrate bind-
ing and offers a more dynamic perspective on protein func-
tion [11]. However, these models are limited in their ability 

to explain the broader adaptive and integrative behaviors 
exhibited by proteins.

Among the key limitations of the induced-fit model, 
which primarily focuses on active site recognition and sub-
strate binding, is the fact that it does not adequately account 
for allosteric regulation, wherein binding at one site modu-
lates the dynamics at a distant site. Moreover, the model 
overlooks the chemical transformations that occur during 
catalysis and focuses instead on the structural adaptation of 
the binding site. It also tends to oversimplify the complexity 
of protein-ligand interactions by assuming a rigid, static rep-
resentation of both partners. In reality, proteins often exist 
as ensembles of pre-equilibrated conformations, and ligand 
binding may select or stabilize specific conformers from 
this dynamic spectrum. This static view fails to capture the 
intrinsic flexibility of proteins, which can involve coordi-
nated backbone motions, disorder-to-order transitions, and 
large-scale domain rearrangements [12]. These dynamic 
properties are fundamental to many biological processes 
and are often essential for ligand recognition and specific-
ity. Additionally, the induced-fit model generally overlooks 
the substrate promiscuity observed in many enzymes, where 
a single active site can accommodate structurally diverse 
ligands by leveraging its conformational adaptability [13].

Another key limitation of the mechanistic view of pro-
teins is its emphasis on a specific structure linked to a pre-
defined function. Proteins are not rigid entities but are highly 
flexible and undergo conformational changes in response 
to environmental stimuli [14, 15]. This flexibility is cru-
cial for their function and allows them to adapt to chang-
ing microenvironment conditions and to perform complex 
tasks [16, 17]. The dynamic and adaptive nature of proteins 
is evident in their ability to undergo conformational changes 
in response to external stimuli. For example, allosteric pro-
teins can change their shape upon binding to a ligand, which 
alters their activity and enables them to regulate critical cel-
lular processes [18]. These changes are not random but are 
highly coordinated and involve the integration of informa-
tion across the protein structure. For example, the allosteric 
response of hemoglobin to oxygen partial pressure involves 
a structural reorganization that integrates the external stimu-
lus into its functional repertoire [19–21]. This integration is 
quantified by the mutual information between the state of 
the system before and after the stimulus (Eq. 1, see below). 
This ability to adapt to environmental changes is a hallmark 
of intelligent behavior, yet it is not adequately captured by 
the traditional mechanistic view.

A significant challenge to the traditional mechanistic 
view of proteins comes from the discovery and character-
ization of intrinsically disordered proteins (IDPs) and intrin-
sically disordered regions (IDRs). Unlike proteins having 
a single well-defined 3D structure, IDPs/IDRs lack a fixed 
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conformation and exist as dynamic ensembles of intercon-
verting states. Regions or entire sequences that do not fold 
into stable secondary or tertiary structures under physiologi-
cal conditions characterize IDPs/IDRs. They remain highly 
flexible and disordered, but still they play critical roles in 
cellular processes, including signaling, regulation, and 
molecular recognition [22, 23]. The existence of IDPs chal-
lenges the notion that protein function is solely dependent 
on a well-defined structure. IDPs often exert their function 
thanks to their disordered state, using their conformational 
flexibility to interact with multiple binding partners and to 
adapt to different cellular contexts. For example, intrinsic 
disorder is frequently found in hub proteins within pro-
tein-protein interaction (PPI) networks, where their abil-
ity to adopt multiple conformations allows them to bind to 
diverse partners with high specificity and low affinity [24]. 
A systematic comparison of the interactomes of ordered 
and disordered proteins has shown that IDPs/IDRs tend to 
engage with significantly more binding partners than their 
ordered counterparts. On average, the number of protein-
protein interactions per IDP/IDR is ~ 3.5 times higher than 
that observed for ordered proteins or regions [25]. This 
disorder-based binding promiscuity is further amplified by 
the remarkable versatility of IDPs/IDRs: a single disordered 
region can interact with multiple structurally unrelated part-
ners, while conversely, multiple distinct IDPs/IDRs can 
target the same binding site [26]. Additionally, IDPs/IDRs 
can undergo partner-specific folding and adopt distinct con-
formations depending on the interaction context [27, 28]
or even retain significant disorder upon binding by form-
ing fuzzy complexes that allow for functional plasticity [29, 
30]. This promiscuity enables IDPs to function as central 
hubs in signaling networks that are capable of integrating 
inputs from diverse pathways and modulating cellular deci-
sion-making processes. However, just as not all structural 
motifs in ordered proteins serve defined functional roles, it 
is important to note that not all disordered regions are func-
tionally significant. In some cases, disorder may simply 
reflect evolutionary tolerance or structural flexibility with-
out any functional consequence.

Integrated Information (Φ) represents or quantifies the 
capacity of an “intelligent” system to modify its structure 
(broadly defined as a set of constraints among its compo-
nents) that allows it to have a real experience (and make 
memorization possible) of a stimulus. In contrast, a simple 
sensor merely detects a stimulus without undergoing any 
structural change, leaving no lasting trace of the interac-
tion. A non-zero value of Φ indicates that the protein has 
‘experienced’ the stimulus, which makes it a candidate for 
minimal intelligence [9]. The concept of protein intelli-
gence is further supported by the observation that proteins 
can exhibit memory-like properties. For example, E. coli 

lactose permease retains a lipid-induced conformational 
change even after the lipid is removed. This phenomenon, 
which has been termed allokairy, suggests that proteins 
can ‘remember’ past stimuli, which influence their future 
behavior [31]. Similarly, prion-like proteins can adopt self-
templating conformations that induce heritable traits, which 
highlight their role in information processing and storage 
[32, 33]. Beyond these examples, several well-characterized 
proteins demonstrate lipid-induced conformational changes 
that describe the dynamic interplay between lipid environ-
ments and protein structure. The protein ApoE is a key 
player in lipid metabolism that facilitates the clearance of 
lipoproteins from the plasma by binding to specific cell-sur-
face receptors, such as members of the LDL receptor fam-
ily. In its lipid-free state, the N-terminal domain of ApoE 
adopts a compact four-helix bundle conformation. Upon 
lipid binding, particularly with phospholipids like dimyris-
toylphosphatidylcholine (DMPC), this domain undergoes a 
significant conformational rearrangement. The helix bun-
dle opens and exposes the receptor-binding region, which 
enhances its affinity for LDL receptors. This lipid-induced 
structural transition is crucial for the role of ApoE in lipid 
transport and receptor interaction [34–36]. Another protein, 
GlpG, a rhomboid protease, which is embedded within the 
cell membrane, exhibits activity that is modulated by its 
lipid environment. Studies have shown that specific lipid 
headgroups, such as phosphatidylglycerol (PG), can tran-
siently bind near the active site of GlpG. These interactions 
influence the conformational dynamics of the protease and 
affect substrate access and catalytic efficiency. Molecular 
dynamics (MD) simulation results have revealed that lipid 
headgroup binding can alter the energy landscape of GlpG, 
highlighting the role of lipid-protein interactions in modu-
lating enzymatic function [37, 38]. Such lipid-induced con-
formational dynamics are integral to the concept of protein 
intelligence.

However, it should be noted that our primary focus is on 
individual proteins as self-contained systems that are capa-
ble of processing information and adapting their behavior, 
with examples such as kinesin, hemoglobin, and allosteric 
enzymes illustrating this point. We acknowledge that protein 
collectives or networks may exhibit emergent behaviors as 
well, but our core argument is centered on the informational 
and functional complexity of single protein molecules.

Defining intelligence in proteins

The concept of “protein intelligence” can be seen as an evo-
lutionary advancement in understanding protein behavior 
from the traditional mechanistic view, which treats proteins 
as static, pre-programmed molecular machines. Instead, it 
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which a physical system (such as neurons or logic gates) 
can give rise to experience. Although it is not our intention 
to imply that proteins possess consciousness, we adopt the 
formalism of IIT as a metaphorical framework, particularly 
its core metric Φ (phi), which we interpret here as a measure 
of mutual information between a ‘naïve’ and ‘experienced’ 
states of a protein.

The integration of information in proteins can be quanti-
fied using the concept of mutual information, which mea-
sures the dependence between the state of a system before 
and after a stimulus. Mathematically, this is expressed as:

I
(
Xt−τ ; Xt) = H

(
Xt−τ

)
− H

(
Xt−τ

∣∣Xt )
.� (1)

where H(Xt−τ) represents the entropy of the state of the 
system before the stimulus, and H(Xt−τ∣Xt) represents the 
conditional entropy of the state of the system before the 
stimulus, given its state after the stimulus, with Xt−τ repre-
senting the state of Xt (an internal variable vector X = {X1, 
X2, …, Xn} at time t), τ steps before. A non-zero value of 
mutual information indicates that the protein has integrated 
the stimulus into its structure, making it a candidate for min-
imal intelligence.

Then, the system integration ability Φ can be expressed 
as [40]:

Φ = I
(
Xt−τ ; Xt) − I ∗ (X; τ, π ∈ PS)� (2)

where I (Xt−τ; Xt) represents the mutual information between 
the current state Xt and past states Xt−τ, S is the set of all 
nodes of a given system, PS is the set of all bi-partitions 
(total 2|S|−1 − 1 partitions), and π is an element of the set PS. 
Additionally, I* (X; τ, π ∈ PS) represents a ‘hypothetical’ 
mutual information, indicating the mismatched decoding in 
the partitioned probability distribution by π [41].

Since proteins are highly dynamic and adaptive systems, 
they are prime candidates for the application of IIT. Our key 
idea is that proteins can ‘experience’ their environment by 
integrating external stimuli into their structural and func-
tional repertoire. However, the notion of proteins “experi-
encing” their environment refers to their ability to not only 
respond to external stimuli but also incorporate those interac-
tions into persistent changes in their structural or functional 
state. As elaborated in our discussion of “minimal intel-
ligence,” this incorporation can take multiple forms, such 
as receptor priming during immune responses [3] or PTMs 
involved in epigenetic memory, such as histone modifica-
tions [2]. These examples support our broader interpretation 
that proteins can exhibit a primitive form of information 
integration, where past stimuli leave a trace that alters future 
responsiveness. We align this idea with IIT-inspired notions 
of state-dependent processing of information.

posits that proteins exhibit a form of minimal intelligence, 
which is characterized by their ability to integrate informa-
tion, adapt to environmental changes, and exhibit memory-
like properties. We now explore the theoretical foundations 
of protein intelligence and focus on IIT and the core-periph-
ery dynamics of protein structures to establish a frame-
work for understanding protein intelligence. We explicitly 
acknowledge that the term “minimal intelligence” applies 
only where there is evidence of information integration, 
state-dependent memory, and non-trivial system dynam-
ics (e.g., hysteresis), which are observed in certain protein 
behaviors. It should be noted that applying the same logic to 
other non-living or complex systems might either dilute the 
metaphor or demand alternative frameworks for interpreta-
tion. As a historical parallel, the “intelligence” metaphor has 
long been employed in physics, most famously in Maxwell’s 
Demon, a thought experiment from 1867 that challenged the 
second law of thermodynamics. Like that example, our goal 
is not to assert literal intelligence, but to provoke productive 
rethinking of how molecular systems like proteins process 
information and respond over time.

Integrated information theory (IIT) and proteins

Integrated Information Theory (IIT) is a theoretical frame-
work originally developed to explain consciousness in neu-
rological systems. At its core, IIT posits that consciousness 
arises from the ability of a system to integrate information, 
making the whole greater than the sum of its parts [10]. This 
integration is quantified by a metric called Φ (phi), which 
measures the degree to which the components of a system 
interact in a way that generates a unified, irreducible experi-
ence [7, 39]. While IIT was initially applied to the brain, its 
principles are generalizable to any complex system capable 
of integrating information, including proteins.

In the field of neuroscience, where it was originally for-
mulated, IIT is used to explain the relationship between 
consciousness and its physical substrate. IIT begins with a 
set of phenomenological axioms that are derived from the 
nature of conscious ‘experience’. First, each experience is 
specific, i.e., it is defined by how it differs from other pos-
sible experiences. This corresponds to the ‘Information’ 
component of IIT. Second, each experience is integrated, 
i.e., it is unified and cannot be decomposed into indepen-
dent parts. This principle of ‘Integration’ suggests that the 
state of a system as a whole contributes to experience, and 
no subset alone suffices. Applied metaphorically to proteins, 
integration implies that an experience (stimulus) leads to a 
global, coordinated reconfiguration of the molecular struc-
ture. A third principle, ‘Exclusion’, posits that each experi-
ence has distinct spatio-temporal boundaries. These axioms 
are formalized in IIT to determine the conditions under 
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initiate intracellular signaling cascades. GPCRs exist in a 
dynamic equilibrium between inactive and active states, and 
the binding of a ligand shifts this equilibrium by stabilizing 
specific conformations. The conformational “memory” of 
prior activation can persist in the form of receptor desensi-
tization or biased signaling, suggesting a primitive encod-
ing of past events [42–44]. Another compelling example is 
viral fusion proteins, such as the influenza hemagglutinin 
or HIV-1 gp41, which undergo significant structural tran-
sitions in response to pH changes or receptor engagement 
[45, 46]. In the acidic environment of the endosome, hem-
agglutinin refolds from a metastable pre-fusion conforma-
tion into a stable post-fusion structure, driving membrane 
fusion. This pH-induced switch is a single-use, irreversible 
conformational memory encoded in the energy landscape of 
the protein. These examples illustrate how proteins use con-
formational plasticity not just for reactivity, but as a mecha-
nism for encoding environmental information, integrating 
signals across spatial and temporal domains, and modulat-
ing future responses. When looked through the lens of IIT 
and network dynamics, these systems reveal the operational 
substrate for a minimal, non-conscious form of intelligence 
embedded within molecular architectures.

While the application of IIT to proteins is conceptu-
ally appealing, it comes with its own set of challenges that 
require attention. One major criticism is the difficulty of 
measuring Φ in complex systems [47]. Unlike the brain, 
where Φ can be estimated using neural activity data [48]
proteins lack a direct analogue for such measurements. 
However, recent advances in computational modeling and 
experimental techniques, such as MD simulations and NMR 
spectroscopy, have made it possible to quantify the degree 
of integration in proteins [49]. These tools have enabled the 
mapping of the flow of information within protein structures 
and provided valuable insights into their dynamic and adap-
tive nature. Another criticism is the anthropocentric bias 
inherent in applying a theory of consciousness to proteins 
(discussed in detail in Sect. 8). Skeptics argue that intelli-
gence, as defined by IIT, is a property of highly complex 
systems like the brain and cannot be meaningfully extended 
to simpler entities (in our case, proteins) [50]. However, 
proponents counter that intelligence is not a binary (all-or-
nothing) phenomenon but exists on a continuum [51]. From 
this perspective, proteins exhibit a minimal form of intel-
ligence, which is made evident by their ability to integrate 
information and adapt to environmental changes. We would 
like to emphasize that our criterion for distinguishing “mini-
mal intelligence” from mere adaptation lies in the presence 
of hysteresis, i.e., the return of a system to its original state 
via a different trajectory than the one it followed in response 
to the stimulus. This asymmetry reflects not just a reversible 
adaptation but a history-dependent transformation, where 

To illustrate the idea of minimal molecular intelligence in 
proteins, we present hemoglobin as a paradigmatic example. 
Traditionally described as a textbook case of allosteric regu-
lation, hemoglobin displays several properties that extend 
beyond passive adaptation and align with our proposed 
framework of intelligent behavior at the molecular level. 
Hemoglobin, a tetrameric heme-bound protein, binds oxy-
gen cooperatively, i.e., the binding of one oxygen molecule 
to a subunit increases the affinity of the remaining subunits 
for oxygen [19–21]. This property arises from a conforma-
tional transition between the low-affinity T (tense) state and 
the high-affinity R (relaxed) state. Crucially, this transition 
is not simply a switch but involves an asymmetric, history-
dependent process. The pathway and energy landscape fol-
lowed during oxygen binding (T → R) differs from that 
during oxygen release (R → T), which reflects hysteresis, 
a hallmark of systems with memory. This behavior sug-
gests that the response of the molecule is shaped not only 
by the current external stimulus (oxygen concentration) but 
also by its prior state, which is a basic form of molecular 
‘learning’. Furthermore, hemoglobin exhibits distributed 
information integration: the binding of oxygen at one heme 
site propagates structural rearrangements across subunits, 
which modulates the dynamics of distal sites. This coordi-
nation represents an internal “decision-making” mechanism 
that cannot be localized to a single part of the protein. In this 
sense, the quaternary structure of hemoglobin supports an 
emergent form of integrated information processing, which 
is analogous in principle to systems considered in IIT, albeit 
at a minimal molecular scale. Another aspect consistent 
with our framework is the functional rewiring of the behav-
ior of hemoglobin under different physiological contexts. 
For example, changes in pH (Bohr effect), CO₂ concentra-
tion, or the presence of 2,3-BPG further modulate the affin-
ity of oxygen by stabilizing specific conformational states. 
These regulatory mechanisms reveal an ability to fine-tune 
responses dynamically, which enables the protein to adapt to 
environmental changes without requiring changes to its pri-
mary sequence. So, collectively, hemoglobin demonstrates: 
(i) Hysteretic behavior (trajectory-dependent conforma-
tional changes), (ii) Information integration across subunits, 
(iii) Adaptive tuning via external modulators, and (iv) Func-
tional switching among multiple quasi-stable states. These 
features are consistent with our definition of minimal pro-
tein intelligence, where a system incorporates its past into 
its present state, integrates distributed information, and gen-
erates a coherent, goal-directed output, in this case, efficient 
transport of oxygen across diverse physiological conditions.

Beyond hemoglobin, this general principle extends to a 
broader class of proteins, such as G protein-coupled recep-
tors (GPCRs). GPCRs are membrane-embedded sensors 
that undergo ligand-induced conformational changes that 
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In contrast to the core, the periphery of a protein con-
sists of IDRs that enable adaptability and conformational 
flexibility to the protein. IDRs allow the proteins to adopt 
multiple conformations in response to environmental 
changes [23, 59–63]. This flexibility is crucial for the 
ability of the protein to interact with binding partners 
and perform complex tasks. For example, in transcription 
factors, IDRs play a key role in mediating protein-DNA 
interactions [64]. Upon binding to DNA, these regions 
fold into specific conformations, which enable the pro-
tein to recognize and bind to specific DNA sequences. 
This process, known as conformational signaling, allows 
the protein to integrate external stimuli into its functional 
repertoire.

The interplay between the core and periphery is essen-
tial for protein intelligence. The core maintains the iden-
tity of the protein and ensures its functional integrity, 
while the periphery enables adaptability and responsive-
ness to environmental changes. This duality mirrors the 
balance between stability and adaptability observed in 
intelligent systems, such as the brain. For example, in 
allosteric proteins, the core and periphery work together 
to mediate the response of the protein to external stimuli. 
The core transmits signals between distant functional 
sites, while the periphery undergoes conformational 
changes that modulate the activity of the protein [65]. 
This coordinated response allows the protein to integrate 
information and adapt its behavior as a dynamic and 
adaptive system.

While the core-periphery model provides a useful 
framework for understanding protein intelligence, it has 
certain limitations. One key criticism can be that the dis-
tinction between core and periphery is often not well-
defined. In some proteins, the boundaries between core 
and periphery are blurred, with residues exhibiting both 
ordered and disordered characteristics. This complex-
ity challenges the traditional view of proteins as having 
a rigid core and a flexible periphery. Additionally, the 
model oversimplifies the complexity of protein dynam-
ics. Proteins are highly dynamic systems that undergo 
continuous conformational changes, which makes it dif-
ficult to define a static core and periphery.

However, one should keep in mind that, despite their 
highly dynamic nature, all proteins exhibit at least some 
degree of structural heterogeneity, which is a feature that 
can be viewed as a logical extension of the core-periphery 
model of protein architecture. Even the most disordered 
proteins are not completely unstructured but contain 
regions of residual or transient structure, which function 
as dynamic cores and play a crucial role in mediating the 
interplay between structural stability and functional flex-
ibility. An interesting example of this is the intrinsically 

the system retains a trace of the stimulus beyond its pres-
ence. The area enclosed by the hysteresis loop provides a 
quantitative proxy for the persistence or “memory” of that 
prior stimulus. We argue that this behavior justifies the use 
of the term “minimal intelligence” because it implies more 
than passive adaptation: it involves a form of temporal 
integration and state-dependent processing. This shifts our 
understanding of proteins from static molecular machines 
to dynamic, history-sensitive systems. Such a perspec-
tive has meaningful implications, for example, a structur-
ally symmetric homodimer can exhibit highly asymmetric 
dynamics, which can potentially influence its function in 
unexpected ways [52]. We frame this behavior within the 
broader lens of minimal intelligence to emphasize the non-
trivial processing capabilities embedded in protein systems.

The application of IIT to proteins has profound implica-
tions for our understanding of protein function. It suggests 
that proteins are not merely passive executors of predefined 
tasks but active participants in their environment that are 
capable of ‘learning’ from experience and adapting their 
behavior accordingly. This perspective opens new avenues 
for research in protein engineering, drug design, synthetic 
biology, etc. We will discuss these applications in Sect. 7.

Core-periphery dynamics

The concept of core-periphery dynamics provides a 
structural basis for understanding protein intelligence 
[53, 54]. Proteins can be described as residue interac-
tion networks, where nodes represent amino acids and 
edges represent interactions between them [55]. These 
networks exhibit a distinct core-periphery architecture, 
with densely connected, evolutionarily conserved resi-
dues forming the core and IDRs forming the periphery 
[56, 57].

The core of a protein is characterized by densely con-
nected, evolutionarily conserved residues that facilitate 
fast energy transfer and signal transmission. These res-
idues are typically located in the interior of a protein, 
where they are shielded from environmental fluctuations. 
The high degree of connectivity in the core ensures effi-
cient communication between distant functional sites 
and enables the protein to respond rapidly to external 
stimuli. For example, in kinesin, a motor protein, the 
core consists of highly conserved residues that mediate 
ATP hydrolysis and microtubule binding. These residues 
are tightly packed and create a rigid structure that main-
tains the identity of the protein and ensures its functional 
integrity. However, the core is not static; it undergoes 
subtle conformational changes in response to external 
stimuli, which enable the protein to adapt its behavior to 
its microenvironment [58].
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folding but also confer a kinetic advantage by facilitating 
rapid and regulated complex formation [67]. p27-KID 
is an illustrative example of how structural disorder and 
residual order coexist and exemplify the dynamic inter-
play between core and periphery, which is a hallmark of 
what we describe as protein intelligence. To further cap-
ture this complexity visually, Fig. 1 shows representative 
NMR solution structures of proteins with varying degrees 
of intrinsic disorder. It demonstrates that both core and 
peripheral regions can have different dynamics, structure, 
and spatial volume within a given protein molecule.

disordered kinase inhibitory domain (KID) of the cell 
cycle inhibitor protein p27Kip [1]. In its unbound state, 
p27-KID is largely disordered [66, 67]; however, upon 
binding to its partners Cdk2 and cyclin A, it undergoes 
a folding-upon-binding transition and adopts a well-
defined p27-KID/Cdk2/cyclin A ternary complex confor-
mation that includes an α-helix, a 3₁₀-helix, and β-strands 
[68]. Intriguingly, even in its disordered, unbound form, 
p27-KID harbors marginally stable helical structures that 
presage the α-helix observed in the p27-KID bound to 
cyclin A-Cdk2 complex [67]. These pre-structured motifs 
not only reduce the entropic cost associated with induced 

Fig. 1  Illustrative examples of proteins with varying levels of intrinsic 
disorder. Each panel displays an ensemble of structural models derived 
from solution NMR spectroscopy, capturing the conformational het-
erogeneity (or “fuzziness”) present in different regions of the protein. 
This structural fuzziness reflects the dynamic nature of protein confor-
mations and is typically more pronounced in the periphery than in the 
core. In all cases, the core regions exhibit comparatively lower flexibil-
ity (have lower fuzziness), reinforcing the concept of a dynamic core-
periphery organization. Notably, even highly disordered proteins, such 
as the chitin-binding domain from the beak of the jumbo squid Dosi-
dicus gigas (PDB ID: 7BWO), retain a partially ordered core, illus-
trating that complete structural disorder is rare. The figure includes 
examples spanning a broad structural continuum, from mostly ordered 
to predominantly disordered proteins. These include the hemoglobin 
receptor HbpA from Corynebacterium diphtheriae (PDB ID: 9BCH; 
[69]), the TonB C-terminal domain from Helicobacter pylori (resi-

dues 179–285; PDB ID: 6SLY; [70]), the Williams-Beuren syndrome-
associated methyltransferase WBSCR27 (PDB ID: 7QCC; [71]), the 
outer membrane protein AlkL (PDB ID: 6QAM; [72]), the N-terminal 
cytoplasmic domain of the membrane antisigma factor DdvA (PDB 
ID: 8RLZ; [73]), the MAX47 effector from Pyricularia oryzae (PDB 
ID: 7ZKD; [74]), the tRNA 2′-phosphotransferase from Runella slithy-
formis (PDB ID: 7 KW8; [75]), the chitin-active lytic polysaccharide 
monooxygenase BlLPMO10 A (PDB ID: 6 TWE; [76]), the barnacle 
cement protein MrCP20 (PDB ID: 6LEK; [77]), Gaussia luciferase 
(PDB ID: 7D2O; [78]), the antimicrobial peptide LaIT2 (PDB ID: 
7 WKF; [79]), and the aforementioned chitin-binding domain (residues 
163–223) from D. gigas (PDB ID: 7BWO; [80]). Together, these struc-
tures illustrate the wide spectrum of disorder in proteins and highlight 
the dynamic interplay between ordered cores and flexible peripheral 
regions
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(crystal-like) and flexible (liquid-like) phases coexist, is a 
hallmark of any self-organizing system that is capable of 
interacting with its environment [87, 88]. Such a balance is 
not only fundamental for biological function but is also con-
sidered a prerequisite for any minimal form of intelligence. 
Figure 2 also illustrates that these two phases do not align 
with any strict modular architecture. Instead, individual res-
idues can establish effective topological connections with 
structural modules beyond their own. These ‘extra-module’ 
links play a key role in enabling the responsiveness of a pro-
tein to external stimuli and facilitating dynamic adaptations 
essential for function and regulation.

The concept of ‘periphery’ should be understood not in 
geometric terms but in a topological sense, representing 
the ‘fluid phase’ of the system as opposed to its ‘crystal-
like’ phase in terms of connectivity. Lower connectivity 
corresponds to greater flexibility; thus, while peripheral 
regions do not necessarily overlap with IDRs, they tend 
to be enriched with unstructured patches. It is also impor-
tant to emphasize that in reality, there is no strict boundary 
between ordered proteins and IDPs; instead, the structure-
disorder landscape of a protein exists on a continuum [90]. 
In fact, regardless of their intrinsic disorder status, all pro-
teins represent complex, heterogeneous systems with intri-
cate spatiotemporal organization, where different regions of 
a protein molecule (even rather short ones) exhibit varying 
degrees of order and disorder [91–97]. As a result, a single 
protein can adopt multiple combinations of ordered and dis-
ordered states (Fig. 3). These combinations can be catego-
rized as [91–97]:

1.	 Mosaic architecture: Comprising spontaneously 
folded regions (foldons) and regions that do not fold 
(non-foldons).

2.	 Global semi-folded state: Containing regions that 
remain in a semi-structured state (semi-foldons).

3.	 Inducible foldons: Folding (at least partially) upon 
interaction with binding partners.

4.	 Morphing inducible foldons: Adopting different 
folded states when binding to different partners.

Structural and functional basis of protein 
intelligence

The concept of protein intelligence is deeply rooted in 
the structural and functional dynamics of proteins. Unlike 
synthetic machines, which are designed with modular, 
independently optimized components, proteins exhibit a 
global integration of structure and function. This integration 
enables proteins to adapt to environmental changes, inte-
grate information, and exhibit memory-like properties.

It is worth noting that the balance between a ‘core’ 
responsible for stability and a ‘periphery’ devoted to flex-
ibility is a general feature of any protein molecule, even 
in the absence of IDRs. This balance becomes particularly 
evident when analyzing protein 3D structures through a net-
work-based perspective. According to this framework, we 
can generate protein contact networks (PCNs) by filtering 
the distances between α-carbon atoms of any two residues 
by a threshold so that the distances are considered as ‘con-
tact’ (below the threshold) and ‘lack-of-contact’ (above the 
threshold), respectively [81]. This threshold can be made 
more focused on ‘elective’ contacts (functionally relevant 
interactions) by eliminating the ‘obliged’ contacts (which 
arise solely due to primary sequence adjacency) [81]. This 
procedure transforms the 3D structure of a protein into a 
graph, where residues serve as nodes and pairwise contacts 
as edges. This allows the use of graph descriptors for inves-
tigating protein structures [81, 82].

A particularly useful approach to analyzing such net-
works is the so-called Guimerà-Amaral cartography [83]. 
This approach employs network spectral clustering [84] to 
partition the structure into clusters of strongly connected 
nodes. In this model, each node (i.e., amino acid residue in a 
PCN) is characterized by two key descriptors: z (intracluster 
connectivity), which represents the normalized number of 
contacts a node has within its own module (cluster), and 
P (partition coefficient), which quantifies the ratio of inter-
cluster to intra-cluster links. Figure 2A illustrates a typical 
P-z diagram derived from a single protein structure, whereas 
Fig.  2B shows the superposition of P-z profiles of 1,420 
structurally unrelated proteins [81]. Notably, despite the 
vast morphological diversity of these proteins, the general 
shape of the graph (in terms of intra-cluster and inter-cluster 
connectivity) remains remarkably consistent. This suggests 
a highly conserved wiring pattern in PCNs despite their 
huge morphological variability, highlighting the common 
fundamental organizational principles underlying protein 
structures. Residues with high P values play a crucial role 
in allosteric regulation and exhibit greater flexibility com-
pared to others [85, 86]. On the contrary, residues with P = 0 
and elevated values of z are those responsible for the global 
stability of the system. This dual nature, where structured 

Fig. 2  P vs. z plot for (a) a single protein and (b) for 1420 proteins. 
Notably, the plots exhibit a striking similarity across all proteins, 
highlighting a conserved pattern. The dataset used in this study was 
obtained from the protein-culling server PISCES. The authors selected 
a subset of protein structures that share less than 20% sequence iden-
tity and at a resolution better than 2.0 Å. Only monomeric entries 
(single chains) were included. An initial set of 1757 structures was 
downloaded and subsequently filtered to exclude entries with missing 
residues, resulting in a final dataset of 1420 high-quality structures. 
The module detection algorithm was applied to this curated set, and the 
results are accessible via a dedicated web server (​h​t​t​p​:​​​/​​/​g​a​n​d​i​v​​a​w​e​​​b​.​i​​a​​
b​.​​k​e​​​i​o​.​​a​c​.​j​p). A complete list of the PDB IDs included in the analysis 
is provided in the Supporting Information of the paper [89]. Figure 
adapted with permission from Krishnan et al. [89]
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model [100]where the structural continuum arises from 
the coexistence of differently (dis)ordered regions, and the 
functional continuum reflects their diverse functional contri-
butions [91, 97–99]. Furthermore, this spatiotemporal orga-
nization, where even a single protein functions as a complex 
system composed of interdependent parts, each capable of 
dynamic change that influences the overall system behavior, 
forms the foundational basis of protein intelligence. Within 
the framework of complex adaptive systems, proteins 
exhibit hallmark features: “they are open, dynamic entities 
that are able to self-organize their structural configurations 
through continuous exchange of information, energy, and 
other resources with their environment. Importantly, they 

5.	 Unfoldons: Regions that must undergo partial or com-
plete unfolding to activate the protein.

Beyond the intrinsic variability in order across different 
regions, the distribution of foldons, non-foldons, induc-
ible foldons, morphing inducible foldons, semi-foldons, 
and unfoldons is highly dynamic over time. Consequently, 
a given protein segment can adopt different structures at 
different time points, resulting in an ever-changing, non-
crystal-like overall protein structure. This dynamic struc-
tural mosaic underpins the multifunctionality of a protein, 
as each type of (dis)ordered region can serve distinct func-
tional roles [91, 97–99]. In other words, protein function 
is best understood through a structure-function continuum 

Fig. 3  Structure-function continuum of proteins. A single protein can 
adopt multiple combinations of ordered and disordered states, catego-
rized as: (1) Mosaic architecture, comprising folded (foldons) and non-
folded (non-foldons) regions; (2) Global semi-folded state, containing 
semi-structured regions (semi-foldons); (3) Inducible foldons, fold-

ing upon binding; (4) Morphing inducible foldons, adopting different 
folds with different partners; and (5) Unfoldons, requiring unfolding 
for activation. These dynamic states create a structural and functional 
continuum, and enable proteins to perform diverse roles over time
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Kinesin as a case study

Kinesin, a motor protein responsible for intracellular 
transport, serves as an exemplary model for understand-
ing protein intelligence (Fig. 4) [58]. Kinesin moves along 
microtubules and transports cargo such as vesicles, organ-
elles, and mRNA within the cell [102]. This process requires 
precise coordination between ATP hydrolysis, microtubule 
binding, and cargo recognition.

Unlike synthetic machines, which are designed with 
modular, independently optimized components, the struc-
ture-function relationship in kinesin is global and cannot be 

are able to transform these resources in ways that enable 
context-dependent action and functional adaptation” [101].

Furthermore, beyond multifunctionality, the responsive-
ness of a protein is also rooted in its spatiotemporal het-
erogeneity. This heterogeneity, which is closely linked to 
intrinsic disorder, positions proteins at the edge of chaos (a 
state that enables rapid adaptation to fluctuating environ-
mental conditions). Let us now explore the structural and 
functional basis of protein intelligence, using kinesin as a 
case study, and discuss the role of allostery and conforma-
tional signaling in protein dynamics.

Fig. 4  Structural model of a kinesin protein. The ribbon diagram 
depicts the 3D structural model of a kinesin motor protein (contain-
ing 1815 amino acid residues), with different functional regions. The 
model has been generated using AlphaFold 2.0. The structure contains 
the motor domain (responsible for ATP hydrolysis and microtubule 
binding), the neck linker (involved in force generation and direc-
tional movement), and the coiled-coil stalk (mediating dimerization 

and cargo binding) [58]. Notably, there are no clear boundaries (and 
no macroscopic differences in structure) between these functional 
regions, which reflects the integrated nature of protein function. This 
lack of discrete partitioning contrasts sharply with the modular design 
of synthetic machines, which underscores the unique principles of bio-
logical engineering
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to environmental changes is a hallmark of protein intel-
ligence. For example, kinesin can adjust its stepping pat-
tern in response to changes in microtubule structure or ATP 
availability. This adaptability is mediated by conformational 
changes that propagate across the protein and integrate 
information from multiple domains. These changes are not 
random but are highly coordinated, which enables kinesin 
to perform its transport function with remarkable efficiency. 
Furthermore, it is important to recognize that the step size 
of kinesin (typically 8.1 nm per ATP hydrolyzed, which cor-
responds to the distance between adjacent tubulin subunits 
on the microtubule lattice) [104] is not a fixed mechanical 
constant. Rather, it is modulated by several factors, includ-
ing the structural properties of the microtubule, the pres-
ence of microtubule-associated proteins, and the nature of 
the mechanical load. Under increasing load, kinesin motors 

factorized into independent parts. For example, the motor 
domain of kinesin, which binds to microtubules and hydro-
lyzes ATP, is intricately linked to its cargo-binding domain 
[103]. This integration ensures that changes in one domain 
(e.g., ATP hydrolysis) are transmitted to other domains 
(e.g., microtubule binding), which enables coordinated 
movement. The lack of clear boundaries between func-
tional regions in kinesin contrasts sharply with the modular 
design of synthetic machines. In synthetic machines, such 
as car engines, each component (e.g., pistons, fuel injec-
tors) is optimized independently and connected through 
rigid interfaces (Fig.  5). This modularity allows for easy 
repair and replacement, but limits the ability of the system 
to adapt to novel stimuli. In contrast, the global integration 
of kinesin enables it to ‘learn’ from its environment and 
adapt its behavior over time. The ability of kinesin to adapt 

Fig. 5  Schematic of a Ducati 250 GT engine. The diagram illustrates 
the internal structure of a Ducati 250 GT race motorbike engine, 1966, 
a classic example of synthetic mechanical engineering. Key compo-
nents, such as the pistons, crankshaft, and valves, are clearly delin-
eated to highlight their distinct functionalities. Unlike the kinesin 
molecule (Fig. 4), the engine exhibits a modular and compartmental-
ized design, with well-defined boundaries between functional parts. 
The elements of the engine interact while at the same time maintain-
ing their independent and unique forms; the structure of the engine 

remains invariant during operation. It is not by chance that each com-
ponent has a distinct label, as there is no ambiguity regarding the bor-
ders between different parts. This contrast emphasizes the fundamen-
tal differences between biological and synthetic systems, even when 
both are designed to achieve controlled and regular motion. The rigid, 
predefined architecture of the engine stands in stark contrast to the 
dynamic and integrated nature of protein-based molecular machines. 
Figure adapted with permission from De Paola et al. [81]
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past interactions. The ability of kinesin to “write” infor-
mation onto the microtubule or store it within its kinesin 
itself and then “read” this information to inform future 
behavior suggests an elementary form of learning [109, 
110].

While kinesin serves as a compelling example of pro-
tein intelligence, certain limitations must be considered. 
One key criticism is that, at present, the notion of ‘learn-
ing’ in proteins remains largely metaphorical and lacks a 
rigorous theoretical foundation. Unlike neural networks, 
which are explicitly designed to learn from data, proteins 
do not have a dedicated mechanism for learning. How-
ever, it is important to emphasize that learning in pro-
teins emerges as a property of their dynamic and adaptive 
nature rather than a predefined function. Another poten-
tial concern is that the global integration of structure and 
function in kinesin may limit its evolvability. In contrast, 
modular systems, such as synthetic machines, are more 
amenable to evolutionary changes, as modifications to 
one component do not necessarily disrupt the entire sys-
tem. In contrast, changes to the structure of kinesin could 
have far-reaching effects, which can potentially compro-
mise its function [112]. However, this limitation may be 
offset by the ability of the protein to adapt to environ-
mental changes, which provides a selective advantage in 
dynamic cellular environments.

In addition, the possibility of the presence of multiple 
quasi-equilibrium states that arise from the rich dynam-
ics of frustrated systems (i.e., systems that lack a single 
minimal energy state) [113] enables proteins to rapidly 
adapt to evolutionary pressures. This structural frustra-
tion allows for a high degree of conformational flexibil-
ity, meaning that a specific mutational event can trigger a 
swift shift in the functional landscape of a protein [114]. 
In other words, a ‘holistic’ entity that does not rely on the 
separate optimization of individual ‘pieces’ can achieve 
a global and immediate adaptive response to external 
perturbations. This adaptability arises from the inher-
ently frustrated nature of the energy landscape of a pro-
tein, where multiple configurations occupy local energy 
minima without a single optimal state (unlike artificial 
machines, which operate based on predefined, optimized 
configurations).

Allostery and conformational signaling

Allostery is a key mechanism underlying protein intelli-
gence, which enables proteins to undergo conformational 
changes in response to ligand binding. These changes are 
not localized to the binding site but propagate across the 
protein and link distant functional sites. This integration 
of information allows proteins to regulate their activity 

have been observed to exhibit backstepping [105, 106] or 
to take smaller-than-normal steps [107]. Even more intrigu-
ingly, when multiple kinesin motors coordinate their move-
ment, the resulting step sizes can deviate from the canonical 
8  nm increments. In such collective scenarios, fractional 
steps of 4  nm and even sub-nanometer displacements as 
small as 0.73 nm have been recorded [108]. Crucially, kine-
sin is not merely a passive transporter that reacts to external 
cues. Recent findings suggest that it also acts as both a reader 
and a writer of the tubulin state within the microtubule lat-
tice. As kinesin steps along the microtubule, it can induce 
conformational changes in the tubulin subunits [109]. These 
kinesin-induced alterations are not confined locally; they 
can propagate along the lattice and allow kinesin molecules 
to allosterically influence other proteins operating on the 
same track [109]. Such behavior transcends the boundaries 
of passive adaptation. It indicates that kinesin not only inte-
grates cues from its environment but actively modifies that 
environment, which is an ability that aligns with the notion 
of a minimal form of learning or intelligence.

The concept of ‘learning’ in kinesin supports the idea 
that the protein can exhibit memory-like properties. 
Kinesin can retain information about past interactions 
with microtubules, which influences its future behavior. 
This functional “memory” is encoded not only in con-
formational changes within the kinesin molecule (stabi-
lized through interactions between its structured core and 
more flexible peripheral regions), but also in the kine-
sin-induced modifications to the microtubule structure 
itself. As kinesin walks along microtubules, it can induce 
conformational changes that create high-affinity bind-
ing states, effectively marking the microtubule in a way 
that influences subsequent kinesin activity [110]. Thus, 
both the kinesin and the microtubule retain the resulting 
“memory” of previous interactions, which in turn shape 
future dynamics. In fact, kinesins can use this “memory” 
to guide polarized transport and selectively deliver cargo 
to specific subcellular locations such as axons or den-
drites in neurons [110]. Importantly, kinesin does not 
merely follow predefined tracks, it actively shapes them. 
Since the stability, growth, and disassembly of microtu-
bules can be modulated by kinesin, it seems that kinesin 
is building, fixing, and controlling the very paths they 
traverse [111]. This dual capacity to read the conforma-
tional state of the microtubule and to alter it suggests that 
kinesin can “read” the microtubule state, and it “knows” 
what specific cargos should be delivered to which spe-
cific destinations within the cell [109]. These insights 
challenge the view of kinesin-microtubule interaction as 
a simple, stimulus-driven process and do not represent a 
simple, one-time event. Instead, they reveal a complex, 
dynamic system where future behavior is influenced by 
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proteins to respond to a wide range of stimuli and per-
form complex biological tasks.

Conformational memory and learning in 
proteins

The concept of protein intelligence extends beyond imme-
diate responses to environmental stimuli and encompasses 
the ability of proteins to ‘remember’ past events and adapt 
their behavior accordingly. This phenomenon, known as 
conformational memory [124] is also a hallmark of protein 
intelligence. However, we would like to clarify that the form 
of “memory” we propose in proteins does not necessarily 
require evolutionary timescales for its expression. Rather, 
we suggest that certain proteins, by virtue of their confor-
mational landscape and interaction networks, may act as 
associative memory systems that are capable of encoding 
transient or persistent changes in state in response to envi-
ronmental stimuli. This is conceptually analogous to the 
Hopfield network model, where memory emerges from the 
dynamics of a complex system without requiring genomic 
changes [125]. Such systems can retain stimuli-specific 
conformational states or PTMs that bias future responses, 
which we term “minimal memory.” A biological application 
of this concept has already been suggested in the context 
of cellular signaling and epigenetics, where persistent states 
are maintained without alteration to the genome [126]. 
Thus, the role of evolution is to give rise to the architec-
ture of the protein, the “empty system”, which is capable 
of such dynamic behavior. The actual encoding of memory 
can occur on much shorter timescales, within the lifetime of 
the cell or organism, as a product of biochemical interaction 
rather than gene acquisition.

There is a critical and foundational distinction between 
evolutionary encoding and real-time learning. Simply 
exhibiting a genetically encoded behavior does not in 
itself qualify as “learning.” Our argument does not rest on 
the notion that proteins learn in the same sense that neu-
ral networks do, but rather that some proteins may exhibit 
behaviors consistent with minimal learning-like processes, 
such as plastic responses shaped by prior stimuli and stored 
as altered conformational states or molecular interaction 
patterns. As discussed earlier, the concept of associative 
memory in dynamical systems (exemplified by the Hopfield 
model) does not require evolutionary encoding for memory 
formation. In biological contexts, memory-like behavior can 
emerge from modulations in interaction strengths or confor-
mational states that persist beyond the initial stimulus and 
influence future responses. The example in reference [126] 
illustrates this well: cellular architectures can be trained (by 
modifying the strength of cell-cell interactions) to produce 

dynamically, adapt to environmental changes, and perform 
complex tasks.

IDRs play a crucial role in allostery by providing con-
formational flexibility. This flexibility enables IDRs to 
act as molecular switches that can modulate the activ-
ity of the protein in response to external stimuli [115, 
116]. For example, in transcription factors, IDRs mediate 
protein-DNA interactions by folding into specific confor-
mations upon binding to DNA. This conformational sig-
naling allows the protein to recognize and bind to specific 
DNA sequences, which integrates external stimuli into 
its functional repertoire [117]. Similarly, the IDP 4E-BP1 
(eukaryotic translation initiation factor 4E-binding pro-
tein 1), which regulates translation initiation, undergoes 
a disorder-to-order transition upon binding to its target, 
eIF4E (eukaryotic translation initiation factor 4E). This 
transition is modulated by phosphorylation, which alters 
the conformational ensemble of 4E-BP1 and regulates its 
binding affinity [118]. In kinases, IDRs regulate enzyme 
activity by modulating access to the active site, which 
enables the protein to respond to changes in cellular sig-
naling pathways [119, 120]. Thus, conformational sig-
naling is a hallmark of protein intelligence that enables 
proteins to integrate information from multiple sources 
and to adapt their behavior accordingly. As discussed ear-
lier, in the case of hemoglobin, the integration of infor-
mation is mediated by networks of interacting residues, 
which transmit signals between distant functional sites. 
These networks are not static but are dynamically rewired 
in response to environmental changes and enable the pro-
tein to adapt its behavior. Similarly, in GPCRs, ligand 
binding induces conformational changes that propagate 
across the protein and activate downstream signaling 
pathways [121]. This dynamic rewiring allows GPCRs to 
respond to a wide range of ligands and integrates infor-
mation from multiple sources.

A key limitation of the allostery and conformational 
signaling framework is that the mechanisms underlying 
allostery are poorly understood, particularly in large, 
multi-domain proteins [122]. For instance, it is often 
unclear how conformational changes are transmitted 
across long distances or how multiple allosteric sites 
interact to modulate protein activity. However, advances 
in computational modelling and experimental techniques 
are providing new insights into these mechanisms [123]. 
Another challenge is that the concept of conformational 
signaling is often oversimplified, with proteins depicted 
as having a few discrete conformational states. In real-
ity, proteins exist in a continuum of conformational 
states, which makes it difficult to define clear signaling 
pathways [62]. However, this complexity may not be a 
limitation but rather a functional advantage that enables 
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binding cassette transporter BtuC2D2, a hyper-activated 
state induced by ATP binding persists long after ATP is 
hydrolyzed, which enables the transporter to efficiently 
import vitamin B12 under fluctuating energy conditions 
[132].

While some allosteric sites are readily accessible and 
observable in static structures, others are cryptic or tran-
sient, which become visible only under certain conforma-
tional states or environmental conditions [133, 134]. For 
example, the well-known allosteric site in HIV-1 integrase 
is exposed in the native structure and has been successfully 
targeted, whereas cryptic allosteric pockets in kinases or 
GPCRs often require conformational rearrangements for 
detection and targeting. Recent advances in experimental 
and computational methods are increasingly helping to iden-
tify such elusive sites. NMR spectroscopy has been used to 
detect dynamic regions and conformational exchanges that 
suggest the presence of allosteric sites [135]. Cryo-electron 
microscopy (cryo-EM) has provided unprecedented struc-
tural detail for large, dynamic protein complexes, such as 
GPCRs [136] and proteasomes [137]in multiple conforma-
tional states. Additionally, enhanced sampling MD simula-
tions (such as metadynamics, accelerated MD, etc.) allow 
for the exploration of protein conformational landscapes 
and are able to reveal transient pockets that are not evident 
in crystallographic structures [138–140]. These methods are 
proving invaluable in mapping allosteric networks and in 
designing modulators that can access and stabilize specific 
protein conformations [141]. In parallel, machine learning 
(ML)-based techniques are being increasingly employed 
to predict allosteric sites and conformational transitions. 
However, a key bottleneck remains the limited availability 
and diversity of high-quality training datasets, particularly 
for underrepresented protein families and cryptic allosteric 
mechanisms. This limitation constrains the generalizability 
and robustness of current predictive models [142].

One criticism of kinetic allostery is that the mechanisms 
underlying metastable states are poorly understood. For 
example, it is often unclear how conformational changes are 
stabilized over long periods or how these states are eventu-
ally reset. Another criticism is that the concept of allokairy is 
often conflated with classical allostery, leading to confusion 
about its unique features. While both phenomena involve 
conformational changes, kinetic allostery is distinguished 
by its temporal persistence and functional implications. 
Clarifying these distinctions will be essential for advancing 
our understanding of protein memory.

Prion-like proteins and heritable traits

Prion-like proteins provide another example of protein 
memory, which exhibits self-templating conformations that 

different tissue organizations from the same starting condi-
tions. These modifications can occur on short timescales, 
and the resulting state represents a latent attractor within the 
phase space of the system. Importantly, these attractors are 
not hardwired by evolution; they become manifest through 
system dynamics triggered by external inputs. Analogously, 
we suggest that certain proteins (especially those involved 
in signaling, regulation, or epigenetic control) may access 
latent configurations that encode past environmental expo-
sure without requiring new genetic information. Thus, 
while we do not argue that kinesin or other proteins literally 
“learn” in the cognitive sense, we propose that their confor-
mational dynamics and context-sensitive behavior may con-
stitute a minimal, molecular form of learning, as defined by 
the persistence of altered responses based on prior stimuli.

Kinetic allostery and allokairy

Kinetic allostery refers to the phenomenon where confor-
mational changes induced by a stimulus persist long after 
the stimulus is removed [127]. This ‘memory’ of past events 
enables proteins to adapt their behavior based on prior expe-
riences, which is a key feature of intelligent systems. The 
term allokairy (from the Greek allos, meaning ‘other,’ and 
kairos, meaning ‘time’) has been coined to describe this 
temporal aspect of allostery, where proteins retain informa-
tion about past interactions and use it to modulate future 
activity [128]. Kinetic allostery is driven by the slow relax-
ation of protein conformations following a stimulus. Unlike 
classical allostery, where conformational changes are rap-
idly reversible, kinetic allostery involves metastable states 
that persist for extended periods [129]. These states are sta-
bilized by interactions within the core and periphery of a 
protein and create a ‘memory’ of the stimulus. As discussed 
earlier, in E. coli lactose permease, a lipid-induced confor-
mational change persists even after the lipid is removed 
[31]. This memory is encoded in the structure of the protein, 
which remains in a metastable state that influences its future 
interactions with lipids. Similarly, in human glucokinase, a 
hyper-activated state induced by substrate binding persists 
long after the substrate is released, modulating the activity 
of the enzyme over time [130].

The ability to retain information about past stimuli has 
important implications for protein function. For example, 
in signaling pathways, kinetic allostery enables proteins to 
integrate information over time and allows cells to respond 
to transient signals in a context-dependent manner [131]. 
This temporal integration is crucial for processes such as 
cell differentiation, where cells must ‘remember’ past sig-
nals to make fate decisions. In metabolic regulation, kinetic 
allostery allows enzymes to adapt their activity based 
on past substrate availability. For example, in the ATP 
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the mechanisms underlying prion-like behavior remain 
poorly understood. Questions persist about how prion-like 
conformations are initiated and how they propagate within 
cells [150]. Gaining deeper insights into the factors that 
govern prion function and mechanisms will be essential for 
our understanding of protein memory.

Posttranslational modifications as means for 
memory imprinting

The fact that posttranslational modifications (PTMs, i.e., 
reversible or irreversible chemical changes of a polypeptide 
chain that occur after its translation from DNA) have mul-
tiple crucial roles in the regulation of protein structure and 
function is unquestionable [26, 151–153]. Numerous PTMs 
are known, with at least 300 occurring physiologically 
[154]. According to recent estimates, there are more than 
400 different types of PTMs [155]whereas the UniProt data-
base lists more than 650 PTMs [156]and the PTM inventory 
continues to increase [157].

PTMs are highly diverse and range from the enzymatic 
cleavage of peptide bonds to the covalent addition of spe-
cific chemical groups, lipids, carbohydrates, or even entire 
proteins to amino acid side chains, with some PTMs (e.g., 
phosphorylation) being reversible by the action of specific 
deconjugating (or de-modifying) enzymes. These chemical 
modifications of amino acid side chains extend the range 
of their structures and properties, thereby diversifying the 
structures and functions of proteins. Moreover, the interplay 
between modifying and de-modifying enzymes represents 
an important means for the rapid and economic control of 
the functions of many proteins [152]. Taking PTMs into 
account, we could estimate that proteins can use more than 
140 chemically distinct residues, despite the fact that DNA 
typically encodes only 20 primary amino acids. As a result, 
the proteome size and complexity are dramatically increased 
well beyond what is expected from the analysis of encoding 
genomes [152, 158, 159].

While, at least in principle, all amino acid side chains can 
undergo various PTMs, most often protein PTMs are found 
at side chains that can act as either strong (C, M, S, T, Y, K, 
H, R, D, E) or weak (N, Q) nucleophiles, with the remain-
ing residues (P, G, L, I, V, A, W, F) being rarely involved 
in covalent modifications of their side chains. PTMs can 
dynamically alter the properties of amino acids accord-
ing to developmental and physiological requirements and 
allow proteins to rapidly adapt to changing cellular condi-
tions [160, 161]. Furthermore, PTMs have been described 
not only for amino acid side chains but also for the protein 
backbone [152]. The importance of PTMs is further high-
lighted by the fact that in higher eukaryotes, up to 5% of 
the genome is estimated to encode enzymes dedicated to 

induce heritable traits. Prions are best known for their role in 
neurodegenerative diseases, such as Creutzfeldt-Jakob dis-
ease, where misfolded proteins propagate their conforma-
tion to normal proteins, leading to pathological aggregation 
[143]. However, recent studies have shown that prion-like 
behavior is not limited to disease states but is also involved 
in normal cellular processes that include memory stor-
age and information processing. Prion-like proteins adopt 
self-templating conformations that are stable and heritable. 
These conformations are propagated through interactions 
with other proteins and create a ‘memory’ of past events. 
For example, in the yeast prion [PSI+], the misfolded form 
of the Sup35 protein propagates its conformation to normal 
Sup35 molecules, inducing a heritable change in protein 
function [144]. The stability of prion-like conformations is 
mediated by interactions within the core and periphery of 
the protein. In the mammalian prion protein PrP, the mis-
folded form (PrPSc) is stabilized by interactions between 
β-sheet-rich regions, which creates a template for further 
misfolding [145]. This self-templating behavior enables 
prion-like proteins to retain information about past events 
and propagate it to future generations.

Prion-like proteins also play a role in information pro-
cessing and memory storage. For example, in neurons, 
prion-like proteins are involved in the formation and main-
tenance of synaptic connections, which underlie learning 
and memory [146]. The self-templating behavior of these 
proteins enables them to ‘remember’ past synaptic activity 
and influence future neuronal responses. In gene regula-
tion, prion-like proteins modulate the expression of genes in 
response to environmental changes. For example, in yeast, 
the [PSI+] prion induces a heritable change in gene expres-
sion, which enables cells to adapt to fluctuating nutrient 
conditions. This epigenetic regulation provides a mecha-
nism for cells to ‘remember’ past environmental conditions 
and adjust their behavior accordingly [147]. A recent study 
has identified amyloid-like protein structures that are stably 
inherited in wild-type Caenorhabditis elegans and influ-
ence phenotypic traits [148]. Disruption of these structures 
through genetic, environmental, or pharmacological inter-
ventions leads to developmental phenotypes that can be epi-
genetically transmitted to subsequent generations. Genetic 
and proteomic analyses further reveal that the 26 S protea-
some and its conserved regulatory components are essential 
for maintaining these heritable amyloids across generations 
and ensure proper differentiation of germ cells.

While prion-like proteins offer a compelling example of 
protein memory, they also face significant criticism. One 
key concern is that the distinction between pathological and 
functional prion-like behavior is often unclear. While some 
prion-like proteins play a role in normal cellular processes, 
others are associated with disease states [149]. Additionally, 
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machinery consists of three main components: ‘Writers’ are 
the enzymes that catalyze the addition of PTMs to protein 
substrates, ‘Erasers’ are the enzymes that remove PTMs and 
ensure their reversibility, and ‘Readers’ are the proteins that 
recognize specific PTMs and transduce PTM-dependent 
signals and functions [174, 175].

Beyond their well-known roles in protein regulation, 
PTMs also serve as a mechanism for protein memory 
imprinting, which provides a molecular means for encoding 
conformational memory. In psychology, memory imprinting 
refers to the rapid learning of the characteristics of a stimu-
lus as a result of exposure. Analogously, PTMs modulate 
protein functionality and responsiveness by inducing spe-
cific conformational changes and influencing the dynamic 
behavior of structural ensembles in response to particular 
signals or stimuli. This enables proteins to ‘remember’ past 
events and adapt their behavior accordingly. Such confor-
mational memory can be PTM-dependent, as PTMs incor-
porated by ‘Writers’ persist for a time, being recognized by 
specific ‘Readers’ before their removal by ‘Erasers’. Thus, 
for “protein intelligence”, PTMs represent a means of creat-
ing and maintaining conformational memory.

Furthermore, for multi-PTM proteins (i.e., proteins that 
are modified at multiple sites by various PTMs simultane-
ously), there is also a PTM crosstalk that plays a crucial 
role in defining the combinatorial action of multiple PTMs 
for higher-order regulation. This crosstalk adds an addi-
tional layer of functional regulation in a protein, which sig-
nificantly expands the information content of the proteome 
[176]. PTM crosstalk can be either ‘positive’, where one 
PTM facilitates the regulation of another, or ‘negative’, 
where one PTM inhibits the function of another [177]. This 
phenomenon occurs at both intra-protein and inter-protein 
levels, with modifications taking place within the same 
protein or across separate proteins, respectively [174, 176–
178]. From the perspective of protein intelligence, PTM 
crosstalk serves as a fundamental mechanism for enhanc-
ing, controlling, and regulating protein memory imprinting. 
For instance, intra-protein PTM crosstalk enables an indi-
vidual protein to integrate multiple PTM signals, generat-
ing a complex, intertwined molecular memory that allows it 
to function as a signaling hub. Similarly, inter-protein PTM 
crosstalk facilitates a form of collective memory, where a 
PTM on one protein influences the regulation of a PTM on 
another, which enables proteins to coordinate responses 
within complex cellular networks.

Interestingly, PTM-driven protein memory imprinting 
can be directly linked to, or even serve as a defining fac-
tor in, memory formation during visual imprinting. Studies 
have shown that learning and memory formation are asso-
ciated with dynamic changes in phosphorylation patterns 
of the non-receptor tyrosine kinase Src in the intermediate 

the PTMs of the proteome [152]. Additionally, PTMs are 
closely linked to IDRs, as several types of modifications 
(such as phosphorylation, acetylation, protease digestion, 
ubiquitination, fatty acid acylation, and methylation) have 
been observed to preferentially occur within IDRs [151, 
162–167]. Recently, by combining the comprehensive 
structural predictions from AlphaFold2 with large-scale 
proteomics data on PTMs, it was revealed that, except for 
ubiquitination and, to a lesser extent, acetylation, various 
PTMs such as phosphorylation, sumoylation, methylation, 
and O-GlcNAc/O-GalNAc glycosylation are significantly 
enriched in IDRs [168]. Interestingly, the association of 
ubiquitination and acetylation with ordered regions was 
observed almost exclusively at non-regulatory sites. When 
the analysis was restricted to PTM sites with known regula-
tory functions, this correlation disappeared for ubiquitina-
tion and was even reversed for acetylation [168]. Moreover, 
the study highlighted that short IDRs embedded within large 
ordered domains are particularly enriched in functionally 
relevant PTMs [168].

PTMs, which can occur at any stage of the lifecycle of the 
protein (i.e., before the final folding steps, shortly after bio-
synthesis, or after folding and localization are completed), 
are important regulatory agents that modulate protein fold-
ing and conformational stability. They play a crucial role 
in targeting proteins to specific subcellular compartments, 
mediating interactions with partners, and regulating func-
tional states, such as catalytic activity in enzymes or sig-
naling functions in proteins involved in signal transduction 
pathways [153, 158]. The functional significance of PTMs 
is further underscored by the fact that nearly all proteins are 
subject to modifications, with the vast majority undergoing 
some form of PTM [169].

Since any amino acid residue can undergo PTMs, it is 
not surprising that some proteins are regulated by multiple 
different types of PTMs, not only mediating individual 
functions but also acting in concert to modulate overall 
protein activity and stability, as well as fine-tune molecular 
interactions [170]. One of the most well-known examples 
of multi-PTM regulation is found in histones, a family of 
nuclear IDPs that undergo a diverse array of modifica-
tions, including acetylation, ADP-ribosylation, butyryla-
tion, crotonylation, lactylation, malonylation, methylation, 
phosphorylation, propionylation, SUMOylation, and ubiq-
uitination. These different modifications are collectively 
known as the ‘histone code’, which influences histone-
DNA and histone-histone interactions, thereby controlling 
nucleosome stability and regulating the intra-nucleosomal 
interactions [171, 172]. While the N-terminal domains of 
core histones are known to contain an extraordinary num-
ber of PTM sites, over 30 modifications have been identi-
fied within their core domains [173]. The PTM regulatory 

1 3

Page 17 of 34    239 



T. Tripathi et al.

site is lost, triggering conformational changes that convert 
aconitase into an RNA-binding protein. In this alternative 
form, it regulates the expression of genes encoding proteins 
involved in iron uptake [190–192]. Similarly, the moon-
lighting glycolytic enzyme rabbit phosphoglucose isomer-
ase also performs diverse roles and can act as an autocrine 
motility factor, a differentiation mediator, and a neuroleu-
kin [193]. Moonlighting is not limited to enzymes; other 
reported functional combinations among moonlighting pro-
teins include chaperone and cytokine, ribosomal component 
and transcription factor, DNA-binding protein and extracel-
lular matrix component, receptor and transcription factor, 
and transmembrane channel and regulator of other channels 
[184]. A notable example of moonlighting in highly disor-
dered proteins is provided by alarmins, which, under condi-
tions of stress, infection, or injury, shift from their normal 
physiological roles to functions associated with immune 
alert signaling, regulation of gene expression, maintenance 
of cellular homeostasis, wound healing, inflammation, 
allergy, autoimmunity, and oncogenesis [180, 194, 195]. 
Another protein, α-synuclein, is a highly disordered alar-
min that has a remarkably broad functional spectrum and 
pronounced multipathogenicity, i.e., the ability to contribute 
to the pathogenesis of various disorders collectively known 
as synucleinopathies [196]. This protein serves as a stark 
counterexample of the classical “one protein-one function” 
model. Beyond its synaptic functions, α-synuclein exhibits 
molecular chaperone activity, binds a variety of interaction 
partners, and plays roles in lipid metabolism, membrane 
biogenesis, and neuroimmune regulation [196]. It is even 
implicated in modulating gastrointestinal immunity [197].

Metamorphic or fold-switching proteins represent 
another category of proteins that exhibit structural and func-
tional memory. These proteins can adopt two or more dis-
tinct folded conformations and reversibly switch between 
them in response to cellular stimuli [198]. In this way, meta-
morphic proteins achieve moonlighting behavior through 
fold-switching [199]. For instance, under oxidizing con-
ditions, glutathione oxidase undergoes a conformational 
change and functions as a chloride channel [198]. Similarly, 
the chemokine lymphotactin can exist in two structurally 
and functionally distinct forms: one as a monomer with the 
canonical chemokine fold, comprising a flexible N-termi-
nus, a three-stranded β-sheet, and a C-terminal α-helix sta-
bilized by a disulfide bond, which acts as an agonist of the 
GPCR XCR1; and another as a β-sandwich dimer, in which 
each monomer adopts a novel four-stranded β-sheet confor-
mation that binds with high affinity to cell-surface glycos-
aminoglycans [200]. Notably, the transitions between these 
alternative folds are completely reversible and are tightly 
regulated by environmental cues [198, 199].

medial mesopallium (IMM) of the domestic chick [179]. 
Src activity is tightly regulated by phosphorylation, with 
phosphorylation at Tyr-416 leading to activation (416P-
Src) and phosphorylation at Tyr-527 resulting in inhibition 
(527P-Src). Notably, elevated levels of the active 416P-Src 
correlate with the predisposition of a chick to learn, whereas 
an increase in the inhibited 527P-Src form occurs as a con-
sequence of learning [179]. These shifts in 416P-Src and 
527P-Src levels during learning and imprinting show how 
interconnected intra-protein and inter-protein PTM cross-
talk underpins both individual and collective protein mem-
ory imprinting.

Moonlighting and metamorphic proteins as a litmus 
test of the Idea that proteins have memory

A compelling conceptual demonstration of protein memory 
could be imagined in the form of a hypothetical IDP that 
folds into a helicase under conditions associated with DNA 
replication, but alternatively adopts an active kinase confor-
mation in response to high salt stress. While this scenario is 
entirely speculative, nature offers multiple real-world paral-
lels in the form of moonlighting proteins, which are pro-
teins capable of switching between distinct, often unrelated 
functions depending on cellular context or environmental 
conditions [180–184]. Importantly, the multifunctionality 
of moonlighting proteins does not arise from mechanisms 
such as alternative RNA splicing, gene fusions, DNA rear-
rangements, PTMs generating isoforms, or the presence of 
multiple structural domains [185]. Initially thought to be 
rare exceptions, moonlighting proteins are now recognized 
as widespread across all domains of life, including bacteria, 
archaea, protozoa, fungi, insects, worms, fish, reptiles, birds, 
mammals, plants, and even viruses [184, 186]. For example, 
the MultifacetedProtDB database catalogs 1103 multifunc-
tional human proteins [187]. Moonlighting proteins span 
a wide range of functional categories: some enzymes also 
serve as cytoskeletal components or proteasome subunits; 
others act as DNA stabilizers, receptors, secreted cytokines, 
structural proteins, or transcription factors [184]. A striking 
example is ε-crystallin in birds and crocodiles, which in the 
eye functions as a major structural protein essential for lens 
transparency and integrity, while it also performs the cata-
lytic role of lactate dehydrogenase, an enzyme that medi-
ates the reversible conversion of pyruvate to lactate [188]. 
Another example is the iron–sulfur enzyme aconitase, 
which catalyzes the interconversion of citrate to isocitrate 
via a cis-aconitate intermediate. In addition to its metabolic 
role, aconitase also functions as an iron-dependent regula-
tor of mitochondrial oxidative metabolism and erythropoi-
esis [189]. Furthermore, in response to decreased cellular 
iron concentrations, the iron–sulfur cluster in its active 
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MLOs/BCs due to the emergence of collective intelligence 
and amplify their capacity for functional adaptability and 
decision-making beyond what is achievable by single pro-
tein molecules.

For some proteins, the formation of condensates serves as 
a means to enhance functional efficiency, with condensates 
acting as biochemical reaction vessels where enzymatic 
reactions occur more efficiently than in bulk solution [201]. 
This concept of collective wisdom in cellular metabolism is 
exemplified by the metabolon model proposed in 1987 by 
Paul Srere [221, 222]which suggests that metabolic com-
partmentalization, i.e., the clustering of metabolic enzymes, 
dramatically increases enzymatic reaction efficiency [223–
225]. A striking example of this phenomenon can be found 
in bacteria, where the selective sequestration of mRNA into 
bacterial ribonucleoprotein bodies (BR-bodies) that contain 
the RNA degradosome enhances RNA decay [226–228]. 
Similarly, bacterial RNA polymerase clusters [229] have 
been linked to nucleoid organization [230]while micro-
domains of the polar organizing protein PopZ, which are 
formed at both the stalk (old) and swarmer (new) poles of 
Caulobacter crescentus, serve as LLPS hubs for various cel-
lular processes [231–234]. Additionally, the condensates of 
the divisome protein FtsZ play a critical role in bacterial 
cell division by forming the Z-ring structure at the bacte-
rial midcell [235]initiating cytokinesis, while being actively 
excluded from the bacterial nucleoid [236].

Notably, many MLOs, BCs, and colloids appear in cells 
under stressful conditions [237]suggesting that their biogen-
esis represents a response of cellular intelligent proteins to 
stress and leads to the formation of novel entities that aid in 
stress mitigation. The most well-known example of this phe-
nomenon is stress granules (SGs), which are MLOs formed 
in the cytoplasm of eukaryotic cells in response to various 
types of stress. SGs contain RNAs, RNA-binding proteins, 
and translation regulators [238–242]. They play key roles in 
cell survival under stress by carrying out functions such as 
translation arrest, RNA and protein protection, energy con-
servation, mRNA triage, and cell signaling [243–245].

The collective intelligence of MLOs, BCs, and colloids 
is further demonstrated by their ability to alter their micro-
environment and selectively interact with new molecular 
partners. An example of this adaptability is the modulation 
of solvent properties within condensates, which influences 
the partitioning of various biomolecules (proteins, nucleic 
acids, small organic molecules, metal ions, etc.) between 
the condensate and its surroundings [246]. In other words, 
the unique microenvironment created by LLPS determines 
which molecules are preferentially incorporated into or 
excluded from the condensate. This principle is supported 
by findings that microenvironments formed through phase 
separation regulate the dynamic distribution of bacterial 

In conclusion, the multifunctionality of both moonlight-
ing and metamorphic proteins is highly context-dependent, 
with their ability to switch between functions being directly 
triggered by changes in the cellular environment.

Liquid-liquid phase separation and 
collective intelligence of proteins

In his seminal review published in 2017, Simon Alberti 
pointed out: “Evidence for the collective behavior of pro-
teins has been around for many decades, but its significance 
for cell biology has only become clear in the past couple 
of years” [201]. Indeed, recent years have seen a surge of 
interest in liquid-liquid phase separation (LLPS), coacerva-
tion, biomolecular condensates (BCs), and membrane-less 
organelles (MLOs). These topics have gained prominence 
in molecular and cellular biology as key players in intracel-
lular space organization [201–211] and as a distinct mode of 
signal transduction [212]. It is now widely recognized that 
intrinsic disorder plays a central role in LLPS, as well as in 
the biogenesis of MLOs and BCs [213–218]. This is hardly 
surprising, given the fact that IDPs and IDRs are ‘edge of 
chaos’ systems that exhibit emergent behavior driven by 
complex self-organization processes and lead to the forma-
tion of novel structures, patterns, and functional properties 
[94, 219, 220]. In essence, MLOs, BCs, and colloids rep-
resent a manifestation of the collective behavior of protein 
crowds.

It is tempting to interpret LLPS and the related biogenesis 
of MLOs/BCs through the lens of protein intelligence. From 
this perspective, LLPS may be viewed as a process of selec-
tive assembly of complex intelligent proteins into MLOs, 
BCs, or colloidal structures, which, in turn, form a higher-
order system that exhibits collective intelligence. In other 
words, this process aligns with the dialectical materialism 
concept of the ‘transition of quantitative changes into quali-
tative ones’, i.e., when the accumulation and interactions of 
individual intelligent proteins reach a critical threshold, a 
qualitative leap, LLPS, is triggered. This transition results 
in the emergence of MLOs/BCs with collective intelligence, 
a novel property that was absent at the level of individual 
proteins and may exceed the sum of the intelligences of its 
components.

MLOs, BCs, and colloids are not passive aggregates 
but dynamic systems that are capable of solving problems, 
adapting and learning from a changing environment, iden-
tifying patterns and interaction partners, and anticipating 
future changes. Moreover, they do not merely respond to 
external conditions, but they actively shape and modify 
their surroundings. These properties, which are inherent to 
intelligent biological systems, become further enhanced in 
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duality enables proteins to maintain their structural integrity 
while adapting to external stimuli, a hallmark of intelligent 
behavior. Proteins often undergo conformational transitions 
in response to environmental changes, such as ligand bind-
ing or changes in pH [269]. These transitions are not random 
but are highly coordinated and involve the propagation of 
conformational changes across the structure of the protein. 
This behavior is reminiscent of phase transitions in physical 
systems, where small changes in external conditions lead to 
large-scale reorganizations, such as in hemoglobin [19–21]. 
This cooperative behavior is a hallmark of criticality, where 
the system operates at the boundary between order and dis-
order. Similarly, in prion-like proteins, the transition from a 
normal to a misfolded state represents a critical transition, 
where small changes in environmental conditions lead to 
large-scale conformational changes [270].

In the following sub-sections, we aim to develop a uni-
fied framework for further understanding protein intelli-
gence by drawing parallels between protein dynamics and 
critical states observed in other complex systems, such as 
ecosystems, gene regulatory networks, and neural networks.

Ecosystems

Ecosystems are complex systems that exhibit critical behav-
iour, which balances stability and adaptability. For example, 
in tropical rainforests, the interplay between diverse species 
and their environment creates a dynamic equilibrium, where 
small changes in environmental conditions can lead to large-
scale reorganizations [271]. This behavior is reminiscent of 
core-periphery protein dynamics, which enables the pro-
tein to adapt to environmental changes while maintaining 
its structural integrity. The concept of ecological resilience 
(the ability of an ecosystem to recover from disturbances) 
provides a useful analogy for understanding protein intel-
ligence [272]. Just as ecosystems rely on a balance between 
stability and adaptability to maintain their function, proteins 
rely on the interplay between order and disorder to integrate 
information and adapt their behavior.

Gene regulatory networks

Gene regulatory networks (GRNs) are another example 
of complex systems that exhibit critical behavior. GRNs 
consist of interconnected genes and regulatory elements 
that control gene expression in response to environmental 
changes [273]. The balance between stability and adapt-
ability in GRNs is essential for maintaining cellular func-
tion and enabling developmental processes. For example, 
in stem cell differentiation, GRNs undergo critical transi-
tions that allow cells to adopt different fates in response to 
environmental cues [274]. This behavior is reminiscent of 

division protein FtsZ, which influences its functional activ-
ity during cell division [236].

An important link between PTM-driven memory imprint-
ing in individual proteins and the emergence of collective 
intelligence in condensates arises from the observation 
that LLPS efficiency and MLO/BC/colloid biogenesis are 
often controlled by PTMs [247–256]. In general, the forma-
tion and dissolution of BCs through LLPS, as well as the 
emergent properties of these condensates, are regulated by 
PTMs such as phosphorylation, acetylation, and ubiquitina-
tion [257]. Certain PTMs, including phosphorylation and 
methylation, can exert bidirectional effects on LLPS, either 
promoting or inhibiting phase separation depending on the 
context [256]. For example, the LLPS potential of the RNA-
binding protein FUS (Fused in Sarcoma) is dramatically 
reduced by phosphorylation of its prion-like, low-complex-
ity (LC) domain [258]. Similarly, in TDP-43, a single phos-
phorylation event within the globular N-terminal domain 
(NTD) significantly diminishes its ability to undergo LLPS 
[259]. In contrast, multisite phosphorylation of full-length 
tau protein, which increases the polarization of its charge 
distribution, has been shown to promote LLPS [260, 261]. 
Conversely, phosphorylation patterns that reduce charge 
polarization inhibit tau LLPS [260]. The LLPS potential of 
tau is also modulated by other PTMs: for example, hyper-
acetylation suppresses LLPS [262]while ubiquitination 
can either enhance or inhibit LLPS in a site- and cofactor-
dependent manner [263]. Importantly, this regulation is 
bidirectional, i.e., LLPS can also influence PTMs [257]. For 
example, some ubiquitin ligase substrates, such as the sub-
strate SPOP (Speckle-type POZ protein), which functions 
as a tumor suppressor, are activated within phase-separated 
condensates, leading to its ubiquitination and proteasomal 
degradation [264–266]. These connections suggest that the 
regulatory mechanisms governing protein memory at the 
individual level also play a role in shaping the behavior and 
intelligence of MLOs and BCs, further reinforcing the intri-
cate interplay among PTMs, phase separation, and collec-
tive cellular decision-making.

Parallels with critical States in complex 
systems

The behavior of intelligent proteins can be understood 
through the lens of critical states, a concept borrowed from 
physics and complexity science. Critical states represent a 
balance between order and disorder, where systems exhibit 
maximal adaptability and responsiveness to environmen-
tal changes [267]. In proteins, this balance is highlighted 
in the interplay between the ordered, crystalline phase (the 
core) and disordered, fluid phase (the periphery) [268]. This 
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understanding proteins as intelligent systems can help cre-
ate more selective and adaptable drugs, design proteins 
with customized properties for industrial or therapeutic use, 
as well as build synthetic biological systems that behave 
in more life-like, decision-making ways. These advances 
could potentially transform the way we diagnose, treat, and 
even prevent disease.

Protein engineering

The principles of protein intelligence can revolutionize 
protein engineering by helping in the design of synthetic 
proteins with better functionality [276]. Traditional protein 
engineering focuses on optimizing structures for specific 
tasks, such as enzyme catalysis or ligand binding. How-
ever, this approach often fails to account for the adaptive 
nature of proteins, which limits their performance in com-
plex environments. The incorporation of core-periphery 
dynamics and conformational memory into protein design 
can help create proteins that adapt to novel environments 
and perform complex tasks. For example, synthetic proteins 
with IDRs could exhibit enhanced flexibility, which enables 
them to interact with diverse binding partners and respond 
to environmental changes. Similarly, proteins designed with 
allosteric networks could integrate information from mul-
tiple sources, which can enable them to perform context-
dependent functions [277].

One of the major challenges in using protein intelligence 
for protein engineering is the difficulty of predicting and 
controlling the dynamic behavior of proteins. Since pro-
teins exist in a continuum of conformational states, design-
ing them to exhibit specific, predictable behaviors will be a 
complex task [278]. Another challenge is the inherent trade-
off between stability and adaptability. Proteins with high 
conformational flexibility may be more adaptable but less 
stable, which limits their practical applications. Balancing 
these issues will demand a deeper understanding of the prin-
ciples underlying protein intelligence, as well as advances 
in computational and experimental techniques. Despite 
these challenges, the basic principles of protein intelligence 
(without explicitly using the term) are already being applied 
in industry and medicine. For instance, enzyme engineering 
has been used to create enzymes with enhanced catalytic 
activity and substrate specificity for their use in industrial 
processes such as biofuel production and waste degradation 
[279]. Similarly, therapeutic proteins designed with alloste-
ric networks could exhibit enhanced efficacy and specificity, 
which can enable their use in targeted therapies for cancer 
and other diseases [280].

protein dynamics, where conformational transitions enable 
the protein to adapt its function in response to external stim-
uli. The parallels between GRNs and proteins highlight the 
universality of critical behavior in biological systems. To 
better ground this theoretical analogy, we can draw inspira-
tion from computational models such as graph neural net-
works (GNNs), which are used to model complex molecular 
structures, including PPI networks. GNNs can capture the 
intricate relationships within biological systems, much like 
how GRNs regulate gene expression. Additionally, dynamic 
Bayesian networks (DBNs) can be applied to model signal-
ing cascades within cellular networks, which can help to 
simulate the dynamic responses of proteins to external and 
internal stimuli.

Neural networks

Neural networks, both biological and artificial, exhibit 
critical behavior that enables them to process information 
and adapt to changing conditions. In the brain, the balance 
between excitatory and inhibitory signals creates a dynamic 
equilibrium, where small changes in input can lead to large-
scale reorganizations [275]. This behavior is essential for 
learning and memory and enables the brain to integrate 
information and adapt its behavior accordingly. The par-
allels between neural networks and proteins highlight the 
universality of critical behavior in intelligent systems. Just 
as neural networks rely on the interplay between excitatory 
and inhibitory signals to process information, proteins 
rely on the interplay between order and disorder to inte-
grate information and adapt their behavior. Computational 
approaches, such as deep learning models and reinforce-
ment learning, can serve as analogs for protein systems, 
where artificial neural networks (ANNs) mimic the adapt-
ability and decision-making processes that occur in biologi-
cal systems. This can offer insights into how proteins might 
integrate information and adjust their conformation based 
on external signals.

Implications of protein intelligence for 
biotechnology and medicine

The concept of protein intelligence, where proteins are 
viewed as dynamic, information-processing entities that are 
capable of adapting to their environment, opens up excit-
ing new directions in research. Proteins that can respond 
to signals, shift conformations, and perform context-
dependent functions can offer powerful tools for solving 
complex biological problems. Researchers can rethink tra-
ditional approaches to protein engineering, drug develop-
ment, synthetic biology, etc. We now briefly discuss how 
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between components. Another challenge is the unpredict-
ability of synthetic systems, which can exhibit emergent 
behaviors that are difficult to control [289]. For example, 
synthetic proteins with high conformational flexibility may 
exhibit unintended interactions, leading to off-target effects. 
Despite these existing challenges, the principles of protein 
intelligence are already being applied in synthetic biology. 
For example, synthetic enzymes with allosteric networks 
have been used to create metabolic pathways for the pro-
duction of biofuels and pharmaceuticals [277]. Similarly, 
synthetic regulatory networks with conformational memory 
have been used to create genetic circuits that respond to 
environmental changes, which enable the development of 
smart materials and biosensors [290].

Protein intelligence and anthropomorphic 
considerations

Protein intelligence, as discussed in this article, suggests 
that proteins possess the ability to adapt and learn from 
a changing environment, memorize, anticipate future 
changes, solve problems, identify patterns, recognize part-
ners, actively shape or modify their environment when 
necessary, and control and modulate the behavior of their 
interaction partners. All these features are clearly anthro-
pomorphic, and they have been present in the scientific lit-
erature for decades. The anthropomorphic nature of protein 
function can be traced back to Hermann Emil Louis Fischer 
(1852–1919) and his “lock-and-key” model of enzyme-sub-
strate interaction, proposed in 1894, which was based on the 
concept of specific recognition. It was the idea that an active 
site of an enzyme precisely fits its substrate, akin to a key 
fitting into a lock [291]. Later, in 1969, Peter H. von Hippel 
emphasized the central role of molecular recognition in pro-
tein function, stating that extensive experimental evidence 
had proven “beyond a doubt that there is specificity and that 
there is recognition and we hope eventually to come to grips 
with the structural bases of the interactions upon which the 
observed specific recognition processes must ultimately 
depend” [292].

Shortly thereafter, structural and mechanistic principles 
of protein-protein recognition began to emerge from stud-
ies on the insulin dimer, the trypsin-PTI complex, and the 
α-β oxyhemoglobin dimer, which provide deeper insight 
into how proteins recognize and interact with each other 
[293]. Since then, an overwhelming body of research has 
explored various aspects of protein recognition (as of May 
19, 2025, there were 161492 scientific papers contain-
ing the term “protein recognition” in PubMed). A similar 
trend is observed for other anthropomorphic attributes 
of proteins, such as their ability to control and regulate 

Drug design and discovery

Understanding the fundamentals of protein intelligence can 
also improve drug design by helping in the development 
of allosteric modulators (drugs that target sites other than 
the active site) [281]. Allosteric modulators offer several 
advantages over traditional drugs, such as higher specific-
ity and fewer side effects. For example, allosteric inhibitors 
of kinases have been developed to treat cancer that tar-
gets conformational changes that regulate enzyme activity 
[282]. Similarly, allosteric modulators of GPCRs are being 
explored for the treatment of neurological disorders, which 
target conformational changes that modulate receptor sig-
naling [283]. The principles of protein intelligence are par-
ticularly relevant for precision medicine, where treatments 
are tailored to individual patients based on their genetic 
profiles [284]. For example, allosteric modulators could be 
designed to target specific conformational states of proteins 
associated with disease, which can enable more precise and 
effective treatments [285]. Similarly, drugs that exploit con-
formational memory could be used to modulate long-term 
protein behavior. This may offer new approaches for chronic 
diseases such as diabetes and neurodegenerative disorders.

However, allosteric modulators are difficult to design and 
optimize. One major challenge is the complexity of allo-
steric networks, which involve multiple interacting residues 
and conformational states. Predicting how a drug will inter-
act with these networks will require a detailed understand-
ing of protein dynamics. Another challenge is the lack of 
structural data available for allosteric sites [286].

Synthetic biology

The concept of protein intelligence has important implica-
tions for synthetic biology, where researchers aim to design 
and construct new biological systems with novel functions. 
The incorporation of the principles of protein intelligence 
into synthetic systems can help create proteins and path-
ways that exhibit emergent properties, such as self-organi-
zation and adaptability. For example, synthetic proteins with 
allosteric networks could be used to create biosensors that 
respond to environmental changes in real-time [287]. Simi-
larly, proteins with conformational memory could be used 
to create biological circuits that store and process informa-
tion, which can help in the development of synthetic cells 
with intelligent behaviors [288].

One challenge of the use of protein intelligence in syn-
thetic biology is the complexity of designing and construct-
ing synthetic systems that exhibit intelligent behaviors. 
Unlike traditional synthetic biology, which focuses on opti-
mizing individual components, intelligent systems require 
a holistic approach that considers the dynamic interactions 
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measurable quantities grounded in the mathematical theory 
of information. In mathematical terms, mutual entropy (a 
fundamental concept in information theory) is essentially a 
nonlinear correlation coefficient. Its applicability in protein 
science extends to various domains, where it can be quan-
tified and computed in biologically relevant contexts such 
as MD simulations [309] and protein interaction networks 
[310, 311]. Using these quantitative approaches, we move 
beyond metaphorical descriptions and establish a rigorous 
framework for understanding protein intelligence. This 
framework allows objective assessment of how proteins 
encode, process, and transmit information in biological 
systems.

What might constitute a hypothetical 
“super-intelligent” protein?

While it is not possible to identify a single “most intelligent” 
protein in a strict empirical sense, especially given the fact 
that we are proposing a conceptual framework rather than a 
quantitative scale of intelligence, we can outline character-
istics that a hypothetical “highly intelligent” protein might 
exhibit as part of a thought experiment. Such a “super-
intelligent” protein would likely possess a rich landscape 
of quasi-stable conformational states, which would allow it 
to encode and integrate multiple environmental cues over 
time. Crucially, its transition matrix between states would 
exhibit full reachability, i.e., it could access a wide range 
of configurations in response to different stimuli, while also 
retaining memory of previous states through hysteresis or 
other path-dependent behaviors. Moreover, these transi-
tions would need to strike a delicate balance: they should be 
robust enough to resist random thermal fluctuations, at the 
same time finely tuned to respond specifically to biologi-
cally relevant stimuli. This would allow the protein not only 
to adapt, but to modulate its behavior based on prior “expe-
rience,” satisfying our definition of minimal intelligence. 
While we do not currently have a concrete, experimentally 
validated example that fulfills all these criteria, certain allo-
steric proteins, molecular chaperones, or even transcrip-
tional regulators with known conformational plasticity and 
memory-like behaviors offer useful preliminary analogs for 
such exploration. Future work aimed at systematically iden-
tifying proteins that approach this theoretical ideal will be 
highly useful.

cellular processes, modify their partners, and transmit sig-
nals. Each of these functions has been extensively studied 
and described in thousands of research papers, underscor-
ing the long-standing scientific acceptance of proteins as 
dynamic, decision-making molecular entities.

The ability of a protein to adapt is well illustrated by the 
induced-fit model of substrate-protein interaction, proposed 
in 1958 by Daniel E. Koshland Jr. (1920–2007) [294]. This 
model expanded on Fischer’s lock-and-key hypothesis by 
emphasizing the importance of structural flexibility and 
suggesting that the active site of an enzyme and its sub-
strate do not necessarily have complementary shapes prior 
to binding. Instead, the active site of an enzyme undergoes 
a conformational change upon substrate binding, optimizing 
the interaction and enhancing catalytic efficiency [12].

A logical extension of this idea was the binding-induced 
folding concept, in which a disordered protein or protein 
region folds upon interaction with a specific binding partner. 
Although this model gained widespread recognition at the 
turn of the century (i.e., after the subsequent acceptance of 
the protein intrinsic disorder concept), its conceptual foun-
dation dates back much earlier. In 1969, Peter H. von Hippel 
had already proposed that “a protein that exists in solution in 
a random coil or ‘structureless’ form might be induced into 
a specific conformation in order to fit into a specific groove, 
or to optimize interaction with the sequence of charges on 
the nucleic acid backbone.” He further suggested that the 
precise structural adaptation of a “structureless” protein to 
a specific DNA groove could depend on the sequence of 
amino acids along its polypeptide backbone [292].

And, of course, for an organism to function properly, all 
its proteins must behave appropriately, as their misbehavior 
and dysfunction (manifesting as misrecognition, deregula-
tion, mislabeling, misfolding, or pathological aggregation) 
are directly implicated in a wide range of human diseases 
[295–303]. To maintain normal protein behavior and com-
bat proteinopathies caused by misfolded or malfunctioning 
proteins, nature has evolved an elaborate proteostasis net-
work. This protein-based quality control system includes 
specialized proteinaceous machines responsible for pro-
tein biogenesis, folding, conformational maintenance, and 
degradation [304–308]. Through this intricate regulatory 
framework, cells ensure proteome integrity and prevent the 
accumulation of dysfunctional proteins and mitigate the 
risks of disease.

Although in all these and many other anthropomorphic 
actions commonly described in the scientific literature, 
proteins have been considered active players, these actions 
were generally not explicitly linked to protein intelligence, 
apart from a largely metaphorical usage of the term. We 
hope that the arguments presented in this article offer a new 
perspective on proteins and their activities by introducing 
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in this work is to transform the traditionally metaphorical 
use of “intelligence” in biochemistry into a quantifiable 
property, while simultaneously proposing the material basis 
of protein intelligence by identifying fundamental elements 
such as memory and learning in molecular systems.
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